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ABSTRACT
Prosthetic cardiac devices can alter a patient’s natural hemodynamics by introducing stagnant
areas and recirculation regions within blood vessels. These flow conditions are known to induce
thrombosis, which is consequently one of the leading obstacles in the development of such implantable
devices. The present in vitro study uses a backward-facing step (BFS) model to mimic the sudden
expansion often associated with prosthetic cardiac devices. The BFS is integrated into a closed flow loop
that circulates bovine blood at 0.76 L/min (Re = 490). Bovine blood is taken from a donor and used in the
BFS loop to form clots in two groups: (1) reconstituted blood with 45% hematocrit and 2.14 x 108
platelets/mL and (2) whole blood. Thrombi are formed by circulating the bovine blood through the loop
for 15 minutes, 30 minutes, 45 minutes, 60 minutes, 6 hours, and 12 hours, where n=2 for each blood
group and time. These thrombi are then fixed in 4% paraformaldehyde, sectioned in histology, and stained
using Carstairs’ staining procedure to observe platelets, red blood cells, and fibrin within each thrombus.
Quantification of thrombus constituency is performed using ImageJ to examine thrombus compositional
trends with respect to distance from the backward-facing step, spatial height with the thrombus, formation
time, and blood properties. The results of the present study showed that platelets and RBCs are more
populous on the model-side of the thrombus while fibrin is more concentrated on the flow-side of the
thrombus. Analysis demonstrates that fibrin concentration may increase with time until fibrin becomes
the main component within each thrombus. Evidence is also provided that whole blood forms longer,
more stable thrombi than reconstituted blood (Wilcoxon Paired T-Test, P < 0.05); this finding is likely
due to leukocytes and other buffy coat components exclusively present within the whole blood. No clear
trends are observed over distance from the step; however, future studies should increase sample size to
further investigate potential correlations.
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Chapter 1
Introduction
Prosthetic cardiac devices are key treatment options for end-stage heart disease patients. These
implanted technologies, however, can often induce thrombogenic conditions leading to further
cardiovascular complications. Thrombus formation, therefore, is a crucial area in the improvement and
design of prosthetic cardiac devices. This study seeks to generate a better understanding of how thrombi
form and how they might be prevented.

1.1 Clinical Need
In the United States, heart disease claims nearly 600,000 lives every year as the leading cause of
death1. While many treatment regimes combat the disease with medications and life-style alternations,
serious cases rely on drastic surgical methods to solve congenital and developmental heart defects.
Ideally, each patient in need could be matched with a heart donor. Current supply of less than 5,000
donors hearts annually2,3, however, does not meet the large demand of over 30,000 patients worldwide3.
As a solution, many clinicians revert to prosthetic cardiac devices such as ventricular assist devices, bioprosthetic heart valves, and mechanical heart valves. Prosthetic cardiovascular implants, however, often
lead to life-threatening issues from thrombogenic effects. Formed thrombi can cause device failure
through means of both vessel occlusion and detachment to cause embolism.
Prosthetic valve replacement is a common form of treatment for valvular heart disease4. Valve
thrombosis occurs in 0.1-5.7% of patients with prosthetic heart valves per year5,6. While patients with
small thrombi (<5 mm in diameter) can be managed with large heparin doses, those with larger thrombi
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face risky surgical intervention with a 15% mortality rate5. Due to these effects, thromboembolic death
contributes to the mortality of 2.3% of patients with prosthetic heart valves annually7.
For patients suffering from cardiomyopathy, ventricular assist devices can serve as a bridge-torecovery, bridge-to-transplant or end-stage therapy8. In pediatric patients, paracorporeal biventricular
devices are used and show 18% rates of thrombosis9. On an even larger order, significant thromboembolic
effects occur in upwards of 5-20% of patients with a left ventricular assist device10,11.To improve the
success of ventricular assist devices and other cardiovascular implants, thrombosis must be further
understood.

1.2 Coagulation Cascade
The formation of a thrombus, or blood clot, is part of the human body’s natural protection mechanism
called hemostasis, the series of events that stops bleeding from injury to a blood vessel wall12. This
process is a series of complex steps that occur in extrinsic and intrinsic pathways, which converge in a
common pathway13 as shown in Figure 1-1. The first phase is called the initiation phase in which both
endothelial cells and platelets become activated through the extrinsic and intrinsic pathways14.
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Figure 1-1: Intrinsic pathway and extrinsic pathways shown to converge in a common pathway to form a
thrombus.15
The extrinsic pathway is initiated when the endothelial wall is injured13. The first phase is called the
initiation phase in which both endothelial cells and platelets become activated14. When activated, the
endothelial layer of nearby vasculature contracts and Weibel-Palade bodies within the cells secrete
chemical factors to the cell surface12. These factors include P-selectin, an adhesion molecule that allows
platelets and leukocytes to bind to endothelial cells. Another chemical factor released by the WeibelPalade bodies includes von Willebrand Factor (vWF). vWF serves to both mediate platelet adhesion to the
injured endothelial cells and also contains coagulation Factor VIII16.
In a similar way to Weibel-Palade bodies, α-granules within activated platelets release both P-selectin
and vWF to the platelet surface. Through the surface interactions of P-selectin and vWF with their

4
respective binding ligands, platelets and leukocytes begin to ‘roll’ and slow in the blood, eventually
attaching to the endothelial injury site16. This attachment forms a platelet plug that will temporarily stop
the flow of blood from the site of injury17.
As leukocytes and platelets aggregate along the vessel wall, their formation provides a secure
environment for Tissue Factor to engage with other coagulation factors circulating in the bloodstream12,17.
Tissue Factor is a trans-membrane glycoprotein that has a high binding affinity for Factor VII. Upon
forming a complex with Tissue Factor, Factor VIIa becomes serine protease that can facilitate several of
the coagulation cascade reactions through cleavage of peptide bonds, or protyolysis. Through this
mechanism, Factor VIIa then activates Factor IX and Factor X to serine proteases, Factors IX and Factor
Xa, respectively. Factor Xa, in turn, activates Factor V to Factor Va18. Factor Va, along with Factor Xa
and Ca2+ ions, then forms a prothrombinase complex that catalyzes the conversion of prothrombin to
thrombin. Lastly, the presence of thrombin polymerizes fibrinogen to form fibrin stands.
Once formed, fibrin accelerates the conversion of Factor VIII to Factor VIIIa, creating a positivefeedback loop ending in clot formation17. Factor VIIIa serves to cross-link adjacent polymers of fibrin to
strengthen the fibrin mesh within a growing clot. The fibrin mesh of a clot can also be strengthened by
Factor XIII, which will cross-link α-chains and β-chains of fibrin monomers to stiffen the fibrin mesh19.
Alternatively, the coagulation cascade may be triggered by the intrinsic pathway when blood comes
in contact with a negatively charged surface20. These contact surfaces can include subendothelial matrix
constituents, such as glycosaminoglycans and collagens; nucleotides; sulfatides; soluble polyanions; or
biomaterials, such as glass and plastic polymers21. When blood is exposed to one of these contact
surfaces, coagulation Factor XII and prekallikrein (PK) in the plasma are activated to cleave high
molecular weight kininogen (HMWK). Next, a series of proteolytic reactions begin, starting with
activated Factor XIIa converting Factor XI to activated Factor XIa. Subsequently, Factor XIa activates
Factor IX to the serine protease Factor IXa in the presence of calcium ions22. Factor IXa then forms a
complex with Factor VIIIa to convert Factor X into Factor Xa. While these reactions cascade, Factor
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XIIa also converts prekallikrein to α-kallikrein, which further amplifies the coagulation by activating
zymogen Factor XII. For this reason, Factor XII, also known as the Hageman Factor, is considered the
most critical plasma protein in the intrinsic pathway.
With the activation of Factor X, the extrinsic and intrinsic pathways converge to a common pathway.
Once converted, Factor Xa activates Factor V to Factor Va18. Factor Va, along with Factor Xa and Ca2+
ions, then forms the prothrombinase complex that catalyzes the conversion of prothrombin to thrombin.
Lastly, the presence of thrombin polymerizes fibrinogen to form fibrin stands. Once formed, fibrin
accelerates the conversion of Factor VIII to Factor VIIIa, creating a positive-feedback loop leading to clot
formation17.
The final stage of hemostasis is known as clot retraction, in which a clot can reduce its size to one
tenth its initial volume23. This action is carried out by the platelets while the fibrin mesh attached to them
remains passive24. Platelets, activated by thrombin, change from their round disk shape to create
pseudopodia and create fibrinogen binding sites on their exterior25, as shown in Figure 1-2. Adjacent
platelets are then able to polymerize actin to form microfilaments extending from α-granulomeres in the
cytoplasm to outside of the plasma membrane26,27. These microfilaments can attach to one another and to
the randomly aligned fibrin mesh in the clot. The microfilaments then contract, gathering the fibrin
strands in the clot with each other and aligning the strands to the platelet α-granulomere. This contraction
causes the clot to become more compact. With time, these filaments can contract to be transversing the
plasma membranes of platelets, creating a hybrid aggregation of platelets and fibrin through out the clot
after about 10 minutes of clot formation. After 30 minutes of clot development, contracting fibrin strands
become destructive to neighboring platelets and overtake the structure of the clot, although the
mechanism is not well understood. By about 2 hours into clot formation, the platelets have been
effectively squeezed out of the clot with little remains scattered throughout the dense fibrin network.
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Figure 1-2: Platelet-fibrin complex formed during clot retraction. (P) Platelet (1) Extended pseudopodia
fibrin contract (2) Platelet protrusion contact (3) Fibrin bending from contact with platelet (4) Grooveshaped depression in fibrin from platelet contact (5) Short distance plate-fibrin interaction.25
The growth of thrombi can be regulated by several natural inhibitory factors that can halt the
coagulation cascade. These include antithrombin II, protein S, and protein C, which each serve to
antagonize specific coagulation factors in thrombosis28. The most significant regulatory mechanism of
thrombosis is fibrinolysis, a lytic reaction that is activated in the presence of newly-formed fibrin17.
There are also several deactivating compounds called antithrombotics can be used for the treatment
and prevention of thrombogenesis29. The antithrombotic family of drugs includes anticoagulants, oral
antiplatelets drugs, intravenous antiplatelet membrane glycoprotein receptor drugs, and thrombolytics. Of
these, anticoagulants are the most prominent forms of antithrombotic treatment. Heparin has been found
to decrease the incidence of thrombus formation by four-fold6 by amplifying antithrombin effects in the
blood and inactivating Factor Xa29. Coumadin is the most popular anticoagulant for its effectiveness in
inactivating several coagulation factors via the Vitamin K pathway.
This section has summarized the cellular and protein interactions that regulate thrombosis. As
mentioned previously, this mechanism is often triggered when blood comes in contact with subendothelial surfaces. Blood-surface interactions are the first of three pivotal factors that affect thrombosis,
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known as Virchow’s triad30. In studying thrombus formation in prosthetic cardiac devices, all three of
these factors must be considered.

