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ABSTRACT 

 
Photoacoustic Detection of Red Blood Cell Aggregation 

 
Eno Hysi 

 
Master of Science, Biomedical Physics 

 
Ryerson University, 2012 

 
 
The potential of photoacoustic imaging for detecting red blood cell (RBC) aggregation is explored. 

Enhanced aggregation is observed in disorders such as diabetes impairing oxygen release into tissue. 

Simultaneous measurements of aggregation and oxygenation levels cannot be made using current 

tools. Photoacoustic detection of aggregation and assessment of oxygen saturation was investigated. 

A theoretical and experimental model of aggregation was developed using human and porcine 

RBCs. Frequency-domain analysis of the PA signals was used to derive the spectral slope and 

midband fit of the normalized power spectra for various hematorit and aggregation conditions. 

Oxygen saturation was assessed using multiple wavelengths of illumination. The experimental 

spectral slope (~0.3 dB/MHz) for non-aggregated samples agreed with the theory decreasing with 

increasing aggregate size. The midband fit increased by ~5 dB when the aggregate size reached the 

largest level while the oxygen saturation increased by > 20%. These results suggest that 

photoacoustic-radio-frequency-spectroscopic-parameters have the potential to monitor RBC 

aggregation and oxygenation level.  
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Chapter 1 INTRODUCTION 
 

1.1 Overview of blood 
 

The human body is a highly evolved machinery of specialized cells that depend on one another for 

maintaining homeostasis. Since most cells are implanted firmly into tissues, they must have their 

oxygen and nutrients delivered to them while their waste products are periodically removed. A 

highly effective method of transporting materials within the body is required. That is accomplished 

through a special type of tissue that is blood. Blood is a connective tissue that consists of cells in a 

liquid extracellular matrix made up of non-living substances [1]. In an average human, 50-60% of the 

blood volume is composed of the extracellular matrix commonly referred to as plasma. The 

remainder of the blood volume consists of a variety of cells and cell fragments that are collectively 

referred to as the formed elements [2]. These include platelets, several types of white blood cells, and 

red blood cells.  

An estimated 97,000 km of vessels throughout the body of an adult ensure that continued 

nourishment reaches each of the trillions of living cells while maintaining their homeostasis and 

protection [3]. The functions of blood can be broadly divided into three categories and Table 1-1 

summaries the component responsible for these functions: 

a. Transportation: All substances essential for cellular metabolism are transported through 

blood. These include the respiratory gases that are transported through red cells between 

lungs and tissues, nutritive products that are absorbed by blood through the intestinal 

wall and excretory metabolic wastes that are carried by the blood to the kidneys. 



 
 

2 
 

b. Regulation: Blood is responsible for carrying hormones from their site of production to 

distant target tissues. In addition, blood regulates temperature by diverting from deeper 

to more superficial vessels or vice versa to increase or decrease the heat exchange. 

c. Protection: Blood protects itself from loss of volume through the clotting mechanism of 

platelets and plasma proteins. In addition, white blood cells provide immune protection 

against foreign pathogens. 

 Component Concentration Function 

FO
R

M
E

D
 

E
L

E
M

E
N

T
S 

40
%

 o
f b

lo
od

 v
ol

um
e  

 
Platelets 

 
Number (volume %) 

1.3-4 × 105 /mm3 (1-3%) 

 
 
Blood clotting 

 
White cells 

 
5-10 × 103 /mm3 (0.3-0.5%) 

 
Immune defence 

 
Red cells 

 
4-6 × 106 /mm3 (35-45%) 

 
Transport O2/CO2 

 
PL

A
SM

A
 

60
%

 o
f b

lo
od

 v
ol

um
e 

Water 
 

93% of plasma weight 
 

Transport medium 
 

Inorganic ions <1% of plasma weight Maintenance of 
osmotic pressure; 
buffer; hemostatic 
system 
 
 
 

Na+ 145 mM 
K+ 4 mM 

Ca2+ 2.5 mM 
Mg2+ 1.5 mM 
H+ 0.0004 mM 
Cl- 103 mM 

 
Main Proteins 

 
7% of plasma weight 

 
Buffer; molecular 
transport; enzyme 
precursors; 
antibodies; hormones 

Albumin 4.2 g/dl  
Globulin 2.8 g/dl  

Fibrinogen 0.3 g/dl  
 

Other molecules 
  

Cell structure; 
protein functions; 
metabolism 
regulation; energy 
production 
 

Lipids <160 mg/dl 
Amino acids 5.5-8.0 mg/dl 

Carbohydrates 75-115 mg/dl 
Cholesterol <200 mg/dl 

 
Table 1-1: Composition of blood (data collected from [3–5]). 
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1.1.1 Plasma
 

  

Plasma is the straw-colored liquid phase of blood in which the cellular components are suspended. 

It is a complex solution of biological materials ranging in size from a few tens to millions of Daltons 

[6]. The solutes in plasma make up 8-9% of plasma by weight with the rest being water. The smallest 

of the solutes are the ions of the dissolved and dissociated inorganic salts, making up some 1% of 

the plasma by weight. The most concentrated is Na+, largely derived from dissociated NaCl, thus it 

is the most important ion from an osmotic point of view. In case the body loses water, the plasma 

becomes excessively concentrated and its osmolarity increases. This has important consequences in 

the maintenance of a homeostatic blood pressure [2]. There are potent physiological mechanisms in 

place to ensure that the concentration of such ions is maintained within normal range. Another 

important ion is the bicarbonate anion which has an important role in controlling blood pH and 

maintaining it in a very narrow normal range of 7.38-7.44 which is vital to normal bodily functions 

[3].  

 The plasma proteins are all very large with molecular weights ranging from a few tens of 

thousands to millions of Daltons and making up about 7% of plasma by weight. They are necessary 

for transporting many vital materials, for the defence against infections and maintenance of 

hemostasis. For instance, albumins, the most abundant of the plasma proteins, are produced in the 

liver and provide the necessary osmotic pressure to draw water from the surrounding tissue fluid 

into the capillaries. Globulins serve as transporters of lipids and fat-soluble vitamins. Fibrinogen, 

which accounts for only about 4% of the total plasma proteins, is an important clotting factor which 

during clotting is converted into the insoluble clots of fibrin [7]. As will be discussed later in this 

chapter, fibrinogen plays a crucial role in the process of red blood cell aggregation. The plasma 

proteins are also very important from a hemorheological perspective. Due to their relatively high 

concentration in the plasma, their large size and often asymmetrical shapes, they have a large effect 
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on plasma viscosity. The normal range for the viscosity of the human plasma is 1.25±0.10 mPa.s at 

37°C, while the viscosity of water is 0.69 mPa.s; the difference between the viscosity of water and 

plasma is almost entirely due to the presence of plasma proteins [8]. 

1.1.2 
 
Platelets 

Platelets or thrombocytes, are the smallest of the formed elements of blood. They are colorless, 

irregularly shaped with diameters of the order of 2-3 µm. They are actually fragments of large cells 

called megakarocytes, the bone marrow cells responsible for their production during hematopoesis 

[3]. The platelets enter circulation lacking nuclei and are incapable of moving on their own but are 

capable of amoeboid movement. Their count per cubic millimetre of blood ranges from 130,000 to 

400,000 while it can vary greatly under different physiological conditions [9]. The average lifetime of 

platelets is about 5 to 9 days before destroyed by the liver and spleen. 

 The most important role that platelets play in blood physiology is in the formation of blood 

clots. The majority of the clot’s mass is made up of platelets while the phospholipids in their 

membrane activate the clotting factors in the plasma that lead to the formation of fibrin threads 

which strengthen the platelet plug [7]. Specifically, during bleeding, platelets disintegrate and release 

thromboplastin which reacts with prothrombin and calcium to form thrombin. The thrombin then 

is capable of changing the plasma fibrinogen to fibrin. It is the fibrin which is capable of forming a 

network that traps the blood cells eventually forming a clot rendering blood incapable of escaping 

[10]. In addition, platelets also attach together in a clot and release serotonin which simulates 

constriction of blood vessels reducing the flow of blood to the injured area. 

1.1.3 
 
White cells  

Leukocytes or white cells are the largest of the formed elements of blood but the least abundant. 

They are all derived from a mutlipotent cell in the bone marrow known as a hematopoietic stem cell 
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and on average live for about 3-4 days as part of blood and the lymphatic system. Their diameter 

ranges from 7 to 21 µm [11]. White cells contain nuclei, mitochondria and can move in an amoeboid 

fashion. The ability to move in this fashion allows them to squeeze through pores in the capillary 

walls into tissue space in a movement process referred to as extravasation. They are almost invisible 

under the microscope and are classified only when properly stained. The name “white cells” is 

derived from the fact that after centrifugation of a blood sample, leukocytes are found in a white 

layer known as the buffy coat containing a thin layer of nucleated cells. Based on the presence of 

granules in the cytoplasm which is revealed by eosin and basic staining, leukocytes are divided into 

granular and agranular leukocytes [2]. Granular leukocytes are made up of neutrophils, eosinophils 

and basophils while agranular leukocytes include lymphocytes and monocytes.  

