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ABSTRACT OF THE THESIS 

 

Hemostatic Effects of Novel Blood Replacement Products 

 

by 

 

Joyce Manon Magill 

Master of Science in Bioengineering 

University of California San Diego, 2019 

 

Professor Pedro Cabrales Arevalo, Chair 

 

 Blood transfusions are life-saving procedures designed to provide 

hemorrhaging patients with the ability to transport oxygen throughout their body 

by administering blood products. However, resources for these procedures, namely 

blood donations, are steadily declining in the United States, raising concerns around 

blood availability during times of emergency or natural disaster. To prevent 

potential blood shortages, a variety of blood products, including red cell substitutes 



xii 

and plasma expanders, have been developed. Prior to clinical use of these products, 

their influence in the function of blood must be studied. One important 

consideration is their impact on the hemostatic state of a patient including  

prevalence of clotting and coagulation mechanisms impacted. The purpose of this 

work is to evaluate coagulation changes of four blood replacement products using 

existing tests and a newly proposed method. Rats were subjected to exchange-

infusion of 20% of their blood volume, and a standard panel of clinical assays was 

performed to determine the impact of 5% HSA, Hextend®, PolyHSA, and PolyHb 

on coagulation. Results indicate that polymerized bovine hemoglobin supports 

hemostasis when exposed to collagen, suggesting promising applications for 

hemorrhaging trauma patients with extreme quantities of exposed collagen. A 

secondary study tested a different coagulation measurement technique that mimics 

blood flow in the microvasculature called a U-Thromboelastometer (UTEM), based 

on the concept of a U-manometer. Results of this study provide proof of concept of 

this method as it detected variance between red cell substitutes and plasma 

expanders in the mechanical properties of clots under physiological shear 

conditions. 
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CHAPTER 1: INTRODUCTION 

1.1: A Global Demand for Blood 

 Blood is vital to life because it supplies oxygen and removes carbon dioxide and metabolic 

waste from tissues. Thus, following severe hemorrhage, medical staff must act swiftly to both stop 

hemorrhaging and correct blood losses, the latter of which is typically achieved through the 

administration of blood products. These transfusions are administered as combination of products 

including red blood cells (RBCs), plasma, and platelets to treat surgical and traumatic hemorrhage, 

among others.1 Of these uses, traumatic injury places an especially high burden on blood supply. 

In cases of severe traumatic injury, patients may require massive transfusion. Massive transfusion 

is defined as a transfusion of more than 10 units of RBCs. These account for more than 70% of all 

blood transfused at trauma centers.2 

 Globally, over 112 million blood donations are collected annually. However, 50% of these 

donations are in high-income nations, making make up nearly 20% of the world’s population.3 

This unequal distribution of donations points to the need for products that can supplement areas 

with poor blood donation rates to improve patient outcomes. In addition to the worldwide demand 

for blood products, blood donation numbers in the United States are declining (Figure 1).4 Between 

2013 and 2015, available units from blood donations decreased from 13,395,000 whole blood and 

apheresis RBC units to 12,591,000.5 With this, the number of transfused RBC units has decreased 

by approximately 14% from 2013 to 2015. While this appears to be a positive outcome at first 

glance, it is coupled with an alarming statistic: the percentage of outdated blood units in non-

hospital blood centers decreased by roughly 35% from 2013 to 2015.5,6 Such statistics raise 

concerns around emergency preparedness regarding blood availability during natural disaster and 

other unexpected demands. 
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 Beyond declining blood availability, patients that receive blood transfusions are still at risk 

for a number of complications including allergic reactions, transmission of disease, transfusion-

related acute lung injury (TRALI), and graft-versus-host-disease (GVHD) among others.1 Thus, 

inherent risks of transfusion combined with nationally declining blood donations and the global 

scarcity of blood products create a need for blood replacement products to supplement donor-

derived blood products.  

 

 

Figure 1: Red Blood Cell Unit Collections and Transfusions.4 

 

1.2: Blood Replacement Products  

 Blood replacement products are substances designed to support the functional roles of 

blood. Essentially, they must deliver or assist in the delivery of oxygen and the removal of carbon 

dioxide from tissues throughout the body. To date, there are several blood replacement products 

on the market or in clinical trials. These products can be categorized by the functional purpose that 

they serve, namely, plasma expanders (PEs) and red cell substitutes (RCs).  

PEs are typically used to treat hypovolemia; by increasing blood volume following acute 

blood loss, cardiac function can be improved or sustained, helping ensure the delivery of oxygen 
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to hypoxic areas throughout the body.7 The two primary categories of PEs, crystalloids and 

colloids, each have specific applications. Crystalloids are fluids with electrolytes, which can be 

easily and rapidly administered. However, they have a very short intravascular half-life, and 

typically need to be transfused in a 4:1 ratio of crystalloid to the volume lost in order to sustain 

volume expansion, which can lead to edema.8 Conversely, colloids are typically rich in proteins or 

other colloidal molecules, such as albumin or hetastarch, causing them to have a rather high 

osmotic pressure. Upon transfusion, this osmotic pressure sustains or increases the osmotic 

pressure of the circulatory system, causing volume expansion beyond the administered volume, 

and preventing the edema associated with crystalloids.7–9 However, there are well-established risks 

associated with colloidal PEs: albumin is known to cause allergic reactions and can potentially 

transmit infection, while known risks of Hextend®, a hetastarch-based PE has been shown to cause 

renal dysfunction and coagulopathies.10  

RCs are oxygen-carrying products designed to mimic blood’s functional role of oxygen 

delivery and fall into one of two primary categories: perfluorocarbons (PFCs) and hemoglobin-

based oxygen carriers (HBOCs).11 PFCs are oxygen-carrying compounds of synthetic design that 

are able to enter and deliver oxygen to occluded areas due to their small molecular size. However, 

these products often have a lower oxygen-carrying capacity than RBCs, necessitating the 

administration of supplemental oxygen, and require the administration of an emulsifying agent to 

activate the product.12 Clinical trials have revealed several risks associated with these products 

including increased rates of stroke found in patients treated with Oxygent, as well as pulmonary 

reactions, decreased platelet levels, and flu-like symptoms observed in patients treated with Flusol-

DA.11,12  
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Based on the known oxygen-carrying properties of hemoglobin (Hb), HBOCs are products 

typically synthesized with Hb molecules harvested from human or bovine red blood cells, although 

some use recombinantly-derived Hb. These Hb molecules are then combined through 

polymerization, PEGylation, or crosslinking to prevent the known effects of free Hb, namely, 

kidney damage and vasoconstriction due to nitric oxide scavenging.11,13 While these products 

deliver oxygen effectively, clinical trials have uncovered several adverse effects associated with 

their use. For example, HemAssist, a diaspirin cross-linked human Hb product, entered phase III 

clinical trials but was suspended due to increased mortality rates. Another product, Hemopure, is 

a bovine Hb-based product polymerized with glutaraldehyde that caused cardiovascular problems 

due to high amounts of free α2β2 Hb, leading to suspension of clinical trials.11,14  

As discussed above, several blood replacement products have associated health risks such 

as unwanted coagulopathies or stroke.10,12 Therefore, investigating the impact of blood 

replacement products on hemostasis must be given special consideration in the effort to understand 

how these products may influence patient outcomes.  

 

Table 1: Categories and Examples of Blood Replacement Products. 

