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ABSTRACT

In the United States, pulmonary embolism (PE) accounts for 100,000-200,000 deaths each
year. Left untreated, 30% of PE patients will die from the disease. Instead of treating the pathology
when it occurs, prevention and identification beforehand of emboli in the systemic and pulmonic
vasculature have the ability to improve future health outcomes. Currently, it has been shown that
Doppler ultrasonography has the ability to detect microembolic material as high intensity transient
signals (HITS) in the brain. Doppler ultrasonography detection of emboli is highly dependent
upon the composition and size of the embolus, the flow rate, and the sonographer, among other
variables. Therefore, the objective of this experiment was to determine the efficiency of Doppler
ultrasound at detecting non-deformable clots of various sizes over a range of physiological
conditions in order to better quantify the technology.
This study measured the Verasonics Research Ultrasound system’s detection efficiency
with Doppler Ultrasonography using rigid beads of 2.3 mm, 3.2 mm, and 4.8 mm diameters under
physiological conditions analogous to the iliac vein and carotid artery. A Reynolds number of 200
and 500 were chosen for the iliac vein and carotid artery respectively in accordance with preexisting literature.
This study determined the embolus detection efficiency and accuracy of the Verasonics
Research Ultrasound system with Doppler ultrasonography.

The longitudinal position was

determined to be better statistically at detecting emboli in flow as compared to the cross-sectional
position. The longitudinal position afforded a method for detecting emboli in flow with a
sensitivity of 77.8%, a precision of 71.3%, and an accuracy of 72.9%. The sensitivity determined
with the quantitative methods in this study was comparable to literature values using a human
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sonographer, which is considered the gold standard. Reynolds number was determined not to have
a significant effect on detection. In a few specific cases, bead size was determined to have a
significant effect on detection, however there was no discernable trend. Future studies should be
conducted to refine the methods and to increase the application of this protocol.
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Chapter 1
Introduction

1.1 Clinical Need
Cardiovascular disease (CVD) is the leading cause of death in the United States,
responsible for approximately one third of all deaths each year [1]. CVD encompasses a wide
range of pathological conditions such as coronary heart disease, heart failure, myocardial
infarction (MI), stroke, high blood pressure, and atherosclerosis. Symptoms greatly affect quality
of life and can often exacerbate the conditions of patients suffering from other diseases. The total
cost incurred by the treatment of the disease measures out to more than $329 billion [1].
Treatment for CVD can vary from moderate dietary and lifestyle alterations to surgical
intervention. Surgery can often be accompanied by the implantation of mechanical devices such
as ventricular assist devices (VADs), inferior vena cava filters (IVC Filters), and mechanical or
xenogeneic heart valves. These devices work to assist or restore heart function, acting as a bridge
to transplant for patients awaiting a heart transplant, and lower the risk of pulmonary embolism
(PE) and stroke.
Despite the life-saving assistance that these devices provide, there are still a number of
complications associated with the device itself that can create serious complications for the patient
[2]. Clotting in and around the devices was seen in 4% of patients who had LVADs [3]; a thrombus
in a HeartWare LVAD is displayed in Figure 1. The danger of thrombosis lies in the possibility
of thrombus detachment from the origin site, traveling along the vasculature until it lodges in a
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narrow vessel. The blockage of a blood vessel by a clot disrupts blood supply to important tissues
and can lead to heart attack, PE, and stroke.

Figure 1 This shows a thrombus that has formed in a LVAD. Coagulation and formation of blood on
mechanical assist devices poses a serious problem for patients[2].

1.2 Pathologic Coagulation and Complications
Although cardiovascular devices are usually successful in their intended support role, there
is often the unintended side effect of coagulation due to the disruption of fluid flow patterns by the
geometrical structure of the device. Other conditions can also cause coagulation without the
presence of a mechanical implant, such as the formation of venous thromboembolisms (VTE).
VTE develops when inappropriate coagulation of blood occurs and forms a thrombus, or blood
clot, in the venous system. The most common type of VTE is a deep vein thrombosis (DVT) which
accounts for 70% of all VTE [4].
When a clot breaks away from its point of origin, it becomes an embolus and can travel to
the lungs to become a pulmonary embolism (PE); this cuts off blood flow to the lungs, causing a
pulmonary infarction, as seen in Figure 2. PE often causes chest pain, shortness of breath, and
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lung damage, however in some cases PE is asymptomatic [5]. In the United States, PE accounts
for 100,000-200,000 deaths each year. Left untreated, 30% of patients will die from the disease
[6]. VTE can cause also cause ischemia of peripheral vasculature and ischemic stroke, killing
approximately 122,000 people every year [7]. Ischemic stroke is the occlusion of an artery in the
brain by biologic material, which can result in paralysis, loss of coordination, headache, and brain
damage [5],[8].

Figure 2 Arteriogram of a PE showing a lack of perfusion in the right lung due to a thrombus in the
pulmonary artery (arrow) [8].

1.3 Coagulation Cascade
Hemostasis is the balance between forming clots and keeping the blood in a fluid state in
the vascular system. This state of equilibrium is regulated by thrombogenic and anti-thrombogenic
factors that encompass a cascade of enzymes and different factors [9]. Any imbalance in this
system can cause either pathogenic coagulation or bleeding, either of which can pose a serious
threat to the patient. The classical model of the coagulation cascade splits it into two pathways,
extrinsic and intrinsic, that both converge to the common pathway at factor X activation [9]. Before
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the extrinsic and intrinsic pathways can begin, first some type of damage or trauma needs to happen
to the vasculature in order to trigger the primary hemostatic response [9].

This involves

vasoconstriction and the formation of a hemostatic plug, which consists of platelets that have been
activated and have aggregated [9]. Vascular injury exposes tissue factor (TF) which then activates
the extrinsic pathway, ending with the conversion of factor X to its activated form (Xa) [9]. The
intrinsic pathway also feeds into the common pathway by activation of factor X [9]. The ultimate
result of the common pathway is the conversion of fibrinogen to its active state, fibrin, so that
fibrin can form crosslinks with itself within the platelet plug to form a solid clot. Anticoagulation
factors simultaneously progress through the fibrinolysis pathway in order to breakdown fibrin so
that the body does not fall into a hypercoagulable state [9]. Figure 3 depicts the classical model
of the coagulation cascade and shows the interrelation between all of the pathways [9].

Figure 3 Depiction of the coagulation cascade show how thrombogenic and anti-thrombogenic factors
work in parallel to maintain hemostasis [9].
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The coagulation pathway can malfunction, failing to clot when needed if downregulated by

the lack of a coagulation factor, or pushing the patient into a state of hypercoagulation and creating
blood clots if the pathway is upregulated. Thrombotic disorders are one problem that can develop
along the coagulation pathway; caused by the formation of a thrombus, or clot, in a localized region
of the patient’s vasculature [9].
The four major factors contributing to thrombosis development are hypercoagulability,
endothelial injury, alterations in blood flow, and inflammation, all of which can be induced by a
variety of environmental and physiological conditions [6], [10]. Some conditions that can induce
thrombogenesis include: natural or genetic deficiencies, trauma, atherosclerosis, and nonphysiological geometries and flow patterns due to pathology or implanted cardiovascular devices.
Thrombi can incur serious complications if dislodged from their place of origin. When the clot is
freely circulating, it can become lodged in an artery and obstruct blood flow to that tissue, such as
in a heart attack or stroke. Figure 4 shows a non-occlusive thrombus in the left coronary artery
developed on an atherosclerotic lesion [11].