 White cells are part of the immune system and their main functions are carried inside tissue 

rather than the bloodstream. They have evolved specialized adhesive and migratory capabilities to 

allow for their recruitment from the blood across the vascular endothelium into tissue in the 

presence of infection [12]. The leukocytes work together to prevent disease by actually destroying 

the invading bacteria, viruses or parasites through phagocytosis and by forming antibodies and 

sensitized lymphocytes which may destroy or inactivate the invader. In the presence of infection in 

tissue, the leukocyte count can increase from the average of 8,000/mm3 of blood to more than 

25,000/mm3 [1]. 

1.1.4 
 
Red cells  

Red blood cells (RBCs) or erythrocytes are the most abundant of the formed elements of blood. 

They are shaped like disks, both sides of which are concave and have a diameter of about 7 µm with 

a thickness of approximately 2.2 µm. Their short circulating life span of ~120 days is attributed to a 

lack of nucleus and mitochondria forcing the RBCs to obtain energy through anaerobic respiration 
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[2]. RBCs are produced by the red marrow of bones such as the ribs, vertebrae, femur (in developing 

children) and skull. During development, RBCs do contain a large nucleus and are colorless. By the 

time they are ready to be released into the blood stream, they lose their nuclei. At the end of their 

life cycle, the red cells are destroyed by the liver or the spleen thus releasing valuable components 

into the blood stream which are used in the manufacturing of new RBCs [3].  

 As RBCs mature and lose their nucleus, they become filled with about 280 million of the 

oxygen-carrying molecule hemoglobin (Hb) [13]. Hb is a protein that consists of four polypeptide 

chains called globins and four iron-containing, disc shaped organic pigment molecules called hemes. 

Each of the four polypeptides is composed of two identical alpha chains (each 141 amino acids 

long) and two identical beta chains (each 146 amino acids long). The heme group is bound to each 

of the polypeptide chains. The center of each heme group has one atom of iron which can combine 

with one molecule of oxygen. Figure 1-1 shows the structures of Hb and the heme group: 

 

Figure 1-1: The structure of Hb and the structural formula for heme (adopted from reference [14]). 
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Depending on the state of the iron atom in the center of the heme groups, four forms of Hb have 

been identified [15]. The two normal states are oxyhemoglobin (OHb) and deoxyhemoglobin 

(DHb). When iron is in its reduced form, Fe2+, it can share electrons and bind with oxygen to form 

OHb. This is known as the loading reaction and occurs in the lungs. The dissociation of oxygen 

from Hb leads to the formation of DHb. This is known as the unloading reaction and occurs in 

systemic capillaries. In addition, Hb also has two abnormal states, methemoglobin and 

carboxyhemoglobin. If Hb becomes oxidized, it is called methemoglobin with iron in an oxidized 

state (Fe3+). In carboxyhemoglobin, the reduced heme is combined with carbon monoxide instead of 

oxygen. This form of Hb is particularly more dangerous if it occurs in excess since carbon monoxide 

can form a bond with Hb that is about 210 times stronger than the bond with oxygen leading to 

reduced oxygen transport to tissues.  

 The loading and unloading reactions can be shown as a reversible reaction: 

2

Lungs
DHb O OHb+ 

Tissue
 

 
(1-1) 

  
The extent to which this reaction will go in each direction depends on the environmental partial 

pressure of oxygen 
2

( )OP  and on the bond strength between Hb and oxygen [1]. High 
2OP will drive 

the equation to the right so that almost all DHb at the pulmonary capillaries can combine with 

oxygen. In the systemic arteries, blood has a percent OHb saturation of 97% (which means that 

97% of the Hb is in the form of OHb) at a 
2OP of 100 mmHg. In tissues, the 

2OP levels are about 40 

mmHg and it is this partial pressure difference that drives the unloading of O2 from the OHb to 

tissue through diffusion. In addition to the changes in 
2OP , the loading and unloading reactions are 

influenced by the affinity of Hb by oxygen which is pH dependent [16]. The affinity is decreased 

when the pH is lowered and increased when the pH is increased; this is called the Bohr Effect. 
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When the affinity of Hb for oxygen is lowered, there is slightly less loading of the blood with oxygen 

in the lungs but greater unloading of oxygen in tissue with the net effect that tissues receive more 

oxygen when the blood pH is lowered. This oxygen loading and unloading ability of Hb as a 

function of pH can be illustrated graphically through the oxyhemoglobin dissociation curve (Figure 

1-2), a sigmoid shaped curve that plots the percent saturation of Hb as a function of 
2OP : 

 

 

Figure 1-2: The effect of pH on the oxyhemoglobin dissociation curve. The labelled arterial and venous points refer to 
the partial pressure of oxygen in the arteries and veins at each pH level (adopted from reference [17]). 

 
In addition to transporting and delivering of oxygen, RBCs also participate in the transport of 

carbon dioxide (CO2) [18]. The majority of CO2 (70%) produced by cellular respiration in tissue 

enters RBCs where it reacts with water to form carbonic acid. The build-up of carbonic acid inside 

RBCs favours its dissociation into protons and bicarbonate ions. The protons combine with 

deoxyhemoglobin while the bicarbonate is released into the plasma. The remainder of CO2 (20%) 

binds to hemoglobin to form carbinohemoglobin or remains dissolved in the plasma (10%). In the 

lungs, oxygen enters the RBCs, converting DHb to OHb forcing the bound protons to be released 

within the RBC. This causes the bicarbonate from plasma to enter the RBC and form carbonic acid 

which is then converted to CO2 and water causing the release of CO2 into lungs. 
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1.2 Red blood cell aggregation  
 

1.2.1 
 
Aggregation phenomenon  

The predisposition of RBCs to align against one another face-to-face and form linear structures that 

resemble a stack of coins is known as RBC aggregation. The individual linear stack of RBCs is 

referred to as rouleau (plural: rouleaux). A representative collection of rouleaux for normal human 

RBCs suspended in autologous plasma is shown in Figure 1-3:  

 

Figure 1-3: A representative sample of human RBCs in autologous plasma showing the presence of rouleaux and non-
aggregated cells (adopted from reference [19]). 

The number of RBCs per rouleax varies and that complex branching patterns can occur. While the 

rouleaux are represented in a 2D configuration in a microscope slide, it is possible to have clusters 

of rouleaux form under appropriate conditions [20]. It is important to note here that RBC 

aggregation refers to the process during which individual RBCs form rouleaux while RBC 

aggregability refers to the intrinsic tendency of RBCs to form aggregates. Aggregability is a cellular 

property which can be affected by several physiochemical factors. A mere measure of RBC 

aggregation as presented in Figure 1-3 does not provide a basis for judging aggregability [21]. 

Furthermore, it is noteworthy to distinguish between RBC aggregation and blood coagulation, 

conditions that are confused due to the fact that fibrinogen is a major determinant in both. During 
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coagulation, fibrinogen remains insoluble in the plasma while it is entirely dissolved during RBC 

aggregation [22]. 

1.2.2 
 
Factors affecting RBC aggregation 

Observational studies on the occurrence of RBC aggregation suggest that aggregation is caused due 

to the presence of various macromolecules found in the plasma of whole blood. In addition, 

aggregation can also be induced with suspending media made out of solutions of high molecular 

mass water-soluble polymers such as dextran, polyethylene glycol or polyvynilpyrrolidone but cannot 

occur if the RBCs are suspended in simple salt solutions such as phosphate buffered saline (PBS) 

[23]. Despite these well-known suspending-medium requirements for RBC aggregation, it is also 

known that cell-specific factors influence the process. The later arises from comparisons of the 

extent of RBC aggregation in various populations in a well defined medium [24]. In addition, the 

biconcave shape of the RBCs is an important factor for the formation of rouleaux. Deviations from 

this shape resulting from isovolumic shape changes towards a creneated form (echinocytes) leads to 

abnormal and even abolished aggregation behaviour. This is seen with camelid RBCs which exhibit 

almost no aggregation and with cells undergoing shape changes due to osmotic pressure [25]. The 

hematocrit (volume fraction of RBCs in a suspension) also affects the aggregation processes. A 

greater number of cells leads to higher frequency of contact between adjacent RBCs. This eventually 

leads to increased aggregation time course [26]. 

