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Abstract

Investigating the Kinetics of Blood Coagulation
Using High-Frequency Ultrasound

Morgan Maher
Master of Science, Biomedical Physics

Department of Physics, Ryerson University, 2019

Blood circulation requires regulated clot formation and breakdown to prevent blood loss

following an injury and to ensure that clots do not form and circulate within the vasculature.

Known as hemostasis, this delicate balance between coagulant and anti-coagulant pathways

can be disrupted by disease, medication, or trauma, and may lead to morbidity or mortal-

ity. Current in vitro hemostatic tests have shown promise as tools for diagnosis and risk

assessment in certain disorders. However, these tests are limited in their ability to assess

the complete hemostatic process or are restricted to studies of blood plasma. In this work,

high frequency ultrasound is proposed as a method of assessing hemostasis in whole blood

samples. A system was developed and experiments were performed by monitoring acoustic

changes in mouse blood during coagulation. Blood cell motion and frequency dependant

changes in ultrasound intensity were found to be sensitive to the kinetics of clot formation.
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Chapter 1

Introduction

1.1 Hemostasis and Disease

Hemostasis is the set of mechanisms present in humans that minimize blood loss and initiate
the appropriate repair mechanisms following an injury [41, 67]. This system integrates
a complex interplay of protein activations and induced cellular response near the site of
the injury. The localized coagulant response to prevent blood loss must be simultaneously
balanced by anti-coagulant and fibrinolytic pathways to maintain proper blood flow and
prevent the formation of thrombi.

When these pathways become disrupted due to medication, injury, or disease, the exces-
sive bleeding or undesirable clot formation that result can lead to morbidity or mortality.
The most apparent instances of hemostatic disruption involve bleeding or clotting disorders
(e.g. hemophilia and thrombophilia respectively), where genetic or acquired deficiencies in
hemostatic protein levels prevent the healthy function of hemostatic mechanisms [9, 46, 77].
Hemostatic disruption is also relevant in the context of trauma or surgery, where signifi-
cant blood loss can result in insufficient hemostatic protein levels that must be replenished
through plasma or whole blood transfusions [27].

Furthermore, a large number of links have been postulated between hemostatic proteins
and a wide range of diseases outside of blood disorders, including liver disease [7], car-
diovascular disease [87], and diseases involving significant inflammatory responses, such as
arthritis [24]. Tests to assess hemostatic disruptions are therefore of significant interest in
the medical field, and are a focus of continuing research [58].

Liver disease

Most key proteins required for hemostasis are synthesized in the liver. Consequently, liver
disease, whether acute or chronic, can lead to the development of hemostatic abnormalities
in humans that increase the risk of bleeding and thrombosis [7, 25, 37, 47].
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1.2. Coagulation Tests

Cardiovascular and circulatory disease

Cardiovascular diseases are one of the leading causes of morbidity and mortality among
Canadians [71, 72] and worldwide [94]. While there have been significant therapeutic ad-
vancements for many cardiovascular ailments, accurate risk assessment is still lacking [58]. As
deviations from healthy hemostatic processes have been strongly linked to a range of cardio-
vascular diseases, including increased thrombin levels and venous thromboemboli [6, 23, 87],
acute coronary syndromes [65, 81, 82], and stroke [17], hemostatic assessments are highly
relevant to assessing and predicting cardiovascular risks.

Inflammation

Increasing evidence has suggested a strong link between hemostatic factors and the regulation
of inflammatory response [24]. Specific molecular mechanisms have been identified that link
a range of inflammatory diseases to fibrinogen and other important hemostatic proteins. This
has been reported in the inflammatory responses associated with vascular wall disease [49,
62, 88], stroke [20, 30], multiple sclerosis [1], and rheumatoid arthritis [32]. Davalos et al.
provide a comprehensive review of other disease where the inflammatory response has been
linked to hemostatic factors [24].

1.2 Coagulation Tests

Crude assessments of coagulation are said to date back to at least the time of Hippocrates
(∼ 400 BCE), with some reporting even earlier assessments by the somewhat mythical Yellow
Emperor of China, known as Huangdi, who is thought to have lived over 5000 years ago [73].
These rudimentary tests involved assessing the duration of blood flow following a puncture
wound. More reliable and diverse methods of testing components pertinent to coagulation
have since been developed, many of which are used routinely in patient care.

1.2.1 Routine coagulation tests

Routine coagulation tests rely on similar principles to the rudimentary bleeding tests of Hip-
pocrates, in that they evaluate the amount of time required for the onset of coagulation.
They were developed with the intent of monitoring the impact of exogenous anticoagulant
therapies prescribed for various illnesses. The most common are known as the prothrombin
time (PT) and the activated partial thromboplastin time (aPTT) [58]. Both tests are per-
formed on platelet poor plasma, which is the liquid that remains when all cells are removed
from a citrated whole-blood sample through centrifugation. In both cases, an activating

2



1.2. Coagulation Tests

agent is added to initiate clot formation, and the amount of time required for coagulation to
occur is measured in vitro using optical changes in the sample that occur due to coagulation.
With major advancements in our understanding of the coagulation process, the effectiveness
of these tests as anticoagulant monitors has been brought into question [4, 48]. Namely,
their description of the coagulation process via a single measure (onset time) determined in
an artificial environment is an oversimplification that limits their ability to predict the risk
of bleeding or thrombosis [58].

1.2.2 Global coagulation tests

While routine coagulation tests such as PT or aPTT are still used for hemostatic assessment,
they have been shown to have little predictive value for hyper or hypocoagulable states
(which, respectively, can lead to undesirable clot formation or uncontrolled bleeding) [7,
37, 58]. Conversely, evidence is emerging that global coagulation tests show promise in
risk assessment for a range of diseases [58]. Global coagulation tests are a general class
of monitoring techniques that aim to provide a more comprehensive picture of potential
hemostatic deficiencies than routine coagulation tests by acquiring kinetic data throughout
the coagulation process.

Thromboelastography

Thromboelastography assesses changes in the viscoelastic properties of whole blood as it
undergoes coagulation. Presently, two common commercial devices exist: TEG R⃝ and
ROTEM R⃝. These two devices have slightly different designs and, as a result, slightly dif-
ferent metrics used to assess changes in the sample. However, the physical principle is the
same. Both involve a ‘cup’ into which a whole blood sample is deposited and a pin which is
immersed into the sample. In TEG R⃝, the cup is oscillated while the pin remains stationary,
while in ROTEM R⃝ the pin oscillates while the cup remains stationary. As blood coagulates,
the underlying structure of the clot is formed. The formation of this structure creates a cou-
pling between the components of the system, in which motion of the oscillating component
is propagated through the sample, thereby inducing motion in the stationary component.
The force felt by the stationary unit (reflected in the degree motion that it experiences) will
depend on the elasticity and strength of the developing clot. This information is recorded
throughout the clot’s formation.

Thromboelastography is useful in point-of-care medicine, where it is used to assess the
coagulopathy of patients prior to or during surgeries [10]. Furthermore, a range of studies
have suggested links between thromboelastographic parameters and prognosis, including

3



1.2. Coagulation Tests

increased mortality risk in acute or chronic liver disease [7].

Calibrated automated thrombogram

The calibrated automated thrombogram (CAT) is an in vitro assessment of the time dynam-
ics of thrombin content within the sample. Using a fluorogenic thrombin substrate, the rate
of generation and overall quantity of thrombin is measured as a function of time through-
out clot formation [40]. As this test relies on fluoresence, it must be performed in plasma
instead of whole blood. However, the kinetic information provided can be valuable. Indeed,
the CAT methodology has shown promise in identifying the risk of ischemic stroke [17, 59]
and, according to some studies, coronary artery calcification [11, 86, 89]. In addition, it has
recently been suggested that CAT can be used as a standardized test for hemophilia [22].
However, many of the studies have shown conflicting results and the specific nature of the
link is still unclear [58].

Overall hemostatic potential

The overall hemostatic potential (OHP) is a laboratory test that assesses platelet activity,
blood coagulation, and fibrinolysis in plasma [39]. In OHP, blood plasma is combined with
thrombin and tissue plasminogen activator (t-PA), which initiate clot formation and lysis,
respectively. A spectrophotometer is used to evaluate the optical transmission properties
of the sample. As these properties are altered during plasma coagulation, the absorbance
curves generated by the spectrophotometer contain information about the concentrations of
coagulant factors and platelets within the plasma sample [2].

Small scale studies (of < 200 patients) have indicated the ability of OHP to detect
increased fibrin generation and reduced fibrinolysis in hypercoagulable patients [21], as well
as impaired fibrinolysis in patients with coronary artery disease [38, 75].

Limitations of global coagulation tests

Despite the predictive and prognostic promise shown by global coagulation tests for a range of
diseases, there are limits to the clinical applicability of current methodologies. For example,
thromboelastography and CAT focus solely on the coagulation cascade. Given the complex
interplay between coagulant, anticoagulant and fibrinolytic pathways, valuable information
is lost when the latter two pathways are not considered. Additionally, CAT and OHP both
rely on optical transmittance, which necessitates the use of plasma rather than whole blood,
as light is unable to pass through the sample in the presence of blood cells. Thus, a technique

4



1.3. Hemostasis and ultrasound

that is sensitive to the three major hemostatic pathways and that could be used to investigate
whole blood is desirable.

1.3 Hemostasis and ultrasound

Ultrasound (US) systems have long been used as diagnostic tools in the hospital due to
their limited cost, portability and accessibility. With respect to its application to the study
of blood and the hemostatic system, US is particularly effective at monitoring potential
irregularities in blood flow and has been used for diagnosing deep vein thrombosis (DVT) [35],
hypertension [33], and aortic obstruction or aneurysm [29]. US has also been used for
therapeutic purposes, where low intensity US combined with a thrombolytic agent aids in
accelerated thrombolysis for DVT [31].

Outside of the clinic, US is currently being explored as a way to monitor in vitro blood
coagulation [44]. Previous work has shown that several acoustic parameters, including
backscatter, speed of sound, and attenuation, are sensitive to changes that occur during
coagulation [66]. However, these studies have been performed on systems with poor spatial
resolution relative to the size of red blood cells (US frequencies < 45 MHz) and have focused
exclusively on clot formation rather than complete hemostasis. Additionally, the choice of
acoustic parameters measured in the literature is highly variable and inconsistencies amongst
the reported results are prevalent.

1.4 Hypothesis and outline of the thesis

This thesis proposes the use of high-frequency ultrasound (HFUS) as a global coagulation
test for the evaluation of the full hemostatic process in whole blood. The work presented in
this thesis had two major goals: (i) to develop an ultrasonic measurement system analogous
to the OHP, and (ii) to provide proof-of-principle data. The system development focused
on providing the ability to assess small whole blood volumes (< 100 µL) throughout the
hemostatic process for US frequencies ranging from 25–95 MHz. Whole murine blood samples
were used to assess the system’s sensitivity to the kinetics of clot formation.

Chapter 2 contains a summary of relevant US theory, information on blood coagulation,
and a brief overview of the application of US to the study of blood coagulation. Details of
the system development and methodology used in this work are presented in Chapter 3. The
results are given in Chapter 4 and discussed in Chapter 5. Finally, Chapter 6 provides the
major conclusions of this thesis and highlights potential areas of future work.
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Chapter 2

Background and Theory

2.1 Fundamentals of Ultrasound

2.1.1 Acoustic waves

US imaging involves the generation of acoustic (mechanical) waves in tissue. The way in
which the wave propagates will depend on the type of material, as well as its homogeneity.
If the wave is recorded as it leaves the sample, insights about the structure and properties
of the tissue can be understood based on how the waveform was altered from its initial
transmission.

There are two general waveforms encountered in US imaging: (i) longitudinal waves, and
(ii) transverse waves. Longitudinal, or compressional, waves effect motion in the medium
along the direction of wave propagation. Particles in the medium are made to oscillate along
the propagation axis, resulting in regions of compression (increased physical density) and
rarefaction (decreased physical density). This process can occur in both solid and liquid
media and is the predominant signal type generated and received in most ultrasonic imaging
systems. A visualization of longitudinal wave propagation is shown in Fig. 2.1.

The acoustic wave may also result in the oscillation of particles along an axis perpendic-
ular to the direction of acoustic wave propagation. This is known as a transverse, or shear,
wave (Fig. 2.2). Such waves minimally affect the physical density of the medium and cannot
propagate in liquid media such as blood samples.
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2.1. Fundamentals of Ultrasound

Figure 2.1: A schematic of a longitudinal wave. Longitudinal waves are one of the two
general waveforms encountered in US imaging and result in changes in the medium along
the direction of propagation. Image adapted from Cobbold [18].

Figure 2.2: A schematic of a transverse wave. Transverse waves are one of the two general
waveforms encountered in US imaging and result in changes in the medium perpendicular
to the direction of propagation. Image adapted from Cobbold [18].

2.1.2 Properties of acoustic media

In this thesis, it is assumed that all acoustic wave propagation was adiabatic, meaning that
the system under study did not undergo heat or mass exchange with its surroundings and
thus entropy was approximately constant. This approximation is valid for the frequencies
studied in this thesis (< 108 Hz) [18].

Compressibility and propagation speed

The compressibility of a medium is defined as the amount that a volume element dV will
change when subjected to a pressure change dp. Under conditions of adiabatic propagation
(constant entropy), compressibility (κ) can be expressed mathematically as:
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κ = − 1

Vo

∂V

∂p

∣∣∣∣
s

=
1

ρo

∂ρ

∂p

∣∣∣∣
s

, (2.1)

where ρ is the density of the medium (mass per unit volume), s specifies conditions of
constant entropy, and ρo and Vo denote the pressure and volume of the medium at equilibrium
(i.e. in the absence of external pressures). Compressibility has units of inverse Pascals
(Pa−1), or equivalently in m2 ·N−1. The speed with which the wave is able to propagate
through a medium will depend upon the medium’s compressibility. For a stiff medium (low
compressibility), an acoustic wave will travel faster than in a more flexible medium (higher
compressibility). The relationship between acoustic wave speed and adiabatic compressibility
for liquid and gaseous media is given in Eq. 2.2.

co =
1

√
κρo

(2.2)

Acoustic impedance

In order to understand how waves will behave at an interface between two media, the concept
of acoustic impedance must be introduced. The acoustic impedance, which can take on
complex values in certain media, is often approximated using the characteristic acoustic
impedance:

Zo = ρoco =

√
ρo
κ

(2.3)

The SI unit for acoustic impedance is the Rayleigh (Rayl), which is equivalent to 1 kg· s−1·
m−2.

When considering wave propagation at an interface, a portion of the wave is reflected
while the rest is transmitted. The most common formalism to assess the proportion of
wave reflected and the proportion transmitted is based on time averaged intensity ratios.
The intensity reflection coefficient (RI) is defined as the ratio between the intensity of the
incident wave to the intensity of the reflected wave. Assuming normal incidence, RI depends
entirely on the characteristic impedance of the two materials:
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RI =

[
Zo,2 − Zo,1

Zo,2 + Zo,1

]2
(2.4)

where the subscripts 1 and 2 the denote the two media at the interface, where 1 corresponds to
the medium in which the incident wave is propagating. Similarly, the intensity transmission
coefficient (TI) is the ratio of the transmitted wave intensity to the incident wave intensity
and, under conditions of normal incidence, is expressed as:

TI =
4Zo,2 Zo,1

[Zo,2 + Zo,1]
2 (2.5)

The two coefficients are related by RI + TI = 1. Under the assumption of normal incidence
Eqs. 2.4 and 2.5 can be applied to both solid and liquid media.