1.3 Fluid Mechanics
As the second pillar of Virchow’s triad states, analyzing the fluid mechanics of blood is an important
facet of studying thrombosis. Using key assumptions, the flow system within blood vessels can be
reduced to provide a clearer understanding. First, the amount of blood entering a vessel control volume
can be assumed to be equal to the amount of blood exiting a vessel control volume. This leads to the
Conservation of Mass within a vessel control volume, which yields the continuity equation:

(Equation 1)
where ρ represents the density of the fluid, u represents the velocity vector of the movement, and
∇ represents the gradient operator.
Secondly, assuming Conservation of Momentum in all directions of the vessel control volume can
lead to Cauchy’s Formula:

(Equation 2)
Next, blood can be assumed to be an incompressible, Newtonian fluid in a steady, laminar flow
regime. Laminar flow is defined by a Reynolds number less than 2100, in which fluid moves in
uninterrupted, parallel layers of flow. The Reynolds number can be calculated using Equation 3:
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(Equation 3)
where ρ is density of the fluid, u is the velocity of the fluid, Dh is the hydraulic diameter of the flow
channel, and µ is the dynamic viscosity of the fluid.
Lastly, flow can be assumed to be uniform in all directions facing the vessel wall and that the vessel
wall is assumed to be a rigid circular tube. By solving the Continuity Equation and Cauchy’s Equation
under these assumptions in cylindrical coordinates, blood flow through a vessel can be described as
Poiseuille flow, where the volumetric flow rate is:

(Equation 4)
where R is the radius of the vessel, L is the length of the vessel, ΔP is the blood pressure drop in the
vessel, and µ is the dynamic viscosity of blood.
However, this smooth laminar flow can be disrupted with the implant of a cardiac device, causing
regions of recirculation and regions of stagnation31. Recirculation and stagnation cause disruptions in
localized shear stresses, a detriment that can activate platelets, endothelial cells, and some coagulation
proteins. Areas of both low and high shear stress may affect platelet receptors to increase binding with
other platelets, von Willebrand Factor, and fibrinogen32. Similarly, altered shear stresses can induce the
release of procoagulants from endothelial cells.
The nature of altered flow conditions greatly affects the architecture of a formed clot33 and the way
the blood constituents interact with one another, contributing to the third branch of Virchow’s triad.

1.4 Cellular Constituency
Lastly, the blood constituents such as platelets and red blood cells can play a role in the likelihood of
clot formation. As mentioned previously, blood platelets serve several important roles in the coagulation
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cascade: they can adhere to the vessel wall, aggregate to form a platelet plug, and release key biochemical
factors to promote thrombosis24. These platelets are discoid in shape and are approximately 2 to 4 µm in
diameter in circulating blood34.
Another blood component found in thrombi are red blood cells. Red blood cells (RBCs) become
trapped in developing thrombi and are usually considered innocent by-standers35. These cells are
biconcave disks about 7.2 µm in diameter34. In humans, they make up 45-50% of blood by volume,
referred to as the hematocrit.
As heart disease progresses within patients, their blood composition can change in ways that can
make them more susceptible to clot formation. For example, peripheral vascular disease patients exhibit
increased levels of fibrinogen and vWF in their blood30, both of which are key biomolecules in the
coagulation cascade. Changes in plasma constituency also foster an increase in the viscosity of blood,
thereby affecting the flow conditions.

1.5 Previous Studies
There is little scientific literature that relates the hemodynamics to the cellular constituency within
thrombi. One study sought to characterize clot formation by inducing stenosis within a canine aorta36.
This caused red thrombi to form, which grew distally from the site of stenosis for periods up to three
hours. After 10 minutes the thrombi were reported to show red blood cells, amorphous pink material, and
a fibrin network. Later, after 60 minutes, the thrombi showed a loose fibrin network with platelet
aggregates and trapped red blood cells. Finally, after 3 hours, the formed thrombi showed a dense fibrin
network trapping RBCs and aggregated platelets. The canine experiment suggested a trend in thrombus
growth downstream over time, leading to complete vessel occlusion.
Fallon et al.37 reported a trend of cellular constituents with respect to the site of clot formation. To do
so, the group used a steady flow loop with a bi-leaflet valve to form a clot in the hinge region of the valve.
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After histological analysis, this showed that upstream thrombi were composed of mainly red blood cells
while the distal thrombus was mainly platelets and fibrin. This work showed a relationship between distal
location and cellular constituency within a thrombus.
Other thrombosis studies have focused on the hemodynamics surrounding thrombosis. Often, the
backward facing step (BFS) model is used for its simple geometry and convenient application to
physiological conditions. The BFS features a sudden expansion of an upstream channel, a characteristic of
many prosthetic cardiac devices. This sudden expansion causes a separation in laminar flow layers38. This
disruption in flow results in a recirculation region followed by a reattachment point in which flow returns
to a laminar flow regime, as shown in Figure 1-3. The sizes of this recirculation region and reattachment
length within a backward facing step are a function of its Reynolds number39.

Figure 1-3: Average streamlines of flow over a backward-facing step at a Reynolds Number of 52138
Tamagawa et al. used computational fluid dynamics and the Lattice Boltzmann method to predict
the location of thrombus deposition within a backward facing step40. In this study, thrombus formation
was calculated to occur from the location of the step and to the reattachment point of flow. Catherine et
al. induced clot formation of bovine blood using a flow loop with an integrated BFS. His work detailed
thrombus growth at various time points and showed that clot formation slowed after about 30 minutes
because the thrombus had grown vertically to the height of the step and distally to the point of
reattachment41. Taylor et al. combined high resolution magnetic resonance imaging with biologically
relevant flow conditions to study clot topography at various time steps42. His study affirmed that within a
backward facing step model loop, thrombi increased in size up to 45 minutes and then remained relatively
constant in volume up to 90 minutes.
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Correlation between thrombus formation in the BFS model and the coagulation cascade progression
has not been extensively studied. An in-depth analysis of the constituencies of the clots formed is needed
to provide a greater understanding.

1.7 Histology
Histology is a commonly used technique for studying animal and plant tissue. The major benefit of
histology is that it allows for the sectioning of tissues thin enough for observation under a light
microscope34. Histology can be used in diagnosis of many diseases, called histopathology, and in the
understanding biological mechanisms.
Histology is a multi-step process that allows tissues to be carefully sectioned and studied for
microscopic structures43. The first step involves fixation of the tissue’s metabolic processes, usually
performed in a formaldehyde derivative solution. Second, the tissue is washed through a series of
progressively more concentrated alcohol solutions and then organic solvents, which will replace the
tissue’s water molecules in preparation for wax embedding. Next, the tissue is embedded and blocked in
paraffin wax and left to harden. The wax/tissue block can then be sectioned on the micron scale and
melted onto a glass slide. Finally, the tissue can then be stained to exhibit particular features within the
section.
Alternative methods of fixation and embedding can be used in necessary circumstances43. For
example, histologists studying cell membranes often use a heavy metal fixative that helps maintain the
integrity of phospholipid structures. In another technique, tissue is sectioned in a frozen medium and cut
with a cryostat, called cryosection. This latter method is often performed for time-sensitive analysis
during surgical procedures.
Among the preferred method of histology, the most commonly used stain is hematoxylin and eosin (H
& E)44. Through basophilic interactions, hematoxylin dyes extracellular carbohydrates, nucleic acids, and
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rough endoplasmic reticulum blue. Conversely, through acidophilic interactions, eosin dyes cytoplasmic
filaments, intracellular membrane components, and extracellular fibers pink. Using these dye uptakes, in
combination with the known structural characteristics seen within the tissue, researchers can identify
various tissue components within each specimen slide.
The Wright or Giemsa modifications of the Romanovsky-type stains are typically used in hematology
studies34. These staining procedures use eosin and methylene blue solutions to distinguish blood elements
such as erythrocytes, platelets and leukocytes. Wright and Giemsa dyes, however, are not able to stain
fibrin within tissue segments; therefore, they are limited in their usefulness in studying thrombi.
A variation of the well-known Picro Mallory Staining method exists that can clearly distinguish
platelets, RBCs and fibrin, called Carstairs’ stain45. Using this histological staining procedure, the
components of a thrombus can be determined with blue-gray platelets, yellow RBCs, and pink/red fibrin.
The present study will seek to build on previous research by examining the cellular constituency of
thrombi formed in a backward-facing step model. Analysis using Carstairs’ stain will be performed across
different time-points of clot formation, across different spatial locations within each thrombus, and with
different compositions of blood. These data will then be used to construct a relationship between fibrin
network development, in correlation with the presence of platelets and red blood cells within thrombi.

1.8 Study Goals
This study will seek to expand knowledge of clot formation on the cellular level. It will
investigate relationships between the cellular constituency across time and distance from site of clot
attachment. This project will also examine thrombus composition across the height of the clot, by
comparing characteristics of the flow side with the model side of each thrombus. Finally, focus will be
given to the effects of blood properties on the formation of the clot.
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Chapter 2
Methods

2.1 Design and Set Up
Thrombogenesis often occurs at sites of expansion that cause disruptions in hemodynamic flow.
To simulate this, a backward facing step model was integrated into a flow loop, which would circulate
about 200 mL of blood (Figure 2-1). The model was made of two acrylic segments that are assembled
together at the step as shown in Figure 2-2. The upstream acrylic segment (Figure 2-3F) was 210 mm
long and had a 10 mm diameter flat-bottom channel that resembled a semi-circle. This downstream
segment (Figure 2-3G) had a cylindrical lumen of 10 mm in diameter. The downstream portion was 162.5
mm long connected in such a way to cause a 2.5 mm sudden expansion of one side of flow, as shown in
Figure 2-4. The model had a hydraulic diameter of 8.54 mm, as calculated using the cross-sectional area
and the wetted perimeter of the upstream channel.

Figure 2-1: Diagram of complete flow loop during loop operation. Flow is shown moving
counterclockwise.
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Figure 2-2: Diagram of acrylic backward facing step model with upstream diameter 10.0 mm and
hydraulic diameter 8.54 mm. The black section of the figure denotes solid material that is not in the fluid
path. Flow is shown moving from left to right.

