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Abstract

Purpose - Analysis of local blood flow patterns near stenotic lesions in the femoral tra-
jectory may provide insight in progression of disease and improve its diagnosis and treat-
ment. High-frame-rate contrast-enhanced ultrasound, or echo PIV, seems a promising
technique in visualizing and quantifying local flow profiles. This thesis discusses the work
that has been done in investigating the behavior of contrast agents used during echo PIV
measurements (1) and presents the first assessment of clinical feasibility of echo PIV in
patients recently treated with a stent in the superficial femoral artery (SFA) (2).

Method - (1) Microbubble behavior was investigated experimentally in a controlled flow
set-up. US data were captured with increasing transmit voltage and number of pulse
cycles during three different steady flow conditions. Data were analyzed in the frequency
domain before and after manually applying pulse inversion (PI).
(2) Clinical echo PIV measurements were performed at five different locations near the
femoral bifurcation and the stented SFA in a pilot of twenty patients. Vessel visibility and
contrast-to-background ratio (CBR) were evaluated as a measure of image quality. Ac-
curacy of PIV was analyzed using the maximum normalized cross-correlation value and
peak systolic velocity compared to duplex US.

Results - (1) Bubbles were visible in all measurements after PI was performed. In general,
the intensity of the fundamental frequency was more present in the received signal from
the microbubbles relative to the second harmonic frequency. Intensity of the fundamental
frequency increased with increasing flow.
(2) Echo PIV data of twelve patients was successfully acquired. Quality of the measure-
ments showed varying results in terms of vessel visibility and CBR between and within
patients. Data of one patient was further analyzed through PIV. In two out of five loca-
tions adequate PIV results were found, showing high cross-correlation values and a veloc-
ity difference within 10% compared to duplex US.

Conclusion - (1) Bubble visualization was accomplished based on decorrelation between
the two acquisitions needed for PI due to motion of the microbubbles causing imperfect
cancellation of the fundamental frequency. Methods to better utilize non-linear behavior
of the contrast should be further investigated.
(2) First assessment of echo PIV showed varying results which seem linked to the qual-
ity of the obtained data. Accurate blood flow velocity tracking was established in data
with high CBR values. More data should be analyzed and improvements in PIV methods
should be explored in order to draw a thorough conclusion regarding feasibility of echo
PIV in quantifying blood flow in the femoral bifurcation and the stented SFA.
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0Introduction

Peripheral artery disease (PAD) of the lower extremities is a serious health issue for the
elderly in the modern era. The Dutch heart association predicted a 46% relative increase
in prevalence of PAD amongst the Dutch population between 2011 and 2040. [1] Patients
often present themselves with symptoms of severe muscle pain, induced by walking and
relieved by standing still. Progression of disease could cause critical ischemia, leading to
pain at rest or necrosis. [2] These symptoms adversely effect quality of life and functional
status. [3] Moreover, PAD patients, both with and without symptoms, have an increased
risk of cardiovascular events. [4] The underlying pathology of this increased risk is the
systemic disease process atherosclerosis.
Atherosclerotic plaques impede adequate blood supply to targeted tissues. Systemic athero-
genic risk factors have been well identified. The influence of the local arterial microenvi-
ronment has only recently been addressed more extensively. [5] The formation of plaques
tends to localize at specific arterial regions of curvature and branch points. In these re-
gions, the endothelial cells are exposed to nonuniform flow and irregular distributed low
shear stresses. Low shear stresses are generally correlated to upregulation of proathero-
genic genes and proteins by the endothelial cells. [6] Visualization of blood flow on a local
scale could help understand the role of complex flow patterns on the pathogenesis of vas-
cular diseases. Hence, successful blood flow quantification provides an important step
towards being able to predict atherosclerotic disease progression.
Current treatment guidelines for the femoro-popliteal trajectory indicate endovascular
revascularisation in all lesions with a total length up to 25 cm. [7] Despite continuous
advancements in the field of endovascular revascularisation, in-stent restenosis remains a
difficulty in the treatment of lesions in the femoral arteries. [8, 9] Here too, locally dis-
turbed blood flow may play a major role. The influence of stent placement on blood
flow patterns remains unknown. Visualizing and quantifying blood flow may advance
endovascular treatment on a patient specific level.
High-frame-rate contrast-enhanced ultrasound particle image velocimetry (echo PIV) is
a recent development in the field of human blood flow quantification. Echo PIV has
proven its feasibility in the abdominal aorta and carotid artery in a pilot of healthy vol-
unteers. [10, 11] Application of echo PIV in a population of PAD patients with femoral
occlusive disease, treated with a stent placement, has not been reported yet. The evalua-
tion of its potential for clinical applicability in the field of vascular surgery is an ongoing
process in our group.
This thesis is the product of a year of work on conducting a clinical feasibility study in-
vestigating echo PIV in the stented femoral artery. The outline of this thesis is as follows.
The first chapter introduces all aspects of femoral artery occlusive disease. Moreover, the
relation between local blood flow patterns and its pathogenesis is discussed. The second
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2 Chapter 0. Introduction

chapter starts with an introduction of conventional ultrasound and its significant draw-
backs in quantifying blood flow. Echo PIV is discussed in relation to these limitations and
how they are overcome. The third chapter elaborates on an in vitro experiment carried out
to obtain more insight into the behavior of ultrasound contrast agents. These experiments
originated from previous observations during echo PIV measurements in the clinical set-
ting. Clinical feasibility of echo PIV is discussed in the fourth chapter. A method to assess
feasibility is described and an overview of the first results of the clinical trial are given.
Finally, this thesis is concluded with a general conclusion on the most important findings
given in the fifth chapter.



1Femoral artery occlusive disease

As a result of an aging population, cardiovascular disease has become a major health is-
sue. Peripheral arterial disease, or PAD, is most commonly caused by atherosclerosis.
This systemic disease process causes obstruction of the vessel lumen, compromising blood
flow to targeted tissues in the lower extremities. Over 200 million people worldwide have
PAD, with or without symptoms. [12] Symptomatic PAD occurs often due to stenosis or
occlusion of the femoropopliteal trajectory. Roughly 70% of the lesions are located in this
area. [13, 14] Systemic risk factors for PAD are well identified and similar to risk factors
of other atherosclerotic vascular diseases. These risk factors include diabetes mellitus,
hypertension, hyperlipidemia, age and lifestyle (e.g. cigarette smoking and physical inac-
tivity).

1.1 Pathogenesis

Atherosclerosis is a multifactorial systemic and chronic disease of the arterial wall. Ini-
tial steps of the disease process include activation of the endothelial cells, which form
the intimal layer of the arterial wall. Activation induces the expression of specific adhe-
sion molecules on the surface of these cells. These adhesion molecules are involved in
recruiting leukocytes to the intimal layer. Captured leukocytes migrate into the intimal
layer and mature into macrophages. The macrophages accumulate lipids evolving into a
fatty streak, roughly seen as the earliest recognizable stage of atherogensis. This inflam-
matory response of the intimal layer activates smooth muscle cells in the medial layer.
Activated smooth muscle cells change their phenotype, migrate and accumulate into the
lesion. They deposit an extracellular matrix, causing the plaque to become more fibrous.
A necrotic core may occur due to the accumulation of cellular debris. More advanced
plaques also contain cholesterol crystals and microvessels. [15, 16, 17]
Plaque formation tends to localize at specific locations in the arterial vascular bed as pre-
sented in Figure 1.1A. [5] These are typically locations of curvature and branch points,
experiencing disturbed blood flow dynamics. [18] local blood flow seems to play a local-
izing role in atherosclerotic plaque formation. In straight vessels, a parabolic flow profile,
e.g. laminar flow, is assumed. This pattern is the result of friction between fluid layers and
friction between the fluid and the vessel wall. The latter creates a tangential force exerted
on the arterial wall, referred to as wall shear stress (WSS). WSS is defined as:

τw = µ
δv
δr
, (1.1)

with µ presenting the viscosity of blood, v the velocity of blood along the vessel axis and
r the inward distance perpendicular to the wall. [19] Locations exposed to low or oscilla-
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4 Chapter 1. Femoral artery occlusive disease

Figure 1.1: Arterial blood flow and atherosclerosis. (A) Plaque formation throughout the arterial tree with
preferred locations colored in brown. (B) Relation between different blood flow profiles and atheroprone
or protected changes of the endothelial cell phenotype. (C) Endothelial activation mechanisms and corre-
sponding extracellular matrix composition related to blood flow changes. Reproduced from Yurdagul et
al. [5]

tory fluid shear stress, such as the outer walls of a bifurcation, are related to plaque for-
mation. This phenomenon and corresponding mechanisms are illustrated in Figures 1.1B
and C. [5] Endothelial cells exposed to higher WSS tend to elongate and align in a clear
organized pattern, whereas cells experiencing low WSS have no preferred pattern. More-
over, low wall shear stresses alter the endothelial cell gene and protein expression towards
a pro-atherogenic phenotype. Hence, this specific fluid-mechanical stimuli influences the
onset and progression of plaque formation. [5, 19, 20, 21]

1.2 Clinical manifestations

Symptoms of PAD vary between patients, depending on the location and size of the lesion,
metabolic demands of the ischaemic tissue and the presence or absence of collateral cir-
culations. [22] Clinical presentation of a patient is commonly scored using the Fontaine
classification, in the Netherlands, or the Rutherford classification in other countries. Both
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are presented in Table 1.1. The first clinical and most common sign of PAD is intermittent
claudication. Intermittent claudication is characterized by fatigue, discomfort or severe
pain of the muscles distal to the lesion during exercise, and relief of this pain at rest
(Fontaine II). In case of stenosis or occlusion of the superficial femoral artery (SFA) this
pain is mostly present in the calf. Other early signs of PAD include diminished or absent
pulses of the femoral-, dorsalis pedis- and/or posterior tibial artery, arterial bruits, pallor
on elevation and decreased capillary refill. When PAD progresses patients may experience
pain at rest (Fontaine III) non-healing wounds or gangrene (Fontaine IV), as a consequence
of insufficient blood supply. [23, 24]
The first step in diagnosing PAD, after clinical examination, is to measure the ankle-
brachial index (ABI). The ABI is calculated as the ratio between systolic blood pressure
at the ankle (measured at the posterior tibial- or dorsalis pedis artery) and the right or left
brachial artery. All pressures are obtained in supine position using an ultrasound probe
with continuous-wave Doppler to trace the Doppler signal and an inflatable cuff around
the calf and upper arm attached to a sphygmomanometer to measure the systolic pres-
sure. An ABI ≤0.9 indicates the presence of PAD. [22, 23, 26] Values between 0.91-0.99, or
>0.99 with clinical suspicion of PAD need further diagnostics. [24] Additional diagnostic
tests include duplex ultrasound (US), contrast enhanced CT or MRA-scanning. Invasive
angiography may be used in more complex cases. Duplex US is considered as the first-
line imaging method incorporating 2-dimensional gray-scale US to provide visualization
of the lesion and pulse-wave Doppler to determine flow velocities. The influence of the
stenosis on hemodynamics can be assessed directly by measuring the changes in peak sys-
tolic velocity (PSV) proximal and distal to the lesion. [23, 27] Approximately, a doubling of
the PSV ratio (1.8-3.0), indicates a stenosis >50%. The PSV ratio is, however, not accurate
enough to evaluate the hemodynamic significance of the stenosis. [27]
When revascularization is considered, a second imaging technique is usually required.
Both contrast enhanced CT and MRA give reliable information regarding the anatomy of
the lesion. CT can visualize calcifications more accurately, which is useful to estimate the
severity of the stenosis. Based upon the scan results, a patient specific treatment can be
initiated. [24]

