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1.1 Clinical motivation

1

1.1.1 Cardiovascular system
The smallest functional living biological structure in a human being is the cell [1]. For this
structure to function well and execute metabolism, it needs to be supplied with oxygen
and be embedded in a well-balanced functional environment that enables the uptake of
nutrients and excrete waste products such as carbon dioxide. The transportation of these
vital substances to and from the cells is provided by the blood pumped throughout the
body by the heart via a complex network of vessels consisting mainly of arteries, capillaries,
and veins, hence the name cardiovascular system [2]. This circulatory system enriches
the blood with oxygen by driving it through the lungs (the pulmonary circulation) by
subsequent contraction of the right atrium and ventricle to be further propelled into the
systemic circulation by contraction of the left atrium and ventricle. The systemic circulation
allows the oxygen and nutrients to be exchanged by carbon dioxide and other metabolic
waste products and finally expelled from the body partly through the lungs, liver, and
kidneys. The cardiovascular system is of paramount importance in maintaining a healthy
homeostatic state of all cells regulating not only input and output substances, depending
on the physiological state, but also body temperature and humoral communication.

1.1.2 Stroke
Besides genetic factors, systemic risk factors like smoking, excessive alcohol consumption,
unhealthy diet, hypertension, and high cholesterol are the main promoters of Cardiovascular
Disease (CVD). Even though the majority of CVDs could be prevented [3, 4] by a healthy diet,
smoking cessation, exercise and pharmacological control of blood pressure and cholesterol,
CVD remains the leading cause of death globally. In Europe alone, CVD is responsible for 3.9
million deaths annually, which amounts to 45% of all deaths [5]. The main forms of CVD are
ischemic heart disease (myocardial infarction) and cerebrovascular disease (stroke), with
the latter being the second most frequent single cause of death in Europe. In both diseases,
there is a restriction of the blood supply to parts of the heart or brain, respectively. Symptoms
of a stroke are neurological defects due to this restricted oxygen- and nutrient-supply to
brain tissues. Impaired speech, vision or motor functions, cognitive dysfunction, paralysis of
the face, an arm or leg are all symptoms of stroke. When these symptoms are temporary
and inflict no permanent damage to the brain, it is referred to as a Transient Ischemic Attack
(TIA). Reduced blood flow can be either caused by blood vessel blockage (ischemic stroke)
or a blood vessel leaking blood (hemorrhagic stroke). Hemorrhagic and ischemic strokes are
the most common subtypes of stroke, with the latter being more prevalent worldwide [6, 7].

General introduction and outline of the thesis

11

In 20% of ischemic strokes, the root cause of the blood clot blocking the arterial tree is
plaque rupture in large extracranial arteries [8]. The underlying pathological process in the
blood vessels that generate plaques is called atherosclerosis.

1.1.3 Atherosclerotic plaque development
Atherosclerosis [9, 10] is a progressive disease of the large arteries like the aorta, coronary
arteries or the precerebral arteries like the carotid arteries. A healthy large artery consists of
three distinct layers
(Figure 1.1); the tunica intima, which is a thin innermost layer consisting of extracellular
connective tissue sealed with a single layer of endothelial cells defining the separation
layer between the blood and vessel wall. The intima is supported by smooth muscle cells
defining the tunica media layer. These muscle cells are circumferentially and longitudinally
aligned, enabling vasoconstriction (decreasing/narrowing lumen diameter) and vasodilation
(increasing/widening lumen diameter) to control blood pressure. The media is supported by
the external elastic lamina and the tunica externa also called the adventitia. This is the outer
layer consisting of connective tissue composed out of collagenous fibroblasts and smooth
muscle cells. The outer layer of the adventitia blends with the surrounding connective tissue
outside the vessel fixating its position.
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Figure 1.1 The different phenotypes of atherosclerotic plaque development. a) Collagen b) Thin
cap c) Macrophage and large lipid core d) Non-occlusive blood clot e) Ruptured cap f) Platelets &
dysfunctional endothelium g) Smooth muscle cells h) Non-occlusive mural thrombus i) Intact cap j)
Vasa vasorum leakage k) Calcification l) Large calcification with m) old thrombus.
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The primary initiating event of atherosclerosis is the uptake of low-density lipoproteins (LDL)
by the endothelial cells into the extracellular matrix causing a chronic inflammatory process
due to LDL oxidation [9-13]. Due to the complex geometry of the bifurcation where the
common carotid artery splits into the internal and external carotid artery, natural regions
of low wall shear stress exist at the outer wall of the bifurcation at the position of the flow
divider. Wall shear stress is the tangential stress due to the friction of the flowing blood
on the endothelial surface of the arterial wall. These local hemodynamic low stresses are
believed to serve as predilection of atherosclerosis [14, 15]. Pathophysiology due to low wall
shear stress includes endothelial dysfunction due to induced cell apoptosis [16, 17] and
changes in cell alignment [18] promoting the uptake of atherogenic substances marking the
initiation of atherosclerosis.
The immune system responds to this inflammation by generating white blood cells like
macrophages and lymphocytes leading to foam cell production, indicating an early stage
of atheromatous plaque development also referred to as fatty streaks. This slow process of
remodeling due to the sub-endothelial accumulation of fatty substances starts with wall
thickening without lumen narrowing and can, therefore, be asymptomatic for decades. At
this stage, the process is harmless and fully reversible.
Over time, the ongoing process of the accumulation of atherogenic lipids and white blood
cells eventually can progress to intermediate, advanced and unstable lesions (i.e., plaques)
[11, 19] depicted in Figure 1.1. Intermediate lesions are characterized by pathological intimal
thickening. These can advance into a fibro-atheroma where a large lipid pool turns into a
necrotic core due to macrophage infiltration, apoptosis, and necrosis of smooth muscle
cells covered by a fibrous cap that separates the lesion from the lumen which can, in fact, be
regarded as a form of a natural healing process of the lesion. The formation of fragile blood
vessels from the vasa vasorum (vessels supplying oxygen and nutrients to the adventitial
layer) into the base of the lesion may give rise to intraplaque bleeding (i.e., hemorrhage).
Smooth muscle cells inside the plaque are the main producers of collagen, forming the basis
for collagen-rich fibrous tissue referred to as fibrosis. The necrotic core can be completely
calcified in advanced atherosclerotic lesions. In the early stages of atherosclerosis, the
lumen area remains uncompromised. However, extensive remodeling of the vessel wall is
observed in fibro-atheroma with a large lipid core and rich fibrous tissue, often resulting in
potentially severe stenosis.
Plaque rupture is the process in which a rupture in the fibrous cap at the shoulders or thinnest
part releases highly thrombogenic core substances into the blood, causing the formation of
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a thrombus (blood clot). Another cause for thrombus formation is plaque erosion in which a
thrombus is formed without a precedent plaque rupture but identified by dysfunctional, or
even absence of, endothelial cells. Plaques with a high likelihood of rupture are often called
vulnerable plaques or inflamed Thin Cap Fibro-Atheroma (TCFA) [12, 20]. The latter name is
based on histologic studies in which a high correlation was found between plaque rupture
and the presence of a large lipid pool that is covered by a thin fibrous cap (for carotids less
than 165 µm) [13] and infiltrated by macrophages. These vulnerable plaques are often nonocclusive. The stable plaque consists of uniformly dense fibrosis with calcifications with or
without a necrotic core covered with a thick cap (>165µm).

1.1.4 Current interventional strategies
Immediate diagnostic action is taken when patients present themselves with symptoms
described in the previous paragraph to be able to start the most optimal intervention as
fast as possible. Usually, first, a Computed Tomography (CT) is performed to discriminate
between hemorrhagic or ischemic stroke which requires a different treatment plan. Bleeding
in the brain can often be identified using CT alone [21] while, in the case of vessel occlusion
or stenosis, a CT Angiography (CTA) is usually performed shortly after [22]. A CTA makes
use of iodine-rich contrast agent administered intravenously while imaged by a regular CTscanner. After post-processing, the scan yields a 3D visualization of the arterial and venous
network of the brain, which in turn, enables the assessment of the lumen narrowing and its
location. In case of an ischemic stroke, it is important to know the time from the onset of
the stroke event. If it is still within six hours from the onset, thrombolytic therapy is usually
started. Another option is thrombectomy in which the blood clot is removed from the blood
vessel via catheter-directed thrombolysis [23].
Fifteen to thirty percent of all ischemic strokes are associated with cervical carotid
atherosclerosis, which occurs most frequently at the bifurcation. Cervical carotid
atherosclerosis can be examined with a multitude of imaging modalities that are currently
mainly used to derive geometrical parameters. For instance, from lumen and vessel wall
geometry, stenosis grading can be performed as a result of plaque formation. It is also
possible to examine whether luminal surface irregularities, characterized as an indentation,
fissures, and surface erosion exposing the inner plaque directly to circulating blood, are
morphological features which also strongly correlate with ischemic stroke [24]. CTA and
Digital Subtraction Angiography (DSA) using X-Ray contrast Angiography (XRA) seem
capable of determining the degree of stenosis and ulcerations. Inherently the XRA has an
excellent spatial and temporal resolution in visualizing the complete CA segment in 2D. CTA
even demonstrates sensitivity for differentiating fatty, mixed and calcified lesions. However,
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the drawbacks of XRA are extensive and related to patient safety, relatively low accuracy
in detecting small ulcerations and an increased risk for subsequent cerebrovascular events
due to catheter usage [25]. Drawbacks of both XRA and CTA are the inclusion of ionizing
radiation and possible intolerability and kidney damaging contrast agents. Magnetic
Resonance Imaging (MRI) in combination with high resolution receiver coils can also be used
to identify different plaque entities [26-28] like lipid cores (T2 weighted imaging), fibrous
components (contrast-enhanced T1-weighted imaging), hemorrhage (Time of Flight (TOF)
imaging) and calcification (which appear dark on all image sequences). As CTA, MR-based
Angiography (MRA) is also capable of delivering volumetric visualization of the vascular
tree using TOF, although it is highly dependent on the wash inefficiency of unsaturated
spins compromising the stenosis measurements accuracy. To overcome this limitation,
Contrast Enhanced MR (CE-MR) could be performed by injecting a paramagnetic contrast
agent (i.e. gadolinium) which yields high contrast images of the vascular tree in a short
period. Although imaging of the atherosclerotic plaque can be done in many ways [2830], ultrasound is a favorable imaging modality because of its high spatial and temporal
resolution. It is relatively inexpensive and does not require ionizing radiation and will be
explained in more detail in the next paragraph.
Current practice between hospitals and countries shows different approaches to handling
stroke events, specific clinical intervention, and follow up. As of now, all interventional
strategies are solely based on geometrical factors like the degree of stenosis [31, 32] using
the North American Symptomatic Carotid Endarterectomy Trial (NASCET) and European
Carotid Surgery Trial (ECST) guidelines [33, 34]. The Carotid Intima-Media Thickness (CIMT)
[35-37] is also used as a geometry-based predictive parameter for subsequent stroke events.
Currently, these factors are used to decide whether to perform a Carotid Endarterectomy
(CEA) or carotid artery stenting procedure. CEA is surgery to remove the plaque from the
carotid artery while carotid artery stenting is the procedure to place a wireframe pushing
outwards against the vessel wall to restore the luminal area and thus the blood flow to the
brain. Both have the same goal of reducing the risk for a new ischemic stroke in patients
with CA atherosclerosis. Even though CEA is highly beneficial for patients with symptomatic
ipsilateral stenosis of 70 to 99% [38, 39], the Number Needed to Treat (NNT) to prevent
one stroke over five years has been reported to be 6.3 [39]. Phrased differently, 5 out of 6
patients, who are actually not at risk of getting another stroke within 5 years, are exposed to
the risks of surgical treatment. For the group suffering from a 50%–69% stenosis, the NNT
is with 22 even higher [39]
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1.1.5 Functional imaging
To reduce overtreatment, there is a great need for a predictive parameter that can indicate
the risk of plaque rupture more specifically than the current ones, which are based on
cardiovascular risk factors and geometrical plaque parameters.
2D invasive and non-invasive ultrasound-based strain imaging techniques have shown
that vulnerable plaque features (such as specific plaque geometry, inflammation, and
composition) are characterized by high deformation values [40-43]. Moreover, plaque
rupture is considered to be a mechanical event which makes imaging of the biomechanical
properties of the plaque of great value. The assessment of the biomechanical properties in
terms of deformation can ultimately provide a more specific indication of clinical risk for
initial or secondary cardiovascular events.
Due to the intrinsic properties of ultrasound imaging, like high temporal and spatial
resolution, it is possible to perform tissue deformation imaging also called elastography or
strain imaging. Ultrasound is also fast, relatively inexpensive and easily accessible compared
to other modalities and does not require a contrast agent or ionizing radiation.

1.2 Technical utilization
1.2.1 Ultrasound
Ultrasound imaging or echography is most commonly associated with the field of
gynecology, in which frequent echograms of unborn babies are carried out to keep track of
fetal development. However, ultrasound has found use in a much broader range of medical
and also industrial applications. With medical ultrasound imaging, all sorts of anatomical
structures and functions of the body can be investigated. The nature of the scan can be
noninvasive, i.e., scanning from outside the body inwards, or invasive, i.e., scanning from
inside the body. In industry, ultrasound can be used to perform nondestructive testing,
for instance, to assess the quality of materials (i.e., welded joints). Another well-known
ultrasound-based industrial application is sonar, which uses ultrasound to navigate ships by
estimating the distance from ship to seabed.
Ultrasound is a mechanical longitudinal or compressional sound wave with an ultra-high
frequency, meaning above the frequency limit that we as humans can hear. The ultrasound
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frequency range ranges from 20 kilohertz up to gigahertz and travels through materials like
water and soft tissue, but also metals depending on the frequency. While traveling through
the material, ultrasound waves interact with the material and possible embedded objects.
A portion of the transmitted ultrasound signal will be reflected or refracted back from
the object while the rest transitions through, gets scattered or absorbed due to changes
in acoustic impedance (in the body predominantly by material density). The mechanical
wave is produced by a piezoelectric element that acts as a sound speaker. When applying
a voltage (so-called excitation) to the element, a sound wave is transmitted into the
adjacent material. After this soundwave generation, the transducer acts as a microphone
listening to the sound reflections (so-called echoes). The time between the sound wave
transmission and reception of the echoes is directly related to the depth of the reflecting
object and the speed at which the wave travels through the material. There are two kinds
of reflection: specular reflection and scattering. A specular reflector is an object larger than
the wavelength of the transmitted signal and with different acoustic impedance than the
surrounding tissue. It generates a strong reflection that can be seen as a bright spot in the
echogram. Scattering occurs when the ultrasound interferes with an object that is smaller
as the wavelength of the ultrasound signal. As a result, the ultrasound will be reflected (i.e.,
scattered) equally in all directions. Since the body contains a large number of scatterers,
the resulting echoes are the coherent summation of all the sounds reflected from each
scatterer in the acoustic beam which yields an interference pattern. This pattern represents
the spatial configuration of the scatterers located in the material generating the final
speckle pattern. When the ultrasound beam propagates through the material, reflection,
scattering, and absorption (i.e., conversion into heat) will attenuate the ultrasound beam
and limit the maximum image depth. All these factors, and thus the maximum imaging
depth, are frequency-dependent. The frequencies and transmitting powers used for
nondestructive diagnostic medical ultrasound are such that they inflict no damage to the
tissue. Compensation for the attenuation effects is often performed by amplification of the
received ultrasound signals as a function of time, which equals distance traveled, and is
referred to as Time Gain Compensation (TGC).

1.2.2 Element configuration and excitation
The piezoelectric element is the single smallest producing sound device of an ultrasound
transducer. Usually, multiple elements are present in an ultrasound probe used for medical
imaging. The spatial configuration of these elements varies depending on the application
the probe is put to. Aligning multiple elements in a straight row yields a so-called linear
array [44] and is one of the most frequently used configurations for vascular examination.
This configuration enables excitation of multiple elements at once or subsequently one
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after the other. The spatial and temporal combination of regulated element excitations
opens up the flexibility to create a customized ultrasound beam shape and direction. The
number and location of the elements determine the aperture of the transducer. Applying
a transmit delay to the individual elements belonging to a certain aperture allows focusing
or steering of the resulting beam. The frequency content and the amplitude strength of the
excitation for each element will determine the quality of the beam. Using apodization, the
outer elements are attenuated which lowers the so-called side and grating lobes interfering
with the main beam.
For conventional imaging, a subgroup of elements of the linear array transducer is addressed
to transmit an ultrasound beam and this subgroup is shifted over the complete transducer
aperture to transmit subsequent beams and form a 2D ultrasound data set. The ultrasound
beam can be focused by applying transmittal delays in these subgroups in which the outer
elements are excited first and the central elements last. An echogram is formed by amplitude
demodulation of the Radio Frequency (RF) ultrasound data into amplitude data and presenting
this for all lines in a grayscale 2D-image presentation, a so-called Brightness-mode (B-mode).
Since the speed of sound through biological tissue is about 1540 m/s, it takes time to receive
the full echo for each line. In conventional imaging mode, the full image acquisition time
is constrained by the speed of sound and the imaging depth and usually does not exceed
100 frames per second. If, however, all elements are excited simultaneously, an unfocused
plane wave can be transmitted and the excitation and receipt of these plane waves can be
performed at up to 10.000 frames per second. This way of acquiring ultrasound is named
ultrafast plane-wave imaging. As in conventional imaging, by applying time delays to the
designated aperture, the plane wave can be steered under an angle.

1.2.3 Resolution
A critical aspect in medical imaging is the resolution. Resolution determines to what extent
the imaging modality can visualize small structures, i.e., how far those structures have to be
apart to be observed as separate structures. In ultrasound imaging, the spatial resolution is
not isotropic, meaning that the resolution is different for the axial (in-line with the beam),
lateral (perpendicular to the beam and parallel), and elevational (perpendicular to the
image plane) direction. The axial resolution is half the spatial excitation pulse length, which
is often 2 wavelengths long. This means that objects with a size of about 1 wavelength
can be resolved. The lateral resolution is usually worse than the axial resolution since it
is determined by the beam-width. Besides center frequency, it mainly depends on the
aperture width and the focal distance (the ratio between the latter two is denoted as the
F-number). High frequencies with a large F-number yield a good lateral resolution. The slice-
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thickness determines the elevational resolution, which is an important intrinsic property
of the transducer. The elevational beam profile is determined by the spatial dimensions
of the elements and the acoustical lens providing the elevational focus. When comparing
plane-wave imaging with conventional imaging, in plane-wave imaging, focusing is only
performed in receiving. Since focusing mainly affects the lateral resolution, the axial
resolution will be approximately equal for plane wave and focused ultrasound whereas the
lateral resolution will be deteriorated. To improve lateral resolution for plane-wave imaging
approaches, coherent compounding is often performed, which means combining the data
obtained through multiple steered plane wave transmission (see Figure 1.2 page 20).

1.2.4 Quasi-static acquisition using beam steering
Moving structures, like the pulsatile vessel wall in case of the carotid artery, theoretically
move during the acquisition time needed for a complete ultrasound image. These motion
artifacts are drastically reduced in case of ultrafast ultrasound acquisitions. Combining 3
subsequent ultrafast plane wave acquisitions (see Figure 1.2 page 20) allows imaging at a
rate of ~3 kHz, an increase in frame rate with a factor of 30 compared to conventional lineby-line imaging. The acquisition speed in relation to the speed of the carotid artery wall will
be such that the artery motion of the vessel wall within this acquisition can be neglected
(i.e., quasi-static). Combining these multiple subsequent ultrasound acquisitions is usually
done to improve the ultrasound image quality, the so-called coherent compounding. This
will improve the lateral resolution by a better speckle definition.
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Figure 1.2 A schematic drawing of a linear array transducer. The kerf and the pitch are
dimensional definitions of the element spacing important for beam steering characteristics.
To create a plane wave, multiple elements are excited at once (not necessarily covering the full
transducer aperture). By applying a specific temporal delay in element excitations, the plane
wave can be steered. Generating these plane waves in a temporal subsequent fashion with an
ultrafast frame rate of 10 kHz, possible tissue motion remains relatively very low, indicated with
quasi-static acquisitions.

1.2.5 Multi-slice volumetric ultrasound
Up to now, vascular ultrasound imaging is still mainly a two-dimensional imaging modality.
The relatively small transducer is lightweight and highly flexible, allowing operators to
manipulate the transducer freely to create a mental 3D map consisting of multiple 2D images
acquired during the examination. In case of an examination of a Carotid Artery (CA) plaque,
it is often possible to get a good view of the plaque within one 2D imaging plane. However,
many plaques develop in the bifurcated region, which is a complex shape and can often not
be captured in a single cut plane. So the results are operator dependent, time-consuming,
and lack reproducibility, which might hamper the identification and classification of stenosis
grading. 3D ultrasound [45] enables a more reliable, operator-independent volumetric
ultrasound volume which enables the freedom to perform off-line optimal rendering
and navigate using arbitrary cut planes during a clinical diagnostic procedure. Currently,
3D ultrasound has been used in the clinic. The Automated Breast Volume Scanner (ABVS,
Siemens Healthineers, Issaquah, WA, USA) breast cancer diagnostics uses a wide linear array
transducer. Matrix-phased array transducers with a relatively small footprint are used for
3D cardiac ultrasound imaging. Currently, the 2D matrix array transducers lack a sufficient
footprint for acquiring ultrasound volumes covering the complete CA bifurcation at once.
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The ongoing development of the Capacitive Micro-machined Ultrasonic Transducer (CMUT)
is promising, as it allows for large bandwidth, integration with driver circuitry and sufficient
footprints. For this thesis, no appropriate 2D matrix array transducer was available. Therefore,
volumetric data were acquired using a linear array transducer which translated along the
elevational direction and was synchronized using the ECG signal. The main reason for this
scanning technique compared to native 3D ultrasound is that the linear array enables the
use of ultrafast steered plane wave ultrasound acquisitions, ensuring good axial resolution
and steering capabilities due to a combination of pitch and center frequency suitable for
imaging superficial arteries like the CA.

1.2.6 Ultrasound elastography
Ultrasound elastography is a technique to estimate the biological tissue elastic properties
by measuring local tissue deformations (strain) when subjected to a (known) force. Tissue
that undergoes large deformation/high strain can be considered soft (Figure 1.3 page 22)
compared to hard tissue that shows almost no strain. Ultrasound elastography aims at
providing an objective variant of palpation. Palpation is what physicians perform when they
use their tactile senses to detect irregular structures and changes in stiffness in tissue by
pressing on them. Those irregularities and changes are often strong indicators for diseases.
Since palpation is limited by the accessibility of the organs, it is not quantitative but is strongly
dependent on the expertise of the performing clinician. With ultrasound elastography
also, noninvasive deformation measurements of more deeply located structures can be
performed and visualized in so-called elastograms (or strain maps).
Ultrasound strain imaging (elastography) was first described by Ophir and his co-workers
[46]. For this technique, ultrasound data are acquired in a pre-deformation (relaxed) state and
compared with ultrasound data acquired in a post-deformation state (activated). To create
the (small) deformation, a force is required which can be applied externally or internally.
Internal body forces can originate from respiratory motion, the beating of the heart, or
variations in blood pressure as also used in the carotid strain imaging application developed
in this thesis. If the rate of deformation relative to the ultrasound acquisition frame rate
is low, the method is also often referred to as quasi-static strain imaging. Negative strain
indicates compressive deformation (i.e. squashing) while positive strain indicates tensile
strain (i.e. stretching). Normal strain (ε), also known as engineering strain, is defined as the
ratio of the change in length of a tissue, ΔL, divided by the original length of the tissue, L

ε=
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Strain is a quantitative parameter indicating the extent of deformation while Young’s
modulus (E) and Poisson ratio are intrinsic tissue elasticity parameters. The Young’s modulus
describes the relative change in length as a result of known stress while the Poisson ratio
describes the volumetric compressibility. Biological tissues are assumed to be nearly
incompressible, so the Poisson ratio is often close to 0.5. When tissue deforms linearly as a
function of an applied force per unit area or stress (σ), the Young’s modulus yields a direct
indicator of elasticity. It is defined by Hooke’s law:
E=

σ
ε

(1.2)

In order to obtain the Young’s modulus with elastography, the force needs to be known.
However, the exact applied stress resulting in a biological tissue deformation is often
unknown. Therefore, performing elastography results in a strain image indicating the extent
of deformation rather than a quantitative elastic characterization of the tissue. Consequently,
the strain is a surrogate marker of the elastic properties of the tissue.
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Figure 1.3 The principle of strain imaging. An applied force yields a specific deformation, the softer
the tissue, the higher the deformation, also referred to as strain. Strain is the spatial derivative
of the displacement field hence a constant displacement derivative indicates a constant strain.
Please note that this image depicts compressive deformation (negative strain).
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1.2.7 3D displacement estimation
The vessel wall deforms by the pulsating blood pressure induced by the periodic contraction
of the heart. To calculate the relative deformation, the local tissue displacement first needs
to be estimated by registrations of tissue voxels.
The transversal 2D B-mode images are depicted in Figure 1.4 page 24 and stacked in a
parallel fashion to form a 3D volume of ultrasound data. Subsequent ultrasound volumes
of the CA were acquired at different pressure states. In the process of 3D block matching
or 3D speckle tracking [47-51], the two volumetric kernels are correlated to predict the
motion of a set of voxels containing a unique speckle pattern. Speckle patterns are formed
by the coherent summation of a group of scatterers. Since with the tissue the scatterers
move, tracking of the speckle pattern provides the displacement. The selected template in
the pre-deformation state can be found in the post-deformation state by comparing those
kernels and selecting the position where the maximum similarity occurs, estimated using a
normalized cross-correlation based a similarity metric. Finding this displacement for each
block is performed in an iterative manner. Displacement estimates are used as an input in
the subsequent iteration of displacement estimation [52]. In the first step, the ultrasound
data used to determine large displacements is the envelope of the RF signal. The second
step is based on the RF-data, which makes use of both amplitude and phase information
to find subsample displacements. The available phase information in the signal enables a
ten-times more accurate displacement estimate compared to single-envelope or amplitude
data [53]. Since phase information is only present in the direction of the ultrasound beam,
this improvement can only be obtained in the axial direction. Displacement estimation in
the lateral direction is less accurate due to a lower resolution and absence of this phase
information. In some cases, the deformation is aligned in the axial dimension and only axial
strain imaging will suffice in contrast to radially expanding tissue structures like vessel walls,
where axial and lateral deformation are equally present. The need for a high-quality lateral
estimate is essential when the full 2D displacement field has to be quantified.
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Figure 1.4 A schematic image of the process of displacement estimation applied in this thesis. The
upper row shows a longitudinal B-mode image of the carotid artery in a pre- and post-deformation
state. Please note that due to very small displacements and deformations, no visual differences
can be observed at this scale. The multi-slice ultrasound acquisitions are represented as parallel
positioned B-mode images covering the complete 3D field of view. Manual segmentation of the
vessel wall was performed based on these B-mode showing the bifurcation. The second row shows
the selection of the 3D kernels in the pre-deformation state and its optimal position in the postdeformation state. The third row depicts the similarity measure when the pre-deformation block
moved towards a position where the maximum similarity was found.

1.2.8 Displacement compounding
A method that enables the estimation of high-quality lateral displacements is angular
compounding or displacement compounding [54, 55]. In this technique, ultrasound beam
steering is used to obtain multiple axial displacement estimates, which are projected in
the lateral direction, as depicted in Figure 1.5 page 26. In this way, lateral displacement
estimates benefit from the availability of phase information and become more accurate. In
theory, larger beam steering angles provide more accurate lateral displacements because
the steered beam becomes more aligned with the lateral direction. However, in practice, this
is often not feasible because the ultrasound quality reduces due to a decrease in element
sensitivity and pronounced grating lobe interference. Furthermore, geometrically the field
of view size and depth are determined by the overlapping area of the steered beams, which
depends on the width of the active aperture, (excited elements) and the full aperture width
(array width). Figure 1.5 page 26 displays the displacement compounding scheme for two
steered displacements ( dαax , dax
-α ) estimated using both pre- and post-deformation states
and projected into the lateral/horizontal direction ( d0Complat ) according to equation 1.3.
d0Complat =
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Figure 1.5 A schematic drawing presenting the displacement-compounding principle using two
steered axial displacement estimates projected into the horizontal direction of the zero-degree
displacement estimate. In this way, the horizontal displacement estimates benefit from phase
information only available along the axial beam direction, resulting in a higher accuracy compared
to a horizontal displacement estimated based solely on zero-degree lateral displacement estimate.

1.2.9 3D principal strain tensor imaging
To derive the strain maps, first, the gradient tensor G (see equation 1.4) is calculated by
taking spatial derivatives of the displacement fields in the axial (along the ultrasound beam),
lateral (perpendicular to the ultrasound beam) and elevational (perpendicular to the axial
and lateral) direction. This is done by applying a linear regression of multiple displacement
estimates and determining the slope of the fit, i.e. by least squares strain estimation [56].
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The Lagrangian (or Green) strain tensor can be calculated using the displacement gradient
tensor according to equation 1.5. The symmetric Lagrangian strain tensor E is independent
of rotation and only regards pure deformations.
E = 1 ( G+GT+GTG )
2

(1.5)

The strains in the reference directions (normal strains), which are the axial, lateral and
elevational direction, respectively, are positioned along the diagonal positions of this tensor.
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The other positions represent shear strains where the derivatives are taken perpendicular
to the directions of the displacements. The main directions of a deformation field often
do not coincide with the reference directions. In that case, the same deformation can
often be described by elongation or shortening of vectors solely along a rotated version
of the reference directions, which simplifies the visualizations and representation. In a lot
of cases, this makes it easier to relate the direction and type of deformation to the applied
force directions and displacements. With principal strain estimation, the strain tensor is
decomposed such that the shear components are eliminated, which leaves only the
principal strain (eigen) values λ and the direction represented by the eigenvectors v, which
satisfy the following equation:
Eλ = λv

(1.6)

The principal strain tensor E’ equals a matrix multiplication using the transformation matrix Q
(see equation 1.7). These transformation matrices transform the reference coordinate system
instead of rotating the object. Phrased differently, the coordinate system is rotated such that
all shear components are zero, leaving only principal strain components ε1, ε2, ε3.

E’ =

ε1

0

0

0

ε2

0

0

0

ε3

= QEQT

(1.7)

1.2.10 Visualization
Volumetric visualization of rank 2 tensors or a 3x3 tensor holding normal and shears strains
can be presented in multiple ways; e.g., by colored eigenvectors vectors scaled with the
eigenvalues or by three separate color-coded volumes for each eigenvalue. Since the sign
of the eigenvalue indicates the deformation type (i.e. compressive or tensile strains) with its
corresponding eigenvector indicating the direction of application, careful consideration of
strain tensor representation should be made, usually tailored to its application. In case of a
cylindrical structure, such as a pressurized artery, principal strains are particularly convenient
to interpret. For a vessel with an increasing lumen pressure, the negative and positive
principal strains are predominantly aligned in the radial and circumferential direction,
respectively. For visualization strain in a transversal cross-section, sorting the minimum
(mostly negative) and maximum (mostly positive) principal strain values in the tensor will
suffice. The intermediate principal strain will point in the longitudinal direction. In the case
of the longitudinal cross-section, the sorting might be based on visualizing the maximum
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deformation regardless if that is compressive deformation or expansion. Overlaying the
eigenvalues with (scaled) eigenvectors will add the direction of the applied deformation,
which often aids in analyzing the mechanical behavior.

1.3 Objective and thesis outline
Stroke is a major cause of disability and lethal events worldwide. To prevent stroke as a result
of atherosclerotic plaque rupture in the carotid artery, the current interventional guidelines
based on stenosis degree are insufficient. Stenosis grading using ultrasound alone does not
deliver an accurate measure of the risk that a plaque is prone to rupture. Ultrasound has
proven to be a clinically important modality for measuring plaque geometry and stenosis
grading. To this day, no plaque-specific functional information is taken into account such as
the extent, direction, and type of tissue deformation. Linking this information to vulnerable
plaque features could potentially improve clinical decision-making. This could lead to a
better selection of patients undergoing endarterectomy, which should result in a reduction
of overtreatment. Carotid artery plaques develop most frequently in the region of bifurcation
which is a complex vessel structure. Performing 2D non-invasive strain estimation for
vulnerable plaque detection was the first step in performing risk stratification. However,
the cross-section chosen by the technician might not be optimal and, consequently, the
most vulnerable spot of the plaque volume might still be missed. Furthermore, 2D strain
estimation suffers from out of plane motion of the carotid artery hampering the estimation
of complex deformation patterns in the bifurcation. 3D elastography might overcome
these problems and might additionally aid in prospective follow-up studies to acquire new
insights into plaque development and risk stratification. Therefore, the main aim of the
thesis was to develop 3D vascular elastography of the carotid artery and test its feasibility.
Chapter 2 provides a broad overview of the methods like conventional echography,
elastographic techniques, and well-known conventional imaging modalities like MRI and
CT to characterize both the carotid artery and the plaque and put it in perspective towards
clinical feasibility.
Despite the 3D geometry and dynamics of the carotid artery, the majority of the ultrasound
elastography-based techniques applied are still two-dimensional. Chapter 3 introduces
a novel method of performing 3D carotid strain imaging using temporally synchronized
multi-slice ultrasound images. This method was tested using ultrasound simulations of a
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patient-specific model of the carotid artery bifurcation, including longitudinal motion. The
evaluation was performed in terms of radial and circumferential strain obtained using the
2D- and 3D-based strain estimation technique.
Chapter 4 describes the step towards in-vitro experiments for which the finite element
model, used in chapter 3, served as a geometrical definition for an ultrasound-compatible
phantom made of tissue mimicking gel. This phantom was connected to a flow circuit with
blood mimicking fluid to simulate the arterial pressure pulse yielding a close representation
of the carotid artery in vivo. This setup was used to validate 2D ultrasound strain imaging
as well as 2D velocity vector estimation for conventional and high-frequency ultrafast plane
wave ultrasound acquisitions.
In chapter 5 we further explored the feasibility of strain imaging using ultrasound acquisitions
in a multi-slice fashion. Two orthogonally fixated ultrasound probes were step-wise translated
along the longitudinal direction of the vessel phantom to form a volumetric ultrasound data of
the carotid artery. For both probes, 3D displacements were estimated using the displacementcompounding method. Due to the orthogonal fixation of both probes, each probe was used
to validate the compounding technique of the second probe and vice versa in terms of strain.
In chapter 6, the multi-slice-based imaging method developed in chapter 5 is translated to
in vivo application by testing its feasibility in healthy subjects. Since simulations often do
not fully represent the in vivo complexity, we needed to overcome several challenges. First,
a mechanical device was designed which enabled the positioning of the probe above the
neck, ensuring acoustical contact while translating the probe in the longitudinal direction
parallel to the carotid artery bifurcation. To compensate for breathing motion, a registrationbased correction was proposed. Temporal synchronization using ECG-triggered ultrasound
was implemented, enabling volumetric ultrasound data acquisition evaluated in terms of
volumetric 3D strain tensor imaging.
Chapter 7 discusses the final results and clinical feasibility of the technique and future
developments in 3D carotid elastography.
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2.1 Abstract
Cardiovascular disease (CVD) is a leading cause of death and is in the majority of cases due to
the formation of atherosclerotic plaques in arteries. Initially, thickening of the inner layer of
the arterial wall occurs. Continuation of this process leads to plaque formation. The risk of a
plaque to rupture and thus to induce an ischemic event is directly related to its composition.
Consequently, characterization of the plaque composition and its proneness to rupture are of
crucial importance for risk assessment and treatment strategies. The carotid is an excellent
artery to be imaged with ultrasound because of its superficial position. In this review,
ultrasound-based methods for characterizing the mechanical properties of the carotid wall
and atherosclerotic plaque are discussed. Using conventional echography, the intima-media
thickness (IMT) can be quantified. There is a wealth of studies describing the relation between
IMT and the risk for myocardial infarction and stroke. Also, the carotid distensibility can be
quantified with ultrasound, providing a surrogate marker for the cross-sectional mechanical
properties. Although all these parameters are associated with CVD, they do not easily translate
to individual patient risk. Another technique is pulse wave velocity (PWV) assessment, which
measures the propagation of the pressure pulse over the arterial bed. PWV has proven to be a
marker for global arterial stiffness. Recently, an ultrasound-based method to estimate the local
PWV has been introduced, but the clinical effectiveness still needs to be established. Other
techniques focus on characterization of plaques. With ultrasound elastography, the strain in the
plaque due to the pulsatile pressure can be quantified. This technique was initially developed
using intravascular catheters to image coronaries, but recently noninvasive methods were
successfully developed. A high correlation between the measured strain and the risk for rupture
was established. Acoustic radiation force impulse (ARFI) imaging also provides a characterization
of local plaque components based on mechanical properties. However, both elastography and
ARFI provide an indirect measure of the elastic modulus of tissue. With shear wave imaging, the
elastic modulus can be quantified, although the carotid artery is one of the most challenging
tissues for this technique due to its size and geometry. Prospective studies still have to establish
the predictive value of these techniques for the individual patient. Validation of ultrasoundbased mechanical characterization of arteries and plaques remains challenging. Magnetic
resonance imaging is often used as the “gold” standard for plaque characterization, but its
limited resolution renders only a global characterization of the plaque. CT provides information
on the vascular tree, the degree of stenosis, and the presence of calcified plaque, while soft
plaque characterization remains limited. Histology still is the gold standard but is available only
if the tissue is excised. In conclusion, elastographic ultrasound techniques are well suited to
characterize the different stages of vascular disease.
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2.2 Introduction
Cardiovascular disease (CVD) is still the major cause of death in Europe [57]. With increasing
welfare in upcoming economies, this typical Western World disease is increasingly
becoming a global disease. It is known that our way of living, including our Western diet
and lack of exercise, is one of the precursors of developing CVD. However, also genetic
predisposition and other factors are associated with it. Therefore, a fast and noninvasive
method for testing the cardiovascular status of the individual patient is of paramount
importance for patient-specific treatment and coaching.
Currently, several methods are routinely used. In most studies, this is a combination of
family history, blood serum levels, and ultrasound-based quantification of the carotid
artery. Family history is obtained in most cases by a detailed questionnaire and provides
indirect evidence of genetic predisposition. It is well accepted that high levels of cholesterol,
in particular, low-density lipoproteins, play a major role in the initiation and progression
of atherosclerosis [58]. On the other hand, high-density lipoproteins are considered to be
beneficial in the prevention of atherosclerosis [58]. Nevertheless, the direct relationship
between cardiovascular risk and cholesterol levels is still under debate [58].
Assessment of the atherosclerotic burden in the carotid artery is predominantly
performed using ultrasound. Due to the easy accessibility and its direct link with the
risk for a cerebrovascular event, a wealth of studies on this artery and the relation with
cardiovascular risk has been published. The most used parameter for the detection of
early stages of atherosclerosis is the intima-media thickness (IMT). Measuring the IMT was
proposed in 1986 by Pignoli and co-workers [59]. In the years thereafter, observational
studies have shown a clear relation between IMT and established risk factors, atherosclerosis
elsewhere in the cardiovascular system, and prevalent and incident disease [60]. Also
in intervention studies, the change of IMT is favorably affected by lipid-level modifying
strategies [60]. Meta-analyses suggest that common carotid IMT alone only minimally
improves predictive power beyond traditional risk factors. The inclusion of the carotid
bulb and internal carotid improves prediction of both cardiac risk and stroke risk [61].
Moreover, the presence, size, and number of carotid plaques appear to be an even more
powerful predictor of cardiovascular risk [61]. Based on these findings and despite the
high correlation, risk assessment for the individual patient remains limited due to the
relatively low specificity of IMT measurements.
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Especially in more advanced stages of CVD, the proper characterization of the mechanical
properties of the carotid plaques might bear valuable complementary information. It is known
that plaques composed of a large lipid pool that is covered from the lumen by a thin fibrous cap
are particularly prone to rupture [20]. Finite element studies have demonstrated that the pressure
that is imposed by the pulsating blood on the plaque results in high circumferential stress areas
in the thinnest parts of the fibrous cap or at the transition area between the cap and relatively
nondiseased arterial wall [62]. Inflammation by macrophages leading to local weakening of the
tissue enhances this effect by reducing the critical level of stress required for rupture of these
atheromatous lesions. Several studies have focused on the characterization of the different
carotid plaque components by quantitative ultrasound to predict the mechanical properties
of the plaque components. The hypothesis is that echolucent plaques (plaques with low
echogenicity) are mainly composed of soft material like lipids and hemorrhagic tissue whereas
echo-rich plaques resemble plaques composed of fibrous and calcified material [63]. Although
the analysis of echogenicity of the plaque in combination with triglyceride-rich lipoprotein levels
appeared to predict the presence of lipid-rich plaques, it could not directly determine the risk
of a plaque to rupture. Sophisticated echo analysis by calculating the integrated backscatter
(IBS) demonstrated a nice correlation between the relative IBS and the development of future
coronary complications in patients with stable coronary artery disease [64].
Although these quantitative ultrasound techniques show promising results, it is clear that
they are incapable of mechanically characterizing the plaque components and the overall
risk for rupture. To overcome this problem, several ultrasound-based techniques have been
developed to assess the mechanical properties of the arterial wall and plaque. In this chapter,
we will address the different ultrasound-based methods for mechanical characterization of
the arterial wall and plaque and their pros and cons to become a clinically useful tool.
Furthermore, we will also focus on other techniques that might serve as validation tools.