Figure 2-3: Loop assembly parts. (A) Nylon nuts and bolts, (B) hard plastic adapters, (C) hard plastic
tubing clamps, (D) O-ring, (E) plastic Y-adapters, (F) upstream acrylic model piece, (G) downstream
acrylic model piece, (H) large Tygon® tubing.
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Figure 2-4: Cross-sectional view of the BFS model at the step with a sudden expansion of 2.5 mm and a
hydraulic diameter of 8.54 mm41
The two acrylic segments were fastened with four nylon nuts and bolts (Figure 2-3A) at the
corners of the flange at the step. A rubber O-ring (Figure 2-3D), 13.75 mm in bore diameter, was placed
between the pieces and a gel sealant (Aquasonic 100 Ultrasound Transmission Gel, Bio-medical
Instruments Inc., Warren, MI, USA).
The ends of the acrylic segments were cylindrical 15.875 mm ports that served as an inlet and
outlet to the rest of the flow loop. These ends were wrapped in Teflon tape (TaegaSeal PTFE Tape, Taega
Technologies Inc., High Point, NC, USA) and connected with Tygon® tubing (Figure 2-3H), 20 mm in
diameter and 60 mm long. Each Tygon® tube segment was then mated with a hard plastic adapter (Figure
2-3B) that would funnel its respective flow region to 6.35 mm Tygon® tubing. Each side of the large
Tygon® tubing was clamped to its respective part with hard plastic tubing clamps (Figure 2-3C).
The first set of small Tygon® tubing was 530 mm long and was connected to two Y adapters
(Figure 2-3E), which allowed for filling and draining of the loop through 795 mm length inlet and outlet
Tygon® tubing as shown in Figure 2-3. The two Y adapters were connected in series by a 330 mm length
6.35 mm Tygon® tube that would be inserted into the pump during circulation. While the loop was in
use, the ends of the inlet and outlet Tygon® tubing were occluded by two hemostats.
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Figure 2-5: Loop assembly during filling and draining with integrated BFS model. Flow is shown moving
counterclockwise.
Flow in the loop was driven by a peristaltic pump (Masterflex Model No. 7520-40, Cole-Palmer
Instrument Company, Vernon Hills, IL, USA). Although this caused a slightly sinusoidal pressure
gradient, the flow was considered to be continuous at the speed at which the loop was run.

2.2 Loop Operations
Before filling the loop with blood, the tubing and model was prepared with a phosphate buffered
saline (Dulbecco’s PBS, Corning Inc., Corning, NY, USA), or PBS, which served multiple purposes.
First, the solution prepared a biologically relevant environment within the loop with a measured pH of
6.80. Second, the PBS was used to purge the loop of air prior to filling it with blood, to minimize the
amount of bovine blood needed to prepare the loop. After filling the loop with PBS with the configuration
in Figure 2-5, the prepared blood was slowly filled at about 0.20 L/min first in the connector tubing, then
through the model, and again through the connector piece. When the loop appeared completely filled with
pure blood, the loop run would start. The filling procedure was accomplished in about two minutes from
the time of the CaCl2 injection.
The peristaltic pump had been calibrated prior to this study for a flow rate of 0.76 L/min, which
generates flow with a Re = 490 at the step42. The flow loop was run at time intervals of 15 minutes, 30
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minutes, 45 minutes, 60 minutes, 6 hours, and 12 hours to form four clots at each end time point; two at
each time interval from reconstituted blood and two from whole blood.
When the desired time had been reached, the loop was filled again with PBS at 0.20 L/min to
purge the loop of blood and then be drained at the same rate. The model would then be disconnected from
its adapters and tubing and would be filled with 4% paraformaldehyde (J.T. Baker, Avantor Performance
Materials, Center Valley, PA, USA), or PFA, for 15 minutes and slowly drained. The clot was removed
gently using a metal spatula. The clot would be encased in spongy foam within a fine mesh histology
cassette and stored in PFA for at least 48 hours to fix the cells.

2.3 Blood Preparation
The fluid used within the loop was bovine blood. The whole bovine blood was first collected
from the Pennsylvania State University Dairy Farm (IACUC #31075). This blood was collected from the
jugular vein using a 16 gauge needle and stored in a 450 mL blood donor bag (JorVet J-520 CPDA-1,
Jorgenson Laboratories Inc., Loveland, CO, USA) containing 63 mL of citrate phosphate dextrose
anticoagulant (CPDA-1) solution. The blood bags were stored at room temperature and were used within
a day of harvesting, a time frame which has been proven to have no effect on the viability and
characteristics of whole blood46.
The blood was then either circulated as whole blood or reconstituted prior to loop operations If
reconstituted, the blood was manipulated to attain human-like blood constituency of 45% hematocrit and
2.14 ± 0.02 x 108 platelets/mL. The blood was aliquoted into 50 mL centrifuge tubes and centrifuged at
600 g for 12 minutes to separate platelet rich plasma (PRP) within the whole blood, as shown in Figure 26A. The PRP was then decanted from the tubes and the remaining sample was centrifuged again at 1500 g
for 20 minutes. From this second centrifugation, a platelet poor plasma (PPP) was collected from
aggregated red blood cells as shown in Figure 2-6B. The buffy coat between the PPP and the red blood
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cells was discarded. The platelet concentration within in the PRP was counted using a hemocytometer
under 40x magnification and was then diluted with the PPP. The components were then combined
together to form the reconstituted blood. When using whole blood, 100 mL of blood was reconstituted
using the same protocol to calculate the platelet concentration and hematocrit.

Figure 2-6: Steps in reconstituting whole blood. (A) Separated PRP after first centrifugation and (B)
separated PPP and RBCs after second centrifugation.
Seconds before the blood was filled into the loop, its final preparatory step involved adding 6%
by mass aqueous CaCl2 (OmniPur Calcium Chloride Dihydrate, Merck EMD Millipore, Billerica, MA,
USA) at 1 mL per 50 mL blood to reverse the anticoagulant effects of the CPDA solution.

2.4 Histology and Staining
The histology in this study was conducted at the Huck Institutes for the Life Sciences.
Following fixation, the cassettes were run through the animal tissue program of a paraffin embedder
(Leica TP1020 – Automatic Tissue Processor, Leica Microsystems GmbH, Wetzlar, Germany), which
replaced the thrombus water molecules with wax through a series of emulsions. After the 8-hour cycle,
the thrombus was cut by a razor and blocked in several parts in paraffin wax (Leica EG 1150 C Modular
Tissue Embedding System, Leica Microsystems GmbH, Wetzlar, Germany) in such a way that the clots
could be sectioned axially.
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As shown in Figure 2-7, each block was then sectioned in 5 µm segments at every 0.3 mm and every
multiple of 1.0 mm along the thrombus using a microtome (Thermo Scientific Shandon Finesse
Microtome, ThermoFisher Scientific, Waltham, MA) under a soft tissue blade (Thermo Scientific MB35
Premier 34°/80 mm, ThermoFisher Scientific, Waltham, MA). When sectioning, at each series location a
ribbon of 4 wax segments would be sectioned from the block and placed in a warm water bath. The two
most preserved sections would then be placed on a glass slide and the others discarded. The glass slides
were then left overnight on a slide warmer (Fisher Scientific Slide Warmer, ThermoFisher Scientific,
Waltham, MA) to melt onto glass slides.

Figure 2-7: Sampling method used in histology sectioning (mm). The value 0.0 mm corresponds to the
location of the step.
These slides were dewaxed (Thermo Scientific Shandon Gemini Autostainer, ThermoFisher
Scientific, Waltham, MA) and stained using Carstairs’ Staining method45,47. The optimal protocol was
determined by testing the stain at various time intervals within the reported protocol range. Over the
various trials, the following procedure succeeded best at distinguishing blue platelets, yellow RBCs, and
pink/red fibrin:
1. Mordant slides in 5% Ferric Ammonium Sulfate (Electron Microscopy Sciences, Horsham, PA,
USA) for 5 minutes.
2. Rinse in running distilled water for 1 minute.
3. Stain slides in Mayer Hematoxylin (Electron Microscopy Sciences, Horsham, PA, USA) for 5
minutes.
4. Rinse in running distilled water for 1 minute.
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5. Stain slides in Picric Acid-Orange G Solution (Electron Microscopy Sciences, Horsham, PA, USA)
for 45 minutes. Rinse with one soak in distilled water.
6. Stain slides in Ponceau Fuchsin Solution (Electron Microscopy Sciences, Horsham, PA, USA) for 5
minutes.
7. Rinse in running distilled water for 3 minutes. Differentiate slides in 1% Phosphotungstic Acid
(Electron Microscopy Sciences, Horsham, PA, USA).
8. Rinse in running distilled water for 3 minutes.
9. Stain slides in 1% Aniline Blue Solution (ScholAR Chemistry, West Henrietta, NY, USA).
10. Rinse in running distilled water for 6 minutes.
11. Dehydrate in 95% ethanol (Koptec Ethyl Alcohol, Deacon Labs, Inc., King of Prussia, PA, USA) for
1.5 minutes, 100% ethanol (Koptec Ethyl Alcohol, Deacon Labs, Inc., King of Prussia, PA, USA) for
3 minutes, and clear in Xylene Histosolve for 4 minutes (Harleco Neo-Clear Xylene Substitute,
Merck EMD Millipore, Billerica, MA, USA).
Immediately following staining, the slides were topped with a mountant (Thermo Scientific
Xylene Substitute Mountant, ThermoFisher Scientific, Waltham, MA, USA) and sealed with a cover slip
under a fume hood.

2.5 Imaging and Analysis
Imaging was conducted at the Huck Institutes for the Life Sciences. The slides were
imaged under brightfield microscopy (Olympus BX51, Shinjinku, Tokyo, Japan) using the Auto Exposure
feature for each slide. The slides were imaged on the flow and model side along the middle of the clot
cross-section as shown in Figure 2-8. At every 0.3 mm, the clots were imaged at the 4x magnification to
obtain overall information about the clot topography. The clots were then imaged at every 0.3 mm section
and 1.0 mm multiple on the flow side and model side at 20x for images that would be used for clot
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composition analysis, as shown in Figure 2-8. Lastly, some of the slides were imaged at 40x
magnification to draw observations at a higher resolution of interactions between platelets, RBCs, and
fibrin.

Figure 2-8: Diagram showing where flow side and model side regions were imaged from stained slide.
The thrombus cross-section is oriented in the same way that the thrombus would form in a model, with
flow passing over the top of the thrombus and the arched model along the bottom.
The 20x images were then processed using ImageJ (National Institute of Health, Version 1.46q,
Bethesda, MD, USA). First, three 100 µm by 100 µm squares were chosen and duplicated from each
image to provide several values for each region of interest (at each 1.0 mm interval, on flow-side and
model-side of each section), as shown in Figure 2-9.