 RBC aggregation is thus the result of the forces that oppose aggregation and those that 

promote it. While the promoting forces (i.e. mechanisms of aggregation) are yet not well understood 

(section 1.2.3), the disaggregating forces are easier to define. One of these forces arises from the 

shear stresses that RBCs aggregates experience during flow. The presence of the shear forces created 

during flow disrupts existing RBC aggregates. For instance, non-pathologic blood aggregates are 

dispersed when subjected to rates higher than 20-40 s-1 [27]. In addition, the net negative surface 
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charge density of RBCs prevents them from forming aggregates due to electrostatic repulsion. 

Finally, the strain of their membranes prevents the deformation of RBCs thus not allowing them to 

form an area of close contact which is required for aggregation [28]. Therefore, aggregation is 

modulated by both the suspending phase (medium) and the properties of the RBC itself.   

 The role of several types of macromolecules has been investigated for determining RBC 

aggregation. Proteins found in the blood plasma seem to have a significant impact on inducing RBC 

aggregation. Fibrinogen is generally accepted as the plasma protein that most contributes towards 

causing aggregation. With a physiological plasma concentration of ~150-300 mg/dl, fibrinogen is an 

acute phase protein whose concentration is enhanced during several cardiovascular diseases or 

inflammation [29]. As a result, fibrinogen has been shown to affect essentially all aspects of RBC 

aggregation from the size of aggregates to the viscosity of aggregated suspensions [30]. In addition 

to fibrinogen, several other large plasma proteins are known to affect RBC aggregation. These 

proteins and their effects on RBC aggregation are summarized in Table 1-2: 

Plasma  
protein 

Molecular weight  
(kDa) 

Plasma concentration 
(mg/ml) 

Effect on 
aggregation 

Fibrinogen 
Immunoglobulin G 
Immunoglobulin M 
C-reactive protein 
Transferrin  
Haptoglobin 
Ceruloplasmin 
α1-acid glycoprotein 
Albumin  

340 
150 
900 
25 
80 
38 
151 
40 
66 

1.5-3.0 
8 

1.5 
<0.01 
2.0-3.6 
0.5-2.5 
0.2-0.4 
0.5-1.0 
20-50 

↑ 
↑, no effect 

↑ 
↑ 

no effect 
↑, no effect 
no effect 

↑, no effect 
↑, ↓, no effect 

 
Table 1-2: Plasma proteins and their effect on RBC aggregation; ↑ promotes aggregation; ↓ inhibits aggregation (adapted 

from reference [21]). 

Even though the effect of most plasma proteins on RBC aggregation has been identified, there are 

several contradicting reports. This suggests that the aggregation process represents a complex 
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interaction between the various plasma components and the membrane of the RBCs for 

determining if a protein induces or prevents aggregation.  

 Dextran is a non-naturally occurring, neutral polyglucose that has a significant impact on the 

formation of RBC aggregation. This is shown in Figure 1-4 which compares the in-vivo RBC 

aggregation induced from fibrinogen and dextran:  

 

Figure 1-4: Rouleaux formation in the post-capillary venules of a rat mesentery due to the infusion of (A) fibrinogen 
(0.7% g/g) and (B) dextran-500 (3% g/g) (adopted from reference [31]). 

It is clear that dextran is capable of inducing similar rouleaux clusters as is fibrinogen. The molecular 

mass of dextran is reported to heavily influence the occurrence/inhibition of aggregation. Dextran 

with molecular mass over 40 kDa induces aggregation while below this threshold it either has no 

effect on RBC aggregation or it reduces or inhibits the formation of rouleaux [32], [33].  Dextran is 

probably the most widely studied aggregant and two basic features of the effect of dextran on RBC 

aggregation are noticed: the extent of aggregation exhibits biphasic behaviour with dextran 

concentration and increases with dextran molecular mass [34]. The estimated degree of aggregation 

of normal RBCs induced by dextran as a function of molecular mass and concentration is shown in 

Figure 1-5: 
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Figure 1-5: Effect of dextran molecular mass and concentration on the extent of RBC aggregation (adopted from 
reference [21]). 

 In this thesis, dextran with molecular weight of 70 kDa will be used to induce aggregation. In 

addition to dextran, a wide range of other polymers are capable of inducing RBC aggregation. This 

list includes polyhemoglobin, gelatine, ficoll, starches, polyethylene glycol, polyvinylpyrrolidone and 

various poloxamers [21]. While most of these molecules have very little in common, a general trend 

among them is that the ones with relatively high molecular masses induce aggregation while the low 

molecular mass species of the same polymer have no effect or even inhibit aggregation. It was also 

reported that the hydrodynamic size (radius) of the polymer can better classify which polymers are 

capable of inducing aggregation [35]. This study concluded that despite different structures, 

polymers with a hydrodynamic radius less than 4 nm inhibit aggregation while those with a radius 

greater than 4 nm promote aggregation.  

 While most studies have focused on the effect of the suspending phase macromolecules on 

RBC aggregation, accumulating evidence suggests that physical and biochemical attributes of the 

RBCs play an equally important role in the aggregation process. The first observation in this area 

reported that the age of the RBCs affects the degree of aggregation: older cells exhibit greater 
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aggregation than younger cells [36]. It is now well known that older cells decrease their levels of 

membrane sailic acid which contributes to the RBC surface charge density.  

 Moreover, differences in RBC aggregability were found between various healthy donors in 

both autologous plasma and solutions of 3% dextran-70 [28]. The study compared the degree of 

aggregation in each suspending medium between donors and found a large twofold range in the 

extent of aggregation in dextran solutions and a fivefold range in autologous plasma. These findings 

suggest that the cell and medium properties significantly contribute to the large range in the degree 

of aggregation of autologous plasma.  

 When clinical measurements of RBC aggregation are conducted, almost always whole blood 

or RBC-plasma suspensions are employed. Since changes in the aggregability of the RBCs from 

clinical conditions are reported, it is commonly believed that these alterations are due to the cell-

specific changes that occur during the condition. Some of the clinical disorders where RBC 

aggregability has been reported to increase for RBCs suspended in polymer suspensions are: 

myocardial infarction, bacterial infection, type 2 diabetes, pregnancy-induced hypertension, normal 

tension glaucoma and sickle cell disease [21]. A more thorough discussion of the clinical conditions 

that impact RBC aggregation will be presented in section 1.4. 

 In order to demonstrate the significance of the cellular factors on RBC aggregation, 

Whittingstall and colleagues investigated RBC aggregation in isotonic suspensions of four different 

polymers that were known to induce aggregation [37]. The degree of aggregation (assessed by optical 

aggregometry, see section 1.3.3) was then compared to the autologous plasma for each sample and 

the correlation coefficient was computed as shown in Figure 1-6: 
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Figure 1-6: Correlations between plasma and polymer induced aggregation. The polymers used are: 3% Dextran 70 kDa, 
0.5% polyvinylpyrrodoline (PVP) 360 kDa, 0.6% poly-l-glutamic acid 62.1 kDa and 6% heparin 17 kDa (adapted from 

reference [21]). 

It is clear that regardless of the polymer size and charge, the polymer induced aggregation correlated 

well with the aggregation induced by the autologous plasma. This finding suggests that there is 

minimal dependence on the nature of the aggregant but rather strong dependence on the cellular 

factors of the RBCs. It is worth noting that these results cannot be observed when the aggregant 

either inhibits aggregation or produces extremely weak or strong aggregates since the sensitivity to 

subtle cellular changes is then reduced [21]. 

1.2.3 
 
Mechanism of RBC aggregation 

The previous chapters outlined the general agreement that exists between the elevated levels of 

fibrinogen or other large plasma proteins, the effects of the molecular mass and concentration of 

neutral polymers and the degree of RBC aggregation. In addition, cellular factors play an important 

role in RBC aggregability. However, to date, the exact mechanism responsible for the formation of 

RBC aggregates is not clear. Two seemingly contradicting hypotheses have been proposed to explain 

RBC aggregation, the bridging hypothesis and the depletion hypothesis.  
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 The bridging hypothesis proposes the cross-linking of large macromolecules (i.e. plasma 

proteins) at the binding sites on adjacent RBCs as the potential mechanism for the formation of 

RBC aggregates [38]. If these bridging forces (due to the adsorption of macromolecules onto 

adjacent cells) exceed the disaggregation forces (due to electrostatic repulsion or mechanical 

shearing), RBCs will successfully aggregate. Measurements of the intracellular distance between 

adjacent cells have shown that the separation is less than the size of the macromolecule used to 

induce aggregation [39]. This is shown in Figure 1-7: 

 

Figure 1-7: Illustration of the macromolecular bridging which brings adjacent RBCs into contact (adopted from 
reference [21]). 