Figure 4 Cross-section of a non-occlusive thrombus in a coronary artery [11]. Thrombi can restrict blood
flow and potentially completely obstruct flow, leading to infarction.
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1.4 CVD Diagnostic Methods
Accurate and early diagnosis is essential for the treatment of cardiovascular disease, both
to ensure appropriate treatment and to prevent disease progression before symptoms become
irreversible and deadly. The primary clinical method for DVT detection is compression
ultrasonography, which has a high diagnostic accuracy [12]. Methods for PE diagnosis include:
clinic risk assessment, which include Wells’ criteria, Geneva score, and the pulmonary embolism
rule-out criteria (PERC), laboratory tests, such as D-dimer and troponin; imaging, which includes
X-ray, computed tomography (CT), and ventilation–perfusion (VQ) scans, and formal vascular
studies (FVS) [6]. For ischemic stroke, noncontrast CT and magnetic resonance imaging (MRI)
are common methods [5]. Some of these diagnostic methods are too time consuming for effective
clinical use, where quick identification of clot location is vital to prevent patient death. However,
prior identification of emboli in the systemic and pulmonic circulation before they become
pathogenic could decrease the morbidity and mortality of PE, ischemic stroke, and MI. Current
work has indicated that transcranial Doppler ultrasonography could be a potential avenue for
identification of emboli in systemic vasculature before disease morbidity.

1.5 Previous Doppler Ultrasound Emboli Detection Studies
Ultrasound was first identified as a method to detect bubbles and particulate matter in blood
by Austen and Howry in 1965. First, water with the introduction of air bubbles was tested to
determine how the signal output would change. Then, five different animals were put on
cardiopulmonary bypass and the same introduction of air bubbles was repeated and identification
of the air bubbles was made with ultrasound. Researchers were able to determine the presence of

7

bubbles introduced into the line in both water and blood. This technique led to further development
of ultrasound as a detection device for emboli and other material in fluids [13].
A study performed by Russell et al. in 1991 examined the detection of emboli in the arterial
systems of rabbits as a model for the human cerebral system. Emboli of different materials
commonly found in cerebral emboli, such as blood, platelets, fat, and air, were injected into the
rabbit aorta. The paper reported that all injected emboli were able to be identified as high intensity
transient signals (HITS). Furthermore, it was observed that the composition of the emboli affected
the intensity of the signal; air and fat produced higher intensity signals than blood and platelets
[14].
A 2002 study investigated identification of microemboli in the arterial systems of porcine
models and in patients undergoing abdominal aortic aneurysm repair (AAA). In the porcine
models, microparticles and atheroma were injected and monitored for the appearance as HITS in
the transcranial Doppler ultrasound signal; the results showed increasing signal intensity with
increased particle size. The second part of the study entailed monitoring patients for HITS who
underwent aortic aneurysmectomy and a control group of healthy patients. It was observed that
patients with AAA had a higher frequency of HITS than the control group. This was hypothesized
to indicate a higher occurrence of emboli in patients with AAA, as compared to a healthy
population. However, it was concluded that additional studies would need to be performed to
evaluate that claim [15].
Another study by Nakamura et al. (2008) was conducted in order to detect emboli in vivo
in the venous circulatory system of a pig with Doppler ultrasound. Cylindrical thrombi of different
geometries were injected into the iliac vein of a pig under anesthesia. An embolism identification
software was used in conjunction with the Doppler ultrasound system in order to identify HITS
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which were considered to be emboli passing and was confirmed by the presence of PE. The study
showed that thrombi could be identified as HITS in the venous system with a 60% confidence
interval. An additional finding was that the size of emboli with a diameter greater than 3 mm can
be estimated when the venous flow rate is less than or equal to 30 cm/s. These results indicate the
possibility of emboli detection in clinical cases for large arteries [16].
A 2015 paper by Steifer et al. had an interesting approach in their attempt to create a system
compatible with current ventricular assist devices (VADs) to monitor the occurrence of emboli in
patients. Validation of the study was performed by comparing the visual appearance of the
microspheres to the appearance of HITS on the Doppler signal; typical validation of
ultrasonography occurs using an expert sonographer, however, in this case, the researchers opted
for a quantitative method that was not present in previous studies. The researchers provided a new
method that has the potential to improve upon current validation of Doppler ultrasound to detect
emboli [17].
A 1998 consensus established that TCD had the ability to detect microembolic material in
the brain, with the caveat that the current system did not have the “sensitivity and specificity for
clinical use” [18]. However, in 2016 a Systematic Review and Meta-Analysis was performed and
it was concluded that TCD can produce clinically relevant information, though recommendations
cannot be made based on that data [19].

1.6 Objective
Instead of treating the pathology when it occurs, prevention and identification beforehand
of emboli in the systemic and pulmonic vasculature could improve future health outcomes. As
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discussed, Doppler ultrasonography has the ability to detect microembolic material as HITS in the
brain; however, it is agreed that the current system does not have the sensitivity and specificity for
clinical use, since detection of emboli is highly dependent upon the composition and size of the
embolus, the flow rate, and the sonographer, among other variables.
The objective of this study is to determine the efficiency of Doppler ultrasonography at
detecting non-deformable clots of various sizes over a range of physiological conditions using a
quantitative approach. Clots of different sizes will be inserted into a flow loop that will be
monitored with Doppler ultrasonography; the clots will be run at varying Reynolds numbers that
will be consistent with physiological conditions. Clot detection will be performed with a modified
Pan-Tompkins algorithm in order to increase sensitivity and specificity of detection.
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Chapter 2
Ultrasound

2.1 Introduction to Ultrasound
Ultrasound is a noninvasive real-time imaging technology that creates high frequency
sound waves to serve either a diagnostic or therapeutic purpose [20]. Ultrasound is considered safe
by the United States Food and Drug Administration (FDA) and does not use ionizing radiation like
X-ray [20]. However, some complications could occur with usage such as the local development
of heat near the applied source and cavitation of bodily fluids. Limitations of ultrasound include:
imaging of dense tissue or air due to acoustic impedance of materials. Ultrasound gel is applied to
the skin to increase the transmission of ultrasound waves into the body and to prevent refraction
of air.
There are two main classifications of ultrasound: therapeutic ultrasound uses sound waves
to modify or destroy tissues; diagnostic ultrasound uses sound waves to produce images of internal
anatomy. Underneath the branch of diagnostic ultrasound are anatomical and functional
ultrasonography[21]. Anatomical ultrasound, such as B-mode, displays an image of the structures
in the region of interest, and functional ultrasound, such as Doppler mode, displays the movement
of tissues or fluids in the body [22]. Each type of ultrasound imaging has clinical applications that
supplement current practice, such as B-mode for procedure guidance and diagnostic purposes,
compression ultrasonography, and transcranial Doppler ultrasound.
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2.2 Clinical Applications of Ultrasound
In clinical practice, ultrasound runs with B-mode and is often used for procedure guidance
and diagnostic purposes. When used in conjunction with procedures such as thoracentesis, lumbar
puncture, and venous catheter insertion, ultrasonography has been shown to increase success rates
while reducing complications [12]. It was found that ultrasound-guided central venous catheter
insertion decreased the rate of arterial puncture and increased the rate of successful puncture on
the first attempt; Figure 5 shows the process of ultrasound-guided direct catheter insertion [23].
In addition to procedure guidance, ultrasound can serve a diagnostic purpose to detect dysfunction
of hollow organs, diagnose and differentiate tumors, and identify abnormal fluid collection in body
cavities [21].