Figure 2-9: (A) Parent thrombus image at 20x magnification with three children 100 by 100 µm
representative images (B), (C), and (D).
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Next, the Threshold Colour plug-in (v1.12a, G. Landini 27 Sep 2010) used to control the
saturation of each image to eliminate background space on each image, as shown in Figure 2-10.
Threshold Colour was also used to control the range of colors displayed in each image, separating the
blue, yellow, and red features in each stained slide image, as shown in Figure 2-10. From this plug-in,
four macro codes were developed that measured the area occupied on each image by each color group
(two were needed the color red). Finally, this data was normalized to express the percent composition of
each color group over the area occupied by the thrombus. The percent composition of platelets, RBCs,
and fibrin were then assigned the data from the blue, yellow, and red color groups, respectively. This
procedure is described in more detail in the Appendix.

Figure 2-10: Separation of histology features using Threshold Colour. (A) Original representative image,
(B) image with background removed, (C) image with blue platelets separated, (D) image with yellow
RBCs separated, and (E) and (F), images with red fibrin separated.

23
This clot composition quantification method was validated using a control sample of RBCs and a
control sample of platelets and fibrin. The two samples were prepared by separating the blood
components using the aforementioned reconstitution protocol. To create the RBC sample, the denselypacked RBCs were agitated until a solid mass was observed. To create the platelet/fibrin sample, PRP was
circulated in the integrated BFS loop until a solid plug formed. These samples were then fixed,
sectioned, stained, and image using the sample methods as the thrombi in this study. Five stained sections
of each sample from various locations were imaged, as depicted in Figure 2-11. These ten images were
then analyzed using the Threshold Colour plug-ins.

Figure 2-11: Control samples imaged at 20x magnification. (A) Platelet/fibrin sample formed from PRP
(B) RBC sample.
The results of the controls analysis are summarized in Table 2-1, which showed nearly 100%
compositional sum of platelets and fibrin for the PRP sample, and nearly 100% composition of RBCs for
the RBC sample, verifying the method’s sensitivity. These data also determined that there were almost
zero (<1%) of the other cellular components present in each sample, verifying the method’s specificity.
From these findings, the quantification method for this study can be considered validated.

The RBC sample fixed for 24 hours, instead of the full 48 hours. If anything, this deviation
would only have caused the stained RBCs to appear more orange and reddish57, yielding a falsely high
fibrin concentration. As seen from in Table 2-1, this minor deviation did not significantly affect the
validation data.
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Table 2-1: Clot compositional data for platelet/fibrin control sample and RBC control sample

Avg
Std Dev
Avg
Std Dev

% Platelets
% RBCs
Platelet/Fibrin Sample
74.4
0.3
7.1
0.1
RBC Sample
0.4
98.7
0.5
0.7

% Fibrin
25.3
7.1
0.9
0.2

25

Chapter 3
Results

3.1 Histology Features
The 24 thrombi in this study were successfully formed in the backward-facing step loop. The
blood properties and lengths are summarized in Table 3-1. In histology, the thrombi showed variable
uptake of Carstairs’ Stain with the intended separation of blue-grey platelets, yellow RBCs, and pink-red
fibrin. Most of these variations were considered to occur with normal distribution, due to slight variations
in environmental conditions. Several thrombus sections, however, showed unmistakably poor stain
uptakes and are cited in this chapter; for analytical purposes, these were not included in the ImageJ
analysis.

26
Table 3-1: Measured hematocrit, platelet concentration and length for each thrombus formed
Thrombus
#

Formation Time

1
2
3
4
5
6
7
8
9
10
11
12

15 minute, #1
15 minute, #2
30 minute, #1
30 minute, #2
45 minute, #1
45 minute, #2
60 minute, #1
60 minute, #2
6 hour, #1
6 hour, #2
12 hour, #1
12 hour, #2
Average
Std Dev

13
14
15
16
17
18
19
20
21
22
23
24

15 minute, #1
15 minute, #2
30 minute, #1
30 minute, #2
45 minute, #1
45 minute, #2
60 minute, #1
60 minute, #2
6 hour, #1
6 hour, #2
12 hour, #1
12 hour, #2
Average
Std Dev

Hematocrit
Platelet Count
(%)
(Platelets/mL)
Reconstituted Thrombi
45.0
2.18 x 108
45.0
2.13 x 108
45.0
2.14 x 108
45.0
2.13 x 108
45.0
2.12 x 108
45.0
2.17 x 108
45.0
2.16 x 108
45.0
2.13 x 108
45.0
2.15 x 108
45.0
2.17 x 108
45.0
2.16 x 108
45.0
2.13 x 108
45.0
2.14 x 108
0.0
0.02 x 108
Whole Thrombi
2.00 x 108
30.9
2.23 x 108
30.3
2.11 x 108
28.9
25.5
2.09 x 108
28.9
2.11 x 108
32.6
1.46 x 108
29.1
1.55 x 108
32.7
1.46 x 108
30.3
2.23 x 108
27.1
2.93 x 108
30.9
2.00 x 108
27.1
2.93 x 108
29.5
2.09 x 108
2.2
0.48 x 108

Clot Length
(mm)
6.6
3.3
3.6
8.1
4.4
4.5
2.4
6.0
4.0
6.0
6.9
13.5
5.8
3.0
3.3
9.0
5.4
18.0
6.0
11.1
6.6
9.3
15.0
14.0
23.7
5.1
10.5
6.1

Several structures were prevalent through out this study, as depicted in Figure 3-1. The first of
these was the presence of densely packed RBCs, which were surrounded on the edges by a thin streak of
platelet-fibrin mesh (Figure 3-1A). Second, aggregated platelets plugs were observed in other thrombi
(Figure 3-1B). Third, some clot sections showed mixed compositions that were marked by dark,
concentrated pink centers of fibrin (Figure 3-1C). Next, many of the images showed a purple, globular
platelet-fibrin mesh (Figure 3-1D). Further, other images showed a mixed composition of globular

27
platelet-fibrin mesh and dark, concentrated fibrin regions (Figure 3-1E). Finally, a group of the thrombus
sections exhibited a dark, fibrin-rich mesh (Figure 3-1F).

Figure 3-1: Summary of structures found in thrombi at 40x magnification with blue arrows indicating
platelets, yellow arrows, RBCS, and red arrows, fibrin.. (A) Densely packed RBCs surrounded on the clot
boundary by a thin streak of platelet-fibrin mesh, (B) aggregated platelets entrapping a few RBCs, (C)
densely packed RBCs showing dark, concentrated patches of fibrin, (D) platelet-fibrin globular mesh, (E)
distinguished patches of dense fibrin (dark pink) mixed with globular platelet-fibrin mesh, and (F) dense
matrix of fibrin with interspersed platelets and RBCs.
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3.2 Thrombi formed from Reconstituted Blood
Thrombus #1 is shown in Figure 3-2 and was 6.6 mm in length. As quantified in Figures 3-3 and
3-4, this thrombus showed large portions of RBCs that were streaked with patches of fibrin that both
surrounded the RBCs and intersected them. Several sections of this thrombus showed artifacts from
processing in histology, as evidenced by the stark cracks of white space such as those shown in the
sections 0.6, 1.2, and 2.4 mm from the step. This type of deviation is further discussed in the Limitations
section of Chapter 4.
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Figure 3-2: Thrombus #1 imaged at 4x magnification in intervals of 0.3 mm. Numbers reflect the
section’s distance from the step in mm.
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Figure 3-3: Thrombus composition of thrombus #1 flow-side analyzed at 20x. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.

Figure 3-4: Thrombus composition of reconstituted blood 15-minute Thrombus #1 model-side analyzed at
20x. Data are averaged from three 100 by 100 µm representative images and shown with standard of
deviations.
Thrombus #2 is shown in Figure 3-5 was 3.3 mm in length. As quantified in Figures 3-6 and 3-7,
this thrombus showed a large concentration of RBCs. In comparison to thrombus #1, this thrombus shows
much more developed sections of fibrin along the flow-side of the thrombus. Some of the fibrin sections
appear a purple color, which indicated that platelets were interspersed in the fibrin. The separation
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between pieces of thrombus in images from 1.2 – 2.1 mm from the step are due the sectioning method
used; this is discussed in further detail in the Limitations section of Chapter 4.

Figure 3-5: Thrombus #2 imaged at 4x magnification in intervals of 0.3 mm. Numbers reflect the
section’s distance from the step in mm.

Figure 3-6: Thrombus composition of thrombus #2 flow-side analyzed at 20x. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.
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Figure 3-7: Thrombus composition of thrombus #2 model-side analyzed at 20x. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.
The reconstituted blood 30-minute thrombi formed vastly different structures from each other. As
shown in Figure 3-8, thrombus #3 was 3.6 mm in length and showed similar results to thrombi #1 and #2.
As quantified in Figures 3-9 and 3-10, this thrombus was largely composed of densely packed RBCs with
surrounding sections of platelet-fibrin mesh. The RBCs in this thrombus appeared to be more integrated
with the sections of fibrin and platelets in comparison to the reconstituted 15-minute thrombi. The
histology also showed that this thrombus was less densely packed than the 15-minute thrombi.
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Figure 3-8: Thrombus #3 imaged at 4x magnification in intervals of 0.3 mm. Numbers reflect each
section’s distance from the step in mm.

Figure 3-9: Thrombus composition of thrombus #3 flow-side analyzed at 20x. Data is averaged from
(n=3) 100 by 100 µm representative images and shown with Standards of Deviation.
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Figure 3-10: Thrombus composition of thrombus #3 model-side analyzed at 20x. Data are averaged from
(n=3) 100 by 100 µm representative images and shown with standards of deviations.
Thrombus #4 showed much different results than the previous trial. This thrombus was 8.1 mm in
length and can be viewed in Figure 3-11. As quantified in Figures 3-12 and 3-13, the staining for this
thrombus showed presence of RBCs that decreased as the sections increased in distance from the step.
Most of the thrombus was formed of platelets and fibrin. Some of the platelets and fibrin seemed to be
blended in a mesh, while other sections of the thrombus showed distinct, dense fibrin pieces. This
thrombus appeared to be more porous than the densely packed 15-minute thrombi and even more porous
overall than thrombus #3.
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Figure 3-11: Thrombus #4 imaged at 4x magnification. Numbers reflect each section’s distance from the
step in mm.
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Figure 3-12: Thrombus composition of thrombus #4 flow-side analyzed at 20x. Data are averaged from
(n=3) 100 by 100 µm representative images and shown with standards of deviations.