Table 1.1: Classifications of peripheral arterial disease of the lower extremities; Rutherford and Fontaine
classification. [25]
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1.3 Treatment

Patients diagnosed with PAD will receive treatment with the aim to address the risk factors
important in the progression of systemic atherosclerosis, to preserve limb viability and to
improve functional capacity. PAD patients are associated with a higher risk of adverse car-
diovascular events, hence secondary risk prevention is necessary. Secondary risk preven-
tion focuses on smoking cessation, accurate nutrition, antiplatelet therapy and treatment
of other risk factors such as hyperlipidemia, hypertension and diabetes [2, 16, 26, 28] This
risk factor modification can greatly reduce progression of PAD. [26]
To improve the functional capacity, supervised exercise therapy is indicated. Regular su-
pervised exercise improves the maximum and pain free walking distance and quality of
life. The most important mechanism behind these improvements is the progression in
collateral circulation, redirecting the blood to the tissue. [2, 22] In a random controlled
trial, supervised exercise resulted in a significantly higher mean peak walking time after
6 months compared to primary stenting. [29]
When sufficient progress in functional capacity is not achieved, and symptoms severely
compromise daily life activity, revascularization is considered. Revascularization is also
indicated in case of critical limb ischaemia, expressed as pain at rest or tissue loss sec-
ondary to PAD (Fontaine III and IV), to prevent limb loss. Without revascularization, 23%
of the limbs presented with ischaemic ulceration treated with wound-healing techniques
only, require amputation within 1 year. [30]
Different revascularization methods co-exist; open surgical and endovascular strategies.
For the femoral trajectory, surgical endarterectomy is used to treat plaques located in the
common femoral artery (CFA) or at the bifurcation. Although it was recently shown that
stent placement can be effective here too. [31, 32] In case of the superficial femoral artery
(SFA), surgical approaches, e.g. femoropopliteal by-pass surgery with a synthetic or au-
tologous graft, have been the principal method for a long time as well. [7] However, due to
improvements in the field of endovascular revascularization, these methods are increas-
ingly applied as primary treatment of stenotic lesions in the SFA. [33, 34] There is a lack
of evidence to demonstrate the superiority of one method above the other. [35] The latest
ESVS guidelines suggest endovascular revascularization as main approach for all lesions
up to a total length of 25 cm. [24] Most important, besides the anatomic complexity of
the lesion, patients’ comorbidity, predicted response to treatment, overall prognosis, ex-
perience of the center and availability of autologous conduit have to be considered while
assessing both methods. [7]

1.4 Endovascular revascularization

Percutaneous transluminal angioplasty (PTA) has a less invasive character and has been
recognized as an efficient and safe method to treat short femoropopliteal lesions. [34]
However, the SFA is prone to restenosis after PTA. Primary patency rates for treated le-
sions <10 cm ranges between 65-77% at 1 year and 42-55% at 5 years. [36] Restenosis
occurs due to intrinsic biomechanic and hemodynamic properties of the SFA and its sur-
rounding muscles. The interaction between material used during PTA and the intimal
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layer of the vessel may trigger an inflammatory response. This response leads to intimal
hyperplasia, which also contributes to restenosis. [9, 37, 38]
Stent placement is considered to improve these patency rates. Results of different clinical
trials imply that PTA alone is sufficient in short lesions (<10 cm) and PTA with stenting
is recommended in intermediate length of lesions (between 10-15 cm). [8, 38] Over the
years, multiple iterations of stents with different features have been introduced and used
in clinical practice. The first generation consisted of balloon expandable stents, followed
by self-expanding nitinol stents with thermal memory. The nitinol stent showed better
flexibility, is more fracture-resistant and is, nowadays, the most commonly placed stent
in patients with a femoropopliteal lesion. [9, 38] However, these stents still show fracture
rates of 20% at 18 months and in-stent restenosis rates of 21.1% at 24 months. [39] Thus,
stent fractures and in-stent restenosis remain a considerable problem. Risk factors of
in-stent restenosis include positioning, length, diameter and oversizing of the stent. Fur-
thermore, the interaction between stent material and vessel wall and a poor distal runoff
score are reported. [9, 40] A third generation of superflexible nitinol stents with modified
stent-cell interconnection structures has been designed and shows promising short-term
(6 months follow-up) outcomes. [37] To prevent intimal hyperplasia and reduce (in-stent)
restenosis, drug-eluting balloons and stents were introduced. Another stent design to
decrease intimal hyperplasia is the covered stent, consisting of a polytetrafluoroethylene
liner attached to a nitinol stent structure.
The past decade, numerous clinical trials have been performed to test and compare pri-
mary and secondary patency, restenosis rates and clinical outcomes of the different stent
types. There is a discrepancy in outcomes, mainly due to difference in lesion types and
lengths. Yiu et al. [8] and Marmagkiolis et al. [38] conclude a high variety of effective en-
dovascular treatment modalities and predict a further trend towards endovascular revas-
cularization.
In longer and more complex lesions an open surgical bypass is still considered as the
golden standard. However, due to continuous advancements of endovascular treatment
modalities, such as long stent-graft segments up to 25 cm of the covered stent and an
improved proximal edge design, it is gaining acceptance as primary treatment of more
complex lesions as well. A clinical trial comparing the covered endoprosthesis to an open
surgical bypass showed no significant differences in long-term outcomes (4 years) of pri-
mary and secondary patency rates. [41] 1-year results of another study comparing both
approaches showed that the covered stent is related to faster recovery, less morbidity and
faster improvement of quality of life and the patency rates were, again, similar. [42]





2Contrast enhanced ultrasound particle image
velocimetry

Local blood flow influences the process of plaque formation and stent patency in terms
of restenosis. This relation emphasizes the importance to investigate local blood flow
characteristics near stenotic lesions. Quantifying flow properties can be done with dif-
ferent in vitro en in vivo methods. Computational fluid dynamics (CFD) can be used for
numerical analysis and data structures to solve fluid flow problems. In vitro methods con-
sist of phantom models and flow circuits to imitate vessel geometries and physiological
(pulsatile) blood flow. Applicability of in vitro measurements and outcomes for clinical
set-ups will, however, always be limited by the deviation between in vitro and in vivo en-
vironments. [43] Magnetic resonance imaging (MRI) is a promising technique to obtain
in vivo flow components. However, MRI is time-consuming, requires breath-holds, has a
poor temporal resolution and does not always work accurately near stents. US Doppler is,
nowadays, often used in clinical practice to obtain local velocity measures. Although US is
an effective, low-cost and easy to use technique it is limited by the angle dependence, low
frame-rate acquisition and poor accuracy near the blood-wall interface. Moreover, con-
ventional US cannot determine the 2D vector field with high resolution across the vessel
diameter. [43, 44]

2.1 Medical ultrasound

US imaging principles are based on the differences in acoustic impedance between dif-
ferent types of tissue, i.e. differences in density or compressibility of the tissue. An US
pressure wave gets generated and transmitted with a certain central frequency by the
piezoelectric elements of the transducer. The US wave propagates through the tissue and
gets attenuated, i.e. loses energy, as it travels further. Attenuation of the US wave mainly
occurs due to absorption and scattering. Absorption is the conversion of motion energy
to thermal energy by the insonified tissue. Scattering is defined as a deviation of a part of
the US signal from its original direction. Scattering occurs at the interface between tissue
structures with a difference in acoustic impedance. The size and shape of the scatter object
compared to the incident wavelength influences the way of scattering. In medical images
diffuse scattering is most prominent. The scattered signal partly travels back to the trans-
ducer, i.e. backscatter, and yields essential information regarding the amplitude, phase
and frequency required to obtain US images and blood velocity estimates. The distance
of the scatter object can be derived from the travel time of the US wave, as there is little
variation in speed of sound in human tissue [45, 46]
In medical US different transducers are used. The most common types of transducers are
the (curved) linear and phased array probes. Each transducer has a different amount of
piezoelectric elements and a specific frequency bandwidth in which it emits and receives

9



10 Chapter 2. Contrast enhanced ultrasound particle image velocimetry

ultrasound. Frequencies used in medical ultrasound range between 1-20 MHz. Based
on the desired depth and image quality a certain central frequency is preferred. Higher
frequencies (10-15 MHz) attenuate faster and are therefore used to visualize superficial
structures. Conversely, lower frequencies (2-5 MHz) penetrate deeper into tissue. [47]

Image quality

When generating an image with conventional US, a section of the elements, the aperture,
is activated and emits an US pulse. As soon as the reflected pulse is received back at the
transducer, the next section of elements will emit an identical pulse. The number of pulses
emitted in one second is referred to as the pulse repetition frequency. The duration of a
pulse depends on the number of cycles in the pulse and the period of one cycle (inversely
related to the transmitted frequency). Each pulse and its reflected signal will contribute
to one scan line and all scan lines together construct the complete image. The time it takes
to obtain one image influences the frame rate, i.e. the temporal resolution. A sufficient
temporal resolution is essential in determining velocities.
There is a trade-off between temporal- and spatial resolution. In conventional US each
emitted beam is focused to obtain the optimal spatial resolution. Spatial resolution is
divided in axial and lateral resolution. Axial resolution is the minimum distance at which
two points in the axial direction of the beam can be distinguished. A shorter spatial pulse
length, caused by either less cycles per pulse or a higher frequency and consequently
shorter wavelength, increases the axial resolution.
Current transducers are designed with as little cycles per pulse as possible. Lateral reso-
lution is described as the minimum distance between two separated points perpendicular
to the beam. Lateral resolution depends on the width of the beam. Decreasing the width
of the beam, i.e. creating a focus, will improve lateral resolution. However, this limits the
field-of-view. [45, 46, 48]

Velocity estimations

In current clinical practice, blood flow velocity estimates are based on the Doppler effect.
This phenomenon specifies the frequency shift caused by a moving source, in this case an
erythrocyte, relative to the fixed transducer. If the erythrocyte moves towards the trans-
ducer its echo consists of a higher frequency than the transmitted frequency. Vice versa,
when the erythrocyte moves away from the transducer the frequency decreases. The dif-
ference between the incident frequency and the received reflected frequency is called the
Doppler frequency, or Doppler shift, (fd). The relation between fd and the velocity is as
follows:

fd = 2f0
vcos(θ)

c
, (2.1)

in which f0 represents the incident frequency, c the speed of sound in tissue, v the veloc-
ity of the blood at angle θ with the transmitted US signal. Velocity estimates based on
this equation are performed using continuous-wave and pulsed-wave US signals. Pulsed-
wave US has the advantage that it can discriminate the depth at which the echo originated
from. [45] From the cos(θ) term an important drawback of this method becomes clear; the
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angle-dependency. Only projections of velocity parallel to the US signal can be measured
accurately. Other limitations are the assumptions that blood flow is unidirectional, that
the vessel walls are uniformly straight and that flow is steady, laminar (aligned with the
vessel wall) and non-oscillatory. The minimum and maximum detectable velocities are
both limited by the selected pulse repetition frequency. [45, 49]