Acoustic attenuation

In addition to the intensity reduction at interfaces along the path of the acoustic wave, energy
loss occurs due to effects such as absorption or scattering. Absorption is the conversion of
the kinetic energy of the acoustic wave to heat and other forms of energy. Scattering is the
redirection of portions of the wave, resulting in losses to the intensity along the direction of
propagation of the main incident wave. In fact, reflection at an interface is a special case of
scattering.

The attenuation coefficient α is used to quantify losses due to both absorption and
scattering. It is generally presented on a logarithmic scale and is given in units of decibel
(dB) per centimetre. For an acoustic wave with an incident pressure p(0) and a pressure p(x)

after travelling some distance x through the attenuating medium, the attenuation coefficient
is calculated as:

α =
20

x
log10

(
p(0)

p(x)

)
(2.6)

For most media, the attenuation coefficient has a frequency dependence, where high
frequency acoustic waves are attenuated more strongly than low frequency waves. This can
be expressed as:
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2.1. Fundamentals of Ultrasound

α = αof
n , (2.7)

where n varies depending on the material. Water has a dependence of n = 2, while in
biological media such as tissues or blood, n generally lies between 1 and 2 (with most values
closer to 1).

2.1.3 Transducers

Ultrasonic transducers are the means by which acoustic waves are generated, focused and
detected. They are typically made using one or more piezoelectric elements, which convert
electrical impulses into mechanical waves, or vice versa. In most clinical systems, transducers
are designed as an array of piezoelectric elements in order to produce two or even three di-
mension images [18]. For the purposes of this thesis, the main focus will be on single element
transducers. Most systems, including the one used here, rely on pulse-echo measurements,
where the transducer acts as both the transmitter and the receiver.

With single element transducers, acquired information corresponds to a single path
through the sample. Focusing the acoustic wave can minimize dispersion as it travels through
the medium, thereby resulting in larger echos (higher intensity) and signal-to-noise ratio
(SNR) in the resulting RF line. Focusing also improves the lateral resolution of the RF
line, making it desirable for techniques such as acoustic microscopy. The waveform in single
element transducers can be focused using a lens. The acoustic lens is a part of the transducer
and employs a concave shape to direct the wave towards its focus (point of maximum beam
intensity). The focus and the lateral resolution at this point will depend on the geometry
of the transducer. When a manufacturer produces a transducer, they provide information
regarding the radius of the concave region (the aperture), and a parameter called the f-
number. The f-number is related to to the aperture radius a and the radius of curvature of
the transducer z0 by:

F# =
z0
2a

(2.8)

If it is assumed that the wave front of the US acoustic wave can be approximated as rays
emitted perpendicular to the lens’ surface, the location of the focus would be equivalent to
the radius of curvature of the lens. For this reason, z0 is referred to as the geometric focus
of the lens. However, diffraction of the wave front tends to bring the true focus closer to the
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transducer at a depth of z < z0 [18]. The exact location will depend on the medium through
which the wave propagates. Other parameters used to characterize the transducer include
the aperture angle θ0 and the numerical aperture NA. These are defined in Equations 2.9
and 2.10, respectively.

θ0 = tan−1

(
a

z0

)
(2.9)

NA = sin θ0 (2.10)

In acoustics, the focus doesn’t correspond to a unique point but rather to a region wherein
the beam reaches its maximum intensity. This region is typically defined in terms of the
so-called 3 dB radius. Under this definition, all regions contained within the defined volume
are within 3 dB of the maximum beam intensity. In general, the 3 dB radius provides a good
estimate for lateral resolution [50]. The 3 dB radius is expressed mathematically as:

dr(3dB) = 0.51λ

NA
, (2.11)

where λ = co/f is the wavelength of the US wave that depends on the speed of sound in the
medium co and the frequency of the transducer f .

The axial resolution is defined as the minimum distance between two scatterers along
the direction of wave propagation required for them to be uniquely identifiable.

da =
co · T
2

, (2.12)

where T is the temporal length of the pulse.
In imaging, the transducer does not emit acoustic waves at a single frequency, but is

rather emits a distribution of frequencies, centred at the central frequency of the transducer.
The bandwidth describes spread of the frequency distribution about the central frequency.
The pulse length is approximately inversely proportional to the bandwidth.

2.1.4 Imaging modalities

In pulse-echo systems, a short pulse is emitted by the transducer. This pulse travels through
the material and portions of it are scattered or reflected at impedance discontinuities (inter-
faces). The echos received by the transducer are recorded in the form of a radio frequency
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line, or RF line, which conveys time dependant information regarding the pressure of the
received signal. The delay time corresponding to a particular echo is related to the distance
the wave travelled d and the speed of sound in the medium:

td =
2d

co
(2.13)

If co is known or, as is often the case in biological tissues, approximated as similar to that
of water, then the RF line can provide spatial information regarding material boundaries or
other sources of scatter.

A-mode imaging

In amplitude mode (A-mode) imaging, the time evolution of the amplitude of the pulse-
echo signal is recorded. Thus, it provides similar information to the RF line but does not
differentiate between whether the pressure change is positive or negative relative to the
equilibrium value of the medium under study.

B-mode imaging

Brightness mode (B-mode) imaging provides two dimensional information about the imaged
sample. In multi-element transducers, B-mode images can be obtained from a single acqui-
sition by using reconstruction algorithms to generate the image based on the delay times
recorded at different locations in the array. For single element transducers, the image is
constructed by combining a series of A-mode lines. These lines must be acquired sequen-
tially by scanning the transducer across the object. The intensity of the A-mode lines can
be translated to a grey or colour scale and, when combined, provide spatial information in
both the axial (through delay time) and lateral (through the acquisition of multiple A-lines)
directions.

M-mode imaging

Motion mode (M-mode) imaging relies on acquiring A-mode lines at regular time interval at
a single transducer location. The time at which the A-mode line is acquired is referred to as
the acquisition time. By combining all of the acquired A-lines into a two dimensional image
with acquisition time on the x-axis, the motion of structures can be detected. Conventionally,
the A-mode lines are acquired in quick succession to obtain information on rapidly moving
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structures such as the heart. However, M-mode imaging can also be useful in conveying
changes on a slower time scale by decreasing the rate at which A-mode lines are acquired.

2.2 Hemostasis

2.2.1 The hemostatic system 1

The hemostatic system has historically been organized into five components: (i) blood ves-
sels, (ii) platelets, (iii) coagulant proteins, (iv) anti-coagulant proteins, and (v) fibrinolytic
proteins. In addition to the five components mentioned above, increasing evidence suggests
that red blood cells also play an active role in regulating the hemostatic response [92, 93].

Blood vessels

Fig. 2.3 shows the typical structure of an artery wall. The artery wall is composed of
three distinct layers, separated by elastic membranes: (i) the tunica intima, (ii) the tunica
media, and (iii) the tunica externa. The tunica intima is composed of a single layer of
endothelial cells that line the innermost region of the vessel, backed by a layer of elastic
tissue. The tunica media, is composed of smooth muscle cells, elastic tissue, and collagen
(an important structural protein). The tunica externa, is mainly composed of collagen and
provides structure to the vessel. The anatomy of a vein is similar, although it lacks the
internal and external elastic membranes. Additionally, the tunica media is thinner in veins
than in arteries and tends to have a larger proportion of collagen.

1The topics covered in this section follow the explanations presented by Pasi and Hiller [41, 67]
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a) b)

Figure 2.3: The structure of an artery wall. The boxed region indicated in a), is shown in
b). Adapted from Blausen [8].

The endothelial cells are necessary for maintaining healthy blood flow. When no injury
is present, this layer of cells releases a series of anti-coagulant and anti-platelet substances
preventing undesirable coagulation, while tight cell junctions prevent blood loss [67]. When
damage to the vessel occurs, pro-coagulant factors such as tissue factor are released from
the cells, in order to trigger the coagulation pathway. Additionally, a damaged vessel can
respond by undergoing vasoconstriction, which is the process that occurs when the smooth
muscle cells in the tunica media contract. The contraction decreases the size of the damaged
region of the vessel, thus minimizing blood loss. This is more effective in arteries (which
have a thicker tunica media), however it can still occur to a limited to degree in veins [41].

Platelets

Platelets (cytoplasmic fragments without nuclei) are generated in the bone marrow and
lungs. Also known as thrombocytes (from the Greek thrombos, meaning clot, and kytos,
meaning cell), their main function is to prevent blood loss following a vascular injury. This
is accomplished through the initiation of blood clot formation. In the absence of damage,
platelets circulate freely in the blood. However, when the collagenous fibres of a vessel’s
subendothelial layers are exposed to blood due to injury, receptors on the platelets’ surface
will begin to attach themselves to the fibrous region in a process known as platelet adhe-
sion. As platelet adhesion occurs, the platelets undergo significant morphological changes
that drastically increase their surface area. A schematic of this process, known as platelet
activation, is shown in Fig. 2.4. The increased surface area allows for the efficient release of
additional pro-coagulant factors and signalling compounds which encourage platelet aggre-
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gation. This series of interactions results in the formation of a ‘platelet plug’, which acts as
a temporary barrier against blood loss. The response is initiated by the tissue factor release
from the endothelial cell, and results in the formation of a platelet plug. This known as
primary hemostasis, and provides a temporary structure to prevent further blood loss until
a more stable reinforcement is formed (secondary hemostasis).

a) b)

5 µm

Figure 2.4: Platelets in their a) inactive and b) active morphologies. The scale bar shown is
approximate. Adapted from Blausen [8].

Coagulation factors

Secondary hemostasis involves the formation of a stable fibrin clot to reinforce the platelet
plug. The proteins necessary for fibrin production are always present in the blood; however,
they are typically in an inactivated state. These proteins are known as clotting factors
and are denoted by roman numerals. The active forms are denoted by the same roman
numeral followed by an ‘a’. Historically, fibrin clot formation was divided into three pathways:
intrinsic, extrinsic, and common (Fig. 2.5). This simplified depiction of coagulation is known
as the coagulation cascade, and was first hypothesized in 1964 [61].
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Figure 2.5: The simplified cascade model for fibrin clot formation. Adapted from Pasi [67].

The intrinsic pathway is initiated when (clotting) factor XII is activated by charged
particles released by the aforementioned activated platelets to become factor XIIa. This
activation can also occur in the presence of negatively charged surfaces, and is the reason
that blood tends to coagulate when placed in a glass vial. Once the first factor in a pathway
is activated, it in turn will activate the following protein in the cascade, and so on until the
active form of fibrin is reached [61]. The extrinsic pathway is triggered by the release of tissue
factor from damaged endothelial cells. Both the intrinsic and extrinsic pathways lead to the
activation of the so-called common pathway. Ultimately, this series of activations results in
large quantities of fibrin monomers, which quickly undergo polymerization into long protein
chains. These chains are stabilized by factor XIIIa (also known as fibrin stabilizing factor)
through cross-linking of the polymer chains. The fibrin polymers make up a stabilizing mesh
that holds the clot together. Factor XIIIa can also cause the fibres to contract, resulting in
a stiffer, denser clot structure. Electron microscopy images of the clot microstructure with
varying concentrations of red blood cells (RBC) is shown in Fig. 2.6.
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2.2. Hemostasis

Figure 2.6: Blood clots formed with 0%, 2%, 10% and 20% RBC by volume. Images were
acquired by scanning electron microscopy at 1000X magnification. Adapted from Gersh et
al [34].

In vitro, the intrinsic and extrinsic pathways are often tested independently of one another
in order to assess the function or abundance of certain clotting factors along each pathway.
This approach has been useful in the diagnosis of bleeding disorders. However, at the time
that the cascade hypothesis was proposed in 1964 [61], many aspects of hemostasis were
still poorly understood. Important inhibitory pathways, and the multifaceted roles played
by many of the enzymes were not considered and thus the cascade hypothesis does not not
account for the full complexity of the processes that can occur in vivo.

Anticoagulant pathways

Anticoagulants disrupt the fibrin clot formation pathways by inhibiting the function of acti-
vated factors. One class of anticoagulants blocks the active sites of activated factors, thereby
preventing them from initiating subsequent steps in the cascade. A second class of antico-
agulants accomplishes the same result by simply breaking down the activated factors.

Fibrinolysis

Fibrinolysis (occasionally referred to as tertiary hemostasis) is the breakdown of the fibrin
polymers that make up the fibrin clot. This process is induced to prevent the build up of
clots larger than what is necessary to prevent blood loss. Thus, fibrinolysis ensures that there
is reduced potential for the blockage of blood flow by stationary or mobile clot remnants.
The polymer breakdown is primarily affected by an enzyme called plasmin, which cleaves
fibrin into fibrin degradation products. Plasmin is the active form of plasminogen and can
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be activated by endogenous proteins known as plasminogen activators. Tissue plasminogen
activator (t-PA) is released by endothelial cells when they are damaged but does not function
effectively as a plasminogen activator until it has bound to fibrin. In other words, it is released
at the time of the injury but does not cause polymer breakdown until the fibrin network
has begun to establish itself. Another endogenous compound that activates plasminogen is
urokinase plasminogen activator (u-PA), which is most commonly activated by the presence
of plasmin itself.

Red blood cells

It is well established that the flow of RBCs forces platelets towards the edges of the vessel,
thereby allowing for more effective platelet adhesion; a critical stage in primary hemosta-
sis [85]. Until recently, however, RBCs’ involvement in coagulation has been considered
passive, in that they become trapped in the fibrin mesh but do not contribute to any of the
biochemical processes [26]. At present, an increasing body of evidence suggests a correlation
between thrombin generation and the presence of RBCs [92]. While the mechanisms are
still poorly understood, it is theorized that the RBC membrane can act as a pro-coagulant
surface under certain conditions [42, 64, 68]. Furthermore, it has been suggested that they
simultaneously play an anticoagulant role, suggesting their involvement as an important
hemostatic regulator [92, 93]. As a result, evaluating hemostasis in whole blood (as opposed
to plasma) is desirable as it provides a more representative picture of in vivo hemostasis by
including the contribution of RBCs to clot formation, regulation, and breakdown.

2.2.2 Hemostasis in Mice

The hemostatic response is thought to be closely related among all mammals [60]. While
the human hemostatic system is the most well studied, research has also been performed
using animal models. Of particular interest to this thesis is the response observed in mice,
which have previously been used for hemostatic experiments [13, 51]. However, compared to
humans, clotted mouse blood is highly resistant to lysis (i.e. clot breakdown). With t-PA as
the studied lytic agent, they were found to be >30-fold more resistant to lysis than human
clots and with u-PA this discrepancy was even more pronounced [56]. Thus, care should be
taken when extrapolating results to human models [57].
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Figure 2.7: Relative US scattering intensity from various dilutions of whole blood samples
following the addition of thrombin to initiate clot formation. From top to bottom, the
samples contain 10%, 25%, 20% and 35% blood diluted in a saline solution. The arrows
indicate the onset of clot formation for each sample. Adapted from Shung et al. [80].