2.3 Mechanical Characterization of the Carotid
Arterial stiffness increases not only with age, but there are also a number of other factors
that contribute to the stiffening of the arterial tree. The most important factor of arterial
stiffening of large arteries, such as the aorta, is increased blood pressure [65]. Consequently,
quantification of the arterial stiffness using noninvasive ultrasound imaging has gained
attention. The two most important methods are carotid distensibility and aortic pulse wave
velocity (PWV) [66].
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2.3.1 Compliance and Distensibility
Arterial stiffness can be noninvasively assessed by measuring the change in lumen diameter
during the cardiac cycle of the carotid artery. There are different techniques to perform this
measurement. Using M-mode imaging, the diameter of the carotid artery over the pressure
cycle can be obtained [67]. Since the measurements are performed on the M-mode
echogram that is based on the demodulated echo signals, a relatively large error can be
made in assessing the required diameters. The carotid distensibility is defined as [67]
2
distensibility =

(

ΔD
Ddias
Δp

)
[Pa-1]

(2.1)

where ΔD is the diameter change, Ddias is the end-diastolic diameter, and Δp is the pulse pressure.
An improved version of this technique was introduced by Hoeks and co-workers [68].
By processing the radio frequency (RF) signal originating from the anterior and posterior
carotid wall, a far more accurate estimate of the diameter change was obtained. A metaanalysis of the relation between distensibility with age and with risk factors can be found in
[69]. A linear relation between age and distensibility was found based on a large number of
studies. Furthermore, in patients with hypertension, the distensibility of the carotid artery
was significantly reduced. In diabetic patients and in healthy nondiabetic subjects with an
insulin resistance syndrome, distensibility of the carotid artery was found to be reduced,
indicating that arterial stiffening is an early marker of pathology in this disorder.

2.3.2 Pulse Wave Velocity
Another arterial stiffness parameter is the velocity by which the pulse wave (PWV) propagates
over the arterial tree. The PWV is the ratio between the distance of two locations and the
difference in arrival of the pulse wave at these two locations. Since the PWV is on the order
of 5–15 m/s, accurate estimation of the PWV requires a relatively long distance between the
two locations. Conventionally, the common carotid artery (CCA) and one of the common
femoral arteries are used as measurement locations resulting in a PWV that represents the
stiffness of the aorta. The PWV along thin-walled arteries is related to its elastic properties
by the Moens–Korteweg equation [70]
PWV =

√Eh
2ρR

(2.2)

where E is Young’s modulus of the arterial wall, h is the wall thickness, R is the radius of the
artery, and ρ is the blood density
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The Moens–Korteweg equation is based on several assumptions that are not fully justified
for real carotids and its use consequently limited. Recently, a modified version of this
equation that accounts for viscoelastic effects has been derived [71, 72].
The aortic PWV has proven to be of additional information to determine the risk for future
CVD events in models that include standard risk factors [73]. However, other relations such
as the effect of statin therapy could not be demonstrated [74] and the question arose if the
aortic PWV is a good marker for staging CVD.
A method to measure the local PWV was introduced in [70]. The local PWV was obtained
by processing RF-ultrasound signals simultaneously acquired along two M-lines spaced
at a known distance along the artery. In 2007, Konofagou and co-workers extended this
technique by acquiring 2D images at 8000 frames/s [75]. These high frame rates were
achieved by electrocardiogram (ECG) gating. The technique was evaluated in the aorta of
mice and revealed different PWV values in normal mice and mice with an induced abdominal
aorta aneurysm [76]. The same group subsequently showed imaging of the pulse wave and
PWV measurements without ECG gating in human aortas as well as atherosclerotic carotids
in vivo at high frame rates using dedicated focused transmission schemes [77-80].
With the availability of high frame rate imaging systems, PWV can be measured at up to
20 000 frames/s [81]. This technique was applied to atherosclerotic plaques in vivo [82].
In addition, this technique can also be used to determine a piecewise PWV estimate (see
Figure 2.1 page 38). In this technique, the PWV is determined for subapertures that can
be converted into a map of the stiffness [71]. Patient validation studies still have to be
performed to prove the clinical value of this technique.
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Figure 2.1. Principle of piecewise PWV imaging. Using ECG-gated conventional imaging, the
motion of the arterial wall is quantified and transferred into a piecewise PWV. PWV together with
diameter and wall thickness can be converted into stiffness by the Moens–Korteweg equation
(figure courtesy of Apostolakis et al. [71]).

2.4 Mechanical Characterization of Plaques
Quantification of the mechanical properties of plaques may reveal information on their
composition and vulnerability. Different techniques are available that provide information
related to the mechanical properties.

2.4.1 Elastography
Elastography was first described by Ophir and co-workers in 1991 [46]. The technique is
based on imaging the tissue under different levels of deformation. By cross-correlation of
the RF signals, the displacement of the tissue along the ultrasound lines can be quantified.
From these displacements, the tissue strain is obtained by spatial derivation. Although this
technique was primarily aimed at tumor detection in the breast, soon characterization of
atherosclerotic plaques became a topic of interest. Especially, intravascular applications
were developed since the polar oriented ultrasound field allowed direct quantification of the
radial strain of the arterial wall and plaque. The additional advantage was that high central
frequencies could be applied (20–40 MHz) resulting in sufficient spatial resolution of the
strain images. Intravascular elastography was developed using tissue-mimicking phantoms
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[83] and excised femoral [84] and coronary arteries [40]. These studies revealed that the
strain in fatty plaques is higher than in fibrous plaques. In a study that specifically focused
on plaque components that are associated with the rupture proneness of plaques, a high
correlation between the strain and cap thickness, macrophage presence, lipid pool size, and
lack of smooth muscle cells was found [42]. Additional validation in vivo using a Yucatan
pig model revealed that the presence of macrophages was associated with increased strain
values [41]. Clinical evaluation of intravascular elastography showed that the number of
high strain spots in a coronary artery was increased in unstable angina pectoris patients
with respect to stable angina. Also, a positive correlation between the number of high
strain spots and c-reactive protein levels (a blood serum marker associated with myocardial
infarction) was found [85].
Despite these promising results, intravascular elastography never made it to a widely used
clinical tool. That might be related to the fact that identification of rupture-prone plaques
has more clinical relevance if patients are identified before they enter the catheterization
lab. Consequently, a catheter-based technique is far from optimal, which stimulated the
development of a noninvasive technique. The location of the carotid artery and the fact that
it is the major source of cerebrovascular events made it the primary artery of choice. Two
approaches were taken: imaging in the longitudinal direction and cross-sectional imaging.
In longitudinal imaging, the anterior and posterior walls of the carotid artery are imaged
in a similar manner as images that are acquired for IMT measurements. The benefit of this
approach is that the radial strain and the imaging plane are coaligned so that a direct estimate
of this strain component is obtained. Kanai and Hasegawa published the first results using this
approach and found higher strain values in patients with hyperlipidemia when compared with
normal volunteers [86]. Maurice et al. also used the longitudinal approach in vivo to determine
the relation between strain and atherosclerosis [87, 88]. The inherent shortcoming of this
technique is that only a limited part of the carotid, namely, only the anterior and posterior
walls, can be imaged. Ex vivo, this problem could be circumvented by rotating the specimen
in a setup in order to calculate the strain of all parts of the arterial wall [89]. Recently, a
clinical validation study in patients undergoing an endarterectomy procedure was published
showing larger strain (1.12%) in fibrous plaques than in atheromatous plaques (0.28%) and
in the specimen with intraplaque hemorrhage/thrombosis (0.47%) [90]. These results are
contradictory to other studies that show decreased strain values in fibrous plaques compared
with lipid-laden atherosclerotic plaques as described in the next section. In a study by Cloutier
and co-workers, decreased strain values were also found in lipid-rich plaques with respect to
plaques without a large lipid core [91].
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Cross-sectional imaging is more challenging since the principal strains (approximately in
the radial and circumferential directions) in the arterial wall and plaque are only coaligned
with the ultrasound image lines for restricted parts of the cross-section. To obtain a full
image of the radial or circumferential strain, different approaches are possible. The first
approach is to process the data not only along the ultrasound lines (axial displacement and
strain estimation) but also perpendicular to this (lateral displacement and strain estimation).
The disadvantage of this approach is that no phase information is present in the lateral
direction and that the sampling is rather coarse (distance between lines). This results in a
strain estimate that has an order of magnitude lower accuracy than the estimate in the axial
direction [92]. To circumvent this problem, Maurice et al. [88] developed the Lagrangian
speckle model estimator (LSME) based on the optical flow equations to assess the 2D strain
tensors. Recently, the same group has utilized coherent plane wave compounding using
21 plane waves at beam-steered angles between −10° and 10° in combination with the
incompressible plane strain assumption as mechanical constraints to increase the precision
of the LSME [93]. The disadvantage of this technique that it assumes isotropic tissue, which
is barely the case in the arterial wall. Hansen et al. introduced the concept of combining
data acquired at large beam-steered angles to reconstruct the radial and circumferential
strain in carotid arteries [54, 94, 95]. Initially, a cross-sectional image of the radial and
circumferential strain was composed by acquiring data at large beam-steered angles
and combining segments of radially/circumferentially projected axial components of the
displacement [94] or strain [95]. This resulted in improved signal-to-noise ratios (SNRs) and
contrast-to-noise ratios (CNRs) compared with combining axial and lateral strain estimates
from a single angle acquisition. This technique was further improved by combining the axial
displacements acquired at the three beam-steered angles using triangularization to obtain
the axial and lateral displacements. For sufficiently large beam-steered angles, the lateral
displacement could be determined with a more than two times better accuracy. The latter
technique was validated using simulations and phantoms and showed to have a 5dB better
SNR and 12dB better CNR than without using beam steering [54].
ECHO
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Figure 2.2 Ultrasound image (left) and radial strain image (middle) with the corresponding
photograph (right) of the excised specimen of a transverse cross-section of an atherosclerotic
carotid artery plaque.
Clinical evaluation of the technique was performed in 18 patients before an endarterectomy
procedure was performed (see Figure 2.2). After the endarterectomy, the cross-section that
was imaged was processed for histology. The percentage of plaque area with strain values
above 1.5% was quantified and used as a predictor for the presence of histologic features
that are associated with rupture-prone plaques. The sensitivities to detect the presence of
a lipid pool, a thin fibrous cap, and macrophages close to the lumen were 80%, 80%, and
100%, respectively [96]. Currently, this technique is upgraded toward 3D imaging using
plane wave ultrasound transmissions to prevent out of plane motion artifacts, to prevent
missing rupture-prone plaques while scanning, and to increase the applicability for largescale longitudinal studies [97]. The first results (see Figure 2.3) using simulations of a
realistic atherosclerotic carotid artery reveal good performance of this method in 3D [98].
Ground Truth

Radial Strain

Strain Estimate
Calcified Plaque

Fatty Plaque

Figure 2.3 Semi-3D strain imaging of an atherosclerotic carotid artery at the maximum systolic
pressure indicating a fair correspondence between the estimated strains and the ground truth.
Furthermore, it can be observed that high strain regions match with the location of a fatty plaque
(green scatterers = fatty, cyan scatterers = calcified, blue scatterers = healthy tissue). For visual
clarity, only 3 of 25 transversal slices are shown (taken from [99]).

2.4.2 Acoustic Radiation Force Impulse (ARFI) Imaging
This technique has been developed by Nightingale and co-workers [100, 101]. Also, this
technique was primarily intended for tumor detection, but soon cardiovascular applications
were developed. Contrary to elastography, no physiological deformation source is used.
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The tissue under investigation is displaced by an acoustic radiation force. Consequently,
only a small volume can be interrogated at a time. First, the initial state of the tissue is
monitored. Next, the output power is increased and the tissue is displaced by the radiation
force. The magnitude of the displacement is directly related to the locally applied force, but
also to the mechanical properties of the tissue. To quantify the displacement and the time
it takes for the tissue to return to its initial position, a set of probing pulses is transmitted.
In 2003, Trahey et al. presented the first results of ARFI imaging in excised femoral arteries
and in vivo in volunteers indicating the potential of the technique to perform plaque
characterization [102]. This method was further developed by this group [103, 104] and by
Gallippi and co-workers [105-107], which resulted in an improvement of the ARFI image
quality and resolution. Recently, the latter group published an in vivo validation study by
applying ARFI imaging in four patients before endarterectomy. In two plaques with a lipid/
necrotic core covered by a fibrous cap, the mean ARFI displacements in focal regions were
high relative to the surrounding plaque material, suggesting that soft features were covered
by stiffer layers within the plaques. In two plaques with heavy calcification, mean ARFI peak
displacements were low relative to the surrounding plaque and arterial wall, suggesting stiff
tissue [108, 109]. Also (see Figure 2.4), this group demonstrated the potential to quantify
fibrous cap thickness using ARFI [110]. Validation of ARFI imaging by magnetic resonance
imaging (MRI) by Trahey and co-workers in five patients revealed that the displacement
in fatty regions was 1.8 times higher than in regions with loose matrix components [111].
Although ARFI applies multiple adjacent acoustic radiation force pushes on the tissue that
might also be associated with heat generation, it has been demonstrated that the stresses
are orders of magnitude smaller than the blood pressure associated stresses [112] and that
the heating is much less than 1 °C [113].
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Figure 2.4 ARFI image of a plaque from the CCA of a 57-year-old symptomatic male. (a) B-mode
imaging shows an echolucent plaque with two echogenic foci located ͠ 10 mm apart (white
arrows) suggesting small calcification. (b) Hybrid B-mode/ARFI peak displacement images show
a plaque with generally low displacement except for an area of higher displacement located on
the right (yellow outline) suggesting a lipid/necrotic core covered with a stiffer fibrous cap. (c)
Hematoxylin & Eosin staining confirms the presence of two calcifications (black arrows), while
(d) combined Masson’s elastin staining shows a necrotic region (yellow outline) located above
the leftmost calcification underneath a fibrous cap. Insets show a magnification of (d.1) fibrotic
and (d.2) necrotic regions. The necrotic region is characterized by cholesterol clefts and free
erythrocytes suggesting mild intraplaque hemorrhage (d.2) (figure courtesy of Behler et al. [107]).

2.4.3 Shear Wave Imaging
This technique has been developed by Tanter and co-workers [114]. The advantage of shear
wave imaging (SWI) is that it provides quantitative information on the elastic modulus of
tissue. Like the previously discussed techniques, SWI was first developed to identify tumors
in breast and liver. In addition, SWI has also been used to quantify the elastic modulus of
liver tissue in order to stage steatosis and fibrosis. The principle of SWI is that first a shear
wave is induced in the tissue through insonification with a long focused ultrasound pulse
( ~100µs ). Next, this shear wave is followed by a series of ultrafast plane wave acquisitions
to track the propagation of the induced wave. The propagation speed is directly related
to the elastic modulus of the tissue: the shear wave speed can be directly translated into
Young’s modulus.
Recently, a number of studies have investigated shear wave elastography for vascular
applications [115-119]. Initially, safety and reproducibility studies were performed, indicating
that the technique is clinically safe and that reproducible shear wave velocity estimates in
vivo can be obtained [115, 118]. In vessel-mimicking phantoms, soft regions in a stiffer vessel
wall could be detected [117, 119] demonstrating the feasibility to use SWI for detection of
soft lipid-rich/necrotic cores. In patient validation of SWI to identify plaque components
was performed using endarterectomy specimen [116]. All these studies imaged arteries
in a longitudinal imaging view, although recently effort has also been put in imaging
transverse planes. This latter approach needs optimization and fine-tuning, but the study
demonstrates that SWI in transverse imaging planes is feasible (see Figure 2.5 page 44) and
is promising for lipid-core detection in plaques of superficial arteries [120]. For most of these
studies, the free space assumption is used to estimate the modulus from the shear wave
speed. This certainly does not hold for the arterial wall that will also suffer from dispersion
phenomena as well as multiple reflections at the blood-arterial wall interface resulting in
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multiple propagation paths for the shear waves and guided wave behavior. A thorough
investigation of these phenomena is required in order to interpret the SWI data [115, 121,
122] and properly quantify local arterial elasticity.

Figure 2.5 Top row: B-mode images of phantoms with a soft eccentric plaque in a stiffer vessel
wall. The green and yellow circles indicate the circumferential paths along which the axial motion
maps of wall and plaque were derived, respectively. The orange lines indicate the circumferential
positions where the wave propagation of waves is disturbed. Middle row: axial motion mapped
as a function of circumferential position and time for the wall layer. Bottom row: axial motion
mapped as a function of circumferential position and time for the plaque layer (taken from [120]).
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2.5 Validation Techniques
The above-mentioned studies are still all in their infancy, and proper evaluation and validation
is required. For validation, several techniques are available, all having their pros and cons.

2.5.1 Histology
Histology is the definite gold standard. Tissue is excised and processed for histology.
Using dedicated staining techniques, different tissue components can be stained and
thus visualized. The main advantage is the excellent resolution of the techniques and the
fact that it is quantitative. Dedicated staining techniques for smooth muscle cells (alpha
actin), collagen (picro-sirius red), fatty tissue (oil red-O), calcified tissue (von Kossa), and
macrophages (anti CD 68) are routinely available [40]. Furthermore, staining for nuclei and
global features can be applied. The obvious disadvantage of the technique is that only
excised materials can be processed. Another disadvantage is that the artery is in a deflated
state and also often samples become fragmented during the excision and preparation
process, which hampers matching the histology slices with the ultrasound planes. Although
3D techniques can be performed by stacking a multitude of cross sections, this is very
labor intensive due to the different stainings that have to be performed and the minimal
thickness of the slices (few micrometers).

2.5.2 Computed Tomography (CT)
Computed Tomography angiography (CTA) is an excellent modality to assess lumen
morphology in 3D including accurate lumen segmentation [123], detection of ulcerations
[124], and quantification of stenotic degree [125]. CTA surpasses digital subtraction
angiography as the reference standard [126]. Carotid lumen segmentation is a prerequisite
for hemodynamic modeling and assessment of shear stress. ECG-gated acquisitions of the
carotid followed by automatic 4-D image registration enable distensibility measurements of
the common and internal carotid artery [127]. Furthermore, CTA is an excellent modality to
assess the presence and amount of calcified plaque [128].
The differentiation of soft plaque components, including lipid core, fibrous cap, and
intraplaque hemorrhages, however, is still limited because of their low densities and
potential obscuration caused by beam hardening in nearby high-density objects such as
calcified plaque. Only a few validation studies in which soft plaque imaging with CT has
been compared with histology are presented in the literature, and all are carried out using an
outdated CT scanner technology (16-row detectors) and on limited patient data [129, 130].
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New developments in contrast materials, such as nanoparticles, and new developments in
scanner technology, such as increased number of detectors rows, improved reconstruction
algorithms, spectral CT imaging, and dual-energy CT imaging, are promising techniques
to improve the differentiation of soft plaque components. Furthermore, advanced image
analysis algorithms for detection, segmentation, quantification, and visualization of the
atherosclerotic carotid artery in CTA will play an even more important role.

2.5.3 Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) provides 3D data sets with isotropic or nearly isotropic
voxels that are highly reproducible, independent of the measurement angle and less
dependent on the skills of the operator. Since the signal intensities reflect the biochemical
composition of the tissue, characterization of the tissue components is feasible [131].
Using blood suppression methods within the MRI pulse sequence, MRI provides excellent
contrast between blood and tissue, resulting in a clear definition of the luminal area and
volume. Using multiparametric MRI containing time of flight (TOF), T1-weighted, and T2weighted sequences, plaque features like recent hemorrhage, lipid-rich necrotic core,
intimal calcification, and fibrous tissue can be identified (see Table 2.1). Using four contrast
weightings (a 3D TOF sequence, a T1-weighted-double inversion recovery sequence, an
intermediate weighted, and a T2-weighted sequence), features related to the cap stability
(stable, ulcerated, ruptured, or thin caps) could be obtained [132]. However, the resolution
of MRI (see the next paragraph) is insufficient to accurately distinguish between a thick and
a thin ( <150 µm ) fibrous cap. Macrophages can be detected using ultrasmall paramagnetic
iron oxide (USPIO) particles. These USPIOs accumulate in plaques with a high macrophage
content and induce magnetic resonance (MR) signal changes. This resulted in decreased
signals in the in vivo MR images in predominantly ruptured and rupture-prone human
atherosclerotic lesions [133].
Table 2.1 Contrast at MRI of main atherosclerotic plaque components [127]
			 Intermediate
Plaque component
TOF
T1 Weighted
Weighted

T2 Weighted

Recent Hemorrhage

High

High to Moderate

Variable

Variable

Lipid-rich necrotic core

Moderate

High

High

Variable

Intimal calcification

Low

Low

Low

Low

Fibrous tissue

Moderate to Low

Moderate

High

Variable
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The typical in-plane resolution of a 1.5-T whole body scanner for carotid imaging is in the order
of 0.6 mm×0.6 mm for a slice thickness of 2–3 mm. This resolution limits characterization of
the different plaque components. With 3-T scanners and dedicated sequences, an isotropic
resolution of 0.7×0.7×0.7 mm3 can be obtained in vivo using dedicated coils [134]. In a totally
different approach using magnetic resonance spectroscopy (MRS) and focusing on the detection
of liquid phase cholesteryl esters, it was shown that detection of these esters in carotid plaques
humans is feasible [135]. However, the spatial resolution of MRS is lower than that of MRI.
A study comparing very high resolution (0.25 mm×0.25 mm) and routinely used resolution
(0.50 mm×0.50 mm), both for a slice thickness of 2 mm, revealed that high-resolution imaging
increased the reproducibility of arterial wall dimension measurements, but decreased the SNR
and CNR [136]. However, increasing the spatial resolution at the expense of the CNR does not
improve carotid plaque component scan-rescan reproducibility in patients with atherosclerotic
carotid disease [137]. Ex vivo, an isotropic resolution of 0.2×0.2×0.2 mm3 could be achieved
[138] It has to be noted that all these studies required a dedicated multichannel neck coil.
Although the resolution is improving and comes within the range of ultrasound B-mode
imaging, carotid strain imaging, and ARFI imaging, detection of a cap thickness less than 150 µm
is theoretically feasible only with dedicated high-frequency ultrasound probes. Furthermore,
the temporal resolution of MRI is orders of magnitude worse. Typical scanning times are over
several minutes per sequence and may last as long as 30 min in total. Recently, the use of MRI
for carotid artery strain measurements has been advocated [139]. With the recent advance
of MRI technology, the present limitations of MRI in terms of the spatiotemporal resolution
needed of the assessment of strain can be partially mitigated.

2.6 Conclusion
Different ultrasound-based methods are available to obtain information related to the
mechanical properties of the carotid wall and plaque. Each method has pros and cons with
respect to tissue characterization and identification of the proneness to rupture of the plaque.
The techniques all passed the stage of phantom experiments and ex vivo validation and are
currently all tested in clinical studies. For in vivo validation, two concepts are available: studies
in patients undergoing endarterectomy and thus allowing us to perform histologic analysis
or studies in patients that will also have an MRI examination. In the latter case, dedicated
imaging sequences and coils need to be used to be able to obtain the required information.
Large-scale prospective studies have to be performed to prove the real clinical value of the
ultrasound-based mechanical characterization techniques.
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If not now, when?
- Eckhart Tolle -
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3.1 Abstract
Three-dimensional (3D) strain estimation might improve the detection and localization of
high strain regions in the carotid artery (CA) for the identification of vulnerable plaques.
This chapter compares 2D versus 3D displacement estimation in terms of radial and
circumferential strain using simulated ultrasound (US) images of a patient-specific 3D
atherosclerotic CA model at the bifurcation embedded in surrounding tissue generated with
ABAQUS software. The global longitudinal motion was superimposed to the model based on
the literature data. A Philips L11-3 linear array transducer was simulated, which transmitted
plane waves at three alternating angles at a pulse repetition rate of 10 kHz. Inter-frame
(IF) radio-frequency US data were simulated in Field II for 191 equally spaced longitudinal
positions of the internal CA. Accumulated radial and circumferential displacements were
estimated using tracking of the IF displacements estimated by a two-step normalized crosscorrelation method and displacement compounding. Least-squares strain estimation was
performed to determine accumulated radial and circumferential strain. The performance
of the 2D and 3D methods was compared by calculating the root-mean-squared error of
the estimated strains with respect to the reference strains obtained from the model. More
accurate strain images were obtained using the 3D displacement estimation for the entire
cardiac cycle. The 3D technique clearly outperformed the 2D technique in phases with high
IF longitudinal motion. In fact, the large IF longitudinal motion rendered it impossible to
accurately track the tissue and cumulate strains over the entire cardiac cycle with the 2D
technique.

3.2 Introduction
Atherosclerosis [9] is the primary cause of ischemic heart failure and stroke in westernized
societies. It is a chronic yet progressive disease, which can be asymptomatic for decades.
Atherosclerosis starts with the subendothelial accumulation of atherogenic lipoproteins
(cholesterol-engorged macrophages) causing small lesions to evolve to advanced lesions
consisting of lipid-rich necrotic debris enclosed by a fibrous cap (smooth muscle cells
and extracellular matrix). These lesions can be stable or rupture-prone depending on the
thickness of the fibrous cap covering the atheromatous core [20]. Atherosclerosis affects the
entire arterial tree including the superficial carotid arteries that are responsible for the main

2D versus 3D strain estimation using ultrafast ultrasound in a 3D carotid artery model

51

3

oxygen supply of the brain. Due to changes in the intraluminal pressure throughout the
cardiac cycle, a force is exerted on the artery wall. These forces may exceed the maximum
strength of the thin fibrous cap resulting in plaque rupture [62, 140] Due to rupture, the
thrombogenic macrophage-rich plaque material is exposed to the bloodstream inducing
thrombus formation. This can lead to an acute occlusion of downstream cerebral branches
resulting in a stroke or transient ischemic attack. Stable plaques and rupture-prone plaques
mainly differ in geometry and composition. However, differentiating between these two
remains one of the major challenges in cardiovascular research [42]. Standard ultrasound
(US) echography using B-mode imaging allows visualization of plaque geometry and the
presence of calcifications. Duplex ultrasonography enables assessment of the degree of
carotid artery (CA) stenosis [141] by measuring the increased peak blood velocities in the
stenotic region with respect to the velocity in the nondiseased lumen [142]. Based on these
mainly geometry-related parameters, it is not possible to differentiate between stable and
vulnerable plaques. This also requires knowledge whether a plaque is mainly consisting of
fibrous tissue or contains a large necrotic lipid-rich core covered by a thin fibrous cap.
Therefore, insight in the biomechanical behavior and properties of the atherosclerotic
carotid wall are essential for differentiation and risk stratification. US strain imaging or
elastography, first introduced in [143] and [144], is widely applied for tumor detection in
liver and breast but is also used to acquire functional information of the cardiac muscle or
skeletal muscles [145, 146] and vascular applications [147]. The latter can be performed by
acquiring US data of the artery undergoing deformation and estimating strain in response
to the blood pressure pulsations. The degree of deformation or strain is indirectly related
to the mechanical properties of the tissue, and thus, also to plaque composition [148-150].
Intravascular and noninvasive vascular strain imaging studies have shown that plaques with
a large lipid core indeed reveal regions with higher strains than fibrous plaques.
Since there is a vast variation in mechanical stiffness between different tissue types present
in plaques [40], US elastography has proven to be a technique for plaque composition
assessment. Intravascular strain imaging has been validated in vitro and in vivo in coronary
arteries to assess the mechanical properties of the artery wall [83, 151, 152]. With this
technique, high-resolution cross-sectional images of the arterial wall from inside the vessel
can be acquired, using a rotating US beam, inherently capable of delivering native radially
distributed strain images. This technique requires catheterization and is often applied in
combination with coronary angiography, which usually occurs after a cardiovascular event.
The need for a noninvasive method to measure the progression of atherosclerosis without
the prerequisite of catheterization initiated the development of noninvasive vascular strain
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imaging techniques [43, 153-159]. First, conventional focused 2D US was used to acquire
cross-sectional [92] and longitudinal [86] strain images using a linear array transducer.
However, contrary to the IntraVascular UltraSound (IVUS) method, US beams are emitted
parallel to each other causing misalignment with the radial motion of the vessel wall and
thus requiring estimation of the full 2D displacement vector. Different techniques have
been proposed to circumvent the lack of phase information and resolution in the lateral
direction perpendicular to the US beam [160, 161]. One of these techniques is displacement
compounding [54, 95, 161, 162]. This technique combines axial displacement estimations
acquired along multiple steered US propagation directions to resolve both axial and lateral
strains using solely US data containing phase information. Recently, high frame rate plane
wave imaging has become technically possible, which gave new possibilities to tackle the
lateral displacement estimation issue, among which plane wave coherent compounding
[163] and synthetic aperture imaging [164]. Hansen et al. [97] introduced a plane wave
transmission-based variant of displacement compounding. With this approach, we
demonstrated that despite the reduction in signal-to-noise ratio and the increased sidelobe
levels as a result of the plane wave transmissions, this high frame rate variant performed
equally well as displacement compounding using conventional focused transmissions. This
can be explained by the fact that the axial resolution for plane wave acquisitions is equal
to that of conventional focused transmission and displacement compounding makes use
of only axial displacement estimates. Furthermore, the plane wave variant also suffers less
from angle misalignment than the focused variant. Angle misalignments are errors in the
displacement compounding caused by the motion of the artery during the change from
one acquisition angle to the other. For plane wave imaging, the pulse repetition frequency
is orders of magnitude higher, and thus the artery is in a quasi-static state during the
multiangle acquisition required for compounding.
The strain imaging techniques described above are primarily based on 2D data to calculate
cross-sectional transverse or longitudinal strain images. Given the high pulse repetition rates
that can be achieved with the plane wave variant, in principle, the extension to the third
dimension (elevational) is also possible. In this chapter, simulations of synthetic 3D US data sets
will be acquired of a hyperplastic 3D finite-element model (FEM) that contains fatty and calcified
regions. The simulations are performed by moving the transducer in a multi-slice fashion along
the longitudinal direction. Prior to the simulations, a longitudinal motion was superimposed to
the model. Next, the performance of 2D and 3D displacement-based radial and circumferential
strain using plane wave displacement compounding will be assessed and compared. We expect
that the extension from 2D to 3D strain imaging will have a number of advantages. First, it will
enable visualization of the 3D plaque deformation and geometry, which will probably lead to a
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more reliable and complete assessment of the most vulnerable spot. Second, since we know
that complex motion occurs in the longitudinal direction of the artery that is in the same order of
magnitude as the radial motion [165, 166], we expect that strains will be more accurate because
the out-of-plane motion is no longer distorting the estimates.

3.3 Materials and Methods
3.3.1 3D Finite-Element Model
Deformation patterns of the vessel wall of the CA were generated using a patient-specific
FEM. In this model, calcifications and lipid-rich regions are present near the bifurcation
(Figure 3.1). Preoperatively acquired 3D CT angiography (CTA) images of an in vivo CA were
used to obtain patient-specific geometries of the vessel lumen and calcifications. First, the
vessel lumen and calcified plaques were segmented. Next, the lumen shape was adjusted
to create an approximation of the originally healthy lumen. As soft plaques are not visible
on CTA, the noncalcified lesions were found by subtracting the lumen and calcified regions
from the reconstructed healthy lumen shape. The arterial wall thickness was modeled by
expanding the shape of the originally healthy lumen, increasing its local radius with 30%. A
cylinder representing the surrounding tissue was added, and the model meshed with 121777
hexahedrons (vessel wall) and 73901 tetrahedrons (surrounding tissue) using Pyformex
(nongnu.org/pyformex/). The FEM software ABAQUS (Simulia Corporation, Providence,
RI, USA) was used to calculate the deformation states. Different hyperelastic material
properties [167] were assigned to regions that contained calcified and lipid-rich plaques. As
wall stiffening increases the intraluminal pressure, a realistic, but elevated, pulse pressure
of 60 mmHg was applied at a rate of 60 bpm. The boundary movements were restricted
in the longitudinal and circumferential directions but free to move in the radial direction.
Since active longitudinal vessel wall dynamics were not incorporated in the model, global
cyclic longitudinal motion as described from previously recorded in vivo data by Cinthio et
al. [165] was superimposed on the model to induce global (rigid body motion) longitudinal
displacement variations. The inter-frame (IF) longitudinal/elevational motion superimposed
on the model contains large antegrade and retrograde longitudinal motion (±200 µm) in the
diastolic phase starting at 0.2 s.
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Figure 3.1 Longitudinal 3D view of the FEM of an atherosclerotic CA at the bifurcation. This figure
shows the intima (E = 250 kPa and ν = 0.4999) in which different tissue types are modeled, such
as fatty plaques and calcifications, which are distributed along the vessel wall. The striped area
indicates the image acquisition region of the US simulations.