Figure 5. Ultrasound-guided central venous catheter insertion a) cross sectional view b) longitudinal
view [23].

Compression ultrasonography is used to identify DVTs in patients suspected of having PE,
since DVT is a risk factor for PE and as such is used in the PERC and Wells’ criteria scoring tests
for PE; PERC and Wells’ tests are methods used to predict clinical probability of having a PE [24].
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The criteria included in the Wells’ and PERC criteria scoring tests are as follows: current clinical
signs and symptoms of DVT, heart rate is above 100 bpm, immobilization for 3 or more days,
surgery within the previous 4 weeks, previous PE or DVT, hemoptysis, unilateral leg swelling,
oxygen saturation less than 95%, hormone use, and older than 50. Each of these risks are then
assigned a score. The scores for the risks that the patients present with are then added up, and the
probability that a patient has PE is calculated based on that score. This probability can then help
the physician chose what further actions should be taken, as well as minimize unnecessary medical
procedures and treatment for PE.
If performed by an intensivist, compression ultrasonography can have a diagnostic
accuracy for DVT of 95% [25]. The mode used for compression ultrasound is B-mode and the
identification is two-fold. First visualization of the thrombus in the vein lumen can be used to
determine the presence of a DVT. Second, non-compressibility of a vein, generally evaluated at
two points in the lower extremity, with direct probe pressure is also an indicator of a DVT. Figure
6 shows the differences in a healthy vein and a vein with a DVT. Panels a/b showcase B-mode

Figure 6 a/b) Compression ultrasonography on a normal vein and c/d) a vein that contains a DVT [25].
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imaging in normal and compressed conditions while panels c/d demonstrate an inability to
compress while a DVT is present [26].
In addition to the B-mode applications of ultrasound, Doppler mode is used frequently in
clinical applications in order to monitor and examine the movement and velocity of fluid and
tissues. Common applications include fetal heart rate monitors, echocardiograms, and diagnosis
of aortic dissections, as seen if Figure 7 [27]. In literature, Doppler ultrasonography has been
shown to detect venous emboli in the inferior vena cava (IVC) with a confidence level of 60%
[16]. Furthermore, transcranial Doppler ultrasound (TCD) is another method that has been studied
in order to be able to identify emboli in cerebral blood flow.

Figure 7 Doppler ultrasound is being used to identify dissection of the abdominal aorta [27].

2.3 Physics of Ultrasonography
Ultrasound has two main components: the transducer probe and the computer processing
unit (CPU). The transducer emits high frequency soundwaves that are transmitted into the body
and reflected off tissues and structures. Ultrasound waves are high-frequency vibrations which
are produced by applying a fluctuating voltage to a piezoelectric crystal which then vibrates at the
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specified frequency [28]. Waves then return and impart mechanical vibrations on the crystal which
are then converted into electrical signals that can be processed by the CPU. The waves can be
continuous or pulsed, however most transducers use pulsed waves. Frequency (f), speed (c), and
wavelength (λ) of the ultrasonic waves are related by Equation 1:
𝑐 = 𝑓𝜆

(𝟏)

The higher the frequency of the ultrasound wave, the finer the detail of the image. However,
higher frequencies can cause heating or ablation of tissues. Therefore, in order to ensure the safety
of patients, the clinical frequency range of ultrasound is 1-50 MHz [22]. The wave speed depends
on the material properties and is leveraged to distinguish between different types of structures.
Acoustic impedance of a material is a measure of how much the material properties of density and
elasticity prevent wave propagation. The acoustic impedance (z) of a material is dependent upon
the density (ρ) and the velocity (c) of the wave through the material and can be related by Equation
2:
𝑧 = 𝜌𝑐

(𝟐)

Image production in ultrasound is based on the echo principle in which the distance is
measured by the time between wave emission and echo reception. This principle is the basis for
brightness mode (B-mode), which displays varying levels of brightness that correspond to the
intensity of the echo[22]. Output intensity is usually arbitrary, therefore it is useful to convert to
decibels. The output intensity in decibels for ultrasound can be determined from the observed
intensity (I) and the control intensity (Io) by Equation 3:
𝐼
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑂𝑢𝑡𝑝𝑢𝑡 (𝑑𝐵) = 10 ∗ log ( )
𝐼𝑜

(𝟑)
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Processing of the electronic data can be difficult since ultrasound waves diffract, scatter,
and interfere with each other both constructively and destructively. Therefore, complex ultrasonic
and electronic waveforms can be broken down into components by Fourier analysis in order to
identify and characterize the waveform to produce an image; this technique is especially important
in Doppler imaging[22].
Doppler ultrasound uses the principles of the Doppler effect in order to create images and
determine the direction and velocity of an object [22]. The Doppler effect in ultrasound works by
monitoring the changes in frequency of wave echoes to determine the direction an object is moving
and monitoring how fast the frequency is changing to determine the velocity of the object.
Velocity (v) can be calculated from Doppler shift (Δf), transmitted frequency (f), transducer angle
(θ), and speed of the ultrasound waves (c) with Equation 4. For example, if an object is moving
toward a source that is emitting wave, the object receives those waves at a higher frequency than
they were emitted with. Similarly, if the object is moving away, the frequency of the waves
received has shortened as compared to the emitted waves.
𝑣=

𝑐∆𝑓
cos(𝜃)
2𝑓

(𝟒)
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2.4 Pan-Tompkins Algorithm
The Pan-Tompkins Algorithm is a filtering technique that is used to detect QRS complexes
in noisy electrocardiogram (ECG) signals. In a 1985 paper by Pan and Tompkins, their algorithm
reliably and consistently identified QRS complexes after processing and analysis, since ECG data
often has a lot of interference and noise [29]. The algorithm uses six steps in order to process and
identify peaks in ECG data, as shown in Figure 8; the steps are as follows: low-pass filter, high-

Lowpass filter
Highpass filter
Differentiator
Squaring
operation
Moving window
integrator
Adaptive
thresholding
Event Detection
Decision
Figure 8 Flowchart illustrating the processing and analysis used in the Pan-Tompkins event detection
algorithm [27].

pass filter, differentiation, square function, moving-window integration, and adjusting threshold
[29]. The algorithm allows for use of low thresholds, which increased event detection sensitivity
and reduced false detections. Since the algorithm is adaptive, it has the ability to adjust to changes
in signal; this allows for a more accurate identification of cardiac events. In the 1985 paper by
Pan and Tompkins, the algorithm was able to “correctly [detect] 99.3 percent of the QRS
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complexes” [29]. Modified versions of the Pan-Tompkins algorithm have been used for event
detection in noisy data.
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Chapter 3
Materials and Methods