According to this model, the interaction between adjacent cells is formed due to the adsorption of 

the terminal end of the polymer onto the surface of each cell. The separation distance between 

adjacent RBCs increases with increasing polymer size but always remains smaller than the diameter 

of the polymer [40].  Furthermore, the bridging hypothesis also speculates on the dynamics of the 

rouleaux formation. It is assumed that two RBCs which have formed the cross-links in a few 

locations can form further bridges once in close proximity. Since the cells deform easily, they are 

capable of rotating and thus maximizing the area of close contact eventually forming rouleaux. This 

is demonstrated in a step-by-step process shown in Figure 1-8: 
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Figure 1-8: Schematic of the dynamics of rouleaux formation as postulated by the bridging hypothesis. In this figure, 
step I shows the macromolecular cross-linking of the two adjacent RBCs which can be enhanced from further bridges as 
shown in step II. The cells then rotate to allow for maximal area of contact as shown in step III (adopted from reference 

[21]). 

 The bridging hypothesis has been supported from studies which examined the effect of the 

dextran mass on the separation distance between adjacent cells. For instance, Chien and Jan 

measured the separation distance for RBCs aggregated with dextran 40 kDa and found it to be 19 

nm while for dextran 2000 kDa the distance was 32 nm [32]. This is in expected since larger dextran 

molecules would cross link the cells with greater separation. The quantification of the binding of the 

macromolecule onto the RBC surface has also been used as support for the bridging hypothesis 

however the technique is quantitatively difficult to interpret due to artifacts such as the trapped fluid 

between cells which affects the measurement of polymer adsorption [41].  

 The depletion hypothesis proposes a mechanism of RBC aggregation which is opposite to 

the one proposed in the bridging hypothesis. In this model, the aggregation of RBCs is explained by 

the presence of polymers but without the requirement for surface adsorption [42]. Specifically, the 

concentration of the polymer near the cell surface is decreased compared to the suspending medium 

when a loss of configurational entropy is not balanced by positive interaction energy (i.e. 

adsorption). This results in the formation of a polymer depletion layer around the RBC where the 

polymer density decreases towards the surface. As a consequence, there is a decrease of osmotic 
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pressure between the intercellular polymer-poor depletion zone and the suspending medium which 

leads to the depletion interaction and the formation of an attractive force that tends to minimize the 

polymer-poor phase between the cells. Eventually, this results in rouleaux formation as shown by 

Figure 1-9:  

 

Figure 1-9: Schematic of the dynamics of rouleaux formation as postulated by the depletion hypothesis. In step I, the 
polymers are depleted from the RBC surfaces causing an attraction developed (step II) when the depletion layers (dashed 
lines) overlap due to solvent displacement into the surrounding medium. The adjacent cells then slide along each other 
and maximize the loss in free energy (black arrows) eventually forming the close contact that leads to RBC aggregation 

(step III) (adopted from reference [21]). 

The difficulty in measuring the cross-linking between adjacent cells (which would support 

the bridging hypothesis) has prevented the experimental confirmation of the two competing 

hypotheses. Recently, several reports favoring the depletion hypothesis have been published [35], 

[42]. The theoretical model for depletion has been developed allowing the estimation of the 

depletion layer thickness as a function of polymer concentration, adhesion energy and electrostatic 

repulsion between RBCs. Particle electrophoresis has been used as means for experimentally 

quantifying the depletion layers around RBCs. General agreement between the model and 

experiments suggests that RBC aggregation is induced via a macromolecular depletion interaction 

[43]. 
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1.3 Methods for measuring RBC aggregation 
 

A number of techniques have been developed for assessing various aspects of the aggregation 

process. Depending on the technique, a specific aspect of RBC aggregation can be assessed such as 

the extent of aggregation or the time course of rouleaux formation. The techniques described here 

include: erythrocyte sedimentation rate, low-shear viscometry, optical aggregometry techniques and 

ultrasound imaging. 

1.3.1 
 
Erythrocyte sedimentation rate 

As early as the 1890’s it was observed that the rate of separation of RBCs from the plasma was 

increased in the blood of patients of various diseases when compared to healthy people. In addition, 

the magnitude of the increase determined the severity of the disease [21]. This led to the 

development of the erythrocyte sedimentation rate (ESR) which is now accepted as a non-specific 

indicator of inflammation. The ESR is a frequently used laboratory test and its results are interpreted 

in terms of the presence and severity of inflammation [21]. The measurement procedure involves 

anti-coagulated blood loaded into 300 mm tubes with inner diameter of 2.55 mm. The height of the 

plasma column that is RBC-free is read after 1 hour of blood settling. The normal range of ESR 

depends on gender and is typically higher in females (10 mm/hour for males and 12 mm/hour for 

females at 45% hematocrit) [44]. During RBC aggregation, the sedimentation rate is determined by 

the viscous fluid drag that is exerted on the particle (i.e. larger drag, smaller ESR) and the density of 

the RBCs. The drag is proportional to the surface area of the particles and since the overall surface 

area of the aggregates is smaller than the sum of the areas of individual RBCs making up the 

aggregate, the viscous drag decreases. This leads to the increase of ESR with increasing aggregation 

rate [45]. However, there are multiple factors which affect the ESR such as the mean cell volume 

and hematocrit. The cell volume affects the density of the cells which in turn affects the buoyancy 

and eventually ESR. The hematocrit a very important factor because if the hematocrit is low there is 
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less interaction between the cells leading to fewer aggregates. The relationship between ESR and 

hematocrit is shown in Figure 1-10: 

  

Figure 1-10: Range of ESR (in mm/hour) as a function of hematocrit for normal RBCs in autologous plasma (adapted 
from reference [46]). 

The strong dependence on the hematocrit renders the ESR unable to differentiate between RBC 

aggregation and other conditions like anemia which have a strong hematocrit dependence [47]. In 

addition, the ESR measurement is time consuming requiring at least 1 hour which makes the 

technique impractical for rapid assessments of aggregation. Furthermore, the technique is limited by 

its ability to only provide an estimate of the degree of aggregation without providing information 

about the time course of the process which is believed to occur within minutes [48]. 

1.3.2 
 
Low-shear viscometry  

One of the most direct ways of demonstrating the effects of RBC aggregation on blood flow is to 

compare the flow behavior of a suspension containing aggregates (i.e. plasma) with one free of 

aggregates such as washed RBCs in protein-free isotonic buffer. This is shown from measuring the 

viscosity of RBC suspensions as a function of the shear rate as shown in Figure 1-11: 
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Figure 1-11: Measurement of the viscosity as a function of shear rate for three types of RBC suspensions at 40% 
hematocrit: RBCs in plasma (i.e. whole blood), RBCs in a protein-free isotonic buffer (saline) and rigid RBCs in an 

aldehyde fixed solution suspended in the same isotonic buffer. The RBCs in the buffer do not aggregate (adapted from 
reference [21]). 

It is evident from the figure that shear rate has a clear effect on the viscosity of the suspensions. In 

the presence of RBC aggregation (i.e. RBCs suspended in plasma), the viscosity is increased by 

almost 11 fold at low shear compared to the high shear rates where the aggregates disperse leading 

to the viscosity curve approach the buffer suspension curve. The rigid cells are unable to form 

aggregates and do not deform in response to shear forces leading to a constant viscosity-shear rate 

relationship [49].  

 The results presented in Figure 1-11 demonstrate that RBC aggregation is the main 

determinant of blood viscosity at low shear rates. For this reason, viscometry at low shear rates has 

been used as a method to assess the aggregation properties of suspensions of RBCs. The viscometer 

systems are capable of covering low ranges of shear rates (< 1 s-1) [50]. Two basic classes of 

instruments are commonly used in blood rheology studies: those in which blood is sheared by a 

moving surface such as a rotating cylinder or cone and those in which blood is flowed past 
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stationary walls commonly referred to as tube viscometers. One of the most commonly used 

rotating cylinder systems is the Couette viscometer where the blood is subjected to laminar and 

steady shear. The driving principle behind such a system is that the torque required to turn an object 

in contact with a fluid which is a function of the fluid viscosity. The inner or outer cylinder is rotated 

at a given rate and the shear stress is transmitted through the fluid in the gap with the resulting 

torque usually measured at the stationary cylinder [21]. For tube viscometers, the flow is measured at 

one or more pressure gradients and the pressure-flow data is used to obtain a term reflecting 

viscosity [51].  