3.3.2 Simulations
Figure 3.2 page 56 (a) and (b) provides a schematic of a multi-slice approach used to simulate
US radio-frequency (RF) element data of the FEM model. US simulations were performed for
191 transversal imaging planes separated by 0.1 mm resulting in a total longitudinal length
of 19.1 mm. To be able to perform the simulations using Field II [168], a matrix of scatterers
was defined representing the model of the CA distal from the bifurcation. Scatterers were
placed at depths ranging from 15 to 30 mm, representing the internal and external CAs,
as well as surrounding tissue. Their position was updated based on the FEM deformations.
To enhance the realism of the RF data, specular reflections were mimicked by positioning
scatterers at the lumen/vessel wall and vessel wall/surrounding tissue interfaces. For this
simulation, 12 scatterers per US resolution cell assured fully developed speckle [169, 170].
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Figure 3.2 (a) Multisliced acquisition setup for simulating plane wave US images of the 3D carotid
FEM model embedded in surrounding tissue. The red areas indicate the US plane waves acquired
successively with 10 kHz at a specific elevational location. (b) Transversal B-mode images of the
internal CA indicated by the red dotted contour for zero and steered plane wave simulations.

56

Chapter 3

Next, to the scatterer matrix that defines the tissue, Field II requires definitions of an
excitation pulse sequence and a geometrical transducer specification with its frequency
response. The speed of sound was set to 1540 m/s. A linear array transducer resembling
an L11-3 transducer [Philips Ultrasound (Andover, MA, USA)] consisting of 288 elements
and a 135-µm pitch, operating at a center frequency of 9 MHz, was defined. Each physical
element was subdivided into 5 (lateral) × 15 (elevational) mathematical elements. For each
longitudinal position, plane wave acquisitions were performed at three alternating transmit
angles of 0°, −19.47°, and +19.47° at a pulse repetition frequency of 10 kHz. A sub-aperture
of 128 elements was excited simultaneously to generate the 0° plane waves. To steer the
plane wave at −19.47° and +19.47°, a linear time delay was applied in transmission and the
subaperture was shifted to the sides to maximize the overlap of the field of views at a depth
corresponding to the average center of the lumen. Tukey apodization was applied upon
transmitting to reduce side lobes. The elevational focus was set at 0.018 m. These successive
transmissions were simulated at a frame rate of 50 Hz (systole) and 25 Hz (diastole) depicted
in Figure 3.3 to limit IF strains to a maximum of 2%. In total, 30 acquisitions were obtained
for each transmitted angle per longitudinal position. The sampling frequency was set to
180 MHz to minimize the quantization noise of the excitation and impulse response. After
simulating, the element RF data were down-sampled to 36 MHz by taking every fifth sample
to mimic experimental setup settings. Element data were simulated for each separate
structure (internal and external CAs, inner and outer specular reflections, and surrounding
tissue) for enabling parallel computing and merged into a single matrix of element RF data
per time frame. Finally, bandwidth limited (3–11 MHz) noise with an SNR of 30 dB was added
prior to the conversion to beamformed RF data.

Figure 3.3 Schematic of the temporal acquisition protocol applied.
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3.3.3 Postprocessing RF Element Data
Besides the advantage of ultrafast image acquisition, plane wave imaging also grants the
freedom to convert unfocused element data into focused RF data at any given location
within the region insonified. Displacement compounding combines axial displacement
estimates of at least two acquisition angles; hence, ideally, the underlying sampling grids for
RF data of the multiple angles should coincide at points where a compound displacement
estimate is to be estimated. Rotating the zero degree beamforming grid to an arbitrary
angle does not provide these coinciding points. Figure 3.4 shows the combination of the
zero degree grid with the angular grids yielding the displacement grid defined by spatially
overlapping specific sample locations of all grids. It turns out that it is only possible to create
such a grid combination with orthogonality as a prerequisite, for certain transmit angles α.
These angles can be calculated using the following equation:

α = sin-1
		

(√

1
N

)

N= 1, 2, 3 ...

(3.1)

where N is the discrete amount of axial US samples of the rotated grid in between two
coinciding displacement points. In order to prevent artifacts like peak hopping in the
process of peak interpolation, at least eight sample points per wavelength were assured.
For these simulations, N = 9 delivers a compounding angle of 19.47° assuring orthogonality
of all grids. Axial and lateral spacings of 10 and 65 and 11 and 30 µm were defined for the
zero and steered RF sampling grid, respectively. These specific grid definitions resulted in
spatially overlapping sample points spanning the final displacement grid with a resolution
of 90-µm axial and 65-µm lateral for which all steered and unsteered axial displacement
estimations could be directly compounded without an additional interpolation step. The
RF data were beamformed on this grid using delay-and-sum beamforming with a dynamic
focus with an F-number of 0.875 and Hamming apodization.
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0º beamford grid (∆x, ∆y)

αº beamford grid (∆xα, ∆yα)

-αº beamford grid (∆xα, ∆yα)

Displacement grid (∆x,y)

Figure 3.4 Zero degree beamforming grid interlocked with the steered beamforming grids
spanning up the displacement grid for α = 19.47°. Note the absence of the zero degree vertical
line, which yields a more squared ratio of axial and lateral spacing of the displacement grid.

3.3.4 Displacement Estimation
Strain and displacement estimation accuracy depend – besides other aspects – on the
amount of strain present in between frames. To prevent large strains between subsequently
acquired frames (resulting in failure of RF-based strain estimation), different frame rates of
50 and 25 Hz were used or displacement estimation in systole and diastole, respectively.
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The IF displacements were accumulated afterward. Displacement estimation was performed
on the internal CA using an iterative normalized cross-correlation-based coarse to- fine
method using either 2D or 3D kernels. Envelope (demodulated RF) data were used to find a
global displacement estimate at sample accuracy after which subsample displacements were
determined using RF data by means of 2D or 3D cubic interpolation of the cross-correlation
function. The size of the simulated point spread function for the L11-3 at an average depth
of the internal carotid was 175 µm in the axial direction (approximately the wavelength)
and 350 µm in the lateral direction. The reconstructed RF data resolution was 10–65–100
µm (axial–lateral–elevational). The first iteration kernel size for envelope data selection was
810–770–200 µm with a search margin of 100–195–300 µm. The iteration stage kernel’s
size for RF data selection was 320–380–200 µm with a search margin of 30–195–200 µm.
Displacement estimation was applied separately for the 0°, −19.47°, and +19.47° acquisitions.
The obtained axial displacement estimates were filtered using a 2D median filter with a size of
5 × 3 displacement points in axial and lateral directions, respectively. For the 3D method, the
elevational displacements obtained for 0°, −19.47°, and +19.47° acquisitions were averaged
before applying a 3D median filter with a size of 20 × 20 × 5 displacement points in axial,
lateral, and elevational directions, respectively.
From the angular axial displacement estimates, the horizontal displacement component was
derived using displacement compounding [54], i.e., to obtain the horizontal displacement
estimate ( dhorizontal ), the axial displacements of the −19.47° ( dvertical,θ1 ) and +19.74° ( dvertical,θ2 )
were projected according to
		
dhorizontal,0 =

dvertical,θ1 cos θ2 - dvertical,θ2 cos θ1

(3.2)

sin ( θ1 - θ2 )

The vertical component was equal to the 0° axial displacement estimate ( dvertical = daxial,0 ).
Since the horizontal displacement component is based on axial estimates, this component
is more precise than the lateral displacement estimate that could have been obtained from
the 0° acquisition.

3.3.5 Tracking
To accumulate the filtered IF horizontal, vertical, and elevational displacements over time,
tracking was performed with the end-diastolic frame as the reference frame. In this frame, a
volume of interest (mask) was defined. The mask was obtained by 3D segmentation of the
vessel wall using the inner and outer scatterer positions defined by the specular reflections
at each longitudinal position. Successively, a 3D linear interpolation was performed to
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accumulate the axial, lateral, and elevational displacements over the pressure cycle for
the 2D and 3D displacement estimation-based method. Next, the vertical and horizontal
cumulated displacements were converted to radial and circumferential displacements.
Hereto, a radial grid was defined (dϕ = 1° and dr = 75 µm) centered at the lumen center. The
center was defined as the center of gravity of the pixels representing the vessel lumen as
defined by the segmentation of the inner wall. Using this grid, the cumulated vertical and
horizontal displacements were combined and rotated to find the displacement vector along
the radial and circumferential directions. This process was repeated for every longitudinal
position.

3.3.6 Strain Estimation
Radial strain can be determined by taking the first-order spatial derivative of the radial
displacement along the radial direction. For circumferential strain, the first-order spatial
derivative of the circumferential displacement in the circumferential direction needs to be
superimposed with the radial displacement divided by the radius [171]. Prior to calculation
of strain, median filtering was applied on the cumulated radial and circumferential
displacements defined in polar coordinates. For the radial displacements, a 2D median filter
of 10 (radially) × 5 (circumferentially) displacement pixels was used. For the circumferential
displacements, the filter size was 5 (radially) × 15 (circumferentially) displacement pixels.
For the 2D as well as for the 3D based displacements, both displacement derivatives were
obtained by applying a least-squares strain estimator (LSQSE) [56]. For the circumferential
strain estimation, a 1-D LSQSE with a kernel size of 15 displacement pixels was used to
ensure an equidistant displacement sample spacing. For radial strain estimation, a 2D
LSQSE with a kernel size of 11 × 3 displacement pixel was used in radial and circumferential
directions, respectively. The kernel sizes were based on the results in the thinnest part of
the internal carotid vessel wall to ensure that high strain values present at the borders were
not leveled out.
To compare the performance of the 2-D and 3-D radial and circumferential strain estimations,
the root-mean-squared error (RMSE) was calculated to assess the similarity with the ground
truth (GT) strains derived from the model displacements.
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3.4 Results
Figure 3.5 (a)–(c) shows the axial, lateral, and elevational GT median (5th and 95th
percentiles) IF displacements in the model and the RMSE values for the absolute unfiltered
displacement estimates obtained with the 2D and 3D approach. As explained in Section II,
unfiltered displacements estimates are reported, because these are the basis for the quality
of the final post-processed accumulative radial and circumferential strain estimation.
Note that medians of absolute displacements are reported to overcome averaging due to
the circular expanding nature of the vessel wall in which positive and negative axial and
lateral displacements occur. Despite the increased acquisition frame rate (AFR) of 50 Hz
at the systole versus 25 Hz at the diastole, a clear distinction can be observed between
the maximum axial and lateral reference displacements in systole (͠ 40 µm) and diastole
(͠ 20 µm) at 0.2 s. The 3D displacement search clearly outperforms the 2D displacement
search with overall RMSE (for the complete pressure cycle) of the displacement values of
1.4 versus 14.7 µm in the axial direction and 2.7 versus 28.1 µm in the lateral direction. It
is worth mentioning that the 3D method delivers a tenfold reduction in RMSE. The GT IF
displacements of the model in elevational direction are shown in Figure 3.5 (c). As can
be observed, the superimposed global IF elevational motion ranges from −200 to +200
µm [165]. The model does not account for longitudinal displacements of the vessel wall,
which explains the absence of variation in elevational displacements besides the small
elevational displacement as a result of radial deformation. Since the 2D method is not able
to resolve elevational displacement, only the 3D displacement estimates are shown with
an overall RMSE value of 19.5 µm, which is ~20% of the elevational resolution of 100 µm.
When high elevational displacement occurs, the 2D axial and lateral RMSEs dramatically
increase. (Moments when large IF elevational displacement occurs are indicated by the
dotted region.) As can be observed from 0.22 to 0.26 and at 0.48 s (indicated by the dotted
area), the RMSE dramatically increases for the 2D approach with respect to the 3D approach,
which is exactly the moment when the IF elevational motion is largest and exceeds~150 µm
(1.5× elevational sampling distance). The 3D RMSE values remain steady (<8 µm) over the
complete cardiac cycle. In the systolic phase, a relatively small IF elevational displacement
occurs, which, despite the large axial and lateral displacements, does not lead to elevated
RMSE values.
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Figure 3.5 Absolute IF GT median (5th–95th percentiles indicated by the gray area) displacements
and 2D and 3D RMSE values for the (a) axial and (b) lateral directions. (c) Median (5th–95th
percentiles) elevational displacements of the GT and 3D displacements. Please note that these
values mostly overlap, but a slight spread is visible at 0.08 s. The dotted areas indicate excessive
differences between the 2D and 3D-methods that are correlated with large out-of-plane motion.
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Figure 3.6 (a) and (b) shows the GT-, 2D-, and 3D-based median (5th and 95th percentiles)
strain for circumferential and radial directions along the cardiac cycle. Thus, Figure 3.6
represents the performance of the complete 2D and 3D algorithms including tracking and
filtering over the full cardiac cycle. A clear increase in the 2D-based spread for both radial
and circumferential directions can be observed at 0.22 s, which does not converge toward
the GT strain distribution over the cardiac cycle. The 3D-based median and 5th and 95th
percentiles adequately follow the GT strain distribution over the cardiac cycle. Furthermore,
residual (at the end of the diastole) median circumferential and radial median strains
(5th–95th percentiles) of 0.1% (−1.5% to 1.8%) and 0.1% (−1.6% to 1.8%), respectively, were
observed, as opposed to the residuals of the 2D approach that were 0.1% (−11.0% to 11.4%)
and 0.1% (−10.7% to 10.7%), respectively. It may be noted that the difference between the
two methods is clearly expressed by the range of strains and not by the median itself that
almost equals the GT for both methods.
Since the reference frame is at the end diastole, an intraluminal pressure rise causes the
vessel to expand. As a result, negative radial strain and positive circumferential strain are
expected. Figure 3.6 (c) shows the 2D- and 3D-based RMSE variation over the cardiac cycle
for the radial and circumferential directions. The 3D-based method clearly outperforms the
2D-based method where the maximum increase in 2D RMSE occurs, as expected based
on the IF results, at approximately 0.22 s. The overall RMSE values of 1.2% versus 5.5%
in the radial direction and 1.4% versus 6.8% in circumferential direction confirm a better
performance using the 3D-based method than the 2D method. The increasing nature of the
RMSE progression over the cardiac cycle is due to the tracking process, where multiple IF
displacement estimations were accumulated.
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Figure 3.6 Cumulative GT (a) circumferential and (b) radial median (5th–95th percentiles
indicated by the gray area) strain progression over the cardiac cycle together with the estimated
strain by the 2D and 3D methods. The gray area indicates the 5th–95th percentiles of the GT.
Please note that these values mostly overlap resulting in a dominating 3D estimate. (c) Cumulative
circumferential and radial strain RMSE for the 2D and 3D methods. In (a), the GT and 2D median
displacements overlap with the 3D estimated displacement.
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Figure 3.7 (a) shows a qualitative GT versus 2D and 3D methods’ representation of radial
strain volumes in which transparency allows the visualization of the lumen surrounded by
the vessel wall at multiple time points during the cardiac cycle. A full movie of the volumetric
strain images over time was separately uploaded (‘Fekkes.v1.wmv’ see section 3.6 page
71 Supplementary Materials). In Figure 3.7 (b), negative radial and positive circumferential
estimated strain values are plotted versus the expected value, which ideally coincides at the
reference line. The first column (t = 0.08 s) at the maximum slope of the distension curve
indicates an overall good correspondence of both the 2D and 3D methods compared with
the GT. The second column shows the strains when the artery is at maximum distension
during peak systolic pressure at 0.14 s. The arrows indicate areas where the resemblance
between the 2D-based strain and the GT is poor in contrast to the 3D method that shows
better qualitative resemblance. The third and fourth columns at 0.2–0.24 s indicate the strain
in the early diastolic phase with small radial and circumferential displacements, but a large
elevational shift. The 2D method shows a dramatic increase in erroneous strain estimates
during this transition in contrary to the 3D method that shows similar results as the GT
strain. The fifth column indicates mid-diastole phase at 0.6 s indicating that the 3D method
is capable of tracking the strain back to the reference frame value, while the 2D method
is not. The last column indicates the residual strain at the near end (0.96 s) of the cardiac
cycle during the end-diastolic phase corroborating this observation. The quantitative strain
development along the cardiac cycle depicted in Figure 3.7 (b) is in line with the qualitative
depicted strain volumes where the 2D strain results start deviating from the GT strains as
the cardiac cycle progresses while the 3D strain estimates keep matching with the GT.
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Figure 3.7 (a) Qualitative multi-slice radial strain volumes. The first row depicts the 2D
displacement-based strain, the second row depicts the GT strain, and the third row depicts the
3D displacement-based strain, all at multiple time points of the cardiac cycle. (b) Quantitatively
expected versus estimated strain scatterer plots for both 2D and 3D displacement-based methods.
The specific time points are indicated in the distension and the ECG curve.
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3.5 Discussion
In this chapter, assessment of radial and circumferential strain imaging of the CA was
performed using a 2D and 3D displacement estimation-based method. A sophisticated
model of the CA at the bifurcation was used to simulate synthetic US images in a multislice manner. To make the simulations more realistic, anatomical surrounding features
and specular reflectors were added to integrate possible grating lobe and side lobe signal
interference. Furthermore, a longitudinal motion was incorporated based on previous in vivo
measurements [165]. The multi-slice image acquisition methodology, i.e., stacking images
into a 3D matrix, enables 3D cross-correlation-based block matching next to conventional
2D cross-correlation-based block matching. The main findings of this chapter are twofold.
First, radial and circumferential strain imaging of the CA based on 3D displacement
estimation outperforms 2D displacement-based strain estimation. Second, out-of-plane
motion prevents accurate 2D radial and circumferential cumulative strain estimation over
an entire cardiac cycle. This conclusion was to a certain extent expected since the 3D
algorithm has been given the freedom to track displacement in the longitudinal direction.
It must be noted that the longitudinal slice distance is 100 µm and that longitudinal motion
smaller than this distance does not lead to excessive 2D RMSE values. This basically explains
why the 2D in comparison with the 3D-method is fairly able to track motion in the systolic
phase where IF longitudinal displacements do not exceed the slice thickness and are in the
same range as the IF radial displacements. The first RMSE deviation between the 2D and
3D-methods (Figure 3.5 page 63 (a) and (b)) can be observed in the diastolic phase at 0.22
s where almost no radial motion is present while a large longitudinal IF shift of ~180 µm
is causing the 2D method to heavily deteriorate with respect to the 3D method. Relating
the ability of the 3D method to track longitudinal motion (Figure 3.5 page 63 (c)) with
the 3-mm beamwidth (−6 dB) at the center of the CA, longitudinal motion in the order of
subslice thickness of about 100 µm can be resolved, which is a factor of ~30 smaller than
the average CA beamwidth in elevational direction.
Dual AFR was applied to make sure that IF motions in the radial direction in the systolic
phase (50 Hz) were in the same range as in the diastolic phase (25 Hz). This dual ARF acts
of course also on the longitudinal displacements where large longitudinal antegrade and
retrograde displacements can be observed in the diastolic phase. In these phases of large IF
longitudinal motion, an even higher AFR might be necessary to reduce the decorrelation due
to the out-of-plane motion. At the same time, higher AFR reduces the IF radial displacement
into a range where noise starts to dominate the displacement estimation in that direction.
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Nevertheless, the 3D method will always yield more accurate displacement results because
of its capability to resolve displacements in the elevational direction in contrast to the 2D
method where a different cross-section of the vessel wall moves into the imaging plane.
To regularize the raw displacement estimations, 2D median filtering was applied. The main
purpose of the median filtering is to remove outliers by acting as a low-pass filter on the
displacements, i.e., it smoothens the displacement estimates. Apart from outlier removal,
median filtering will also cause a slight underestimation of the radial displacement estimates
at the border due to the absence of reliable displacement estimates in the lumen area.
This mainly occurs for radial displacements, because these are in general perpendicularly
oriented with respect to the lumen-wall interface. In the circumferential direction, almost
no border effects were present due to the circular direction of filtering, i.e., the absence of
displacement discontinuities. One challenging aspect of filtering is the determination of the
amount of filtering to apply. For this chapter, a kernel size was chosen such that the smallest
section of the vessel wall, distal to the bifurcation, was not underestimated due to filtering.
This inherently puts a constraint on the global amount of filtering that eventually resulted in
less smooth displacement and strain images.
The strain volumes are represented quantitatively and qualitatively (Figure 3.6 page 65 and
Figure 3.7 page 67) by the accumulated radial and circumferential strain results over the
cardiac cycle. Both figures support the conclusion that the 3D method outperforms the 2D
method. However, it should be observed that the 2D results show a somewhat noisy strain
distribution. The main reason for this is the amount of LSQSE filtering applied, which is a
tradeoff between local sensitivity (true value detection) and outlier reduction (false value
removing). Despite the extra displacement filtering applied prior to strain derivation, the 2D
method seems not capable of maintaining the strain estimates within a reasonable range
compared with the GT.
Two- and three-dimensional methods are subject to error accumulation, which resulted in a
residual strain component. Ideally, this should not be the case in this simulation study since
the model is perfectly cyclic, i.e., equal start and end deformation state.
Translating this technique toward phantom studies and finally to in vivo gives rise to another
set of challenges. Simulations do not account for common US artifacts like nonuniformity
of the speed of sound, effects caused by attenuation and absorbing or totally blocking
the sound transmission due to calcifications resulting in shadowing. These artifacts have
a nonlinear effect on the displacement estimation accuracy and the amount of filtering
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required to obtain a robust final strain estimate. Another challenge will be the temporal and
spatial aligning of the slices in vivo. In this chapter, each slice was perfectly in phase with the
previous slice. To align the slices in vivo, electrocardiogram (ECG) triggering will be required
and a method to compensate for the variations in the length of the cardiac cycle and blood
pressure needs to be developed. This will predominantly affect the displacement estimation
in the end-diastolic phase since the systolic phase is considered constant for a broad range
of heart rates [2]. For spatial alignment, a small linear mechanical translation stage could
ensure equidistant and parallel US acquisitions.
Extending this technique into full 3D [172], using a 2D matrix array transducer designed for
superficial vascular applications will be the key to acquire highly accurate strain estimates
in all dimensions. The major advantage of a 2D instead of a 1-D linear array for this chapter
is the elimination of the need for multiple 2D acquisitions and post-temporal alignment
of the 2D images into a 3D volume resulting in a more practical acquisition procedure
when clinically applied. Despite ongoing research, these extensive matrix probes are not
commercially available yet. If requirements like a sufficient footprint and sub lambda
pitch in both directions could be met, beam steering might be applied in both lateral and
elevational direction resulting in isotropic resolutions equal to the axial resolution, which is
beneficial for estimating the 3D strain tensor. This, of course, puts an enormous constraint
on the electromechanical design of such a transducer likely to result in yet an unfeasible
number of element connections (128 × 128) and excessive data streams.
Although the longitudinal motion added was of healthy subjects, a recent study of Tat et
al. [173] shows that in the case of severe stenosis, longitudinal IF motion alters and the
magnitude increases.
In conclusion, this chapter shows that in the case of substantial longitudinal motion, the 3D
approach clearly outperforms the 2D search in terms of radial and circumferential strain;
further research is required to implement the technique used.
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3.6 Supplementary Materials
The following are available online at
https://ieeexplore.ieee.org/document/7552509/media#media
Video: Fekkes.v1.wmv
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4.1 Abstract
Plaque strain and blood vector velocity imaging of stenosed arteries are expected to aid
in the diagnosis and prevention of cerebrovascular disease. Ultrafast plane wave imaging
enables simultaneous strain and velocity estimation. Multiple ultrasound vendors are
introducing high-frequency ultrasound probes and systems. This chapter investigates
whether the use of high-frequency ultrafast ultrasound is beneficial for assessing blood
velocities and strain in arteries. The performance of strain and blood flow velocity estimation
was compared between a high-frequency transducer (MS250, fc = 21 MHz) and a clinically
utilized transducer (L12-5, fc = 9 MHz). Quantitative analysis based on straight tube phantom
experiments revealed that the MS250 outperformed the L12-5 in the superficial region:
low velocities near the wall were more accurately estimated and wall strains were better
resolved. At greater than 2-cm echo depth, the L12-5 performed better due to the high
attenuation of the MS250 probe. Qualitative comparison using a perfused patient-specific
carotid bifurcation phantom confirmed these findings. Thus, in conclusion, for strain and
blood velocity estimation for depths up to ~2 cm, a high-frequency probe is recommended.

4.2 Introduction
Development of atherosclerosis in the carotid artery (CA) may lead to severe stenosis
obstructing the main cerebral blood flow supply due to geometrical changes of the luminal
area. It also initiates compositional changes due to the development of calcifications, lipid
pools, fibrous tissue, and haemorrhages in the vessel wall, which could lead to the formation
of rupture-prone plaques. These pathological processes can be asymptomatic for a long
time until the initiation of a fatal event such as a stroke or transient ischemic attack. This is
why the characterization of atherosclerosis is important to guide pharmaceutical treatment
or perform an invasive intervention removing suspected critical obstructions in the CA.
In clinical practice, ultrasound imaging is mostly used for plaque stenosis grading. The
stenosis is usually visualized using duplex ultrasound (B-mode and color flow imaging),
followed by pulsed wave Doppler acquisitions to measure the maximum systolic blood
velocity in the area of the most severe vessel narrowing and in a post-stenotic segment
of the lumen. From this information, a coarse estimate of the degree of stenosis can be
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derived [174]. Although the potential of diagnostic ultrasound to classify and grade carotid
disease is recognized, so far there is no universally accepted protocol to measure the degree
of stenosis [31].
The main reason for the lack of a universal guideline is the considerable variability in
estimated velocities using Doppler techniques [175], which might result in errors of the
estimated grade of stenosis. The large variability can be assigned to multiple limitations of
conventional Doppler techniques, of which the angle dependence is a major contributor
[31]. The angle between the insonifying beam and the (local) blood flow direction is
required to convert the 1-D velocity estimate, measured along the beam direction, into a
velocity estimate in the true direction of the blood flow. This angle is difficult to estimate
when looking at nonlaminar flow patterns in the CA that are known to be present in the
bifurcation and in stenosed regions [176-180]. Another major limitation of conventional
Doppler-based methods is the use of conventional line-by-line acquisition schemes, which
limits the frame rate and/or imaging view substantially. Furthermore, the span of velocities
that can be determined is limited by the pulse repetition frequency (PRF) due to aliasing.
A major effort has been put into the development of 2D and 3D blood vector velocity
imaging techniques that circumvent the angle dependence. Several methods have been
suggested, among others, vector Doppler [181], transverse oscillation [182], speckle tracking
[183], and directional beamforming [184]. All proposed methods are capable of providing
estimates of the 2D velocity vector in the scan plane, thereby providing a more reliable
representation of the physical flow field.
As explained, Duplex ultrasound is mainly used to derive parameters related to stenosis
geometry. However, it does not provide information about the plaque composition. The
characterization of the composition is of paramount importance because pathology
studies have shown that the presence of a large lipid core that is covered by a thin fibrous
cap is associated with an increased risk for rupture which might subsequently lead to a
cardiovascular event [12, 19]. Differentiation between stable and rupture-prone plaques is
one of the major challenges in cardiovascular research [42]. Mechanical characterization of
the plaque, using ultrasound strain imaging or elastography [143, 144], can provide such
information. By estimating strain in response to blood pressure pulsations, mechanical
properties, and plaque composition can be revealed indirectly [148-150]. Both intravascular
[42], [40, 83, 85, 151, 152, 185] and noninvasive [43, 87, 88, 90-92, 153-159, 186, 187] vascular
strain imaging studies have been conducted and showed that regions with higher strain
values correspond to plaques with a large lipid core.
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Recent development in ultrasound technology and computational power enable plane
wave and diverging wave imaging. Unfocused ultrasound transmission followed by parallel
receive beamforming allows imaging at acquisition rates up to 20 kHz, which facilitates
imaging the dynamics of both tissue and blood. Ultrafast imaging has already been applied
to image blood velocities in the CA [176], [188-191] and to assess the arterial wall dynamics
using both pulse wave velocity [192] and elastography [97, 98, 193]
Plaque extent and vulnerability, derived from local strain estimates, together with accurate
and reproducible measurements of the dynamically complex velocity blood flow patterns
are expected to allow for a more complete characterization of atherosclerosis, thereby
aiding the clinician in establishing a fast and reliable judgment about the stage and
progression of arterial disease. With ultrafast imaging strain and 2D blood velocities can
be obtained simultaneously from the same acquisition [194-196]. However, one drawback
of the ultrafast techniques is that the images have a reduced contrast- and signal-to-noise
ratio and lower lateral resolution [163] due to the lack of focusing in transmit. Displacement
compounding is a technique that can be used to circumvent the use of this low-resolution
lateral information [54, 95]. Both tissue strain and blood velocities can be estimated
accurately using this technique combined with plane wave acquisitions [97, 98, 197]. Another
possible way to cope with the adverse resolution effects of ultrafast imaging is by using
high-frequency ultrasound (>20 MHz). Since the CA is located at shallow depths, it could be
an excellent application for high-frequency ultrasound imaging. The increased resolution
and the elevated blood signal power, which are inherent to the use of high-frequency
ultrasound, could be beneficial for strain and blood flow imaging of the CA. However, this is
counterbalanced by increased attenuation values. Another reason for exploring the potential
of high-frequency ultrafast ultrasound is the trend in the development of high-frequency
ultrasound probes. Several manufacturers, such as Toshiba Medical (Aplio i-series), Philips,
BK Ultrasound, and Visual Sonics are developing these probes and bringing them to the
market for in vivo imaging of, mainly, musculoskeletal and superficial vascular structures
in humans.
Therefore, this chapter compares the performance of a high-frequency transducer with
a clinically utilized transducer for the assessment of tissue strain and blood flow using
a sophisticated bifurcation phantom that is based on an in vivo geometry obtained in a
patient. The accuracy and precision of the strain and velocity measurements are evaluated
by experiments using straight cylindrical phantoms. To our knowledge, the combination of
plane wave imaging and high-frequency ultrasound has not yet been explored to visualize
and quantify the dynamics of both the carotid vessel wall and blood velocities.
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4.3 Methods
For consistency, the imaging acquisition sequence, postprocessing of radio frequency (RF)
element data, and the displacement estimation, including clutter filtering, as described in
this section are kept the same for all conducted experiments.

4.3.1 Imaging setup
An L12-5 ATL linear array and an MS250 Visual Sonics linear array were used in all experiments.
Both transducers were connected to a Verasonics Vantage ultrasound system (Verasonics,
Kirkland, WA, USA). The Vantage system was equipped with a UTA 360 transducer adapter
(Verasonics, Kirkland, WA, USA) to provide compatibility with the MS250 transducer
from Visual Sonics. Ultrasound RF element data were acquired for both transducers by
transmitting 0° plane waves at a PRF of 4 kHz for 1 s, i.e., one pressure cycle. The transducer
properties and acquisition parameters are listed in Table 4.1
Table 4.1 Transducer properties and acquisition parameters
MS250

L12-5

Center frequency

21 MHz

8.9 MHz

Sampling frequency

62.5 MHz

35.7 MHz

Transducer element pitch

90 µm

195 µm

Nr. of transducer elements

256

256

Nr. of active transmit/receive elements

256

128

Transmit aperture size

23.04 mm

24.96 mm

Elevational focus width

1.0 mm

1.6 mm1

Elevational focus depth

15 mm

18 mm

1

Axial resolution

0.10 mm

0.16 mm

Lateral resolution2

0.15 mm

0.31 mm

Excitation signal

3-cycle pulse at center frequency

Pulse repetition frequency

4 kHz

2

based on -6dB normalized pressure values

1

based on simulated Verasonics acquisition of a point scatterer at the elevational focus depth

2
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4.3.2 Beamforming Grid and RF Data Reconstruction
Plane wave imaging permits data reconstruction, i.e., the conversion of unfocused RF
element data into beamformed RF data, at any location within the insonified region. We
recently showed that customization of the beamforming grid according to the system’s
point spread function (PSF) facilitates improved subsample displacement estimation [198].
Since speckle size is proportional to the dimensions of the imaging system’s resolution cell
[199], i.e., the PSF, a spatial autocovariance method [200] was used to determine the speckle
size (full-width at half-maximum) using B-mode images of the phantom. The resulting
spacing for both grids is listed in Table 4.2, together with other beamforming parameters.
Delay-and-sum beamforming was used to generate RF data for every plane wave emission.
Table 4.2 Beamforming parameters
MS250

L12-5

Apodization window

Hamming

Hamming

F-number

0.875

0.875

Axial sampling beamforming grid

4.62 µm

10.8 µm

Lateral sampling beamforming grid

38.8 µm

48.5 µm

4

4.3.3 Strain and Velocity Estimation
Inter-frame 2D displacements were estimated using a two-step, 2D normalized crosscorrelation (CC)-based method. In the first iteration, displacements on sample resolution
were estimated using demodulated RF data. The second iteration, based on RF data, was
initiated using the sample offset acquired in the first iteration and resolved subsample
resolution displacements. Subsample resolution was resolved by 2D interpolation of the CC
function. The kernels sizes used for both transducers were kept similar in size with respect
to the number of RF or envelope data points. The size of the search kernel in iteration 1
was tuned to the maximum displacement expected in each experimental situation. Spatial
filtering of the 2D inter-frame displacements was performed using a median filter with
windows containing an equal number of displacement estimates for both transducers. An
overview of the settings used for the displacement estimation can be found in Table 4.3.
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Table 4.3 Settings used in the 2-step cross-correlation-based displacement estimation algorithm
			

Vessel wall dynamics

Blood flow dynamics

			

L12-5

MS250

L12-5

MS250

Window size ± single sided

Axial

33 ± 5

33 ± 11

129 ± 35

129 ± 81

Lateral

5±3

5±3

31 ± 8

31 ± 10

33 ± 4

33 ± 4

65 ± 10

65 ± 10

First iteration

search area [samples]		

Second iteration Axial
		

Lateral

3±3

3±3

25 ± 10

25 ± 10

2D Median filtering [samples]

Axial

-

-

7 x 13

7 x 13

Lateral

-

-

7 x 13

7 x 13

15 x 11a

15 x 11a

7x7

7x7

31 x 23

31 x 23

7x7

7x7

First iteration

		

Second iteration Axial
		

Lateral

a

a

2D interpolation of CC function			

spline		

cubic

LSQSE window [samples]

Axial and axial shear

31 x 23

31 x 23

-

-

Lateral and lateral shear

63 x 47

63 x 47

-

-

a

including edge detection

Inter-frame axial and lateral displacements in the carotid wall and surrounding tissue were
estimated at 100 Hz. Velocities in the lumen were estimated at 4000 Hz by multiplying
the inter-frame displacements with frame rate. Thereafter, velocities were averaged over
a temporal ensemble of 40 frames, resulting in an effective velocity frame rate of 100 Hz.
To generate a region of interest (ROI) for both the lumen and the surrounding tissue,
manual segmentation was performed on a registered, combined overlay of B-mode images
from the MS250 and the L12-5. One reference contour was manually marked in the frame
corresponding to the “end-diastolic” frame in the pressure cycle. Thereafter, the contour was
tracked over the cardiac cycle using the estimated vessel wall displacements to generate a
lumen and tissue ROI at 100 Hz.