3.1 Fluid and clot parameters
The fluid used in the flow loop was a glycerin and water solution in which the composition
ratio was varied in order to achieve a clot density 1-2% greater than the fluid analog solution [19].
The fluid analog used for this study was 40% glycerin/60% water by weight solution, with 24 g/L
NaCl (ρ = 1.12 g/mL, ν = 3.24 cSt). The clots were soaked in the blood analog solution for an hour
before testing to ensure the fluid was absorbed and that they would sink in the solution. The size
and weight of the clots were measured before each trial.
In order to accurately model flow and embolus migration in this study, dynamic similarity
between the model and physiological conditions much be ensured. Dynamic similarity can be
compared with the Reynolds number (Equation 6) of the flow, where V is the velocity [m/s] of
the fluid, D [m] is the diameter of the pipe, and ν is the kinematic viscosity [m2/s]:
𝑅𝑒 =

𝑉𝐷
ν

(𝟔)

Two different Reynolds numbers were chosen for this study which were 200 and 500 which
corresponded to the mean iliac vein flow and the mean carotid artery flow. The mean flow rates
to achieve these Reynolds numbers were determined to be 0.304 L/min and 0.760 L/min,
respectively.
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3.2 Flow Loop Design
The experimental flow loop was built to simulate the flow of an embolus in the systemic
circulation of a patient in the supine position. The flow loop was built on a horizontal surface with
the entire setup at the same elevation and within the same plane. The experimental flow loop was
constructed as an open loop in order to retrieve the embolus at the end of each trial from the fluid
reservoir. The elements that comprise the flow loop are as follows: fluid reservoir, pump, clot
injection valve, entrance length, and ultrasound detection model. The flow loop design can be
seen in Figure 9.

Figure 9 The experimental flow loop design built to simulate embolus circulation in systemic vasculature.

To begin, the clot was inserted into the flow loop via the clot injection valve; the injection
system consisted of a ball-valve attached to T-junction at the lower end in order to connect to the
circulatory loop, as seen in Figure 10.

The peristaltic pump (MasterFlex, Gelsenkirchen,
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Germany) was then turned on, allowing for circulation of the embolus; it should be noted that the
clot injection valve was downstream of the pump in order to prevent unnatural distortion of the
clot.

Figure 10 Diagram of the clot injection model, which is used to insert the embolus into the flow loop
without introducing any air bubbles in the tubing.

The clot traveled through 1 m of tubing and into the 1 m entrance length. In order to ensure
laminar flow, the Reynolds number must be less than 2300. However for the preliminary testing,
Reynolds numbers were not expected to exceed 2000. Therefore, the minimum entrance length to
guarantee fully developed laminar flow was calculated to be 0.995 m with Equation 5:
𝐿𝑒 = 0.06 ∗ 𝑅𝑒 ∗ 𝐷

(𝟓)

After flowing through the entrance length, the embolus entered the ultrasound detection
model; tubing throughout the ultrasound detection model was continuous and the embolus traveled
a distance of 0.1 m through the tubing in the ultrasound detection model. The embolus then exited
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from the ultrasound detection model and traveled into the fluid reservoir, where it could then be
retrieved. The total volume of the flow loop was 600 mL.
The ultrasound detection model was built by embedding 0.1 m of the 9.95 mm diameter
Tygon tubing in 2% agarose gel, as seen in Figure 11. The Tygon tubing was fed through premade
holes in a plastic container and connected to the entrance length. A solution of 2% agarose and
98% diH2O by weight was prepared and added to the container. The tubing was completely
submerged exactly 3 cm under the surface of the solution, and the solution was allowed to solidify;
thus creating a phantom gel that could be easily imaged through by the ultrasound transducer
probe. A block of Sorbothane (Sorbothane, Inc., Kent, Ohio), which is a synthetic viscoelastic
urethane polymer, was placed under the model in order to prevent additional refraction and
reflection of the sound waves.

Figure 11 Depiction of the ultrasound detection model showing materials, construction, and dimensions.
Longitudinal position of transducer is demonstrated.
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3.3 Ultrasound System Setup
The ultrasound system used for data collection was the 128 channel Verasonics® Research
Ultrasound System (Redmond, WA, USA). The flow was imaged with an ATL L7-4 (Philips,
Amsterdam, Netherlands) transducer at its center frequency of 5 MHz with Color Doppler overlaid
on Brightness Mode (B-mode); the transducer array has dimensions of 15.8 mm and 47.6 mm.
The ultrasound system and transducer can be seen in Figure 12a and Figure 12b, respectively.
The power of the Doppler pulses, the Doppler power threshold, and the visual field that best
minimized saturation and the splay artifact were chosen for the study, after which the transducer
was clamped in place for the duration of the study with only minor adjustments.

Figure 12 a) Verasonics Research Ultrasound system used for study b) ATL L7-4 ultrasound
transducer used for study.

23

The Doppler signal was monitored in real time during a time period before, during, and
after embolus migration into and out of the ultrasound detection model. A screen capture video of
the Doppler signal overlaid on B-mode was recorded and saved at a rate of 30 frames per second;
the rate was chosen because it exceeded the Nyquist frequency; this was done in order to prevent
aliasing. The IQdata for the Doppler signal were saved continuously over the course of the entire
experiment. The color Doppler ultrasound programming that was used for imaging of flow was
modified from Simon, 2017 and the Verasonics programming; the code programmed 12 Doppler
ensembles emitted comprising of 3 cycles at 3000 Hz, incorporated with the standard B-mode in
order to produce an image [30].

3.4 Data Collection
The ultrasound machine was used to quantify the intensity of Doppler signal during flow
with and without an embolus; settings are described in Subchapter 3.3, Ultrasound System Setup.
The ultrasound transducer was placed directly on top of the gel phantom and focused at a depth of
3.5 cm, equivalent to the middle of the Tygon tubing in the phantom gel. The flow rate was
checked with an ultrasonic flow probe (Transonic System Inc., Ithaca, NY) before clot injection
with the aim of verifying dynamic similarity between the model and physiological conditions. The
pressure before the ultrasound region of detection, which was downstream of the clot injection
site, was measured and recorded using a pressure transducer (Argon, Athens, TX) and a calibrated
amplifier. Before injection into the flow, the mass and diameter of the saturated clots were
measured and recorded. The emboli were inserted into the flow through the clot injector system
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that was connected to the flow loop. Ultrasound imaging was initiated as soon as the clot was
injected into the system and the data was saved as IQdata and video capture to be processed later.
Additionally, the entrance and exit times for the clot migrating into and out of the ultrasound
detection model were recorded.