 Despite the fact that the aggregation indexes based on low-shear viscometry calculations 

correlate well with the presence of aggregation quantified using other methods, there are several 

measurement conditions that affect the accuracy. The technique works well when the alterations in 

RBC aggregation due to changes in the suspending medium composition do not affect the 

morphology and deformability of RBCs [52]. When the deformability of RBCs is artificially altered 

(thus reducing RBC aggregation), the low-shear viscometry measurements are not capable of 

detecting the resulting alterations in RBC aggregation. This renders the interpretation of the results 

dependent on the suspending medium properties [53]. In addition several potential artifacts can 

affect the measurement process. The presence of plasma proteins in blood can form a film at the 

fluid-air interface since they are surfactants. The mechanical strength of this layer is capable of 

generating significant torque on the torque-measuring element of the viscometer thus affecting the 

viscosity measurements [54]. Furthermore, time-dependent sedimentation effects have been shown 

to affect the measurement since the separation of the RBCs from the plasma can change the torque 

of the measuring element at low shear rates where the aggregation is typically assessed [21].  
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1.3.3 
 
Optical aggregometry  

This family of techniques is based on the recognition that the interaction of light with blood is 

primarily determined by RBCs [55]. Light beams are either absorbed or reflected (i.e. backscattered) 

if they hit a RBC in a suspension. If gaps are created within the suspension, the light beams can be 

transmitted through a blood film. This occurs due to the presence of RBC aggregation where the 

formation of rouleaux leaves fluid gaps between the aggregates causing for increased transmittance 

of the incident light as shown in Figure 1-12 for a sample of non-aggregated and aggregated RBCs: 

 

Figure 1-12: Interaction of light beams with (a) non-aggregated and (b) aggregated RBC suspensions. The direction of 
the arrow indicates the incident light beam direction (adapted from reference [21]). 

These observations suggest that light transmittance or backscattering is a function of the size of the 

gaps and therefore can be used as an indicator of the degree of aggregation. Given a shearing 

condition, by monitoring the intensity of the transmitted or reflected light through a sample of 

blood one can monitor the time kinetics of the aggregation process. This has led to the development 

of a family of instruments known as photometric rheoscopes while the technique for measuring 

RBC aggregation using light is known as optical aggregometry.  

 The process of RBC aggregation is dynamic and typical time course which monitors the light 

reflectance (LR) as a function time is shown in Figure 1-13: 
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Figure 1-13: The time course of the light reflected from a 300 µm thick blood film placed between two glass cylinders. 
The arrow indicates the time when the rotating cylinder was stopped (adapted from reference [21]). 

In this measurement, the blood was sheared between two concentric glass cylinders at a rate of 500 

s-1 for 10 s before the rotating cylinder came to an abrupt stop. While there are many techniques 

available to disaggregate the sample being investigated prior to the light intensity measurement, this 

procedure is typical of most optical aggregometry systems [56]. As can be observed in Figure 1-13, 

there is short-lasting (fast) increase in LR followed by a slower decrease. The increase in LR in the 

first phase represents the recovery of the shape of RBCs after the high rate shearing. The decreasing 

phase of the LR represents the RBC aggregation process. This second phase is also characterized by 

a fast change portion of LR during the first ~10 s of aggregation followed by the slower change for 

the remainder of the time course [57]. Such curves are known as syllectograms and can be analyzed 

mathematically in order to obtain a number of parameters related to the time course and magnitude 

of the aggregation process. In addition to measuring the extent and time course of aggregation, 

optical aggregometry has also been used to assess magnitude of the forces holding the aggregates 

together by measuring a parameter known as the disaggregation shear rate [56]. Furthermore, by 

changing the wavelength of the incident light beam, the degree of aggregation results have been 

shown to be affected by the oxygen dependent optical absorption of blood [58].  
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 There have been significant advances in commercializing optical aggregometry instruments. 

Many leading laboratories have access to devices like the Myrenne Red Blood Cell Aggregometer 

(Myrenne GmbH, Roetgen, Germany), Laser-Assisted Optical Rotational Cell Analyzer (R&R 

Mechatronics, Hoorn, The Netherlands) and RheoScan-A (Rheomeditech, Seoul, South Korea). The 

parameters that these devices are capable of generating are either dimensionless indexes such as the 

aggregation index or capable of assessing the time kinetics of the aggregation while being dependent 

on the geometry of the measurement chamber. These parameters cannot be directly compared even 

though they are derived using the same mathematical approaches [59]. Furthermore, there have been 

reports comparing data from different laboratories using the same instruments by the same 

manufacturer which have yielded a wide distribution range thus limiting direct comparisons [60]. 

This is due to a lack of aggregation standards for calibrating these instruments since the aggregation 

parameters are not similar to blood chemistry parameters which have normal ranges worldwide. The 

experimental conditions in each laboratory (i.e. sample preparation or suspending medium) heavily 

influence the measurements performed using these instruments. In addition, there has currently 

been no direct correlation between the indexes of aggregation generated using such instruments and 

the in-vivo conditions of RBC aggregation [61]. 

1.3.4 
 
Ultrasound imaging  

Ultrasound (US) imaging is a non-invasive modality that became accepted for diagnostic imaging in 

the early 1970’s when gray scale ultrasonography was first introduced [62]. Since then, the 

interaction of US waves with blood has received considerable interest. The propagation of US waves 

through inhomogeneous media such as biological tissue is characterized by the absorption of the 

energy carried by the US wave and its conversion into heat, by the reflection and refraction of the 

incident sound wave from tissue interfaces and by the scattering due to the components of tissue 
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[63]. The absorption of the sound wave is governed by the absorption coefficient of the medium 

dictated primarily from the composition of tissue. Reflection, refraction and scattering phenomena 

are dependent upon the size of the particles of the medium which scatter the incident US wave and 

the wavelength of that wave. When the size of the interfering particle is much larger than the 

wavelength, reflection/refraction phenomena govern the US propagation. When the opposite is 

true, scattering phenomena dominate. These interfering particles in the latter case are known as 

Rayleigh scatterers. In blood, the scattering of US waves is almost entirely due to the RBCs because 

they are much more numerous than the slightly larger white cells and significantly larger and more 

numerous than the platelets [3].  

 Rayleigh scattering theory has been the driving framework for understanding the physical 

mechanisms which generate the scattered signal from RBCs [64]. For diagnostic frequencies (2-30 

MHz), the wavelength of the US beam is 770 µm and 51 µm, respectively. This does not allow for 

individual RBCs (8.2 µm diameter for human cells) to be resolved in an US image. Rayleigh 

scattering theory predicts that the scattering power of the RBCs increases with the fourth power of 

the US frequency and the square of the scatterer volume. This relationship changes when the RBCs 

aggregate and the size of the aggregate approaches the wavelength of the interrogating US wave. It 

was shown using porcine blood at low shear rates that the frequency dependence of the 

backscattering coefficient (BSC) was smaller than the forth power predicted by Rayleigh theory 

because of the presence of RBC aggregation [65]. The BSC is defined as the US power backscattered 

by a unit volume of scatterers per unit incident intensity, per unit solid angle [64]. Furthermore, the 

US BSC from suspensions of RBCs was shown to be affected by the concentration of fibrinogen or 

dextran present in the suspending medium which suggests that US is capable of correlating the BSC 

power measurements with degree of aggregation [66], [67]. 
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 The US signal received from moving scatterers has a different frequency compared to the 

transmitted ultrasonic signal. This change in frequency is known as the Doppler effect and the 

magnitude of the shift (Doppler frequency shift) is proportional to the axial velocity of the scatterers 

[62]. Such unique property has allowed for the detection and measurement of blood flow velocity. 

The effect of RBC aggregation on the magnitude of the Doppler signals has been extensively 

investigated. Using steady laminar flow inside a tube, the shear rate dependence of porcine RBC 

aggregation was investigated using the Doppler US technique for porcine RBCs [68]. It was found 

that the Doppler power was minimum close to the wall and maximum close to the center of the 

tune where the local shear rate was minimum. In addition, the backscattered Doppler power was 

increased by 12.4 dB when the flow rate was varied from 1500 to 125 ml/min. These results 

demonstrate the ability of US imaging to detect the presence of RBC aggregation in conditions 

where the local shear rate (i.e. as determined by the flow velocity) allows the formation of RBC 

aggregates.  

 In addition to measuring the BSC, Cloutier and colleagues developed the structure factor 

size estimator (SFSE) model based on the dependence of the BSC on US interrogation frequency 

[67], [69], [70]. This model relates two parameters to RBC aggregation: the packing factor (W) which 

increases with the clustering of the RBCs forming aggregates and the ensemble averaged aggregate 

isotropic diameter (D) which corresponds to an index of aggregate size in terms of the number of 

RBCs per aggregate. The dependence of these parameters on various shearing conditions can be 

seen from Figure 1-14: 
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Figure 1-14: Dependence of (a) W parameter and (b) D parameter (calculated by SFSE) on the shear rate for porcine 
RBC suspensions (adapted from reference [69]). 

As shown from both graphs in Figure 1-14, neither parameter was influenced by shear rate for 

RBCs suspended in PBS where no aggregation occurs. In the presence of aggregation (either normal 

or induced by Pluronic polaxamers), both parameters decreased with increasing shear rate. This 

suggest that as the shear rate increases, the clustering (W) and size (D) of the aggregates decreases 

since high shear rates disperse RBC aggregates. For the F98 group, both parameters were 

significantly higher than any other group. This is expected as this specific polaxamer has been shown 

to cause the formation of larger and stronger aggregates than most other polymers [69].  