2.2 Echo PIV

To overcome the angle dependence and obtain a more accurate velocity estimation, parti-
cle image velocimetry (PIV) has been introduced. Principles of PIV analysis are based on
tracking small groups of particles in subregions, i.e. interrogation windows, of the cap-
tured image. The mean displacement of the particles in one window is calculated using a
cross-correlation algorithm between the same interrogation windows in two successive im-
ages. For each possible displacement the cross-correlation is determined and the highest
peak of the correlation matrix gives the most probable displacement. This computation is
performed in the frequency domain after fast Fourier transform (FFT). The different steps
of PIV analysis are illustrated in Figure 2.1. [50] The size of the interrogation window
influences the spatial resolution of PIV and the dynamic range in velocity. Smaller win-
dow size increases the spatial resolution, but decreases the signal-to-noise ratio (SNR) of
the correlation peak and the dynamic range in velocity due to loss of matching particles.
Therefore the size of a sub region is based on the maximum permitted displacement of the
particles, which should not exceed 1

4 of the window (one-quarter rule). To improve spatial
resolution, SNR of the correlation peak and the dynamic velocity range, multiple passes
of the FFT can be performed on the same data-set. The first cross-correlation analysis
is used to offset the interrogation window in the following passes. The next interroga-
tion window may be deformed (to increase accuracy), reduced in size (to increase spatial
vector-resolution) and/or moved in the direction of displacement. Finally, flow dynamic
parameters can be derived from the achieved vector velocity maps. [11, 44, 51, 52]
Echo PIV is an easy-to-use technique with good repeatability and reproducibility. [49]
In vitro it has been validated by directly comparing flow velocity profiles of continuous
and pulsatile flow environments with analytical solutions and/or optical PIV, which is
the golden standard. [43, 44, 51, 53, 54]. All studies found sufficient agreement with the
reference data, well within 10%. Using careful analysis methods and well-defined and
controlled measurement conditions, the random error in velocity estimates can be limited
to 1%. Hence, in principle echo PIV has a comparable accuracy to optical PIV. [55, 56]
Conventional optical PIV cannot be used in vivo because it requires optical access. [51]
In vivo comparison of echo PIV and phase enhanced MRI measurements of the carotid
artery in healthy subjects showed a good agreement with a correlation of 0.89. Quanti-
tatively however, a significant difference in WSS values was found. [49, 54] Furthermore,
feasibility of echo PIV to measure flow patterns in the abdominal aorta in healthy volun-
teers has been proven. [10]
The dynamic velocity range that echo PIV measurements can obtain depends on the avail-
able frame rate. Higher frame rates result in a better temporal resolution and the possi-
bility to measure higher velocities. However, in conventional B-mode scanning, it comes
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Figure 2.1: Principle of conventional particle image velocimetry. First two successive images are divided
into small interrogation windows. Second, the cross-correlation between the successive interrogation win-
dows is calculated and the peak of the cross-correlation map displays the most probable displacement of the
particles. The location of the peak is detected and converted to one velocity vector. Ultimately, this is done
for each interrogation window, resulting in a velocity vector map. Reproduced from Leow et al. [50]

at the cost of the field-of-view. [49] To overcome this limitation different advanced US
techniques resulting in high-frame-rate (HFR) acquisitions were introduced.

2.3 High frame-rate imaging

The most commonly known methods to increase frame rate include plane wave (PW) ex-
citation and multiline acquisition/transmit systems. Multiline acquisition (MLA) tech-
niques are implemented in the newest conventional US systems and construct multiple
neighbouring scan lines from each transmitted beam. For instance, a 4MLA system con-
structs four scan lines simultaneously, increasing the frame rate 4-fold. MLA techniques
may be combined with multiline transmit systems in which multiple focused beams are
transmitted at the same time. Image quality of these systems is competitive with conven-
tional captured images. [45, 48]

The physical maximum in frame rate is achieved when using PW. In PW, all elements of
the transducer transmit and receive synchronously. By introducing a linear delay between
elements, the planar wave-front gets tilted to obtain an angled acquisition. However, due
to a lack of focusing and increased side lobes in the received signal, image quality de-
creases significantly. [57] To improve lateral resolution, coherent spatial compounding of
multiple angled acquisitions can be performed. This way, images with comparable quality
to conventional US are achieved. [45, 48] This effect is illustrated in Figure 2.2. By using
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Figure 2.2: The effect of plane wave (PW) imaging on frame rate and image quality. (A) Conventional
focused imaging. 128 focused beams are used and lead to a frame rate of roughly 25 frames/s. (B) PW
imaging using 1 angle. Frame rate increases till 18.000 frames/s. Corresponding image quality decreases.
(C-D) PW compounding of multiple angles with improved image quality compared to 1 angle. Given frame
rates correspond to a 4 cm deep region of interest. Reproduced from Tanter & Fink [58]

this HFR technique, Leow and coworkers were able to track the evolution of flow during a
complete cardiac cycle in vivo in the rabbit aorta. They managed to increase the frame rate
40-fold (using a three-angled compounding and pulse inversion sequence), which enabled
the tracking of velocities up to 80-100 cm/s at an approximate depth of 10 mm. [50]

2.4 Microbubbles

To enhance the echogenicity of blood, microbubble-based ultrasound contrast agents can
be used. Ultrasound contrast agents (UCA) have a large difference in acoustic impedance
compared to its surroundings and exhibit resonance. As a consequence, they can enhance
the scattered signal with 20-30 dB compared to only blood cells. These contrast agents are
gas-filled bubbles encapsulated by an extremely thin shell consisting of lipid, albumin or
other surfactants. Due to the use of low solubility gases and the stabilizing properties of
the surrounding shell, the microbubbles last longer in the blood stream and are sufficiently
stable for the transit through the cardiopulmonary circuit. Clearance of the microbubbles
happens mostly by disruption and gas exchange in the lungs. Other required properties of
an efficient UCA are low toxicity, easy introduction to the blood stream and a low stokes
number, so that they follow the blood flow accurately. [59, 60]

The extremely thin shell provides the flexibility needed for their acoustic response. Their
scattering behavior can be divided into three broad regimes, depending on the peak pres-
sure of the transmitted signal. First, for very low peak pressures microbubbles will scatter
approximately linear, comparable to tissue. Second, if the intensity of the emitted signal
increases, microbubbles start to show non-linear characteristics. This non-linear behavior
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is a consequence of the asymmetrical vibration of a bubble, illustrated in Figure 2.3. At
positive pressure, a microbubble gets compressed and becomes stiffer, hence resisting to a
further decrease of its radius. In the rarefaction phase, at negative pressure, the microbub-
ble becomes less stiff and expands much more. The natural resonance frequency, at which
the bubble will scatter US with a high efficiency, lies around 3 MHz for bubbles with an
average diameter of 3 µm. The resonance frequency increases for stiffer shells and smaller
bubbles. Third, when the intensity of the transmitted signal increases even more, bub-
ble disruption will occur. During disruption, scattering levels from the contrast agents
increase rapidly for a short amount of time. This is an irreversible process. [59, 60, 61]
PW excitation approaches showed less bubble disruption at higher transmitted intensities
than conventional US methods. [62]

Figure 2.3: Simplified model of the asymmetric vibration of a microbubble at different instances of the
ultrasound pressure wave. Reproduced from E. Quaia. [60]

2.5 Contrast harmonic imaging and pulse inversion

Several US imaging techniques make use of the specific non-linear properties of UCA.
Due to non-linearity, the backscattered signal from the microbubbles contains higher har-
monics of the fundamental transmitted frequency. Tissue scattering is considered to be
mainly linear. Conventional contrast harmonic imaging uses this phenomenon to distin-
guish between tissue and UCA. This technique is based on the second harmonic frequency,
as it contains the most power. Moreover, the frequency bandwidth of the transducer is too
narrow to receive all higher harmonics accurately. [59, 60, 61] To obtain the second har-
monic frequency, a high-pass or band-pass filter is applied to the received signal, remov-
ing all other frequencies. Harmonic contrast imaging requires a narrower transmit and
receive bandwidth to avoid overlap in the fundamental and second harmonic frequency
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bands. Hereby sensitivity to discriminate between tissue and UCA improves. Axial reso-
lution, however, decreases due to the longer pulse length needed to narrow the frequency
band. [59]
Pulse inversion (PI) techniques overcome this limitation and detect non-linear compo-
nents of the backscattered signal over the entire bandwidth of the transducer. PI sums the
received signal of two transmissions with opposite polarity, i.e. 180-degree phase change.
Linear behavior is cancelled out, whereas non-linear behavior results in a detectable sig-
nal. This approach is illustrated in Figure 2.4 and will be discussed in detail in Chapter
3. [59, 60, 63] The effect of harmonic imaging and PI is demonstrated in Figure 2.5. [64]

Figure 2.4: The principle of pulse inversion imaging, based on the nonlinear behavior of the microbubble
contrast agent. Two ultrasound pulses are transmitted, with 180-degree phase difference, into the tissue.
The tissue behaves linear and the echoes will be inverted copies of each other. Summing them will cancel
the signal to zero. The nonlinear echoes from the microbubbles are distorted inverted copies and will not
cancel each other, resulting in a detectable signal. Reproduced from Wilson & Burns. [65]

Figure 2.5: The result of (C) pulse inversion compared to (B) harmonic imaging and (A) conventional
fundamental imaging. A tissue mimicking phantom (biogel and graphite) was used together with Optison
microbubbles to demonstrate the effect of different imaging techniques. Pulse inversion provides better
contrast between tissue and microbubbles. Reproduced from Becher & Burns. [64]
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3.1 Introduction

Microbubbles are used as a contrast agent to enhance echogenicity of blood. The under-
lying properties of microbubbles, one of which is their non-linear response to insonation
with increased acoustic power, are already discussed. [59, 60] It is this non-linear behavior
which gives rise to new frequency components in the scattered signal. This phenomenon
is the foundation of several contrast-specific ultrasound techniques, which proved to be
more sensitive than fundamental imaging. Conventionally, the contrast harmonic signal is
extracted from the received echo by filtering. This technique, however, has multiple lim-
itations as described in Chapter 2. [63] These limitations are overcome by PI techniques
in which the full bandwidth is used and non-linear UCA characteristics are enhanced by
subtracting rather than filtering out the fundamental. A detailed explanation of PI is given
in Chapter 2 and Figure 2.4. [66, 67] PI shows a higher sensitivity than second harmonic
imaging due to better rejection of the fundamental frequency band. As PI requires the
transmit of two pulses, the frame rate decreases. Moreover, it suffers from tissue motion
artifacts. Motion in between the two transmitted pulses gives linear propagated signals
which are not completely cancelled. In this case, a filter to obtain the second harmonic
frequencies is still required. [68, 69, 70] Ideally, the described methods completely distin-
guish UCA from its surrounding tissue. Originally it was assumed that tissue is completely
linear, making full separation possible. However, due to non-linear propagation of an US
wave, tissue does produce notable harmonic content. [71] Consequently, the harmonic
frequency band will be contaminated making separation more delicate. [61, 67, 68] Nev-
ertheless, harmonic imaging and especially pulse inversion techniques are still considered
as a sensitive method for contrast detection and widely used. [68, 72]

In an early phase of the clinical echo PIV trial performed at the Rijnstate hospital, dis-
cussed in Chapter 4, a combination of PI with frequency filtering was implemented for
real-time UCA visualization. After the addition of PI to a three angled PW US acquisition
scheme, used for anatomical navigation, bubbles were clearly visible. To further increase
the contrast-to-background ratio (CBR) the scattered signal was high-pass filtered. How-
ever, this focus on the harmonic content caused an unexpected decrease in CBR. Further
analysis revealed better bubble visualization when the scattered signal was not filtered
or low-pass filtered. Therefore, the question arose if the currently used US settings are
most optimal for real-time UCA visualization and if their is an underlying mechanism
which could clarify the observation. This issue called for a better understanding of bubble
behavior under different US conditions. To try to find an explanation for the observed
increase in CBR when focusing on the fundamental frequency, in vitro experiments were
proposed. These experiments and its results will be further discussed in this chapter.