4.3.4 Clutter Filtering (Blood Velocity Estimation)
Prior to inter-frame velocity estimation in the lumen, clutter filtering was performed to
suppress the dominant signal of the surrounding tissue. Filtering was performed using finiteimpulse-response (FIR) filters and a temporal sliding window, which enables longer ensemble
sizes without sacrificing frames for filter initialization. Two filters were designed, one for the
MS250 data and one for the L12-5. Filter orders were scaled according to the difference in
center frequencies to obtain similar filter characteristics. Resulting filter orders ( N ) were 20
and 46 for the MS250 and L12-5, respectively. Based on the spectral content of the RF data,
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frequency cut-off points were calculated for both transducers such that (axial) velocity cut-off
characteristics were similar. The frequency response of the FIR filters and the corresponding
cut-off points are summarized in Table 4.4. For a dynamic visualization of the clutter filter
effect, the reader is referred to the additional multimedia file: ClutterFiltering.mp4 (see section
4.9 page 99 Supplementary Materials).
Table 4.4 Clutter filter cut-off point for the FIR filters
-3 dB

-10 dB

-20 dB

-40 dB

-70 dB

vcut-off,axial [cm/s]

1.18

0.7

0.39

0.16

0.025

fcut-off MS2501

0.159

0.096

0.053

0.021

0.003

fcut-off L12-51

0.068

0.041

0.023

0.009

0.0015

Normalized frequency, [*fNyquist ]

1

4

4.3.5 Tracking and Principal Strain Estimation (Vessel Wall)
To accumulate the filtered, inter-frame displacements in the vessel wall over the complete
pressure cycle, tracking was performed, with the end-diastolic frame as a reference frame.
The 2D linear interpolation was performed to accumulate all inter-frame displacements.
Subsequently, the strain was determined by taking the first-order spatial derivative of the
cumulated displacements by applying least-squares (LSQ) strain estimator in axial, lateral,
and shear directions [56]. Finally, the principal strains [201] were obtained by the eigenvalue
decomposition of the symmetric Lagrangian finite strain tensor to exclude rigid body
motions and only regard strains originating from pure finite deformations

4.4 Experiments
To compare the performance of both transducers in a realistic setting, a bifurcation phantom
was created, based on an in vivo geometry obtained in a patient. Results obtained for this
phantom will be studied qualitatively. Dedicated straight cylindrical vessel phantoms were
used to study the precision and accuracy of strain and velocity estimation methods for both
transducers.
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4.4.1 Bifurcation Phantom
A patient-specific vessel wall geometry of the CA (Figure 4.1 (a)) at the bifurcation
was obtained by segmentation of a preoperatively acquired 3D CT angiography [202]
containing an 75% degree of stenosis. This geometry was then converted into a mold
using CAD (Autodesk Inventor 2015, Student version) (Figure 4.1 (b) and (c)). Next to the
CA, a cylindrical, straight tube validation vessel (length = 100 mm, Øinner = 4.75 mm, and
Øouter = 7.75 mm) was designed. Both vessels were placed in a surrounding mold at a
mean averaged depth of 20 mm from the imaging surfaces (Figure 4.1 (d)). Subsequently, a
synthetic polymer [203] PolyVinyl Alcohol (PVA) Cryogel (Mw 85.0–124.0 99+% hydrolyzed,
Sigma-Aldrich, Zwijndrecht, The Netherlands) was used to build the phantom. To create
the solution, a mixture of 60% by weight (wt %) distilled water, 40 wt% anti-freezing agent
(ethylene glycol, Sigma-Aldrich, Zwijndrecht, The Netherlands), 10 wt% PVA and 2 wt% Silica
gel particles (Merck Kieselgel 60, 0.063–0.100 mm, Boom B.V., Meppel, The Netherlands) was
heated to ~85° in a closed cylinder until a homogeneous liquid was formed. After injection
of the solution into the vessel molds [Figure 4.1(b) and (c)] at 50 °C, it was degassed for
1 h before it was subjected to three cycles of freezing (−25 °C) and thawing (21 °C), for 16
and 8 h, respectively. For the surrounding mold (Figure 4.1 (d)), 700-ml PVA (10 wt%) was
prepared with 0.5 wt% scatterers to enhance the contrast between the vessel walls and
the surrounding tissue. After filling the surrounding mold containing the CA and validation
vessel, the complete phantom was subjected to an additional last freeze-thaw cycle. Finally,
for validation purposes, the Young’s modulus was determined (see the Appendix).

(a)

(b)

(c)

(d)

Figure 4.1 (a) Longitudinal 3D view of the finite-element model of an atherosclerotic CA at the
bifurcation based on a 75-year-old male with an asymptomatic stenosis of 75% in the internal
CA. This figure shows only the intima (E = 250 kPa and ν = 0.4999) in which different tissue types
are modeled such as fatty plaques and calcifications which are distributed along the vessel wall.
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(b) Negative 3D single-sided mold definition of the FEM model of the vessel wall. (c) Lumen shape
definition is detachable at the bifurcation enabling extraction after the PVA pouring process.
(d) After the creation of the validation and CA vessel phantoms, they are positioned in the mold
defining the surrounding tissue shape. Please note that the CA vessel is visualized in black while
the validation vessel is absent in this schematic overview.

4.4.2 Validation Setup
4.4.2.1 Strain
For strain validation measurements, the validation vessel was pressurized using a pulsatile
flow waveform, at 60 bpm, with a mean flow of 0.62 L/min and a peak flow of 1.39 L/min
[204]. A single adjustable flow resistor was set such that the dynamic pressure at systolic
phase ranged from 109 to 141 mmHg, which was sampled with 13 pressure steps (TruWave
pressure transducer, Edwards Lifesciences Corporation, Irvine, CA, USA). Image acquisition,
displacement, and axial strain estimation were performed as described in Methods section.
For analysis, 100 image lines at the center of the probe were used, resulting in a field of
view of 3.9 and 4.9 mm for the MS250 and the L12-5, respectively. The displacement data
were first corrected for global motion of the vessel center. A single reference displacement
definition was determined by fitting the displacement data of both probes and segments
to a 1/ R relation (Figure 4.3 page 87 red lines). Based on the linear elastic behavior of the
phantom, the displacement estimates were normalized using the pressure at the maximum
pressure level. An LSQ fit was performed to obtain the reference displacement at maximum
pressure. This reference was denormalized using the pressure to obtain a reference
displacement belonging to each pressure state. Please note that this method enables a
single reference fit based on multiple deformation states which result in a more robust and
trustworthy reference displacement. The reference strain was calculated using the spatial
derivative of the reference displacement. For performance evaluation, four spatial segments
were defined which were: the superficial surrounding, superficial vessel wall, deeper vessel
wall, and deeper surrounding. The performance was expressed by the mean relative bias
and the mean relative standard deviation (SD) of the 100 lines for each spatial segment.
Relative measures were obtained by dividing bias and SD by the reference strain.

4.4.2.2 Flow
For flow validation, measurements were conducted in a straight tube flow setup, with Blood
Mimicking Fluid (BMF-US, Shelley Medical Imaging Technologies, London, ON, Canada)
circulating through the system at a constant flow of 1.2 L/min by a gear pump (volume
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flow accuracy of 0.6%, model H3F, Liquify, Garwood, USA). A 1.5-m-long glass entrance
tube fixated at a rigid frame ensured a fully developed laminar flow with circular symmetric
parabolic velocity profiles. The glass tube was extended by a tube of heat-shrinking material
inside a tank filled with water, where a perfectly matched glass to heat-shrinking tube
coupling was made for smooth fluid transition. The heat-shrinking material was tested to
be sufficiently transparent to ultrasound. The bottom plate of the tank was placed at an
angle to avoid reverberations. Via a settling reservoir, the BMF was returned to the pump.
The vessel radius of both the glass and rubber tube was 5 mm and the wall thickness of
the rubber tube was 300 µm. Both transducers were placed above the tank, fixated in a
probe holder, at flow angles of 90° (pure lateral flow) and 75°. The tube was placed at a
depth corresponding to the elevational focus of both transducers (see Table 4.1 page 78).
The theoretical velocity profile was calculated based on the applied flow rate and vessel
geometry, resulting in an expected peak velocity of 0.51 m/s.
To describe the performance of the velocity estimator, mean bias, and SD were calculated
for the velocity magnitude and angle, based on 100 estimated ensemble-averaged velocity
fields. The magnitude measures were divided by the ground-truth velocity magnitude to
obtain a relative value. Velocity profiles were studied at the center of the transducer and at
5.5 mm at either side of the center position, meaning statistics were calculated over 300
estimated profiles.

4.4.2.3 Bifurcation Phantom Setup
The bifurcation phantom was mounted in a bracket supporting the connections to the
inlet flow tube at the common CA side and two tubes at the outlet side at the internal and
external CAs (see Figure 4.2). BMF was circulated in a closed-loop circuit by a gear pump
driven by software written in LabView (National Instruments, Austin, TX, USA). A pulsatile
flow was applied, similar to the one described in the strain validation paragraph. At both
outlet tubes, adjustable flow resistors were set such that the dynamic pressure, measured
at the inlet of the CA was 150 over 95 mmHg, mimicking physiologically relevant behavior
for a stenosed CA. The flow through the internal CA was measured by a flowmeter (probe
C-series, flowmeter T107 Transonic Systems Inc., Ithaca, NY, USA), which was positioned
directly after the outlet side. Setting the flow resistors also allowed for equal division of
flow over the internal and external CA. Both transducers, fixated in the probe holder, were
attached to a translation stage (see Figure 4.2 (b) and (c)). This stage facilitated movement
of the holder in the lateral direction while maintaining the in-plane orientation, which was
used to center the transducers at the same lateral position with respect to the phantom (see
Figure 4.2 (b) and (c)). The transducers were positioned in such a way that the bifurcation
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was imaged in the longitudinal plane, with the imaging plane orthogonal to the vessel.
Subsequently, flow data measured by the flowmeter were acquired simultaneously with
the ultrasound data using a common trigger generated by the Labview program at the
start of the flow waveform. The acquired ultrasound data were processed as described in
the Methods section and estimated strain and velocities were evaluated and compared
qualitatively for both transducers.

(a)

(b)

(c)

4
Figure 4.2 (a) Final PVA bifurcation phantom with the lumen mold in place prior to the lumen
extraction procedure. (b) Fixation of both probes positioned above the phantom attached to the
translation stage. (c) Overview of the complete experimental setup where the BMF is pumped
through the phantom. Fluid enters the common carotid and exits through the internal and
external vessels where the flow resistors were set such that equal outflow was guaranteed for
both exit vessels. Custom made program (LabVIEW) enables pump control according to a realistic
in vivo flow curve. Probes were connected to a Verasonics Vantage system acquiring plane wave
ultrasound data at a PRF of 4 kHz.
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4.5 Results
4.5.1 Validation Setups
4.5.1.1 Strain
The validation vessel was used to assess the performance of displacement and strain estimation
in the vessel wall and surrounding tissue for both probes. Figure 4.3 depicts the estimated
and reference displacement for the MS250 and the L12-5 divided into four segments. The
reference fit normalized on the maximum pressure state showed a root-mean-squared error
of 11.8 µm and an r2 of 0.92. The B-mode representation and its overlay with the reference
and estimated displacements indicate overall a good agreement for all segments and for both
probes except at depths greater than ~25 mm for the MS250. For visualization purposes, only
5 out of 13 displacement curves (yellow) are shown within a black area indicating plus or
minus 1 SD. The red line represents the reference displacement. The calculated mean bias and
mean SD for each spatial segment (A–H) are listed in Table 4.5.
Table 4.5 Mean relative bias and SD of the displacement and strain estimates of the MS250 and
L12-5 transducers
		MS250			 L12-5
Displacement		

Strain

Displacement		

Strain

		Mean

Mean

Mean

Mean		Mean

Mean

Mean

Mean

		Bias

SD

Bias

SD		Bias

SD

Bias

SD

Superficial
Surrounding
Superficial
Wall
Deep
Wall
Deep
Surrounding
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A

4.5%

2.2%

-20.5%

11.7%

E

5.7%

1.9%

2.8%

11.9%

B

-3.5%

-2.5%

-61.8%

41.3%

F

-9.6%

3.3%

-56.0%

10.7%

C

-7.5%

-1.6%

-45.0%

11.7%

G -11.3%

-2.5%

-58.3%

11.9%

D 65.4%

-24.7%

27.9%

11.7%

H -5.8%

-7.4%

-5.5%

11.9%
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Figure 4.3 B-mode representation overlaid with the color-coded estimate and reference
displacement of the straight validation vessel embedded in surrounding for both probes
(center panel). Comparison of the estimated displacement profiles (yellow) and the reference
displacement (red) divided into four spatial segments for the MS250 (A–D) and the L12-5 (E–H)
(left and right). The dashed vertical line indicates the vessel wall surrounding transition.
The displacement graphs in Figure 4.3 indicate that the superficial surrounding (A, E) shows
overall good agreement for both probes. Differences can be observed at the superficial
vessel wall (B, F) where the L12-5 shows a bias of −9.6% versus a bias of −3.5% for the
MS250, indicating a stronger displacement underestimation for the L12-5. The same
observation holds for the deep wall (C) and (G) where a mean bias of −11.3% was found
for the L12-5 versus a mean bias of −7.5% for the MS250. Please note that both probes
are underestimating the displacement near the vessel wall—blood transition likely due to
the presence of clutter in combination with the window-based displacement estimation
algorithm and filtering procedures. The B-mode images reveal that the ultrasound energy
(as represented as the speckle brightness) was focused in the superficial segment (A,B) for
the MS250 and in the deeper part (G,H) for the L12-5. As a result, the deep surrounding (D)
of the MS250 shows an extraordinary large mean bias of 65%. The L12-5 clearly outperforms
the MS250 in that region, with a mean bias of −5.8%. The preference for the L12-5 at the
deeper segments (D,H) is also expressed by the difference in mean SD of the MS250 versus
the L12-5 of −24.7% and −7.4%, respectively.
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Figure 4.4 depicts the estimated and reference strain profiles for all segments derived from
the estimated and reference displacements in Figure 4.3 page 87. Due to the asymptotic
nature of the strain reference, large deviations were observed at the vessel wall resulting in
a large mean bias for the superficial and deeper vessel wall (B, C, F, G), as listed in Table 4.5
page 86. The MS250 outperforms the L12-5 regarding the maximum superficial and deep
strain estimate of −5% and −4.4% versus the L12-5 maximum strain estimate of −3.3%
and 3.2%, respectively. Please note that for the deeper segments (C,H), the location of the
maximum for the MS250 is closer to the lumen in comparison to the L12-5.

Figure 4.4 Comparison between the estimates strain (yellow) and reference strain (red) profiles
for both probes divided into four spatial segments for the (A–D) MS250 and the (E–H) L12-5 (left
and right). The dashed vertical line indicates the vessel wall surrounding transition.

4.5.1.2 Flow
The straight tube flow setup is used to evaluate the performance of the velocity estimation
method for both transducers. The mean and SD of the 300 estimated velocity profiles are
shown in Figure 4.5 for the velocity magnitude and angle separately. Dotted lines indicate
the theoretical profiles, solid lines represent the mean of the estimated profiles, and the
gray area corresponds to plus or minus one SD. Figure 4.5 (a) presents the results for a
beam-to-flow angle of 90°, and Figure 4.5 (b) presents the results for a beam-to-flow angle
of 75°. The resulting statistics are summarized in Table 4.6. The estimated profiles closely
follow the theoretical profiles, apart from the incorrect estimates close to the deep wall. The
large deviations, most dominantly present at a 90° beam-to-flow angle, are due to a high
impedance mismatch between the tube and the surrounding fluids (water and BMF), causing
strong reflections and reverberations, as also described earlier by others [205, 206]. This,
combined with the effects of the clutter filter, distorts the velocity estimates locally. Since
this artifact originates from the design of the experimental setup and will not be present
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for the bifurcation phantom or in vivo measurements, statistics were calculated using only
the central 90% of the lumen area. Note that the theoretical beam-to-flow angles are not
exactly located at 90° and 75°. Because it is difficult to perfectly set the beam-to-flow angle
in the measurement setup, the effective beam-to-flow angles were estimated based on the
B-mode images obtained from the plane wave data.
Table 4.6 Bias and SD in straight vessel experiments
Beam-to-flow angle
		

90°

75°

MS250

L12-5

MS250

L12-5

3.88

4.99

0.57

1.29

|v|

Bias [%]
SD [%]

1.20

3.41

1.69

4.05

Angle

Bias [°]

-0.04

0.07

-0.25

-0.10

SD [°]

0.05

0.08

0.28

0.58

4
(a)
MS250

L12-5

Axial position [mm]

Axial position [mm]

Angle [degrees]

Angle [degrees]

Velocity [m/s]

L12-5

Velocity [m/s]

MS250

(b)

Axial position [mm]

Axial position [mm]

Figure 4.5 Comparison between measured and true velocity profiles for the straight tube
experiments. (a) Results for a beam-to-flow angle of 90°. (b) Results for a beam-to-flow angle of
75°. Mean (black line) and SD (±1 SD) of the measured velocity magnitude (top row) and velocity
angle (bottom row) are compared to the theoretical profile (red dotted line).
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The velocities were estimated accurately with a bias of less than 5% for both transducers
and flow angles. The positive bias indicates a small overestimation of velocity magnitude.
The relative mean velocity bias, as well as the SD for the MS250, were slightly lower as
compared to the L12-5. The flow angles were also accurately found using both transducers
with a mean bias of maximal −0.25°. There is a small reduction in angle SD when using
the MS250 with respect to the L12-5 transducer. Differences in magnitude and angle bias
between the transducers were mainly caused by the effects near the vessel walls. The highfrequency transducer was able to estimate the velocities in those regions more accurately.

4.5.1.3 Bifurcation Setup
In Figure 4.6 (a), B-mode images are presented before and after clutter filtering, which
allows for visual comparison between the data obtained using both transducers. The higher
resolution for the MS250 probe, as represented by the finer speckle appearance, can be
appreciated, as well as the sharper vessel wall to lumen boundary delineation. Furthermore,
the increased attenuation for the high-frequency probe is clearly visible. Especially in the
clutter filtered data, almost no blood signal is visible for deeper parts of the lumen area.
Next, to that, a shadowing and mirroring artifact is visible underneath the flow divider
for both transducers, caused by the refraction of ultrasound, which originates from the
specular reflection at the smooth interface between lumen and vessel wall. A quantitative
comparison between the signals at two positions was performed, as indicated by lines a and
b in the B-mode images. Mean signal intensities were calculated and visualized in (b). Blood
signal intensities ( IB ) were calculated by taking the mean over the cardiac cycle of the
envelope data after clutter filtering, while the clutter and blood intensities ( ICB ) were found
by averaging before clutter filtering. Then, the clutter signal intensities ( IC ) were found by
subtracting the blood signal intensities ( IB ) from the total clutter and blood signal intensity
( ICB ). The MS250 data provide the best clutter-to-blood intensity ( IC−IB ) in the lumen of
the external CA (position a, upper) of ~12 dB, whereas the L12-5 only has a ~21-dB clutterto-blood intensity. The average blood intensity in this region is larger for the MS250 data,
−47 dB compared to −52 dB for the L12-5, mainly caused by the fact that blood scattering
is proportional to the center frequency of the transducer. At larger depths, in the internal
CA (position a, lower) and the common carotid (position b), the average blood intensities
of the MS250 drop below the intensities for the L12-5 due to stronger attenuation. Since
the clutter signals are also attenuated, the clutter-to-blood intensities remain high for the
MS250. The larger amount of attenuation for the MS250 can also be appreciated from the
average clutter intensities deeper into the phantom. Mean clutter intensities for the L12-5
are ~−10 till −30 dB, while the mean clutter intensity for the MS250 is at least twice as low,
~−25 till −55 dB.
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(a)

MS250

Clutter filtered
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Position b

Axial depth [cm]
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(b)
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L12-5
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Clutter

4
Lateral distance [cm]

Lateral distance [cm]

Intensity [dB]

Intensity [dB]

Figure 4.6 (a) B-mode images of the bifurcation phantom with the Internal (ICA), the External
(ECA), and the Communis (CO) before (left) and after (right) clutter filtering. (b) Mean blood
and clutter signal intensities, averaged over one pressure cycle, for both the MS250 and L125 transducers, obtained at positions a and b as indicated in the B-mode images. Gray panels
correspond to the lumen areas.
Figure 4.7 page 92 depicts the B-mode image of the bifurcation. The B-mode signal of the
vessel wall and surrounding tissue are overlaid with a color-coded strain value and direction
vectors. The strain visualized is a combination of the eigendecomposition which results in
a minimal negative (compressive) and a maximum positive (tensile) strain component. The
classification is made based on the maximum absolute eigenvalue, i.e., the direction in which
the maximum deformation occurs. The maximum strain image was calculated at the peak
pressure of the systolic phase. Since the resolution of the images is scaled with the center
frequency while the filter and window settings are kept equal in sample points, differences in
strain distribution smoothness (spatially) are observed and expected. It also accounts for the
reduced maximum strain values observed in the L12-5 compared to the MS250.
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Figure 4.7 B-mode representation overlaid with the principal strains for the high-frequency
probe MS250 versus the L12-5 probe at the minimum to maximum dilatation of the vessel present
in the cardiac cycle. The principal strain overlay consists of a combination of strain components
based on the maximum absolute value of eigenvalues and their corresponding eigenvector. This
classification yields a strain map indicating the maximum deformation acting on the center of
the specific eigenvector axis as depicted by the direction indicator. Please note that this could be
either compressive or tensile deformations.
Strains are predominantly directed normal to the lumen-vessel wall boundary. Considering
the upper vessel wall, the MS250 shows a spatial offset of the maximum strain region with
respect to the lumen-vessel wall boundary. The maximum strain was expected exactly at the
border, especially, considering the higher spatial definition of this transducer, as described
in the previous paragraph. Probable causes of this induced artifact are the combination of
hard reflective acoustic behavior of the blood—PVA vessel wall transitions perpendicular
to the ultrasound plane wave and the manually segmented blood vessel wall inaccuracies.
The flow divider shows a dominant lateral compressive strain component due to the reaction
force delivered to separate the bloodstream into the internal and external vessel. This lateral
compressive strain develops toward an axial compressive strain pattern alongside the
vessels. Both internal and external vessels dilate simultaneously pushing the middle part,
which results in high centralized strains.
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Strain distribution values differ between both transducers, while the direction of deformation
shows resemblance. The lower part exhibits the most artifact-like areas, where the MS250
does not seem to provide a reliable principal strain estimate throughout the full aperture
width, mainly due to the higher amount of attenuation. The L12-5, however, does show
feasible strain estimation except at the center of the aperture. The latter seems to be related
to the shadowing artifact as described earlier (see also Figure 4.6 page 91), since the vessel
wall separation tissue is axially aligned with the region of strain irregularities.
Figure 4.8 paga 94 shows the obtained blood vector velocity fields and vessel wall strain in
the diseased carotid bifurcation model. Three key time points throughout the cardiac cycle
are visualized, showing distinct flow patterns and strain features. In A, the peak systolic
phase is visualized, where highest blood velocities of the cardiac cycle occur. Predominantly
forward flow is observed, with peak velocities toward and near the flow divider and in the
stenosed internal CA. Furthermore, the onset of a vortex is visible close to the upper wall
of the external carotid. The observed vortex flow pattern is smoother for the L12-5 than
for the MS250. Distortions in the velocity field of the MS250 are visible at larger depth.
For the L12-5, a smooth velocity field is observed, except for the nonaxis-symmetric flow
pattern visible at the entrance of the internal carotid, which is shown as a local dip, or two
distinct peaks, in the flow trajectory. This is probably due to the shadowing and mirroring
artifacts as described earlier (see also Figure 4.6 page 91). These artifacts are even more
predominant for the MS250, which results in distorted velocity fields with incorrect velocity
directions. Velocities estimated close to the upper wall of the external carotid differ for
both transducers. The MS250 shows low velocities close to the wall, whereas the estimated
velocities by the L12-5 are (close to) zero. A frame in the systolic deceleration phase is
shown in panel B. Full vortex formation is visible at the entrance of the external carotid,
which will remain present also in the diastolic phase. Both transducers are capable of
capturing this complex low velocity, swirling flow pattern. Panel C shows a frame in late
diastole, where low velocities dominate. All three panels show the presence of secondary
flows in the external CA. It looks like blood is coming from the vessel wall, however, it is
actually coming from the surrounding planes and it is moving into the imaging plane, which
is caused by the geometry of the lumen [207]. This effect is less visible in the L12-5 results
as compared to the MS250 results.
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Figure 4.8 B-mode images of the carotid bifurcation phantom overlaid with both the 2D blood
velocity fields and the principal strains in the vessel wall and its surrounding, for three key time points
during the cardiac cycle. (a) Peak systolic phase, where the highest blood velocities occur. (b) Frame
in systolic deceleration, where peak strain values are observed. (c) Frame in late diastole, where low
blood velocities and strain values are present. In the right column of the figure, a zoomed-in view
region around the vortices is visualized. Please note the use of a different color wheel to emphasize
the lower blood velocities present in this region. At the bottom of the figure, the flow and pressure
curves are visualized for one cardiac cycle, with time points A, B, and C indicated. For a full overview
of the results throughout the entire cardiac cycle, the reader is referred to the additional multimedia
file: StrainAndBloodFlowDynamics.mp4 see section 4.9 page 99 Supplementary Materials. The
movie shows the temporal evolution of the flow and strain patterns in the bifurcation phantom.
Regarding the principal strain distribution in panel A, at maximum blood velocity in the
peak systolic phase, an overall strain gradient propagating into the surrounding tissue of
both transducers can be appreciated. The strain starts to develop and exposes a vessel wall
like delineation for the upper and middle part for the MS250. The MS250 lower region starts
to show unrealistic strain estimations in contrast to the L12-5. Panel B and Figure 4.7 page
92 show the maximum strain distribution at maximum distention with respect to the enddiastolic frame. The location of the strain artifacts for both transducers, in the lower part of
the phantom, coincides with the flow artifact below the flow divider, confirming the cause
of these errors. At the end of the cardiac cycle (see panel C) a relatively low residual strain
can be appreciated in spite of propagated artifacts throughout the cardiac cycle which
resulted in erroneous, high negative strain values.

4.6 Discussion
In this chapter, the potential of ultrafast, high-frequency ultrasound imaging for the
assessment of vessel wall and blood flow dynamics in the CA was investigated. The
performance of a high-frequency transducer was compared with a clinically utilized
transducer in providing this information.
First, straight tube experiments were conducted to perform a quantitative comparison
between both transducers by assessing accuracy and precision for both blood velocity
and vessel wall strain estimation. These experiments revealed the ability for estimating
the blood velocity magnitude and angle using data obtained by both transducers: low
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magnitude (<5%) and angle (<−0.25°) bias and SD values were found for the MS250 and
L12-5. The MS250 slightly outperformed the L12-5 close to the vessel wall. Regarding
the strain validation, the L12-5 shows an overall good performance which is less depth
dependent than the MS250, while the MS250 was able to better resolve high displacements
and strain in the vessel wall. The differences are predominantly expressed in a more overall
smoothing of the L12-5 estimates instead of a difference in spatial ability to resolve the
underlying displacement and strain distributions. However, spatial smoothing will suppress
local maxima and minima, explaining the differences in the maximum compressive strain
peak near the lumen. Furthermore, the validation reference was based on a theoretical fit
using experimental displacement data of both probes together. This might lead to a skewed
reference compared to the true displacement field. In order to minimize this skewing and to
resolve a reliable reference displacement, a single fit was performed incorporating multiple
pressure steps assuming linear deformation of the validation vessel.
Second, a sophisticated bifurcation phantom was constructed, based on a patient-specific
geometry, to obtain realistic ultrasound data in an experimental setting. Material characteristics
and geometry of the phantom were shown to be very similar to the finite-element model
(see Figure 4.1 page 82 (a) and the Appendix). Despite the lack of heterogeneous tissue
composition, like calcifications and lipid-rich regions, realistic flow and pressure could be
realized providing realistic strain and velocity fields closely resembling the in vivo situation.
With respect to the attenuation, the phantom material has values which can be expected
in patients and also the depth of the bifurcation corresponds to that in an average patient.
However, when a thick subcutaneous fat layer is present, the part of the CA for which strains
and flow can be estimated using the high-frequency probe might differ. We expect that for
regular patients with superficially located arteries it will be possible to also obtain accurate
strain and flow estimates in the bottom common carotid arterial wall region.
Blood velocity and vessel wall principal strain results obtained in the bifurcation phantom were
compared qualitatively since no ground-truth values were available. Overall, similar events in
the evolution of the principal strain and velocity patterns over the cardiac cycle were visible
for both transducers. The most important observed differences between the performances of
both transducers can be summarized as follows. First of all, the MS250 was able to provide
more local velocity and strain information, caused by the higher axial and lateral resolution
within the imaging plane, and by the smaller beamwidth in the elevational direction, causing
less averaging within the beam. Similar effects were observed in the flow validation results,
showing more accurate velocity estimates close to the vessel wall using the MS250 transducer.
At larger depths (>2 cm), presumably incorrect principal strain and velocities were found by the
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MS250 due to the higher amount of attenuation, while the L12-5 transducer was still able to
estimate credible strain and velocity estimates. Finally, the high-frequency MS250 transducer
showed the capability of estimating low-velocity blood flow close to the vessel wall, at shallow
depths. This is most likely caused by the relatively higher blood signal intensity, and thereby
a higher clutter-to-blood intensity, which is a direct consequence of using high-frequency
ultrasound, since the power of blood signal scales with the center frequency to the power of
four [208]. Estimating velocities close to the vessel wall is crucial for shear stress analysis, which
is reported to be highly involved in the development and destabilization of atherosclerotic
plaques [209-212]. The angle-dependent displacement estimation sensitivity is related to the
spatial resolution defined by the PSF which, among elevational beamwidth and SNR, is one
of the reasons that the MS250 is capable of resolving low blood velocities closer to the vessel
wall compared to the L12-5 (see Figure 4.8 page 94). However, the fact that the L12-5 shows a
smoother representation of the vortices for all phases compared to the MS250 is due to a more
pronounced spatial smoothing since the smoothing kernels were kept equal in sample points
instead of metric units for comparison reasons described earlier. Altogether, the results show
the potential of using high-frequency ultrasound for imaging vessels at shallow depths, up to
2 cm. This implies that the high-frequency probe could be useful in the clinic for strain and
blood velocity imaging. The high-frequency transducer might also be applied to smaller, more
superficial arteries, such as the radial artery, although the clinical value of functional imaging of
these arteries is yet to be determined.
Due to patient and probe movement, misalignment of imaging planes, physiological variance in
blood pressure and resulting blood flow, using in vivo data for both quantitative and qualitative
performance comparison of two transducers is not feasible. In the presented experimental
setting, these variables were well controlled which enabled a qualitative comparison. As
described, physiological flow and strain values were obtained in the experimental setting,
implying the in vivo situation was closely mimicked. However, translating this technique
toward in vivo applications will come with some additional challenges. Tissue inhomogeneity’s,
like calcifications, and larger imaging depths are common for diseased CA scanning and will
result in increased attenuation, thereby decreasing the imaging SNR. This will compromise the
CC-based blood flow velocity and strain estimation techniques. The effect of these challenges
will be more profound for high-frequency imaging than for conventional frequency imaging.
For the validation vessel, the maximum strain should always occur at the vessel wall-blood
transition and cannot be dislocated into the tissue. This even holds for differences in Young’s
moduli of the vessel wall and surrounding as long as circle symmetry applies. The strain
distribution at the upper vessel wall-blood transition of the bifurcation phantom shows a
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dislocation of the highest strain region similar as observed for the straight tube validation.
However, since the bifurcation phantom is a 3D complex geometry experiencing complex 3D
deformation, one cannot assume circle symmetry and complex strain patterns could arise.
As an example, the middle part of the bifurcation (Figure 4.8 page 94 (b), flow divider), in
between the internal and external CAs, is compressed from both sides resulting in a high strain
region surrounded by lower strain regions. Consequently, strain estimation at vessel wall-blood
transitions should be considered with care.
Clutter filtering remains one of the major challenges in blood velocity imaging [213-215].
However, the availability of continuous plane wave data allows for filtering using large ensemble
sizes, where filter order is no longer limited. In this chapter, this new flexibility was used for
scaling the FIR filter order according to the center frequency difference of the transducers. The
choice for similar filter characteristics, to ensure equal attenuating power, has a direct effect
on the data quality after filtering, showing more remaining clutter after filtering for the L125 transducer (Figure 4.6 page 91) due to frequency-dependent attenuation and blood pool
scattering. Filter characteristics can be further improved by using even higher filter orders, with
narrower stopbands and shorter transition regions, making it possible to measure low blood
velocities. Furthermore, the use of filters which adapt to surrounding tissue motion, i.e., timevarying filters, have the potential to further improve the velocity estimation.
Although speckle tracking can measure velocities beyond the Nyquist limit, velocities higher
than the Nyquist velocity will wrap around the velocity scale during the clutter filtering process.
This means that several velocities (frequencies) can be attenuated when falling into the
stopband or transition region of the clutter filter. Although this effect can be present, especially
for the high-frequency transducer, the velocity estimation was not or minimally affected by
this. This could be assigned to the fact that speckle tracking is based on the spatial correlation
of all available frequencies, i.e., it uses a broadband approach, and therefore, is not directly
influenced by the attenuation of several frequencies [216]. This is in accordance with other
studies that showed that speckle tracking is able to yield consistent velocity estimates within
the filter transition region and below the velocity cut-off [214, 216].
Speckle tracking overcomes one of the major limitations of conventional Doppler techniques,
the angle dependence. Full 2D velocity fields were visualized in this chapter, including the
presence of short-lived, complex patterns, such as vortices. These patterns would have been
impossible to capture by a user during a conventional examination using Doppler since angle
correction in those regions is impossible. Furthermore, due to the limited frame rate, these
short-lived events would be easily missed.
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4.7 Conclusion
Overall, the straight tube validation measurements showed that both high frequency and
conventional ultrasound ultrafast imaging were capable of providing reliable strain and flow
information. The results obtained in the patient-specific bifurcation phantom - corroborated
by the validation experiments - illustrated the ability to resolve complex strain and flow
patterns throughout the cardiac cycle, without the prerequisite of contrast agents. Both
strain and flow were derived from the same ultrasound acquisition allowing a seamless
representation throughout the cardiac cycle. The use of high frequency as compared to
conventional frequency ultrafast ultrasound is beneficial for accurately estimating high
vessel wall strains and low-velocity blood flow close to the vessel wall-lumen border. Due to
the increased resolution, more local information can be obtained; however, the applicability
is limited to 2 cm of depth. These abovementioned benefits might aid in establishing a
more reliable characterization of atherosclerotic plaque geometry and progression. Finally,
the choice of transducer center frequency should be based on the specific conditions
concerning the vessel of interest, such as depth, anatomical features, and the desired
functional dynamics that need to be estimated.
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4.10 Appendix: phantom characterization
The Young’s modulus estimation of both the validation vessel alone and within the
surrounding was derived from the stress-strain relation (Equation 4.5) by measuring the
strains induced in the phantom at various static pressure levels. Static pressure levels
were obtained by connecting the vessel to a closed water circuit pressurized by a syringe
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and connected to a pressure sensor (TruWave pressure transducer, Edwards Lifesciences
Corporation, Irvine, CA, USA). The applied pressures for the vessel alone ranged from 3.6
to 76.4 mmHg in seven steps of ~10 mmHg. The pressure levels for the vessel within the
surrounding ranged from 3.6 to 160.1 mmHg with increments of ~5 mmHg.
To measure strain, ultrasound plane wave acquisitions were performed for each intraluminal
pressure level using the MS250 high-frequency transducer in a longitudinal position. The
acquired channel data were beamformed using the delay-and-sum algorithm as described
in Methods section 4.3 page 78 and averaged along the vessel axis. For strain estimation,
automatic vessel wall delineation and diameter estimation were performed based on the
RF data averaged along the vessel axis (see Figure 4.9). Subsequently, the vessel wall edge
crossings were found at predefined levels of the averaged RF signal.

Figure 4.9 B-mode representation of the validation vessel within the surrounding body overlaid
with the RF signal averaged along the vessel axis. The vessel-wall thickness and diameters are
determined using the RF signal peak position and the crossing of the indicated levels b, c, and d
at multiple static pressure levels.
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When assuming no external pressure and a homogeneous isotropic material, the mean
circumferential strain εθ_l [171] for a thick-walled tube at the lumen for a certain luminal
pressure level i is given by

εθ_l (i) =

dl (i) - min dl
min dl

(4.1)

where dl is the lumen diameter and min dl is the diameter at a lower reference pressure. The
mean circumferential σθ_l and radial σr_l stress [171] at the lumen, for a thick-walled tube,
is given by

σθ_l (i) =

pl (i) • (dl (i)/2)2
•
(dν(i)/2)2 - (dl (i)/2)2

(

σr_l (i) =

pl (i) • (dl (i)/2)2
•
(dν(i)/2)2 - (dl (i)/2)2

(

(dν(i)/2)2
+1
(dl (i)/2)2

-

)

(dν(i)/2)2
+1
(dl (i)/2)2

)

(4.2)

4

(4.3)

With Pl the intraluminal pressure and dv the vessel diameter. Combined radial and
circumferential stress σl , when assuming near incompressibility with a Poisson’s ν ratio of
0.495 and zero longitudinal strain, is given by
σl (i) = ( 1+ν ) • ( (1-ν)• σθ_l (i) - ν • σr_l (i) )

(4.4)

Assuming linear elastic material properties, the Young’s modulus ( E ) can be estimated
by linear fitting of the stress-strain relations of both conditions, as depicted in Figure 4.10
page 102. In the case of pre-strain or prestress, the Young’s modulus is given by the first
derivative of the stress-strain relation

E=

dσl
dεθ_l

(4.5)

The Young’s modulus of the validation vessel phantom was estimated by the stress-strain
relations depicted in Figure 4.10 page 102. The lumen diameter range for the vessel was
4.82–6.54 and 4.80–5.81 mm with a wall thickness range of 1.43–1.23 and 1.43–1.37 mm for
the validation vessel and the validation vessel with the surrounding, respectively.