 Although US imaging techniques seem promising for providing quantitative measurements 

of RBC aggregation, robust methods for in-vivo applications are yet to be developed. US imaging 

generally suffers from poor soft-tissue contrast due to similar acoustic impedances between most 

tissue types. Cardiovascular imaging relies on the introduction of ultrasound contrast agents to 

increase the signal-to-noise ratio from blood [71]. This is due to the fact that at clinical diagnostic 

US frequencies, RBCs cannot be resolved since the resolution of the imaging system depends on 

frequency. By increasing the interrogation frequency one can improve the resolution of the imaging 

system but the ability to penetrate deeper within the body is proportionally reduced. These common 



 
 

29 
 

disadvantages of US imaging might affect the ability to properly resolve RBC aggregation in 

physiologically relevant depths. Another important limitation faced by US imaging is the control of 

the shearing conditions during in-vivo studies thus making it extremely difficult to obtain parameters 

that could be compared with the control conditions during the same exam. Most BSC parameters 

developed were designed for ex-vivo cessation of flow using external manipulations [72]. 

Furthermore, the relationship between US BSC and hematocrit is a complex one as shown in the 

Figure 1-15: 

 
Figure 1-15: US BSC versus hematocrit for human RBCs under experimental stationary (squares) and stirred (triangles) 

conditions. The solid line represents the theoretical curve (adapted from reference [73]). 

The BSC peaks at a certain hematocrit level depending on the US interrogation frequency and 

decreases thereafter. This phenomenon is well-known due to the fact that US waves scattered from 

RBCs may interfere constructively or destructively depending on the relationship between the spatial 

distribution of the RBCs and the US wavelength, in a manner somewhat similar to Bragg scattering 

[74]. In the presence of aggregation (which occurs during stationary blood as shown in Figure 1-15), 

the BSC vs. hematocrit relationship deviates even more from that of stirred blood (i.e. non-

aggregated). This relationship makes it difficult for US imaging to assess RBC aggregation since the 



 
 

30 
 

process carries a very strong hematocrit dependence and it might not be possible to differentiate the 

presence of aggregation from other hematocrit-dependent disorders such as anemia [21]. 

1.4 Impact of RBC aggregation 
 

RBC aggregation is a phenomenon with important physiological consequences. Aggregation is 

observed in the blood of most mammalian species at low shear rates and is primarily due to the 

effect of macromolecules such as fibrinogen [21]. The effect of aggregation on in-vivo hemodynamics 

is studied by examining flow resistance as a function of flow rate. Measurements of the venous 

vascular resistance as a function of blood flow in the venous microcirculation of the gastrocnemius 

muscle of a cat reveal that in the presence of RBC aggregation, there is a reduced dependence of 

flow resistance on flow rate [75]. This suggests that aggregation plays an important role in 

maintaining normal venous hemodynamics which are important determinants of capillary flow 

dynamics and tissue perfusion. In addition, the presence of RBC aggregation blunted the velocity 

profiles under slow flow conditions when the perfusion pressure is reduced by half compared to 

control conditions [76]. In another study where rat mesentery was infused with dextran-500 to 

induce aggregation, the blood flow (measured using intravital microscopy) decreased by 80% of the 

original flow while the viscosity increased [77]. This result provides hydrodynamic explanation for 

the higher flow resistance observed in the presence of RBC aggregation. A thorough analysis of the 

majority of experimental studies investigating the in-vivo effects of aggregation is presented in 

reference [21].  

 It should be noted that the “normal” range of aggregation is difficult to define due to the 

nature of the measured aggregation parameters as determined by the various approaches and 

instruments. This almost always requires the comparison of the results with the control 

measurements obtained using the same conditions. RBC aggregation has also been reportedly 
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influenced by certain physiological states and extreme conditions. There have been reports of gender 

differences in aggregation with healthy females exhibiting higher aggregation tendencies than males 

[78]. The subject’s age has also been shown to alter RBC aggregation with older subjects exhibiting 

higher RBC aggregation levels as a result of increased concentrations of fibrinogen [79]. Moreover, 

enhancements of RBC aggregation have been reported during healthy pregnancies and labor. Along 

the same line, fetal blood also exhibited increased RBC aggregation [80], [81]. These changes were 

also attributed to increased fibrinogen concentration. Interestingly, physical exercise has been 

attributed to decrease RBC aggregation with reductions in RBC deformability being a potential cause 

[82].  

 Alterations of RBC aggregation due to pathological conditions have been extensively 

reported. A pathological state where RBC aggregation is increased is the acute phase reaction of 

infections [83]. This is an important reaction cause in response to infections, tissue injuries or 

immunological disorders. Increased plasma fibrinogen concentration due to acute phase reaction is 

related to observed increases in RBC aggregation. For this reason, ESR is a commonly used test 

conducted when inflammation is suspected due to infections or septic shock [84]. In addition, 

enhanced aggregation has been reported in patients with hypertension, atherosclerosis, myocardial 

ischemia and infarction, cerebral ischemia, stroke and diabetes etc [21]. Ongoing debate on whether 

aggregation is the “maker or marker” of these diseases persists [85]. It is postulated that RBC 

aggregation may simply be a reflection to the inflammation that characterizes atherosclerosis or it 

may play a role in the development of endothelial dysfunction that causes atherosclerosis. This 

highlights the importance for detecting and characterizing the phenomenon of RBC aggregation. 
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1.5 Photoacoustics and its potential  
 

1.5.1 
 
Photoacoustic effect and the generation of photoacoustic signals  

The photoacoustic (PA) effect was first reported by Alexander Graham Bell in 1880 when he 

observed that chopped sunlight generated audio waves when incident upon a selenium cell [86]. For 

nearly a century, this effect was not exploited due to lack of appropriate sources until Kreuzer 

reported the detection of gas components using a laser-induced PA effect [87]. A more modern 

understanding of the process describes the PA effect as the generation of acoustic waves from the 

illumination by pulsed or modulated electromagnetic radiation in the form of optical, radio 

frequency or microwaves. In this thesis, the electromagnetic radiation source giving rise to the PA 

signals is in the optical regime unless otherwise noted. 

 Upon the optical illumination of an object, some of the energy is absorbed by the object and 

is converted into heat increasing the temperature of the object. The slight temperature rise (typically 

in the millikelvin range) causes thermal expansion to take place generating acoustic pressure waves in 

the medium [88]. It is important to note that the heating source (i.e. optical irradiation) must be time 

variant as a steady thermal expansion (i.e. time invariant heating) does not generate acoustic waves. 

In pulsed, laser-based heating, two important timescales exist [89]. The first one is the thermal 

relaxation time thτ  which is given by: 
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where, cd  is the characteristic dimension of the heated region (i.e. absorber size) and TD  is the 

thermal diffusivity of the sample. The second timescale is the stress relaxation time sτ  which is 

given by: 
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where, sv  is the speed of sound. In order to generate PA signal efficiently, the laser pulse width 

must be much shorter than thτ  (thermal confinement) leading to an excitation where the heat 

conduction is negligible during the laser pulse. In addition, the laser pulse width must also be shorter 

than sτ  (stress confinement) leading to negligible stress propagation during the laser pulse. Under 

these conditions, the PA pressure ( )p  generated in an acoustically homogenous and non-viscous 

medium is given by the following equation: 
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where, β  is the isobaric thermal expansion coefficient, PC  is the heat capacity per unit mass and H

is the thermal energy deposited by the optical radiation per unit time and volume [90]. If the optical 

radiation with intensity 0I  propagates along the x  axis and varies sinusoidally with time, the heating 

function can be expressed as 0( , ) exp( )H x t I i tµ ϖ= − . Here, µ  is the optical absorption coefficient 

of the illuminated medium and ϖ  is the modulation frequency of the optical beam. The steady state 

pressure field will then also vary sinusoidally for the heating function given above thus reducing Eq. 

(1-4) into a time independent form: 
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(1-5) 

 

where, k  is the wave number of the pressure wave. Using the appropriate boundary conditions, it 

possible to obtain analytical solutions of Eq. (1-5) for several simple geometries (layer, cylinder and 

sphere). It is common to work with frequency domain solutions of Eq. (1-5) for cases when the 

surrounding fluid (assumed to be optically transparent) and the optically absorbing object have 

different speed of sounds and densities [91]. For instance, the frequency domain solution for the PA 
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pressure from the uniform illumination of a single spherical absorber at a distance r  in the 

surrounding medium can be written as: 
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(1-6) 

where, q̂  is the dimensionless frequency defined as ˆ / sq a vϖ= , a  is the radius of the absorbing 

sphere, fk  is the wave number of the fluid medium and ρ̂  and v̂  are the dimensionless ratios of 

the sphere density and speed of sound to the surrounding fluid medium density and speed of sound. 