2.3 Ultrasound and blood coagulation

The use of US for hematological studies was first proposed in 1975 by Shung et al. [80], who
reported a proof of principle experiment that demonstrated the sensitivity of an US system
to differentiate between the backscatter signal from liquid and clotted blood. It was found
that the time of clot onset corresponded to the stabilization of the backscatter intensity,
which otherwise fluctuated as a result of RBC motion. The measured time of onset following
initiation of clot formation using thrombin was dependent on the amount of saline used to
dilute the blood sample [80]. A delayed time of onset in the dilute samples indicated an
association between clot formation time and the concentration of fibrin in the sample [80],.
Their published results are shown in Fig. 2.7. The early experiments of Shung et al. [80],
led to the development of a variety of methods to study the coagulation of whole blood and
blood plasma using US. These include measurements of: (i) backscatter, (ii) speed of sound,
(iii) attenuation, and (iv) scatterer motion using M-mode imaging.

To date, there has been limited translation of these technologies to hematological labora-
tories and hospitals. However, international research has highlighted the technique’s promise,
and will be described in the coming sections.
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2.3.1 Backscatter measurements

The backscatter coefficient σb represents the amount of acoustic energy backscattered from
a particular region of interest (ROI) within the sample. In the context of coagulation mon-
itoring, a similar parameter has been used known as the integrated backscatter coefficient
(IBC), which is defined in Eq. 2.14.

IBC =

∫ fmax

fmin

σb(f)

fmax − fmin

df , (2.14)

where fmin and fmax are the minimum and maximum frequencies, respectively, and which
correspond to values chosen within the bandwidth of the transducer.

In experiments performed to measure IBC in coagulating blood, literature values for
fmin and fmax are typically 10 and 30 MHz respectively [15, 54, 55, 66]. Clot onset was
initiated through the addition of ∼15 mM calcium chloride, which results in clot formation
at approximately 40 minutes in human blood [15, 54, 55, 66]. The IBC showed an increase
for the first several minutes of the acquisition, which was attributed to RBC aggregation.
Following this initial increase, the IBC reached a plateau. With the onset of clot formation
(which generally occurred between 20 and 40 minutes), the results were highly variable
[15, 54, 55, 66]. Most of this variability was attributed to in-frame clot retraction (referred
to in some papers as serum expulsion). This refers to the process whereby RBCs become
trapped in the contracting fibrin mesh and, on the occasions that they pull away from the
edges of the sample holder, leave regions filled with serum. Serum, which is essentially
plasma without any coagulant proteins, contains minimal scatterers and therefore a very
small backscatter coefficient. Thus, if a region of serum becomes visible within the ROI for
the backscatter calculations it will negatively impact the results. An example curve for IBC
data collected from four volunteers is shown in Fig. 2.8. The grey region indicates values
that have been excluded from the analysis because they occurred after the in-frame clot
retraction.

Since no conclusions can be drawn from the regions that contain the serum, the main
IBC characteristic extracted by the authors pertained to the changes observed in the first
several minutes due to RBC aggregation [15, 54, 55, 66].

2.3.2 Speed of sound

Sound speed measurements for biological media are of significant interest in US research, as
they can affect metrics used for diagnostics and treatment planning [36]. As such, sound
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Figure 2.8: The IBC is shown as measured in coagulating blood samples from four volunteers
for a frequency range of 10–30 MHz. Adapted from Libgot et al. [54].

speed in whole blood and blood plasma are well documented. On the other hand, changes
that occur during coagulation have only been performed by a small number of researchers.

Whole blood

In whole blood, sound speed depends mainly on temperature and on hematocrit levels (HCT),
which describe the percentage of red blood cells by volume in a sample of whole. For women,
average HCT levels are 40.7% for women [14], while for men they are 45.2% [91]. A linear
relationship between hematocrit level and speed of sound has been observed [5, 12, 28,
79], where the most commonly used relationship (for blood samples at 37◦) is described in
Eq. 2.15.

cblood = 1541.82 + 0.98 ·HCT (2.15)

For average HCT levels, sound speed ranges from ∼ 1582− 1586 m/s.
It has been reported that the sedimentation of RBCs (or settling of RBC due to gravity)

affects the acoustic properties of blood [74]. Increases in the sound speed due to sedimenta-
tion were approximately linear with time and resulted in an overall change on the order of
10 m/s after a period of 90 minutes [15, 16, 53, 66].

As blood coagulates, fibrin polymerizes and RBCs become trapped in the newly formed
fibrin mesh (Fig. 2.6). An example of the changes observed in two volunteers following
the re-calcification of a citrated blood sample is shown for both human and rat samples in
Fig. 2.9. An increase in the acoustic velocity of between 30 and 40 m/s was observed. The
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Figure 2.9: Temporal changes in the US velocity are shown for (A) two volunteers, as reported
by Ossant et al [66], and (B) a human and a rat sample as reported by the same group [16].

phases indicated in Fig. 2.9(b) were thought to correspond to three stages of clot formation:
(1) a liquid phase prior to formation, (2) the polymerization of the fibrin mesh (gelation),
and (3) the stable clot structure. However, in a later paper by the same authors, the increase
in acoustic velocity was instead attributed to the stiffening of the clot, while the gelation
was thought to happen prior to this [70]. It should be noted, however, that the underlying
causes of changes in the acoustic velocity have not yet undergone validation [70].

The aforementioned trends are consistent with those reported by another group, who
performed similar experiments using human blood [84]. Older results published from exper-
iments using porcine blood showed much slower and less significant changes [45].

Blood plasma

In blood plasma, the HCT value is virtually zero (as the red blood cells have been removed)
and variation occurs mainly due to plasma protein concentration. Note that this also affects
the sound speed in whole blood; however, relative to HCT contributions, the changes in
speed of sound are minimal. At 37◦ C, the relationship between sound speed and plasma
protein crystal concentration P is 2.16 [3, 28, 43]:

cplasma = 1523.9 + 3.36 · P (2.16)

where P is in g dL−1. P typically falls in the range of 7±1 g dL−1, resulting in plasma sound
speeds of ∼ 1544− 1551 m/s. This predicted range is in good agreement with experimental
values reported by other groups [19, 69]. Plag et al. observed an approximately linear
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dependence of sound speed on temperature (in Celsius), with sound speeds of 1544–1553 m/s
corresponding to temperatures of 33–38◦ C [69]. The protein concentration was not recorded
but was assumed to lie within the normal range (7±1 g dL−1) [69].

Experiments on coagulated plasma samples are less widely reported but it has been
shown that the coagulation had no measurable impact on the acoustic velocity in the plasma
samples [69].

2.3.3 Attenuation and spectral intensity

Previous studies on the effect of acoustic attenuation on US signal intensity have described
the correlation using a parameter called the integrated attenuation coefficient (IAC). Using
α(f) as the frequency dependent attenuation coefficient (Sec. 2.1.1), the IAC is defined as:

IAC =

∫ fmax

fmin

α(f)

fmax − fmin

df (2.17)

Whole blood

The studies that reported IAC values integrated across frequency ranges of 8-22 MHz [15]
and 15-45 MHz [69]. For both ranges, an initial increase in the IAC was observed during
phases that the authors attribute to RBC aggregation and the early stages of fibrin poly-
merization. This was followed by a decrease in the IAC, which was thought to correspond
to the stabilization phase of the fibrin structure. In the fourth phase, they reported high
variability, which was attributed to serum expulsion within the frame and clot movement
caused by the mesh contraction.

The attenuation coefficient as defined in Eq. 2.6 was measured in two other experiments.
Peak-to-peak signal amplitude from an echo off of the container’s wall was used as a proxy
for the final pressure p(x) and was normalized to the signal amplitude of the same echo in a
water sample for p(0). When the attenuation coefficient is calculated in this way, it is referred
to as the relative attenuation coefficient. These experiments were performed using central
frequencies of 5 MHz [90] and 10 MHz [45]. In both cases, an increase in the attenuation
coefficient was observed during what was considered to be clot formation. No other features
were clearly identifiable from these experiments. While the IAC values are reported to have
decreased as a result of clot formation [15, 69], the relative attenuation coefficient was found
to increase [45, 90]. Although both metrics are meant to provide information on the sample’s
attenuation, this discrepancy could be due to the fact that the methods of evaluation are
not directly analogous (IAC vs. relative attenuation coefficient) as well as the difference in
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Figure 2.10: Spectral components of a reflected pulse from a strong reflector for sample that
undergoes coagulation. From left to right, the normalized change in spectrum maximum
of the signal, the normalized variation in the 10 MHz component of the signal, and the
normalized variation in the 20 MHz component of the signal. Adapted from Tatarunas et
al. [84].

frequency ranges considered. A recent paper reported strong frequency dependant changes
in the signal intensity of a reflected US pulse that passed through a coagulating blood
sample [84]. Normalized frequency data was acquired using a 20 MHz transducer with a
20 MHz bandwidth [84] and it was found that the trends seen during clot formation differed
depending on the frequency [84] (Fig. 2.10). When looking at the normalized change in the
signal maximum from the reflected pulse, a significant drop is observed at a time tr1, which is
said to correspond to the start of the clot’s contraction [84]. However, looking at the specific
spectral components (Fig. 2.10), an increase in the intensity can be seen at 10 MHz , while
a decrease can be seen at 20 MHz for the same time point. Furthermore, the time of clot
stabilization (tr2) has been highlighted in the 20 MHz normalization due to the significant
changes observed at the higher frequency.

Plasma

A study reported the IAC in plasma for samples with and without thrombin. Recall that
the addition of thrombin initiates coagulation. It was found that the amplitude of variation
between the coagulating samples and the non-coagulating (without thrombin) samples was
not large enough to be deemed statistically significant [69].

2.3.4 M-mode imaging

Two studies have reported on the use of M-mode imaging to monitor coagulation: Huang
et al. [45] and Wang et al. [90]. Since M-mode provides visualization of motion within the
frame, both studies observed that clot formation was visible through the immobilization
of scatterers. The Huang et al. study observed a depth dependent onset time in one of
the images acquired with a 10 MHz transducer, with apparent variations on the order of ∼5
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minutes [45]. No explanations were discussed in the paper. In the Wang et al. study, the poor
contrast of the images, which were acquired using a 5 MHz transducer, made identification
of onset time difficult [90].

2.3.5 Context of work

In this work, a HFUS system was developed to examine changes in the speed of sound, fre-
quency dependant attenuation, and M-mode measurements during the coagulation process.
These three parameters were compared, and for the first time, examined in a frequency range
higher than 45 MHz [69]. Using a central frequency of 80 MHz achieved better backscatter
strength and resolution for the M-mode images, and also produced measurements of changes
in the frequency dependant attenuation at higher frequencies than have previously been ob-
served in coagulating blood samples. Additionally, these metrics were measured at multiple
locations in each sample, providing previously unreported insight into the heterogeneity of
samples under 100 µL.
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Chapter 3

Materials and Methods

3.1 Acoustic Acquisition System

3.1.1 Conventional use

The Saarland Scanning Acoustic Microscope (SASAM, Kibero GMBH, Germany) was used
as a base for the acoustic data acquisition. In its original set up, a single element transducer
is connected to an adjustable arm and is directed downwards towards a mechanical stage.
The sample is placed on the stage and can be viewed optically via an objective microscope
that is focused on the sample from below (Fig. 3.1). The system can also be used for
photoacoustic (PA) imaging, wherein laser light is focused through the objective onto an
optically absorbing chromophore which undergoes thermoelastic expansion. The resulting
mechanical waves produced in the sample can be detected by the transducer. This setup has
many practical applications and has been used extensively for acoustic and photoacoustic
microscopy. Since it has many applications for biological assessment, the entire structure
shown in Fig. 3.1 is encased in a chamber that is kept at 37◦ C, which is approximately the
internal body temperature in humans.

In the context of this thesis, the main drawback of the conventional SASAM setup arises
from the coupling requirements; mainly, the need to immerse the transducer directly into
the sample. For coagulation monitoring, this would require thorough decontamination of
the transducer. However, inter-sample biological contamination could still result. This is of
particular concern when various coagulant or fibrinolytic enzymes are used that could affect
the kinetics of control samples. As such, a new method of acquiring data was developed.

3.1.2 System modifications

While the objective microscope can provide useful guidance for transducer alignment in
acoustic microscopy (where high spacial accuracy is required), a visual assessment of the
transducer alignment was considered sufficient for these experiments due to the relative
homogeneity of the samples that were analyzed. For ease of modification, a transducer
stand was developed to fit into the objective stand such that the transducer was directed
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3.1. Acoustic Acquisition System

Figure 3.1: The SASAM in its original set up is shown. Figure based of off work by Rui et
al. [76].

upwards from below the sample (Fig. 3.2). The conventional sample holder was replaced by
a 96-well microtitre plate. As the name implies, the plate contained 96 wells which were
arranged in an 8×12 matrix. Each well had a working volume of 340 µL, with a diameter of
∼ 6.4 mm. Measurements were acquired by coupling the transducer (which had a diameter
of ∼ 7 mm) to the bottom of a single well using a droplet of water. The coupling was
maintained by the surface tension of the water droplet and was made possible by the flat
surface of the 80 MHz transducer (see Fig. 3.3).

The SASAM has two built in pulsers, designed for 400 MHz and 1 GHz transducers,
respectively. Therefore, when the 80 MHz transducer was used an external pulse generator
was necessary. The 80 MHz pulse generator (AVB2-C, Avtech Electrosystems Ltd., Canada)
was connected by bypassing the 1 GHz pulse generator.

3.1.3 Acquisition settings

Data acquisition was performed using the Acoustic Investigator, which is a custom MATLAB
GUI that enables the user to control the acquisition settings as well as to visualize and save
the data recorded by the device.

In the system developed here, there was a trade-off between the sampling frequency and
the RF window size, as only a limited amount of data points could be stored per RF line. A
1 GHz sampling frequency was chosen to allow for acquisition windows up to 8000 ns. By
recording echos received between 4000 and 12000 ns, all reflections from the sample were
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Figure 3.2: The SASAM with the system modifications made for this work is shown. The
mechanical stage and adjacent wells of the microtitre plate have been removed in the enlarged
schematic for better visualization. SASAM schematic (left) is based of off work by Rui et
al. [76].

collected. A pulse repetition frequency of 24.24 kHz was used and each saved RF line was the
average of 50 recorded pulses. Averaging increased the SNR by smoothing out any random
noise present in the signal.

Added spatial information was obtained by collecting fifty RF lines in 140 µm steps. The
transducer remained fixed, while the sample was shifted using the mechanical stage. The
scan line covered a 7 mm span and therefore encompassed a complete cross-section of the
∼ 6.4 mm well. This allowed for the creation of a crude image.

3.1.4 Transducer specifications

A single-element focused transducer with a central frequency of 80 MHz was used. It was
constructed from lithium niobate (LiNbO3) at the University of Southern California’s Ul-
trasonic Transducer Resource Center (UTRC). The aperture diameter is listed as 2 mm
with an F# of 3. All transducer specifications can be found in Tab. 3.1, where the values
were calculated using equations discussed in Sec. 2.1.3. For the calculations, a sound speed
of 1.5×103 m/s was assumed and the pulse length was approximated using the transducer
bandwidth depicted in Fig. 3.4. An image of the transducer is shown in Fig. 3.3. Distortion
caused by the electronics resulted in alterations from the intended mono-cycle pulse shape
that is typically seen in single-element focused transducers. The distortions also caused the
bi-modal shape in the normalized frequency spectrum. As a result, the axial resolution was
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7 mm 2mm

Figure 3.3: The 80 MHz transducer is shown, with a 7 mm total diameter and a 2 mm
aperture diameter.

larger than the value listed in Tab. 3.1.