17
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3.2 Methods

Bubble behavior was investigated by performing in vitro experiments and hydrophone
measurements at the University of Twente. The experimental setting gave the freedom to
investigate different US settings. Several considerations, such as influences of temperature
and viscosity, were made during preparation to limit the deviation between in vitro and in
vivo settings. In the end, data of one patient was similarly analyzed to be able to compare
in vitro to in vivo results. Hydrophone measurements were performed in order to quantify
the acoustic pressure output.

Experimental set-up

A flow phantom of the femoral bifurcation was constructed using polyvinyl alcohol (PVA).
PVA was chosen because of its matching acoustic properties to human tissue. [73] The PVA
phantom consisted of a mixture of ethylene glycol and demineralized water, in a percent
by weight (wt%) ratio of 40:60, and 12 wt% PVA (MW 85.00-124.00; 99%, hydrolysed)
Cryogel (Sigma-Aldrich, Zwijndrecht, the Netherlands). During the final minutes of mix-
ing scatterers (1 wt%, SiC Kiesgel 60, 0.0063-0.100 mm, Boom B.V., Meppel, the Nether-
lands) were added. A 3D printed vessel configuration with diameters of 8.9, 6.1 and 6.2
mm for the CFA, PFA and SFA respectively, was placed in a mold over which the PVA
mixture was cast. The vessel configuration was placed at a depth of 20 mm. After three
freeze-thaw cycles (at least 12 hours freezing and 8 hours thawing), the phantom reached
a stiffness which was able to endure physiological pressures.
Subsequently, the phantom was placed in a controlled flow set-up, presented in Figure 3.1.
A gear pump (KAVAN GmbH, Nürnberg, Germany) was used to enforce a steady, non-
pulsatile, flow. A rigid pipe of approximately 20 cm, was connected to the inlet of the
phantom to allow the formation of a laminar flow profile. The effect of the pump on the
microbubbles is unknown. Therefore, the pump was placed at the outlet of the model,
i.e. the flow was ’pushed’ through the phantom, to establish a constant environment up
to the scanning window at the CFA. The pressure was regulated with an external pressure
regulator connected to the entirely sealed metal reservoir. By altering the pressure, the
ambient pressure in the box, and consequently the pressure in the system, changed. The
pressure was monitored using a manometer connected to a compliance chamber.
Microbubbles behave differently in room versus body temperature. [74, 75] Therefore, the
experiments were carried out with the circulating fluid at a temperature of ∼37 degrees
Celsius. Blood mimicking fluid (BMF) composed of glycerol (MW 92.094, 99.5%; Thermo
Fisher Scientific, Waltham, MA, USA) and phosphate buffered saline (Gibco, Sigma-Aldrich,
Zwijndrecht, the Netherlands) was used as circulating fluid in a ratio of 55:45 wt% to
match physical properties of blood. This ratio considered the non-linear relation between
temperature and viscosity of glycerol. [76] First, the BMF was preheated to ∼37 degrees
Celsius after which it was degassed for 1 hour in the vacuum pump (Duran, DWK life
Sciences GmbH, Mainz, Germany). Next, the BMF was placed in a water bad at a tem-
perature of 37 degrees Celsius for at least 3 hours to restore gas equilibrium with the
surroundings. During the experiments the metal reservoir was placed on a hot plate (IKA
RCT Basic, IKA-Werke GmbH & Co., Staufen, Germany). A temperature sensor (IKA ETS-
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D5, IKA-Werke GmbH & Co., Staufen, Germany) was inserted in the BMF in the metal
reservoir. Through a feedback loop between the temperature sensor, set at a control value
of 37 degrees Celsius, and the hot plate the temperature could be controlled throughout
the experiments.

Figure 3.1: Experimental flow set-up. (A) Image of the set-up with different parts labeled. (B) Correspond-
ing schematic of the set-up. The green dashed square represents the scanning window.

Microbubbles

Sonovue (Bracco, Milan, Italy) microbubbles were used as UCA with a concentration of
8 µL/ml. These microbubbles consist of a phopholipid monolayer filled with sulfur hex-
afluoride gas. The diameter of Sonovue ranges between 1-10 µm, with a mean diameter
of 3 µm. More than 90% of the bubbles are smaller than 8 µm. Figure 3.2 presents the
power spectral density (PSD) of Sonovue at two different acoustic powers. The resonant
frequency is found around 3.4 MHz. When insonated with a higher acoustic power, a peak
at the harmonic frequency appears. [60]

Data acquisition

Radio frequency (RF) data were acquired with a linear array transducer (L11-4v) con-
nected to a research US system (Verasonics Inc, Kirkland, WA, USA). Characteristics of
the transducer and used imaging parameters are listed in Table 3.1. The US system, in-
cluding transducer, and programmed sequences were the same as used in clinical echo PIV
measurements (Chapter 4). In short, for real-time UCA visualization a live view script is
used in which a non-inverted and inverted single cycle PW US pulse is transmitted in
three different angles. These six acquisitions are reconstructed into one image frame. The
received signal was sampled at a rate of 32 MHz. The transmit frequency was set to 4.032
MHz and images were captured at 100 frames/s.
The influence of transmit voltage and pulse length on bubble behavior was investigated
during three different flow conditions. Details of the different flow settings are given in
Table 3.2. During each flow condition the transmit voltage was increased from 5 till 50V
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Figure 3.2: Power spectral density of Sonovue at low (dashed) and high (solid) acoustic power. The
backscattered signal presents a clear peak at the fundamental resonant frequency of Sonovue. When in-
sonated with higher acoustic power a peak at the second harmonic frequency appears. Reproduced from E.
Quaia. [60]

with a pulse length of 1 or 2 cycles. Thus, in total six sets of measurements were carried
out. The exact transmit voltages are given in Table 3.1. For each transmit voltage a live
view recording of 2 seconds, i.e. RF data to reconstruct 200 frames, was saved as a binary
file.

During each set of measurements 1.5L of BMF circulated through the flow set-up. Each
time 0.6 mL of Sonovue was administered into the reservoir. A magnetic stirrer at 350
RPM ensured equal distribution of the UCA over the circulating fluid. Once the bolus
passed and a constant passage of bubbles was visually established, a round of measure-
ments was performed. To ensure a constant UCA concentration whilst increasing the
transmit voltage, the BMF was redirected into a second container instead of recirculated
into the reservoir. In between sets of measurements the circulating fluid was replenished
and insonated with a continuous 50V HFR US pulse for at least 5 minutes to destruct all
residual UCA. The BMF is likely to be contaminated with small air bubbles and/or dust.
Therefore all measurements were performed before and after UCA was administered.

Table 3.1: Specifications of the Verasonics L11-4v linear array transducer [77] and used imaging param-
eters for the live view (pulse inversion) sequence.

Transducer parameter Imaging parameter
Center frequency 6.250 MHz Transmit frequency 4.032 MHz
Number of elements 128 Imaging mode Plane wave
Frequency bandwidth 4-11 MHz Compounding angles 3
Elevation focus 15-25 mm Angle range 36°
Pitch 0.3 mm Frame rate 100 frames/s

Excitation pulse 1-2 cycle sinusoidal
Transmit voltage 5, 10, 15, 20, 30, 50 V
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Table 3.2: Flow parameters of the three different steady flow conditions.

Flow condition Flow (L/min) Velocity (cm/s) Pressure (mmHg)
Low 0.12 6.6 40
Diastolic 0.60 33.1 70
Systolic 1.32 72.9 100

Data analysis

The RF data of each measurement was analyzed using Matlab R2018b (Mathworks, Nat-
ick, MA, USA). After loading the binary file into the workspace the data was reshaped into
its original 3D form [samples, elements, frames]. By knowing the maximum acquisition
length, wave length and number of samples per wave, the individual acquisitions could be
identified. Per individual element all acquisitions were summed together, hence manually
performing PI and coherent compounding of the three angles.
Subsequently, every 10th frame was analyzed in the frequency domain. Not the full im-
aged depth was of interest. Therefore, two regions were selected to represent the vessel
and tissue. Figure 3.3 shows these regions of interest in a reconstructed US image. Per
element, the signal parts corresponding to the selected depths were acquired. Finally, all
signal parts were arranged in line resulting in an individual signal to represent the vessel
and one to represent the tissue. These signals were the input for the frequency domain
analysis.
An estimate of the PSD was computed using the pwelch function of Matlab. This method
used a moving hanning window to divide the signal in smaller epochs of which the FFT
was computed. The windows had an overlap of 50%. The PSD was calculated as the
average FFT over all windows. Figure 3.4 gives an example of an average PSD of one
analyzed data-set. The peak of the transmit frequency (around 4-5 MHz) and the peak
of the second harmonic frequency (around 8-9 MHz) were detected and analyzed for all
measurements.
The influence of PI was investigated by comparing the frequency content of an individual
inverted and non-inverted acquisition to the sum of both.

In vivo data

RF data of one patient, enrolled in the clinical echo PIV trial performed at the Rijnstate
hospital (Chapter 4), were saved using the live view sequence at transmit voltages of 5,
10 and 20V with a pulse length of 1 cycle. Similar frequency analysis was performed on
these data sets. Beforehand all systolic frames, in which the UCA was clearly visible, were
manually selected. This resulted in less total frames and therefore every 3rd frame was
analyzed instead of every 10th frame. Furthermore, due to the presence of a stent in the
part imaged by the second half of the elements, only the first half was selected to obtain
the regions of interest. An example of a frame and corresponding regions of interest is
presented in Figure 3.3. The microbubbles are still visible in the stented region, however,
the interference of the stent is unknown and investigating this lies outside the scope of
this chapter.
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Figure 3.3: Regions of interest selected to obtain a representative signal of a tissue part (blue box) and
the vessel (red box) for further frequency analysis. (A) Reconstructed ultrasound image of the phantom,
after pulse inversion was performed. The image was captured during diastolic flow conditions. (B) Recon-
structed ultrasound image of a patient, after pulse inversion was performed. Both images are acquired with
a transmit voltage of 10V and a pulse length of 1 cycle. Images are displayed at 40 dB dynamic range.