The subscripts f  and s  denote the properties of the fluid medium and the spherical absorber, 

respectively. The PA pressure in the frequency domain (i.e. spectral power) for two fluid spheres of 

varying sizes and physical properties is shown in Figure 1-16: 

 
Figure 1-16: PA spectral power for two fluid spheres (radius 3 µm and 9 µm) with density and speed of sound ratios of 

(a) ˆ ˆ 0.5vρ = = and (b) ˆ ˆ 1.0vρ = = . 

The size of the optical absorber dictates the spectral features of the PA signal, as shown by Figure 

1-16. The larger the size of the sphere, the lower is the frequency at which the first peak appears. 

The density and speed of sound ratios control both the shape of the power spectra as well as the 

spectral amplitude. The advantage of working in the frequency domain of the PA pressure is that 

direct information can be obtained about the size of the optical absorber as well as the physical 
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properties of that absorber and the surrounding fluid [90]. In addition, the time domain PA pressure 

can be obtained by taking in inverse Fourier Transform of Eq. (1-6). 

1.5.2 
 
Propagation of light and sound waves in tissue  

Most biological tissues are referred to as turbid media due to their strong scattering of optical 

irradiation. The scattering coefficient ( )sµ  in tissue is typically in the order of ~100 cm-1 and the 

reduced scattering coefficient  '( )sµ  is ~10 cm-1 [92]. Another important concept is that of optical 

absorption which is quantified by the optical absorption coefficient aµ . Compared to scattering of 

light, the optical absorption of light photons is weak in the 400-1350 nm spectral region. Specifically, 

the mean free path of a photon between scattering events is in the order of 0.1 mm while the mean 

path length before photons are absorbed can extend to 10-100 mm [93]. Although the propagation 

of light in a media is usually modelled by the radiative transfer equation, the fluence rate in the 

ballistic and diffusive regime can be described by: 

0
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(1-7) 

where, 0Φ  is the illumination fluence, z  is the depth and effective attenuation coefficient is defined 

as '3 ( )eff a a sµ µ µ µ= + . Since tissue is a highly scattering media, the attenuation of light depends 

on both the scattering and absorption coefficients as shown by the dependence of the fluence rate in 

the diffusive regime. In biological tissue typical absorbers of optical irradiation are water, melanin 

and blood. The Hb molecule residing inside RBCs is the primary optical absorber of blood. Its 

optical absorption carries a strong dependence on the oxygenation state of the molecule. In 

biological tissue, blood is a mixture of both OHb and DHb and aµ  depends on both the 
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concentration of each state of the Hb molecule and their respective molar extinction coefficients ε . 

For a given optical wavelength λ ,  aµ  can be calculated by: 

[ ]( ) 2.303 ( )[ ] ( )[ ]a OHb DHbOHb DHbµ λ ε λ ε λ= × +  (1-8) 

In the visible and near infrared range of the electromagnetic spectrum, sµ  is significantly smoother 

while aµ  varies significantly with wavelength. Figure 1-17 shows the variation of ε  for OHb and 

DHb as a function of the optical wavelength: 

 
Figure 1-17: Molar extinction coefficient of OHb (solid) and DHb (dashed) (adapted from reference [89]). 

As can be seen from Figure 1-17, the significant dependence of aµ  with λ  plays an important role 

in being able to detect PA signals from various depths in tissue. The absorption of water in tissue is 

lowest for the range ~500-1100 nm thus permitting PA techniques in targeting regions in tissue 

deeper than the ballistic regime (~1 mm in turbid tissue) [88]. 

 The resulting acoustic waves produced from the thermo-elastic expansion due to optical 

absorption propagate through tissue and can be detected by transducers commonly used for US 

imaging operating in passive mode (i.e. do not transmit acoustic waves). The detection of these PA 

pressures becomes dependent on the acoustical properties of tissue. Unlike light where scattering 
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dominates during the propagation in tissue, the scattering of acoustic waves is 2-3 orders smaller 

[94]. The pressure waves propagate through tissue with magnitudes in the millibar range thus 

eliminating the occurrence of non-linear effects that are typically associated with conventional US 

imaging. In soft tissues, the scattering component of attenuation comprises ~10-15% of the total 

attenuation and it can be usually ignored when calculating total attenuation [88]. However, the 

attenuation of the sound waves due to absorption cannot be ignored especially when detecting high 

frequency waves or imaging deeply absorbing media such as the skull [95]. For diagnostic ultrasound 

frequencies (< 30 MHz), the attenuation coefficient of soft tissue can be estimated to be 0.3 

dB/cm/MHz while for high frequency US imaging it can be as high as 3 dB/cm/MHz, depending 

on the tissue type [71]. In addition, the attenuation of US increases with frequency and the 

penetration depth decreases with frequency. The spatial resolution of PA imaging depends on the 

US bandwidth [96]. For instance, a ~1 mm spatial resolution can be achieved for PA signals 

detected with a 1 MHz bandwidth since the speed of sound in soft tissues is approximately 1.5 

mm/µs. The resolution can be improved to ~0.1 mm when the bandwidth increases to 10 MHz at 

the expense of penetration depth. This results in temporal changes of the PA pressure waveform in 

addition to decreased amplitude due to attenuation. In contrast to US imaging, PA waves are only 

exposed to the attenuation of the surrounding tissue only once due to their one-way propagation. 

1.5.3 
 
Applications of PA in medicine  

PA imaging breaks the optical diffusion limit that restricts the penetration depth of light photons by 

detecting the light-induced acoustic waves generated by the thermo-elastic expansion of tissue. By 

choosing the appropriate transducer bandwidth in the detection of the sound waves, PA enables the 

high resolution imaging of biological structures with sizes ranging from organelles to organs using 

the same contrast [97]. Using multiple wavelengths allows PA imaging to generate rich optical 

contrast according to the chemical composition of the tissue being irradiated. This is an advantage 
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of PA over other optical modalities (i.e. fluorescence imaging) since all tissue components absorb 

light at some optical wavelength while far fewer molecules are fluorescent [98]. Since the PA signal 

amplitude is directly proportional to the optical absorption in tissue, non-absorbing structures do 

not contribute to the background of PA images thereby enhancing the contrast. Despite the fact that 

both US and PA imaging are based on the detection of acoustic waves, US imaging measures only 

the mechanical contrast of tissues while PA imaging  probes both the optical and thermo-elastic 

contrast [94].  

 Although PA was proposed as an imaging modality over 30 years ago, it did not fully 

develop until the past decade [99]. PA imaging has shown a significant amount of progress in 

providing simultaneous structural, functional and molecular information in preclinical studies. It has 

been shown that PA imaging can visualize tumors within tissue with the contrast of optical imaging 

and the resolution of ultrasound [100]. In addition to providing information on the vasculature of 

tumors, PA imaging has also been able to monitor angiogenesis [101], [102]. By using multiple 

wavelengths to probe the oxygen-dependent absorption of blood, PA can also obtain information 

on Hb concentration with high resolution and contrast without the use of exogenous contrast agents 

[103–105]. This is a significant advantage compared to other imaging modalities such as PET. In 

addition to oxygen dependent studies, PA imaging has also been explored as a tool for molecular 

imaging applications [106]. Gold nanoparticles with high optical absorption can be targeted to 

specific cancer biomarkers and thus can be used for the non-invasive detection and monitoring of 

cancer at the molecular level. Such targeting of nanoparticles helps in early detection of cancer due 

to the large difference in optical absorption between the particles and tissues. This enhances the 

contrast of PA images and in conjunction with US images can provide dual information about the 

structure and physiology of the tumors being targeted. Moreover, the potential of PA in detecting 

normal and abnormal vasculature has also been explored [107]. PA has also been used for 
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monitoring thermal therapy and estimating the thermo-mechanical properties of tissue [108], [109]. 

Recently, a new type of contrast agent was developed for simultaneous US and PA imaging and 

therapy (optical droplet vaporization) [110].  

 As it is still a fairly new imaging modality, PA is expected to find a wide range of applications 

in biomedicine. The preclinical applications include imaging circulation, drug response and brain 

function and clinical applications include melanoma cell detection, intravascular catheter imaging, 

breast cancer detection, guided biopsy for sentinel lymph node imaging and blood oxygenation 

imaging etc [97]. It is expected that the translation of PA imaging from small animals to humans will 

transform diagnosis and treatment of metabolic diseases while imaging of cells and metabolism with 

PA will provide a unique tool for understanding pathways down to the single cell level.  

1.5.4 
 
US and PA radio-frequency spectroscopy 

PA images can be reconstructed by displaying the amplitude of the envelope-detected radio-

frequency (RF) signals that are received from a passive US transducer as image brightness pixels. 