Blood Replacement Products 

Plasma Volume Expanders Red Cell Substitutes 

Colloids Crystalloids 
Perfluorocarbons 

(PFCs) 

Hemoglobin-Based 

Oxygen Carriers 

Ex: Saline, Lactated 

Ringer’s 

Ex: Hextend®, 5% 

Human Serum 

Albumin 

Ex: Fluosol-DA, 

Oxygent 

Ex: HemAssist, 

Hemopure 
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1.3: Background on Hemostasis and Coagulation 

 Hemostasis is a protective mechanism that blocks hemorrhaging of blood through 

coagulation and clot stabilization at the wound site. The mechanisms of hemostasis occur through 

two primary steps. First, platelets aggregate at the wound site, creating a plug to reduce blood 

volume lost.15 This step activates platelets via the interaction of the platelet receptor complex, 

glycoprotein Ib/IX/V, and the endothelial surface protein, von Willebrand factor (vWF).16,17 

Following this, a series of clotting factors known as the coagulation cascade are activated to 

continue thrombosis at the wound site.15  

The second stage of hemostasis entails the activation of a slew of clotting factors, ending 

in a fibrin clot at the wound site. Activation begins in one of two pathways, intrinsic and extrinsic, 

that merge into the common pathway in the final stages of thrombosis. (Figure 2) The intrinsic 

pathway, also known as the contact activation pathway, is triggered upon contact with collagen, a 

structural protein found abundantly in connective tissue.18 Thus, damaged epithelial tissue leaves 

collagen exposed, activating Factor XII to Factor XIIa, which initiates the intrinsic cascade of 

clotting factors.15 Additionally, the extrinsic pathway is set into motion by tissue factor, which is 

released by damaged epithelial tissue. These pathways are propagated by many clotting factors 

found in the bloodstream until they reach the common pathway, where prothrombin is converted 

to thrombin, consequently converting fibrinogen to fibrin. In this final step of the coagulation 

cascade, fibrin cross-links to provide structural stability for the clot.15  
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Figure 2: The Coagulation Cascade. Figure includes the intrinsic, extrinsic, and common pathways.16 

 

1.4: Current Coagulation Tests 

 Currently, there are several clinical tests that measure an individual’s hemostatic state. 

These tests range from assays to physical measures of viscoelasticity and are typically used to 

monitor anticoagulant medications and to diagnose bleeding disorders. The significance and 

premise of each are discussed below.15  

 

1.4.1: Assays 

 A Platelet Count (PC) assay measures the number of platelets in a patient’s sample of 

blood.19 Platelets play a key role in hemostasis, as they form an initial plug at the wound site in 
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the primary steps of hemostasis.15 Additionally, activated platelets play a role in the coagulation 

cascade, further promoting hemostasis.17,19 Low PC levels can result in excessive bleeding, 

whereas high PC levels can cause excessive clotting.19 

Platelet Factor 4 (PF4) is a heparin-binding protein that neutralizes the effects of the 

anticoagulant heparin.20 PF4 is released by activated platelets. Therefore, increased levels of PF4 

indicate increased activation of platelets, whereas decreased levels are associated with the 

depletion or defects in the platelet storage pool.21 

Soluble Glycoprotein V (sGPV) is a free glycoprotein found in plasma. Glycoprotein V 

(GPV) is a component of the glycoprotein (GP) Ib-IX-V complex found on the surface of platelets. 

This receptor has a high affinity binding site for thrombin, which initiates platelet activation upon 

binding to the GP Ib-IX-V complex.22 During this process, GPV is cleaved off from the complex 

and circulates freely in the bloodstream, making it an indicator of platelet activation.23,24  

Thrombin-Antithrombin (TAT) complex is a unit made up of both thrombin and 

antithrombin. Thrombin is a procoagulant protein that converts fibrinogen into fibrin during 

coagulation and activates the PC pathway. Conversely, antithrombin prevents clotting by binding 

to thrombin, thereby inhibiting thrombin. Accordingly, this protein complex is an indicator of the 

functional state of the coagulation system as it represents the ongoing formation of thrombin and 

consumption of antithrombin.21,25 

Finally, fibrinogen is a glycoprotein found freely circulating in the bloodstream. Thrombin 

converts this protein to fibrin, which then crosslinks to create clots.26 Also known as Factor I, 

fibrinogen plays a key role in maintaining hemostasis.27 
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Table 2: Assays Used as Indicators of Coagulation Status 

Assays 

Protein Functional Role Concentration Indicators 

Platelet Count 
Creates plug to slow bleeding and 

supports the coagulation cascade 

High: excessive clotting 

Low: excessive bleeding 

Platelet Factor 4 Released by activated platelets 
High: increased platelet activation 

Low: platelet depletion 

Soluble Glycoprotein V 
Released into bloodstream upon 

platelet activation 

High: increased platelet activation 

Low: decreased platelet activation 

Thrombin-Antithrombin Complex 
Complex of pro and anti-coagulant 

proteins 
High: increased thrombotic activity 

Fibrinogen 
Converted to fibrin, which forms 

clots 

High: increased ability to form clots 

Low: decreased ability to form clots 

 

1.4.2: Platelet Aggregometry 

 Optical aggregometry techniques evaluate platelet aggregation by measuring the light 

transmission in a sample of platelet rich plasma (PRP). An index is created by comparing 

differences in light transmission of the sample with increasing amounts of a pro-coagulant. The 

test compares the percentage of platelet aggregation to the concentration of pro-coagulant. Two 

common pro-coagulants for this test method are collagen and adenosine diphosphate (ADP).28 

 

1.4.3: Time-Based Testing 

Prothrombin Time (PT) is a time-based test that measures how long it takes for blood to 

clot. This technique evaluates the function of the extrinsic and common pathways.29 Prothrombin 

is a blood protein that is cleaved by factor Xa and co-factor Va to become thrombin, a protein 

necessary to coagulation.30 The procedure for this test involves adding a reagent of thromboplastin 

along with calcium chloride to a citrated plasma sample. The time to clot formation is then photo-

optically measured.21 This test is typically used to monitor patients on anticoagulants. A 
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standardized index, the International Normalized Ratio (INR), compares a patient’s PT time to the 

average PT time as standardized by the international sensitivity index (ISI) based on the reference 

reagent. The INR of a normal patient falls in the range of 0.8-1.2.21,31  

INR= 
PTpatient

PTcontrol

ISI

 

Activated Partial Thromboplastin Time (aPTT) is a timed test like PT; however, this 

technique assesses the intrinsic and common pathways. The test is performed by adding a 

thromboplastic material and a negatively charged substance to recalcified blood plasma. The time 

to coagulation is then measured. Unlike PT, this test is not standardized, causing variance among 

hospitals and laboratories. This test is typically performed to evaluate unexplained bleeding and 

to monitor heparin therapies.32,33 

 

1.4.4: Thromboelastography 

Diverging from many of the previous techniques discussed, thromboelastography is a 

physical, real-time measurement of the viscoelastic properties of a clot as it forms, stabilizes, and 

disintegrates.34 There are several thromboelastography techniques, all of which incorporate 

oscillation of a pin in a blood sample. The specific test used in this research is rotational 

thromboelastometry, or ROTEM. In this test, a blood sample is recalcified and an activating 

reagent is added to the sample to promote coagulation in a specific pathway. Afterwards, a set 

volume of the sample is placed in a fixed cup and a pin oscillates in the sample to promote 

thrombosis. The strength and kinetics of this clot are then measured by optical sensor detection. 