3.6 Data Processing
Following the experiment, the raw data were imported into MATLAB R2017b
(MathWorks, Natick, MA, USA) for quantification of the Doppler signal; MATLAB code can be
seen in the Appendix. The video data were compressed and magnitude of the intensity of the signal
was summed over the area of the flow. The average Doppler magnitude of a control volume for
each case was measured in order to account for background noise. The flow region of interest was
then divided by the average control volume signal in order to normalize the results across trials
and cases. For each trial, the normalized Doppler signal was plotted against time.
The data were then processed in MATLAB with a modified Pan-Tompkins QRS wave
detection algorithm in order to identify the presence of HITS in the data; MATLAB code can be
seen in the Appendix. Pan-Tompkins algorithm was used in order to apply lower thresholds of
detection, in order to increase event detection sensitivity and reduce false detections. The steps of
the Pan-Tompkins algorithm that were incorporated into the code were as follows: low-pass filter,
high-pass filter, differentiation, square function, moving-window integration, and adjusting
threshold.
Each HITS was classified using the detection window, as identified by the modified PanTompkins algorithm, and the clot window, as established by the entrance and exit times recorded

25

for each clot. The following classification scheme uses the terminology from signal detection
theory and that a HITS and a hit refer to different things; a HITS is a high intensity transient signal,
and a hit is when an event is correctly detected. A hit was classified as an overlap in the detection
window and the clot window within plus or minus 2 seconds to account for human error in
mismatch in starting data collection and timing, as shown in Figure 13a. A false positive was
classified as a detection window that did not overlap with the clot window, as shown in Figure
13b. A miss was classified as the absence of an overlap in the detection window and the clot
window, as shown in Figure 13c; this could be due to the absence of a detection window altogether
or the presence of a false positive. It should be noted that a false positive is not mutually exclusive
with either a hit or a miss; however, hits and misses are mutually exclusive.

Figure 13 Solid blue line represents detection window. Dashed blue line represents clot window. The
classifications for HITS are as follows: a, hit, b, false positive, and c, miss.
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3.7 Predictive and Statistical Analysis
Confidence intervals were also determined for hits and false positives over the entire data
set in order to classify the system as a whole; the proportions for each experimental case were used
as the data points in determining the confidence interval. Equation 7 was used to determine the
confidence interval, where 𝑝̂ the proportion, 𝑧(𝛼) is the half the critical value which corresponds
2

to the chosen confidence level, and n is the number of experimental cases. A confidence level of
90% was chosen to correspond to literature.
𝑝̂ (1 − 𝑝̂ )
𝐶 = 𝑝̂ ± 𝑧(𝛼) √
𝑛
2

(𝟕)

Predictive analysis was used in order to determine the sensitivity, precision, and F1 score
of the ultrasound at detecting emboli in flow. Sensitivity (TPR), precision (PPV), and F1 score
(F1) are calculated using Equation 8, Equation 9, and Equation 10 respectively, where TP is
equal to the hits, FP is equal to the false positives, and FN is equal to the number of misses. The
F1 score is a measure of the test’s accuracy and is defined as the harmonic average of sensitivity
and precision.
𝑇𝑃𝑅 =

𝑇𝑃
𝑇𝑃 + 𝐹𝑁

(𝟖)

𝑃𝑃𝑉 =

𝑇𝑃
𝑇𝑃 + 𝐹𝑃

(𝟗)

𝐹1 = 2 ∗

𝑃𝑃𝑉 ∗ 𝑇𝑃𝑅
𝑃𝑃𝑉 + 𝑇𝑃𝑅

(𝟏𝟎)
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A multivariate ANOVA test was used in order to determine if there was a significant
difference in the sensitivity, precision, and F1 score based on Reynolds number, clot size, and
probe position. The significance level was set to be 0.05. An ANOVA test was selected in order
to minimize Type I error.

3.7 Experimental Summary
Sections 3.7.1 and 3.7.2 summarize the experimental methods that were described in subchapters 3.1 to 3.6. Figure 14 depicts the work flow for this study.

Figure 14 Flow chart depicting the work flow for the experiment including data collection and data
processing.

3.7.1 Data Collection
The first step was to configure the ultrasound system to the appropriate settings. The clot
was then injected into the flow loop and the pump was turned on. Data collection with the
ultrasound and the timer were started simultaneously. The clot entrance and exit times into and
out of the ultrasound detection region were recorded, along with a video of the ultrasound display
and the raw IQdata. Relevant information for ensuring dynamic similarity was recorded, such as

28

inlet pressure and Reynolds number. The clot diameter, Reynolds number, and probe position
were varied. The number of trials performed for each conditioned is displayed in Table 1.

Table 1 Matrix displaying the number of trials performed for each case. The variables in this experiment
were transducer position, bead diameter, and Reynolds number.
Transducer
Position:
Diameter:

Longitudinal

Cross-Sectional

2.3 mm

3.2 mm

4.6 mm

2.3 mm

3.2 mm

4.6 mm

Reynolds
Number 200

19

29

31

10

10

14

Reynolds
Number 500

10

10

10

10

11

9

3.7.2 Data Processing
First, the video obtained from the ultrasound was converted in to a series of JPG images
via Adobe Photoshop with a frame rate of 30 frames per second. These data were then processed
in MATLAB with a code that determined signal intensity and compressed it to a single value per
time point. The intensity was normalized by dividing by an average control intensity; the
normalized intensity was plotted against time. Then, event detection for HITS was performed
using a modified Pan-Tompkins event detection algorithm. The time interval identified by the
modified Pan-Tompkins algorithm was then compared to the clot entrance and exit times to
validate the ultrasound’s detection of the emboli with the actual occurrence. Statistical analysis
was performed to determine the efficiency of the ultrasound at detecting emboli in flow.
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Chapter 4
Results

4.1 Clot Characteristics
Nylon spheres were used to mimic clots in the fluid flow for detection by the ultrasound
(Figure 15). The diameters of the three sphere sizes used were 2.34 ± 0.026 mm for the small
bead, 3.21 ± 0.008 mm for the medium bead, and 4.86 ± 0.00 mm for the large bead. The average
density for the small, medium, and large diameter spheres were 1.71± 0.330 g/mL, 1.37 ± 0.332
g/mL, and 1.33 ± 0.077 g/mL, respectively. Each of these densities corresponded to an average
clot-to-fluid density ratio greater than 1; the large, medium and small beads had ratios of 1.53,
1.22, and 1.19, respectively.

a

b

c

Figure 15 Image of nylon beads used in experimental testing with scale bar in cm. a) small bead b)
medium bead c) large bead.
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Table 2 Table details the diameter (mean, standard deviation) and density (mean, standard deviation) of
the beads used in the study.

Mean
S.D.

Small Bead
Diameter
Density
(mm)
(g/mL)
2.34
1.71
0.026
0.330

Medium Bead
Diameter
Density
(mm)
(g/mL)
3.21
1.37
0.008
0.332

Large Bead
Diameter
Density
(mm)
(g/mL)
4.86
1.33
0.000
0.077

4.2 Flow Conditions
Each size of the nylon beads were tested at two different target Reynolds numbers
corresponding to the average flow in the iliac vein (Re=200) and the average flow in the carotid
artery (Re=500). The average Reynolds number measured for mimicking the iliac vein flow
conditions was 199.3. The average flow rate through the detection area during the iliac vein testing
conditions was 0.302 L/min. The average Reynolds measured number for mimicking the carotid
artery flow conditions was 515.0. The average flow rate through the detection area during the iliac
vein testing conditions was 0.782 L/min. A breakdown of the Reynolds numbers for each size of
sphere for each target flow is displayed in Table 3.

Table 3 The Reynolds numbers (mean and standard deviation) for each trial case.
Transducer
Position:
Diameter:

2.3 mm

3.2 mm

4.8 mm

2.3 mm

3.2 mm

4.8 mm

Reynolds
Number 200

198.3 ±
10.7

200.7 ± 3.0

202.3 ±
19.4

200.5 ± 3.8

201.0 ± 2.2

193.1 ±
18.8

Reynolds
Number 500

515.0 ± 5.0

513.9 ± 4.1

521.5 ±
11.7

515.0 ± 5.5

516.9 ± 3.9

507.4 ±
16.0

Longitudinal

Cross-Sectional
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4.3 Ultrasound Settings
The ultrasound settings were adjusted based on what was optimal for each flow condition,
size of bead, and transducer orientation. Doppler ultrasound and B-mode were simultaneously
overlaid and adjusted to produce the best image.