Central Frequency 80 MHz
Bandwidth ∼ 60 MHz
Aperture Radius 1 mm
Focal Length 6 mm
Lateral Resolution 58.9 µm
Axial Resolution 12.5 µm
Aperture Angle 9.5 ◦

Numerical Aperture 0.16
F # 3

Table 3.1: Transducer Specifications.

3.1.5 Typical acquisitions

A schematic of the the modified set-up used for this work is shown in Fig. 3.5 alongside
a typical RF line. The schematic shows echos from three interfaces, which for illustrative
purposes are depicted using curved arrows. In reality, the transmitted pulse and the echos lie
along a single path, aligned with the centre of the transducer. RF lines like the one shown in
Fig. 3.5 were acquired every 30 seconds at 50 lateral scan locations by shifting the alignment
of the microtitre plate using the mechanical stage.
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Figure 3.4: The signal and power spectrum are shown from an echo off of a smooth
polystyrene surface. The grey lines on the power spectrum estimate the 6 dB bandwidth.

Prior to the start of each experiment the distance between the transducer and the well
was adjusted to ensure that the water droplet effectively coupled the two surfaces. In order
to satisfy this requirement and achieve consistency between experiments, the height of the
transducer was set so that the reflection from the second interface had an echo time (t2) of
approximately 6000 ns. This corresponded to ∼ 3.9 mm between the transducer’s surface
and the bottom surface of the well. As discussed in Sec. 2.1.1, large echos at boundaries
between different materials occur as a result of a mismatch in the acoustic impedance. The
echo time depended on both the distance that the wave travelled and the acoustic velocity
in that medium. Here, two reflections occurred due to the layer of plastic that separated
the sample from the coupling medium, while the third occurred at the top of the sample.
When whole blood was used, backscattered signal caused by the presence of red blood cells
was also visible in the region between t2 and t3. For these experiments, parameters were
examined pertaining to (a) the time of flight through the sample (ts) (b) the motion of
scatterers within the sample (between t2 and t3) and (c) frequency dependant changes in the
third echo (t3) which will provide information about attenuation of the pulse as it passes
through the sample. The remainder of this section will focus on the extraction of each of
these parameters from RF line data.

Time of flight

In early experiments, the third echo corresponded to an interface between the sample and
the air. In these cases, the time of flight through the sample (ts in Fig. 3.5) could change as
a result of both acoustic velocity changes or due to physical changes in the location of the
sample’s surface. Since it was not possible to isolate these two variables, data was expressed
using the change in the time of flight through the sample relative to the first measurement.
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Transducer

t1 t2 t3

t1 t2

t3

ts

Microtitre Plate

Figure 3.5: A schematic of the sample contained in a single well of a 96-well microtitre
plate which was coupled to the transducer using a droplet of water. Acoustic reflections at
the boundaries are indicated by t1, t2, and t3 and the corresponding RF line is shown. The
time of flight through the sample (ts) is indicated, and a region of interest showing RBC
backscatter is boxed in red.

The change observed at the ith time point was determined by:

∆ti = ts,i − ts,0 , (3.1)

where ts,i is the time flight through the sample at the ith time point and ts,0 is the time of
flight through the sample measured in the first acquisition.

In later experiments and for the majority of the data presented in this work, the distance
travelled through the sample was fixed by introducing an acrylic cap that was immersed
into the sample (see Fig. 3.6). Consequently, the third echo corresponded to the reflection
from the acrylic cap rather than air. Although the distance travelled by the acoustic wave
between the bottom of the well and the plug remained constant within a given experiment,
slight variability in the cap placement meant that it was not possible to accurately measure
the distance that the wave travelled. As such, it was decided to express the time of flight
information in terms of percentage change of the acoustic velocity, which is independent of
the distance.

For a fixed distance d between the bottom of the well and the cap travelled by a wave
with an acoustic velocity c in the sample, the time of flight is:
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ts =
2d

c
(3.2)

Conversely, the acoustic velocity can be expressed in terms of the distance travelled and the
time of flight as:

c =
2d

ts
(3.3)

To determine the percentage change in acoustic velocity at time i relative to the acoustic
velocity at the initial time point, the relationship described in Eq. 3.5 can be used. These
values were calculated at each 30 second time point for the duration of the experiment.

∆ci[%] =

(
ci − c0
c0

)
× 100% =

(
(2d/ts,i)− (2d/ts,0)

(2d/ts,0)

)
× 100% (3.4)

=

(
ts,0
ts,i

− 1

)
× 100% (3.5)

Scatterer motion

The red box overlayed onto the RF line in Fig. 3.5 indicates a region near the bottom of the
well where the backscatter signal from the RBC was largest. This was in part due to their
proximity to the transducer (less of the wave had been attenuated) and also due to their
proximity to the transducer’s focus, which lay near 6400 ns after having passed through the
plastic. This corresponds to a focus at ∼5.2 mm from the transducer after passing through
the 1 mm layer of plastic at the bottom of the well, compared to a focus at ∼5.8 mm when
the wave passes through water only.

As the scatterers moved within the sample, the backscatter signal fluctuated. The varia-
tions in the scatterer motions were monitored using M-Mode images (Sec. 2.1.4). The region
indicated by the red box is the region that was used to construct the M-Mode images.

Reflection Spectra

The frequency spectrum of the third echo (t3) was obtained by centring the echo signal in a
400 ns window, and using MATLAB’s fft function to perform a Fourier transform on the
gated data. This was done for each time point of the experiment in order to observe how
the frequency domain data changed.
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As the Fourier transforms could contain imaginary components, the raw frequency data
(F ) was converted to the normalized power spectrum (S) in decibels using the following
equation:

S = 20 log10

(
|F |
|Fref|

)
, (3.6)

where the normalization factor Fref was frequency dependent, meaning that each frequency
component of the spectrum underwent different normalizations. The normalization factor
was chosen to be the maximum value that was recorded for a particular frequency when
considering all of the acquired time points. This normalization made it easier to observe the
overall changes that occurred at each frequency. These normalized frequency spectra shall
be referred to as the reflection spectra in this work.

3.2 Experimental refinement

In the development of this new measurement system, a number of issues were identified
while attempting to replicate the protocol used in the OHP setup. These are discussed in
the following sections along with how each issue was addressed.

3.2.1 Meniscus

Early iterations of the plasma experiments were performed with RF-lines acquired at a single
location rather than with the 50 point scan-line currently in use. It was observed that the
reflection off the surface of the clot had highly variable amplitudes and in certain situations
would not be visible in the RF line at all. A 2D scan of the well containing 100 µL of water
revealed that the signal intensity at the clot-air interface was strongly dependant on location.
The variation in signal intensity was attributed to the curvature of the meniscus. The spatial
dependence of the signal intensity acquired in this scan be seen in Appendix. B.1.

Acquiring a 50 point cross-section of the well generally ensured that a subset of the data
contained reflections from the clot-air interface. Later experiments incorporated a well cap,
which, as discussed in Sec. 3.2.5, ensured that a reliable signal was acquired at the centre of
the well.
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3.2.2 Evaporation

Plate readers used in OHP tests rely on optical transmittance through the sample. As such,
lids or alternative well coverings are typically avoided as they can directly interfere with the
optical data. However, in the context of US experiments evaporation can reduce the sample
volume and directly impact time of flight measurements. In order to assess the extent of
the evaporation as well as the effectiveness of certain potential solutions, measurements were
acquired for 37◦ C water for three grades of well coverage: (i) uncovered, (ii) topped with the
loose-fitting 96-well plate lids, and (iii) sealed with a strip of adhesive. Volume loss in the
uncovered well was estimated to be 30 µL/hr. This was reduced to 12 µL/hr using the loose
fitting lid and to 2 µL/hr by using the adhesive strip. It was concluded that the well should
be sealed to minimize evaporation effects. Later experiments rely on the cap described in
Sec. 3.2.5 to minimize evaporation rather than the adhesive strip that was originally used.

3.2.3 Temperature

As with evaporation, temperature was of minimal concern in the original protocol designed
for the microtitre plate reader as it has a negligible impact on optical results. However, the
acoustic properties of a medium vary with temperature. Thus, the ideal situation for US
measurements is that all sample constituents are warmed to 37◦C prior to data acquisition.
A complication to this is that pre-heating the enzymes could impact their activity.

Experiments were performed to determine the change in time of flight for samples pre-
pared with three temperature profiles. These were performed in water with the well sealed
using an adhesive strip. Assuming negligible evaporation, all time of flight changes should
correspond directly to temperature-induced sound speed variations. It was determined that
pre-warming 88% of the sample volume to 37◦ C while keeping the remaining 12% on ice
yielded similar changes to those observed when 100% of the sample was pre-warmed to 37◦ C.
In the context of coagulation experiments, this meant that keeping the enzymes on ice while
the remainder of the sample was warmed did not result in significant temperature dependent
changes in the acoustic properties.

3.2.4 Acquisition automation

The plate reader system automatically acquires optical density readings every minute and
continues to do so until either the acquisition is stopped, or the predefined number if data
points has been reached. The Acoustic Investigator software does not have the capability
to acquire scan-lines periodically. As a result, if periodic data is to be acquired, it must be
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Well Cap

Figure 3.6: The well cap designed to seal the well and fix distance travelled by the acoustic
wave in a schematic (left) and an image (right)

done manually. Until an alternative solution was found, this entailed manually starting and
saving each scan-line. To monitor coagulation and fibrinolysis in a single sample, this could
translate to saving data every 30-60 seconds continuously for up to an hour. Typically, 10-15
samples were performed per day. Rather than attempting to modify the Acoustic Investigator
software, a short script was written to mimic the series of mouse clicks and keyboard entries
required to save a scan-line. It was then set to repeat periodically and continue doing so
until the desired number of acquisitions were complete or until the program was manually
interrupted. The scripting language used is called AutoIt (AutoIt Consulting Ltd., Wales)
and the script written for the automation is provided in Appendix B.2.

3.2.5 Well cap

The well cap was designed in an attempt to isolate changes in the sound speed from those
in the distance travelled by the acoustic wave. As has been discussed in Sections 3.2.1
and 3.2.2, the meniscus and evaporation can both impact the surface height of the liquid
column. Results obtained in plasma show that changes in the sample can also impact the
surface height (Sec. 4.1).

An image and schematic of the well cap can be seen in Fig. 3.6.
It was designed to fit snugly into the well so that approximately 1 mm of the protruding

column was immersed in the sample material. The 2 mm diameter of the column allowed
for up to 15 RF-lines to be acquired that include a reflection from the surface. By fixing the
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distance that the US wave travelled, time of flight depended exclusively on changes in the
sound speed of the medium.

3.3 Coagulation and Fybrinolytic Assay

Two main approaches were taken in developing designing the experiments. In the first, acel-
lular samples (lacking cells) composed of human blood plasma were examined. For these
sets of experiments, the kinetics of clot formation and breakdown could be well character-
ized using optical techniques, as plasma is optically transparent. This aided in calibrating
the enzyme concentrations to achieve clot formation and breakdown within the desired time.
Three sets of experiments were performed: (i) a control set where no coagulation was initi-
ated, (ii) a set where only coagulation was initiated (using thrombin as an activating agent),
and (iii) a set where both coagulation and fibrinolysis were initiated (using thrombin as an
activating agent, and u-PA as a lytic agent).

In the cellular clots, which were performed using murine whole blood, optical calibration
of enzyme titrations was not possible as whole blood is not optically transparent. Addition-
ally, resistance to fibrinolysis in murine blood resulted in the inability to test the fibrinolytic
pathway. As such, two types of whole blood samples were examined: (i) a control set where
no coagulation was initiated, and (ii) a set where only coagulation was initiated using cal-
cium chloride as an activating agent. The calcium chloride results in a much slower onset
than the thrombin, which allows for better visualization of the clot formation. Additionally,
calcium chloride was the activating agent in the literature where US was used to monitor
blood coagulation [44].

3.3.1 Buffer preparations

Three buffer solutions are required for the coagulation and fibrinolytic experiments. In order
to minimize the risk of bacterial contamination, new buffers were prepared monthly or as
needed. The specific protocols including exact volumes that were used for each buffer are
provided in Appendix A. A general description is given below.

Blocking Solution

The blocking solution was a 1% solution of Tween R⃝20 (P2287, Sigma-Aldrich) in HEPES-
buffered Saline (HBS; BB-553, Boston BioProducts). The HBS arrived at 5X concentration,
and was diluted with MilliQ filtered water (Millipore Corporation, USA) to achieve 25 mM
HEPES and 150 mM Sodium Chloride (pH 7.4). The solution was used to coat the microtitre
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plates and the cap described in Sec. 3.2.5. The plate was coated by filling the wells and
the cap was fully immersed into the solution. The plate and cap were set aside for 1–2
hours before they were rinsed in MilliQ water and allowed to dry. Since the caps needed
to be reused, they were washed and re-immersed in the solution for 20 minutes between
experiments. The blocking solution served to wash the plate of any potential contamination
(dust, etc.), while also providing a thin coating on the surface of the plastic that minimized
the risk of blood enzyme activation.

Assay buffer

The assay buffer was used for all stock dilutions that did not involve enzymes. It was a
solution of 0.01% Tween R⃝20 in HBS (25 mM HEPES, 150 mM Sodium Chloride, pH 7.4).

Prionex buffer

The Prionex buffer was used for all enzyme dilutions, as Prionex has excellent protein sta-
bilizing properties. This buffer was made by adding 0.1% Prionex (24621-100, Polysciences
Inc., USA) to the assay buffer.

3.3.2 Stock enzyme dilutions

Human alpha thrombin

Human alpha thrombin (HT 1002a, Enzyme Research Laboratories) was used to initiate the
transformation of fibrinogen into fibrin, ultimately resulting in clot formation. One sample
contained 1000 NIH units (a standardized measure of enzymatic activity) and arrived as
a frozen liquid, typically with a volume less than 100 µL. Slight variations in the volume
occurred as a result of inter-batch variability in the enzymatic activity.

The product was stored at -80◦ C until it was ready to be diluted. For the initial dilution,
the stock was diluted to a concentration of 1000 NIH units/mL by adding enough prionex
buffer to bring the total volume of the solution to 1 mL. For example, if the stock volume
was 94 µL, 846 µL of buffer were added. The solution was filtered through a 200 nm PES
filter before being divided into 15 µL aliquots. These aliquots were refrozen at -80◦ C and
stored for later use. Further dilutions were performed on the day of the experiments.

Urokinase plasminogen activator

Urokinase plasminogen activator (u-PA; ENZ-264, ProSpec) was used to initiate the break-
down of fibrin polymers through the activation of plasminogen into plasmin, thereby causing
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clot breakdown. The product was ordered in 1 mg units and arrived as a lyophilized (freeze-
dried) powder. Prior to dilution, the powder was stored at -20◦ C. The u-PA solution was
produced by adding 1 mL of distilled water. This resulted in a solution of 1 mg/mol, corre-
sponding to a stock concentration of 18.5 µM. As was done with the thrombin, the solution
was divided into 15 µL aliquots and stored at -80◦ C. It was further diluted at the time of
the experiments.