Values that are recorded include the Clotting Time (CT), or time to initial clotting; Clot Formation 

Time (CFT), or time to clotting of a specific strength; Angle (α), or the tangent line of the curve 

between clotting time and clot formation time; Maximum Clot Firmness (MCF), or the peak clot 
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strength; and Lysis Index 30 (LI30), or the percent reduction in clot firmness 30 minutes after 

MCF. An additional calculation that is made after the test is Thrombodynamic Potential Index 

(TPI). This value is based on the MCF and is an indicator of the patient’s global coagulation.35 

Specific ROTEM tests are explained below. 

 

 
 

Figure 3: Schematic of ROTEM Processes. A pin oscillates in a cup containing the blood sample. Clotting is 

detected optically, and results are sent to the connected computer.36 
 

INTEM-ROTEM measures the viscoelastic properties of a clot induced by the intrinsic 

pathway. Typically, activators for this test contain phospholipids and ellagic acid. This test is most 

like aPTT because it is a measure of intrinsic pathway activity. EXTEM-ROTEM provides 

viscoelastic properties of extrinsic pathway coagulation. The activating reagent for this test 

contains a tissue factor; thus, it is most similar to the PT test. FIBTEM-ROTEM enables the 

qualitative analysis of fibrinogen in thrombus strength without the effects of platelets. The reagents 

for this test include EXTEM reagents and an actin polymerization inhibitor, cytochalasin D, which 

blocks platelets during clot formation.37 
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Figure 4: Example of ROTEM Results. Includes key measurements and parameters.36 
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CHAPTER 2: HEMOSTATIC CHANGES IN RATS TREATED WITH BLOOD 

REPLACEMENT PRODUCTS 

2.1: Background and Significance 

 The purpose of this study is to investigate the impact of blood replacement products on 

hemostasis. This was achieved through exchange-infusion procedures in rats, exchanging 20% of 

the animal’s blood with an equivalent volume of one of four blood replacement products. Clinical 

coagulation tests for each animal were compiled to identify a hemostatic profile of each product. 

An understanding of the coagulative properties of the products allows for the diagnosis of inherent 

risks and benefits of each, providing a better understanding of their most appropriate applications. 

For example, a trauma patient with severe hemorrhaging would likely benefit from a product that 

supports hemostasis.  

This study explored two novel blood replacement products of interest, 35:1 T-state 

polymerized bovine hemoglobin (PolyHb) and 50:1 polymerized Human Serum Albumin 

(PolyHSA). PolyHb, an HBOC polymerized by glutaraldehyde, stands as an attractive substance 

because it utilizes the most scalable method of HBOC manufacture. The relatively simple 

production process entails mixing low oxygen affinity (T) state Hb molecules with glutaraldehyde 

at a 35:1 ratio of glutaraldehyde to Hb. After synthesis, molecules smaller than 0.2 μm and larger 

than 500 kDa are removed through a diafiltration process to ensure the purity and consistency of 

PolyHb.38 A similarly manufactured product, PolyHSA, is a PE designed to address problems with 

current PEs on the market by maintaining blood viscosity without causing RBC aggregation. This 

product is manufactured by polymerizing HSA with glutaraldehyde at a 50:1 ratio of 

glutaraldehyde to HSA, then subjecting it to diafiltration to remove molecules smaller than 0.2 μm 
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and larger than 100 kDa. PolyHb and PolyHSA have similar viscosities, so any effects that shear 

rate may have on coagulation are expected to be present in both products. 

 The other products examined were two established colloidal PEs, Hextend® and 5% 

Human Serum Albumin (HSA). These products have similar viscosities and clinical applications. 

However, Hextend® is known to cause coagulopathies, whereas HSA is a relatively harmless 

substance beyond the possibility of allergic reaction. HSA was selected as a low viscosity 

comparison to the high viscosity products PolyHSA and PolyHb to detect any influence of shear 

rate on the results. HSA also served as a to compare against Hextend® because it is neutral and of 

similar viscosity.  

 

2.2: Materials and Methods  

2.2.1: Rat Surgery 

This study used male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) 

weighing between 250-400g. Animals were handled following the NIH Guide for Care and Use of 

Laboratory Animals. This protocol was approved by UCSD’s Institution for Animal Care and Use 

Committee. Rats were anesthetized with isoflurane (5%/volume, Drägerwerk AG, Lübeck, 

Germany) and placed supine on a heated bed to maintain a body temperature of 37⁰C. Isoflurane 

was reduced to 2.5%/volume, and a left femoral arterial catheter was installed in the rats. Isoflurane 

was reduced to 1.5% for the remainder of the procedure.  

Afterwards, 20% of blood volume, estimated as 7% of body mass, was removed from the 

rats at a constant rate over a period of 10 minutes using a Harvard Apparatus Syringe Pump. Every 

5% of blood volume, the catheter line was flushed with 0.9% saline to prevent clot formation in 
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the tubing. Blood was collected into citrate-phosphate-adenine (CPDA) at a ratio of 14%/vol 

CPDA.  

Rats then stabilized for 10 minutes and were then infused with a volume equivalent to the 

volume removed using 5% HSA, Hextend®, PolyHSA, or PolyHb over 10 minutes. Rats were then 

allowed to stabilize for another 30 minutes before a sample of 70 μL was drawn from the tail vein 

and a 5 mL sample was drawn from the arterial catheter for processing and testing. Rats were then 

humanely euthanized via an overdose of sodium pentobarbital (300 mg/kg) followed by bilateral 

thoracotomy. 

 

 

Figure 5: Diagram of the Experimental Procedure. 

 

2.2.2: Test Groups 

 Products used in this study were three PEs: Hextend® (Hospira, Inc., Lake Forest, IL), 5% 

HSA, and PolyHSA. PolyHSA is produced in a 50:1 glutaraldehyde to HSA ratio and is filtered 

such that molecules are no larger than 100 kDa and no smaller than 0.2 μm. PolyHb is an HBOC 

created in a low oxygen affinity (T) state at a ratio of 35:1 glutaraldehyde to Hb. After synthesis, 

PolyHb is subjected to several cycles of a diafiltration process to ensure that molecules are 
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between 0.2 μm and 500 kDa.38 A control group of baseline measurements was also included in 

the experiment.  

2.2.3: Preparation of Blood for Coagulation Tests 

The UCSD Hematology Core Laboratory a panel clinical coagulation tests with the blood 

samples including assays, platelet aggregometry, time-based tests, and rotational 

thromboelastometry (Table 3). Samples were prepared such that a 900 μL aliquot of whole blood 

was separated for assays and time-based testing and a 1.6 mL aliquot of whole blood went to 

ROTEM testing. Additional whole blood was centrifuged at 200g for 10 minutes to produce 150 

μL of platelet-rich plasma (PRP) and at 1500g for 10 minutes to produce 300 μL of platelet-poor 

plasma (PPP).  

Tests completed were PC tests using a Hemavet 950FS Multi-Species Hematology System 

(Drew Scientific, CT), PT and aPTT STart-4 Analyzer, Diagnostica Stago, Inc., Parsippany, NJ), 

and Thromboelastography (TEG; Haemonetics Corporation, Braintree, MA). Parameters recorded 

were CT, CF, α, and MCF. Platelet function was assessed using an optically and electrical 

impedance aggregometry (Chrono-Log M Model 700, Havertown, Penn), and samples were 

stimulated with ADP or collagen. A commercial analyzer (STA-R Evolution Hemostasis System, 

Diagnostica Stago, Inc.) measured fibrinogen, PF4, TAT, and sGPV. 