Simultaneous vascular strain and blood vector velocity imaging using ultrafast ultrasound

101

Figure 4.10 shows the linear LSQ fit yielding an E = 85 ± 2 kPa for the single vessel and an
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Figure 4.10 LSQ linear fit of the stress-strain relations in which the slope represents the Young’s
modulus. Evessel indicates the Young’s modulus of the single validation vessel mounted at both
ends and submerged in a water bad. E* vessel+surrounding indicates the effective Young’s modulus of the
validation vessel embedded in the surrounding body. Please note the slight presence of prestress.
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We need to learn to want what we have,
not to have what we want,
in order to get stable and steady happiness.
- Dalai Lama -
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5.1 Abstract
Strain imaging of the carotid artery (CA) has demonstrated to be a technique capable of
identifying plaque composition. This study assesses the performance of volumetric strain
imaging derived from multi-plane acquisitions with a single transducer, with and without
displacement compounding. These methods were compared to a reference method using
two orthogonally placed transducers. A polyvinyl alcohol phantom was created resembling
a stenotic CA bifurcation. A realistic pulsatile flow was imposed on the phantom, resulting
in fluid pressures inducing 10% strains. Two orthogonally aligned linear array transducers
were connected to two Verasonics systems and fixed in a translation stage. For 120
equally spaced elevational positions, ultrasound series were acquired for a complete
cardiac cycle and synchronized using a trigger. Each series consisted of ultrafast planewave acquisitions at 3 alternating angles. Inter-frame displacements were estimated using
a 3D cross-correlation-based tracking algorithm. Horizontal displacements were acquired
using the single probe lateral displacement estimate, the single probe compounded by
axial displacement estimates obtained at angles of 19.47 and −19.47 degrees, and the
dual probe registered axial displacement estimate. After 3D tracking, least squares strain
estimations were performed to compare compressive and tensile principal strains in 3D for
all methods. The compounding technique clearly outperformed the zero-degree method
for the complete cardiac cycle and resulted in more accurate 3D strain estimates.

5.2 Introduction
Ultrasound (US) strain imaging [46] is used for a wide variety of biomedical applications.
One of them is functional assessment of the carotid vessel wall. Strain imaging holds the
ability to quantify the mechanical deformation of the arterial wall induced by the pulsating
blood and provides insight into the composition and morphology of the vessel wall, which
is unavailable from ultrasonic imaging alone [43, 217-219]. Therefore, strain imaging could
reveal ongoing, frequently asymptomatic, pathological processes like plaque development.
This is very important because eventually plaque could develop into either stable
(predominantly thick fibrous tissue) or vulnerable plaque (large thrombogenic lipid core
sealed with a thin cap). The latter type is prone to rupture [20, 220]. Since rupture of these
plaques has been shown to be one of the main initiators of acute transient ischemic attack
or stroke [221], it implies that strain imaging might enable up-front risk stratification of these
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potentially lethal events. With that, it will also provide opportunities for early intervention
and hopefully aid in the prevention of these events.
Many arterial strain imaging techniques have already been developed and reported, like
intravascular techniques [148], which use a US transducer on the tip of a catheter to image
from within the lumen, and noninvasive techniques, which image from outside the body
[87, 92, 222-225]. With these techniques, it has been shown that arterial strain distribution
correlates with the histological composition of plaques in pigs [41] and in humans [43, 86].
For intravascular imaging and noninvasive imaging in longitudinal planes, the US beam is
aligned with the principal direction of deformation of the artery (radial for a concentric
homogeneous artery), which implies a direct and accurate estimation of the strains in the
principal direction using algorithms that only estimate the (axial) displacement component
along the beam. For noninvasive strain estimation in transverse planes, accurate estimation
of the full 2D displacement vector requires more advanced methods [54, 97, 157, 226].
Until now, all in vivo applied techniques have been primarily based on cross-sectional
images of the artery and provide a strain estimation in 2D only. However, as illustrated
before, 2D estimation can be problematic in the case of complex motion patterns as a result
of longitudinal artery wall displacement [98, 227]. It has been demonstrated that strains
are generally smaller in the longitudinal direction than in the radial direction, although
the displacement magnitude in the longitudinal direction of the arterial wall equals the
magnitude of the radial displacements [165]. Reduced longitudinal artery wall motion was
even correlated with cardiovascular outcome [228], which makes an estimate of the full 3D
tissue motion in horizontal, vertical, and longitudinal direction even more relevant.
Full 3D tissue motion estimation overcomes the following limitations of 2D. First, due to
longitudinal wall motion, 2D transverse US acquisitions will suffer from out of plane motion
reducing the strain estimation accuracy. A second limitation of 2D scanning is that it is more
difficult to find the optimal cross-section needed for appropriate assessment of carotid
disease, i.e., the most vulnerable spot might be missed. Also, inter- and intra-operator
variability in skill and experience could hamper a reliable judgment about the best response
to the therapy of the plaques [229].
Three-dimensional B-mode-based US of the carotid artery [45, 230] has been described
before and has been shown to improve the visualization of the intima-media thickness. It
complements Intima-Media Thickness (IMT), which is a typical 2D US-based biomarker [231]
with a measurement of the Total Plaque Volume (TPV) [232] and the Vessel Wall Volume
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(VWV) [233]. However, the implementation of 3D ultrasound in these studies did not allow
measurement of 3D tissue motion or strain. The main aim of the present study is to develop
a 3D ultrasound technique that enables 3D vascular strain estimation of the carotid artery. As
aforementioned, adding this functionality could possibly lead to a significant improvement
of the prediction of plaque vulnerability.
A few studies have investigated 3D strain imaging for vascular applications. In vitro studies
have shown a 3D representation of the 2D strain tensor derived from multi-slice 2D
displacement estimations [89, 234]. In this approach, the dominant tissue motion in the
radial direction was aligned with the US beam direction due to the rotational acquisition
protocol using the longitudinal axis for rotation. However, the rotation applied in this
approach cannot be performed noninvasively, and therefore translation towards clinical
practice is not realistic. Furthermore, in reality, the vessel wall tends to deform in three
orthogonal directions due to the arterial pressure pulse, and the vessel wall dynamics are
affected by the heterogeneous composition and complex geometry in the presence of a
stenosis or a plaque [165]. Volumetric 2D strain tensor estimation based on 3D motion
estimation showed the capability of handling out of plane motion, i.e., the direction
perpendicular to the transversal image plane [98]. However, measurement of the complete
3D strain tensor for the entire vessel wall of the carotid artery in 3D is desirable in the pursuit
of better understanding the underlying true deformation encompassing the horizontal,
vertical, and longitudinal directions. This requires 3D tracking of the 3D tissue deformation
and the derivation of the full 3D strain tensor.
To our knowledge, only one study reporting 3D strain tensors for arteries using
intravascular B-mode US was presented in cylindrical coordinates [235], resulting in radial,
circumferential, and longitudinal strain distributions. However, pre-defining the coordinate
space to be cylindrical assumes an equal cylindrical geometry of the vessel wall to relate
to the dominant strain direction. In the case of a geometry such as the bifurcation, this
relation does not hold. Principal strains based on the principles of continuum mechanics
have the intrinsic characteristic of coordinate system independence and are therefore more
suitable to report the full 3D strain distribution at the bifurcation. 2D principal strains were
reported for vascular applications based on 2D strain tensor in previous studies [186, 201].
In this chapter, we implemented the acquisition method of our previous simulation study
(Chapter 3) in an experimental setup and extended the strain estimation algorithm to full
3D. To evaluate the performance of this implementation experimentally, we constructed a
phantom of the same patient-specific geometry as used in the simulation study of PolyVinyl
Alcohol (PVA) solutions, subjected it to a pulsating physiological flow, and evaluated the
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accuracy of our 3D strain estimation. The main benefit of the simulation study was the
availability of a ground truth to compare the performance of different strategies. However,
this study did not incorporate all ultrasound artifacts that are present when using real US
acquisitions, like reverberations, shadowing or inhomogeneity of the propagation speed of
sound. To overcome these limitations and approximate in vivo situations more closely, the
Finite Element Model (FEM) geometry of the simulation study was used to construct a PVAbased phantom using 3D printed molds. This yielded a realistic phantom of the bifurcation,
delivering realistic mechanical behavior when subjected to a fluid pressure pulse. However,
due to the re-production variability and stability of PVA-cryogel-based phantoms in terms
of elastic modulus [236], no real ground truth can be derived from it. Therefore, a multiperspective dual probe setup was used to derive optimal strain estimates that operate as
the ground truth of this work.
Although it has been previously reported that 2D strain estimation based on displacement
compounding outperforms zero-degree based 2D strain estimation [237], to our knowledge,
the comparison has never been made for a complex geometry using a realistic phantom.

5.3 Materials and Methods
5.3.1 Experimental setup
A patient-specific vessel wall geometry of a Carotid Artery (CA), including the common carotid,
the internal and external carotid, and the bifurcation [98], was used to build an ultrasoundcompatible (i.e., matching the acoustical properties of soft tissue) phantom made of PVAcryogel (Mw 85.0–124.0 99+% hydrolyzed, Sigma-Aldrich, Zwijndrecht, The Netherlands). Two
molds were created using CAD (Autodesk Inventor 2015, Student version, San Rafael, CA, USA)
to convert the CA-geometry (Figure 5.1 (a)) and the surrounding body into 3D printable casts.
Subsequently, these molds were filled with a pre-heated ~85° homogeneous mixture of 54%
by weight (wt. %) distilled water, 36 wt. % anti-freezing agent (ethylene glycol, Sigma-Aldrich,
Zwijndrecht, The Netherlands), and 10 wt. % PVA including either 2.0 wt. % or 0.5 wt. % Silica
gel particles (Merck Kieselgel 60, 0.063–0.100 mm, Boom B.V., Meppel, The Netherlands) for
the CA-geometry and the surrounding tissue, respectively. After injection and degassing for 1
h, the solutions in the molds were subjected to 4 cycles of freezing (−25 °C) and thawing (21
°C) of 16 and 8 h, respectively. Prior to the last cycle, the surrounding tissue was cast around
the pre-fixated carotid artery bifurcation, resulting in the final composed phantom (Figure 5.1
(b)). This yielded a higher elastic modulus for the CA-geometry compared to the surrounding
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tissue. The Young’s modulus of the CA embedded in surrounding tissue was experimentally
estimated to be 225 kPa, which is within the range of values corresponding to intima tissue
from atherosclerotic plaques [238].

(a)

(b)

Figure 5.1 (a) 3D CAD-based mold of a realistic patient-specific carotid artery and (b) Polyvinyl
alcohol phantom cast in a surrounding body.
The phantom was connected to an inlet flow tube at the common carotid artery side and
to two tubes (internal and external carotid artery) at the outlet side. The connections were
supported by a mounting bracket also allowing pressure measurements (TruWave pressure
transducer, Edwards Lifesciences Corp., Irvine, CA, USA), see Figure 5.2 page 112 (b). The
fluid was circulated in a closed loop circuit by a gear pump driven by in-house software
written in LabView (National Instruments, Austin, TX, USA). The CA was pressurized using
a realistic pulsatile flow waveform at 60 bpm with a mean flow of 0.62 L/min and a peak
flow of 1.39 L/min. At both outlet tubes, adjustable flow resistors were set such that the
dynamic pressure, measured at the inlet of the CA, was 150 over 100 mmHg, mimicking the
pressures encountered in a stenotic carotid artery. With these pressure profiles, strains of
up to 10% over the pressure cycle were induced. As can be observed in Figure 5.2 (a), the
surrounding body contained two orthogonal surfaces for ultrasound imaging, from which
the averaged depth to the bifurcation was ~20 mm. Two L12-5 ATL linear array probes were
positioned in a probe holder, which allowed fine-tuning to ensure orthogonal fixation and
coinciding transversal fields of view. Both probes were closely hovering above the phantom
imaging surfaces, while ultrasound gel established the acoustic coupling and simultaneously
prevented physical deformation of the phantom due to direct phantom-probe contact. The
probe holder was connected to a translation stage enabling elevational movement for 120
equally spaced (0.1 mm) positions while maintaining a constant in-plane orientation of the
probes. Each transducer was connected to a Verasonics ultrasound system (a Vantage 256
and a V1, Verasonics, Kirkland, WA, USA).
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(a)

(b)

Figure 5.2 A schematic drawing of the image acquisition setup in which two probes were fixated
orthogonally. The position of the probes was set such that the carotid bifurcation was at a realistic
depth and all steered and non-steered insonified regions by the plane wave transmissions
encompassed the carotid artery. The phantom was connected to a pressurized realistic dynamic
flow circuit; (b) The transducer fixation clamp was connected to a translation stage enabling
elevational automated movement with a step size of 0.1 mm.

5.3.2 Ultrasound Data Acquisition
Both Verasonics systems and the translation stage were triggered by a common trigger
generated by the Labview program at the start of the flow waveform (i.e., the start of the
systolic phase). This enabled the time synchronization of the ultrasound data acquired for
one cardiac cycle.
At each elevational position ultrasound element data series were acquired at a repetition
frequency of 50 Hz for 1 s, i.e., one pressure cycle. Figure 5.3 depicts the temporal
acquisition scheme showing subsequent acquisition series. Each series consists of plane
wave acquisitions at alternating angles [98] of −19.47°, 19.47°, and 0° for probe A and 0° and
−19.47° and 19.47° for probe B. The order in which these acquisitions took place was chosen
such that the time between combined acquisitions in post-processing was minimized.
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Probe 1*
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Figure 5.3 Schematic of the temporal acquisition protocol applied using an interleaved dual
probe setup.
The steered transmissions were acquired by applying a linear time delay in transmission.
The Pulse Repetition Frequency (PRF) of these series was set to 10 kHz, and the tissue
was assumed to be in a quasi-static state of deformation, i.e., intra-acquisition series
displacements were assumed to be zero, which seems reasonable given the high PRF and
the relatively slow motion of the arterial wall. After completing all acquisitions series for the
full cardiac cycle, the probes were translated to the next elevational position and the whole
sequence was repeated. In this way, a complete volume over the full cardiac cycle was
obtained. Finally, frame-skipping was applied at the diastolic phase, yielding an effective PRF
of 25 Hz to increase strain estimation signal to noise ratio [239] and to reduce computation
time for this phase of the pressure cycle.

5.3.3 Post-processing RF Element Data
Plane wave imaging allows for the conversion of unfocused element data into beamformed
RF data at any given location within the region insonified. In this way, not only the axial and
lateral grid ratio can be tailored to optimize the displacement estimation accuracy [198], but
also the spacing of the beamforming grid can be adjusted to facilitate a fast combination
of the steered acquisitions used in the process of displacement compounding as described
before in [98] This beam-forming approach was also used in this study for a steering angle α
equal to 19.47º. An additional orthogonally steered grid (90º) was added to enable a match
with the 0º grid of the other probe. For all four beamforming grid orientations, a single
displacement grid was defined. Figure 5.4 page 114 shows the grid layout for both probes,
indicating the displacement grid defined by the coinciding points of all grid definitions. The
spacing of the beamforming grids and the displacement grid (coinciding points) is listed
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in Table 5.1. Element data were beamformed using Delay-And-Sum (DAS) beamforming
assuming a speed of sound of 1540 m/s, a dynamic focus F = 0.875, and Hamming
apodization window in receive. Please note that the resolution is specified in terms of dx,
dy, and dz in Table 5.1, in which x is oriented in the lateral direction, y is oriented in the axial
direction, and z is oriented in the elevational direction.
Table 5.1 Resolution of interlocked steered and non-steered grids.
Beamforming Grid (µm)
Zero-Degree

−α, +α, Orthogonal

Displacement Grid (µm)

dx

64.2

30.2

64.2

dy

10.1

10.7

91

dz

100

100

100

Grid configuration

α = 19.47°

α = - 19.47°

α = 0.00°

e
ob
Pr
A

A-α

A0

or
ien
ta
tio
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Probe A
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tio
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Aα

A90

Probe B
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e

B

Rigid registration translation +
orthogonal grid rotation

Displacement grid A
Displacement grid B

Bα
Beamforming grids

B-α

B0

B90

Single axial beamform line

Figure 5.4 The first column depicts the grid configurations for both probes in which the overlay of
all steered and non-steered grids results in a displacement grid consisting of coinciding samplelocations. Columns 2, 3, and 4 show the B-mode representations of the actual transmissions
performed subsequently overlaid with a displacement grid and a single line indicating the
direction of the reconstructed ultrasound beam in receive. The schematic drawing of the aperture
indicates the +45° and −45° angles of insonification relative to the phantom for probe A and B,
respectively. The last column shows the RF data registration in which the axial direction of the
probes serves as a native lateral ultrasound transmission of the opposite probe.
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B-mode representations of the beamformed RF-data of the external and internal carotid
artery are shown in Figure 5.4 for both probes and for steered (α = ±19.47°) and nonsteered (α = 0.0°) transmissions. The orthogonal positions of both probes relative to each
other allow one to utilize the axial zero-degree estimated displacements of probe A as
lateral displacement estimates for probe B and vice versa as depicted in the last column
of Figure 5.4. In this way, highly accurate estimates of the lateral displacements can be
obtained, because native RF-phase information can be used in the estimation process,
which is normally absent when using a single probe. Finally, the 2D beamformed RF data
were stacked according to their elevational position to create a volume matrix of RF data
over time. Please regard video S1 (Multi-perspective_3D_Bmode.mp4 see section 5.7 page
129 Supplementary Materials) for a dynamic B-mode presentation of the carotid artery
phantom for both probes.

5.3.4 3D Inter-frame Displacement Estimation
Displacement estimations were performed for the RF data beamformed on each of the
four grids for each elevational position and time point for both probes. The resulting
displacement estimates were labeled using an A or a B and a subscript. The A and B refer
to the probe being used. The subscript refers to the acquisition angle and beamforming
grid being used. Thus, A−α refers to the displacements estimated using probe A and a
beamforming grid and acquisition at steering angle −α.
Displacement estimation was performed using a 2-step, normalized Cross-Correlation (CC)
based method using 3D kernels defined in Table 5.2 page 116. In the first step, envelope
(demodulated RF) data were used to find a global displacement estimate at sample accuracy
(i.e., full samples). Subsequently, subsample displacements were determined by 3D spline
interpolation of the auto and cross-correlation function based on RF. Median filtering was
applied for all three directions using 3D kernels (see Table 5.2 page 116). For the elevational
direction, additional regularization was applied by allowing only sub-plane displacement
estimations.
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Table 5.2 2-step cross-correlation-based displacement and strain estimation settings.
		3D Inter-frame Displacement Estimation
Window Size ± Search Range		

Regularization

(Beamforming Grid Samples)		

(Displacement Grid Samples)

Sample
Iteration

Sub-Sample		Median Filtering		
(Kernel Sample Size Ax, Lat, Ele)
Iteration

Axis direction			
33 ± 5

3D Strain Estimation

Least Square Window Sizes
(Kernel Sample Size Ax, Lat, Ele)

Inter–frame

Tracked

Ax

Lat

Ele

7, 11, 3

7, 11, 3

17, 7, 3

5, 25,3

5, 7, 15

Axial

81 ± 15

Lateral

13 ± 4

7±4

7, 11, 3

7, 11, 3

17, 7, 3

5, 25, 3

5, 7, 15

Elevational

3±0

3±2

28, 20, 5

7, 11, 3

33, 11, 7

9, 49, 7

9, 11, 61

Since probe A and B are positioned orthogonally, and the axial and lateral displacement
directions of probe A are equal to the lateral and axial displacement directions of probe
B, respectively, and vice versa. The orientation of Probe A is chosen to be the primary
orientation throughout the rest of this manuscript. The axial and lateral direction of probe
A equals the vertical and horizontal direction of the accumulated displacement estimates
as depicted in Figure 5.5.

Figure 5.5 The axis definition and nomenclature for the probe related directions: axial, lateral,
and elevational. Vertical, horizontal, and longitudinal directions are related to the phantom
orientation.
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The displacement estimates from both probes for different directions are combined in three
different ways used to derive strain estimates. These methods are described below and
named: single-probe zero-degree, single-probe compounding, and Dual-probe reference.

5.3.4.1 Single-Probe Zero-Degree
In the single-probe zero-degree method, the axial (d0ax), lateral (d0lat), and elevational (d0el)
inter-frame displacements estimates (d) based on either A0 or B0 were used as the basis
for strain estimation. Please note that the superscript denotes the displacement estimation
direction relative to the corresponding probe.

5.3.4.2 Single-Probe Compounding
For the single-probe compounding method, the axial displacement (d0ax), together with the
lateral inter-frame displacement estimated by displacement compounding, served as the
basis for strain estimation. In displacement compounding, both angular axial displacement
components (dαax, d−αax) obtained using the angled transmissions for each probe (A−α , Aα for
probe A and B−α , Bα for probe B) were used to derive the lateral displacement d0comp_lat :
		

d0comp_lat =

dαax - d−αax
2sin α

(5.1)

Combining the two axial displacements into a single lateral displacement has shown to
be beneficial since a lateral displacement estimate based on the phase information of two
angled acquisitions yields a more accurate estimate than the lateral displacement estimation
originating from zero-degree acquisitions [54]. To determine the elevational displacement
component for the single-probe compounding approach, the displacements d0ele, dαele, and
d−αele were combined to a single estimate by means of the median displacement. Please
note that these displacements are perpendicular to the elevational direction.

5.3.4.3 Dual-Probe Reference
The axial (d0ax) displacement estimate used for this method equals the displacement
estimate used for the single-probe zero-degree and single-probe compounding method.
For the lateral displacement component (d0lat), the axials A0 & B0 were registered such that
they could be used as RF data originating from A90 & B90 , (see Figure 5.4 page 114 last
column) preserving phase information in the lateral direction. This method combines 0°
axial displacement estimates (d0ax & d90ax) from both A & B probes, respectively. Since this
method uses solely zero-degree axial displacement results, it is expected to provide the
most accurate displacement estimates in the transverse plane, and therefore it will serve as
the reference in this work. For the elevational displacement, d0el was used.
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5.3.5 Regularization Tracking and Segmentation
To accumulate the filtered inter-frame 3D displacements over the complete pressure cycle,
displacement tracking was performed, with the end-diastolic frame as the reference frame.
Hereto axial, lateral, and elevational displacement estimates were accumulated spatially
over time using 3D linear interpolation. Additional 3D median filtering was performed on
the accumulated displacements, with kernel sizes listed in Table 5.2 page 116.
Finally, a Region of Interest (ROI) at the end-diastolic frame was defined by manually
contouring the lumen and wall using a composition of all 6 registered B-mode images for
all 120 slices in the elevational direction. Tracking and strain estimation was only performed
for this ROI, representing the vessel wall and its direct surrounding to minimize the
computational load.

5.3.6 Strain Estimation
For all three methods, strain estimation was performed using 3D least-squares strain
estimation [56] in the axial, lateral, and elevational direction. The applied kernel sizes are
listed in Table 5.2 page 116 and were empirically optimized for the reference method, after
which they were kept constant for the other two methods. For the calculation of the 3D
principal components, an eigenvalue decomposition was performed of the 3 × 3 strain
tensor consisting of the normal strains and the shear strain components. At last, the 3
principal components were arranged from maximum to minimum values with corresponding
eigenvectors. The maximum and minimum principal strains represent the maximum tensile
strain component and the minimum compressive strain component, respectively.

5.3.7 Evaluation
In summary, Figure 5.6 shows a flowchart indicating the processing steps described in the
previous sections from raw ultrasound acquisition, up to principal strain estimation for the
zero-degree method, the compounding method, and the reference method.
For performance evaluation, the vertical, horizontal, and longitudinal strain results for both
probes were quantitatively and qualitatively reported. The final performance evaluation
was done by Root Mean Squared Error (RMSE) analysis of the minimum (compressive) and
maximum (tensile) principal strains over time.
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Figure 5.6 Flowchart indicating the in-line processes performed from the acquisitions to strain
estimation to compare the single-probe compounding versus the single-probe zero-degree
performance in terms of minimal (compressive) and maximum (tensile) 3D principal strains.
Please note that this flowchart describes the situation with respect to probe A. A similar flowchart
with respect to probe B was also applied and can be obtained by interchanging A and B.

5. 4. Results
Figure 5.7 page 120 shows the vertical and horizontal strain results at peak systolic phase (t
= 0.3 s) for six distinct elevational slices for the three different methods. The reference results
based on the axial strain as obtained with probe A and the axial strain obtained with probe
B are presented in the left column. The compounding results and zero-degree single probe
results are shown in the center and right column, respectively.
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Figure 5.7 Vertical and horizontal strain estimates of the bifurcation in 3D at maximum systolic
pressure. Please note that for visualization purposes, only 6 distinctive transverse slices are
depicted at 3 times larger elevational scale.
As indicated by the axial probe direction arrows and described in the methods section,
the reference results originate from displacement estimations using solely information
along the ultrasound beam direction for both probes. Clear resemblance is shown between
the reference strains and the compounded strains, although the strains obtained by the
compounding method appear noisier in some regions. This in contrast to the zero-degree
lateral component, which depicts a highly non-uniform strain distribution with many strain
clipping regions delivering unreliable lateral strain distributions.
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Figure 5.8 depicts the elevational strain distributions at peak systolic pressure, for the
reference, compounding, and zero-degree method for both probes. All strain distributions
show compressive and tensile strains along the longitudinal direction of the vessel wall at
the same longitudinal positions. Strains of up to 10% are observed at the external carotid
artery for both probe orientations. Intra-probe strain distributions indicate a high similarity
between the different methods. Inter-probe comparison, however, reveals a rotation in the
strain distribution orientation at the inlet side (communis) and the outlet side (external CA).

Figure 5.8 Longitudinal strain estimates originating from both probes at peak systolic pressure.
Figure 5.9 page 122 shows the strain distribution over time for one cardiac cycle for the
vertical, horizontal, and longitudinal direction for the reference, compounding and zero
degree methods for probe A and B. For the vertical strains of probe A and the horizontal strain
of probe B, all lines almost perfectly coincide. The 5th and 95th percentile horizontal strain
of the zero-degree method show extreme strain values of <−15% and >20% at peak systolic
pressure compared to the reference (~−5%, ~8%) strain, respectively. The compounding
method outperforms the zero-degree method, which shows a high resemblance to the
reference strain distribution for the complete cardiac cycle. For the longitudinal strain
distribution, all three methods perform almost equally. Similar trends can be observed for
probe B with respect to the reference of probe A.
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Figure 5.9 The vertical, horizontal, and longitudinal strain range (median and 5th–95th
percentile) for the complete cardiac cycle for the reference, compounding, and zero-degree
method for probe A and B.
Table 5.3 lists the absolute median strain and the 5th and 95th percentile strain values for
both probes to indicate the strain range at two different time points in the cardiac cycle. For
the vertical component of probe A and the horizontal component of probe B, the percentile
strains show almost no difference at maximum systolic pressure for all methods. Please
note that these strains originate from axial (Figure 5.5 page 116) displacement estimations
for both probes. Also, small residual median strains were measured for these corresponding
orientations.
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Table 5.3 Vertical, horizontal, and longitudinal 5th–95th percentile strain values for both probes
and all methods.
		

Strain (%) at Max. Systolic Pressure t = 0.30 s

Residual Strain (%) t = 0.96 s

Probe

Reference

Compounding

Zero-Degree

Reference

Compounding

Zero-Degree

A

−4.2 – 9.7

−4.3 – 9.8

−4.9 – 9.7

−1.1 – 2.3

−1.1 – 2.3

−1.2 – 2.3

B

−5.3 – 11.8

−7.6 – 14.6

−16.0 – 23.0

−0.7 – 3.2

−2.2 – 5.1

−10.5 – 9.1

A

−3.9 – 7.5

−7.0 – 13.0

−19.7 – 23.6

−0.5 – 2.8

−3.1 – 3.5

−13.1 – 0.4

B

−3.2 – 6.8

−3.2 – 6.7

−3.2 – 6.7

−0.6 – 1.8

−0.6 – 1.9

−0.6 – 1.8

Vertical

Horizontal

Longitudinal

A

−3.8 – 4.7

−4.3 – 5.0

−3.9 – 4.7

−5.6 – 10.7

−6.0 – 11.0

−5.6 – 10.7

B

−3.4 – 5.5

−2.9 – 6.0

−3.4 – 5.5

−6.1 – 9.9

−5.2 – 9.8

−6.1 – 9.9

For the vertical strain of probe B and horizontal strain of probe A (i.e., lateral direction for
each probe, percentile strain values are formatted in bold in Table 5.3), an increased strain
range was found for the compounding technique. However, this range was much more
increased for the zero-degree technique. Both strain graphs (Figure 5.9) show a divergence
at t > 0.8 s of the strain range. This divergence is observed also for the longitudinal strain
range for the complete pressure cycle leading to almost equal residual strain ranges in
between ~−6% and ~11% for all methods and both probes.
Eigenvector decomposition of a 3 × 3 strain tensor provides 3 independent eigenvalues
and eigenvectors that are perpendicular to each other. Figure 5.10 page 124 shows the
minimum (bottom row) and maximum (top row) principal components, representing the
most dominant compressive and tensile deformations as estimated by probe A at peak
systolic pressure. For a dynamic development of these components for the complete
cardiac cycle, please see video S2 (3D_Principal_MinMax_Strains.mp4 see section 5.7 page
129 Supplementary Materials). For visualization purposes, principal strains (color) and
the corresponding eigenvectors (white arrows) are plotted for three distinct longitudinal
positions. The top slice is situated in the common carotid artery. The middle slice is at the
bifurcation, and the bottom slice shows the internal and external carotid arteries.
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Figure 5.10 Maximum (tensile) and minimum (compressive) principal strain distributions for
probe A for the reference, compounding, and zero-degree method in the bifurcation carotid
artery region. Principal strains are visualized at the level of the COmmon carotid artery (CO),
bifurcation, and distal from the bifurcation, in which the Internal Carotid Artery (ICA) and the
External Carotid Artery (ECA) are present. Please note that the lengths of the eigenvectors were
scaled to their corresponding eigenvalue.
In general, the tensile strain distribution is clearly oriented in the circumferential direction
of the vessel wall with exception of a region in the bifurcation slice and one in the
internal carotid artery slice, in which the orientation of the eigenvectors indicates a strong
longitudinal preference. The compressive strain distribution is mostly oriented in the radial
direction and is less dominant than the tensile strain distribution. High tensile strains are
observed consistently for all methods at the flow divider of the bifurcation and at ten and
two o’clock of the common carotid artery.
Smooth values and eigenvectors can be appreciated for the reference method, indicating
high tensile strains at the flow divider. Many outliers of the strain values and a chaotic
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distribution of eigenvectors can be observed for the zero-degree method, clearly indicating
the disability in providing consistent and trustworthy results. Especially in the regions in
which the reference principal components point in the horizontal direction, erroneous
values manifest for the zero-degree method. For the compounding method, the errors in
these regions are far less destructive. Although the compounding technique is not perfect,
it does yield strain results with less noise compared with the zero-degree method for the
complete cardiac cycle, which shows erroneous results primarily in the regions in which
the direction of the eigenvectors coincides with the lateral direction for each probe,
which for probe A corresponds to the horizontal direction depicted in Figure 5.10. For the
compounding method, the errors in these regions are far less destructive.
Figure 5.11 shows the RMSE of the minimal (left) and maximum (right) principal strain over
time for a single cardiac cycle. The 5th–95th percentile strain ranges for both probes were
depicted in the background to relate the RMSE to the overall strain development. In general,
the RMSE for the compounding methods is smaller for the complete cycle in comparison
with the zero-degree method. However, an uprise of the RMSE and the reference strain
range occurs at t > ~0.8 s, which indicates a progressive strain error in the process of strain
accumulation for all methods.

5

Figure 5.11 The RMSE of the compressive and tensile strain components for the complete cardiac
cycle for the zero-degree and compounding method for both probes. Please note the double
axis for the RMSE minimal principal strain, in which the RMSE is always positive; the 5th–95th
percentiles strain range is negative.
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The compressive strain RMSE values for probe A and B using only the zero-degree angle at
peak systole are 6.6% and 5.9% versus 2.7% and 3.1% for the compounding method. Also,
the tensile strain RMSE shows elevated values for the zero-degree method of 14.3% and
12.6%, in comparison to 9.3% and 6.2% for the compounding method.
Looking at the residual compressive strain RMSE, values of 5.4% and 4.1% versus 1.5% and
1.5% were found for the zero-degree method and the compounding method, respectively.
The same trend holds for the residual tensile strain RMSE, which was 5.8% and 6.4% versus
1.8% and 2.0%.
The mean RMSE values of the compressive principal strain over the complete cardiac cycle
for the zero-degree method are 4.4% and 3.8%, respectively, versus 1.7% and 1.9% for the
compounding method. For the tensile principal strain, 6.9% and 6.8% versus 3.3% and 4.0%
were found. Therefore, the compounding method clearly outperforms the zero-degree
method in terms of overall tensile and compressive principal strain over time.

5.5 Discussion
In this chapter, compressive and tensile 3D principal strain estimation in a pulsating
carotid artery bifurcation phantom was performed using a compounding and zero-degree
displacement estimation method in a dual probe setup. Previous experimental studies have
been performed using straight-forward phantoms (i.e., single tube-shaped phantoms) and
simulations based on 2D and 3D compound strain imaging [97, 98] showing a significant
improvement compared to a single angle based strain estimation. Multiple 3D phantoms
of the carotid artery have been developed lately [240, 241]. However, to our knowledge, no
other chapter has reported 3D principal strain estimation in a complex geometry like the
CA bifurcation. The principal finding of this study is that 3D compound strain estimation
outperforms single angle zero degree 3D strain estimation, even in a complex geometry,
when embedded in surrounding tissue. Compared to other methods, this method is the
first showing volumetric 3D strain tensor information for vascular applications retrieved in a
noninvasive manner.
The developed dual probe setup approach, which provided a reference for the estimated
deformations, is, to our knowledge, also novel and circumvents requiring exact knowledge
of mechanical properties and geometry of the tissue and of boundary conditions, which is
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normally needed when deriving a finite element, model-based ground truth. Therefore, this
setup might also be used in future studies to provide reference deformations for in vitro
studies using excised tissue in which the mechanical properties are also not known.
To derive the reference strains from the RF data obtained with the dual-probe setup, the RF
data acquired with both probes need to be spatially registered. Since the angle of the probes
is set to 90 degrees, only the translation should be resolved, which was performed using
a feature-based registration using coherently compounded B-mode images. Although this
might seem to be a simple registration, the quality of the registration depends on the choice
of registration metric and also on the speed of sound and the assumption of a homogenous
speed of sound throughout the phantom. In our case, setting the sound speed to 1540 m/s
provided the most optimal registration, which is in line with the reported speed of sound
values for PVA [236].
In this work, a patient-specific model of the carotid artery at the bifurcation was used to
construct a PVA-based phantom. Since the surrounding tissue affects the mechanical behavior
of the carotid artery wall [242], the CA was embedded in surrounding PVA instead of water.
The addition of surrounding tissue is not only important for obtaining realistic motion and
deformation of the carotid artery segment but also resembles realistic in vivo acquisitions
since deterioration of the strain estimates due to side and grating lobes will be present. What
was not accounted for in the current phantoms were heterogeneities within the vessel wall
and plaque. Especially, the presence of calcifications and induced shadowing is expected to
affect strain estimation accuracy.
In the experiment, the cardiac pressure cycle was enforced with 60 bpm. This resulted in a
cyclic reproducible deformation of the vessel phantom. In the process of accumulation of
inter-frame displacements, inaccuracies and interpolation errors led to an overall progressive
displacement error over time, which explains the observed residual strain for all methods
at the end of the pressure cycle (Figure 5.9 page 122). The longitudinal progression of the
strain distribution (5th–95th percentile strain) over time shows a divergent trend for the full
cardiac cycle. Since a ground truth strain distribution in the longitudinal direction is absent,
this indicates the lack of a cyclic strain progression for each cardiac cycle. The elevational
ultrasound beamwidth is one order of magnitude larger than the step-size in the elevational
direction. This results in redundant ultrasound RF data in the elevational direction. In a previous
study, we showed the ability to resolve sub-plane elevational displacement estimation [98],
but still, it remains the direction with the relatively lowest displacement estimation resolution.
Furthermore, the geometrical shape of the lumen in combination with this elevational
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beam overlap between slices might also lead to displacement estimation errors. Inter-slice
geometrical lumen changes might dominate the normalized cross-correlation-process, which
is supposed to detect inter-frame displacement changes.
Three methods for each probe should yield similar results for the strain estimation in the
elevational direction. Figure 5.8 page 121 confirms that, in general, this is the case, since equal
strain distributions between the zero-degree and compounding based methods are observed.
Nevertheless, local strain differences were found between probe A and B. These were found
especially at the inlet side and outlet side and might be due to different displacement
estimation kernel orientations and filter effects.
To calculate the 3D strain components, 3D Least Square (LSQ) strain estimator was applied.
The kernel size determines the tradeoff between outlier suppression and true value detection.
Large kernels sizes result in smooth global strain estimates but also an underestimation of
the local strain differences. Especially at the edges, underestimation might occur, since the
displacement gradient of the true deformation in the vessel wall is the highest at the vessel
wall-lumen transition. To compare the performance across the methods, the LSQ kernel size
for the single probe compounding and zero degree method was kept equal to that of the
reference method. Application of larger kernel sizes for these methods might be favorable
to smoothen results without losing essential strain map features. This will be investigated in
future studies.
Further research needs to be carried out to fully translate the single probe compounding
technique into the clinic. The practical setup needs to be supportive to actually acquire multislice US data from the CA in vivo. Due to the curved neck and jaw skin surface, maintaining
acoustic contact will be challenging during the complete acquisition range in the elevational
direction. A possible solution to this might be to create a thick, pre-shaped layer of ultrasound
transparent material, ensuring constant acoustic contact between the transducer and skin
surface.
Another challenge for in vivo acquisition is related to the data acquisition. The trigger
originating from the pump driver at the start of each systolic phase initiated data acquisition
for the complete cardiac cycle. Since the acquisition took 1 second at each position, thus
several minutes for the entire acquisition, the phantom motion had to be very reproducible.
In vivo, this multi-slice technique might become more difficult to achieve due to heart rate
and blood pressure variability and motion artifacts due to, for example, breathing. However,
it is already known that heart rate variability in general only affects the diastolic phase and
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not the systolic phase of the pressure cycle [2], and only one phase of the pressure cycle is
required to obtain maximum strain contrast. Thus, for in vivo application, we recommend
applying this technique to the systolic phase while the subject is in resting position to
minimize blood pressure variations. ECG-triggering will then need to be incorporated to
enable synchronization in vivo, and probably the head and neck region should be fixated to
minimize motion artifacts.
Finally, for in vivo application, a reduction in overall acquisition time is favored. The acquisition
time can already be halved compared to the acquisition sequence used in this chapter,
because, as aforementioned, it is not necessary to acquire data for the diastolic phase. With the
development of matrix probes with a sufficient footprint, pitch, and the number of elements,
it might even become possible to acquire volumetric ultrasound and strain data within one
cardiac cycle. These probes will also enable displacement compounding in the elevational
direction to increase the elevational displacement estimation accuracy. Inherent to the multislice acquisition protocol, no beam steering could be applied in the current implementation.
Overall, we expect the availability of the noninvasive volumetric ultrasound data and 3D strain
values to open up new possibilities for the anatomical and functional classification of the CA
and its pathological, but frequently asymptomatic, processes.