The backend code was run with the

manufacturing settings except for adjusting the region of interest and number of Doppler pulses
(12). The settings adapted on the graphical user interface (GUI) were as follows: speed of sound,
sensory cutoff, voltage for Doppler, voltage for B-mode, Doppler Mode, Doppler Power
Threshold, and time gain compensation (TCG) for both B-mode and Doppler. However, speed of
sound, sensory cutoff, voltage for B-mode, Doppler mode, and Doppler power threshold were the
same throughout all the testing conditions with values of 1.00, 0.700, 50.00, velocity, and 0.500,
respectively. Doppler voltage and the TCG for B-mode and Doppler were adjusted based on the
testing condition, as summarized in Table 4; however, TCG for each region was adjusted based
on the phantom used and has no distinct value that could be reported. Within each testing condition,
the ultrasound settings were kept constant, however, settings were adapted between testing
conditions.

Table 4 Voltage Doppler settings for each testing condition. The voltage for Doppler was varied based on
the testing condition in order to yield a better signal to noise ratio.

Testing Condition
Re

Diameter

Position

Voltage for
Doppler

200
200
200
200
200
200

Small
Medium
Large
Small
Medium
Large

Long.
Long.
Long.
X-sec.
X-sec.
X-sec.

38.3
28.3
28.3
21.6
35
35
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500
500
500
500
500
500

Small
Medium
Large
Small
Medium
Large

Long.
Long.
Long.
X-sec.
X-sec.
X-sec.

25
25
21.6
21.6
35
35

4.4 Data Processing
In the data processing, the raw data obtained from the ultrasound system was converted to a signal
intensity versus time during the first round of processing. Then that signal was feed into a modified PanTompkins algorithm which identified the presence of peaks in the data. These peaks were then correlated
to the clot entrance and exit time to classify those peaks as hits, misses, or false positives. Figure 16 shows
a sample processing of the data and identification of a hit.
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a

b

c
b

d
b

Figure 16 Data Processing Flow-Chart. a) This panel shows what the ultrasound display looks like while
collecting data. The three panels represent different time points in the data collection. The far left,
represents a time point before the clot passes through. The middle sub-panel depicts the clot passing
through the region of detection. The far right shows a time point after the clot has passed. b) This panel
shows what the data look like after being processed with the primary code in order to be converted into a
normalized intensity versus time graph. c) After primary data processing, the data are inputted into a
modified Pan-Tomkins algorithm that detect the appearance of a HITS in the data, as represented by the
blue box. d) The physical clot entrance and exit time (dotted red box) is then overlaid on the graph and the
signal detection classification scheme is applied. In this example, this would represent a hit since the clot
entrance and exit time overlaps with the event detection window identified by the code.
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4.5 Embolus Detection
This study produced results of the detection efficiency, which was defined as the
percentage of hits, based on ultrasound identifying emboli in flow under different Reynolds
number, emboli size, and probe alignment position. The false positive rate was also calculated.
The detection efficiency for all experimental cases are summarized in Table 5.

Table 5 The total number of clots detected for the total number of trials run for each experimental case.
Transducer
Position:
Diameter:

Longitudinal

Cross-Sectional

2.3 mm

3.2 mm

4.6 mm

2.3 mm

3.2 mm

4.6 mm

Reynolds
Number 200

9 for 19

27 for 29

26 for 31

5 for 10

6 for 10

1 for 14

Reynolds
Number 500

7 for 10

7 for 10

8 for 10

8 for 10

3 for 11

2 for 9

4.5.1 Longitudinal Position, Reynolds Number of 200

The detection efficiency for an average Reynolds number of 200 and a clot diameter of 2.3
mm was 56.3 (9 for 19, 95% Confidence Interval- 41.8% to 70.7%) and the false positive rate was
168.8 (10 for 19, 95% Confidence Interval- 33.8 % to 71.4 %). The detection efficiency for an
average Reynolds number of 200 and a clot diameter of 3.2 mm was 93.1 % (27 for 29, 95%
Confidence Interval- 85.4% to 100.8 %) and the false positive rate was 0.0% (0 for 29, 95%
Confidence Interval- 0.0% to 0.0 %). The detection efficiency for an average Reynolds number of
200 and a clot diameter of 4.8 mm was 83.9% (26 for 31, 95% Confidence Interval- 73.0% to
94.8%) and the false positive rate was 0.0% (0 for 31, 95% Confidence Interval- 0.0 % to 0.0 %).
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Figure 17 displays the percentage of hits and false positives for a Reynolds number of 200 and a
longitudinal position for all three bead sizes.

100

Efficiency (%)

80
60
93.1

83.9

40
20

47.4

52.6

0.0

0.0

0
2.3

3.2

4.8

Bead Size (mm)
Hit

False Positive

Figure 17 Percentage of hits and false positives for a longitudinal position and a Reynolds number=200.
Error bars represent a 95% confidence interval.

4.5.2 Longitudinal Position, Reynolds Number of 500

The detection efficiency for an average Reynolds number of 500 and a clot diameter of 2.3
mm was 70% (7 for 10, 95% Confidence Interval- 59.2% to 100.8%) and the false positive rate
was 50% (5 for 10, 95% Confidence Interval- 24.0% to 76.0 %). The detection efficiency for an
average Reynolds number of 500 and a clot diameter of 3.2 mm was 70% (7 for 10, 95%
Confidence Interval- 46.2% to 93.8%) and the false positive rate was 40% (4 for 10, 95%
Confidence Interval- 14.5 % to 65.5 %). The detection efficiency for an average Reynolds number
of 500 and a clot diameter of 4.8 mm was 80% (8 for 10, 95% Confidence Interval- 59.2% to
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100.8%) and the false positive rate was 10%(1 for 10, 95% Confidence Interval- 0.8% to 40.8%).
Figure 18 displays the percentage of hits and false positives for a Reynolds number of 500 and a
longitudinal position for all three bead sizes.
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Figure 18 Percentage of hits and false positives for a longitudinal position and a Reynolds number=500.
Error bars represent a 95% confidence interval.

4.5.3 Cross-Sectional Position, Reynolds Number of 200

The detection efficiency for an average Reynolds number of 200 and a clot diameter of 2.3
mm was 50.0% (5 for 10, 95% Confidence Interval- 24.0% to 76.0%) and the false positive rate
was 50.0% (5 for 10, 95% Confidence Interval- 24.0% to 76.0%). The detection efficiency for an
average Reynolds number of 200 and a clot diameter of 3.2 mm was 60% (6 for 10, 95%
Confidence Interval- 34.5% to 85.5 %) and the false positive rate was 70% (7 for 10, 95%
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Confidence Interval- 46.2% to 93.8%); it should be noted only two of the trials accounted for all
of the false positives detected. The detection efficiency for an average Reynolds number of 200
and a clot diameter of 4.8 mm was 7.1 % ( 1 for 14, 95% Confidence Interval- 0.0% to 18.4%) and
the false positive rate was 0.0% (0 for 14, 95% Confidence Interval- 0.0% to 0.0%). Figure 19
displays the percentage of hits and false positives for a Reynolds number of 200 and a crosssectional position for all three bead sizes.
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4.8

False Positive

Figure 19 Percentage of hits and false positives for a cross-sectional position and a Reynolds
number=200. Error bars represent a 95% confidence interval.