Figure 3-13: Thrombus composition of reconstituted thrombus #4 model-side analyzed at 20x. Data are
averaged from three 100 by 100 µm representative images and shown with standard of deviations.
The reconstituted blood 45-minute thrombi showed similar compositions. Thrombus #5 was 4.5
mm in length and is depicted in Figure 3-14. As quantified in Figures 3-15 and 3-16, all of the sections of
this thrombus showed porous platelet-fibrin mesh, with an increasing fibrin content as the sections
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increased in distance from the step. This thrombus also contained dense patches of RBCs in the sections
most proximal to the step. As the sections progressed in distanced from the step, the area of the RBCs
decreased in size until it was nearly indistinguishable in the 1.2 mm image.

Figure 3-14: Thrombus #5 imaged at imaged at imaged at 4x magnification. Numbers reflect each
section’s distance from the step in mm.
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Figure 3-15: Thrombus composition of thrombus #5 flow-side analyzed at 20x. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.

Figure 3-16: Thrombus composition of thrombus #5 model-side analyzed at 20x. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.
Thrombus #6 was 4.5 mm in length and is shown in Figure 3-17. As quantified in Figures 3-18
and 3-19, this thrombus was almost entirely comprised of a porous platelet-fibrin mesh. The images also
showed a slight increase in fibrin content as the sections increased in distance from the step. The mesh is
thick and globular in some regions, and fibrous and porous in other regions. The thrombus contained a
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few small sections of RBCs on the model-side of the thrombus in the initial images in the series, which
decreased as the sections increased in distance from the step.

Figure 3-17: Thrombus #6 imaged at imaged at 4x magnification. Numbers reflect each section’s distance
from the step in mm.
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Figure 3-18: Thrombus composition of thrombus #6 flow-side analyzed at 20x. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.

Figure 3-19: Thrombus composition of thrombus #6 model-side analyzed at 20x. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.
Thrombus #7 was 2.4 mm in length and can be viewed in Figure 3-20. As quantified in Figures 321 and 3-22, this thrombus mostly consisted of a porous platelet-fibrin mesh. Some of the regions of each
section showed a globular matrix while others showed a porous thrombus cross-section. These images
also showed increasing fibrin concentration and decreasing RBC concentration with an increase in
distance from the step.
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Figure 3-20: Thrombus #7 imaged at imaged at 4x magnification. Numbers reflect each section’s distance
from the step in mm.

Figure 3-21: Thrombus composition of thrombus #7 flow-side analyzed at 20x. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.
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Figure 3-22: Thrombus composition of thrombus #7 model-side analyzed at 20x. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.
Thrombus #8 was 6.0 mm in length and is shown in Figure 3-23. As quantified in Figures 3-24
and 3-25, this thrombus mostly consisted of platelet-fibrin mesh that has both the globular platelet-fibrin
mesh and distinct patches of dense fibrin. This thrombus showed an overall increasing trend of fibrin
concentration for both the flow-side and model-side of the thrombus. The section 2.7 mm from the step
showed a poor uptake of Carstairs’ stain; this image was included for completeness of visualization, but
was not included in any further analyses.
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Figure 3-23: Thrombus #8 imaged at imaged at 4x magnification. Numbers reflect each section’s distance
from the step in mm.
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Figure 3-24: Thrombus #8 flow-side analyzed at 20x magnification in intervals of 1.0 mm. Data are
averaged from three 100 by 100 µm representative images and shown with standard of deviations.

Figure 3-25: Thrombus composition of thrombus #8 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #9 was 6.0 mm in length and is depicted in Figure 3-26. This thrombus was a dense,
porous network of fibrin and platelets as quantified in Figures 3-27 and 3-28. The initial sections of this
thrombus showed sections of RBCs that decreased as the sections increased in distance from the step.
Fibrin showed a general increase as the sections progressed in distance from the step.
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Figure 3-26: Thrombus #9 imaged at imaged at 4x magnification. Numbers reflect each section’s distance
from the step in mm.
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Figure 3-27: Thrombus composition of thrombus #9 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-28: Thrombus composition of thrombus #9 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #10 was 4.0 mm in length and is shown in Figure 3-29. As quantified in Figures 3-30
and 3-31, this thrombus appears dramatically different from the other thrombi formed over the larger time
segments (t = 60 minutes, 6 hours, 12 hours) as it was mostly comprised of densely packed RBCs. Fibrin
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patches surround the RBCs in this thrombus, in the regions exposed to flow and the model. This thrombus
dramatically decreases in size as the sections increase in distance from the Step.

Figure 3-29: Thrombus #10 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.

48

Figure 3-30: Thrombus composition of thrombus #10 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-31: Thrombus composition of thrombus #10 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #11 was 13.5 mm in length and is shown in Figure 3-32. This thrombus is made of a
porous platelet-fibrin mesh that is quantified in Figures 3-33 and 3-34. Most of the sections in this clot
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showed a strong concentration of fibrin, which dominated the composition of the mesh. This thrombus
did not show a trend in fluctuating constituency as the sections increased in distance from the step.
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Figure 3-32: Thrombus #11 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.
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Figure 3-33: Thrombus composition of thrombus #11 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-34: Thrombus composition of thrombus #11 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #12 was 6.9 mm in length and is shown in Figure 3-35. This thrombus appears similar
to the other Reconstituted blood 12-hour thrombus because it is mostly a porous network of platelets and
fibrin, as quantified in Figures 3-36 and 3-37. This thrombus also showed sections of RBCs in its most
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proximal sections to the step. As the sections increased in distance from the step, there were general
trends of decreasing RBCs and increasing fibrin concentrations in both the flow-side and model-sides of
the thrombus.

Figure 3-35: Thrombus #12 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.
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Figure 3-36: Thrombus composition of thrombus #12 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-37: Thrombus composition of thrombus #12 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
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3.2 Thrombi formed from Whole Blood
Thrombus #13 was 3.3 mm in length and is shown in Figure 3-38. Unlike the reconstituted 15minute blood thrombi, this thrombus was mostly made of a globular platelet-fibrin mesh as quantified in
Figures 3-39 and 3-40. This platelet-fibrin mesh in this thrombus was densely packed with minimal pores.
Further, the mesh exhibited some regions dominated by aggregated platelets and others by a richer fibrin
content. There were minimal regions of RBCs in this thrombus.

Figure 3-38: Thrombus #13 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.
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Figure 3-39: Thrombus composition of thrombus #13 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-40: Thrombus composition of thrombus #13 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #14 was 9.0 mm in length and is shown in Figure 3-41. As quantified in Figures 3-42
and 3-43, this thrombus mostly consisted of platelets over the entire series, with presence of dense, fibrin
sections around the flow-side and model-side surfaces of the thrombus. There was a low concentration of
RBCs in the sections of this thrombus.
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Figure 3-41: Thrombus #14 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.

Figure 3-42: Thrombus composition of thrombus #14 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-43: Thrombus composition of thrombus #14 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
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Thrombus #15 was 5.4 mm long and is shown in Figure 3-44. This thrombus was mostly
comprised of a globular mesh of aggregated platelets and densely packed fibrin, as quantified in Figures
3-45 and 3-47. Unlike the reconstituted 30-minute thrombi, this thrombus shows minimal RBCs. In
comparison to the whole blood 15-minute thrombi, this thrombus is less densely packed. The sections of
the thrombus that were 3.3, 4.2, 4.5 mm from the step may have had a poor uptake of Carstairs’ stain;
they are included in Figure 3-44 for completeness but were not used in any of the data analyses.

Figure 3-44: Thrombus #15 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.
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Figure 3-45: Thrombus composition of thrombus #15 flow-side analyzed at 20. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.

Figure 3-46: Thrombus composition of thrombus #15 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #16 was 18.0 mm in length and is shown in Figure 3-47. This thrombus appeared to be
a similar platelet plug to thrombus #14 and is quantified in Figures 3-48 and 3-49. The sections of this
thrombus 7.8 – 13.8 mm and 15.9 – 17.7 mm show a dense, globular platelet-fibrin hybrid section.
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Figure 3-47: Thrombus #16 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.

Figure 3-48: Thrombus composition of thrombus #16 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.
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Figure 3-49: Thrombus composition of thrombus #16 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #17 was 6.0 mm in length and is depicted in Figure 3-50. As quantified in Figures 3-51
and 3-52, this thrombus was largely composed of a globular platelet-fibrin mesh. This mesh showed
increased porosity as sections increased in distance from the step. There was minimal presence of RBCs
in this thrombus.
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Figure 3-50: Thrombus #17 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.
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Figure 3-51: Thrombus composition of thrombus #17 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-52: Thrombus composition of thrombus #17 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #18 was 11.1 mm in length and is shown in Figure 3-53. As quantified in Figures 3-54
and 3-55, this thrombus showed a similar platelet-fibrin mesh to that of thrombus #17, but also showed
regions of RBCs in some sections most distal to the step. This thrombus also showed development of
dense fibrin sections that are distinct within the globular platelet-fibrin network.
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Figure 3-53: Thrombus #18 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.

Figure 3-54: Thrombus composition of thrombus #18 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.
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Figure 3-55: Thrombus composition of thrombus #18 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #19 was 9.3 mm in length and is shown in Figure 3-56. As quantified in Figures 3-57
and 3-58, this thrombus mostly consisted of a platelet-fibrin mesh with minimal RBCs present in the
sections. This thrombus showed a development of dense fibrin structures within the platelet-fibrin mesh
that seemed to decrease as the sections increased distally from the step.
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Figure 3-56: Thrombus #19 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.

Figure 3-57: Thrombus composition of thrombus #19 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.
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Figure 3-58: Thrombus composition of thrombus #19 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #20 was 6.3 mm in length and is depicted in Figure 3-59. As quantified in Figures 3-60
and 3-61, this thrombus showed a platelet-fibrin mesh that was consistent with thrombus #19. Minimal
RBCs were present in the sections of this thrombus.
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Figure 3-59: Thrombus #19 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.
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Figure 3-60: Thrombus composition of thrombus #20 flow-side analyzed at 20x. Data are averaged from
three 100 by 100 µm representative images and shown with standard of deviations.

Figure 3-61: Thrombus composition of thrombus #20 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #21 was 15.0 mm in length and is shown in Figure 3-62. This thrombus mostly
consisted of segmented regions of platelets and fibrin, as quantified in Figures 3-63 and 3-64. The fibrin
in this thrombus is mostly seen on the flow-side of the thrombus and seemed to decrease in concentration
as the sections increased in distance from the step until approximately 7.8 mm. At this point, the sections
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showed increasing presence of fibrin that was intermittently dispersed throughout the thrombus. The
thrombus also became very thin in size and height in its middles sections (6.3-9.6 mm), where there
appeared to be a thin strip of platelets connecting distal and proximal fragments of larger clot. Section
14.4 mm showed a poor stain uptake but was included for completeness in the visualization of this
thrombus.
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Figure 3-62: Thrombus #21 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the Step in mm.
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Figure 3-63: Thrombus composition of thrombus #21 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-64: Thrombus composition of thrombus #21 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #22 was 14.0 mm long and is shown in Figure 3-65. This thrombus was comprised of a
porous platelet-fibrin mesh as quantified in Figures 3-66 and 3-67. This mesh within this thrombus was
fibrin-rich and showed increased amounts of fibrin in the model-side with respect to the flow-side. The
sections of this thrombus showed minimal presence of RBCs.
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Figure 3-65: Thrombus #22 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the step in mm.