5

5.6 Conclusion
A triggered, multi-slice, ultrafast ultrasound acquisition protocol enabled the acquisition
of spatially and temporally coherent volumetric ultrasound RF data in a pulsating, patientspecific carotid bifurcation phantom embedded in surrounding material at a frame rate of
50 Hz. The compounding of axial displacements acquired at angles of 0°, 19.5°, and −19.5°
enabled the estimation of more accurate 3D compressive and tensile principal strains over
a pressure cycle than could be obtained from axial and lateral displacements estimates
obtained from zero degree acquisitions.

5.7 Supplementary Materials
The following are available online at
https://www.mdpi.com/2076-3417/8/4/637#supplementary
Video S1: Multi-perspective_3D_Bmode.mp4; Video S2: 3D_Principal_MinMax_Strains.mp4
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I’d give each one of ‘em a stick and, one for each one of ‘em,
then I’d say, ‘You break that.’ Course they could real easy.
Then I’d say, ‘Tie them sticks in a bundle and try to break that.’
Course they couldn’t. Then I’d say, “That bundle... that’s family.
- Alvin Straight, Straight story -
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6.1 Abstract
Atherosclerotic plaque development in the carotid artery bifurcation elevates the risk for
stroke which is often initiated by plaque rupture. The risk-to-rupture of a plaque is related to
its composition. 2D noninvasive carotid elastography studies have demonstrated a correlation
between wall strain and plaque composition. This study introduces a technique to perform
noninvasive volumetric elastography in vivo. 3D ultrasound data of carotid artery bifurcations
were acquired in 4 asymptomatic individuals using an ECG-triggered multi-slice acquisition
device that scanned over a length of 35 mm (350 slices) using a linear transducer (L11-3, fc = 9
MHz). For each slice, three-angle ultrasound plane wave data were acquired and beamformed.
A correction for breathing-induced motion was applied to spatially align the slices, enabling
3D cross-correlation-based compound displacement, distensibility, and strain estimation.
Distensibility values matched with previously published values, while the corresponding
volumetric principal strain maps revealed locally elevated compressive and tensile strains.
This study presents for the first time 3D elastography of carotid arteries in vivo.

6.2 Introduction
Globally, every year an estimated 17 million people die from the consequence of cardiovascular
disease (CVD) among whom more than 6 million people die due to stroke, making it the second
leading cause of death [243]. Stroke is a cerebrovascular disturbance of blood circulation
which can either be ischemic (blockage) or hemorrhagic (rupture). Thickening and hardening
of the arterial wall due to a buildup of plaque inside the wall in large arteries like the carotid
artery (CA), also known as atherosclerosis, is the underlying pathological process which usually
precedes ischemic infarction.
Atherosclerosis is a progressive disease [244, 245]. The primary initiating event of this disease
is the uptake of low-density lipoproteins (LDL) causing an inflammatory process within the
intima (i.e. inner most layer of the vessel). This trigger leads to foam cell production indicating
an early stage of atheromatous plaque development. This slow process of remodeling starts
with wall thickening without lumen narrowing and can therefore be asymptomatic for decades
[246]. The ongoing process of the accumulation of atherogenic lipids and white blood cells
eventually can develop into a stable or vulnerable plaque. A vulnerable plaque typically contains
a large lipid-rich necrotic core, encapsulated by a thin fibrous cap that makes it susceptible to
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rupture and thrombus formation leading to ischemic stroke. Therefore, the ability to identify
rupture prone features is of paramount importance for stroke risk stratification.
Compared to imaging modalities such as CT angiography [247], PET [248] and MRI [26, 249],
ultrasound excels on temporal and spatial resolution. It does not require ionizing radiation
and is patient friendly. Ultrasound B-mode imaging can be used to visualize the carotid
artery morphology and measure the intima-media thickness [37]. To determine the degree
of stenosis (the degree of luminal narrowing), ultrasound duplex mode is often used [250].
Clinical decision for carotid endarterectomy (surgery in which the plaque is excised) is currently
predominantly based on this measure. However, not all plaques are prone to rupture and only
one out of six patients benefit from an endarterectomy (i.e. a (secondary) stroke is prevented
by surgically removal of the plaque inside the CA). Therefore, classifying plaque vulnerability
might be beneficial in order to prevent overtreatment. [251].
Strain imaging is a technique which was developed in the early nineties [46] to measure the
local tissue deformation in response to an applied force. Applying this technique for vascular
structures, undergoing deformation as a result of blood pressure pulsations, the tissue strain
correlates with plaque composition [42]. Intravascular ultrasound strain imaging [252] was
followed by 2D noninvasive strain imaging approaches showing a correlation between plaque
features and estimated strain values [43, 253-255]. Our group developed a method dedicated
to strain estimation in transverse imaging planes by means of displacement compounding
[54]. Initially the technique was based on conventional line-by-line focused imaging, followed
by an ultrafast ultrasound variant that used 2D plane wave transmissions instead [97] without
compromising strain estimation accuracy. It also minimizes the angle misalignments caused
by motion of the artery during the multi-angle acquisitions required for the displacement
compounding approach.
The carotid artery is a 3D structure which deforms non-uniformly, and 2D strain imaging in the
transverse or longitudinal plane might limit the assessment of plaque geometry and composition
and even miss the most vulnerable spot. With 3D strain imaging this limitation can be overcome.
3D strain imaging also opens up the possibility to take into account the longitudinal motion of
the vessels [165, 256] and reduce the decorrelation due to out of plane motion.
Multiple studies reporting 3D strain imaging have been published. However, none was
performed in vivo. Often 3D refers to the amount of spatial dimensions (i.e. volumetric
distribution) used for display of one or two strain tensor components, instead of referring to
the dimensionality of the strain tensor itself. Ex vivo experiments on human carotid arteries
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reported a 3D representation of the 2D strain tensor based on 2D displacement estimations
[257, 258]. In-silico volumetric representation of the cross-sectional 2D strain tensor was
estimated based on displacement estimation along the axial, lateral and elevational directions
[98]. Inflation experiments conducted on ex vivo porcine carotid arteries using IVUS yielded the
3D strain tensor derived from displacements along axial, lateral and elevational directions [259].
Up till now, no study reported the full 3D strain tensor represented in 3D for the carotid artery.
In this study, in vivo multi-slice ultrafast plane wave ultrasound of the carotid artery bifurcation
acquired in 4 healthy individuals will be used to construct 3D ultrasound volumes and derive
the full 3D strain tensor. Therefore, a dedicated ECG-gated translational device was developed
to enable multi-slice ultrasound acquisitions. To our current knowledge, this study is the first
conducting an in vivo pilot evaluation of 3D strain imaging in the carotid artery bifurcation.

6.3 Materials and Methods
6.3.1 Study population
In this study, in vivo noninvasive ultrasound data of three male volunteers and one female
volunteer were obtained using a novel multi-slice ultrafast ultrasound acquisition device.
One of the subjects was known to have plaque development in the carotid artery near the
bifurcation. Patient characteristics are reported in Table 6.1. Written informed consents were
obtained from all subjects before examination. The study was approved by the local review
board and was performed in accordance with the World Medical Association Declaration of

6

Helsinki on Ethical Principles for Medical Research Involving Human Patients.
Table 6.1 Study population characteristics
Measurement		1		 2

3

4

Subject			 1		

2

3

Presumed status			
Healthy		
Healthy
Healthy
							
Scanned Carotid Artery		

R		

L

5
4
Asymptomatic plaque
development

R

L

L

Age			 35		

30

49

58

Sex			 Male		

Female

Male

Male

Scanning length [mm] 			

35		

35

35

35

Average heartbeat [bpm]			

50		

85

60

45
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6.3.2 Measurement setup
Figure 6.1 shows the in-house developed device for multi-slice ultrafast ultrasound acquisition.
A linear array L11-3 ultrasound transducer (Philips Ultrasound, Inc., Bothell, WA, USA) (C) in a
custom made probe holder (D) was connected to a translational stage (Newmark Systems.
Inc., Rancho Santa Margarita, CA, USA) (B) via a variable friction arm (Manffrotto, VI, Italy) (A)
and positioned above the volunteer’s neck. A height adjustable Scan-Plane-Frame (SPF) (J)
indicates the plane of translational scanning and fixates a gel pad between the neck and
transducer ensuring skin contact and minimal mechanical interaction between the moving
transducer and the CA. The gel pad was custom made of 8% by weight PVA-cryogel [203] (Mw
85.0–124.0 99+% hydrolyzed, Sigma-Aldrich, Zwijndrecht, The Netherlands) using propylene
glycol (Bio-Connect Services B.V., Huissen, The Netherlands) as anti-freezing agent. A dual
curved 3D printed mold based on an optical surface scan of a volunteer’s neck was used to
create the pad. A single freeze and thaw cycle of 16 hours with freezing at -30 °C was applied.
An electrocardiogram (ECG) was obtained with a Hewlett Packard (Böblingen, Germany)
M1275A monitor (H) derived using a three point indirect Einthoven derivation [260] and
connected to in-house developed logic (adafruit®) managing the triggering of the Verasonics
Vantage 256 system (Verasonics, Kirkland, WA, USA) described in more detail in section D. The
Arduino platform also uses the amplified ECG parallel to a Tektronix (Beaverton, Oregon, USA)
TDS303B digital oscilloscope (I) to verify whether the R-wave was amplified sufficiently to
enable for R-wave detection (see section 6.3.4).

Figure 6.1 (A) Variable friction arm and single swivel immobilization for flexible probe positioning
(B) linear rail (C) linear array ultrasound probe (D) specific probe fixator (E) fine depth control
(F) Scan-Plane-Frame (SPF) (G) Verasonics B-mode visualization of multiple steered plane wave
transmissions (H) ECG acquisition (I) Tektronix oscilloscope for ECG signal verification (J) dualcurved PVA gel pad.
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Figure 6.2 shows a schematic drawing of the integration of the 3D carotid scanner and the
communication between the in-house developed logic. This device handles the temporal
synchronization between the translation stage movements and ultrasound acquisition
sequences using the ECG as input trigger.

Figure 6.2 Schematic drawing of the measurement setup. The subject positioned in supine
position with the electrodes for ECG-recording. A linear array fixated to a linear rail is aligned
above the carotid artery by positioning it using a flexible arm. The Verasonics Vantage 256 was
used for ultrafast ultrasound imaging. The logic ensured the temporal alignment of the probe
movement and enabled ECG-triggered imaging.

6
6.3.3 Measurement protocol
The subject is placed in supine position with the head in stationary relaxed position turned
almost 90 degrees sideways and supported by a pillow. This relaxed pose usually lowers
the heartrate, and influences the heart rate variability (HRV) [261]. The change in HRV
predominantly affects the end diastolic phase and not the systolic phase [2] which ensures
correct temporal alignment of the 2D ultrasound acquisitions at each position prior to
stacking these acquisitions into a 3D volume (see paragraph 6.3.4 page 138). ECG electrodes
(M3 red-dot Electrodes, 3M Center, St. Paul, USA) were placed directly on the skin at the
designated positions indicated by Figure 6.2. A sufficient amplification of the ECG signal
and threshold was set, validated by the oscilloscope to enable correct R-wave detection.
Subsequently, the orientation and morphology of the carotid artery were examined with
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a conventional ultrasound machine in vascular mode (Sonos 7500, Philips, Andover, USA)
using an L11-3 MHz linear array transducer. The longitudinal orientation and the center of
the bifurcation were marked on the skin. These marks were used to fixate (single swivel
immobilization, see Figure 6.1 A page 136) and position the 3D carotid artery scanner above
the skin by aligning the SPF in the longitudinal direction.
For displacement compounding, two steered overlapping beams were used. The
overlapping area of those beams with the zero degree beam yields the Field Of View (FOV).
Depth adjustments were done by shifting the transducer apertures of the steered beams
from and towards each other while maintaining the steering angles. Real-time scanning
series were performed to iteratively adapt and verify that the FOV covered the CA for the
complete elevational scanning length. To ensure acoustical contact and to lower the gelpad-to-transducer friction for the full scanning length, a sufficient amount of ultrasound gel
and fine control of the transducer depth was applied (see Figure 6.1 E page 136). Finally, the
subject was asked to remain in steady position for the complete measurement time, after
which the multi-plane acquisition was initiated.

6.3.4 Ultrasound data acquisition
A full volume consisting of stacked multi-plane 2D ultrasound data was acquired using a
Verasonics Vantage 256 with a L11-3 linear array transducer (fc = 9 MHz, 135-µm pitch, 288
elements, Fele = ~16 mm) using a Philips-Verasonics adapter (Probe Hunter/BBS Medical
AB, Vätö, Sweden). At each elevational position ( i.e. for each image plane), element data
were stored for 25 ultrasound transmit series with an inter-series time of 20 ms initiated
by an ECG R-wave trigger (trigger 1 in Figure 6.3). The triggering ensured synchronized
capturing of the systolic phase at the start of the cardiac cycle for each new image plane.
Each transmit series consisted of plane wave transmissions (aperture = 128 elements, MI <
0.69) at alternating angles of 0°, −19.47°, and 19.47° at a pulse repetition frequency of 10
kHz. After the 25 series were acquired (t = 0.5 s), an end-of-acquisition-sequence trigger
initiated the translation of the probe with 0.1 mm. During that time the system neglects
possible ECG R-wave triggers. When arrived at the next position, the system is in idle state
waiting for an ECG R-wave trigger to initiate the next acquisition sequence. The process
was repeated for every 0.1 mm resulting in 350 cross-sections resembling a total scanning
length of 35 mm. With an assumed average heartbeat of 60 bpm, the average acquisition
time is 6 minutes. After completion, anonymized raw ultrasound data (~12 GB) were stored
for further processing.
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Figure 6.3 Schematic of the temporal acquisition protocol applied involving ECG R-wave
triggers to initiate the acquisition sequence for every successive elevational position. After each
R-wave trigger, 25 ultrafast transmit series were acquired and subsequent probe movement was
performed before waiting in an idle state for the next R-wave trigger.

6.3.5 Post-processing
6.3.5.1 Beamforming RF element data
The raw element data were beamformed using Delay And Sum (DAS) beamforming with
a dynamic focus of F = 0.875, Hamming apodization in receive and an assumed speed of
sound of 1540 m/s. DAS beamforming allows beamforming at an arbitrarily defined grid.
The 0°-beamforming grid spacing for the lateral, axial and elevational direction was 64 µm,
10 µm, and 100 µm, respectively. For the steered transmissions the grid spacing was 30
µm, 11 µm, and 100 µm, respectively. By setting the beamforming grid spacing to these
specific values for these specific steering angles, the zero degree and steered beamforming
grids coincided in a regular fashion resulting in a rectangular grid with a lateral, axial and
elevation resolution of 64 µm, 91 µm, and 100 µm, respectively. This grid enabled direct
angular displacement compounding without the requirement of an interpolation step to
align the grids of the multiple transmission angles [262]. For further post-processing time
reduction, the displacement grid was trimmed using a mask defined by the overlapping FOV
of both beam steered transmissions yielding a diamond shaped displacement grid.

6.3.5.2 Breathing artifact reduction
Stacking a volume using synchronized 2D ultrasound acquisitions prerequisites perfect
physiological repeatability of the cardiac cycle and the resulting pulsatile deformation
in 3D of the carotid artery. This might be valid in highly controlled phantom setups
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[263, 264], but not in vivo. Because of the long acquisition times (~ 6 min), in vivo breathinginduced motion will inevitably modulate the CA deformation. A correction for global
breathing-induced motion was applied using 2D inter-frame rigid registration of the systolic
start frames at each position as illustrated in Figure 6.4 (a). A high pass zero-phase digital
FIR filter with a passband frequency of 0.075 Hz, a stopband frequency of 0.05 Hz with
a stopband attenuation of -30 dB was applied. The remaining frames were beamformed
using the corrected grid (i.e. the standard grid was offset according to the estimated
breathing-induced motion). This resulted in globally cross-sectionally corrected ultrasound
acquisitions for the systolic phase at each position (see Figure 6.4 (b)).

(a)

(b)

Figure 6.4 (a) A schematic representation of the temporal acquisition protocol applied using an
ECG R-wave trigger to initiate the acquisition sequence for every successive elevational position
(p1, p2,…). Please note that the global wave represents the cyclic breathing motion. (b) The
resulting ultrasound acquisitions corrected for breathing motion aligning the transmit series
based on the first frame.

6.3.5.3 Segmentation
Prior to displacement estimation, a mask was defined which indicated the vessel wall
volume. Regions Of Interest (ROIs) representing the vessel wall area were drawn manually at
35 transversal locations separated by 1 mm in the elevational direction based on coherent
compounded B-mode images. The Internal Carotid Artery (ICA), External Carotid Artery
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(ECA), Common Carotid Artery (CCA) and the bifurcation (i.e. where ICA and ECA merge into
the CCA) were segmented. The ROIs for the intermediate transversal slices were derived
by first constructing a finite element mesh, followed by triangulation to provide the outer
and inner surfaces of the vessel wall. For displacement estimation the complete vessel wall
segmentation was dilated with a kernel size of 10 axial and 15 lateral displacement grid
points for filtering and tracking purposes.

6.3.5.4 Inter-frame displacements
Inter-frame displacements were calculated using a 3D normalized cross-correlation-based
algorithm which was run for two iterations. 3D kernels based on envelope (demodulated)
and RF data were cross-correlated in iterations one and two, respectively. In the second
iteration, subsample displacement estimation was performed by 3D spline interpolation of
the peak of the cross-correlation (CC) function. An additional correction for sampling jitter
was performed by determining the auto-correlation peak location in the pre- and postdeformation frames as described by [265]. Also in this jitter-correction step, the subsample
peak locations were determined using 3D spline interpolation. In the first iteration kernel
sizes were 818 x 835 x 300 µm (axial, lateral, elevational) with a single-sided search margin
of 202 x 257 x 0 µm. In the second iteration kernels sized 333 x 449 x 300 µm with a search
margin of 51 x 257 x 300 µm were used. Displacements were estimated separately for the
0°, -19.47°, and +19.47° acquisitions. Regularization was applied after the first iteration,
consisting of removal of all displacement estimates with a CC peak-value below 0.75 and
consecutive linear interpolation and median filtering with a size of 7 x 5 displacements
points in the axial and lateral direction, respectively.

6.3.5.5 Accumulated displacements
First 3D median filtering was applied to the inter-frame axial displacement volumes using
a kernel size of 990 µm by 420 µm by 500 µm (11 by 7 by 5 displacement points), in the
axial, lateral and elevational direction, respectively. Then horizontal displacement estimates
were derived from the two angular axial displacement estimates using displacement
compounding [54], i.e., to obtain the horizontal displacement estimate (d0comp_lat), the axial
displacements of the +19.47° (dαax) and -19.74° (d−αax) were projected according to:
		

d0comp_lat =

dαax - d-αax
2sin α

(6.1)

where α depicts the beam-steering angle. The vertical displacement estimates were
obtained from the 0° acquisition and equaled the 0° axial displacement estimates (d0ax).
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The elevational displacements were obtained by calculating the median of the elevational
displacements from all three acquisition angles. Inter-frame elevational displacements
larger than ± 0.1 mm were excluded since they were assumed physiological impossible.
Subsequently, a 3D median filter with an approximate cubic kernel size of 810 µm by 780
µm by 700 µm (9 by 13 by 7 displacement points) was applied to these median elevational
displacement values to remove remaining outliers. The inter-frame horizontal, vertical and
elevational displacements were accumulated using 3D linear interpolation for the complete
systolic phase using the systolic start as a reference frame. A final 3D median filter was
applied to the accumulated displacements with equal dimensions as used in the elevational
displacement filtering.

6.3.5.6 Strain estimation
For strain estimation two different approaches were applied. The first approach is based
on the relative increase of segment length as a result of the blood pressure increase and
yields the circumferential and longitudinal strain estimates. This distensibility metric [266]
is a more global measure and less sensitive to local deformations of the vessel wall. The
second approach uses the LSQ strain tensor estimator which provides local information of
the tensile and compressive magnitude and direction of the deformation. This enables the
evaluation of strain on a local scale.
For the first approach, a 3D mesh was defined of the common CA ensuring a single vessel
geometry. For every transversal slice a polar grid (dr = 100 µm, dφ = 5°) was defined using
the center of gravity of the mask as the center. The inner, middle and outer contours
were defined by the first, middle and last nodes of the polar radius overlapping with
the mask, respectively. Figure 6.5 shows the organization of the middle contours in the
circumferential direction and longitudinal direction. Cumulative engineering strain was
determined as a function of time for each circumferential and longitudinal node-to-node
segment by updating the location of the nodes using the accumulated displacement field
and calculating the relative change in length with respect to the initial lengths between the
nodes. Finally, circumferential and longitudinal strain curves for the inner, middle and outer
contour were constructed from end diastole to peak systole.
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(a)

(b)

Figure 6.5 Images visualizing the circumferentially (a) and longitudinally (b) oriented middle
contours on selected B-mode transverse slices of the common CA up to the bifurcation.
For the second approach, the full resolution displacement field was used. 3D least-squares
strain estimation [267] was performed in the axial/vertical, lateral/horizontal, and elevational
direction yielding the axial, lateral, elevational, and shear strain estimates estimates [87, 90,
92, 157, 159]. The applied axial, lateral and elevational kernel sizes for each direction of
derivation are listed in Table 6.2. Next, 3D principal strains were derived by performing
an eigenvalue decomposition on the obtained 3 × 3 strain tensor. At last, the 3 principal
components were arranged from maximum to minimum values with corresponding
eigenvectors. The maximum and minimum principal strains represent the maximum tensile
strain component and the minimum compressive strain component, respectively.
Table 6.2 Least-squares strain estimator 3D kernel sizes (Ax, Lat, Ele) for the axial, lateral and
elevation direction of derivation
Direction of derivation
Kernel size [Samples]
(Axial, Lateral, Elevational)

Ax

Lat

Ele

11, 5, 5

9, 23,9

7, 7, 15
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6.4 Results
6.4.1 Segmentation
The segmentations of the CA vessel wall are shown in the left column of Figure 6.7 page
147. For subject 1-3, the CCA and the full bifurcation was in the field of view of the device.
In subject 1 even large segments of the ICA and ECA were within the imaging view. It was
not possible to get the full bifurcation of subject 4 in the imaging view, although part of a
plaque was observed in the ICA part of the bifurcation which presents as a thickened vessel
wall in the segmentation. For subject 1 and 2, the scanning device was mounted on the
right side of the subject. For subject 3 and 4, it was mounted on the left side of the patient
which reversed the scanning direction accordingly resulting in a flipped recording form ICA
and ECA to CCA and vice versa. In all cases the SPF was positioned as cranial as possible (i.e.
as far up the neck) while being constrained by the jaw bone. This position combined with
the patient-specific anatomy defines the volume of the CA that is in the field of view, which
explains the differences in the location of the bifurcation relative to the total longitudinal
length of the scanned part of the CA.

6.4.2 Breathing motion correction
In the first column of Figure 6.6, the global rigid axial and lateral displacements with respect
to the first frame at position 1 are depicted as a function of time (and thus elevational position)
for two volunteers. The global axial and lateral displacements show an equal dynamic range.
A clear distinct ripple can be observed modulated on top of a low-frequency component
for all subjects. Examples are visualized for the right CA of subject 1 (Figure 6.6 (a)) and the
left CA of subject 3 (Figure 6.6 (b)). Applying a fast Fourier transform yields the amplitude
spectrum as depicted in the second column. This reveals a dominant range of breathing
frequencies for subject 1 resulting in a range of 4.8 to 6.0 s per breath. Subject 3 had a more
steady breathing rhythm with a single dominant frequency of 1/3.9 Hz. On average for all
subjects, the duration per breathing cycle was 4.4 ± 0.4 seconds. In the last column, the
high-pass components of the axial and lateral rigid displacements are plotted indicating
lateral motion was larger than axial motion. The lateral breathing induced displacement
range indicated by the 5th – 95th percentile was (-200 µm – 215 µm), (-208 µm – 205 µm),
(-72 µm – 80 µm) (-333 µm – 433 µm), (-94 µm – 113 µm), respectively for measurement
1-5. For reference, the maximum absolute lateral inter-frame displacement after motion
correction was 682, 646, 705, 570 and 430 µm, for measurement 1-5, respectively.
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Figure 6.6 Column 1 depicts the rigid displacements of the CAs of subject 1 (a) and subject 3
(b). The amplitude spectrum after performing an FFT is depicted in the middle column and the
breathing-induced displacement obtained by high-pass filtering (and used for the correction)
in the last column. A swallow reflex was registered which caused a relocation of the CA and is
indicated by the black arrow in panel (a).

6.4.3 Displacement estimation
The first column of Figure 6.7 page 147 shows the segmented vessel wall (transparent
orange shell) with equally spaced coherent B-mode transversal images and trimmed for
all subjects. The coherent B-mode images reveal the lumen area of the CA and the jugular
veins all characterized by a hypoechoic elliptic-shaped area. The vessel wall of the CA
represents as a hyperechoic band around the vessel lumen including the intima, media, and
adventitia merging into the connective surrounding tissue. For subject 1, 2 and 3, the jugular
vein (denoted by black arrows) was directly adjacent to the ICA and ECA without observing
a clear interface between those vessels for the complete longitudinal length.
The second column of Figure 6.7 shows the 3D principal displacement vector (denoted in
black) and magnitude (color-coded) for 8 distinct equally spaced planes overlaid on top of
the vessel wall segmentation. For all subjects, the displacements are predominantly oriented
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in the transverse plane where the vessel shows radial expansion as a result of the positive
pressure pulse. Distinct regions of maximum displacement were noticed primarily in the
CCA for all subjects. The maximum principal displacements were 0.9, 1.0, 0.9, 1.2 and 0.4 mm
for artery 1 to 5, respectively. A skewed distribution of the azimuth was observed in subject 1
(right CA), subject 2 and 3 in contrast to subject 1 (left CA) and 4 who showed a more evenly
circularly distributed azimuth angle. There is no unambiguous longitudinal motion observed
because all the elevational angle distributions show an overall symmetric distribution in
between -5° and 5° for all subjects. The mean cumulative elevational displacements and
standard deviations were (-0.3 µm ± 3.7 µm), (-2.2 µm ± 4.1 µm), (-0.4 µm ± 7.8 µm), (-0.7
µm ± 2.3 µm), (-0.5 µm ± 3.4 µm), for all measurements, respectively. For subject 1 (left CA)
and 3, some cross-sectional displacements are missing because the segmentation exceeded
the FOV defined by the overlapping ultrasonic insonifications.
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Figure 6.7 A 3D representation of the principal displacement vector at maximum pulse pressure
for 5 carotid arteries at or near the bifurcated region. Color indicates the magnitude. The
distribution of the direction for the 5 acquisitions is presented in the right column.
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6.4.4 Strain estimation
The circumferential and longitudinal median strain and the 25th and 75th percentile strain
values are presented in Figure 6.8. The mean circumferential length (of the middle contour)
along the CCA was 25.7 ± 3.1 mm, 26.6 ± 2.5 mm, 28.5 ± 2.9 mm, 27.3 ± 4.23 mm, 32.9 ±
3.3 mm for CCA 1 to 5, respectively. For the circumferential strain, three distinct curves are
presented from inner to outer layer showing a consistent decaying strain along the radial
direction of the vessel wall [83] for all CCAs. Large inter-subject variations are observed.
Subject 1 has the highest strain values and the largest decay over the arterial wall. The
strain curves of the left and right CA of subject 1 are in the same range. The longitudinal
strain curves for the inner, middle and outer vessel wall were mostly overlapping except for
the inner vessel wall for subject 1. Very small longitudinal strain (<0.1%) was observed for
subject 4.

Figure 6.8 Median circumferential and longitudinal strain curves with the 25th -75th percentiles
for the inner- middle- and outer-vessel-wall segmentation for all CCA measurements.
The tensile and compressive principal strain values (color-coded) and the eigenvectors are
depicted in the first and the second column of Figure 6.9 page 150 for the systolic maximum
pressure pulse, respectively. A heterogeneous distribution of the strain components is
observed for the vessel wall of all CAs indicated by the median and 25th-75th percentile
strains reported in Table 6.3. The highest tensile median strain of 9.2% and the interquartile
range of 12.1% was observed for the left CA of subject 1, while the highest compressive
median strain of -4.1% was found in the right CA of subject 2. The largest interquartile
range of 5.9% for the compressive strain was observed for the right CA of subject 1. The
last column of Figure 6.9 page 150 shows a transverse B-mode image at the indicated
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longitudinal position overlaid with the transverse projection of the tensile and compressive
principal strain values and its corresponding eigenvectors indicating the principal direction
of deformation. For all subjects, the tensile strain eigenvectors were predominantly directed
circumferentially, while for the compressive strain eigenvectors, a dominant radial direction
was observed. Histograms (and strains reported in Table 6.3) indicate that the estimated
principal tensile strain values are higher than the principal compressive strain values.
Table 6.3 Median strain (%) and the 25th and 75th percentile strains (%) for the tensile,
compressive, and intermediate principal strain components.
			

Subject 1		

		Left

Subject 2

Subject 3

Subject 4

Right

Right

Left

Left

Tensile

9.2 [4.5 16.6]

7.9 [3.9 15.8]

5.5 [2.8 10.6]

4.6 [2.1 10.2]

2.4 [1.2 5.0]

Compressive

-3.3 [-7.4 -1.5]

-3.7 [-7.7 -1.9]

-4.1 [-7.9 -2.1]

-3.5 [-6.6 -1.8]

-1.5 [-3.3 -0.7]

Intermediate

0.4 [-0.2 1.4]

0.4 [-0.4 1.6]

0.2 [-0.6 1.2]

0.1 [-0.4 0.7]

0.1 [-0.2 0.5]

For the left CA of subject 1, the 3D principal strain image shows high compressive and low
tensile strains along the longitudinal direction of the CA where the jugular vein is parallel
and close to the CA (indicated by the black arrow). The effect of the presence of the vein can
even be better appreciated from the transverse cross-sectional images on the right. Also for
the CA of subject 1 and for subject 2 and 3, the jugular vein (denoted by the black arrow) led
to a local increase in tensile and compressive strains. Subject 2 also shows an echolucent
area at the right side of the CCA yielding low compressive strains and intermediate tensile
strains. For all subjects, deviating B-mode speckle was observed at 4 and 8 o’clock of the
vessel wall indicated by the ellipsoids.
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Figure 6.9 Multi-slice representation of the principal 3D strain at maximum pulse pressure.
Column 1 shows the tensile principal component and column 2 the compressive principal
component. The 3rd column presents B-modes of a transversal slice with an overlay of the tensile
and compressive principal strain values (color-coded). The unscaled eigenvectors corresponding
to the principal strain components are also visualized. Below these 2D images, the magnitude
distribution is presented for both the tensile and compressive principal strain components for the
complete vessel wall.
The intermediate strain (in between the compressive and tensile) eigenvalues and
corresponding eigenvectors are depicted in Figure 6.10 page 152 for all CAs in the first row.
The median intermediate strain values listed in Table 6.3 page 149 and the histograms in the
second row of Figure 6.10 page 152, confirm low values for this 3rd principal component
which distribution is symmetrically balanced between compressive and tensile strain values.
The eigenvectors of the intermediate principal eigenvalues show a dominant longitudinal
direction (see Figure 6.10 page 152) which is corroborated by the histograms in the 3rd
and 4th row that depicts a centered distribution (elevation and azimuth concentrated at 0°)
towards longitudinal alignment (azimuth ~ 0°, elevation ~ 0°).

6
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Figure 6.10 Intermediate 3D principal strain distributions (in between the maximum and minimum
principal strain distributions depicted in Figure 6.9) for all carotid arteries. The eigenvectors were
not scaled with the eigenvalue, but all scaled to a length of 1 mm, to enhance visibility. The second
row depicts a histogram of the strain values over the entire volume indicating a small symmetric
distribution of tensile and compressive strain values centered on zero. The lower two rows indicate
the angle of the eigenvectors in the azimuth and elevational direction showing a concentrated
distribution indicating a dominant alignment with the longitudinal direction (0°, 0°).
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6.5 Discussion
This chapter presents a device that enables noninvasive volumetric ultrasound-based
3D strain tensor estimation in the carotid artery and presents to our knowledge the first
volumetric 3D carotid strain results acquired in vivo.

6.5.1 Challenges overcome and limitations of our 3D device
Our previous work demonstrated strain tensor imaging in a carotid artery bifurcation
phantom using a similar acquisition method [264]. However, this was in a controlled
(pressure-flow) setup which mimicked the in vivo situation as close as possible. Translation
of the technique towards in vivo came with multiple challenges. First, it proved difficult
to maintain acoustical contact between the curved skin surface and the transducer while
simultaneously allowing the pulsatile deformation of the skin surface and the elevational
movement of the transducer. The curved PVA-based gel pad showed sufficient balance
between strength and flexibility to ensure acoustical contact at minimum mechanical
interference. Second, diaphragm and chest movement due to respiration yield a modulated
3D motion to the complete CA bifurcation. To correct for that, prior to stacking 2D
acquisitions into a 3D volume, an in-plane breathing motion correction was developed.
The necessity of the breathing motion correction becomes clear if we consider the
maximum inter-frame displacement range found in the lateral direction, which was 705
µm. Given that the thickness of the vessel wall for a healthy volunteer is only 1 mm, major
misalignment would occur between slices, inevitable leading to displacement and strain
errors. Despite the breathing correction, other motion artifacts can of course still lead to
severe misalignment, for instance during a swallow reflex (see arrow Figure 6.6 page 145
(a)) which should be avoided during the acquisition. The breathing correction also only
compensates for transverse movements, whereas the longitudinal motion of the CA vessel
wall (intima-media complex) is present [268] and even increases in complexity with age
[269] and plaque development [270]. However, these studies report this motion to be
cyclically reproducible and therefore, given the ECG-synchronization, this seems to pose no
threat to the stacking protocol of the 2D images into a 3D volume. Longitudinal motion of
the vessel wall due to breathing motion might add a low-frequency component to this cyclic
longitudinal motion pattern and could therefore possibly result in slice misalignments. This
breathing-induced longitudinal motion can, however, be restricted by asking the volunteers
to breathe abdominally.
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A practical challenge faced with the device was setting the field of view such that the full
CA and the bifurcation were within the field of view for the complete elevational scanning
length of 35 mm. Because the anatomy is harder to determine from the low contrast plane
wave images, we first identified the CCA, bifurcation, ECA, and ICA using a conventional
ultrasound machine, made annotations on the skin of the subject, and determined the
most ideal positioning for our device. Anatomical variations and the correct head-neck
rotation were of paramount influences in positioning and aligning the 3D scanner according
to the annotated center and direction of the carotid artery while simultaneously ensuring
the fixation and location of the gel pad. The relatively small pitch of 135 µm of the L11-3
transducer compared to most commercial vascular linear transducers limits the generation
of grating lobes [271]. However, it also limits the field-of-view. For the maximum number
of 128 simultaneously activated elements, the transmitted plane wave was 17.3 mm wide.
Furthermore, to enable displacement compounding, only the overlapping area of the two
steered and the un-steered beams were used which limits the field of view further.