 

2.2.4: Statistical Analysis 

ANOVA with Tukey correction for multiple comparisons was used to compare the mean 

value of test groups at a 95% confidence interval. Results were considered statistically significant 

for p < 0.05. This study used 4 rats per test group, totaling 16 rats.  
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Table 3: List of Coagulation Tests 

 

Protein Assays Platelet 

Aggregometry 

Time-Based Tests ROTEM 

PC Collagen Induced PT INTEM 

PF4 ADP Induced aPTT EXTEM 

sGPV AI  FIBTEM 

TAT    

Fibrinogen    

 

 

2.3: Results 

2.3.1: Assays 

 Assays for PC, PF4, sGPV, TAT, and fibrinogen were performed. All four test groups for 

these assays were significantly lower than the control. Platelet count fell by 23%-26% across test 

groups. Platelet factor 4 concentration was slightly more depleted, ranging from 28%-32% below 

control levels. Soluble glycoprotein V concentration decreased the least, varying between 22-24% 

from the control. The widest range in concentrations was found in the thrombin-antithrombin assay 

with test group concentrations between 23%-33% below the control. Finally, fibrinogen levels 

decreased the most with a 33-41% reduction across test samples from the mean control level 

(Figure 6).  

 

2.3.2: Time-Based Tests 

 Both PT and aPTT were run for all samples. PT tests resulted in no significant differences 

from the control across all test groups. However, PolyHSA and PolyHb both had a shorter PT than 

the control, HSA had approximately the same mean PT as the control, and Hextend® had a longer 

PT value than the control. As a result, PT values for PolyHSA and PolyHb were significantly lower 

than Hextend®.  
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 Values for aPTT were significantly lower for HSA, PolyHSA, and PolyHb compared to 

the control. Similar to the PT results, Hextend® had a higher, albeit not significantly, aPTT value 

than the control and significantly higher results than HSA, PolyHSA and PolyHb.  

 

Figure 6: Results of Assay and Time-Based Tests. Comparison of mean values for the control group to HSA, 

Hextend®, PolyHSA, and PolyHb. A) Protein C; B) Platelet Factor 4; C) Soluble Glycoprotein V; D) Thrombin-

Antithrombin; E) Fibrinogen; F) Prothrombin Time; G) Activated Partial Thromboplastin Time. P<0.05 vs Control; 

‡P<0.05 vs HSA; §P<0.05 vs Hextend®; ¶P<0.05 vs PolyHSA 

 

2.3.4: Platelet Aggregometry  

 Collagen Induced Platelet Aggregation assessed the percentage of aggregated platelets at 

four concentrations of collagen: 1 μg/mL, 3 μg/mL, 10 μg/mL, and 30 μg/mL (Figure 7). Values 

for all test groups were 0% at 1 μg/mL and 100% at 30 μg/mL. At 3 μg/mL, Hextend® was 

significantly lower than the control. No other test groups were significantly different. PolyHb 

proved to be significantly higher than all other test groups, including the control, at 10 μg/mL. At 

this concentration, PolyHSA was significantly lower than the control and Hextend® was 

significantly lower than both the control and HSA. HSA was not significantly different from the 

control at 10 μg/mL of collagen. 
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 ADP Induced Platelet Aggregation compared platelet aggregation percentages to 

concentrations of 0.5 μM, 1 μM, 5 μM, 10 μM, and 50 μM of ADP (Figure 9). Platelet aggregation 

percentages were 0% and 100% for 0.5 μM and 50 μM ADP, respectively. The only significant 

difference at 5 μM was PolyHb, which was significantly higher than Hextend®. At 10 μM, 

PolyHSA and PolyHb were significantly higher than Hextend®. Finally, Hextend® was 

significantly lower than both control and HSA at 10 μM.  

 Finally, the Aggregation Index results showed that PolyHb had a significantly higher rating 

than all other test groups (Figure 10). This is a composite measurement of platelet aggregation, 

combining collagen and ADP aggregometry results.  

 

 
 

Figure 7: Results of Collagen Induced Platelet Aggregometry. This test compares the percentage of platelet 

aggregation of control HSA, Hextend, PolyHSA, and PolyHb at increasing collagen concentrations. The results for 

PolyHb are worth noting at 10 μg/mL, as it is a significantly higher percentage of platelet aggregation than all other 

test groups. †P<0.05 vs Control; ‡P<0.05 vs HSA; §P<0.05 vs Hextend®; ¶P<0.05 vs PolyHSA 
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Figure 8: Results of ADP Induced Platelet Aggregometry. This test compares the percentage of platelet aggregation 

for control, HSA, Hextend, PolyHSA, and PolyHb at increasing ADP concentrations. Hextend® performs significantly 

lower at 10 μM than all other test groups. †P<0.05 vs Control; ‡P<0.05 vs HSA; §P<0.05 vs Hextend®; ¶P<0.05 vs 

PolyHSA 

 

 

 

Figure 9: Results of the Aggregation Index. PolyHb is significantly higher than all other test groups. †P<0.05 vs 

Control; ‡P<0.05 vs HSA; §P<0.05 vs Hextend®; ¶P<0.05 vs PolyHSA 
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2.3.5: Rotational Thromboelastometry 

INTEM-ROTEM measures viscoelastic chagnes during clot formation and lysis through 

the intrinsic pathway. Variables measured were CT, CFT, MCF, α, and TPI. The results of this test 

showed that HSA was significantly lower than the control for CFT and α (Figure 10). Hextend® 

was significantly lower than the control group for all variables measured, and significantly lower 

than HSA for all but TPI. PolyHSA was significantly lower than the control for CFT and α, and is 

significantly higher than Hextend® in CT, MCF, and TPI. Finally, PolyHb results were 

significantly lower than control only for CFT and were significantly higher than Hextend® for CT, 

CFT, MCF, and α. 

EXTEM-ROTEM tests viscoelastic properties during clot formation and dissolution 

through the extrinsic pathway. Variables measured were CT, CFT, MCF, α, and TPI. The results 

of these tests revealed that HSA had no significant difference from the control group for all 

variables except α (Figure 11). Hextend® had a significantly lower CT, MCF, α, and TPI than the 

control and HSA. PolyHSA had a significantly lower CFT and α than the control, but significantly 

higher CT, MCF, and α than Hextend®. Mean PolyHb values for CT, MCF, and α were lower than 

the control, while CT and α were higher than Hextend®. There were no statistical differences in 

CFT across all test groups.  

Finally, FIBTEM-ROTEM tests measure the function of fibrinogen in clot formation 

without the influence of platelets. Three variables were recorded: CT, MCF, and α. This procedure 

revealed the CT was significantly higher for Hextend® and PolyHb compared to the control. The 

MCF for HSA and Poly HSA was significantly lower than the control. Lastly, α was lower than 

the control for all test groups (Figure 12).  
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Figure 10: Comparison of INTEM-ROTEM Results. Variables included are: A) Clotting Time; B) Clot Formation 

Time; C) Maximum Clot Firmness; D) α-angle; E) Thrombodynamic Potential Index. †P<0.05 vs Control; ‡P<0.05 

vs HSA; §P<0.05 vs Hextend®; ¶P<0.05 vs PolyHSA 

 

 

 

 

 

 

 

Figure 11: Comparison of EXTEM-ROTEM Results. Variables included are: A) Clotting Time; B) Clot Formation 

Time; C) Maximum Clot Firmness; D) α-angle; E) Thrombodynamic Potential Index. †P<0.05 vs Control; ‡P<0.05 

vs HSA; §P<0.05 vs Hextend®; ¶P<0.05 vs PolyHSA 
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Figure 12: Comparison of FIBTEM-ROTEM Results. Variables included are: A) Clotting Time; B) Maximum Clot 

Firmness; C) α-angle. †P<0.05 vs Control; ‡P<0.05 vs HSA; §P<0.05 vs Hextend®; ¶P<0.05 vs PolyHSA 
 

2.4: Discussion 

The preliminary finding of this study is that Hextend®, even in small quantities, produces 

significant and profound coagulopathies, whereas none of the other blood replacement products 

tested seemed to cause significant coagulopathies. Hextend® caused the rapid formation of 

relatively weak clots, whereas all other solutions maintained or slowed the clotting response, with 

no appreciable loss of clot strength. Results indicate that the intrinsic pathway is particularly 

reactive to PolyHb, but the extrinsic pathway has limited reactivity to PolyHb. 