3.3.3 Acellular clot composition

A standard guideline was developed for the composition of acellular clots that was loosely
based off of the OHP protocols. Acellular clots refer to clots generated using pooled platelet
poor human blood plasma (CCN-10, CryoCheck, PrecisionBioLogic), where blood cells have
been removed and fewer than 10,000 platelets per microlitre are present. In order to draw
comparisons to the OHP measurements, the clot was designed in such a way as to meet the
requirements of both systems. Since the plate reader measures optical density and thus relies
on optical transmittance, accurate readings are difficult when the sample is opaque. A total
sample volume of 100 µL was used. This 100 µL sample contained 5 µL of IIa, 5 µL of u-PA,
and 2 µL of calcium chloride (Calciject, Omega Laboratories Ltd., Montreal, Canada). The
remaining volume was dilute human blood plasma, with 33 µL of plasma in 55 µL buffer.
The dilution ensured that the sample was not too opaque for optical measurements.

Various titrations of u-PA were tested in order to achieve a desired lysis time. A working
concentration of 20 nM was found to cause lysis within 20 minutes of clot initiation and was
chosen in order to guarantee that decoupling of the US transducer did not occur before the
clot had fully broken down. Thrombin (5 nm) and calcium chloride (15 mM) concentrations
were chosen based on common literature values. For the control experiments, wherein one
or more enzymes were not added to the sample, the thrombin and calcium chloride volumes
were replaced by prionex buffer.

3.3.4 Whole blood clot composition

Where plasma is a mixture of water and proteins that can be frozen and still preserve its
integrity, whole blood contains cells that are altered with age and storage, which in turn
can impact the coagulation kinetics. Given the storage time associated with blood obtained
from the Canadian Blood Services and the difficulty in obtaining ethics board approval for
fresh blood samples greater than 50 µL, mouse blood was used as an alternative.

When moving to whole blood, comparisons to spectrophotometric tests were no longer
feasible. As a balance between the OHP and US system was no longer necessary, the protocol
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used for plasma clots was modified to create samples that provide a more realistic clot
environment. This involved maximizing the amount of citrated whole blood in the sample
by eliminating the buffer dilution.

Translatability between mouse blood and human blood was previously discussed in
Sec. 2.2.2. The main concern is that coagulated murine blood is highly resistant to clot
breakdown relative to human blood. Following unsuccessful attempts to break down clotted
mouse blood, u-PA was eliminated from these experiments. A benefit of using mouse blood
over human blood, however, is that the onset of clot formation using exclusively calcium
chloride is significantly (∼4 times) shorter than the onset seen in human blood [16]. Thus,
thrombin was not needed to initiate clot formation within the desired time-frame. These
changes (elimination of buffer and thrombin) ultimately resulted in a final clot composition
of 98 µL citrated mouse blood with 2 µL of calcium chloride, such that the final concentration
of calcium chloride in the well was 15 mM.

3.3.5 Sample preparation

The well caps and plate were blocked for 1-2 hours as described in Sec. 3.3.1. Once they
had been blocked and washed, they were placed inside the 37◦ C chamber that enclosed the
SASAM for pre-warming.

Plasma Sample Preparation

Three types of samples were prepared using the plasma. The first was a control sample,
where the thrombin, u-PA, and calcium chloride were replaced by 12 µL of assay buffer. In
this case, coagulation was not initiated and therefore the sample should remain in a liquid
state throughout the experiment. In the second, only thrombin and calcium were added,
while the u-PA was replaced by 5 µL of assay buffer. The thrombin and calcium chloride
initiated clot formation and, in the absence of any fibrinolytic agents, the clot should stay
formed for the duration of the experiment. The final sample was meant to emulate the OHP
test, with all three of the aforementioned constituents added to the sample. The enzyme
concentrations were chosen such that the clot onset happened within minutes of the mixing
and clot breakdown occurred roughly 20 minutes into the experiment.

Prior to the experiments, the frozen thrombin and u-PA were thawed, diluted to the
concentrations mentioned in Sec. 3.3.3, and put back on ice immediately. The pooled plasma
was thawed according to the manufacturer’s instructions. This involved placing the sample
in a 37◦ C water bath for 4 minutes (in the case of 1 mL plasma volumes) and placing it on
ice.
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Once all of the necessary materials had been gathered, a 120 µL volume of 3:5 plasma to
buffer mixture was placed in a 500 µL microcentrifuge tube and put in the chamber to warm
for 5 minutes. Once 4 minutes had passed, the pre-warmed microtitre plate was removed
from the chamber. Thrombin (5 µL), u-PA (5 µL) and calcium chloride (2 µL) (or their
buffer substitutions) were added to the bottom of the well such that each droplet occupied
its own third and did not mix with the other constituents. After the plasma mixture had
been in the chamber for 5 minutes, it was removed and 88 µL of the solution was pipetted
into the well containing the enzymes. The solution was mixed by pipetting a portion of the
volume up and down 4–5 times and mixing the sample in a circular motion using the pipette
tip as a stir stick. The well was then sealed using either an adhesive strip or the well cap.
A water droplet was placed on top of the transducer and the 96 well plate was placed onto
the stage and coupled to the drop of water. Transducer alignment was verified by ensuring
the visibility of a 3rd echo in the displayed RF-line data. If the alignment was correct, the
acquisition was started either manually or using the automation script. The delay between
the addition of the plasma to the enzymes and the first set of data acquisition was typically
30–60 seconds.

Whole Blood Preparation

For the whole blood experiments, two types of samples were monitored. The first was a
control, where the aforementioned 2 µL of calcium chloride (Sec. 3.3.4) was replaced by 2 µL
of assay buffer. This sample should not undergo coagulation. The second sample involved
the 98 µL of whole blood, where clot formation was initiated using 2 µL of calcium chloride.
The samples containing the calcium chloride are often referred to as recalcified samples to
indicate that calcium has been introduced. Recalcified samples should undergo coagulation.

Prior to the experiments, the calcium chloride was diluted to the desired working con-
centration of 15 mM. The blood samples were drawn on the morning of the experiments
into 3.2% citrate tubes to prevent undesired clot formation. From the citrate tube, 130 µL
sample of the blood was extracted into a 500 µL microcentrifuge tube and placed in the
37◦ C chamber to warm for 10 minutes. When 1 minute remained, the microtitre plate was
removed from the chamber and 2 µL of calcium chloride was added to the centre of a well.
The blood was removed from the chamber and 98 µL was pipetted onto the calcium chloride.
The solution was mixed up and down 4–5 times and stirred in a circular motion. Once the
mixing was complete the well was sealed using a well cap. The plate was coupled to the
transducer using a droplet of water and the acquisition was started via the automated script.

With the whole blood, lack of clot formation (controls) and clot formation (for all other
measurements) were verified at the end of each experiment by inverting the 96 well plate
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a) b)

Figure 3.7: Two samples are shown at the end of an experiment. a) a control sample, where
the calcium was replaced by buffer, and b) a coagulated sample viewed from the top and
from the side.

onto a sheet of paper. This verified that undesired clot formation did not occur in the case
of controls, which can occasionally occur due to contact activation of the intrinsic pathway
(see Sec. 2.2.1). It also verifies that the samples that were activated using calcium chloride
resulted in clot formation. An image of a liquid and a coagulated sample is shown in Fig. 3.7.
It can be seen that the coagulated sample retained the shape of the well, which had a diameter
of ∼ 6.4 mm, while the liquid sample was dispersed over a larger area.

3.3.6 Summary of Experiments

Plasma Samples

Experiments in plasma were performed with and without the well cap for the three sample
compositions discussed in Sec. 3.3.5. Prior to the well cap’s implementation, three control
replicates were acquired along with four samples that coagulated and four samples that
underwent both coagulation and fibrinolysis. With the well cap, each sample type was
replicated five times. Information regarding the replicates for all sample types can be found
in Tab. 3.2. The results from the plasma experiments are shown in Sec. 4.1, and discussed
in Sec. 5.1.

Murine Whole Blood

Four sets of experiments across three mouse strains were performed using murine whole
blood. The strains used were CD1, CCM2 Flox, and C57 which were chosen based on
availability on the day of the experiment. No literature reported any hemostatic irregularities
in these strains. The number of samples performed on a given day was dependant on the
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3.3. Coagulation and Fybrinolytic Assay

Plasma Sample Replicates

Sample Details Control Coagulation Coagulation
& Fibrinolysis

No cap 3 4 4
With cap 5 5 5

Murine Whole Blood Sample Replicates

Sample Details Control Coagulation Coagulation
& Fibrinolysis

CD1 (set 1) 3 3 –
CD1 (set 2) 3 3 –
CCM2 Flox 4 4 –
C57 3 6 –

Table 3.2: The number of replicates for each type of plasma or murine whole blood experi-
ment. Plasma replicates are broken into experiments performed with and without well caps.
Whole blood replicates are broken into experiments by mouse strain, where the CD1 strain
is split over two sets to indicate that each set was acquired on a different day.

amount of blood obtained, which varied depending on the size of the mice from which the
sample was taken.

Experiments using the CD1 blood were performed on two separate days, using fresh blood
samples each time. Three recalcified samples were measured on each day, which amounted
to a total of 6 CD1 samples that underwent coagulation. A total of six control experiments
were also performed in samples where the calcium was substituted with buffer. The CCM2
Flox experiments were done on a single day, on which measurements were made of four
recalcified and four control samples. The C57 experiments were also performed on a single
day. Six recalcified samples were acquired along with three controls.

42



Chapter 4

Results

4.1 Human Blood Plasma

For the plasma experiments, a large portion of the data collection was performed prior to
the major system improvements made. The most impactful change was the introduction of
the well cap. Data collected with and without the use of the well cap are presented here and
discussed in the following chapter.

Platelet poor plasma is relatively homogeneous and the size of scatterer required to pro-
duce a sufficient backscatter signal from an 80 MHz acoustic wave is much larger than what
is needed for optical studies. The main information was thus collected by examining reflec-
tions of the wave at interfaces between two media. Examining the sample interface furthest
from the transducer (t3 in Fig. 3.5)provided the best measurement of acoustic changes that
occurred within the medium.

As discussed in Sec. 3.1.5, each experiment involved acquiring data along a cross-section
of the well by collecting 50 RF-lines in 140 µm steps. This was performed periodically
throughout the duration of the experiment. Two representative B-Mode images, constructed
using the 50 RF-lines, are shown in Fig. 4.1 for plasma samples with and without the well-
cap.
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4.1. Human Blood Plasma
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Figure 4.1: B-Mode images for two plasma samples: (a) without the plug, and (b) with
the plug in place. The bottom two interfaces (t1 and t2) correspond to the layer of plastic
separating the transducer from the sample. In a) the meniscus of the sample-air interface is
seen at the top of the sample (t3), while in b) the interface at the centre corresponds to the
surface of the cap (t3), and the two menisci from the sample-air interface can be seen at the
top of the frame on either side of the cap. Colour scale is linear and was truncated at 100
a.u. for proper visualization of all interfaces.

4.1.1 Prior to Well-Cap

The time of flight data, which was calculated as described in Sec. 3.1.5, is shown in Fig. 4.2
for the three sample types outlined in Sec. 3.3.5. Each line represents the mean of either
three or four datasets (indicated in the legend), while the standard deviation is shown as a
shaded region in the same colour.

4.1.2 Using the Well-Cap

With the introduction of the cap, the US wave reflection from the plasma-cap interface
was used. Since the distance the US wave travelled remained constant throughout the
experiment, time of flight measurements could be translated to percentage changes in the
acoustic velocity. Furthermore, the geometry of the surface was constant and consequently
any changes in the reflected spectrum could be attributed to changes that occurred within
the sample.
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4.2. Murine whole blood

Figure 4.2: The mean and standard deviation in the arrival time data for control samples
that don’t undergo coagulation (yellow), samples that only undergo coagulation (green), and
those that undergo both coagulation and lysis (purple). The ‘N’ in the legend indicates how
many experiments were used to calculate the mean and standard deviation for each sample
type.

Three types of samples were prepared. The control sample of dilute plasma had no
enzymes and, as a result, did not undergo any major biological changes. In the sample that
underwent coagulation only, calcium chloride and thrombin were added. The final group,
which underwent both coagulation and fibrinolysis contained uPa in addition to the calcium
chloride and thrombin. All three samples were composed of 33% plasma.

Changes in acoustic velocity for the three sample groups are shown in Fig. 4.3. Measure-
ments were repeated five times per sample type in an attempt to identify trends. In order to
compare the changes to the measurements acquired before the cap was implemented, time of
flight data that was used to calculate the percentage change in Fig. 4.3 is shown in Fig. 4.4.
Representative reflection spectra can be seen in Fig. 4.5 for each sample type.

4.2 Murine whole blood

Compared to the plasma samples, whole blood contained cells that act as scatters to the
incident US wave. In addition to analyzing the signal reflected off of the blood-cap interface,
which provides information about the frequency dependent attenutation through the sample,
information could be acquired by examining the back-scattered signal from within the blood
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4.2. Murine whole blood

Figure 4.3: The percentage change in sound speed as a function of time in plasma for five
control samples (no coagulation, yellow), five samples that undergo coagulation only (green),
and five samples that undergo coagulation and fibrinolysis (purple).

Figure 4.4: The change in arrival time in plasma for five control samples (no coagula-
tion,yellow), five samples that undergo coagulation only (green), and five samples that un-
dergo coagulation and fibrinolysis (purple). Data are from the same experiments as in
Fig. 4.3.
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4.2. Murine whole blood
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Figure 4.5: Representative frequency spectra from the reflection off of the cap-sample inter-
face as a function of time in plasma for a) a control sample (no coagulation), b) a sample
that only underwent coagulation, and c) a sample that underwent both coagulation and
fibrinolysis. The colour scale represents S in units of dB.

region, which provides information about the size and motion of the US scatterers. A B-
Mode image of the blood sample is shown in Fig. 4.6(a). A sample that has undergone
partial retraction from the well’s surface can be seen in Fig. 4.6(b).
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4.2. Murine whole blood

a) b)

Figure 4.6: B-Mode images for two coagulated blood samples: (a) in the absence of clot
retraction, and (b) with partial clot retraction (indicated by arrows). The bottom two
interfaces correspond to the bottom of the well, the interface at the centre corresponds to
the surface of the cap, and the two menisci from the sample-air interface can be seen at the
top of the frame on either side of the cap. Colour scale is linear and was truncated at 20
a.u. for proper visualization of the blood backscatter.

4.2.1 Acoustic Velocity

Changes in acoustic velocity were calculated for 10-14 locations corresponding to the lateral
region that contained the cap interface. Values were calculated using the time of flight
between the bottom of the well and the surface of the cap as described in Sec. 3.1.5. An
example of typical intra-sample variability across these locations is shown in Fig. 4.7.
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4.2. Murine whole blood

Figure 4.7: Intra-sample variation in acoustic velocity across 14 locations in 140 µm incre-
ments for a CCM2 Flox recalcified blood sample.