4.5.4 Cross-Sectional Position, Reynolds Number of 500

The detection efficiency for an average Reynolds number of 500 and a clot diameter of 2.3
mm was 80.0% (8 for 10, 95% Confidence Interval- 59.0% to 100.8%) and the false positive rate
was 40.0% (4 for 10, 95% Confidence Interval- 0.0% to 85.0%). The detection efficiency for an

38

average Reynolds number of 500 and a clot diameter of 3.2 mm was 27.3% (3 for 11, 95%
Confidence Interval- 5.3% to 49.4%) and the false positive rate was 36.4% (4 for 11, 95%
Confidence Interval- 12.5% to 60.3%). The detection efficiency for an average Reynolds number
of 500 and a clot diameter of 4.8 mm was 22.2% (2 for 9, 95% Confidence Interval 0.0% to 45.0%)
and the false positive rate was 44.4% (4 for 9, 95% Confidence Interval- 17.2% to 71.6%). Figure
20 displays the percentage of hits and false positives for a Reynolds number of 500 and a crosssectional position for all three bead sizes.
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Figure 20 Percentage of hits and false positives for a cross-sectional position and a Reynolds
number=500. Error bars represent a 95% confidence interval.
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4.6 Predictive Analysis

Sensitivity, precision, and F1 score were calculated in order to more accurately classify the
ability and reliability of the ultrasound to detect emboli in flow. These parameters are used to
assess accuracy of medical tests and equipment. Sensitivity, which is the total hits divided by the
total trials, is displayed in Table 6. Sensitivity is the ability of the ultrasound to identify an event.
Precision, which is it the total hits divided by the sum of the hits and false positives, is displayed
in Table 7. Precision is the ability of a test or method to give similar results each time. F1 score,
which is the harmonic average of sensitivity and precision, represents the accuracy of the
ultrasound at correctly detecting a clot passing and is displayed in Table 8. In all cases, a percent
closer to 100% indicates a more sensitive, precise, or accurate outcome.

Table 6 Sensitivity, which is the ability of the ultrasound to identify an event, is displayed below.
Transducer
Position:
Diameter:

Longitudinal

Cross-Sectional

2.3 mm

3.2 mm

4.8 mm

2.3 mm

3.2 mm

4.8 mm

Reynolds
Number 200

47.4%

93.1%

83.8%

50.0%

60.0%

7.1%

Reynolds
Number 500

70%

70.0%

80.0%

80.0%

27.3%

33.3%

Average

77.8%

40.6%
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Table 7 Precision, which is the ability of the ultrasound to give similar results each time, is displayed
below.
Transducer
Position:
Diameter:

Longitudinal

Cross-Sectional

2.3 mm

3.2 mm

4.8 mm

2.3 mm

3.2 mm

4.8 mm

Reynolds
Number 200

47.4%

100%

100%

50%

46.2%

100%

Reynolds
Number 500

58.3%

63.6%

80.0%

66.7%

50.0%

42.9%

71.3%

Average

31.2%

Table 8 F1Score, which gives the accuracy of the ultrasound to detect emboli, is displayed below.
Transducer
Position:
Diameter:

Longitudinal

Cross-Sectional

2.3 mm

3.2 mm

4.8 mm

2.3 mm

3.2 mm

4.8 mm

Reynolds
Number 200

47.4%

96.4%

91.2%

50.0%

52.2%

13.3%

Reynolds
Number 500

63.6%

66.7%

80.0%

72.7%

35.3%

37.5%

Average

72.9%

34.2%
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Chapter 5
Discussion

5.1 Discussion

A three-way ANOVA was performed to determine if the main effects of Reynolds number,
bead size, and position had a significant effect on the sensitivity, precision, and F1 score for
detecting emboli in flow with ultrasound; the results of the ANOVA can be found in the Appendix.
For a significance level p<0.05, position was significantly different for sensitivity, precision, and
F1 score. Besides position, only bead size had a significant effect on precision. Due to the notable
effect position had on the sensitivity, precision, and F1 score, more statistical tests were performed
in order to determine if Reynolds number and bead size had a significant effect on ultrasound
detection when the position was held constant.

5.1.1 Transducer Position
The ability of the ultrasound to accurately detect clots was better statistically (p<0.05) with
the longitudinal positioning as compared to the cross-sectional positioning. The sensitivity,
precision, and F1 score for the longitudinal position, when comparing across Reynolds numbers
and bead sizes, was significantly different (p<0.05) than the cross-sectional position.

The

longitudinal position was more effective at detecting the emboli in the flow due to a few reasons.
Overall, the longitudinal positioning had a greater sensitivity, precision, and F1 score as compared
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to the cross-sectional positioning. Therefore, it was determined that the longitudinal position was
better at detecting emboli in flow.
The difference between the longitudinal position and the cross-sectional position can be
explained by a variety of factors. The longitudinal position had a greater length of detection (47.6
mm) than the cross-sectional position (15.9 mm). This correlated to a time-of-flight for the
longitudinal being 0.740 s and 0.292 s, and the cross-sectional being 0.247 s and 0.098 s for a
Reynolds number of 200 and 500, respectively. The longer times-of-flight allowed the clot to be
in the vicinity of the transducer for a longer time during the longitudinal positioning. Since these
clots were in the region of detection for longer, they had a better chance of being detected by the
ultrasound. Another explanation for the observed difference is that the Doppler signal is calculated
based on the longitudinal axis of the transducer. Therefore, it is hard to pick up movement when
holding the probe in the cross-sectional direction, unless the clot moves laterally in the tubing.

5.1.2 Reynolds Number

Two-way ANOVAs were then performed to determine if the main effect of Reynolds
number had a significant effect on the sensitivity, precision, and F1 score, while the variable of
position was held constant. When the position of the transducer is held constant longitudinally or
cross-sectionally, the Reynolds number did not exhibit a significant effect (p<0.05) on ultrasound
detection performance. The Reynolds numbers used in this experiment were 200 and 500. Both
of these values fall within the range for laminar flow, which is defined as any Reynolds number
less than 2300. Furthermore, fully developed flow was ensured by having an appropriate entrance
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length. The conclusion that the Reynolds number does not have a significant effect on the ability
to accurately detect emboli makes sense do to the relative similarity between flow conditions.
The original prediction that the ultrasound would be better at detecting emboli during flow
at a Reynolds number of 200 as compared to a Reynolds number of 500 was proven to be
inaccurate in this study. The Reynolds numbers tested corresponded to the physiological flow of
the iliac vein and carotid artery. This prediction was made on the basis that the average time-offlight for longitudinal and cross-sectional positions for the Reynolds number of 200 (0.740 s and
0.292 s) was much longer than the time-of-flight for the Reynolds number of 500 (0.247 s and
0.098 s). This would allow the clot to remain in the region of detection for longer and thus have a
better likelihood of being detected. Furthermore, at higher Reynolds number, there is increased
background noise which could hinder the ability to detect the clot as an event. Higher Reynolds
numbers leading to transitional or turbulent flow should be tested to determine the ability to detect
emboli under non-ideal conditions.