 

2.4.1: PolyHb  

Measures of intrinsic pathway activity include aPTT, Collagen Induced Platelet 

Aggregometry, and INTEM-ROTEM, each of which provide evidence of increased reactivity of 

PolyHb within this pathway. The most significant indication of this is found in the Collagen 

Induced Platelet Aggregometry results, which revealed that at 10 μg/mL of collagen, PolyHb had 

the highest platelet aggregation percentage at 96% compared to 84% for control, 82% for HSA, 

75% for PolyHSA, and 72% for Hextend®. This suggests that PolyHb may be a promising product 

for trauma patients as it appears to promote hemostasis when exposed to collagen, which is found 

in extreme quantities at wound sites.  
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Second, aPTT was significantly lower for PolyHb than the control group, supporting the 

idea that PolyHb primarily works with the intrinsic pathway. Additionally, INTEM-ROTEM 

results revealed that PolyHb is more reactive to intrinsic pathway triggers than the control test 

group. The average CT and CFT for PolyHb were lower than the control group by 11% and 16%, 

respectively. While these values are not statistically significant, they do contribute to the theory 

that the intrinsic pathway is reactive to PolyHb. 

Interestingly, no substantial changes to extrinsic pathway activity were detected through 

PT or EXTEM-ROTEM for PolyHb. In these tests, PolyHb was not significantly different from 

the control group, the exception being the mean CFT recorded in the EXTEM-ROTEM test. 

However, without significance from CT or MCF, this statistic is weak on its own. Additionally, 

the finding that PolyHb was not significantly different from the control in ADP Induced Platelet 

Aggregation supports the notion that PolyHb may not be influenced through chemical activators. 

When considered together, the intrinsic pathway appears to be reactive to PolyHb, whereas 

the extrinsic pathway is not. Furthermore, these results bring to question whether the increased 

platelet aggregation and decreased clotting times caused by PolyHb are specifically due to a 

physical interaction with collagen. In such a case, this product carries advantageous applications 

for trauma patients is it would presumably facilitate hemostasis. Thus, the results of this study give 

credence to this possibility and merit further investigation. 

 

2.4.2: Hextend® 

 Hextend® appears to form weak clots rapidly as supported by the significantly shorter CT 

and CFT as well as a lower MCF than the control for both INTEM-ROTEM and EXTEM-

ROTEM. Further evidence of the fragility of Hextend® clots is found in the aggregometry data. 
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Hextend® performed significantly lower in terms of platelet aggregation percentage for both 

collagen and ADP, pointing to the product’s inability to promote or utilize platelets during clot 

formation. FIBTEM-ROTEM results provide additional evidence of this phenomenon. Because 

this test measures clotting without the influence of platelets, the lack of statistical difference 

between the MCF of the control and Hextend® indicates that platelets are not effectively utilized 

by Hextend® during thrombosis. This could explain the lack of strength found in ROTEM tests to 

be a lack of necessary platelet aggregation.  

 

2.4.3: HSA and PolyHSA 

 Administration of both HSA and PolyHSA did not result in any notable changes in 

coagulation. HSA had no significant difference from the control for either aggregometry test. For 

ROTEM testing, the only differences between HSA and the control were a lower CFT and α in the 

INTEM results, lower α in EXTEM, and lower MCF and α in FIBTEM. Results for aPTT were 

significantly lower for HSA compared to the control, but no significant difference was found 

between PT values. Thus, this product does not appear to be reactive in coagulation processes.  

 PolyHSA was similarly non-reactive and did not present any considerable trends. 

Aggregometry testing revealed that platelet aggregation for PolyHSA was significantly lower than 

the control group at a collagen concentration of 10 μg/mL, but not significantly different at any 

ADP concentration. In INTEM-ROTEM and EXTEM-ROTEM tests, only the α was significantly 

different from the control. FIBTEM-ROTEM results showed that PolyHSA has significantly lower 

MCF and α compared to the control. Similar to HSA, PolyHSA had a significantly lower aPTT, 

but no difference in PT compared to the control group. Due to their inactivity, neither HSA nor 

PolyHSA presented any risks or benefits in terms of coagulation.  
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CHAPTER 3: UTEM COAGULATION MEASUREMENT DEVICE 

3.1: Background and Significance 

 The purpose of this project is to establish a proof of concept for a simple, affordable 

technique to measure the viscoelastic properties of blood and blood replacement products during 

hemostasis. The design of this device will facilitate the study of blood replacement products using 

a physiologically relevant assembly to model the behavior of these products in the 

microvasculature.  

 The proposed device is a novel U-Thromboelastometer (UTEM) system based on the 

concept of the conventional U-tube manometer. The UTEM system has several features that make 

it an attractive solution including inexpensive components and relatively easy construction. 

Additionally, shear flow through the device closely mimics microvascular blood flow at multiple 

shear rates found under physiological conditions, an advantage over traditional rotational 

thromboelastography. This simple device has three primary forces to consider: gravity (the driving 

force), surface tension, and wall effects. The effect of surface tension is a particularly critical factor 

in the system. Due to the small diameter of the tubes, the air-liquid interface can be a significant 

part of the pressure head applied to the system, especially at low shear rates. Beyond this, the 

resistance of the meniscus depends on the surface tension of the air-fluid interface and on the 

reciprocal of the internal radius of the tube.  

This study establishes mathematical models for the UTEM system for the measurement of 

viscoelastic properties of blood during coagulation, namely, viscosity and shear stress. The design 

of the device allows for relatively rapid results in less than 15 minutes, creating potential for 

clinical applications. The features of the UTEM device also provide a reliable system to study the 

interaction of coagulation factors and coagulation inhibitors. The scope of this project is to define 
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parameters for the UTEM system and perform preliminary studies comparing products of known 

hypercoagulability against products of similar viscosity with no known impact on coagulation. 

 

3.1.1: Mathematical Theory 

 The mathematical framework behind this device is based on the conservation of energy. 

Assuming quasi-steady flow and constant surface tension at the liquid-solid interface for each tube 

over the duration of the test, the governing equation is as follows:  

 

𝑃1 +
1

2
𝜌𝑉1

2 + 𝜌𝑔ℎ1(𝑡) =  𝑃2 +
1

2
𝜌𝑔𝑉2

2 + 𝜌𝑔ℎ2(𝑡) + ∆𝑃𝑐 + 𝜌𝑔∆ℎ𝑠𝑡   (1) 

 

where P1 and P2 are the static pressures at the air-liquid interface, ρ is the density of the fluid, g is 

gravitational acceleration, V1 and V2 are flow velocities at the two riser tubes, ΔPc(t) is the pressure 

drop across the capillary membrane, and Δhst is the additional height difference due to the surface 

tension. Since P1 = P2 = Patm and |V1|=|V2|, Eq. (1) can be reduced as follows: 

 

∆𝑃𝑐(𝑡) = 𝑟𝑔[ℎ1(𝑡) − ℎ2(𝑡) − ∆ℎ𝑠𝑡]        (2) 

 

 

 The effects of surface tension are isolated from the pressure drop across the capillary 

membrane and can be determined experimentally for whole blood using Eq. (2). Thus, with 

experimental data of h1(t) and h2(t), ∆hst can be calculated using curve fitting methods. 