80

Figure 3-66: Thrombus composition of thrombus #22 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-67: Thrombus composition of thrombus #22 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #23 was 23.7 mm in length and is shown in Figure 3-68. This thrombus was mostly a
fibrin mesh with some platelet-fibrin hybrid sections dispersed throughout, as quantified in Figures 3-69
and 3-70. This thrombus appeared to increase in porosity as the sections increase in distance from the
step. This thrombus showed minimal presence of RBCs. Sections that were 10.2, 13.5, 19.2, and 19.8 mm
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from the step showed a poor uptake of Carstairs’ stain but were included in for completeness in
visualization.
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Figure 3-68: Thrombus #23 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the Step in mm.
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Figure 3-69: Thrombus composition of thrombus #23 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-70: Thrombus composition of thrombus #23 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
Thrombus #24 was 5.1 mm in length and is depicted in Figure 3-71. This thrombus was a dense
and globular platelet-fibrin structure that is quantified in Figures 3-72 and 3-73. The model-side of this
clot seemed to show increasing porosity with increasing distance from the step. The sections in this clot
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also showed some small regions of RBCs on the flow-side the sections approximately 1.0 – 2.0 mm from
the step.

Figure 3-71: Thrombus #24 imaged at imaged at 4x magnification. Numbers reflect each section’s
distance from the Step in mm.
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Figure 3-72: Thrombus composition of thrombus #24 flow-side analyzed at 20x magnification in intervals
of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with standard
of deviations.

Figure 3-73: Thrombus composition of thrombus #24 model-side analyzed at 20x magnification in
intervals of 1.0 mm. Data are averaged from three 100 by 100 µm representative images and shown with
standard of deviations.
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Chapter 4
Discussion
The scope of this study investigated the roles of four factors in thrombosis: spatial location with
respect to the step, spatial location with respect to height within the thrombi, time of formation in the flow
loop, and blood properties. Although this work was performed with a low sample size (n=2) for each time
interval and blood group, several conclusions can be drawn from the data. Limitations and future studies
are discussed at the end of this chapter.

4.1 Effects of Proximity to the Step
The first parameter of interest in this study was the distance from the backward-facing step. This
variable was evaluated by sectioning each thrombus in axial series sections starting from the step and
moving downstream along the clot. Within the backward-facing step model, this parameter is largely
correlated with changing flow conditions, as seen in Figure 1-3. Taylor et al. concluded that flow-side
protrusions seen in thrombi decrease the cross-sectional area of the channel and therefore increase local
fluid velocity and wall shear stress42. As thrombi were observed to have the largest cross-sectional area in
the sections most proximal to the step, it would be expected that these regions would therefore undergo
the greatest wall shear stress compared to more downstream regions.
The average values for clot composition of platelets, RBCs and fibrin were studied for correlation
over distance using a Spearman Correlation Test with a 95% confidence interval. Clots were grouped by
formation time and blood type and analyses were performed to evaluate correlations over absolute
distance from the step (Table 4-1) and relative distance to the step within each clot (Table 4-2).
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Table 4-1: Summary of Spearman Correlation Test with a 95% confidence interval to correlate absolute
proximity to the step with Platelet, RBC, and Fibrin content within each thrombus. Asterisks represent
significant correlations, (+)s indicate increasing concentration as distance from the step increases, and (-)s
indicate decreasing concentration as distance from the step increases.
Thrombus #

Formation Time

1, 2
3, 4
5,6
7, 8
9.10
11, 12

15 minute
30 minute
45 minute
60 minute
6 hour
12 hour

13, 14
15, 16
17, 18
19, 20
21, 22
23, 24

15 minute
30 minute
45 minute
60 minute
6 hour
12 hour

Platelets
Reconstituted Thrombi
* (+)

RBCs

Fibrin

* (+)
* (-)
* (-)

* (-)
(+)
* (+)

* (-)
Whole Thrombi
* (+)
* (-)

* (+)
* (+)
*(+)

* (-)
* (+)
* (-)

* (-)

Table 4-2: Summary of Spearman Correlation Test with a 95% confidence interval to correlate relative
proximity to the step with Platelet, RBC, and Fibrin content within each thrombus. Asterisks represent
significant correlations, (+)s indicate increasing concentration as distance from the step increases, and (-)s
indicate decreasing concentration as distance from the step increases.
Thrombus #

Formation Time

1, 2
3, 4
5,6
7, 8
9.10
11, 12

15 minute
30 minute
45 minute
60 minute
6 hour
12 hour

Platelets
Reconstituted Thrombi

RBCs

Fibrin

* (-)

* (+)
* (+)

Whole Thrombi
13, 14
15, 16
17, 18
19, 20
21, 22
23, 24

15 minute
30 minute
45 minute
60 minute
6 hour
12 hour

* (-)

The data from these analyses do not show an apparent trend for the relationship of distance to clot
composition. The two graphs also do not show any common patterns for how a cellular constituent may
change over clot distance. It may be notable, however, that of the longer time interval clots (t = 6 hours,
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12 hours), almost none of the components showed correlation over distance. The effects of formation time
on clot composition will be further discussed in Section 4.3.

4.2 Effects of Flow-Side to Model-Side
The second focus of this study was to investigate a relationship between height and clot
composition; more specifically, between regions near the flow-side surface of the clot and regions near
the model-side of the clot. This was examined by comparing representative images from the top of the
clot to those obtained from the bottom of the clot, as shown in Figure 2-8. Using a Wilcoxon Matched
Paired T-test with 95% confidence, these populations of data were compared for each formation time and
blood type, at each 1.0 mm interval section, for platelets, RBC, and fibrin concentrations. The statistical
analysis is summarized in Table 4-3.
Table 4-3: Summary of Wilcoxon Matched Paired T-Test to compare Flow vs. Model regions of each
clot. Asterisks represent significance between populations, (F)s indicate a greater value for the Flow-side
population, (M)s indicate a greater value for the Model-side population.
Thrombus #
1, 2
3, 4
5, 6
7, 8
10, 11
11, 12
13, 14
15, 16
17, 18
19, 20
21, 22
23, 24

Formation Time
Platelets
Reconstituted Thrombi
15 minute
30 minute
45 minute
60 minute
* (M)
6 hour
12 hour
* (M)
Whole Thrombi
15 minute
* (M)
30 minute
* (M)
45 minute
60 minute
6 hour
12 hour

RBCs

Fibrin
* (F)

* (M)
* (M)

* (F)

* (M)

* (F)

* (M)
* (M)
* (M)
* (M)
* (M)

* (F)
* (F)

From Table 4-3, it was shown that constituency within the thrombus is often spatially dependent.
The most notable trend is that RBCs showed a larger concentration on the model-side of the clot, which
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was seen with 8/12 clot groups. The second trend was that fibrin showed a larger presence on the flowside of the clot, which was true for 6/12 clot groups. Lastly, the data showed that platelets were more
populated on the model-side of the clot, which was observed for 4/12 clots.
In summary, there was a greater amount of fibrin near the flow-side of the clots and a greater
amount of platelets and RBCs near the model-side of the clots. This finding correlates with the
hemodynamics acting upon the thrombus; the flow-side of the thrombus is exposed to much higher
velocities and shear stresses compared to the model-side42. As shown in other studies, platelets have
difficulty adhering to surfaces in conditions of high shear stresses, but can be encapsulated by a strong
fibrin matrix that can decrease the hemodynamic effects48. Thus, the flow-side fibrin seen in the present
study is likely involved in a mechanism that preserves the more vulnerable constituents within the
growing clots.

4.3 Effects of Time on Thrombosis
The next variable that was examined in this study was formation time. By looking at the different
stages and properties of the thrombi at each of the time intervals, conclusions could be drawn for how
thrombi develop over time. This study examined four thrombi formed at each of the time intervals: 15
minutes, 30 minutes, 45 minutes, 60 minutes, 6 hours, and 12 hours. For simplification, the change of
thrombi over time is considered under the assumption that platelets, RBCs, and fibrin are held constant
over the length and height of the clot (ignoring variations from proximity to the step and flow-side vs.
model-side).
The thrombi from both reconstituted and whole blood seemed to exhibit different properties at the
smaller time intervals, yet showed similar patterns of development over time. Figures 4-1 and 4-2 display
images from the 15-minute and 30-minute thrombi, respectively. Thrombi #1, #2 and #3 were largely
dominated by volume by RBCs. The whole blood thrombi #4, #13, #14, #15, and #16, however, were
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mostly composed of a light platelet-rich structure, some of which showed a pinkish color indicating
presence of fibrin. This purple hybrid structure of platelet-fibrin mesh has been found in other studies as
the dominant structure for freshly forming thrombi49. The whole blood 15-minute clots and all four of the
30-minute clots showed presence of dark pink centers of fibrin development.