Figure 3.4: Example of an average power spectral density of the 20 analyzed frames of one data-set acquired
with a transmit voltage of 5V and a pulse length of 2 cycles. The fundamental and second harmonic
frequency peaks are presented in yellow and green, respectively. The error bar shows the standard deviation
of the peak intensity over the 20 analyzed frames.
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Hydrophone measurements

Hydrophone pressure measurements were performed to obtain the mechanical indexes
(MI) of the US wave at the different transmit voltages. Previous hydrophone measure-
ments with the L11-4v transducer at a transmit voltage of 50V showed an MI of 0.97 [78].
For most probes a linear relation between transmit voltage and MI applies. Therefore,
hydrophone measurements were performed at a transmit voltage of 5V to test this linear
relation. If linearity was proven, the remaining MI were calculated by means of interpo-
lation.

3.3 Results

Hydrophone measurements of a volume scan with a transmit voltage of 5V showed an
average MI of 0.06 at the depth of interest, 20-30 mm, with corresponding peak negative
pressure of 150 kPa. Moreover, the maximum MI was 0.10. Hence, linearity is assumed
and corresponding MI for all transmit voltages are (rounded to the nearest first decimal):
0.1, 0.2, 0.3, 0.4, 0.6 and 1.0.

During the in vitro measurements UCA was visible on the PI live view display under all
varying conditions. Examples of reconstructed images, before and after administration of
UCA, are given in Figure 3.5. These figures show a gradient between flow and contrast
intensity. From the figures before UCA was administered, top row, it becomes clear that
the BMF is highly contaminated.

Pulse inversion

Figure 3.6 shows frequency spectra calculated from the RF data in the vessel (left) and
tissue (right) area. Figures 3.6A and B represent the inverted and non-inverted single ac-
quisitions of different transmit voltages. In both vessel and tissue the single pulses overlay
perfectly in the frequency band around the fundamental frequency, around 4-6 MHz. In
the harmonic frequency band, around 8-10 MHz, the intensity is slightly different. This
difference increases, from around 3 dB to 10 dB, with rising transmit voltages and is larger
in the tissue region. After summation of the single acquisitions a clear suppression of the
fundamental frequency can be seen in both vessel and tissue (Figures 3.6C and D). This
suppression is higher (-80 dB) in tissue than in the vessel (-48 dB). From these figures it
can be appreciated that after PI the fundamental frequency is more present in the vessel
area compared to the tissue area. In the vessel area the intensity of the fundamental fre-
quency is almost equal to the intensity of the harmonic frequency, whereas in the tissue
area the intensity of the harmonic frequency is higher than the fundamental frequency.

Transmit voltage

The PSD was sucessfully obtained of all measurements for both the vessel and tissue sig-
nal. Figure 3.7 presents the mean peak values and standard deviation (shaded) of the
fundamental (Fg, solid line) and harmonic (2nd, dashed line) frequency content, hereafter
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Figure 3.5: Reconstructed ultrasound images of the phantom with increasing flow before (first row) and
after (second row) microbubbles were administered. Flow increases from left to right. All images were
captured with a transmit voltage of 15 V and a pulse length of 1 cycle. Images are displayed at 40 dB
dynamic range.

intensity, as function of the transmit voltage for the different flow settings. Results are
shown for a pulse length of 1 cycle.

In general, intensity of the signal increases with increasing transmit voltage. The vessel
and tissue signal show a comparable trend with increasing transmit voltage. Tissue shows
the highest harmonic intensities compared to the vessel’s contrast and baseline measure-
ments, varying little between the different flow settings. The fundamental intensity of
tissue shows little variation as well. In low flow conditions, the fundamental intensity of
tissue is higher than the fundamental intensity of the vessel ROI. For higher flow, how-
ever, the fundamental intensity of the vessel region increases, becoming higher than the
fundamental intensity of tissue. This increase is particularly noticeable for the vessel sig-
nals with contrast. Between diastolic and systolic flow conditions there is still an increase,
however smaller. When only the fundamental frequency is considered, there is a clear
difference between the baseline and contrast measurements. Especially in diastolic and
systolic flow conditions. Harmonic intensity, however, is approximately equally present
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Figure 3.6: The effect of pulse inversion on RF data in the frequency domain. All plots present data
acquired during systolic flow conditions with a pulse length of 1 cycle. Intensity is given as function of
frequency for a transmit voltage of 5, 10 and 20 V. (A-B) Received intensity from the vessel (A) and tissue
(B) ROI of the individual non-inverted (pos) and inverted (neg) pulses. (C-D) The resulting intensity after
summation of the inverted and non-inverted pulses for the vessel (C) and tissue (D) ROI. As a reference
the intensities prior to summation, obtained with a transmit voltage of 20 V, are given in grey.

and shows far less variations with increasing flow. In case of diastolic flow, the harmonic
and fundamental intensities (contrast) intersect at a transmit voltage of 20V above which
the harmonic intensity is higher than the fundamental intensity. When systolic flow is
considered, this intersection shifted to a higher transmit voltage of approximately 40V.
The influence of pulse length on the fundamental and harmonic intensities is presented
in Figure 3.8. This figure gives the results corresponding to a pulse length of 2 cycles.
Baseline results are not shown. In general, a doubling of the pulse length results in an
increase in harmonic intensity for both the vessel and tissue signal. This increase is less
pronounced for the fundamental intensities. In comparison with a pulse length of 1 cycle
the same trends can be noticed, such as the harmonic intensity of the tissue being the high-
est in all flows compared to the harmonic intensity of the vessel. A likewise intersection
of the fundamental and harmonic intensities of the vessel region appears at 20V during
systolic flow, where this occurs at 40V for a shorter pulse length.

In vivo data

Figure 3.9 gives the mean peak values and standard deviation of the fundamental and
second harmonic intensities as function of the transmit voltage of the in vivo acquired live
view US data. The overall intensity of the signal, both in vessel and tissue, is higher than
the intensity of the signals obtained in the experimental set up. The harmonic intensity
shows comparable results to the experimental data, being highest in the tissue signal. At
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Figure 3.7: The effect of transmit voltage and flow on the peak intensities of the fundamental (solid lines)
and second harmonic (dashed lines) frequency for a pulse length of 1 cycle. All plots present peak inten-
sity as function of the transmit voltage for the signals of the tissue and vessel region. The effect of the
microbubbles is visualized by plotting the analyzed data of the vessel region before (’baseline’) and after
(’contrast’) contrast agents were administered. Data is given for (A) low, (B) diastolic and (C) systolic
flow. The shaded error bar shows the standard deviation of the peak intensity error.

Figure 3.8: The effect of transmit voltage and flow on the peak intensities of the fundamental (solid lines)
and second harmonic (dashed lines) frequency for a pulse length of 2 cycles. All plots present peak intensity
as function of the transmit voltage for the signals of the tissue and vessel region. Data is given for (A) low,
(B) diastolic and (C) systolic flow. The shaded error bar shows the standard deviation of the peak intensity
error. Baseline measurements are not considered. As a reference, results corresponding to a pulse length of
1 cycle are given in grey.
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a transmit voltage of 5V the fundamental intensity is higher in the tissue signal than in
the vessel signal. At transmit voltages of 10 and 20V the fundamental intensity is equally
present in the tissue and vessel signal.

Figure 3.9: The effect of transmit voltage on the peak intensities of the fundamental (solid lines) and
second harmonic (dashed lines) frequency for in vivo acquired data. Mean peak intensities are given as
function of transmit voltage for both the tissue and vessel region of interest. Presented results are obtained
during systole, with a pulse length of 1 cycle. The shaded error bar shows the standard deviation of the
peak intensity error.

3.4 Discussion

In vitro experiments were successfully performed in a controlled flow setup. The influence
of the transmit voltage and pulse length on bubble behavior was investigated by analysis
of the frequency content of the RF data.
Analysis of the single acquisitions before and after PI, presented in Figure 3.6, showed
a suppression of the fundamental frequency in both tissue and vessel, whereas the har-
monic frequency content stayed unaffected. So, it seems that PI is working as intended.
However, from the same figure it becomes clear that, especially in the vessel signal, there
is still a noteworthy amount of fundamental left compared to the harmonic content. This
is also emphasized in Figure 3.7 in which an increase in fundamental frequency is ob-
served for all transmit voltages with increasing flow. This may indicate worsening of PI
when flow increases. Such a residual clutter signal can originate from different sources
as mentioned earlier, one of which is tissue movement. Because PI is a multipulse tech-
nique it is susceptible to motion. Dependent on the direction, the motion causes a time
delay and/or changes the intensity of the received signals. [79] This decorrelation results
in an imperfect cancellation of the linear signals. These so called tissue motion artifacts
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are extensively discussed in literature. [68, 70, 79, 80] Shen et al. showed in a simulated
model and experimental setting that the fundamental frequency becomes dominant in the
PI sum when the displacement in axial direction is only 0.02 λ. In case of motion in the
lateral direction, the fundamental becomes larger when the displacement is more than 0.3
times the beam width measured at focal depth. [79] These values are not directly appli-
cable to the data acquired in this study, as plane wave US is used. Nevertheless, tissue
motion is most likely the explanation for the higher fundamental signal intensities ob-
served in the tissue region of the in vivo data compared to the fundamental intensities in
the in experimental data. Although, the live view did not show a considerable amount
of motion. The amount of fundamental intensity in the vessel signal of the experimental
data relates to this phenomenon as well. It is the motion of UCA, working as linear scat-
terers, that causes the decorrelation between the two firings. This explains the increase in
fundamental intensity with increasing flow. It also clarifies why better results of bubble
visualization were found when using a low pass filter during previous analysis.

The second harmonic signal intensity of the vessel ROI is less than expected, especially
in contrast to the harmonic signal received from tissue. Harmonic intensities increase
with increasing transmit voltage, however, approximately the same harmonic intensities
are measured from baseline measurements. It is therefore unlikely that this harmonic
content originates from non-linear behavior of the microbubbles. The lack of harmonic
signal from the UCA was unexpected. It is most probable that the UCA is not showing
non-linear behavior because of unsuitable US settings. Microbubbles tend to show non-
linear behavior when insonated with low acoustic power (peak negative pressure between
100-600 kPa) at their resonant frequency. [60] The transmit voltages until roughly 20V
showed an acoustic power well within this range. For instance, 5V had an average MI
of 0.06 at a depth of 20-30 mm with a corresponding peak negative pressure of 150 kPa.
The transmit frequency, however, is set at 4.032 MHz, whereas the resonant frequency
of Sonovue is approximately 3.4 MHz. As showed in Figure 3.2 Sonovue is much less
sensitive to a frequency of 4.032 MHz. The ideal resonant frequency is inversely related
to the square of the radius of the microbubble. Sonovue uses a range of diameters and
therefore it is possible that some of the microbubbles with a very small radius will show
non-linear behavior. [60] This is, however, far from enough to really make a difference in
the overall frequency content of the signal. The harmonic content will probably benefit
from lowering the transmit frequency of the transducer. This could be easily tested in a
similar experimental setting in which transmit frequency is the varying parameter. The
frequency bandwidth of the L11-4v transducer is, however, limited for such an experi-
ment. A similar probe with a lower frequency bandwidth would overcome this problem
as well as using two separate probes to transmit and receive the signal.