6.5.2 In vivo displacements
With respect to the obtained in vivo results, we will first discuss the displacement results and
subsequently the strain results. Figure 6.7 page 147 shows the principal displacement vector
of the vessel wall for all CAs clearly indicating a dominant movement in the transverse plane
(see also the elevation angle histogram which is strongly concentrated at zero degrees).
The pulsatile force of blood results not only in dilatation of the vessel but also generates a
global offset (i.e. small relocation of the vessel wall in the surrounding tissue relative to the
transducer), hence the circle asymmetry of the displacement vectors corroborated by the
skewed azimuth angle histograms. The stiffness of the connective tissues and structures
around the CA might also be an explanation for asymmetric expansion: high displacement
regions seem to correlate with the location of the jugular vein which is adjacent to the CA
indicating that the vein might behave as a fluid damper rather than resistive surrounding
tissue.
A recent study on the longitudinal motion of the CCA shows that a maximum longitudinal
displacement of 600 µm can occur during the systolic phase [269]. In our subjects,
longitudinal displacements of < 25 µm were measured and no longitudinal displacement
gradient was observed between the intima-media and the adventitial layer. Although no
ground truth was available, it is reasonable to expect a more prominent cyclic longitudinal
motion earlier reported in the literature [165, 256, 272]. Although our multi-plane approach
showed the ability to resolve global elevational displacements in simulations [262], in
vivo the estimation of elevational motion might be hampered by the presence of more

154

Chapter 6

ultrasound artifacts which deteriorate the ultrasound signal quality, and secondly the high
data redundancy between adjacent transverse US acquisitions might compromise the
sensitivity to detect local instead of global elevational displacement differences. A global
offset will benefit from a large-sized regularization median kernel filter size, while in the
case of detecting local differences, large kernels likely suppress the outcome. Third, the
influence of non-cyclic motion (for instance from breathing), could potentially disrupt
correct elevational stacking, causing decorrelation from one pressure step to the next and
consequently resulting in erroneous elevational displacement estimations.

6.5.3 In vivo strains
The circumferential strain measured in the common carotid artery using the accumulative
length of the segments between the nodes placed along the inner- middle- and outer vessel
wall yielded in-plane circumferential strains that were in the range of strains reported in the
literature [266, 269, 273, 274]. Assuming the CA closely resembles an isotropic homogeneous
cylindrical structure, the strains measured at the inside should exceed the strains measured
at the outside (with an increased radius), which is the case for all subjects and corroborates
reliable global displacement and strain estimations similarly as reported before [83]. The
accumulated longitudinal segment length shows overall tensile strain due to the dilation of
the nodes primarily in the transverse plane which implicates local bending. This does not
necessarily mean an increase of the CA length in the longitudinal direction since differences of
adjacent node displacements solely in the transverse plane results in a segment length change.
The 3D strain tensor maps (Figure 6.9 page 150) reveal a heterogeneous tensile
(circumferential) and compressive (radial) strain distribution within the vessel wall. The large
heterogeneous strain distribution observed between 0% and 25% for the tensile strains,
deviates from the previous circumferential strain values estimated using node segments.
Although, local strain might differ along the vessel wall [257, 275] due to heterogeneous
wall tissues and the mechanical influence of the surrounding tissue [276], (i.e. adjacent vein
structures) some excessive strain regions could be correlated with pour defined ultrasound
data as indicated by the ellipsoids in Figure 6.9 page 150. For the latter, the need for a strain
estimation “trust” metric [277, 278] seems obvious to eliminate the regions for which strains
are not reliable but compromises the overall assessment of the strain distribution. The
present method already uses the cross-correlation value as a quality metric for displacement
estimations and applies a linear interpolation scheme to fill in the eliminated displacement
values based on its surrounding. Nevertheless, further research will have to prove if the
current methodology is optimal for handling the low-quality displacement estimates.
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Regarding the direction of the strain tensor, the tensile strain component was mainly directed
in the radial direction, the compressive strain was mainly directed in the circumferential
direction, and the residual strain tensor component overall illustrated a dominant
longitudinal alignment with near zero strain values (i.e. plane strain). These directions are
as expected because dilation of a thin-walled cylinder will impose tensile strains in the
circumferential direction and compressive strain in the radial direction. Unexpectedly, the
absolute median tensile strain values exceeded the absolute compressive strain for each
subject. Especially since the residual strain component is nearly zero (see Figure 6.10 page
151) and biological tissue is considered to be incompressible, the tensile strain values should
be equal but reversed to the compressive strains values. The thin vessel wall due to the
absence of intimal-medial thickening in this asymptomatic group of subjects with respect
to the displacement grid resolution might interfere with the median filter regularization
yielding overall lower strain values in this direction.

6.5.4 Results for the volunteer with the asymptomatic plaque
One volunteer was included (subject 4) who was diagnosed with an asymptomatic
plaque in the bifurcation. Overall strains were low in the arterial wall of this subject which
suggests arterial stiffening. The plaque strain values did not clearly differ from those of the
surrounding wall tissue, which suggests the plaque might be composed of mainly fibrous
tissue. Unfortunately, it was not possible to have both the ICA and ECA in the field-of-view
for this subject.

6.5.5 Future steps
As aforementioned, this study is a first attempt to make 3D strain imaging feasible in vivo.
To evolve this technique even further, several improvements can be made. First, enlarging
the field of view by acquiring plane wave acquisitions for multiple aperture positions per
compounding angle. Second, improvement of the real-time ultrasound presentation to aid
in the alignment process of the transducer relative to the CA bifurcated region. Third, the
development of a strain estimation quality metric to detect erroneous strain estimations.
In the case of small volumes, they can be substituted by more reliable values derived
from neighboring displacement and strain voxels. In case of large volumes, they should be
omitted since they likely become insensitive for resolving local strain differences. Finally, to
overcome longitudinal motion artifacts ideally, we would like to replace the multi-slice 2D
acquisition sequence by a full 3D ultrasound acquisition sequence using 2D matrix probes
with sufficient specification (i.e. size of the footprint, resolution and center frequency and
bandwidth). Unfortunately, such high-resolution matrix probes are still under development.
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6.6 Conclusion
This study presents a multi-slice based ultrasound method for volumetric 3D strain tensor
imaging of the CA bifurcation in vivo. Preliminary data were acquired of 3 healthy and
1 asymptomatic subject using a multi-slice based ultrasound device. Raw US data were
post-processed into 3D principal compressive, tensile and intermediate strain components
that were, as expected, mainly directed in the radial, the circumferential and longitudinal
direction, respectively. Circumferential strains based on the circumferential inner, middle
and outer delineations of the common carotid artery segment yielded average strains in line
with previously published values. The full volumetric strains of the complete CA bifurcation
revealed a complex heterogeneous distribution. Further studies are needed to evaluate how
this volumetric deformation information might aid in plaque classification and clinical risk
stratification.
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7.1 Research objective
Atherosclerosis is the primary cause of ischemic heart failure and stroke in westernized
societies. A substantial part of all strokes is caused by plaque rupture in the carotid artery
which could trigger an atherothrombotic reaction leading to stroke. Current clinical
diagnostics and treatments are solely based on cardiovascular risk factors in combination
with geometrical parameters derived from the carotid artery vessel wall and stenosis. Severe
stenosis that occludes the lumen for more than 70%, will be surgically removed by a socalled endarterectomy procedure. However, based on previous studies this surgical procedure
seems necessary for only 1 out of 6 patients implying a serious overtreatment.
The majority of plaques that rupture are typically clinically silent and contain a pool of soft
lipid-rich necrotic material covered by a thin fibrous cap. This cap is often inflamed by
macrophages that destabilize the plaque further. Plaques with a low chance of rupture mainly
contain stiff fibrous material. Because the biomechanical properties of these plaques differ,
knowledge of these biomechanical properties is expected to enable risk stratification.
Information related to the biomechanical properties of the atherosclerotic wall can be
obtained by determining the arterial strain in response to the intraluminal pressure changes
generated by the pulsating blood flow. These strains can be estimated using ultrasoundbased strain imaging techniques. Intravascular studies have demonstrated that plaques with
a rupture-prone composition typically reveal higher strains than stable plaques. Moreover,
the highest strains were reported at the shoulders of the vulnerable plaque. These shoulders
are the typical sites of plaque rupture. Noninvasive 2D ultrasound strain imaging studies have
also shown that a correlation exists between estimated strain and the presence of features
of plaque vulnerability. However, no clinically applicable 3D technique for strain estimation
existed yet. Insight in 3D plaque deformation, geometry, and location in the carotid artery
is of paramount importance for a complete and accurate assessment of the severity of
atherosclerosis. Extending carotid ultrasound strain imaging towards a full volumetric 3D
technique was the aim of this thesis.
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7.2 Summary
Mechanical characterization of the carotid arteries and atherosclerotic plaques has been
performed with multiple techniques using different imaging modalities. Chapter 2 reviews
current clinically applicable methods used for atherosclerosis and plaque imaging and
discusses alternative techniques capable of quantifying the geometry, composition, and
mechanical properties which may contain information of plaque vulnerability.
Current quantitative measurement of the intima-media thickness and distensibility using
conventional echography does not provide parameters which are easily translated to
individual patient risk. Pulse wave velocity assessment, on the other hand, has proven to
be a marker for global arterial stiffness but its clinical relevance for the individual patient is
still under investigation. Ultrasound elastography can be applied intravascularly as well as
noninvasively. Both these elastographic applications have established a proven correlation
between strain in the plaque and its composition. This also holds for acoustic radiation
force impulse imaging. Prospective studies still have to confirm the predictive value of these
techniques for the individual patient. Instead of indirectly measuring the elastic properties of
tissues, as these techniques do, ultrasound shear wave imaging has shown to enable a direct
quantitative measure of the tissue modulus in various tissues. However, the applicability on
the carotid artery and its clinical feasibility and safety for use in the presence of vulnerable
plaques still have to be investigated. Other modalities like magnetic resonance imaging and
computed tomography scanning, despite the limited spatial and temporal resolution with
respect to ultrasound, provide geometrical information about the vascular tree and the degree
of stenosis although their capacities for soft plaque characterization remain limited.
Chapter 3 focuses on ultrasound elastography and more specifically on the extension of 2D
strain imaging towards 3D strain imaging. This study was performed in silico to determine
the strain estimation accuracy and the effect of out of plane motion between the 2D and
3D method. Hereto, ultrasound data were simulated of a patient-specific 3D atherosclerotic
finite element model of the carotid artery bifurcation embedded in surrounding tissue. Global
longitudinal cyclic motion as reported in the literature was added to the dynamic behavior of the
model to mimic the 3D motion of the artery. 2D ultrasound data were simulated for a clinically
used linear array transducer which moved in discrete steps along the elevational direction
aligned with the longitudinal direction of the carotid artery while recording data for transverse
cross-sections. The data for the multiple cross-sections were stacked in a parallel fashion to
create a 3D volume and is referred to as multi-plane or multi-slice ultrasound data. This is also
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the approach we followed throughout the other thesis chapters. For each transverse plane,
data were obtained using a nonconventional acquisition sequence consisting of a packaged
ultrafast transmission of steered plane waves at three angles which was repeated every 20 ms.
From the data acquired at each separate angle, angular axial displacements were estimated
by cross-correlation of 2D or 3D windows of ultrasound data. Triangularization of the angular
axial displacements provided accurate estimates of the full in-plane displacement vector. The
raw element data obtained after each plane wave transmit were beamformed on a custom
developed grid with an optimized spacing that ensured the displacement estimates of the
various angles coincided at regularly spaced coordinates allowing an efficient triangularization
without the need for interpolation. 2D and 3D displacement estimates were finally converted
to radial and circumferential strain images. The root mean squared error of both methods
were compared and showed that more accurate strains were obtained using the 3D method
for the complete cardiac cycle. In particular in the case of large longitudinal vessel wall motion,
which occurs predominantly in the diastolic phase, the strain obtained with the 2D method
showed less accurate strain values.
In chapter 4 an experimental setup of the carotid artery bifurcation was developed with
realistic pulsating flow, pressure and vessel wall strain values. The setup consisted of a
pulsatile closed circuit containing a phantom, based on the finite element model of the
carotid artery and surrounding tissue as used in the previous chapter. The phantom was made
of a tissue-mimicking compound of polyvinyl alcohol and scattering particles, a pump, and
blood-mimicking fluid. This in vitro setup was used for a qualitative performance comparison
between a conventional and a high-frequency linear array transducer in terms of strain and
blood velocity vector estimations. Two additional experimental setups were created to also
quantitatively assess the performance of the two probes for strain and blood velocity vector
estimation. A straight homogeneous circular vessel wall phantom was pressurized to generate
a known deformation that could serve as a reference to quantify the strain performance. The
blood velocity estimation accuracy and precision were quantified using a straight tube setup
that ensured a fully developed laminar flow with known circular symmetric flow profiles.
This method showed the ability to resolve complex strain and flow patterns throughout the
complete cardiac cycle which was corroborated by the validation experiments. The highfrequency measurements were able to resolve high strain and flow definition especially
near the vessel wall-lumen border inherent to its higher resolution. However, this benefit is
counteracted by the penetration depth that is limited to 2 cm. Besides this tradeoff, a common
advantage of presenting strain and flow simultaneously might be an improved classification of
the degree of stenosis and the development stage of atherosclerosis.
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Due to the relatively small aperture of the high-frequency transducer, steering of the ultrasound
beam would result in an insufficient field of view defined by the overlapping area of both
steered beams. Therefore, validation of the multi-slice acquisition protocol using multiple
steered ultrasound beams for displacement compounding, (as explained in chapter 3, 5, and
6) was performed with a conventional linear array transducer. Chapter 5 describes a method
to assess the performance of 3D strain imaging with a single transducer with and without
the displacement compounding technique. The same in vitro setup was used as described in
chapter 4. In order to compare both methods, reference strain values were obtained using
a second transducer placed orthogonally with respect to the first transducer. In this way,
the lateral direction of the first probe aligns with the axial direction of the second probe.
Transversal acquisitions were temporally aligned using a trigger signal generated at the end
of the diastolic phase to form a stacked 3D volume. 3D displacement estimates were postprocessed into maximum and minimum principal strain components representing tensile and
compressive strains, respectively. This study showed that displacement compounding yields
more accurate principal strain estimates than could be obtained from zero degree acquisitions
alone.
In Chapter 6, this multi-slice ultrafast beam steered acquisition strategy was transferred
towards human subjects. Hereto several new challenges had to be addressed. The
temporal and spatial alignment of the ultrasound transverse acquisitions was relatively
straightforward in the in vitro setup environment in comparison to the in vivo situation. For
temporal alignment, the trigger was generated using the electrical activity of the heart which
strongly correlated with the blood pressure pulse and therefore the onset of the vessel wall
deformation. The additional breathing motion of the chest will affect the relative position
of the carotid artery to the transducer and hamper the spatial alignment. Therefore a rigid
registration based method was proposed to correct for misalignments. 3D ultrasound data
of carotid artery bifurcations were acquired in 3 normal volunteers and in one asymptomatic
volunteer with the same linear array transducer (L11-3) that was used also for the simulation
study described in chapter 3. This transducer is capable of steering ultrasound beams while
ensuring low grating lobe interference. The 3D ultrasound data were post-processed towards
averaged circumferential strain and principal strain components using 3D cross-correlation
based compound displacement estimation. Despite the absence of a ground truth for this
study, the average circumferential strain values found were in range with values reported in
the literature. The non-averaged 3D tensile and compressive strain values showed a more
heterogeneous distribution which was likely influenced by the variability in the quality of
the underlying ultrasound data and artifacts inherent to in vivo measurements of the carotid
artery and its surrounding tissues.
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In conclusion, this study, which is the first to present 3D elastography of the carotid arteries
in vivo, has yielded vital insights which might aid in the prevention of ischemic stroke and
eventually in unnecessary medical treatments in the future. Despite the new challenges
exposed by this study, all the validation steps described in previous chapters together with the
novel ECG gated 3D ultrasound device are encouraging enough to merit further investigation.

7.3 General discussion
7.3.1 3D displacement estimation
The rationale for extending 2D elastography towards volumetric functional imaging is twofold.
Firstly, the carotid artery has a 3D geometry which deforms in 3D. By obtaining and presenting
geometrical and functional information in 3D space, as has already been done for other
imaging modalities, like MRI and CT, a clinician can get a more complete view of the pathology.
Although a 3D rendered volume might be more difficult to comprehend at once, in case of
the carotid artery with a severe plaque formation in the bifurcation, the assessment of the 3D
plaque shape and distribution will likely yield a more robust classification of the pathological
status.
The second reason why we would like to extend towards 3D is based on the dimensionality
needed for the derivation of the functional parameter itself. In case of evaluating the
continuum mechanics of the carotid vessel wall in terms of displacement and strain, both can
be derived along one, two or three dimensions of which the latter is needed to characterize
the full 3D strain tensor.
The forces acting on the carotid artery as a result of the blood propelled through the lumen
act in all three dimensions resulting in cyclic vessel dilation, deformation, and translation. In
the transversal plane of the vessel wall, dilation is the most dominant observed deformation
combined with out-of-plane motion due to longitudinal cyclic motion [153, 165]. This outof-plane motion causes speckle decorrelation which decreases the in-plane displacement
estimation accuracy of 2D block-matching algorithms commonly used for strain imaging. To
overcome this, a multi-slice acquisition method followed by 3D-block matching was proposed
to account for this (longitudinally directed) out-of-plane motion. A simulation study (chapter
3) showed that displacements in all three dimensions could be resolved perfectly even in
phases of the cardiac cycle in which major decorrelation occurred for the 2D technique. Thus,
overall this 3D method improved the displacement estimations in the transversal plane. Since
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the longitudinal cyclic motion was not natively embedded into this model but superimposed
as a fixed rigid translation to the model afterwards, it could differ substantially from the in
vivo situation. The main limitation was that it did not account for intramural displacement
differences between the intima-media and the adventitial layer of the carotid artery which
introduces shear strains in vivo [166, 279]. The shear strain has also been shown to correlate
with the vascular pathophysiology and has been associated with arterial stiffness and the
presence of cardiovascular risk factors [228, 256, 280]. Furthermore, even in the case of
pure radial expansion, local longitudinal motion can occur when the image plane and the
transversal plane in which the vessel dilates are not perfectly aligned. Good alignment might
be obtained for the common carotid part, but for the complex geometry of the bifurcation,
this will be difficult to achieve and verify.
In the in vitro setup, we did not include realistic longitudinal motion. Incorporating
plausible longitudinal vessel dynamics in an in vitro setup (chapter 5), demands a complete
understanding of the driving mechanisms. The longitudinal wall dynamics are dependent on
the embedding in and the properties of the heterogeneous tissue surrounding the artery,
the interlayer friction characteristics, the fluid-structure interaction, pre-stretch of the vessel
wall, and ironically, the extent of the development of atherosclerosis. Because a realistic
longitudinal strain was not imposed, we only investigated if accumulated elevational strains
returned to zero after one cardiac cycle. An increased longitudinal strain was observed for
the complete cardiac cycle. For future studies, we advise to perform also measurements in
the perpendicular longitudinal plane, which can serve as a reference for the local longitudinal
strain distribution (see example in chapter 4). Regarding longitudinal motion in vivo, large
inter-subject variations have been reported in amplitude and phase characteristics during
the cardiac cycle [281]. In chapter 3 the complete cardiac cycle was used to calculate the
strain dynamics. The deformation dynamics from a relaxed state (end diastole) towards
fully pressurized state (maximum pressure in the systolic phase) is sufficient to calculate the
maximum strain contrast. After the ultrasound has been acquired for the systolic phase, the
probe movement was done in the diastolic phase. For this reason, acquisition time could be
optimized and post-processing was reduced since only data acquired in the systolic phase
needed to be processed. In general, longitudinal displacements in the systolic phase show
a smaller range relative to the longitudinal displacement range occurring in the diastolic
phase [8]. However, the longitudinal displacement measured in vivo (chapter 6), was very
small. The average longitudinal strain estimated in the vessel wall using the displacement of
the segmentation nodes showed strains up to 2%. The average principal intermediate strain
primarily directed in the longitudinal direction showed even less longitudinal strain. Previous
studies reported peak longitudinal strain measured in vivo up to ~5 % for healthy subjects
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and significantly less for diseased subjects [282]. Possible explanations for the higher in vivo
longitudinal strains reported in the literature, compared to the strain results in this thesis can
be: pre-stretch or fixation of the carotid artery due to the specific neck flexing needed for the
multi-slice ultrasound acquisitions which might have limited the longitudinal strains occurring
in the artery [283].
Possible limitations regarding the accuracy of longitudinal displacement and strain estimations
originate from the multi-slice acquisition method. The resolution in the elevational direction is
primarily determined by the elevational beam width. With the relatively small elevational stepsize of 100 microns, there was a large beam overlap in elevational direction for acquisitions at
adjacent positions. The maximum expected inter-frame longitudinal displacement, however,
was also less than the step-size and therefore an accurate estimation relied fully on the subplane displacement estimation performance in the elevational direction. Efforts were made
to improve the sub-plane displacement estimation accuracy by applying an autocorrelationbased correction and using a 3D interpolation method incorporating the axial and lateral
directions as well. Another source of error might be caused by the stacking process that
is now needed to compose the 3D volume. We now, for instance, assume the longitudinal
motion to be cyclically reproducible for every cardiac cycle. In general, this is true, however
further research is needed to determine the impact of small deviations in the cardiac cycle
on the performance of our motion estimation. For breathing motion, this is probably even
more important to investigate. In the final chapter, we neglected this motion in elevational
direction, whereas we did perform an in-plane correction for such motion based on the
global registration of spatially adjacent ultrasound acquisitions. The presence of non-cyclic
elevational motion can cause a shuffled and thus incorrect stacking of ultrasound acquisition
slices which will affect the elevational displacement estimation accuracy.
Future steps regarding the acquisition and estimation of 3D displacement and strain could
be the improvement of the spatial resolution in elevational direction by deconvolution
techniques [284, 285] which favors the elevational displacement accuracy. Preventing
incorrect 3D stacking of 2D ultrasound acquisition planes might be done by respiratory gated
measurements. With the current device and acquisition protocol, it will take multiple breathholds to acquire the full volume of the carotid artery bifurcation. Of course, it would be most
optimal if the full 3D acquisition could be performed within a single breath hold. In the future,
this might be possible with the use of a 2D matrix transducer, provided that it has a sufficient
footprint, center frequency, and spatial resolution. Ultrafast ultrasound imaging modes such
as quantitative 3D shear wave elastography [286] and volumetric quantitative blood flow
imaging [189, 287] have already shown to be feasible using currently existing 2D matrix array
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transducers. With the experimental ultrasound system SARUS [288], Jensen and co-workers
were the first capable of simultaneous acquisition of individual channel data up to 1024
channels driving a 32 x 32 matrix array. Currently, multiple commercially available Verasonics
Vantage 256 ultrasound research systems can be connected and synchronized enabling fully
parallel acquisition of up to 2048 channels. Efforts are also made to address 2D matrix probes
in a more efficient way to reduce the complexity of multichannel electronics. An N x N Row
Column Array (RCA) based matrix can be addressed using only N + N number of channels
[289, 290]. This technique allowed a 128 x 128 elements RCA probe to be addressed with 256
channels which could not be achieved with a fully-wired transducer yet [290]. To overcome the
challenge of wiring, Capacitive Micromachined Ultrasonic Transducers (CMUT) [291, 292] are
very promising, since they allow for direct integration of electronic circuits with the transducer
elements in the head of the probe which creates opportunities to individually address these
vast number of elements. CMUT transducers are Micro-ElectroMechanical devices (MEMS)
fabricated using silicon micromachining techniques available for medical ultrasonography
[293]. This results in transducers with a large bandwidth, adjustable frequency range, and
increased sensitivity. CMUTs also offer the advantage of batch processing transducer arrays
which dramatically reduced the production costs. Using fully wired matrix transducers also
allows for beam steering in 3D. The displacement compounding technique used in this
thesis was limited to the transversal plane only. This might be extended into the longitudinal
direction of the vessel wall in the near future.

73.2 In silico, in vitro and in vivo studies
Prior to 3D strain estimation in vivo, simulations and phantoms were developed to validate
and investigate the performance of the proposed method. Simulations allow for insight
and validation of fundamental concepts by providing an exact reference but often provide
an idealized view of reality that lacks a complete and realistic representation of all real-life
phenomena present. Phantom measurements are a logical step to take which inherently
incorporate more real-life factors such as ultrasound artifacts and measurement noise.
Various phantoms specifically developed to validate ultrasound strain imaging techniques
have been described before. Most phantoms are made of tissue mimicking materials like PVA
[203] or gelatin in combination with agar-agarose [294]. Initially, relatively simple phantoms
consisting of tubes with a single-walled circular geometry or with two concentric layers
were developed [95] that mimicked fatty plaque by combining two layers with different
elasticity [72, 240]. Later, efforts were made also to simulate a more realistic surrounding
in which pure water was replaced with tissue mimicking material [295] and vessel wall
phantoms resembling a realistic geometry of the bifurcated region were developed [241].
To push it even more towards a realistic in vivo condition, the phantom designed in this
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thesis was based on a real segmented geometry of an in vivo carotid artery and embedded
in surrounding tissue.
However, as in simulations, the phantom we designed is a representation of reality at
best practice regarding vessel wall deformation and flow dynamics. Aspects like tissue
heterogeneity, the presence of calcifications which (partially) block ultrasound, the intramural
displacement between the intima-media complex and the adventitia, and the anisotropic
mechanical behavior of the tissue due to specific fiber orientations are all factors which were
not included and limit the match between phantoms and in vivo conditions. In the future,
some of these factors might be incorporated in phantoms. For instance, to realize a plaque
composed of regions with different stiffness characteristics, PVA gel with different elastic
properties can be injected into predefined cavities representing the plaque volume before
PVA solidification [119]. Furthermore, calcification might be simulated by injecting an epoxy
mixed with a high concentration of scattering particles resulting in high stiffness, specular
reflections, and shadowing.
The pulsating blood flow of viscous blood applies shear stress on the vessel wall lumen boundary
(i.e., intima). This stress causes the longitudinal displacement of the intima-media complex
which results in a shear strain in the adventitia and might stimulate neovascularization of the
vasa vasorum causing increased plaque progression [296]. However, modeling physiologically
relevant longitudinal motion of the intima-media complex will remain challenging in a patientspecific geometry of the bifurcation. The phantom designed in this thesis consists of a single
vessel wall representing the intima-media layer embedded in a surrounding body. Applying a
third layer (adventitia) in between the intima-media and surrounding tissue [166] with specific
elastic modulus opens up the possibility to survey intramural strains in vitro.
In general, simulations provide a ground truth or reference to which the method can be
evaluated and quantitatively assessed. This also holds for phantoms as long as they have a
logical, comprehensive geometry and their mechanical properties are known. For the phantom
studies presented in this thesis, a ground truth was absent and performance evaluation was
done in qualitative and quantitative manner. The comparison between the high-frequency
and conventional ultrasound strain and flow estimations in chapter 4 was performed ensuring
equal scan positions of the ultrasound probes relative to the phantom using a custom-made
probe fixation and translation stage. In chapter 5 both probes were positioned orthogonally.
In this way, each probe could serve as a reference for the other.
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For future phantoms based on a patient-specific geometry, matching of a biomechanical
model including fluid-structure interaction [297] might be a solution for obtaining a reference
to which the in vitro acquired results can be evaluated. This approach has already been applied
to excised arteries. These arteries are used to investigate plaque or vessel wall elasticity that
combine finite element analyses with histology-derived composition and inverse modeling
strategies [298, 299]. Another application is the validation of vascular elastography methods
used for mechanical characterization of healthy [300] and diseased arteries [301]. Investigation
of excised carotid artery segments ex-vivo might cover issues related to tissue heterogeneity
and elasticity mapping. However, it also introduces new challenges like the choice of
representative boundary conditions, image registration methods and proper embedding in
surrounding tissue likely influencing mechanical behavior.