5.1.3 Embolus size
Two-way ANOVAs were then performed to determine if the main effect of bead size had
a significant effect on the sensitivity, precision, and F1 score, while the variable of position was
held constant.
Bead size had a significant effect (p<0.05) on sensitivity, precision, and F1 score when held
constant longitudinally. A Bonferroni test was then performed as a post hoc test to specifically
determine which bead sizes had exhibited a significant effect. A significant difference (p<0.05)
between the 3.2 mm diameter bead and the 4.8 mm diameter bead for sensitivity, precision, and F1

44

score was determined. A significant difference (p<0.05) between the 3.2 mm diameter bead and
the 4.8 mm diameter bead was determined for sensitivity, precision, and F1 score. In this case, the
3.2 mm diameter bead was easier to detect than the 4.8 mm diameter bead, which is different than
expected. This can be explained by the fact that the 3.2 mm bead had a higher density than the 4.8
mm diameter bead and was recorded to have migrated slower through the model at the same target
Reynolds numbers. When looking at the actual Reynolds numbers recorded for the 3.2 mm bead
and the 4.8 mm bead, the 3.2 mm bead’s Reynolds number was 200.7 ± 3.0 and 513.9 ± 4.1, while
the 4.8 mm bead’s Reynolds number was 202.3 ± 19.4 and 521.5 ± 11.7. This means that the 3.2
mm bead was in the detection region for a longer period of time than the 4.8 mm bead and had a
better chance of being detected. Furthermore, there was more variation in the Reynolds numbers
observed for the 4.8 mm bead, which has the potential to affect detection ability.
Bead size had a significant effect (p<0.05) on sensitivity, precision, and F1 score. A
Bonferroni test was then performed to figure out which bead sizes had demonstrated a significant
difference. A significant difference (p<0.05) between the 2.3 mm diameter bead and the 4.8 mm
diameter bead for sensitivity, precision, and F1 score was determined. In this case, the 2.3 mm
diameter bead was easier to detect than the 4.8 mm diameter bead, which is different than expected.
This can be explained by the fact that the 2.3 mm bead had a higher density than the 4.8 mm
diameter bead and was recorded to have migrated slower through the model at the same Reynolds
numbers. This means that the 2.3 mm bead was in the detection region for a longer period of time
than the 4.8 mm bead and had a better chance of being detected.
The smaller bead sizes were originally predicted to be harder to detect, since when the
signal to noise ratio increases, it is easier to detect the clots. Furthermore, the larger the volume
the bead is, the easier it is to disrupt the fluid and create turbulent flow patterns that can be picked
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up by the transducer. Further study should be conducted on the various clot sizes and a different
type of clot or bead should be experimented with that has uniform density across sizes to control
for the potential effect it could have on detection.

5.2 Comparison to Literature
Comparing the methods set forth in this study to previous literature and experimentation
on this subject matter is important for increasing the application and accuracy of this technology.
Finding similar and current literature to compare to was difficult due to the fact that most research
using TCD focuses on evaluating risk for different pathologies and its ability to distinguish
between different types of embolic materials, and not a direct validation of its ability to detect
emboli.
Nakamura et al studied emboli detection for sizes 10 x 5 mm (confidence level 10%), 10 x
5 mm (confidence level 60%), 10 x 3 mm (confidence level 60%), and reported sensitivities of
52.7%, 88.0%, and 80.0%, respectively [16]. The methods and protocol put forth in this study, for
the longitudinal position, afforded an average sensitivity of 77.8% for significantly smaller emboli
for a confidence level of 95%. A study by Banahan et al studied different detection methods
including

Frequency

modulation

method,

Dual-frequency

technique,

and

ΔEBR

(Embolus/background ratio) and reported sensitivities of 57%, 18%, and 77%, respectively [31].
The methods and protocol put forth in this study, for the longitudinal position, afforded an average
sensitivity of 77.8% for similar sized emboli. In both previous studies, precision and F1 score was
not reported, therefore a comparison was unable to be made; precision and F1 score give a more
holistic review of a method’s or test’s ability. Furthermore, detection and validation in these
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studies was confirmed by a human sonographer, instead of a quantitative method. However,
similar results were achieved with the quantitative method put forth in this study. Previous
quantitative methods used in literature defined a specific set threshold for detection, however this
study used adaptive thresholding and filtering to identify an event in noisy data.
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Chapter 6
Conclusions and Future Works

6.1 Conclusions
Based on the predictive and statistical analyses, it was determined that the methods and
protocol set forth in this study afford a method for detecting emboli in flow with an average
sensitivity of 63.6% , an average precision of 71.4%, and an average accuracy of 58.9%.
Longitudinal position was determined to be better statistically (P<0.05) at detecting emboli in flow
as compared to the cross-sectional position. A longitudinal position afforded an average sensitivity
of 77.8%, and average precision of 71.3%, and an average accuracy of 72.9%. The sensitivity
reported in this study using the longitudinal position and quantitative methods was similar to other
studies using a human sonographer (gold standard). Reynolds number was determined not to have
a significant effect (p<0.05) on detection. In a few specific cases, bead size was determined to
have a significant effect (p<0.05) on detection, however there was no discernable trend. Future
studies should be conducted to refine the methods and to increase the application of this protocol.

6.2 Future Works
Continued study on this method should be pursued in order to verify the results of this
study. For example, increase sample size tested could verify these results. Furthermore, only two
Reynolds numbers were tested in this study, therefore increasing the Reynolds number above what
was tested could allow the method to have a greater range of application. Likewise, different
cross-sectional areas should be tested to see if the same results can be achieved. Additionally,
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intra-user and inter-user data should be collect in order to validate the methods within a specific
user and between different users. In order to be physiologically applicable, the study should be
repeated with bovine blood and bovine clots to test if the same results can be achieved. In the
future, this method could be used to test IVC filter trapping efficiencies with real blood instead of
analog blood fluid. In clinical use, emboli detection could be used to predict and stratify risk for
PE, MI, and stroke.
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APPENDIX

A.1 Ultrasound signal conversion code

Figure 21 MATLAB code for calculating control intensity from ultrasound data.
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Figure 22 MATLAB code for processing and converting ultrasound data into intensity versus time graph.
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A.2 Modified Pan-Tompkins code for event detection
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A.3 Results of Statstical Analyses

Figure 23 Three-way ANOVA to test Between-Factors effects for Reynolds number, bead size, and
position on sensitivity, precision, and F1 score.

Figure 24 Two-way ANOVA to test Between-Factors effects for Reynolds number and bead size on
sensitivity, precision, and F1 score, while position (=longitudinal) is being held constant.
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Figure 25 Post hoc Bonferroni test on the factor bead size to determine which sizes had a significant
difference when comparing sensitivity, precision, and F1 score while position (=longitudinal) is being
held constant.

Figure 26 Two-way ANOVA to test Between-Factors effects for Reynolds number and bead size on
sensitivity, precision, and F1 score, while position (=cross-sectional) is being held constant.

61

Figure 27 Post hoc Bonferroni test on the factor bead size to determine which sizes had a significant
difference when comparing sensitivity, precision, and F1 score while position (=cross-sectional) is being
held constant.
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