Furthermore, yield stress can also be experimentally determined using a Casson model. Because 

Eq. (2) can be used to calculate the pressure drop across the capillary membrane, ∆Pc(∞) represents 

the effect of yield stress on the pressure drop. The relationship between yield stress, τy, and ∆Pc(∞) 

can be expressed in the following equation:  
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𝜏𝑦 =
∆𝑃𝑐(∞)𝑅𝑐

2𝐿
           (3) 

 

 

where Rc represents the radius of the capillary membrane and L represents its length. Thus, when 

∆hst is determined using curve-fitting, yield stress can also be determined.  

Using the Casson model, shear stress can be described as follows:  

√𝜏 = √𝜏𝑦 + √𝑘√𝛾          (4) 

𝛾 = 0 ;      𝜏 ≤ 𝜏𝑦 ,     𝜏 ≤ 𝜏𝑦 ,         (5) 

where τ is shear stress, k is the model constant, and τy represents yield stress. Wall shear stress and 

yield stress can be defined as follows:  

𝜏𝑤 =
𝛥𝑃𝑐(𝑡)𝑅𝑐

2𝐿
           (6) 

𝜏𝑦 =
𝛥𝑃𝑐(𝑡)𝑟𝑦(𝑡)

2𝐿
=

𝛥𝑃𝑐(𝑡)𝑅𝑐

2𝐿
          (7) 

where τw represents wall shear stress and ry is the radial location below which the velocity profile 

is uniform due to yield stress. Using Eq. (4) and Eq. (5), shear rate and velocity profile at the 

capillary membrane are expressed as follows:  

�̇� = −
𝑑𝑉𝑐
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𝑉𝑐(𝑡, 𝑟) =
1

4𝑘

𝛥𝑃𝑐(𝑡)

𝐿
[𝑅𝑐

2 − 𝑟2 −
8

3
𝑟𝑦

1

2(𝑡) (𝑅𝑐

3

2 − 𝑟
3

2 ) + 2𝑟𝑦(𝑡)(𝑅𝑐 − 𝑟)] , 𝑟𝑦(𝑡) ≤ 𝑟 ≤ 𝑅𝑐  (10) 
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To determine mean flow velocity in the riser tube, the flow rate in the capillary membrane 

must first be calculated. By integrating the velocity profile over the cross-sectional area of the 

membrane, the capillary flow rate can be obtained with the following expression:  

𝑄(𝑡) = 2𝜋 ∫ 𝑉𝑐(𝑡)𝑟𝑑𝑟 =
𝑅𝑐

0

𝜋𝑅𝑐
4
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21
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 (11)  

Since 𝑄(𝑡) = 𝜋𝑅𝑟
2𝑉�̅�(𝑡), the mean velocity flow at the riser tube can be calculated as follows: 
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where Rr is the radius of the riser tube. This equation can be simplified to more clearly express the 

unknown and observed variables as follows:  

𝑉�̅�(𝑡) =
𝑅𝑐

4𝜌𝑔

8𝑘𝑅𝑟
2𝐿
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4(ℎ1(𝑡) − ℎ2(𝑡) − 𝛥ℎ𝑠𝑡)−3]        (13) 

where ∆hy represents the change in height due to yield stress.  

Eq. 13 contains two independent variables, h1(t) and h2(t), which can be obtained through 

experimental data, and one dependent variable, 𝑉�̅�(𝑡). The three unknown variables, Δhst, k, and 

Δhy will be determined using curve-fitting methods. These values are assumed to be constant for 

the curve-fitting method. Because h1(t) and h2(t) are strongly dependent on one another, the 

conservation of mass of incompressible fluids provides that 
𝑑ℎ1(𝑡)

𝑑𝑡
 must equal 

𝑑ℎ2(𝑡)

𝑑𝑡
. Therefore, the 
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difference between velocities of the riser tubes, expressed as 
𝑑(ℎ1(𝑡)−ℎ2(𝑡))

𝑑𝑡
, can be used as a more 

accurate and convenient calculation compared to using 
𝑑ℎ2(𝑡)

𝑑𝑡
and 

𝑑ℎ2(𝑡)

𝑑𝑡
 directly. The difference 

between the two velocities can be determined using the central difference method:  

𝑑(ℎ1(𝑡)−ℎ2(𝑡))

𝑑𝑡
=
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2𝛥𝑡
     (14) 

Using Eq. 13 and Eq. 14, the derivative of the velocity difference can be determined as:  
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where 𝑉�̅�(𝑡) is the mean flow velocity of the riser tube. This equation (Eq. 15) can be applied for 

both Casson model fluids and Newtonian fluids regardless of the existence of yield stress.  

Thus, the modeling procedure first requires the calculation of 𝑉�̅�(𝑡) using known h1(t) and 

h2(t) values using Eq. 15. Next, guessed values for the unknown constants k, Δhst, and Δhy are used 

in least-squares regression calculations, iterating through guessed parameters until error is  

minimized. Once k, Δhst, and Δhy values are determined, they are applied to the following wall 

shear rate and viscosity equations:  

𝛾�̇�(𝑡) =
𝜌𝑔𝑅𝑐

2𝑘𝐿
(√ℎ1(𝑡) − ℎ2(𝑡) − 𝛥ℎ𝑠𝑡 − √𝛥ℎ𝑦)

2
      (16) 

𝜂(𝑡) =
𝜌𝑔𝑅𝑐[ℎ1(𝑡)−ℎ2(𝑡)−𝛥ℎ𝑠𝑡]

2𝛾�̇�(𝑡)𝐿
         (17) 
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3.1.2: Previous Coagulation Measurement Projects 

 A few techniques were pursued and tested before arriving at the UTEM test. The first 

technique explored was a cone-and-plate conventional rheometer procedure to record the storage 

(G’) and loss (G’’) moduli of blood during clot formation. G’ reflects the elastic properties of a 

material, whereas G’’ represents its viscous properties.39,40 The parameter of interest was the 

intersection of G’ and G’’ as this is considered the “gel point” where viscous blood transitions into 

a viscoelastic material.39 The methodology behind the rheometer protocol is similar to that of 

thromboelastography: measurement of changes in the viscoelastic properties of a clot during 

formation through applied oscillatory force. A cone-and-plate rheometer (TA Instruments 

Discovery H-2) was used to apply oscillatory shear stress to a 610 μL sample of recalcified blood 

at 37⁰C for 30 minutes. While the data produced similar G’ and G’’ shapes, there were no 

detectable trends across samples. Because of the lack of consistency across blood samples, 

alternative test methods were investigated.  

 The second method examined to quantify coagulation in the lab was a microfluidic chip. 

Based on a previous study, the goal was to create a microchannel with a stenotic portion to promote 

thrombosis.41 Additionally, the channels would be set with collagen overnight to further promote 

coagulation. The parameter of interest was the time to initial thrombosis formation and complete 

blockage of the stenotic region. Desired shear rates and their correlating inlet velocities were 

determined using fluid mechanics and expected flow was modeled using ANSYS Fluent. A mold 

for the microfluidic chip was designed in SolidWorks and the Nano3 Lab in Calit2 was contacted 

to create the device. The chip design was larger than the Nano3 Lab was able to produce, so in-

house manufacturing techniques were pursued. However, due to time limitations and inherent 

complexities, this project came to a halt to undertake the final UTEM project.  
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3.2: Materials and Methods 

3.2.1: Blood Collection 

Male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) were anesthetized with 

isoflurane (5%/volume, Drägerwerk AG, Lübeck, Germany), then placed supine on a heated bed 

to maintain a body temperature of 37⁰C. Isoflurane was reduced to 2.5%/volume as a left femoral 

arterial catheter was installed for blood collection. After surgery, the isoflurane was decreased to 

1.5%/volume for the remainder of the procedure. Blood was collected into citrate-phosphate-

adenine (CPDA) at a ratio of 14%/vol CPDA. Rats were then humanely euthanized via an overdose 

of sodium pentobarbital (300 mg/kg).  