Moreover, pulse length could be optimized. Longer pulse length results in a higher acous-
tic power of insonation. [60] Pulse length is determined by the number of cycles per pulse
wave. In this chapter 1 and 2 cycles per pulse were compared and an increase in harmonic
content was noticed for both tissue and vessel. Furthermore, using more cycles per pulse
results in a narrowing of the bandwidth of the transmit frequency. The spectrum of the
transmitted frequency has a 3 dB bandwidth defined by the center frequency divided by
the number of cycles. This decreases the likelihood for overlap between the frequency
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bands and improves discrimination between fundamental and second harmonic frequen-
cies. Longer pulse length comes at the cost of axial resolution. This should be considered
when settings are being optimized.
Finally, PI is currently used in combination with PW US acquisitions. These unfocused
transmissions impose a uniform acoustic pressure which impairs the non-linear behavior
of the bubbles. PI is therefore probably not the best approach to enhance non-linear signal
content. Amplitude (or power) modulation (AM) is another multipulse technique which
uses consecutive US waves with different acoustic levels. The response of the bubbles will
differ for each AM acquisition. PW in combination with AM showed good contrast-to-
background ratios in comparison with conventional line-scanning AM approaches. [72]
A combination of PI and AM is considered one of the most sensitive contrast detection
methods. [62, 72]
Nevertheless, second harmonic frequencies are present in the vessel and, especially, tis-
sue signals. Different sources contribute to this harmonic content and are most likely the
same for both signals. First, it could be non-negligible harmonic components which were
present at the surface of the transducer prior to propagation. This may happen due to
a large pulse bandwidth as mentioned before or the ultrasound system itself being non-
linear. However, hydrophone measurements showed no harmonic content close to the
transducer. Therefore it is unlikely that these sources are the cause of the non-linearity
in the signal. Another possible cause is non-linear propagation of the US signal. When
the acoustic wave propagates through tissue (-mimicking material) non-linear propaga-
tion occurs. The further the wave travels, the more it gets distorted. Distortion of the
signal also depends on the medium it propagates through. Tang et al showed a much
more significant non-linear propagation through a cloud of UCA insonated at their reso-
nant frequency than through tissue-mimicking material. [71] In this context, the higher
harmonic intensities in the tissue signal, under almost all experimental conditions, are
an unexpected result. Especially because the tissue region was selected anteriorly to the
vessel. However, at this point it also clarifies why discrimination between tissue and con-
trast remains a challenge. This becomes especially clear from Figure 3.3 in which tissue
appears very bright relative to the contrast.

Future perspectives

At present, bubble visualization is possible due to the motion of the bubbles causing decor-
relation between the two PI pulses. In vivo data, however, shows that this residual signal
after PI is also equally present in tissue. To improve the discrimination between UCA and
tissue, it would be better to move towards a method in which the UCA is optimally used,
hence oscillating in a non linear manner. A first step would be to optimize the US set-
tings and acquisition scheme of which different examples are already described. Similar
experiments could be performed to investigate if changing these US settings will improve
harmonic content in the vessel area relative to the harmonic content of tissue. If so, a
CTR analysis could help in understanding if an increase in harmonic content really im-
proves the discrimination between perfused tissue and UCA. Other approaches would be
to let go of the second harmonic frequency and focus more on sub- or superharmonic fre-
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quencies. These frequencies are less affected by harmonic generation of the underlying
tissue. [61, 68, 81, 82] However, with these strategies the next challenge already appears
with finding, or building, a transducer with appropriate bandwidth.

Results of these in vitro experiments may have direct implications for clinical trials using
echo PIV to quantify blood flow in humans. Currently, the microbubbles are visible due to
motion causing imperfect cancellation of the ground frequency in the vessel compared to
the ground frequency of tissue. However, this mechanism is less pronounced in the in vivo
analyzed data showed in Figure 3.9. In vivo the intensity of the fundamental frequency
of tissue was higher or equal to the fundamental frequency of the vessel. Real-time bub-
ble visualization is an important step during the echo PIV measurements. Therefore, the
mentioned possible improvements should be explored in light of the clinical trial. Opti-
mizing the use of microbubbles, e.g. employ their non-linear properties, will most likely
improve in vivo data acquisition.

3.5 Conclusion

PI established real time UCA visualization in both in vitro and in vivo acquired data.
The mechanism behind this is most likely based on decorrelation due to motion of the
UCA causing imperfect cancellation of the fundamental frequency, rather than non-linear
properties of the microbubbles. Tissue shows a significant amount of harmonic frequen-
cies, making discrimination between contrast and tissue based on the second harmonic
frequency very difficult. Methods to improve non-linear behavior of the contrast should
be further investigated.
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4.1 Introduction

The relation between local blood flow patterns and atherosclerotic plaque formation has
been discussed in Chapter 1. Successful blood flow quantification may provide an impor-
tant step towards being able to predict atherosclerotic disease progression. Furthermore, it
may advance endovascular treatment on a patient specific level. The impact of significant
changes in vessel geometry and local blood flow has been confirmed by recent observa-
tions in a randomized clinical trial, comparing heparin-bonded expanded endografts to a
conventional femoropopliteal bypass. In both study arms, a concomitant endarterectomy
of the CFA was a predictor for success resulting in better patency rates. This suggests that
plaque removal, i.e. changing the vessel geometry, of the CFA could positively influence
the flow characteristics at the inflow area of the stent or bypass. [42] This example elu-
cidates once more the relation between local blood flow and progression of disease and
stent patency. Furthermore, it emphasizes the importance to gain insight in these local
flow patterns.

High-frame-rate contrast-enhanced ultrasound particle image velocimetry, in short echo
PIV, proved to be a reliable method to quantify flow characteristics in the abdominal aorta
and carotid artery in healthy volunteers. [10, 49, 83] This technique has never been used in
the femoral trajectory. Moreover, its efficacy near stents is unknown. The objective of this
study was to determine the feasibility of spatial and temporal blood flow quantification
in the femoral bifurcation and near stents in the SFA using echo PIV. As this study is still
ongoing, the aim of this chapter is to present the preliminary results.

4.2 Methods

This study has been performed at the Vascular Center of the Rijnstate Hospital in Arn-
hem, the Netherlands. The study was conducted in accordance with Good Clinical Prac-
tice guidelines and was approved by a central and local medical ethical committee in the
Netherlands (NL65760.091.18).

Study design

This ongoing multidisciplinary single center exploratory study is performed with a prospec-
tive study design. There were no follow-up moments included. Procedures and treatment
were executed per institutional protocol and standard of care for PAD.

31
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Table 4.1: In- and exclusion criteria.

Inclusion criteria Exclusion criteria

• Scheduled endovascular treatment of
a lesion in the SFA by placement of a
bare metal or a covered stent

• A recently (<6 weeks) treated lesion in
the SFA by placement of a bare metal
or a covered stent

• Hypersensitivity to the active substance(s)
or any of the excipients in Sonovue

• hypersensitivity to iodinated contrast me-
dia

• Clinically unstable cardiac disease, con-
gestive heart failure (class 3/4), right-to-
left cardiac shunt or prosthetic valves

• Uncontrolled systemic hypertension
• Hypercoagulable status, recent thrombosis
• Severe pulmonary hypertension (pul-

monary artery pressure > 90mmHg)
• Severe pulmonary disease (e.g. COPD

GOLD 3/4, ARDS)
• Loss of renal function (GFR < 31ml/min)
• End-stage liver disease
• Sepsis
• Pregnancy

SFA; superficial femoral artery, COPD; chronic obstructive pulmonary disease, GOLD; Global initiative for obstructive
lung disease, ARDS; acute respiratory distress syndrome, GFR; glomerular filtration rate.

Study population

PAD patients with a stenotic lesion or occlusion of the SFA, recently (<6 weeks) treated
with a stent placement or scheduled for a stent placement, were approached for enroll-
ment. Both type of stents used in the SFA, bare nitinol (Everflex, Medtronic, Minneapo-
lis, MN, USA) and covered nitinol (Viabahn, Gore Medical, Flagstaff, AZ, USA), were in-
cluded. Patients were included after providing written informed consent. Patients who
met one of the exclusion criteria listed in Table 4.1 were excluded from the study. A pilot
of in total 20 PAD patients has been chosen. This is not substantiated with any power
calculations.

Data acquisition

Echo PIV measurements were performed with a linear array transducer connected to a
fully programmable Vantage 256 US machine (L11-4v transducer; Verasonics, Kirkland,
WA, USA). Transducer specifications can be found in 3.1. HFR US data were acquired
in five different locations around the femoral bifurcation and the stented lesion. These
locations were the CFA, PFA, bifurcation, proximal edge of the stented SFA (inflow) and
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distal edge of the stented SFA (outflow). A schematic representation of the locations is
given in Figure 4.1.
First, proper visualization of the vessel was established by an experienced vascular tech-
nologist, using a clinical US machine (iU22 xMATRIX, Phillips Healthcare, Best, the Nether-
lands). Blood flow velocities were measured using pulsed wave Doppler, after which the
switch was made to the research US machine. This system uses the same real-time, live
view, visualization sequence as explained in Chapter 3. For anatomical navigation a three
angled PW, 1 cycle, acquisition scheme at 100 frames/s was used. After compounding
and reconstruction the images were displayed real-time. A similar US scheme, with the
addition of PI, ensured bubble visualization at a second display. For these live view acqui-
sitions transmit frequency was set to 4.032 MHz and transmit voltage varied between 5
and 20 V. When sufficient visualization of all locations was established once more, venous
access was obtained by placing a venous cannula.

Figure 4.1: Schematic of the femoral trajectory with all measured echo PIV locations highlighted in red.
The locations are, in ascending order, the common femoral artery (CFA), the bifurcation, the profunda
femoral artery (PFA), the proximal edge of the stent in the superficial femoral artery (SFA), i.e. inflow, and
the distal edge of the stent in the SFA, i.e. outflow.

Sonovue was used as a contrast agent in a concentration of 8 µl/ml. Sonovue is clinically
approved for applications in radiology and cardiology in the European Union. [59] The
suspension was prepared following the attached recipe. In the environment of the vial the
microbubbles are stable for several hours. However, buoyancy causes the microbubbles to
rise to the surface in less than 2 minutes. Before intravenous injection the vial was agi-
tated slowly in a top-to-bottom manner to once more obtain a homogeneous suspension.
Sonovue has a half-life time of 6 minutes. After intravenous injection, more than 80% of
the suspension is exhaled through the lungs in 11 minutes. [84] More specifics on US prop-
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erties of microbubbles in general and Sonovue can be found in Chapter 2 and Chapter 3,
respectively.
For each location 0.75 ml of Sonovue was injected. Generally, the bolus of contrast ap-
peared within 20-40 seconds. When a semi-stable concentration of contrast was estab-
lished a live view measurement was saved, followed by two HFR measurements. For each
HFR measurement a three-angled PW, 1 cycle, acquisition scheme was used to capture
images for 2.5 seconds at 2000 frames/s. Transmit frequency remained 4.032 MHz and
transmit voltage was set to 5 and 10 V. To avoid accumulation of bubble concentration, an
interval of several minutes was implemented in between measurement locations. When
visually all UCA seemed cleared on the live view PI display, the next location was visual-
ized and microbubbles were injected again.
Beside the echo PIV measurements, a CTA was carried out to provide insight into the le-
sion characteristics and to obtain the patient-specific geometry of the vessels for reference.