Figure 4-1: Comparison of thrombi formed over 15 minutes imaged at 20x magnification, 1.0 mm from
the step: (A) thrombus #1, (B) thrombus #2, (C) thrombus #13, and (D) thrombus #14. Yellow arrows
indicate RBCs. Red arrows indicate fibrin.
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Figure 4-2: Comparison of thrombi formed over 30 minutes imaged at 20x magnification, 1.0 mm from
the step: (A) thrombus #3, (B) thrombus #4, (C) thrombus #15, and (D) thrombus #16. Red arrows
indicate fibrin.
In comparison to the 15-minute and 30-minute clots, the 45-minute and 60-minute clots showed
an increase in fibrin content, as displayed in Figures 4-3 and 4-4. At these time points, there appeared to
be pinker overtone to the aggregated platelet-thrombi matrices, indicating more fibrin content in the
thrombi. These thrombi also began to show evidence of dense fibrin structures that are a dark pink color.
These concentrated fibrin structures were often surrounded by pores in the clot, which may indicate
contraction of fibrin within the platelet-fibrin mesh to form strong cross-linked fibers25 within the clot.
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Figure 4-3: Comparison of thrombi formed over 45 minutes imaged at 20x magnification, 1.0 mm from
the step: (A) thrombus #5, (B) thrombus #6, (C) thrombus #17, and (D) thrombus #18. Black arrows
indicate dense fibrin.
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Figure 4-4: Comparison of thrombi formed over 60 minutes imaged at 20x magnification, 1.0 mm from
the step: (A) thrombus #7, (B) thrombus #8, (C) thrombus #19, and (D) thrombus #20. Black arrows
indicate dense fibrin.
Further, most of the 6-hour and 12-hour clots showed an even larger increase in fibrin
composition. All of these clots except the thrombus #10 exhibited a similar platelet-fibrin mesh with a
largely porous domain. Thrombus #10, however, showed similar composition to the reconstituted 15minute clots with a large concentration of RBCs. This clot serves as the outlier to this study and may have
been affected by an abnormality in the bovine donor or another undetected factor. Without knowledge of
a cause for deviation, however, this clot was included in all of the analyses of this study.
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Figure 4-5: Comparison of thrombi formed over 6 hours imaged at 20x magnification, 1.0 mm from the
step: (A) thrombus #9 (B) thrombus #10, (C) thrombus #21, and (D) thrombus #22. Black arrows indicate
pore spaces. Yellow arrow indicates RBCs.
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Figure 4-6: Comparison of thrombi formed over 12 hours imaged at 20x magnification, 1.0 mm from the
step: (A) thrombus #11, (B) thrombus #12, (C) thrombus #23, and (D) thrombus #24. Black arrows
indicate pore spaces.
The overall trends in thrombus composition are also summarized in Figures 4-7 and 4-8 for the
reconstituted blood thrombi and whole blood thrombi, respectively. Using a Spearman Correlation Test
with 95% confidence, the clot composition data showed an increase in fibrin content with increasing
formation times when the clot composition data are grouped only by formation time. However, when the
data are grouped by formation time and blood group, it cannot be concluded that fibrin increases
significantly with time. These results suggest that fibrin may increase with time, but a larger sample size
would be needed to draw more definitive conclusions.

97
The reconstituted clots may also exhibit a trend in decreasing RBC concentration with increasing
time. Likewise, the platelet content in the whole blood clots may exhibit a decreasing trend with time, but
more data will need to be gathered to surmise a significant conclusion using statistical analysis.

Figure 4-7: Effect of formation time on thrombus composition for thrombi formed from reconstituted
blood.

Figure 4-8: Effect of formation time on thrombus composition for thrombi formed from whole blood.
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The high levels of fibrin observed resemble the known values for fibrin content by volume in
embolized thrombi (65% ± 16 %) and atrial thrombi (52 ± 18%)50. The aforementioned increasing trend in
fibrin matrix would not have been a surprising result as other studies have shown similar trends. Silvaine
et al. investigated thrombus composition with respect to the time that heart disease patients experienced
symptoms of a blood clot and showed that thrombi showed an increase in fibrin content from 48.4 ± 21%
for < 3 hours to 66.9 ± 9% for > 6 hours49. The increase in fibrin content during this time could also
suggest an increase in fibrin monomer cross-links that act to stabilize the fibrin matrix19. As Silvaine, et
al. suggested, this temporal fibrin trend may provide a partial rationale for why fibrinolysis treatment is
most effective when administered at a patient’s first symptoms of myocardial infarction51,52; drug agents
are most effective when they are able to lyse clots before a strong, cross-linked fibrin mesh can form.

4.4 Effects of Blood Properties
The final factor that was studied in this project was the effects of blood properties on thrombosis.
In considering the blood properties shown in Table 3-1, the values for hematocrit between the populations
vary significantly. The reconstituted blood was controlled to a constant 45% whereas the whole blood
showed an average of 29.5%. The concentration of platelets could be considered relatively the same, with
a reconstituted average of 2.14 x 108 platelets/mL compared to the whole blood average 2.08 x 108
platelets/mL.
The first notable finding is gathered by observing the differences in clot lengths with respect to
changes in blood properties across both groups. The reconstituted blood clots often showed dramatically
different lengths of clot even with hematocrit, platelet concentration, and formation time all held at the
same value. These include the thrombus pairs #1 and #2; #3 and #4; #7 and #8; and #11 and #12. Clot
length was also highly variable in the whole blood clots at the same formation times, however, there was
no clear correlation seen between platelet concentration and hematocrit of these clot lengths. These
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results indicate that there are other factors outside of the scope of this study that largely affect thrombosis.
Such possible factors are discussed in the next section.
In comparing reconstituted blood thrombi and whole blood thrombi, there is an identifiable
distinction between the amounts of RBCs observed. The difference in RBC content was first seen in the
clots formed over 15 minutes. The reconstituted blood clots were both mainly composed of densely
packed RBCs, whereas the whole blood clots were mostly made of fibrin and/or platelets. Other
reconstituted blood thrombi showed large regions of RBCs such as clot #5, #6, and #9. These large
regions of RBCs were not seen in any of the whole blood clots. These findings are most likely the result
of the large discrepancy in hematocrit between the reconstituted (45%) and whole (29.5 %) blood clots.
The second major difference observed between the two thrombi groups were the trends in platelet
structures. Some of the trials in this study showed the formation of platelet plugs, clots almost completely
made of platelets with some fibrin near the edges. These platelet plugs were only seen in the whole blood
thrombi, such as in clot #14 and #16. The formation of these platelet plugs in the whole blood may be
related to the fact that the whole blood contains leukocytes from the buffy coat, whereas the reconstituted
blood loses the buffy coat in preparation. As Polgar et al.16 reported, activated platelets and leukocytes in
the blood during thrombosis via excretion of P-selectin from α-granules to form an aggregate matrix; the
leukocytes and platelets then form an aggregate matrix that serves to foster Tissue Factor interactions that
lead to fibrin formation12,17. This formation of platelet plugs in only whole blood, may serve to re-affirm
the platelet-leukocyte interaction.
The final notable difference shown was the change in clot length from reconstituted to whole
blood clots. As shown in Table 3-1, the average length of the clots increased almost two-fold, from 5.8 to
10.5 mm from reconstituted to whole blood. To further study this effect, the average populations of clot
lengths per formation time were compared with a Wilcoxon Paired T-Test with a 95% confidence
interval. This analysis showed that there was a significant difference in the reconstituted and whole blood
clot lengths across formation times. This finding suggests that the reconstituted blood may be inhibited in
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ability to form a stable clot compared to the whole blood. As mentioned previously, the elevated
thrombus growth in whole blood is likely caused by the presence of leukocytes within the whole blood
that foster Tissue Factor interactions. However, because the buffy coat is not the only difference between
the reconstituted blood and whole blood, future studies will need to further investigate the effects of
varied hematocrit on whole blood thrombosis.

4.5 Porosity
Lastly, the data showed that many of the formed thrombi were porous in nature. As shown in
Figure 4-9, the thrombi demonstrated an increase in porosity with increasing formation time. These
images and other data conveyed that the older clots (>60 minutes) were roughly 25% void area. This
observation supports previous studies that suggested that thrombi develop into porous networks of crosslinked fibrin53,54. The transition from a dense, globular structure to a porous network is largely associated
with a change in the thrombus’ mechanical properties and perfusion of circulating blood proteins55.
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Figure 4-9: Thrombus images at 4x magnification at 4.0 mm showing an increasing porosity as evidenced
by (A) densely packed clot #1, (B) densely packed clot #14, (C) porous clot #11, and (D) porous clot #23.
Black arrows indicate some of the pore spaces.
Porosity was not analyzed with quantitative methods because it was determined that the present
study’s procedure could not yield accurate results. Due to the limited sample size in this study, the formed
thrombi showed inconsistent geometry and size, which are both variables that may be highly correlated
with porosity. Also, the present study showed fluctuating cross-sectional areas of clots, due to the
fragmenting sectioning method used in histology. In order to more clearly understand patterns associated
with porosity, a thrombosis study with a larger sample size and a modified method of histology should be
conducted.
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4.6 Limitations
There are several limitations to this study that may contribute to the variability in results. Firstly, due
to the large cost associated with collecting human blood, the blood used to form the thrombi within this
study was obtained from bovine donors. Although bovine blood has been used in other cardiovascular
studies8,56, experiments should be repeated using human blood to draw definitive conclusions. Secondly,
results may have been affected from the differences between bovine donors, aged from about 2-20 years.
This limitation was due to animal health controls that restrict the amount of blood that can be harvested
from a given animal within a short time span; therefore, the blood donors were chosen from a large pool
of bovines for each collection.
Next, there are inherent limitations to simulating an in vivo with an in vitro model. For example, the
blood within the flow loop was not temperature controlled or supplied with oxygen, as it would be in a
human or bovine. Also, the in vivo loop lacked some of the secondary biological mechanisms during
thrombosis such as those involving inhibitory factors. Additionally, the flow in the loop was set to a
steady rate, as opposed to the pulsatile flow of the natural circulatory system. Any potential damages due
to this limitation were not included in the scope of this study.
Third, there is some variability caused by using histology. Histology is typically used as an
observational method; however, in this study a technique was developed that attempted to quantify the
stained images from sectioned tissue. The method used did not take into account any changes in
coloration, but rather considered the process randomized when conducting analysis.
Finally, there were some limitations caused by the histology processing. In paraffin wax
histology, some of the tissue section is lost during the first and last sections taken from each wax block
containing tissue; this is caused by the great difficulty in orienting tissue in a way that will be perfectly
perpendicular to the plane of the microtome blade and by limitations of the microtome equipment used.
Thus, when a user sections a block of tissue, any tissue that reaches the microtome blade prior to the first
complete cross-section will usually be discarded. This effect was amplified in this study’s sectioning
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method, because all but two thrombi in this study were too long to be blocked in a single slab of paraffin
wax. The longer thrombus needed to first be manually cut into multiple pieces with a razor blade so that
the clot could be blocked in several fragments. Overall, this effect caused fluctuations in cross-sectional
area in sections taken from the transition regions between paraffin blocks. For this reason, although the
densities of the clots can be quantified, they cannot be considered an accurate assessment of the formed
clot. This histology method also led to a decrease in clot length. The original lengths of the clots after
formation were not recorded to calculate the magnitude of this loss.
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Chapter 5
Conclusion