 

3.2.2: UTEM Setup 

The setup for the UTEM device entailed a 12” x 48” laser cut acrylic base with a camera 

affixed to one end and a laser cut box fastened to the other (Figure 13). The UTEM device was 

mounted onto the side of the box facing the camera using 3D printed C-hooks. The UTEM device 

itself was constructed of 3 tubes; the 2 arms of the same diameter with a third central tube of 

smaller internal diameter connecting them. A three-way stopcock between the right arm and the 

central tube allowed the control of liquid moving through the device.  

To operate the device, a 2mL blood sample was filled into the right arm to a predetermined 

height using a 5mL syringe. The three-way stopcock was then turned, allowing blood to flow from 

the right tube into the left (Figure 14). A two-minute waiting period allowed stabilization of blood 

levels. Blood was then removed from the UTEM device back into the syringe, marking the end of 

the cycle. The cycle was repeated with the same sample in the same UTEM device until blood 
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fully clotted and was no longer able to move. For these preliminary testing stages, a camera was 

used to record the flow of blood from one arm into the other. 

 

 

Figure 13: UTEM Setup. 

 

 

 

Figure 14: Flow of Blood through the UTEM Device. A) Initial position; B) Blood flow across capillary membrane; 

C) Blood rising in the left tube. 

A B C 
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3.2.3: Video Conversion and Data Compilation 

 Videos of blood flowing from the right arm into the left arm of the UTEM were recorded 

using a Teledyne Lumenera Infinity 1 camera and Infinity Capture software. Videos were then cut 

and converted to grayscale using VideoDub video processing software. Videos were further 

enhanced using the “Find Edge” feature in ImageJ before recording the pixel height of the blood 

with Tracker software (Figure 15). 

After compiling the blood height data from the videos, MATLAB was used to determine 

k, ∆hst, and ∆hy values. These values were calculated by fitting the velocity curve to data from 

three whole blood samples and averaging the k, ∆hst, and ∆hy outputs. These values were then used 

to calculate viscosity and shear rate for all datasets according to the following formulas: 

𝜂(𝑡) =
𝜌𝑔𝑅𝑐[ℎ1(𝑡)−ℎ2(𝑡)−𝛥ℎ𝑠𝑡]

2𝛾�̇�(𝑡)𝐿
          (16) 

𝛾�̇�(𝑡) =
𝜌𝑔𝑅𝑐

2𝑘𝐿
(√ℎ1(𝑡) − ℎ2(𝑡) − 𝛥ℎ𝑠𝑡 − √𝛥ℎ𝑦)

2
      (17) 

𝜏(𝑡) =  
𝜂(𝑡)

𝛾�̇�(𝑡)
            (18) 

 

Figure 15: Comparison of Videos. A) Original video; B) Video after processing. 

A B 
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3.2.4: Variables of Interest 

 Variables of interest for this study were the number of cycles to complete clotting per 

sample, the calculated viscosity of each sample, and the shear stress applied to each sample during 

each cycle. The shear stress is of greatest importance because it reflects the amount of resistance 

experienced by the sample. Higher shear stress indicates higher resistance.  

 

3.2.5: Test Groups 

 Three series of tests were run for this study. The first was designed to establish the UTEM 

system’s ability to detect variance in viscosity, shear stress, and the number of cycles to complete 

clotting for products with similar viscosity but differing effects on coagulation. The two test groups 

were 40% PRP with 60% whole blood and 40% Lactated Ringer’s solution with 60% whole blood.  

The second series of tests sought to further explore substances of equivalent viscosity and 

dissimilar activity in coagulation. Therefore, the test groups in this series were 100% whole blood 

compared to a blood sample high in platelet rich plasma (PRP) and a sample low in PRP. Whole 

blood was centrifuged at 200g for 10 minutes to produce PRP and at 1500g for 10 minutes to 

produce PPP. High PRP samples contained 40% RBCs, 40% PRP, and 20% PPP. Low PRP 

samples combined 40% RBCs, 20% PRP, and 40% PPP.  

Finally, the third series of tests compared whole blood to Hextend® and Lactated Ringer’s 

solution. The Hextend® samples were made up of 40% Hextend® and 60% whole blood. Lactated 

Ringer’s solution samples were similarly comprised of 40% Lactated Ringer’s and 60% whole 

blood.   
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Each test group was aliquoted into 2mL samples. Before loading samples into the UTEM 

device, they were recalcified to 1.3mM of calcium using a CaCl2 solution. This molarity was 

determined through both qualitative and quantitative procedures. The qualitative test recorded time 

to visual coagulation for samples ranging from 1mM to 1.5mM CaCl2. A rheometer was used for 

quantitative testing to measure the viscosity and shear modulus of samples. Results were combined 

to determine the appropriate calcium molarity. 

 

3.3: Results 

3.3.1: Mathematical Modeling 

 After compiling data, the blood height in each tube was plotted against time to confirm that 

the video analysis technique was effective (Figure 16). These blood height values were then used 

to calculate average velocity at each location and a least squares curve was fitted to the data (Figure 

17). The method of least squares regression fitting of velocity data for three whole blood samples 

resulted in values of k = 8.35 x 10-3 kg/m, ∆hst = 4.07 x 10-3 m, and ∆hy = 5.91 x 10-4 m. These 

values appear to be reasonable as they are on roughly the same order of magnitude as the test data.  

 Viscosity values per sampple and per cycle were calculated, resulting in consistent 

viscosity-shear rate curves across samples (Figure 18). The shape of the curve indicates blood to 

be a shear-thinning material as indicated in literature and roughly matches viscosity vs. shear rate 

data acquired from the TA Discovery HR-2 Rheometer (Figure 19). 
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Figure 16: Change in Blood Height Over Time for Whole Blood. 

 

 

Figure 17: Velocity Values and Least Squares Regression Curve for Whole Blood. 
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Figure 18: Viscosity vs. Shear Rate for Whole Blood. 

 

 

Figure 19: Viscosity vs Shear Rate Rheometer Measurements for a Whole Blood Sample. 
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3.3.2: Platelet Rich Plasma vs. Lactated Ringer’s Solution 

 This preliminary test was designed to prove the efficacy of the UTEM device in detecting 

variance in coagulability between samples with known differences in coagulation. The PRP sample 

ran through only 1 cycle before completely clotting in the device, whereas Lactated Ringer’s ran 

through 3 cycles. The resulting shear stress of the PRP sample was much higher than Lactated 

Ringer’s (Figure 20), starting around 0.6 Pa compared 0.15 Pa for Lactated Ringer’s. Each cycle 

of Lactated Ringer’s showed a higher shear stress trendline than the previous cycle.  

 

Figure 20: Shear Stress Over Time for PRP and Lactated Ringer’s. 