Data analysis

Echo PIV data were processed offline using Matlab R2018b. First the RF data were clutter
filtered based on singular value decomposition (SVD). [85, 86] The data were rearranged
into a 2D space-time Casorati matrix. Subsequently, this matrix was decomposed using
SVD causing tissue, which has a high spatiotemporal coherence, to gather in the low-
rank modes of the system, i.e. described mainly in the first singular values. Flowing
microbubbles in the blood, on the other hand, exhibit much lower spatiotemporal coher-
ence and were typically distributed more centrally. High-rank modes were occupied by
noise. Modes to truncate the diagonal matrix of singular values were chosen manually,
based on visual inspection of the data. Low ranks ranks varied between 150 and 200,
whereas high ranks varied between 1500 and 2200. After sufficient tissue suppression
was achieved, without affecting the microbubbles during (very) low flow, the RF data were
reconstructed into image data by the research US system. This beam formed image data
was used to perform PIV analysis.

PIV analysis

PIV analysis was performed in an iterative manner with progressive grid refinement. Four
iterations of blockwise cross-correlations were calculated between each image pair. A final
32 x 32 (pixel) interrogation window with 75% overlap was used, corresponding to a final
spatial vector grid of 0.76 x 0.76 mm2. For each iteration 2 x 3 (pixel) parabola peak fit-
ting and median outlier detection [87] were used to estimate the sub-pixel displacement
and eliminate erroneous vectors, respectively. By means of inter- and extrapolation of
the resulting estimations from the previous iteration, a displacement predictor is made to
linearly deform the images for the next iteration. The final correlation maps of five consec-
utive frames were averaged and the maximum normalized cross-correlation per window
was used to determine velocity vectors. During post processing velocity vectors based on a
correlation value < 0.1 were removed. Per vector field, a similar universal median outlier
detection was applied. Furthermore, vectors deviating more than 4 times the standard
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deviation were eliminated. All removed velocity vectors were interpolated. Finally, a 3 x
3 (pixel) Gaussian filter was applied to spatially smooth the acquired velocity data.

Feasibility

In order for PIV to properly be able to analyze contrast-enhanced US images, several fea-
tures are considered to be important: to what extent the vessel is visualized and the ability
to distinguish the imaged vessel, i.e. the intensity of the contrast agents. Therefore a first
approach in assessing feasibility of echo PIV was performed by evaluating the data, ob-
tained with a transmit voltage of 10V, in three steps.
The first step yielded an evaluation of the imaged vessel of all acquired data-sets. Based
on an average image, derived from 20 frames during systole, the data was considered poor,
medium or good. Examples are given in Table 4.2 figures A-C. An image was considered
good when a clear outlined vessel could be appreciated over a length of at least three times
the diameter (Figure C). When the vessel contained considerable shadows or void regions
the data was valued medium (Figure B). Poor meant almost no vessel visible or only partly
visible with no relevant anatomical information (Figure A).
During the second step the contrast-to-background ratio (CBR) was calculated of the same
20 frames, defined as:

CBR = 20log10
RMScontrast
RMSbackground

(4.1)

with RMS being the time averaged root-mean-square intensity of a selected contrast or
background area. Three regions inside the vessel were selected, hence the influence of
shadow and void regions was taken into account. The selected areas are highlighted in
red (contrast/vessel) and blue (background) in the examples given in Table 4.2 figures D-
F. The given examples were all considered having relatively good visibility of the vessel.
Data considered as poor during the first step were not included in the second step.
Based on the obtained results from the first two steps, one patient was chosen to be eval-
uated in detail during the third step yielding PIV analysis. the maximum normalized
cross-correlation maps were used to evaluate the accuracy of PIV. The median maximum
normalized cross-correlation value with interquartile range (IQR) was calculated of the 20
analyzed frames. Furthermore, temporal velocity profiles obtained from PIV were com-
pared to the results of Doppler duplex US. Both PSV and waveform morphology were
assessed.

Transmit voltage

The influence of transmit voltage was assessed by calculating the CBR on a subset of 20
frames during peak systole and the end of diastole, comparing both transmit voltages of
5 and 10V. Furthermore, maximum normalized cross-correlation values were evaluated to
assess the accuracy of PIV analysis. These calculations were performed on the data of the
patient chosen for the detailed PIV analysis. The exact peak systole and end of diastole
were obtained from the temporal velocity profiles acquired with PIV.
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Table 4.2: Examples of poor, medium and good vessel visibility (A-C) and bubble intensity (D-F) quanti-
fied by contrast-to-background (CBR) calculations.
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An average of 20 frames is displayed at 40 dB dynamic range. Axes are in mm.
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4.3 Results

Nineteen patients have been enrolled to date. Echo PIV data was successfully acquired in
twelve patients (10 male, 83.3%) with a median age of 68.5 years (IQR, 66.8;76.8). The
seven remaining measurements are scheduled. Specifics of the used stent types and lo-
cations of the treated lesions are presented in Table 4.3. One patient was excluded, af-
ter physical examination with the clinical US device revealed an acute occlusion of the
recently placed stent. Another patient received thrombolytic therapy prior to the stent
placement, two months before the echo PIV measurement. None of the patients experi-
enced side effects of Sonovue.

Table 4.3: Stent specifications.

Stent location Stent type
Proximal SFA, n (%) 2 (16.7) Everflex, n (%) 6 (50.0)
Distal SFA, n (%) 2 (16.7) Viabahn, n (%) 6 (50.0)
Mid SFA, n (%) 3 (25.0)
Entire SFA, n (%) 5 (41.7)

Feasibility

In total 60 sets of data were evaluated during the first step of feasibility assessment. 10
out of 60 locations showed poor vessel visibility with no relevance for PIV analysis. Half
of the remaining 50 locations showed considerable shadow or void regions and were val-
ued medium, leaving 25 locations with a clearly outlined imaged vessel. Patients showed
large variation in imaged vessel dimensions between the different measured locations. All
patients, except for one, had at least two locations in which the captured vessel was clearly
visible.
The results of the CBR calculations are presented in Figure 4.2. From this figure it can be
appreciated that, in general, medium scored vessels have a lower CBR ranging from -1.4-
5.4 dB. Clearly visible vessels, scored with good in the first step, have on average a higher
CBR, however, the distribution is larger ranging from 1.3-14.9 dB. CBR values differ a
lot between and within patients. Seven out of twelve patients had at least two locations
with sufficient vessel visibility and high CBR. One of these patients was used to further
investigate the influence of transmit voltage and to perform PIV analysis.

Transmit voltage

The influence of transmit voltage on the CBR is presented in Figure 4.3. Examples of
the outflow during diastole and systole are given in subfigures 4.3A and B, respectively.
CBR is given for both systole and diastole with a transmit voltage of 5 and 10V. At a
transmit voltage of 10V a higher CBR is found for all locations during systole and diastole.
On average, a difference of 3.7 dB in favor of 10V is found. Both 5 and 10V show little
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variation in CBR between systole and diastole. 5V shows a mean variation of 0.4 dB,
whereas 10V shows a mean variation of 1.2 dB.

Figure 4.2: Contrast-to-background ratios for all data with medium (left) or good (right) vessel visibility.
Each colored dot represents an individual HFR measurement.

Figure 4.3: The influence of transmit voltage on the contrast-to-background ratio during systole and dias-
tole. Data of one patient is presented. An average of 20 reconstructed US images of the outflow of the stent
are given as an example during (A) diastole and (B) systole. (C) CBR of all five locations with a transmit
voltage of 5 and 10 V.



4.3. Results 39

Particle image velocimetry

CBR and PIV results of one patient are presented in Table 4.4. For each location the
CBR, cross-correlation value and PSV obtained with PIV and duplex are given. In case
of the CFA and inflow of the stent, PSV obtained with PIV corresponds well with PSV
obtained with duplex. A relative difference of 9.2 and 0.9% is found for the CFA and
inflow of the stent, respectively. These locations show high CBR together with relatively
high median cross-correlation values. The outflow area of the stent shows a high mean
CBR as well, however, the cross-correlation value is lower. The resulting difference in
velocity is 25%. The locations with the lowest CBR and cross-correlation values, i.e. the
PFA and bifurcation, show the least amount of agreement between PSV obtained with PIV
and duplex.

The influence of transmit voltage on the cross-correlation values is presented in Table 4.5.
In general, data acquired with a transmit voltage of 10V shows higher cross-correlation
values than a transmit voltage of 5V. At both transmit voltages, a weaker correlation be-
tween frames is observed during systole.

To illustrate the difference in results from PIV analysis performed on data with low and
high CBR, the bifurcation and the inflow of the stent are presented in full detail in Fig-
ures 4.4 and 4.5. Subfigures A and B show the vector field obtained with PIV and the

Table 4.4: CBR and PIV results of one patient.

Location CBR xcorr PSV PIV PSV duplex Difference
(dB) (a.u.) (cm/s) (cm/s) (%)

CFA 8.4 ± 1.3 0.46 (0.33;0.58) 107 118 9.2
PFA 1.1 ± 0.7 0.19 (0.09;0.32) 83 234 64.5
Bifurcation 3.9 ± 0.9 0.29 (0.18;0.42) 70 111 36.9
Inflow stent 11.6 ± 0.8 0.48 (0.31;0.60) 114 115 0.9
Outflow stent 11.5 ± 0.8 0.31 (0.21;0.42) 84 112 25.0

Contrast-to-background ratio (CBR) and cross-correlation value (xcorr) are presented as mean value followed by the
standard deviation and median value followed by the inter-quartile range, respectively. CFA; common femoral artery,
PFA; profundal femoral artery, PSV; peak systolic velocity, PIV; particle image velocimetry.

Table 4.5: Cross-correlation values during systole and diastole for a transmit voltage of 5 and 10 V.

Location Systolic Diastolic Systolic Diastolic
5V 5V 10V 10V

CFA 0.32 (0.22;0.43) 0.41 (0.32;0.51) 0.46 (0.33;0.58) 0.53 (0.40;0.64)
PFA 0.10 (0.07;0.15) 0.08 (0.06;0.14) 0.19 (0.09;0.32) 0.14 (0.08;0.28)
Bifurcation 0.29 (0.16;0.41) 0.48 (0.37;0.58) 0.29 (0.18;0.42) 0.22 (0.12;0.38)
Inflow stent 0.29 (0.16;0.41) 0.45 (0.34;0.57) 0.48 (0.31;0.60) 0.57 (0.47;0.65)
Outflow stent 0.17 (0.10;0.27) 0.37 (0.24;0.49) 0.31 (0.21;0.42) 0.56 (0.48;0.65)

Values presented as median followed by the interquartile range. CFA; common femoral artery, PFA; profunda femoral
artery.
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corresponding cross-correlation values inside the area of interest. In case of the inflow
of the stent, especially the first half of the captured vessel exhibits high cross-correlation
values. These values decrease inside the stented area. The duplex US image (Figure 4.4D)
shows the temporal velocity profile at the proximal edge of the stent in the middle of
the vessel lumen. Roughly the same point was taken in the obtained vector field to plot
the velocity as a function of time, shown in Figure 4.4C. The obtained velocity profile
corresponds well with the velocity profile of the duplex US. Both show similar tripha-
sic waveform morphology. The bifurcation, captured as the transition of the CFA into the
SFA, shows lower overall cross-correlation values and velocity seems to be underestimated
(Figures 4.5A and B). This also becomes clear when comparing temporal velocity profiles,
obtained at the proximal SFA. The velocity profile acquired from the PIV data seems a bit
more noisy and shows lower PSV values compared to duplex US. The wave morphology
is, again, approximately the same.
Figure 4.6 shows the resulting vector fields of the CFA during different instances of the
cardiac cycle. PIV was able to obtain adequate vector fields during early systole, peak
systole and diastole with median cross-correlation values of 0.39 (IQR, 0.29;0.51), 0.46
(0.33;0.58) and 0.53 (0.40;0.64), respectively.