Measurements were acquired for sixteen samples of recalcified citrated mouse blood across
three strains (CD1, CCM2 Flox, C57). The results obtained for each strain can be seen in
Fig. 4.8. Control measurements were acquired using partially dilute citrated blood. A
comparison between the control and recalcified samples for CD1 mouse blood can be seen in
Fig. 4.9.

a) b) c)

Figure 4.8: Change in acoustic velocity through recalcified blood samples, where each line
represents the average of 10-14 measurements at different locations within the sample. Each
plot is labelled according to the mouse strain with a) six CD1, b) four CCM2 Flox, and c)
six C57 measurements.
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4.2. Murine whole blood

Figure 4.9: Change in acoustic velocity in six CD1 control samples are shown. The six
recalcified CD1 samples that were shown in Fig. 4.8(a) are plotted in grey for comparative
purposes.

4.2.2 M-mode

A comparison between two dilute blood samples and a recalcified blood sample from CD1
mice are shown in Fig. 4.10. Intra-sample variability can be observed in Fig. 4.11 for recal-
cified CD1 blood, which is in contrast to the intra-sample variation in the speed of sound
(Fig. 4.7). Differences observed in certain regions of a subset of samples are shown in
Fig. 4.12. In Fig. 4.12(a) clot retraction from the bottom of the well occurs in the region
of interest, and is indicated by an arrow. In Fig. 4.12(b), a physical shift of the of the clot
occurred (indicated by the arrow) as a result of clot retraction that was observed in the
sample at other locations. Fig. 4.12(c) shows variation in the backscatter intensity near the
centre of the clot. Fig. 4.12(d) appears to show incomplete/partial formation of the clot, an
effect which is also visible in Fig. 4.12(b).
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4.2. Murine whole blood
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Figure 4.10: M-mode images from three CD1 samples: (a) 66% dilute citrated blood, (b)
90% dilute citrated blood, and (c) 94% recalcified citrated whole blood, where the dashed
line indicates clot formation. The colour scale is linear [a.u.].

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

a) b) c)

Figure 4.11: M-mode images for three locations separated by 420 µm spacings in a sample
of recalcified CD1 blood. The dashed lines represent the estimate of clot formation time.
The colour scale is linear [a.u.].
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4.2. Murine whole blood

a) b)

c) d)

Figure 4.12: M-mode images from four different recalcified blood samples are shown to
highlight variability in clot microstructure. Arrows indicate a) in-frame clot retraction and
b) out-of-frame clot retraction. The red box in d) indicates regions with fluctuations, possibly
corresponding to incomplete/partial formation. The colour scale is linear [a.u.].

4.2.3 Reflection spectra

The frequency spectra of pulses reflected from the sample-cap interface were acquired as
described in Sec. 3.1.5. Spectra corresponding to the same samples and RF-lines as the
M-mode images shown in Sec. 4.2.2 are shown in Figures 4.13, 4.14 and 4.15. The colour
scales for all reflection spectra are displayed in dB.
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4.2. Murine whole blood
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Figure 4.13: Normalized reflection frequency spectra from the three CD1 samples in Fig. 4.10
are shown, where (a) is 66% dilute citrated blood, (b) is 90% dilute citrated blood and (c)
is 94% recalcified citrated whole blood. The colour scale represents S [dB].

-25 -20 -15 -10 -5 0 -25 -20 -15 -10 -5 0 -25 -20 -15 -10 -5 0

a) b) c)

Figure 4.14: Normalized reflection frequency spectra are shown for three locations separated
by 420 µm in a sample of recalcified CD1 whole blood. The dashed lines estimate clot
formation time based on the M-mode images shown in Fig. 4.11. The colour scale represents
S [dB].
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4.2. Murine whole blood
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Figure 4.15: Normalized reflection frequency spectra from the four recalcified blood samples
in Fig. 4.12 are shown. The colour scale represents S [dB].

4.2.4 Comparisons

In order to combine the information provided by the change in acoustic velocity, M-mode
images and reflection spectra data, compilations of the previously shown results have been
constructed with a few modifications. Each combined figure displays the reflected frequency
spectrum first, followed by the M-mode image, and then the acoustic velocity. Colour bars for
the reflection spectra and M-mode images are omitted for simplicity. However, the scales are
the same as those presented in Sec. 4.2.3 and Sec. 4.2.2 respectively, with frequency spectra
presented as S over a range of -25 to 0 [dB] (logarithmic) and M-Mode images presented
on a linear scale from 0 to 20 [a.u.]. Overlayed onto the M-mode image is a line plot of
the frequency changes at 80 MHz, used to illustrate time dependant changes in the reflected
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4.2. Murine whole blood

frequency spectra. The corresponding frequency axes are in dB and can be found on the
right side of each M-mode image. Finally, the acoustic velocity changes that were calculated
for the sample are shown. The changes corresponding to the A-Mode frame displayed in the
other modalities will appear in colour, while the remaining locations will appear in grey to
highlight the variation observed in that particular sample.

The summary shown in Fig. 4.16 combines the information given in Figures 4.10 and
4.13. Fig. 4.17 combines the results from Figures 4.11 and 4.14, and Figures 4.18 and 4.19
combine the results from Figures 4.12 and 4.15.

a) b) c)

Figure 4.16: A comparison between Figures 4.10 and 4.13, along with the acoustic velocity
change for each sample location. The acoustic velocity at the locations in the M-mode and
reflected frequency data is in colour, while the acoustic velocity at other locations in the
same sample is in grey. a) a 66% dilute whole blood sample, b) a 90% dilute whole blood
sample, and c) a 94% recalcified sample that undergoes coagulation.
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4.2. Murine whole blood

a) b) c)

Figure 4.17: A comparison between Figures 4.11 and 4.14, along with the acoustic velocity
change for each sample location. The acoustic velocity at the locations in the M-mode and
reflected frequency data is in colour, while the acoustic velocity at other locations in the
same sample is in grey. The data are for three locations separated by 420 µm spacings in a
sample of recalcified CD1 blood.

56



4.2. Murine whole blood

a) b)

Figure 4.18: Comparisons between a) the data presented in Figures 4.12(a) and 4.15(a), and
b) the data presented in Figures 4.12(b) and 4.15(b). The acoustic velocity at the locations
in the M-mode and reflected frequency data is in colour, while the acoustic velocity at other
locations in the same sample is in grey. Clot retraction is shown to affect the data when a)
it lies along the acquisition line, and b) when it occurs out of the frame.
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4.2. Murine whole blood

a) b)

Figure 4.19: Comparisons between a) the data presented in Figures 4.12(c) and 4.15(c), and
b) the data presented in Figures 4.12(d) and 4.15(d). The acoustic velocity at the locations
in the M-mode and reflected frequency data is in colour, while the acoustic velocity at
other locations in the same sample is in grey. This highlights how each metric is affected
by a) regions without backscatter that appear in the centre of the sample, and b) what is
hypothesized to be incomplete clot formation.
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Chapter 5

Discussion

In this chapter, the results presented in Sec. 4 are discussed. This starts with the plasma
experiments, where the impact of the plug on speed of sound measurements is highlighted,
and potential explanations for the observed trends are considered. Next, the insights into
clot kinetics gained from each metrics used to assess the whole blood coagulation are exam-
ined. How these metrics can be used alongside one another to obtain a more comprehensive
understanding of clot kinetics is then discussed.

5.1 Human Blood Plasma

The experiments performed using human blood plasma were designed to emulate the sample
preparation used for the OHP tests. This was achieved by using the 96-well microtitre plates
with a total volume of 100 µL and comparable plasma and enzyme concentrations.

In the initial experiments, the constituents were combined in a well and the system was
sealed with an adhesive strip to minimize evaporation. The B-Mode image corresponding to
the original setup is shown in Fig. 4.1(a), where the top surface of the sample can be seen as
a curved line near the top of the image. The curvature of the meniscus caused sound waves
closer to the edges of the well to be deflected away from the transducer, which resulted in
no reflections recorded outside of the central region. In later iterations, the well cap was
introduced, which provided a flat 2 mm surface at the centre of the well from which the US
waves were reflected. This can be seen in Fig. 4.1(b), where the menisci on either side of the
plug are also visible.

5.1.1 Before the well cap addition

Without the well cap, the time of flight between the bottom of the well and the surface of
the sample was subject to changes both as a result of changes in the acoustic velocity, as well
as to changes in the physical location of the surface. The changes in time of flight recorded
for the three plasma sample types are shown in Fig. 4.2. A number of trends appear to
be visible. Firstly, the sample without coagulation is stable, with its mean centred about
zero and a relatively consistent standard deviation throughout the experiment. In the two
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5.1. Human Blood Plasma

sample types that underwent coagulation, a consistent increase in the time of flight of several
nanoseconds was observed in the first five minutes, followed by a relatively linear decrease
afterwards. The samples that underwent lysis (where the u-PA concentration was titrated to
lyse the sample in ∼ 20 minutes) had a steeper slope than the samples whose clots reamined
intact.

While there appeared to be clear differences between the various sample types, the
changes were relatively small given the fact that the system was set to detect changes in
1 ns increments. Additionally, it was unclear whether the observed changes in time of flight
occurred as a result of changes in the acoustic velocity (due to coagulation or changes in
temperature) or changes in the distance travelled by the US wave (due to changes in the
location of the meniscus caused by evaporation or volume change due to clot formation). In
order to isolate these two variables, the well cap was developed to fix the distance travelled
by the wave.

5.1.2 After the well cap addition

With the well cap, percentage changes in acoustic velocity were calculated for the three
plasma sample types. These are shown in Fig. 4.3. From the data, all samples experienced
an increase in the acoustic velocity ranging from ∼ 0.2% to 0.6%. There was a significant
overlap in all sample types and there did not appear to be any distinguishing features between
them. These changes were on the order of the changes expected for a temperature increase
from 33◦ C to 37◦ C as discussed in Sec. 2.3.2. Changes of this size were reasonable to
expect despite the warming of the plasma. This is because the the sample constituents
must be combined outside of the 37◦ C chamber, which can take anywhere between 30 and
60 seconds. These results appear to confirm the findings of Plag et al., who reported that
changes in the acoustic velocity in clotting plasma are not significantly different from those
that do not undergo clot formation [69]. The results shown here add to previous research
by also showing that there were no significant changes in the acoustic velocity as a result of
clot breakdown.

The reflection spectra for the three samples obtained from the reflection off the well
cap are shown in Fig. 4.5. A minor drop in the signal intensity at higher frequencies (70–
90 MHz) was observed following the first time points in samples that underwent coagulation.
However, these changes were small (on the order of 1 dB) and they generally occurred within
a minute of starting the data acquisition. This made it difficult to determine whether the
changes corresponded to stages of the coagulation process or to fluctuations in the data
unrelated to the coagulation process. In order to properly assess whether or not the signal
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intensity changed as a result of the coagulation, it is likely that these spectra would need to
be acquired with a higher temporal resolution than the 30 second intervals used here.

5.1.3 Comparison of results

In order to compare the data with and without the well cap, the results shown in Fig. 4.3
have been presented in terms of change in time of flight (Fig. 4.4). Given that the acoustic
velocity changes resulted in a decrease in arrival time, the trends shown in Fig. 4.2 are likely
attributed to changes in the surface height of the clot. It is hypothesized that the increase
observed in the first several minutes in the coagulating samples were a result of changes in
the geometry of the meniscus caused by fibrin polymerization. As the mesh formed and
began to contract, it is possible that the meniscus flattened. This would have resulted in an
increase in the distance travelled by the wave near the centre of the well and therefore an
increase in the arrival time.

The decreases in arrival times observed beyond the 10 minute mark seemed to occur
once the velocity changes had mostly stabilized, and only for samples with coagulation.
This indicates that the decreases were a result of decreased distance travelled by the wave.
The changes are roughly on the order of what would be expected due to evaporation. In
water, the expected change in arrival time over a 30 minute period is on the order of 20 ns
when an adhesive strip is used to seal the well. It is possible that the sample that underwent
fibrinolysis saw a more rapid decrease in the arrival time simply due to the fact that it is
liquid and therefore evaporates more quickly. Further investigation is necessary to confirm
the reasons behind the trends observed without the well cap. However, due to the geometric
basis of the changes, it is unlikely that the time of flight results provide reliable insight into
the biochemical changes occurring within the medium.

5.2 Murine whole blood

In the context of this work, constructed B-Mode images provide little quantitative infor-
mation. They do, however, act as an effective way to visualize the system’s geometry and
summarize signal information from fifty RF-lines in a single image. This proved particularly
useful in identifying regions of interest, mainly in identifying the location of the plug laterally
as well as axially for each experiment.

For coagulating whole blood, B-Mode images can also highlight structural changes that
occur within the sample. Fig. 4.6 illustrates such a situation, where the sample underwent
retraction from the vessel walls. While clot retraction did not occur to the same extent in all
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samples, it is a worthwhile effect to keep note of as it can impact measurements, especially
ones that measure attenuation of the US through the medium.

5.2.1 Acoustic velocity

Intra-sample variability

A change in acoustic velocity can indicate fundamental changes in the medium through which
the acoustic wave propagates. Presented in this work as the percentage change relative to the
initial time point, measurements were acquired at ten to fourteen locations for each sample
based on time of flight information. Fig. 4.7 shows the consistency of acoustic velocity
change across all locations in a given sample. This was true for all samples across all mouse
strains and regardless of whether or not the sample underwent coagulation. This was to be
expected under the assumption that the sample was relatively homogeneous. However, as
will be discussed in Sections 5.2.2 and 5.2.3, M-mode and reflected spectral data seem to
indicate that this is not the case. Inhomogeneities observed within the sample using the
other modalities (M-mode, reflected spectrum) do not give rise to significant changes in the
acoustic velocity. As such, the acoustic velocity should not be used to evaluate intra-sample
variability.

Inter-sample variability

Despite the high degree of consistency observed within a sample, significant variability was
observed when comparing across different samples (Fig. 4.9). Given the sensitivity of acoustic
velocity to physical parameters such as temperature, it is likely that at least some of these
differences arise simply as a result of minor discrepancies relating to the sample preparation.
The changes observed were generally positive and for the majority of samples did not exceed
0.5%. This lies within the predicted range for temperature increases on the order of several
degrees [78]. However, temperature equilibration is a consistent and gradual process that
generally stabilizes within the first several minutes of acquisition. Given the significant
changes that occurred ten or even twenty minutes into the certain experiments, at least
a portion of these changes must occur due to the complex biological transitions occurring
within the sample.

Comparing the results shown in Fig. 4.9 to results obtained by Callé et al. [16] in human
and in rat blood (see Fig. 2.9), the characteristic sigmoidal shape was only present in a small
subset of the samples. In the cases where the trends appeared to be similar, the extent of the
changes observed in this work were less than those reported in the literature. If the mouse
blood used for this work is assumed to transmit mechanical waves in a similar manner as rat
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blood based on the fact that both species’ erythrocytes have diameters and mean corpuscular
volumes that lie within the same range [52], the acoustic velocity in a mouse blood sample
is approximately 1574 m/s at 37◦ C. This indicates that the maximum observed change due
to coagulation over a forty minute period corresponded to an increase in acoustic velocity
of 20.6 m/s, with an average change of 8.6 m/s. Box plots representing the distribution of
predicted final velocities across each of the mouse strains are shown in Fig. 5.1. Although the
largest change approached a published value of 1600–1606 m/s observed in coagulated rat
blood, the majority of the samples exhibited changes much smaller than this. It is possible
that this is due to differences in rat and mouse blood, and their coagulation kinetics.