 

3.3.3: High Platelet Blood vs. Low Platelet Blood vs. Whole Blood 

 On average, high platelet blood fully coagulated by 6 cycles, low platelet blood coagulated 

by 7, and whole blood of the same donor pool coagulated by 3.3 cycles (Table 4). Shear stress 

values for whole blood increased from an initial value of 0.4 Pa to 0.5 Pa from Cycle 1 to Cycle 2 
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(Figure 21). Initial shear stress values for the low platelet test group similarly started at 0.4 and 

generally increased per cycle with the highest shear stress value at 0.65 (Figure 22). Finally, high 

platelet blood sample results revealed a higher initial shear stress value at 0.57 Pa for Cycle 1 and 

a maximum shear stress around 0.65 Pa (Figure 23).  

 

Table 4: Number of Cycles to Complete Coagulation per Test Group for Low vs. High Platelet Count Samples. 

Test Group Sample Number 
Cycles to Complete 

Coagulation 
Average Cycles 

PRP (20%) & PPP (40%) & 

Whole Blood (60%) 

1 11 

7 2 4 

3 6 

PRP (40%) & PPP (20%) & 

Whole Blood (60%) 

1 4 

6 2 7 

3 7 

Whole Blood (100%) 

1 4 

3.33 2 2 

3 4 
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Figure 21: Shear Stress Over Time for High Platelet Blood. 

 

 

Figure 22: Shear Stress Over Time for Low Platelet Blood. 
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Figure 23: Shear Stress Over Time for Whole Blood. 

 

 

3.3.4: Hextend® vs. Lactated Ringer’s vs. Whole Blood 

 The average number of cycles to complete clotting for Hextend® was 1.67, Lactated 

Ringer’s was 2.6, and whole blood took 4.3 cycles (Table 5). However, results showed shear stress 

to be relatively similar for whole blood and Lactated Ringer’s solution ranging from 0.4-0.65 Pa 

(Figures 23- 24). Hextend® had an overall higher shear stress value starting above 0.8 Pa (Figure 

25). For all three test groups, the shear stress increased from one cycle to the next.  
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Table 5: Number of Cycles to Complete Coagulation per Test Group for Hextend® vs Lactated Ringer’s. 

Test Group Sample Number 
Cycles to Complete 

Coagulation 
Average Cycles 

Hextend (40%) & Whole Blood 

(60%) 

1 2 

1.67 2 1 

3 2 

Lactated Ringer’s (40%) & 

Whole Blood (60%) 

1 3 

2.67 2 3 

3 2 

Whole Blood (100%) 

1 2 

4.33 2 4 

3 7 

 

 

 

 

 

 

Figure 24: Shear Stress Over Time for Lactated Ringer’s Solution. 
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Figure 25: Shear Stress Over Time for Hextend®. 

 

3.4: Discussion 

 The preliminary results of this study establish a proof of concept for the UTEM device as 

a promising coagulation measurement system. The method of curve fitting appears to be an 

effective technique as whole blood viscosity values fall within expected ranges when compared to 

established rheology data. The viscosity-shear rate curve shows that each blood sample maintains 

viscosity at a specific shear rate (Figure 18).  

It is clear that the UTEM system is able to detect increasing shear stress over cycles. This 

parameter is critical to the value of the UTEM system because it reflects the resistance to flow. As 

a sample becomes more clotted, the resistance to flow should increase, a phenomenon reflected in 

the preliminary results. Additionally, results indicate higher shear stress values for products known 
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to cause more coagulation including Hextend® and PRP. These results support the principle behind 

the UTEM system that shear stress will increase as blood coagulates. 

Another measurement with potentially strong clinical applications is the total number of 

cycles to coagulation. The data collected aligns with expected results as samples predicted to 

coagulate more quickly, such as PRP and Hextend®, typically required fewer cycles before total 

coagulation occurred. Such a parameter could be used as a rapid metric, especially in clinical 

applications. Further testing should be performed to establish normal ranges for healthy patients, 

creating a quick and simple standard to compare patient samples.  

It is important to note the current limitations of the UTEM device, most of which stem 

from the nature of the system as an initial prototype. Overall, the system needs further refinement 

to both the setup and test protocol. Additionally, more baseline data will allow for a more robust 

mathematical model that fits a greater number of datasets. One of the greatest limitations of the 

current UTEM system is the variability from one test to the next, which may result from a number 

of factors including inconsistencies in sample preparation, disparities between users, and a need 

for more data.  

With that, the UTEM system will certainly require further testing and validation to prove 

its reliability. However, the results of this study suggest it to be a promising technology for 

measuring coagulation tendencies of blood replacement products. The system appears to 

effectively detect increasing shear stress in samples as well as the number of cycles to complete 

coagulation. Thus, the technology warrants further testing and investigation.   
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CHAPTER 4: CONCLUDING REMARKS 

4.1: Concluding Summary 

 The focus of this work was to shed light on the hemostatic activity of blood replacement 

products and to develop a novel coagulation measurement system provide additional testing on 

these products. Of the blood replacement products studied, PolyHb presented particularly 

interesting results. This product appears to promote coagulation when exposed to collagen, 

suggesting that it may promote hemostasis at a wound site. If this interaction between collagen 

and PolyHb is targeted only at the wound site, it may be an ideal treatment option for patients with 

severe hemorrhaging. Although further studies will need to investigate the mechanisms of this 

apparent activity, these results are encouraging and provide the groundwork in establishing the 

hemostatic profile of PolyHb. 

Additional noteworthy results from Hextend® provided evidence of the product’s known 

coagulopathy risks and revealed potential mechanisms behind these issues. Hextend® clots formed 

faster than most test groups; however, the clots lacked viscoelastic strength. This creates risks 

around the possibility of re-bleeding and provides the opportunity for increased risk of stroke due 

to detached clots. While no studies currently show Hextend® to cause increased rates of stroke, 

this is certainly something to consider and investigate further. One unique outcome of interest 

pointed to a possible cause of Hextend®’s weak clots. Both platelet aggregometry data and 

FIBTEM-ROTEM results indicated that Hextend® does not properly utilize platelets, providing a 

probable explanation for the lack of strength in Hextend® clots. 

Finally, proof of concept of the UTEM system as a method to compare blood replacement 

products proved to be successful. The device is capable of detecting differences in shear stress, 

indicating differences in coagulation. The mathematical model established in this study provided 
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compelling baseline results and validated the theory behind the system. While there is certainly 

room for growth, the system developed in this study proved to be a fruitful initial prototype and 

serves as a concrete first step in the process to validate the UTEM device as a reliable coagulation 

quantification system. 

 

4.2: Future Directions 

 Future studies will examine the mechanisms driving coagulation in PolyHb and investigate 

how this product may perform in patients with arteriosclerosis. Because plaques along arterial 

walls create a unique environment for thrombosis, it is critical to investigate the activity of PolyHb 

under such conditions. This can be studied using physical models such as tubing or channels with 

stenotic regions. Additionally, coagulation appears to increase for PolyHb when in contact with 

collagen, meriting further investigation into the root cause of this phenomenon.  

 Future work with the UTEM system will seek to refine the parameters of the mathematical 

model through continued testing to create more robust data. Further testing with whole blood can 

lead to the development of a standard for the average number of cycles to complete coagulation 

for healthy patients versus patients with coagulopathies. Automation of the system can also 

establish a more consistent test protocol. This can be achieved by developing optical sensors to 

detect blood levels, which would replace the video analysis portion of the system and reduce its 

overall size to a more compact, transportable device. In such a setup, viscosity and shear stress can 

be instantaneously calculated using real-time data. Another future improvement could be the 

incorporation of a heating element to test the sample at body temperature rather than room 

temperature. Future studies can also investigate the coagulation profile blood replacement products 

such as PolyHb.  
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