4.4 Discussion

A first attempt in proving feasibility of echo PIV in the femoral bifurcation and near the
stented SFA has been performed. Vessel visibility and CBR have been designated as key
factors to quantify feasibility. Adequacy of PIV was evaluated using maximum normalized
cross-correlation values and resulting velocities compared with duplex US. Results of one
patient have been presented in detail and demonstrated that PIV was able to assess blood
flow velocities during every phase of the cardiac cycle. As shown in Figures 4.4 and 4.6,
a range of blood flow velocities was registered, including velocities up to approximately
110 cm/s and very slow rates approaching blood stasis. The acquired temporal velocity
profiles corresponded well with the waveforms obtained with duplex US. Two out of five
locations, i.e. CFA and inflow of the stent, showed a relative difference in PSV below 10%.
These specific locations exhibited higher CBR and cross-correlation values in comparison
with the locations performing worse. This indicates that PIV performs better when the
acquired data has a high CBR. Considering this statement in context of all calculated CBR,
presented in Figure 4.2 adequate PIV analysis is expected to be plausible in at least a
quarter of the obtained echo PIV measurements. However, the deviating results of the
outflow measurement of this one patient do not support this assertion. The outflow of the
stent showed high CBR in combination with slightly lower cross-correlation values and
underestimated the PSV with 25%. Therefore, a clear cut-off value for CBR, above which
accurate PIV analysis is most likely to be accomplished, cannot be set based on the data of
this one patient. More data should be analyzed through PIV to be able to make a justified
statement about a certain threshold and to estimate the attributed value of CBR in pre-PIV
screening.
Voorneveld et al. [83] found higher CBR values in their echo PIV data obtained in the
abdominal aorta of healthy volunteers. They observed a similar decrease in CBR during
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Figure 4.4: Particle image velocimetry (PIV) results in the proximal edge of the stent in the SFA during
systole. Data was obtained with a transmit voltage of 10 V. (A) Velocity vector field. Color represents
the magnitude of the velocity vectors. (B) Cross-correlation values of PIV analysis. Color represents the
maximum normalized cross-correlation value of the specific interrogation window. (C) Temporal velocity
profile acquired at the proximal edge of the stent. (D) US duplex image of approximately the same location
prior to the echo PIV measurements.
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Figure 4.5: Particle image velocimetry (PIV) results in the bifurcation during systole. Data was ob-
tained with a transmit voltage of 10 V. (A) Velocity vector field. Color represents the magnitude of the
velocity vectors. (B) Cross-correlation values of PIV analysis. Color represents the maximum normalized
cross-correlation value of the specific interrogation window. (C) Temporal velocity profile acquired at the
proximal superficial femoral artery. (D) US duplex image of approximately the same location prior to the
echo PIV measurements.
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Figure 4.6: Particle image velocimetry results during different instances of the cardiac cycle. The velocity
vector field and corresponding cross-correlation value map is presented for (from top to bottom) systole,
peak-systole and diastole.
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diastole (Figure 4.3). The difference in CBR could be explained by the difference in MI
used in both studies. They indicated a maximum MI of 0.03, at a depth of interest of 30
mm, at which no severe bubble destruction occurred (during systole). The MI at 30 mm
used in this study was higher; 0.06 and 0.12 for a transmit voltage of 5 and 10V, respec-
tively. The higher MI could have caused significant bubble destruction, hence lowering the
CBR. Severe bubble destruction will hamper PIV analysis and is hard to quantify visually.
Therefore, bubble destruction should be investigated, for both transmit voltages, by cal-
culating the disruption ratio. [62, 83] Moreover, the progressively diseased vessels of the
patients measured in this study could be an explanation for the lower CBR. Calcifications
at the anterior vessel wall cause shadows in the US image and impair vessel visibility. In
such a case, average CBR will automatically be lower. However, obvious calcified lesions
were not always visualized with the clinical or research machine and therefore it is unclear
if this is the sole cause of the shaded regions.

Although lower CBR values were established, normalized maximum cross correlation val-
ues, listed in Table 4.4, correspond well with those reported by Voorneveld et al. This es-
pecially applies for the measurements of the CFA, inflow and outflow of the stent, showing
higher cross-correlation values during systole relative to the values found in the abdom-
inal aorta of healthy volunteers. [83] Hence, suggesting that comparable accuracy of PIV
could be established. Based on solely the PSV values compared to the duplex US, accurate
PIV results were obtained in the CFA and inflow of the stent. The outflow of the stent
showed a larger deviation in PSV values. This could be due to overly smoothing of the
data. For instance, velocities based on cross-correlation values < 0.1 were removed and in-
terpolated. Furthermore, periods of fast flow showed weaker correlation between frames.
This may cause difficulties for the PIV algorithm in tracking UCA during systole, in par-
ticular near stenotic lesions where flow velocities are expected to be even faster. Admin-
istering a smaller volume of contrast may ensure better correlation values during systolic
flow. [83] The transmit voltage of 10V showed higher cross-correlation values compared
to a transmit voltage of 5V, suggesting PIV to performs better on data acquired with a
transmit voltage of 10V.

Unfortunately, these promising results were not observed in all measured locations of the
patient discussed in detail. It seems that measurements with lower quality in terms of
visibility of the imaged vessel and bubble intensity, PIV analysis performs worse. Several
improvements can be made to optimize the quality of the acquired data, prior to PIV
analysis. Enhancement of the images prior to PIV analysis will minimize the occurrence
of spurious vectors in the PIV results. This is desired because not all spurious vectors are
detected by the outlier algorithms and interpolation of the removed outliers introduces
unknown errors. W. Thielicke [52] describes multiple pre-processing techniques which are
used to enhance the images. These techniques include contrast limited adaptive histogram
equalization, intensity high-pass filtering and intensity capping. [52, 88] Optimal settings
of these filters and the influence on PIV results should be further investigated.

Furthermore, tissue suppression SVD based filtering is currently performed by choosing
the modes manually by means of trial and error. Beside its time consuming and com-
putational (work) load, it also increases variability of the measured data. Several auto-
mated selection algorithms have been described and applied on echo PIV data in other
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studies. [83, 86] Such an algorithm will provide a method in which all data is objectively
filtered in a similar way.
Moreover, bubble visualization could be improved by adding the PI technique to the HFR
sequence, utilizing the non-linear behavior of the microbubbles. [50] However, the subse-
quent decrease in frame rate may impair the dynamic range over which velocities could
be detected. Besides, if the microbubbles experience non-linear behavior during the HFR
sequence remains questionable. Frequency analysis, like performed in Chapter 3, could
provide insight in this case.
In addition to improvements of the quality of the measured data, PIV analysis itself could
be optimized. When performing PIV analysis, numerous settings are defined by the user.
For instance, the number of iterations, interrogation window size and deformation- and
subpixel methods. First PIV attempts performed in this study used conventional settings
based on previous studies utilizing echo PIV in humans. [10, 83] Furthermore, the thresh-
old and strength of outlier detection and smoothing parameters influences PIV results.
Overly smoothed data generally exhibits a decreased range over which velocities are de-
tected. Especially at locations with high velocities or disturbed flow patterns, smoothing
should be used with caution.
Exploring these possible improvements and simply analyzing more data will reveal to
what extent the acquired measurements, for instance with lower CBR or shadows, are still
good enough for accurate PIV analysis to be performed.

Practical aspects

Beside all technical factors, practical aspects of echo PIV measurements should be consid-
ered as well when assessing feasibility. Echo PIV measurements were preformed within
one hour with a group of two technical physicians and two vascular technologists. This
could be downsized to a one technical physician and one vascular technologist. Navigat-
ing to the right locations turned out to be complicated due to the decreased image quality
of the images acquired with the three-angled plane wave sequence of the research US ma-
chine and the lack of color Doppler. In some cases the microbubbles were used to navigate
to a subsequent location and to establish the most optimal view. However, UCA was not
always clearly visible. This can be explained in light of the results shown in the previous
chapter. Motion of tissue is most likely to be more present in data acquired from pa-
tients, hence influencing bubble visualization. The improvements mentioned in Chapter
3 should be explored to enhance bubble visualization, as it is an important feature in data
acquisition. Furthermore, the PFA was difficult to visualize in most patients. This was
reflected in the first two steps of feasibility assessment.

Future perspectives

An obvious and essential next step would be the addition of streamlines to the obtained
vector fields. With the current vector fields it is hard to evaluate if echo PIV can visualize
specific blood flow patterns, such as recirculations. This is crucial because the ability to
quantify specific blood flow patterns would be an important step in blood flow assessment.
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When feasibility of echo PIV is proven, further development in terms of ease-of-use and
real-time data visualization is needed in order for it to be clinically practicable. Currently,
processing of the echo PIV data is very time-consuming. Accurate calculations of flow
derived parameters, for instance a vector complexity value, oscillatory shear index or WSS,
remain another challenge. [11, 89] Clinical trials in a larger cohort should be performed
with follow-up in order to obtain the predictive value of these flow parameters.

4.5 Conclusion

First results of echo PIV near the femoral bifurcation and in the stented SFA are promis-
ing. Accurate velocity tracking has been established in two out of five measured locations.
More data should be analyzed and improvements in data acquisition, pre-processing and
PIV analysis should be explored in order to be able to draw a thorough conclusion regard-
ing feasibility of the technique.



5Conclusions

An exploratory study in patients has been performed to investigate clinical feasibility of
echo PIV as a technique to quantify local blood flow in the femoral bifurcation and stented
SFA. Analysis of the first data showed promising results. Accurate blood flow velocity
tracking was established in two out of five locations in in the first PIV analyzed patient.
Adequacy of PIV analysis seemed to be influenced by the quality of the acquired data
in terms of vessel visibility and CBR. Several improvements are suggested and should be
explored to optimize data acquisition and PIV analysis.
Based on unexpected observations made during the first clinical echo PIV measurement, in
vitro experiments were carried out. Results of the in vitro experiments were able to clarify
the unexpected pulse inversion outcomes in real-time bubble visualization. Moreover,
the experiments yielded numerous possible improvements in optimally utilizing the non-
linear behavior of the microbubbles, which may have direct implications for future studies
using echo PIV in patients.
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