Further discussion relating to how the acoustic velocity matches trends in the M-mode
and frequency domain of the reflected pulse can be found in Sec. 5.2.4. These comparisons
highlight a certain amount of correlation between the acoustic velocity measurements and
the perceived clot kinetics revealed by the other analysis techniques. However, the acoustic
velocity alone cannot be used to assess whether or not a sample has undergone coagulation.
For one, the data across samples is highly variable and identifying the point at which co-
agulation occurs is not possible for most of the measured changes. Furthermore, Fig. 4.9
indicates that there is a significant overlap between changes that occurred in samples with
and without recalcification. The changes observed in the dilute blood samples are attributed
to a combination of temperature equilibration, RBC sedimentation and RBC aggregation.
While temperature and aggregation effects generally occur within the first several minutes,
sedimentation can be an ongoing process and thus explains why most of the changes occurred
gradually throughout the experiment.

CD1 CCM2 Flox C57 Total
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Figure 5.1: Box plots are shown to represent the distribution of acoustic velocity measure-
ments 40 minutes after coagulation. The left axis shows the percentage change in acoustic
velocity relative to the initial time point, while the right axis estimates the final acoustic
velocity assuming an initial sound speed of 1574 m/s.
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5.2.2 M-mode

Identifying coagulation

M-mode Imaging allows for the detection of changes in a particular A-Mode trace. This
provides a convenient visualization of the motion of structures and scatterers along the
scan-line of interest. The extent of correlation between adjacent time points in the image
can act as an indicator of how quickly the scatters are moving into or out of the frame.
When the scatterers are fixed within a medium, very little change between adjacent time
points should be observed. These effects are seen by observing the samples presented in
Fig. 4.10. Fig. 4.10(a) shows a sample of blood in a liquid state, which has been diluted with
buffer to a concentration of 66%. In this image, there was very little correlation between
subsequent A-lines acquired throughout the experiments. This can be seen in the substantial
signal fluctuations along horizontal lines. The reason for this lack of correlation can largely
be attributed to the sample’s dilution. With decreasing RBC concentration, scatterers are
able to move more freely in the sample. Furthermore, previous research has concluded that
the dilution of blood results in decreased RBC aggregation [63]. A particle’s mobility is
inversely proportional to its radius [83]. In other words, the decreased aggregation caused
by the sample dilution ultimately resulted in increased scatterer motion. Focusing on the
bottom right corner of the image, an apparent increase in the correlation from one time point
to the next can be observed. As the ROI was selected in close proximity to the surface of
the well (which was generally located at an arrival time of 6 µs), the increased correlation
corresponded to sedimentation (or settling) of the RBC at the bottom of the sample. There
is an apparent build up of sedimentation observed throughout the 30 minute acquisition.

Fig. 4.10(b) again shows a sample of blood in a liquid state. However, in this case the
sample was minimally diluted, with 90% of the sample volume composed of citrated whole
blood. Relative to the 66% blood sample, the M-mode image appears to have a high degree
of correlation. This is caused by the increased concentration of whole blood which has the
dual effect of decreased freedom of motion and increased RBC aggregation. It is possible
that the fluctuations observed in the first 3-4 minutes of acquisition indicate that aggregates
were not yet fully formed. It is also interesting to note the downward trend of the scatterers
with time. Although sedimentation is not visible at the bottom of the frame, the downward
drift of the scatters indicate that sedimentation was occurring nonetheless.

The sample in Fig. 4.10(c) has been recalcified, thereby initiating the coagulation cascade.
The clot formation itself resulted in an immobilization of the scatterers (which can be RBCs
or RBC aggregates). This can be seen in the M-mode image approximately 14 minutes into
the acquisition, where the lack of motion caused a cessation in backscatter fluctuation at a
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certain arrival time. The small variations observed between 14 and 30 minutes were likely
a result of ongoing reorganizations that occurred within the clot’s microstructure. Prior to
the 14 minute mark, a lack of correlation was observed despite the fact that the image shows
a highly concentrated blood sample. It is hypothesiszed that the reason the M-mode image
does not exhibit similar trends to those seen in Fig. 4.10(b) is that the blood is not truly
in a liquid state. In other words, the early stages of blood coagulation had already begun.
Although the scatterers had not yet become trapped in the network of fibrin polymers,
the formation of these networks was responsible for the motion of the scatterers across the
A-Mode frame faster than they would have drifted in a non-coagulating blood sample.

Variability in Onset Time

Given that M-mode imaging can be used to monitor the onset of clot formation, it has
been applied to investigate the variability observed throughout the data collected. Intra-
sample variability is of particular interest as previous researchers have operated under the
assumption that the medium is homogeneous. Fig. 4.11 shows three M-mode images all
acquired from the same sample, but at locations that were 420 µm apart. Dashed lines
have been inserted as an estimate of clot formation time. The onset at each location was
relatively consistent along the axial direction, showing that there was not a significant depth
dependence of the onset time. However, from left to right the onset times shown were
estimated to be 14.5 minutes, 11 minutes and 8.5 minutes. Thus, the onset time varied by 6
minutes across a distance of less than 1 mm. Different samples exhibited this effect to varying
degrees, with the largest variation in onset time of 20.5 minutes over a lateral distance of
1.96 mm, and the smallest of 1 minute over a lateral distance 1.82 mm. The distribution of
onset times across all locations of all recalcified samples are summarized in Fig. 5.2. The
range of onset times are shown for 15 of the 16 samples across all mouse strains. One of the
C57 samples has been removed, as clot retraction interfered with the assessment of onset
time.
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Figure 5.2: The range in onset times is shown for each recalcified sample of each mouse
strain, with the mean onset time indicated by a horizontal bar. The CD1 data was acquired
on two separate days, denoted by different colours.

Firstly, it should be noted that the CD1 data was collected on two separate days with
the first three on day 1 and the second three on day 2. For CCM2 Flox, as for C57, all
experiments for the given strain were acquired in a single day and the samples are displayed
in the order in which they were acquired.

Each mouse strain has unique genetic features designed for specific research purposes.
Although no literature has reported on irregularities in the hemostatic system of any of the
strains used, it is possible that differences exist. This could explain the large variability
of onset times seen in the CCM2 Flox strain, and the reason that the three strains do not
exhibit similar trends. Differences observed within each strain may occur for a number of
reasons. The blood used in sequential experiments were stored for different amounts of time,
which may have impacted the coagulation kinetics. Additionally, the specific samples used
in each case could have had minor variations in the concentrations of blood components.
Larger data sets would be necessary to properly assess the cause of variability. However,
intra-individual variability has been previously reported and is likely an unavoidable result
of minor biological differences [55].

Accounting for all onset times of all strains, the mean and standard deviation of onset
times can be calculated as 10.6±5.0 minutes. This agrees with the onset times of 11.15±7
minutes listed by Callé et al. [16] for rat blood. It should be noted that the values published
Callé et al. [16] represent only the variability observed across separate samples, while the
value reported here also accounts for intra-sample variability in onset time.
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Structural Variability

In addition to the variability of onset time, discrepancies in M-mode signals provide insight
into the structural differences both across different samples and within a given sample.
Four representative M-mode images are shown in Fig. 4.12 in an attempt to highlight these
differences.

In Fig. 4.12(a), clot retraction from the well’s surface was observed, identified by the
lack of backscatter at the bottom of the frame. This effect has previously been shown in
a B-Mode image seen in Fig. 4.6. In this case, the onset of formation was still visible at
∼ 3 minutes. However, in some cases (as was previously mentioned about one of the C57
samples), the onset was obscured by the retraction and did not allow proper assessment.
As will be discussed in the following section, retraction can also impact frequency data and
without M-mode for verification could be mistaken as the onset time. Even in cases where the
retraction does not occur along the A-Mode trace of interest, the data can still be affected.
This can be observed in Fig. 4.12(b) in the form of a shift at ∼ 22 minutes. Again, this can
impact the reflection spectra and make it difficult to interpret without the complimentary
M-mode image. In the cases where retraction occurred, it was generally observed at all
locations within the sample, either with visible retraction as seen in Fig. 4.12(a), or shifts
due to out-of-frame retraction as in Fig. 4.12(b).

Fig. 4.12(c) shows a coagulating sample exhibiting pockets in the central region of the clot
that do not exhibit any backscatter, and the formation of areas with very high backscatter
(bright yellow lines). Given that clot retraction typically involves the clot pulling in on itself,
the appearance of these internal pockets with an apparent lack of US scatterers might not
be expected. The high backscatter (bright yellow lines) may be related to the aggregation
of RBCs in specific regions of the clot, highlighting the heterogeneous nature of the process.
This acts to highlight the degree of complexity observed within these samples. Just as
these regions exhibit limited axial spans, the same was observed laterally. In other words,
in two adjacent scan-lines (with a separation of 140 µm), one may exhibit regions lacking
backscatter while the other may show a conventional clot structure (e.g. that shown in
Fig. 4.11). As with the clot retraction, these regions impact the nature of the frequency
data. This effect will be further discussed in the subsequent section.

Finally, Fig. 4.12(d) is included to show that occasionally it is difficult to assess whether
or not complete formation as occurred regions within the clot. In this case, fluctuations in
the signal intensity are observed axially between 6.2 and 6.5 µs. It is unclear whether or not
this indicated partial or incomplete formation or if it simply corresponded to a less dense
region of the fibrin mesh where scatterers had a more limited range of motion.
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Summary

M-mode imaging has proven to be a useful tool for visualizing changes in the clot microstruc-
ture as a function of time. The main limitation of M-mode imaging in the context of this
work is the lack of quantitative information. Early attempts were made to utilize metrics
that assess correlation between adjacent time points in an attempt to quantitatively iden-
tify clot onset. This proved difficult and ultimately ineffective as the metrics were highly
sensitive to any motion within the sample. Consequently, the onset time was generally
over-estimated. Furthermore, correlation maps remove the utility of the M-mode images in
identifying features in the clot such as in-frame and out-of-frame retraction, regions with
decreased backscatter, and partial or incomplete formation.

5.2.3 Reflection spectra

As has previously been mentioned, the spectra acquired in this work are obtained from the
pulse reflected off of the cap’s surface. This means that changes in the reflection spectra
occur as a result of cumulative changes throughout the region along which the pulse travels.
All spectra are normalized such that each frequency component has a maximum intensity of
0 dB, regardless of the time point at which this maximum occurred.

For the sake of comparison to previously published results, it is important to remember
that the spectra shown here reflect relative intensity of the signals, while other research
commonly reports results in the form of frequency dependant attenuation. As has been
discussed in Sec. 3.1.5, the attenuation coefficient is inversely proportional to the signal
intensity and has been normalized to some reference spectrum (plane reflector) that has
been acquired in the same system. Additionally, the attenuation coefficient is typically
expressed in units of dB/cm thus incorporating how much the wave is attenuated per unit
distance.

It was not possible to calculate the attenuation coefficient due to current limitations of the
system that prevent the acquisition of a reliable reference spectrum. Three factors pertaining
to the well cap prevent the normalization. Firstly, aligning the transducer with the same
cross-section of the plug is virtually impossible. Each experiment will thus cover a slightly
different span of the plug, with some closer to the centre of the plug’s radius than others.
This is the reason that the number of locations analyzed for each sample ranges from ten
to fourteen. This, combined with the uneven surface of the cap, means that reflected pulses
will have slightly different spectra depending where the pulse is reflected from. If one were to
normalize a spectrum acquired in blood to one acquired in water, it is possible that differences
between the two spectra are simply a result of different interactions between the pulse and the
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cap’s surface rather than difference between the wave propagation in the medium. Finally,
the variability of the plug’s location axially, combined with unknown acoustic velocities
in the sample medium means that the distance the wave travels is unknown. The distance
travelled will affect the intensity of the reflected wave, which will in turn affect the calculated
attenuation coefficient, since in this system the distance cannot be properly accounted for.
Furthermore, the normalization would be inaccurate due to different distances travelled
between the sample measurement and reference measurement.

In future iterations of the system, it may be possible to eliminate some of the discrepancies
associated with the plug in order to calculate a reasonable estimate for the attenuation
coefficient. This would involve redesigning the well cap with a smooth surface relatively
to the US wavelength. In water, the wavelength at 80 MHz is roughly 19 µm. Generally
speaking a surface can be considered smooth for if it has variations less than 1/10th the
wavelength, which would correspond to roughly 2 µm in this case. The difficulty in obtaining
a custom designed cap with this degree of precision is the reason that it wasn’t achieved for
this work. Furthermore, the distance between the bottom of the well and the well-cap would
need to be fixed and accurately measured.

With these limitations in mind, the signal intensity can be thought of as inversely pro-
portional to the attenuation. An increase in the signal intensity means that the wave is less
attenuated and corresponds to what would be a decrease in the attenuation coefficient of the
medium.

The figures included in Sec. 4.2.3 aim to highlight how the spectrum changes as a result
of changes in the sample’s microstructure. Each spectrum corresponds to one of the M-mode
figures included in Sec. 4.2.2. The discussion will be broken up into the same sections as
those in the previous section.

Identifying coagulation

Fig. 4.13 shows three samples, two of which are dilutions are citrated blood with the third
presenting a recalcified sample. The M-mode image depicting the kinetics of these samples
can be seen in Fig. 4.10. In the 66% WB solution in Fig. 4.13(a), the spectral trends can be
divided into two regions. From 25–65 MHz, a slow decrease in the signal intensity of 1–1.5
dB is observed, which could be a result of temperature change or sedimentation. From 65–95
MHz, fluctuations of 5–10 dB are observed for the duration of the experiments. It is thought
that these trends are caused by the small scatters (individual RBC or small aggregates)
moving quickly in and out of the frame.

In Fig. 4.13(b), the spectrum exhibits fluctuations of 1–2 dB across all frequencies
throughout the experiment. The increased fluctuations in the lower frequency range are
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thought to be caused by the increased scatter sized due to RBC aggregation.
In the recalcified sample shown in Fig. 4.13(c), coagulation is visible by a drop in the

signal intensity. This implies that the blood clot is more attenuating than the blood in its
liquid state. It is hypothesized that the bright region located between 8 and 14 minutes,
corresponds to the transition phase where the blood is undergoing major changes to form
the structure of the resulting clot. Aside from perhaps minor differences in the apparent
correlation, this feature is not visible in the M-mode image. This region of high inten-
sity is particularly prominent at higher frequencies, and was reproduced in the majority of
coagulating samples.