7.3.3 Towards improved stroke risk stratification
High blood pressure, age, smoking, and diabetes, are major risk factors for developing CVD.
The combination of all these systemic factors is used to assess the absolute risk for CVD
including stroke. For this, a variety of risk calculators [302] (i.e. Framingham multivariable
risk prediction tool [303], or the European cardiovascular disease risk assessment model
SCORE [304]) can be consulted. However, these risk prediction models tend to either overor underestimate the risk since they are based on specific populations. More than 40% of
all CVD-related events are not predicted by these models [305]. Current diagnosis and risk
assessment is predominantly based on a systemic risk factors and simple geometric measure
like stenosis grading. Because of the lack of an accurate predictive parameter for stroke risk, as
aforementioned in the rationale section, substantial overtreatment in stroke patients remains,
since 6 endarterectomy procedures are required to prevent one stroke [38]. It is clear that
current geometrical parameters like the IMT and the degree of stenosis are inadequate in
providing a personalized risk assessment. Therefore, additional predictive measures are
sought for. Measurement of changes in plaque texture and progression of 3D plaque volume
has already shown to enable a significantly better prediction of vascular events than that
based on IMT and/or stenosis grade [306]. However, until now plaque volume has been
determined using multi-slice based 3D ultrasound while manually moving the transducer
along the neck or using a translation device [45] without cardiac gating. With our ECGgated approach (chapter 6), temporal alignment of the slices is created which yields a more
accurate representation of the carotid artery geometry and morphology and thus also can
yield a more accurate volume measurement. In our study, we used B-mode images based on
single angle plane wave acquisitions as an initial step for visualization of the carotid artery.
To increase image contrast and resolution, conventional focused or coherent plane wave
compounding might be implemented yielding a high definition image of the carotid artery.
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Additional implementation of automated 3D segmentation of the carotid plaque [307], will
be highly beneficial to support longitudinal studies in which progression and regression can
be monitored. Assessment of the plaque burden over time in a standardized manner might
provide predictive information for better stroke risk stratification.
2D strain imaging has already shown to be capable of differentiating between plaques with
main features of stability from plaques with main features of vulnerability by linking low and
high deformation regions to plaque composition as validated with histology [43,187]. Another
promising functional parameter that might be related to atherosclerosis development and
progression can be derived from blood vector velocity imaging (chapter 4). It has been shown
that plaques most likely develop at low wall shear stress locations. For instance, low wall shear
stresses occur in the bifurcation region where the flow is divided from the common carotid
artery into the internal and external carotid arteries. Areas of low shear stresses can be derived
from blood velocity estimates near the vessel wall and their location frequently coincides with
that of sites where plaques develop. In case of vortices, the vortices’ morphology, location, and
dynamics might also be valuable in providing insight into the site preference and likelihood of
atherosclerotic plaque initiation.
Currently, magnetic resonance imaging is capable of tissue characterization but lacks
sufficient temporal and spatial resolution. 3D imaging of the arterial tree using computed
tomography enables the identification of calcified spots. Unfortunately, both modalities have
trouble dealing with the dynamic behavior of the carotid artery and lack temporal resolution
to adequately measure the biomechanical deformation and the interaction with the blood
flow. The ultrafast US techniques presented in this thesis do provide high enough temporal
and spatial resolution to measure tissue deformation and blood velocity vector information
simultaneously in 2D (see chapter 4) and 3D deformation for the first time in vivo (see chapter
6). Thus, with the developed techniques, new tools for clinical research have become available
which might lead to a reliable measure of plaque vulnerability and the extraction of possible
risk assessment parameters.
Chapter 6 presents volumetric strain information originating predominantly from healthy
carotid arteries. This study was designed to test the feasibility of the measurement device, the
gated ultrasound acquisition protocol, and post-processing of the volumetric data to derive
3D principal strains. To advance this technique towards a technique capable of stroke risk
classification, a few recommendations can be made. First, a quality metric should be defined
indicating whether the estimated strain values are reliable. For this, an approach already
proposed for blood vector velocity estimation might be highly useful [191]. In this approach,
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the quality of the separate angular displacement estimates is assessed and subsequently
combines the values only if their quality exceeds a certain threshold. So, instead of using all
displacement acquisitions (in our case, 0°, -α°, α°) for a single strain estimate at some position
in the carotid artery vessel wall, a selection based on the underlying quality of the ultrasound
data should select the best possible combination or reject the strain value. Since refraction
and shadowing artifacts are common when imaging circular vessel wall in a transverse view,
this approach has great potential for improving the strain estimate reliability.
Second, the extraction of predictive quantitative parameters based on the volumetric strain
distributions needs to be performed. For 2D strain, multiple parameters have already been
proposed in literature like the Xth-percentile and the percentual area with strains exceeding
a certain threshold [43] which could be easily translated towards 3D strain measurements.
Also, temporal parameters such as time to peak strain and strain rate that relate to the strain
development as a function of time might hold potential for improving risk stratification [308].
In order to assess each parameter’s sensitivity and specificity for detecting stroke risk, largescale studies with healthy, asymptomatic and symptomatic patients need to be conducted.
To define new predictive values for stroke prevalence, one could think of large cohort studies
in which healthy volunteers, asymptomatic [309] and symptomatic patients diagnosed
with the current medical procedure, get a volumetric deformation and flow measurement.
Subsequently, additional long-term periodic follow-up studies should be performed for
all groups. This will yield a vast amount of volumetric strain data next to systemic, biogeometrical, demographical, and lifestyle information which can be analyzed retrospectively
to determine the correlation with stroke incidence or other pathological manifestations of
atherosclerosis. Especially the 3D deformation measurements will provide insight into the
vessel wall mechanics leading towards plaque rupture and might provide predictive makers
for rupture events. This understanding will eventually lead toward better personalized risk
assessment in contrast to watchful waiting. It will also support in clinical decision making
resulting in less unnecessary procedures and improved timing of follow-ups.
Finally, the possibility of providing patient care for stroke patients on an individual level will
highly affect the costs related to stroke. As aforementioned, currently 6 surgeries are needed
to prevent one ischemic stroke caused by a thrombus formed in the carotid artery. If with our
technique the yearly average number of 3000 carotid surgeries in the Netherlands could be
decreased to 2500 surgeries costing on average € 20k, already a healthcare cost saving of 10
million euros would be achieved. If we prove that there is a strong correlation between the
3D strain and plaque vulnerability, it is very likely that the number of ineffective surgeries can
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be reduced to an even greater extent which will likely lead to broad-scale support for clinical
embedding of volumetric carotid elastography.
In general, clinical protocols and current intervention strategies are not susceptible to radical
change even if innovative alternatives are available. This is mainly due to the high level of
regulation in healthcare and medical industry. Parameters like for example, the IMT and plaque
volume increases the predictive power but are till this day only used for research. To initiate
the momentum of change in stroke risk management at the level of clinical decision making,
the added value of the new stroke risk predictor likely needs to be eminent on all levels of
health technology assessment before wide adaptation.
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Samenvatting
Atherosclerose is de voornaamste oorzaak van ischemisch hartfalen en het krijgen van
een beroerte in de westerse samenleving. Een substantieel deel van alle beroertes wordt
veroorzaakt door ruptuur van een atherosclerotische plaque in de halsslagader die een
atherotrombotische reactie (bloedprop) kan veroorzaken die tot een herseninfarct kan
leiden. De huidige klinische diagnostiek en behandelingen zijn uitsluitend gebaseerd op
cardiovasculaire risicofactoren in combinatie met geometrische parameters afgeleid van de
wand van de halsslagader en de vernauwing, oftewel stenose. In symptomatische patiënten,
zal een stenose die het lumen voor meer dan 70% afsluit operatief worden verwijderd door
een zogenaamde carotis endarterectomie-procedure. Bij deze procedure wordt de plaque
chirurgisch verwijderd met behoud van de buitenste laag van de vaatwand. Op basis van
eerdere studies lijken 6 chirurgische procedures noodzakelijk te zijn om 1 herseninfarct te
voorkomen. Hiermee is dus sprake van een overbehandeling.
Het merendeel van de plaques die scheuren gebeurt zonder dat personen klachten of
symptomen hebben. Deze plaques bevatten een kern van zacht vetrijk necrotisch materiaal
bedekt met een dunne vezelachtige kap. De aanwezigheid van macrofagen in de kap zal de
plaque verder destabiliseren. Plaques met een lage kans op een breuk bevatten voornamelijk
stijf vezelig materiaal. Omdat de biomechanische eigenschappen van deze plaques verschillen,
wordt verwacht dat inzicht in deze eigenschappen een betere risico schatting mogelijk maakt
op het krijgen van een herseninfarct.
Informatie met betrekking tot de biomechanische eigenschappen van de atherosclerotische
vaatwand kan onder andere worden verkregen door het meten van de vervorming (strain) van
de wand van een slagader door de pulserende bloedstroom. Deze vervormingen kunnen worden
gemeten middels echo opnamen van de vaatwand in verschillende vervormingstoestanden,
ook wel elastografie genoemd. Onderzoeken gebaseerd op intravasculaire echografie hebben
aangetoond dat instabiele plaques meer lokaal vervormen dan stabiele plaques. De grootste
vervorming en rek treedt op aan de randen van de kap. Dit worden ook wel de schouders
van de instabiele plaque genoemd. De hoge vervorming in de schouders van de plaque komt
overeen met de plaats waar de plaque vaak scheurt.
Niet-invasieve studies met 2D elastografie laten een verband zien tussen gebieden die veel
vervormen en typische kenmerken die horen bij een kwetsbare plaque, zoals geometrie en
samenstelling. Er was echter nog geen klinisch toepasbare 3D-techniek beschikbaar voor het
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meten van de vervorming. Inzicht in 3D-plaque vervorming, geometrie en morfologie in de
halsslagader is van het grootste belang voor een volledige en nauwkeurige beoordeling van
de ernst van atherosclerose. Het doel van dit proefschrift is dan ook de uitbreiding van de 2D
elastografie methodiek van de halsslagader naar een volumetrische 3D-techniek.
In het verleden is met behulp van meerdere technieken en beeldvormingsmodaliteiten
gekeken naar de mechanische karakterisatie van de halsslagaders en atherosclerotische
plaques. In hoofdstuk 2 worden de huidige klinisch toepasbare methoden die worden gebruikt
voor atherosclerose en plaquebeeldvorming beschreven en worden alternatieve technieken
besproken die in staat zijn om de geometrie, samenstelling en mechanische eigenschappen
te kwantificeren. Deze eigenschappen kunnen informatie over de kwetsbaarheid van plaques
bevatten.
De huidige kwantitatieve bepaling van de intima-mediadikte en distensibiliteit die met behulp
van conventionele echografie kan worden gemeten levert geen parameters op die gemakkelijk
worden vertaald naar het individuele patiëntrisico. De beoordeling van de pulsgolfsnelheid is
daarentegen een marker gebleken voor globale arteriële stijfheid, maar de klinische relevantie
ervan voor de individuele patiënt wordt nog steeds onderzocht. Ultrageluid elastografie kan
zowel intravasculair als niet-invasief worden toegepast. Beide elastografische toepassingen
hebben een verband aangetoond tussen de vervorming in de plaque en de samenstelling
ervan. Dit geldt ook voor de techniek die gebruikt maakt van krachtige akoestische impulsen
(Acoustic radiation force impulse (ARFI)) om zo de stijfheid van het weefsel te bepalen.
Daarnaast kunnen de elastische eigenschappen ook kwantitatief bepaald worden wanneer de
snelheid van de shear wave gemeten wordt. Echter moet de voorspellende waarde, klinische
haalbaarheid en veiligheid voor de individuele patiënt nog worden onderzocht. Andere
beeldvormende modaliteiten zoals MRI en CT bieden ondanks de beperkte resolutie met
betrekking tot ultrageluid, geometrische informatie over de vaten en de mate van stenose
hoewel de mogelijkheid voor zachte plaquekarakterisering beperkt blijft.
Hoofdstuk 3 gaat verder in op de elastografie techniek, met de ontwikkeling van de 2D
methodiek naar een 3D methodiek om vervormingen te meten. Deze studie betreft een
simulatiestudie om de nauwkeurigheid van de vervormingsbepaling te kunnen meten met
2D en 3D methoden en het verschil daartussen te kunnen evalueren. Een duidelijk verschil
tussen deze twee methodieken is dat weefsel beweging uit het 2D vlak, - dus loodrecht
daarop - niet gemeten kan worden met de 2D, maar juist wel met de 3D-techniek. Om
het verschil aan te tonen is een computermodel gebruikt van de interne halsslagader met
omgevingsweefsel die niet alleen pulseert maar ook beweegt langs de lengterichting van het
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vat. Van dit model zijn meerdere gesimuleerde 2D echografie beelden gemaakt waarbij de
echo transducer na elke opname 0.1 mm opschuift over de lengterichting van het vat. Op die
manier wordt een compleet 3D volume aan echodata opgebouwd van het vat, wat ook wel
multi-slice echografie genoemd wordt. Deze opnamenmethodiek zal steeds gebruikt worden
in de komende hoofdstukken van dit proefschrift. Voor elke positie van de echotransducer
langs het vat worden meerdere plane-wave echobeelden verkregen met een hoge snelheid,
ook wel ultrafast-transmissions genoemd. Dit houdt in dat er ongeveer 10.000 beelden per
seconden opgenomen kunnen worden. Daarnaast worden de plane-wave echobeelden onder
3 verschillenden hoeken geschoten. Uiteindelijk worden dus meerdere 3D echovolumes
opgenomen van het vat op verschillende tijdstippen van de hartcyclus. Opeenvolgende
3D echodata volumes worden met elkaar vergeleken middels 2D en 3D kruiscorrelatie. Op
deze manier kan de beweging van de vaatwand tijdens een complete hartslag gemeten en
gevolgd worden. De verplaatsingsschattingen afkomstig van echobeelden die onder een
hoek zijn verkregen worden met elkaar gecombineerd tot een nauwkeurigere schatting in de
laterale richting (loodrecht op de bundelrichting). Deze techniek wordt ook wel displacement
compounding genoemd. Uiteindelijk zijn de 2D- en 3D-vaatwandbewegingen gebruikt als
basis om de vervorming te kunnen bepalen in de radiële en circumferentiële richting van
het vat. De 2D en 3D methodieken zijn kwantitatief met elkaar vergeleken. Hieruit wordt
geconcludeerd dat de vervormingsbepaling van de 3D methodiek betere resultaten opleveren
dan de 2D methodiek. Deze verbetering treedt voornamelijk op in de diastolische fase van de
hartslag omdat het vat in die fase nadrukkelijk longitudinaal beweegt.
Hoofstuk 4 beschrijft de ontwikkeling van een experimentele opstelling van de halsslagader.
Voor het fantoom is het geometrische computermodel zoals beschreven in het vorige hoofdstuk
gebruikt. Dit model is gemaakt van gel met mechanische en echografische eigenschappen die
gelijk zijn aan dat van vasculair weefsel. Dit fantoom, bestaande uit de bifurcatie (opslitsing
van het vat in twee vaten) en omgevingweefsel, is aangesloten op een gesloten circuit waarin
vloeistof pulsatiel is rondgepompt. Het rondpompen van deze speciale vloeistof, die bedoeld
is om bloed te simuleren, zorgde voor een realistische nabootsing van een cardiovasculair
systeem met bijbehorende realistische vaatwand vervormingen en bloedstromingen. Met
deze opstelling is een kwalitatief vergelijk gemaakt tussen hoogfrequente echografie en
conventionele echografie. Om de gebruikte methodieken waarmee de vervorming en
bloedstromingsprofielen bepaald zijn te valideren, zijn zogenaamde rechte-buis metingen
uitgevoerd. Bij deze experimentele verificatie zijn de vervorming en bloedstromingsprofielen
bekend en kan daarmee dus een kwantitatieve beoordeling worden gemaakt.
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Uit dit experiment blijkt dat beide methodieken in staat zijn complexe bloedstromingsprofielen
en vaatwand vervorming te meten. Op de overgang van bloed en vaatwand, is de hoogfrequente
echografie in het voordeel in het meten van lagere bloedstroom snelheden die juist optreden
dichter tegen de overgang aan. Dit komt voornamelijk door de hogere spatiële resolutie
inherent aan het gebruik van hoogfrequente echografie. De conventionele echografie is in
het voordeel wanneer het gaat om het dieptebereik waarop nog een betrouwbare meeting
gedaan kan worden. Dit is voor de hoogfrequente echografie beperkt tot 2 cm. Een gezamenlijk
voordeel is de mogelijkheid tot het gelijktijdig presenteren van bloedstroming en vaatwand
vervorming, om zo een betere classificatie van de mate van vernauwing en atherosclerose te
kunnen maken.
Omdat de breedte van de hoogfrequentie transducer relatief smal is, wordt het sturen van
de echobundel lastig omdat het overlappende gebied van de bundels met de halsslagader
zeer beperkt is. Voor het toepassen van displacement compouding is daarom gekozen voor
het gebruik van de conventionele transducer om de multi-slice echo opnamen methodiek te
valideren zoals beschreven in hoofdstuk 3, 5, en 6.
In hoofdstuk 5 is het effect van de displacement compounding techniek onderzocht en op
experimentele wijze gevalideerd gebruikmakend van de opstelling beschreven in hoofdstuk
4. Aangezien echobeelden de hoogste resolutie hebben in de richting van de bundel passen
we displacement compounding toe om dit voordeel ook te kunnen gebruiken in de laterale
richting. Om het voordeel te kunnen meten van het gebruik van displacement compounding
zijn de referentie vervormingswaarden gemeten met een tweede transducer. De meting is dus
uitgevoerd met twee echotransducers die haaks ten opzichten van elkaar gemonteerd zijn
aan een translatiesysteem. Hierdoor kan de laterale vervorming van de eerste echotransducer
geverifieerd worden met de tweede transducer en andersom. Echobeelden worden achter
elkaar opgenomen per positie en gesynchroniseerd in de tijd met behulp van een triggersignaal.
Dit signaal wordt gebruikt om alle posities waarop echobeelden gemaakt zijn langs de richting
van de halsslagader te kunnen samenvoegen tot een 3D echovolume voor de systolische fase
van de hartslag, ook wel de contractiefase genoemd. Daaropvolgend wordt een segmentatie
en verplaatsing schatting gedaan van de vaatwand gedurende de gehele systolische fase. Uit
deze informatie wordt uiteindelijk de 3D maximale en minimale vervorming bepaald in de
principiële richtingen ofwel de circumferentiële en radiële richtingen. Uit dit onderzoek blijkt
dat gebruikmaken van displacement compounding een nauwkeurigere principiële vervorming
oplevert dan wanneer enkel de primaire echobundel wordt gebruikt waarbij displacement
compounding niet mogelijk is.
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In hoofdstuk 6 dient de opname strategie, zoals ontwikkeld in het vorige hoofdstuk, als
uitgangspunt voor het meten van 3D vervorming van de halsslagader bij mensen die zich
vrijwillig hebben opgegeven als proefpersoon. Hierbij komen verschillende uitdagingen
kijken. De temporele synchronisatie van de echobeelden en de spatiële uitlijning van de
echotransducer verschillen substantieel van de experimentele opstelling in hoofdstuk 5.
Voor de temporele trigger wordt het elektrocardiogram (ECG) gemeten en gebruikt als een
trigger voor de echo opnamen voor elke opeenvolgende positie. Dit is mogelijk omdat het
ECG nauw verband houdt met de drukveranderingen van het bloed en daarmee ook de
vaatwand vervorming. Ook de ademhalingsbeweging van de borstkast heeft invloed op de
beweging van de halsslagader ten opzichten van de echotransducer. Een rigide registratie
methodiek is toegepast om een verstoorde uitlijning van de echobeelden te corrigeren. Voor
de echo opnamen is dezelfde echotransducer gebruikt als in de simulatiestudie beschreven in
hoofdstuk 3. Deze transducer is bij uitstek geschikt voor het sturen van echobundels onder
een hoek. Dit heeft voornamelijk te maken met een gunstige onderlinge afstand van alle
gevoelige elementen in de echokop, die zorgen voor de geluidsproductie alsmede voor het
ontvangen van de echo. Zogenaamde gratinglobes die het echobeeld ernstig kunnen verstoren
zijn dan namelijk minimaal. De 3D echodata zijn uiteindelijk verwerkt tot circumferentiële en
radiële vervormingswaarden van de vaatwand van alle vrijwilligers. Ondanks dat een gouden
standaard niet voorhanden is bij deze metingen verricht op mensen, komen de gemiddelde
vervormingen overeen met wat gerapporteerd wordt in de literatuur. De vaatwand laat ook
een heterogene vervorming zien. Zeer waarschijnlijk spelen echo artefacten die optreden bij
metingen op levende weefsels en omgevingsstructuren een belangrijke rol bij dit effect.
Tot slot, met deze studie die voor het eerst 3D elastografie van menselijke halsslagaders mogelijk
maakt, zijn inzichten verkregen die mogelijk kunnen leiden tot een betere preventie van een
herseninfarct en verminderen van overbehandeling in de toekomst. Ondanks de nieuwe
uitdagingen die deze studie heeft blootgelegd, zijn de validatie onderzoeken zoals beschreven
in de vorige hoofdstukken en de vernieuwende acquisitie methodiek aanmoedigend voor
verder onderzoek.
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Dankwoord
Het is zover, het dankwoord. Ik dacht, ‘dat doe ik even’. Heel fijn als je dit mag schrijven
maar dan opeens besef je; ik moet 5 jaar terug. Hoe was het eigenlijk? Welke mensen ben
ik onderweg in dit avontuur tegen het lijf gelopen en op welke manier ben ik ze dank
verschuldigd? Het is dus niet zo simpel. Ik besluit daarom ook dat het meer een reflectie
moet zijn dan een eenzijdige ‘bedankt allemaal’, wat op zich wel weer een simpele oplossing
zou zijn geweest. Maar promoveren is alles behalve simpel, dit dankwoord dus ook niet.
Ik vraag me als eerste af wat me heeft doen besluiten om dit project te omarmen. Het zit
hem in de grote mate van autonomie. Uitgedaagd te worden, de ruimte mogen nemen om
ideeën te laten komen en gaan. Ruimte geven aan het proces van verwezenlijking tot succes
of, helaas ook vaak, het tegenovergestelde. Maar dat is vaak de manier van leren. Nu, vijf jaar
later, zie ik wat het is geworden. Hoe deze vijf jaar zich hebben gevuld en ontplooid. Ik kan
met de volle honderd procent stellen dat ik toen de juiste beslissing heb gemaakt en word
- terwijl ik dit schrijf - overvallen door een gevoel van zuivere dankbaarheid.
Vanzelfsprekend is dit niet alleen mijn keuze geweest. De kans werd me aangeboden door
promotor Chris en de copromotoren Rik en Maartje na wat volhardendheid van mijn kant ;-).
Chris, we gaan even verder terug in de tijd. Namelijk naar 2004, de zusterflat periode. Een
periode die voor mij als een van de mooiste in mijn herinnering staat geschreven. Daar
mocht ik voor het eerst met je samenwerken aan elastografie. Het was om veel redenen een
bewogen periode maar merkte toen al je manier van begeleiden op. Waardig, betrokken en
boven alles was er altijd ruimte voor een gesprek waarbij de context belangrijker was dan
het project. Ik heb dit toen, en nog, als een enorme kracht van je ervaren. Je bent de leider
van de groep met de beste naam ooit: MUSIC!. Chris, dank voor de ruimte, begeleiding en
vertrouwen waarin ik mezelf heb mogen ontwikkelen. Dank voor het zijn van de voorzitter
en daarmee coach van de sessie waarin ik mijn eerste presentatie hield op IEEE in Chicago.
Dank voor je persoonlijke toegankelijkheid die ik enorm aan je waardeer en dat jij feilloos
aan me ziet wanneer er gebabbeld moet worden. Dank voor de sportieve disserijtjes. Dank
voor het zijn van ‘de Professor’ met de daarbij horende rake opmerkingen. Samenvattend,
dank voor je energie! Oh ja, nog een klein dingetje, de acht workstations a € 50.000,- zijn nu
onderhand wel aan vervanging toe ;-)
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Dan mijn copromotoren, Rik en Maartje. De belangrijkste rollen, als je het mijn vraagt,
wanneer het gaat om verwezenlijking van een promotie. Rik; ik kan me nog herinneren
dat ik een map vol Matlab files kreeg van jouw promotie. Deze files hebben veel indruk
hebben gemaakt, niet alleen omdat de kern nauwelijks gecomment was. Vijf jaar later mag
ik gelukkig zelf verder, aangezien mijn files nog onleesbaarder lijken te zijn geworden in de
eindsprint. Gedurende het project heb ik veel van je mogen leren. Je exacte kennis is enorm
en je vaardigheid om gericht een structuur op te zetten, die de kern van een hypothese
onderzoekt, bewonder ik. Dank je wel voor de introductie in de wereld van elastografie en
de kern van je werk, namelijk displacement compounding, wat het fundament is geweest
voor dit proefschrift. Dank voor je kritische blik en waardevolle correcties die mijn werk
nodig had. De onvoorwaardelijke hulp bij de afronding en de laatste stukken die nodig
waren voor dit proefschrift. Dank je wel voor het aangeven van de plastic zak in de busrit
van de luchthaven naar het hotel in Chicago. Dank voor wat je doet voor de MUSIC groep.
Maartje, de eerste ontmoeting met jou vond plaats jaren voordat ik aan de promotie begon.
Toen ik af en toe Chris kwam opzoeken en jij destijds zelf aan het promoveren was. Totdat
we in het sollicitatie gesprek ook formeel kennis maakte. Dank je wel voor de volwassen
en waardige manier van begeleiden, de fijne gesprekken over familie en de duizenden
processen die je doormaakt in de eerste jaren van een kleine. Dank voor de leerprocessen
wat betreft onderzoek en ook voor de vele kleertjes die we hebben gekregen.
De leden van de manuscriptcommissie Prof. Kiemeney, Prof. Riksen en Prof. Doyley wil ik
bedanken voor de tijd en energie die zijn genomen hebben om dit werk te lezen en te
beoordelen.
Prof. Kiemeney, beste Bart, voor mij was deze promotie periode een van mijn grootste
uitdagingen ooit naast de sportieve uitdaging, namelijk de Nijmeegse vierdaagse. Maar
elke etappe van de Tour de France één dag voor het peloton uit fietsen om het Radboud
oncologie fonds te steunen is van hele andere orde. Ik wens je ongelofelijk veel succes!
Toi-toi-toi.
Prof. Doyley, dear Marvin, although we have met before in The Netherlands almost 4 years
ago, it is an honor to welcome you for the second time. I really appreciate you taking the
effort to take place in the opposition.
Leden van de corona wil ik bedanken voor de energie en tijd die deze openbare verdediging
mogelijk maakt.
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Als onderdeel van het VICI project werd een gebruikerscommissie ingesteld. Gedurende het
project werd de voortgang besproken. Ik wil iedereen die daarbij aanwezig was danken voor
de interesse en nuttige feedback voor het project.
Ook diegene die vrijwillig hebben deelgenomen aan het onderzoek als proefpersoon wil
ik ontzettend bedanken. Ook al was het voor sommigen een lekker dutje op een relatief
hard bed met de nek in krampstand, zonder jullie zou het laatste hoofdstuk niet mogelijk
geweest zijn.
Voor mijn eerste paper heb ik intensief mogen samenwerken met Patrick en in het
bijzonder Abigail (institute of Biomedical Technologie in Gent). Dank jullie wel voor de fijne
samenwerking in de start van mijn promotie. Abigail, samenwerken met je was erg plezierig
en heeft geleid tot mijn eerste verhaal. Alles was mogelijk. Tijdrovende simulaties van
omgevingsweefsel tot aan speciale geometrische files waardoor ik het fantoom heb kunnen
ontwikkelen. Jouw werk is ook een van de pijlers van dit proefschrift gebleken.
Een tweede samenwerking kwam tot stand met Frank en in het bijzonder Harm (Biomedical
Engineering in het Erasmus MC in Rotterdam). Frank, dank je wel voor de begeleiding van
dit paper waarvan ik tweede auteur mocht zijn. Harm, ik weet niet zo goed hoe ik dit moet
verwoorden omdat ik weet dat deze woorden nooit persoonlijk gelezen gaan worden. Toch
voelt het juist om ze op te schrijven. Het was voor mij de eerste samenwerking als tweede
auteur zijnde. Kennis gemaakt hebbende met het strain filter vanuit de ultrasound kant en
de complexe biomechanische modellen vanuit jouw expertise. Harm, ik heb je mogen leren
kennen als een hele intelligente opgewekte onderzoeker. Ik ben je dankbaar voor de manier
van samenwerking en het paper. Jaren later geschokt en volledig gevuld met verdriet en
ongeloof. Rust zacht.
Een van de hoogtepunten van mijn promotie was het ontwikkelen van het fantoom. Ik
heb vele avonden op de zolder achter mijn tekenpakket en de 3D printer gezeten voordat
er iets zinnigs uitrolde. Ik heb me vaak afgevraagd wat dit proces zo leuk maakt. Het is de
positieve spanning en verbazing tijdens het leerproces die je voldoening geven wanneer
je succes hebt in het vinden van een werkende oplossing. Buiten het feit dat dit fantoom
de wetenschap heeft gehaald ben ik Marco en Luuk dankbaar voor hun interesse.
Mede dankzij jullie heb ik veel plezier ervaren aan de kennisoverdracht en realisatie van
de opstelling bij jullie. Ed; wat heb ik genoten van onze gesprekken en discussies over
uiteenlopende onderwerpen. Je bent een expert op het gebied van kunststoffen, daarnaast
heb ik je leren kennen als toegankelijk, flexibel en pragmatisch. Zonder jou hadden we dit
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niet klaargespeeld. Overigens, word ik gelukkig elke dag herinnerd aan deze mooie periode
door een zeker levensgroot 3D object ;-).
Mark en Twan, (Technical Support Group) mijn dank is groot aangezien ik fantastisch met
jullie heb mogen samenwerken aan de verschillende opstellingen. Jullie toegankelijkheid,
enthousiasme en het vermogen om echt te luisteren naar de ideeën zijn beworderingswaarding.
Dit heeft geleid tot verschillende professionele opstellingen waaronder de ‘recht-buis’en de ‘in
vivo’. Ik kwam graag bij jullie om te sparren en het proces te volgen. Hopelijk mogen we in de
toekomst nog eens samenwerken.
Voorafgaand aan het MUSIC lab, wil ik iedereen van de radiologie afdeling en het secretariaat
bedanken die ook maar op enige manier een bijdrage heeft geleverd aan dit onderzoek.
Jan, ik geloof dat ik het al honderd keer tegen je gezegd heb. Jouw expertise in het
combineren van software en hardware is van essentieel belang geweest voor dit project. We
hebben heel wat pittige discussies gehad en ben ik je daarom des te meer gaan waarderen.
Dank je wel voor het klaar staan voor me. Het meedenken met en het realiseren van hele
belangrijke opstellingen voor mij en het lab in het algemeen. Dank voor de leuke ritjes
richting Eindhoven en de nuchtere blik op veelal complexe zaken.
Gert, wij gaan ook al een tijdje terug. Dank je wel voor de ICT ondersteuning voor mij en het
lab in het algemeen. Nooit geen opslag tekort of data-integriteit problemen. Die strijd voerde
jij voor ons met de ICT en nog steeds. Dank ook voor de fijne en persoonlijke gesprekken.
Gijs, ik bewonder je structurele manier van werken en doorzettingsvermogen. Dank
je wel voor het altijd klaarstaan ten tijden van vragen, de samenwerking in het team en
voornamelijk het book chapter. Aangezien je mijn eerste advies hebt geretourneerd, hier
nog een keer: ‘neem geen genoegen met fantomen’.
Thomas, ik bewonder je snelheid en daadkracht. Dank voor je oplossingsgerichtheid en iets
minder bedankt voor TRAC.
Shreya, when I think of you, I think of your humor and the extraordinary ability to adapt to
the Dutch way of communication and culture. Thank you very much for being kind and your
genuine interest in one another.
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Then Macho alias Khalid, (you call me Macho all the time so don’t be offended now).
Thanks desk-mate for the very animated conversations we had. In my opinion they were
always drenched with mutual respect for each other, and they often provided me with
different perspectives and much laughter. I admire your viewpoint on life, family and how
you deal with all the natural attractions in it. Although, I do believe that we mainly differ
in post-processing, agree?
Chuan, thanks for representing China in our group and the discussions we had about (geo)
politics and such. Beside the fact that you are one of the smartest guys I have the pleasure
to work with, I admire your motivation for your work even more.
Anton, thanks for being helpful, although I get the impression that you are dodging me for
playing squash. Thanks also for the integrity in the way you handled discussions in which
we differed from opinion.
For, Shreya, Khalid, Chuan and Anton in general. Thanks to you all for the courage to embark
on a PhD or post-Doc journey in the MUSIC group and especially the nice conversations
which gave me a bit more insight in the way of living in your home area.
Roel, Dank voor de rol als monitor. Dank voor het laten zien aan Chris wat echt fietsen is.
Leon, je droge humor werkt aanstekelijk. Laten we nog eens gaan karten maar nu zonder
dat gekke vispak. Judith, fijn dat je bij de groep bent gekomen. Remy, dank je wel voor je
gezelligheid. Het borrelinitiatief op de vrijdagmiddag kan ik altijd erg waarderen. Aisha,
dank je wel voor je baksels en je relativerende blik wanneer ik weer eens te diep in de
techniek verdwaald was. Marinette, de wereld is klein. Van John bij Nucletron naar jou
bij de MUSIC groep. Dank je wel voor de gezelligheid en ondersteuning waar nodig. Ook
al ben je verhuisd binnen het Radboudumc, ik heb je toegankelijkheid en betrokkenheid
altijd erg kunnen waarderen. Livia, ik snap nog steeds niet helemaal hoe je het voor elkaar
krijgt om op twee plekken tegelijkertijd te zijn. Ondanks dat je ontzettend druk bent wil ik
je bedanken voor je oprechte interesse. Wanneer je in het Radboudumc bent kom je altijd
even groeten en wat lekkers brengen. Ook de deelname aan de gebruikerscommissie met
je klinische blik heb ik gewaardeerd. Jeroen, ik heb het je al vaker verteld, maar wanneer
we terug in de tijd gaan (2004) vroeg je je soms wel eens af of ik en Roel K. naar de
vogels aan het kijken waren. Op zijn zachts gezegd was je nogal streng. Teruggekomen in
2013 is er weinig over van deze strengheid en wil ik je bedanken voor die talloze mooie
en waardige gesprekken waarin je een uiterst intelligente inspirerende coach voor me
geweest bent. Francien, tja, wat moet ik zeggen, je bent een heerlijk mens. Dank je wel
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voor je recht-voor-zijn-raap karakter. Het is altijd fun om met jou te brainstormen over
van alles!
Sonja, ook al ben je alweer een tijdje weg bij MUSIC, gaat mijn herinnering aan jou ook terug
naar 2004. Daar waar je voor de eerste keer alles regelde voor me van contract tot aan verblijf
in de zusterflat. Bij terugkomst in de groep voelde ik me direct weer thuis, mede dankzij jou. Je
bent van onschatbare waarde geweest voor heel het team. Dank je wel voor het zijn van een
lieve vrouw. Je eerlijkheid en fijngevoeligheid heb ik altijd erg aan je kunnen waarderen. Dank
voor je onvoorwaardelijke hulp in alles wat voorbij kwam in de jaren van congressen, reizen,
visums, meetings en administratieve zaken. Dank voor de leuke gesprekken en interesse
tijdens de koffie of zomaar in de gang. Voor mij definieerde je mede de MUSIC groep en je
vertrek deed zeer. Gelukkig werken we nog steeds onder hetzelfde dak en kan ik af en toe mijn
dosis Sonja ophalen.
Na Sonja kwam Sandra. Buiten het feit dat we elkaar een beetje pesten is mijn dank groot.
De sturende kracht die je voor mij inzet is misschien niet voor iedereen zichtbaar maar ik ben
me er wel degelijk van bewust. Dank je wel voor het zijn van mijn hulplijnen wanneer ik weer
verstrikt raak in allerlei administratieve systemen. Last but not least, dank je wel voor je nononsense humor.
Professor Thijssen, beste Han, in 2004 gaf je het stokje over aan Chris. Ondanks dat blijf je voor
mij de vader van de groep. Jouw betrokkenheid tot nu toe is bewonderenswaardig. Je kennis
over ultrageluid is exceptioneel en vaak als ik je wat vroeg zei je ‘beste jongen, ga jij maar
eens terug de boeken in’, waarna ik binnen zeer korte tijd een mailtje van je kreeg met wat
literatuur. Beste Han, hopelijk laat je de groep nooit los.
Anne, of veel liever Sari, en dat zegt het eigenlijk allemaal. De eerste ontmoeting met jou
was in het lab. Chris had je natuurlijk vijf seconden van tevoren gevraagd om even een demo
te geven van een ingewikkelde programmeerbare echomachine. Dat deed je met veel flair.
Ik weet eerlijk gezegd niet zo goed hoe ik het moet opschrijven zodanig dat het niet gaat
lijken op een liefdesverklaring, maar wat ben jij van onschatbare waarde voor mij geweest
in dit project en nog steeds. Ik heb zoveel gelachen met je, samen gewerkt, tegen gewerkt,
met gewerkt, alles gewerkt, niet gewerkt. Sari, deze vijf jaar zijn voorbij gevlogen wanneer ik
mijn gedachten laat gaan over gezamenlijke avonturen. De reizen, de presentaties, de Matlab
frustraties, de weekenden doorhalen, abstract stress, de borrels, de persoonlijke gesprekken
en de openbaringen ergens op een dakterras in Taipei. Kortom, dank voor deze vriendschap,
voor mij een van de mooiste!
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Kaj, jij was eerder begonnen en veeeeeeeel eerder klaar. Dat je eerder begonnen was vond
ik niet zo vervelend maar dat ‘eerder klaar’ des te meer. Kaj, mijn geluk kon niet op. Het was
een feest om naast je te mogen ploeteren aan een promotie traject. Dezelfde golflengte
te hebben op heel veel vlakken. Aan een woord genoeg hebben. Dank voor de mooie
vriendschap waarin je mij geleerd hebt dat conflicten niet altijd sexy zijn. Je flair en optimisme
fantastisch zijn om aan blootgesteld te worden. Dank je wel voor de heldere non-verbale
manier van communicatie. Voor de humor en woordspelingen die mij vaak aan het eind van
de dag doen besluiten even een ‘Ciao for now’ de kamer in te slingeren.
De paranimfen alias Las Vegas babies; een herinneringsreis in herinneringstaal van een van
de mooiste reizen die ik heb mogen beleven: 3 grote pullen bier, Dotan, doekjes, Field twee,
agressieve rijstijl, squirrels, sexy fish, Ed Sheeran, nummer negen, The Bank, imperial suits,
biomechanical STATUS, do not back in, les twee, nog meer doekjes, Brice, zwemwedstrijdje,
Kajtje, surf & turf, uurtje erbij, heeeeeeet, hillbilly shoot, toch een zeven gooien, de scheur,
Stratosphere.
Latjes: tot een waardevolle vriendschap gegroeid door gezellige avonden samen eten,
spelletjes doen, wandelen en skiën. Het gaf me vaak de ontspanning die ik op dat moment
nodig had.
Geert & Marieke, beter een goede buur dan een verre vriend is een oud spreekwoord. Ik
tref het in dit geval waarin buren ook vrienden zijn geworden. Dank jullie wel voor altijd een
open deur, of een wijze raad over de promotie in het algemeen en natuurlijk voor al het
lekkers dat ik heb mogen proeven.
Susan, dank je wel voor je rust op tafel. Al die keren dat je mijn hoofd als een vliegende
tol tot rust hebt laten komen. Jouw energie en kunde helpen balans te herstellen tussen
lichaam en geest.
Wilbert, dank je wel voor deze reünie! Eentje die ook ergens heel vertrouwd voelt. Dank je
wel voor de geweldige opmaak van dit proefschrift en de fantastische vertaling van het idee
naar de omslag.
Er is misschien geen direct verband te vinden met de promotie maar zonder jullie was
me dit echt nooit gelukt. Dave, Jaap, Jasper, Jeroen, Jos, Magic 5 en de jongens, Peter,
Roel en Twan. Dank je wel voor de momenten van ontspanning en de momenten van
waardevolle reflectie. Ik hoop nog veel mooie dingen te ontwerpen en maken (Jaap). Lekker
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te snowboarden in Oostenrijk (Jasper en Jeroen). Barbecuen (Magic 5 en de jongens).
Brainstormen tijdens een sauna bezoek (Jos). Ergens een grote berg opfietsen (Peter). Nog
vaak van muziek te mogen genieten in Groningen (Roel en Twan). Te filosoferen over van
alles (Dave).
Natuurlijk gaat er ook veel dank uit naar mijn schoonfamilie, René, Fenna, Jan-Wouter en
Juliette. Dank jullie wel voor altijd een warm onthaal, interesse in het onderzoek, lekker eten,
de avonden filosoferen over politiek, sport of gewoon een ontspannen potje klaverjassen.
De liefde die ik heb mogen ontvangen tijdens deze promotie periode maar ook zeker in
de periode ervoor is hartverwarmend. Ik prijs mezelf gelukkig met jullie en hoop nog veel
familiemomenten te mogen beleven hier en in Spanje.
Sas & Paul, dank jullie wel voor de interesse in mijn werk. De lekkere koffietjes en heerlijke
gebakken aardappelen met veel mayo! De eerste keer golf en de uiteenlopende discussies
over wetenschap en geloof. De deur staat ook bij jullie altijd open, dank jullie wel voor deze
onvoorwaardelijke familieband.
Jonathan, ik heb dit boek ook aan jou opgedragen. Waarom? Omdat ik het ongelofelijk fijn
vind dat je er bent. Het is fantastisch je te zien opgroeien in een liefdevolle omgeving en kan
niet wachten totdat we samen avonturen kunnen beleven.
Pap & Mam, nature of nurture? Beide natuurlijk! Een heel groot deel van deze prestatie heb
ik natuurlijk aan jullie te danken. Buiten de technische genen heb ik ook een stimulerende
jeugd mogen doorlopen. Niet alleen de opleidingen maar ook zeker alle projecten er
omheen zoals meehelpen met klussen in huis, speakerbouw, 3D printen, zonnepanelen
tot aan Fekkes Hue in plaats van Philips Hue. Jullie hebben mij het zelfvertrouwen
gegeven en laten zien dat doorzettingsvermogen gemengd met een dosis eigenwijsheid
de mogelijkheid biedt je eigen pad te verwezenlijken. Pa, dank voor het vertrouwen, de
liefde en opinievormende reflectie over uiteenlopende onderwerpen. Mam, je hebt vaak
gevraagd waar het onderzoek nou over ging omdat je dat met trots wilde vertellen aan
vrienden en familie. Elke week op en neer naar Nijmegen om te bouwen aan ‘Oma’ zodat ik
naar het werk kon. Altijd, maar dan ook altijd, staat de deur open in Beek en Donk wanneer
ik weer eens plotseling kom aanwaaien. Mam, dank je wel voor je onuitputtelijke buffer
wanneer ik weer eens stoom moet afblazen. Kortom, ik had me geen betere ouderlijke
context kunnen bedenken waarin dit promotieavontuur had kunnen plaatsvinden. Dank
beide, dank voor dit geluk.

Dankwoord
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En dan mijn levensliefdes Nora & Joep. Twee hartjes dartelend om me heen. Absoluut
de grootste meest impactvolle promotie die je kan doormaken in het leven als je het mij
vraagt. Lieve kindjes, jullie enthousiaste onthaal wanneer ik thuiskom is goud. Ik beleef fijne
liefdevolle momenten in het nu. Jullie zijn spiegeltjes die vaak confronterend zijn maar me
mede geleerd hebben dat er veel meer is dan alleen werk. Dank jullie wel dat ik jullie papa
mag zijn.
Fen Lief, ook wij gaan terug naar 2004, de zusterflat of zoals wij hem kennen, de ‘H.B.’. Ons
avontuur is onlosmakelijk verbonden aan Nijmegen en het Radboud. Daarna niet meer los
te krijgen van elkaar. Eerst jij en ik, toen ons, nu samen met de kindjes door het leven. Dank
lief, voor begrip en acceptatie dat een promotie traject soms een individueel gevecht lijkt te
zijn. Je fijne onvoorwaardelijke liefde en support die ik heb mogen voelen. Ik ben ongelofelijk
gelukkig met jou en trots op ons ‘grand design’ leven.
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