5.1 Summary of Findings
In this study, thrombosis was examined in a backward-facing step model under several varied
parameters. Firstly, the composition of the clot with respect to proximity to the backward-facing step was
analyzed. The results illustrated that distance from the step did not constitute a clear trend with
concentrations of platelets, red blood cells, or fibrin within each thrombus. Secondly, the effects of time
were studied by forming clots over intervals of 15 minutes, 30 minutes, 45 minutes, 60 minutes, 6 hours,
and 12 hours. With time, the thrombi showed a significant increase in concentration of fibrin when
considering all clots in the study per time interval. Thirdly, differences in clot composition were
examined in flow-side versus model-side regions of the thrombi. This parameter depicted some
significant differences between the two populations, which showed that platelets and RBCs were more
concentrated on the model-side of the clot whereas fibrin was more concentrated on the flow-side of the
clot. Lastly, blood properties were manipulated to study the role of platelets and hematocrit in thrombus
growth. This analysis proved that whole blood forms significantly larger clots than reconstituted blood
under the same time intervals, which may indicate that the blood’s buffy coat components have a strong
impact on thrombus stabilization and development.
The findings from this project provide insight into some of the many factors that affect
thrombosis at the cellular level. This study also establishes a method for using Carstairs’ stain and ImageJ
to quantify thrombus constituency for future studies.
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5.2 Future Work
In order to further investigate the mechanism of thrombosis, future work should be conducted in
several areas. Firstly, studies that involved fewer blood donors or a larger sample size could potentially
increase consistency in results and verify the current findings. Secondly, the development of a
reconstitution procedure that maintained the buffy coat could allow for further analysis of the effects of
blood properties. Lastly, a similar histology study that sectioned thrombi in a top-to-bottom fashion could
serve to reduce the negative effects caused by sectioning clots in multiple fragments. By refining these
processes, an even clearer understanding of thrombosis can be generated to aid in the development of
prosthetic cardiac devices.
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Appendix A

Carstairs’ Stain Quantification
The following method shows the step-by-step method of quantifying Carstairs’ stain using Image
J. This procedure was developed for this specific study.
Part 1: Installing the Plug-ins
Four ImageJ macros were developed to semi-automate the process of analyzing images for
Carstairs’ stain. These were written using a plug-in called Threshold Colour, which allow used to select a
color range in HSB that corresponds to their areas of interest, and a saturation level that eliminates
background noise.
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The color ranges for this study were obtained by multiple iterations of trial and error. The colors
were manually applied to several images with several thrombi, until the features of each color were
calculated consistently. The saturation was developed in the same way.
The color wheel is linearized in the Threshold Colour Plug-In, which made red appear at both
ends of the spectrum. This was accounted for by creating two plug-ins for red and later adding the values
of each.
Ex. Image
Original Image ; Saturation: [24, 255]
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Saturation: [24, 255] and Red1(fibrin): [0,10] ; Saturation: [24, 255] and Red2(fibrin): [235,255]

Saturation: [24, 255] and Yellow(RBCs): [12,50] ; Saturation: [24, 255] and Blue(Platelets):
[128,230]

109

1. Save the following four codes as .ijm files in the ImageJ Plug-ins Folder

a. BlueBatch
setBatchMode(true); imgArray = newArray(nImages); for (i=0; i<nImages;
i++) {
selectImage(i+1); imgArray[i] = getImageID();
}
//now we have a list of all open images, we can work on it:
for (i=0; i< imgArray.length; i++) { selectImage(imgArray[i]);
// Threshold Colour v1.12a-----// Autogenerated macro, single images only!
// G. Landini 27/Sep/2010.
//
min=newArray(3);
max=newArray(3);
filter=newArray(3);
a=getTitle();
run("HSB Stack");
run("Convert Stack to Images");
selectWindow("Hue");
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rename("0");
selectWindow("Saturation");
rename("1");
selectWindow("Brightness");
rename("2");
min[0]=128;
max[0]=230;
filter[0]="pass";
min[1]=28;
max[1]=254;
filter[1]="pass";
min[2]=0;
max[2]=255;
filter[2]="pass";
for (i=0;i<3;i++){
selectWindow(""+i);
setThreshold(min[i], max[i]);
run("Convert to Mask");
if (filter[i]=="stop") run("Invert");
}
imageCalculator("AND create", "0","1");
imageCalculator("AND create", "Result of 0","2");
for (i=0;i<3;i++){
selectWindow(""+i);
close();
}
selectWindow("Result of 0");
close();
selectWindow("Result of Result of 0");
rename(a);
run("Measure");
// Threshold Colour -----------}

b. RedBatch
setBatchMode(true); imgArray = newArray(nImages); for (i=0; i<nImages; i++) {
selectImage(i+1); imgArray[i] = getImageID();
}
//now we have a list of all open images, we can work on it:
for (i=0; i< imgArray.length; i++) { selectImage(imgArray[i]);
// Threshold Colour v1.12a-----// Autogenerated macro, single images only!
// G. Landini 27/Sep/2010.
//
min=newArray(3);
max=newArray(3);
filter=newArray(3);
a=getTitle();
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run("HSB Stack");
run("Convert Stack to Images");
selectWindow("Hue");
rename("0");
selectWindow("Saturation");
rename("1");
selectWindow("Brightness");
rename("2");
min[0]=0;
max[0]=10;
filter[0]="pass";
min[1]=14;
max[1]=255;
filter[1]="pass";
min[2]=0;
max[2]=255;
filter[2]="pass";
for (i=0;i<3;i++){
selectWindow(""+i);
setThreshold(min[i], max[i]);
run("Convert to Mask");
if (filter[i]=="stop") run("Invert");
}
imageCalculator("AND create", "0","1");
imageCalculator("AND create", "Result of 0","2");
for (i=0;i<3;i++){
selectWindow(""+i);
close();
}
selectWindow("Result of 0");
close();
selectWindow("Result of Result of 0");
rename(a);
run("Measure");
// Threshold Colour -----------}

c. RedBatch2:
setBatchMode(true); imgArray = newArray(nImages); for (i=0; i<nImages;
i++) {
selectImage(i+1); imgArray[i] = getImageID();
}
//now we have a list of all open images, we can work on it:
for (i=0; i< imgArray.length; i++) { selectImage(imgArray[i]);
// Threshold Colour v1.12a-----// Autogenerated macro, single images only!
// G. Landini 27/Sep/2010.
//
min=newArray(3);
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max=newArray(3);
filter=newArray(3);
a=getTitle();
run("HSB Stack");
run("Convert Stack to Images");
selectWindow("Hue");
rename("0");
selectWindow("Saturation");
rename("1");
selectWindow("Brightness");
rename("2");
min[0]=235;
max[0]=255;
filter[0]="pass";
min[1]=28;
max[1]=254;
filter[1]="pass";
min[2]=0;
max[2]=255;
filter[2]="pass";
for (i=0;i<3;i++){
selectWindow(""+i);
setThreshold(min[i], max[i]);
run("Convert to Mask");
if (filter[i]=="stop") run("Invert");
}
imageCalculator("AND create", "0","1");
imageCalculator("AND create", "Result of 0","2");
for (i=0;i<3;i++){
selectWindow(""+i);
close();
}
selectWindow("Result of 0");
close();
selectWindow("Result of Result of 0");
rename(a);
run("Measure");
// Threshold Colour -----------}

d. YellowBatch
setBatchMode(true); imgArray = newArray(nImages); for (i=0; i<nImages;
i++) {
selectImage(i+1); imgArray[i] = getImageID();
}
//now we have a list of all open images, we can work on it:
for (i=0; i< imgArray.length; i++) { selectImage(imgArray[i]);
min=newArray(3);
max=newArray(3);
filter=newArray(3);
a=getTitle();
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run("HSB Stack");
run("Convert Stack to Images");
selectWindow("Hue");
rename("0");
selectWindow("Saturation");
rename("1");
selectWindow("Brightness");
rename("2");
min[0]=12;
max[0]=50;
filter[0]="pass";
min[1]=28;
max[1]=254;
filter[1]="pass";
min[2]=0;
max[2]=255;
filter[2]="pass";
for (i=0;i<3;i++){
selectWindow(""+i);
setThreshold(min[i], max[i]);
run("Convert to Mask");
if (filter[i]=="stop") run("Invert");
}
imageCalculator("AND create", "0","1");
imageCalculator("AND create", "Result of 0","2");
for (i=0;i<3;i++){
selectWindow(""+i);
close();
}
selectWindow("Result of 0");
close();
selectWindow("Result of Result of 0");
rename(a);
run("Measure");
// Threshold Colour -----------}

2. Install each plug-in into the ImageJ user face by opening ImageJ and selecting Plug-ins,
Macros, Install..
3. Find the plug-in in the folder where it is saved and click ‘Open’. The plug-in should now
appear under the Plug-ins toolbar item (you should only have to do this once)
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4. Repeat the process for the remaining plug-ins
Part 2: Obtaining Images for Analysis

1. Open an image that has scale bar overlay with the same pixel size and magnification as
the images in the study.

2. Using the line tool (
the scale bar.

) from the floating toolbar, draw a line with the same length as

3. Under the main toolbar, select Measure, Measure to obtain the length of the bar in
pixels. (470 pixels in this example)

4. Under the main toolbar, selection Analyze, Set Scale… and input the ‘Distance in pixels’
as the distance in pixels and length of the scale bar as the ‘Known distance’ (200 in this
example). Enter the ‘Unit of length’ for the scale bar. (For microns, ‘um’ can be entered
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without the need of the Greek symbol.) Check the box for ‘Global’ to save time if you
will be analyzing multiple images. Click ‘OK’.

5. Using the polygon tool (
) from the floating toolbar, draw a shape in an area of
interest (e.g. wherever you want to analyze on the image) and ensure that the scale bar is
not the in polygon.

6. Under the main toolbar, select Tools, ROI Manager. On the ROI Manager window,
select More >>, Specifiy…
7. Enter the dimensions of interest for the area you would like to analyze. Ensure that the
‘Scaled Units’ box is checked, otherwise the polygon will be re-sized in pixels. Click
‘OK.’
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8. Right-click within the polygon and select Duplicate…. Enter a name for the duplicated
image. Click ‘OK’.

9. Save the duplicate image by selecting File, Save from the main toolbar.
Part Three: Analyzing Images

10. Open the image files that you will be analyzing.
11. Under the main toolbar, select Plugins, Blue Batch.
A window may open that appears like the following image. Just click ‘OK’. This will not
affect results, but will simply halt the process of analyzing all open image files. This
occurs because the plug-ins were written with the intent of analyzing every image open in
ImageJ using the same command, but unfortunately, the error in the code could not be
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identified. The plug-in will analyze one or two images at a time and then either stop or
display the error message and stop.

12. The results will appear in a ‘Results’ window. The ‘% Area’ tells the % of the image that
was covered with the color of interest.

13. Open the image files again and repeat the process with the plug-ins YellowBatch,
RedBatch, and RedBatch2.
14. Sum the % Areas to obtain the density (% area) of the tissue in the image, which can then
be used to normalize the data to % each constituent occupies of the tissue itself, rather
than the entire image.
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