Variability in onset time

The effects described for Fig. 4.13(c) can be seen for three locations of a different sample in
Fig. 4.14. The dashed line corresponds to the predicted onset time based on stabilization of
the M-mode signals. Again, in the higher frequency region, an increase in the signal intensity
is observed prior to the clot onset and is thought to be a result of changes caused by the initial
phases of clot formation. On a biological scale, this could correspond to the polymerization of
the fibrin monomers in the early stages of the network formation prior to the immobilization
of RBC. It is difficult to compare these trends and the hypothesis being made to the results
obtained by other groups due to the different frequency range used. Previous studies have
noted significant frequency dependence of trends observed at frequencies below 30 MHz. For
example, a recent study by Taturanas et al. noted that an increase the in spectral intensity
was observed at 10 MHz during the clot formation stage followed by a decrease once the clot
was fully formed. At 20 MHz, however, they observed a decrease in the intensity during the
formation followed by an increase in the intensity once the clot was formed [84]. This draws
into question the use of parameters such as the integrated attenuation coefficient, which as
the name implies, involves an integration of the attenuation across a range of frequencies. If
there are significant differences in the frequency dependant attenuation at the various stages
of blood coagulation, valuable information may be lost in the integration process. While
certain theories have been proposed to explain how the IAC corresponds to the stages of
coagulation, they have not yet been validated in published work. Decreases in the IAC have
been observed prior to the clot stabilization [15, 69] which may correspond to the same effect
observed here by the increased intensity. Following the complete stabilization however, the
IAC has been reported to undergo extreme fluctuations and variability and is not deemed a
reliable metric.

Regardless, the decrease in signal intensity across all frequencies coincides temporally
with the immobilization of scatterers observed in the M-mode images presented in this work.
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This provides a strong argument to the fact that the US wave is more highly attenuated in
the coagulated sample that it is prior to the clot’s formation.

Structural variability

As discussed in Sec. 5.2.2, apparent variations in clot microstructure were observed. Exam-
ples of inhomogeneities in the clot’s microstructure are shown in M-mode images in Fig. 4.12.
The reflection spectra corresponding to the reflected pulse along the same A-Mode lines can
be seen in Fig. 4.15.

In Fig. 4.15(a), which shows data acquired from a location with clot retraction from the
well, the clot onset occurred at ∼ 3 minutes. The onset can be visualized by an increased
intensity in the first several minutes of acquisition followed by a decrease once the clot has
formed. Following the retraction, which occurs at roughly 8 minutes into the experiment, an
increase in intensity is seen. This is thought to occur due to the large region of the scan-line
which no longer contained scatterers. It is hypothesized that the non-scattering region was
serum, which is essentially blood plasma with reduced concentrations of certain coagulant
proteins. Previous studies have shown that plasma is less attenuating than whole blood [69].
At 80 MHz, it is estimated that the attenuation in plasma is approximately 20 dB/cm, while
in blood it is 87 dB/cm, showing more than a fourfold difference [43]. Under the assumption
that the acoustic properties of serum and plasma are comparable, this could explain the
increased signal intensity.

For out-of-frame retraction, a shift in the reflection spectrum was observed (Fig. 4.15(b)).
The out-of-frame retraction is visible as a decrease in signal intensity approximately 22
minutes into the experiment. While in this case, the out-of-frame retraction caused a decrease
in signal intensity, in other locations and samples it has been shown to increase instead. It is
likely that the shift in the reflection spectra is a result of a slightly different conformation of
scatterers and of minor differences in the microstructure between the original and the shifted
region of the clot. Thus, the changes in out-of-frame retraction signal intensity occurred for
different reasons than those discussed when the retraction occurred along the A-Mode trace
of interest.

An example of the uncommon situation where regions with limited backscatter appeared
within the clot rather than at the edge of the vessel is shown in Fig. 4.15. Compared
to the usual decrease in signal intensity across all frequencies, an increase in the intensity
was observed at higher frequencies (∼ 75−−95 MHz). The frequency trends were relatively
consistent for all samples exhibiting this effect. Assuming the region with limited backscatter
was filled with serum, it is possible that the increase in signal intensity was caused by the
decreased attenuation in these regions. A counterargument is that it is unclear why this
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effect is not observed across all frequencies.
Finally, the reflection spectra corresponding to the M-mode image with visible fluctua-

tions in the formed clot region is shown in Fig. 4.15(d). In general, the observed trends were
similar to what has previously been shown for typical coagulation (Fig. 4.14 and Fig. 4.13(c)).
However, the transition from the high to low intensity regions is more gradual in this case,
particularly at the lower frequencies. It is thought that this gradual transition is caused by
either incomplete formation or less rigid formation than is conventionally seen.

Summary

Features observed in the frequency domain have been shown to correlate well with effects
shown in the M-mode images presented in Sec. 4.2.2 and discussed in Sec. 5.2.2. It is possible
that additional insight into the kinetics prior to clot stabilization may be gained using fre-
quency data in conjunction with M-mode images. It is thought that the increased intensity
observed prior to formation may be an indication of early stages of blood coagulation. Given
the tendency for these trends to become more pronounced at higher frequencies, this HFUS
system is well suited for further investigation into these effects.

5.2.4 Comparisons

In this section, comparisons between trends observed in acoustic velocity, M-mode images,
and reflection spectra are discussed. While some of the talking points have been covered in
previous sections, they are reiterated here to highlight how certain features compare between
the different modalities.

Starting with Fig. 4.16, we observe the summarized data for two dilute blood samples,
and one recalcified sample. The specific trends observed in the frequency domain and M-
mode images of the dilute blood samples (Fig. 4.16(a) and (b)) have already been discussed.
The fluctuations in the reflection spectra are made clear in the line plot overlayed onto the
M-mode image. The acoustic velocity measurements for these particular samples showed
a gradual increase over time. In Fig. 4.16(c), the line plot corresponding to the intensity
of the 80 MHz signal was able to clearly highlight the agreement between the features
that occurred in the frequency data and those seen in the M-mode image. Furthermore, the
acoustic velocity seemed to show similar kinetics, with a sharp increase occurring around the
same time as the clot underwent formation. However, as shown in Fig. 4.17 and highlighted
below, this correlations was not observed for all locations.

In Fig. 4.17, three locations from a single sample of recalcified whole blood are shown. The
kinetics between the reflection spectra and the M-mode are emphasized by the overlayed line
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plot. Here, lack of sensitivity of the velocity is highlighted. Despite the significant changes
in the time of onset across the three locations, the velocity remained virtually identical.

Regarding clot retraction, shown in Fig. 4.18(a), we see that the frequency trace at
80 MHz was less suitable for the identification of important features than was the full spec-
trum. There was a drop of over 12 dB at the point of formation (∼ 3 minutes) in the 80 MHz
data; however, the fact that the dip immediately recovered made it difficult to separate from
the other signal fluctuations. Furthermore, the arc that appeared between 14 and 27 minutes
following the start of acquisition was significant and obscured some of the other trends. In
this case, it was more helpful to compare the full spectrum to the M-mode, upon which the
trends discussed in Sec. 5.2.3 still apply. The velocity appeared to increase with the onset
of clot formation and was unaffected by the retraction from the measurement cell.

In the out-of-frame retraction (Fig. 4.18(b)), the frequency trace at 80 MHz can be
difficult to interpret on its own due to additional fluctuations that occurred around the main
features. As previously discussed, an increase still occured prior to clot formation (between
5 and 7 minutes), followed by a drop of almost 12 dB at the time of onset. A drop of 4 dB
was also observed at the time of out-of-frame retraction (22 minutes). The acoustic velocity
dropped before undergoing a gradual increase following the onset of clot formation.

When regions of decreased backscatter occurred within the clot, the kinetics between M-
mode and frequency were still apparent (Fig. 4.19(a)). The line plot shows a ∼ 6dB increase
following clot onset. Once the clot had formed, the fluctuations at 80 MHz were minor. In
this case the changes in acoustic velocity ceased with the onset of clot formation.

Finally, partial or incomplete clot formation resulted in a gradually declining intensity in
the reflection spectra. Fig. 4.19 shows this spectral trend overlayed onto the corresponding
M-mode image. It is possible that the decrease of ∼ 6 dB between 4.5 and 5.5 minutes
corresponded to the point where most of the clot had formed. The acoustic velocity in this
figure did not appear to correlate with any of the features observed in either the reflected
spectrum or the M-mode image.
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Summary and Conclusions

The work performed for this thesis investigated the use of HFUS as a global coagulation test
for whole blood samples. System modifications were performed in order to achieve a setup
similar to that used in the OHP, which relies on optical transmittance through small volume
samples of plasma to assess the coagulant and fibrinolytic cascades. Ultrasound, which can
propagate through optically opaque materials such as whole blood, was then used to monitor
acoustic changes in both plasma and whole blood during coagulation.

Experiments performed using blood plasma provided supportive evidence for previous
reports that the acoustic properties in plasma do not change significantly during coagulation.
Moreover, it was found that there were no significant changes in the acoustic properties
as a result of clot breakdown. Proof-of-principle experiments using murine whole blood
highlighted the technique’s ability to detect kinetic changes in the sample during coagulation.
M-Mode images were sensitive to clot formation time and provided a means of visualizing
irregularities in the clot’s structure. Furthermore, spatial information acquired by scanning
the transducer across the well provided insight into previously unreported coagulation onset
time variations. Frequency spectra were also shown to be sensitive to the onset time; however,
in certain instances such as during in-frame clot retraction, spectral features could be difficult
to interpret without the aid of the M-Mode image. A feature of particular interest was an
increase in the spectral intensity (or a decrease in the US attenuation) at higher frequencies
observed in the minutes prior to the clot onset. It is hypothesized that this corresponds to
the early stages of clot formation while fibrin polymerization is underway but RBC have not
yet been immobilized. This indicates the spectral data are sensitive to changes that aren’t
visible using the M-Mode data alone.

Acoustic velocity measurements were found to be highly variable between samples and did
not correlate well with the kinetics observed in M-Mode images or the frequency spectrum.
This contradicted reports that the acoustic velocity can be used as an indicator of clot
formation. Additional experiments are required to determine whether or not this can be
attributed to differences between murine and human samples.

Moving forward, this system will be used to perform measurements of human blood. In
these experiments, a complete hemostatic assessment could be performed by introducing
a fibrinolytic agent to induce clot breakdown. While these experiments were not possible
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in murine blood due to differences in their hemostatic pathways (namely, their strong re-
sistance to fibrinolysis), it is expected that the measurement techniques presented here for
the assessment of clot formation will apply equally well to clot breakdown. Further system
refinements pertaining to the well cap could enable the calculation of absolute rather than
relative values as were presented in this work. Absolute measurements of acoustic velocity
or attenuation would provide added value to the quantitative assessment of measured ul-
trasonic parameters. Additionally, improving the temporal resolution with which data can
be acquired is desirable, and would make it feasible to monitor fast processes such as clot
formation following activation using thrombin.

The SASAM system is well equipped for photoacoustic analysis. In addition to the US
results shown here, PA could be used to gain added insight into the coagulating blood sample,
such as blood oxygenation levels, or overall HCT levels.
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Appendix A

Dilution Protocols

As with all biochemical experiments, the ability to appropriately alter stock concentrations
is crucial. The well known formalism relating a dilute solution to the stock solution can
expressed as:

C1V1 = C2V2 , (A.1)

where, C1 and V1 represent the concentrations and volumes of the stock solution, while
C2 and V2 are the concentrations and volume of the final dilutions. Typically, the stock
concentration and volume are known as is the desired concentration of the dilution. The
equation can be rearranged to solve for the total volume of the dilute sample. Alternatively,
the desired volume of the dilute sample may be known, in which case one could solve for the
required volume of the stock solution.

A.1 Buffer Dilutions

Three buffers were used for the hematological assays, and their uses are described in Sec. 3.3.1.
The solutions were typically prepared in 50 mL centrifuge tubes, and the relative volumes
of each constituent can be found in Tab. A.1. After preparing a given buffer, the centrifuge
tubes should be sealed and vortexed to ensure adequate mixing. The solution then passed
through a 200 nm Polyethersulfone (PES) membrane syringe filter.
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A.2. Clotting Factor and Fibrinolytic Enzyme Dilutions

Ingredients Initial Concentration Final Concentration Volume

Plate Blocking Solution (50 mL)
H2O – – 40 mL
HBS 5X 1X 10 mL

Tween R⃝20 100% 1% 500 µL

Assay Buffer (50 mL)
H2O – – 40 mL
HBS 5X 1X 10 mL

Tween R⃝20 100% 0.01% 5 µL

Assay Buffer with Prionex (50 mL)
H2O – – 40 mL
HBS 5X 1X 10 mL

Tween R⃝20 100% 0.01% 5 µL
Prionex 10% 0.1% 500 µL

Table A.1: Dilution protocols for buffers used in hematological assays.

A.2 Clotting Factor and Fibrinolytic Enzyme
Dilutions

Three constituents are added to the assay to initiate the coagulant and fibrinolytic cascades.
Thrombin (clotting factor IIa) and calcium (clotting factor IV) play important roles in clot
formation, while urokinase plasminogen activator (uPa) initiates clot breakdown. All three
are acquired in concentrated stocks that must be appropriately diluted to achieve the desired
kinetics.

The preliminary dilutions of IIa and uPa are discussed in Sec. 3.3.2. The concentrations
of the these preliminary dilutions can vary between bulk orders, therefore specific dilution
volumes must be calculated using Eq. A.1 on a case to case basis. Generally they were
prepared on the day of the experiment into 300 µL volumes. The desired concentration of
the 300 µL solution, and the resultant working concentration of the enzyme when a droplet
of the 300 µL solution is diluted by other sample components to a total volume of 100 µL
in the well are shown in Tab. A.2.
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A.2. Clotting Factor and Fibrinolytic Enzyme Dilutions

Buffer 300 µL Stock Concentration Volume in Well Working Concentration

Thrombin
Prionex 100 nM 5 µL 5 nM

Urokinase Plasminogen Activator
Prionex 400 nM 5 µL 20 nM

Calcium Chloride
Prionex 750 mM 2 µL 15 mM

Table A.2: Enzyme concentrations used for initiation of the coagulant and fibrinolytic path-
ways.
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Appendix B

System Refinement Experiments

B.1 Meniscus

A colour map representing signal intensity at the clot-air interface can be seen in Fig. B.1(a).
Based on the correlation between signal intensity and the depth of water, which is shown in
Fig. B.1(b), the variability is attributed to the curvature of the meniscus. Water depth was
calculated using time of flight and assuming a sound speed of 1524 m/s for water at 37◦. It
could not be determined where there was no visible reflection from the surface, so dark blue
in the majority of the well corresponds to immeasurable values. The white ring represents
the approximate location of the inner radius of the well.
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Figure B.1: a) The signal amplitude at the surface of a water sample is shown as a function
of spatial location in a 50×50 scan. b) The estimated depth of the water (i.e. the height of
the surface) is shown for the same scan. In both images, the white circle estimates the inner
radius of the well.
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B.2. Acquisition Automation

B.2 Acquisition Automation

The data acquisition script used to automatically collect data every 30 seconds can be seen
in Program B.1

Program B.1 Autoit script that collects and saves a 50 point scan line every 30 seconds
for 40 minutes.

$n = 80 ; Number of time points

for $i=0 to $n
; START SCAN
MouseMove(606,471) ; Move to start scan button
MouseClick("left") ; Click start scan

; CONFIRM XDUCER IS IN CORRECT POSITION
MouseMove(500,400) ; Move to start scan button
MouseClick("left") ; Click start scan

; SAVE FILE TO PREDERTIMED DIRECTORY
MouseMove(2346,290) ; Move to text box
MouseClick("left") ; Select text box
Send($i) ; Enter file name
MouseMove(1,1) ; Move to save button
MouseClick("left") ; Click save

; WAIT FOR SCAN TO COMPLETE
Sleep(30000) ; Wait for 30 seconds

next
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