This approach is nearly identical to conventional US B-mode imaging with the exception that the RF 

signals represent the backscattered echoes formed due to the interactions of the incident US beam 

with structures within the region of interest (ROI) [63]. The major difference between US and PA 

imaging is the origin of the RF signals in PA, namely due to the interaction of incident optical 

irradiation with tissue chromophores (endogenous and exogenous). B-mode US imaging is capable 

of distinguishing larger-than-wavelength structures because tissue interfaces such as organ 

boundaries produce well-defined backscattered RF signals thus facilitating the envelope detection 

process and image formation. This has allowed US imaging to be extended outside of obstetrics into 

the diagnosis and therapy monitoring of cystic and fibrocystic breast masses as well as other types of 

carcinoma [111].  
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US images are degraded by phenomena that are usually not present in other imaging 

modalities [112]. The degradation of images usually occurs due to the coherent nature of ultrasound 

and complex spatial distribution of mechanical properties resulting from the internal microstructure 

of most biological tissues. RF backscattered signals from such structures contain the interference 

pattern arising from the proximity of the scatterers. These scatterers cannot be resolved in the B-

mode images due to overlap in time and this leads to the appearance of speckle [71]. In addition, the 

speckle in the B-mode images is also affected by the instrument itself as well as the setting used 

during the exam. The resulting speckle pattern consists of bright and dark spots in the US images 

that are usually interpreted only on the basis of boundary geometry and texture without providing 

apparent information about the underlying tissue structure [113]. To overcome these limitations, 

many investigators have attempted to provide a framework for using US imaging as for quantitative 

tissue evaluations. These methods described here are commonly referred to as quantitative 

ultrasound (QUS) techniques are usually based on frequency-domain (spectral) analysis of the 

backscattered RF signals as opposed to the RF signal envelope [114–116]. In this approach, the 

power spectra of the RF signals from the ROI are first computed. The system dependence is taken 

into account by computing the power spectrum of the transducer pulse-echo response (typically 

obtained from a plane reflector) and subtracting it from the power spectrum of the ROI RF signals. 

This removes the artifacts that are associated with the system transfer function of the electronic 

transmitter/receiver and the operator dependent settings. The resulting spectrum (referred to as the 

normalized power spectrum) is often quasi-linear over the usable transducer bandwidth (frequency 

range that has been found to produce adequate signal-to-noise levels). The normalization procedure 

is shown in Figure 1-18: 
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Figure 1-18: Power spectra for (a) the RF signal obtained from tissue and the RF signal obtained from reflection off a 

glass plate and (b) normalized power spectrum obtained by subtracting the tissue spectrum from the glass plate spectrum 
and the linear fit over the transducer bandwidth (adapted from reference [112]). 

Linear regression analysis is often performed on the normalized spectrum and several parameters 

can be extracted. These parameters have been correlated with structural tissue properties and can be 

used for obtaining quantitative information about the size, shape and concentration of the acoustic 

scatterers [115]. The spectral slope (SS) of the line of best fit with respect to frequency is an 

indicator of the effective scatterer shape and size and a decrease in SS corresponds to an increase in 

the effective scatterer size. Another useful parameter is the midband fit (MBF) which is defined as 

the value of the regression line at the center frequency of the spectral band. This parameter is 

numerically equal to the average value of the spectrum over the measurement bandwidth and is a 

measure of US backscatter that depends on the scatterer size, shape, acoustic impedance and 

concentration. The spectral analysis techniques relying on the abovementioned parameters have 

been broadly classified as ultrasonic tissue characterization techniques (UTC) and have proven 

effective in identifying changes due to the state of prostate, breast and have even been applied for 

real-time tissue typing [117].  In addition, QUS techniques have been applied to monitoring the 

morphological changes that occur during chemotherapy treatments of various tumor models [118].  

 It is well established that in PA, the size of the optical absorber dictates the frequency 

content of the power spectrum of the RF signals [90], [119]. We postulate that based on this, the 

(a) (b) 
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spectral analysis of PA RF signals (photoacoustic radio-frequency spectroscopy or PA-RFS) will 

provide information about the structure of the optical absorber. It is reasonable to expect that 

information about the size and concentration of the optical absorbers will be manifested in the PA 

RF power spectra and can be extracted from the SS and MBF parameters of the normalized power 

spectra. It would be worthy to investigate the potential of PA-RFS for monitoring changes in the 

size and concentration of PA spherical sources.  

1.6 Thesis motivation, hypothesis and specific aims  
 

The study of the aggregation of RBCs dates back to the works of ancient Greek physicians such as 

Hippocrates who recognized the mixture of four fluids that were believed to be the constituents of 

blood vessels [21]. By allowing whole blood (without an anticoagulant) to settle inside a cylindrical 

container and by measuring the amount of each layer, a diagnostic tool was developed. Although not 

quite recognized at the time, RBC aggregation affects the rate of this separation. It wasn’t until 

Robin Fahraheus showed that the speed with which RBC sediment differs in various physiological 

and pathological conditions that the importance of RBC aggregation was recognized [120]. Ever 

since, many studies have attempted to detect, quantify and characterize the presence of RBC 

aggregates in normal and diseased subjects. Blood with increased levels of RBC aggregates has been 

associated with conditions ranging from sepsis and severe trauma to normal, uncomplicated 

pregnancies [121]. Although it is still not yet conclusively established what role the RBC aggregates 

play in the disorders where they are reportedly increased, significant efforts has been invested in 

attempting to quantify the presence of RBC aggregation and make clinical decisions based upon the 

measured levels of aggregation. However, most of the techniques that have been used to detect and 

quantify the presence of RBC aggregation require the invasive withdrawal of blood outside the body 

and are heavily dependent on the measurement conditions. Furthermore, there is no direct 

correlation between the parameters measured with these techniques and the presence of RBC 
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aggregation in-vivo. This thesis was motivated by the shortcomings of current aggregation detection 

methods and the use of PA is proposed as a potential method for detecting RBC aggregation. PA is 

a non-invasive technique that generates acoustic signals based on the selective absorption of optical 

irradiation. Since RBCs are the dominant optical absorbers in circulation, it is expected that the PA 

signals recorded will depend upon the RBC configuration. PA is capable of providing not only 

structural information about the absorbers of blood but also functional information about their 

oxygenation state which controls the optical absorption of blood. 

 The hypothesis guiding this investigation is that PA techniques can be used to detect and 

monitor the presence of RBC aggregation. Specific objectives set forward for this work include: 

1. To improve an already developed theoretical model of the PA of RBC aggregation. This will 

be accomplished by incorporating the effect of a finite transducer bandwidth for more 

realistic comparisons with experiments. The effect of the transducer bandwidth will be 

investigated in the power spectra from non-aggregated and aggregated RBCs. Also, the effect 

of the oxygenation level of the RBCs will be simulated by in order to examine the 

simultaneous effect of RBC aggregation and oxygenation on the simulated PA signals and 

power spectra. In addition, this model will also be extended from human to porcine RBCs in 

for various hematocrit and aggregation levels.  

2. To determine experimentally how the presence of aggregation (in human and porcine RBCs) 

affects the measured PA signals and their respective power spectra. Specifically, the effect of 

the size of aggregates on the power spectra will be investigated as a means for detecting the 

presence of RBC aggregates.  

3. To develop PA-RFS techniques and generate spectral parameters that could potentially be 

related to the size and concentration of aggregates. This will be performed under varying 
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hematocrit and aggregation conditions. In addition, multiple wavelength laser illumination 

will be used for monitoring the oxygenation level of the samples.  

1.7 Thesis outline  
 

This thesis is organized in four chapters. An introduction of the phenomenon of RBC aggregation, 

current measurement methods and its clinical significance are introduced in Chapter 1. An overview 

of PA, PA-RFS and the potential for detecting RBC aggregation is also presented in the same 

chapter. In Chapter 2 a theoretical model is developed to simulate PA signals from non-aggregated 

and aggregated samples and in-vitro work using human and porcine RBCs is presented to investigate 

the potential of PA techniques for detecting and monitoring RBC aggregation. This chapter forms 

the basis of a paper to be submitted to Biomedical Optics Express and some of the results have 

been published in Proceedings of the SPIE (vol. 8222 and 8223) and Journal of Biomedical Optics 

(vol. 17(5)). Chapter 3 applies PA-RFS to the theoretical model and experimental results for porcine 

RBCs. Spectral parameters related to the size and concentration of RBC aggregates are extracted for 

varying aggregation and hematocrit conditions. The oxygen saturation of aggregating RBCs is also 

computed using multiple illumination wavelengths. This chapter forms the basis of a paper to be 

submitted to Journal of Biomedical Optics. The thesis summary and future directions are presented 

in Chapter 4. 
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Chapter 2 PA OF RBC AGGREGATION 
 

2.1 Introduction 
 

In this study, the feasibility of detecting RBC aggregation with PA imaging is investigated 

theoretically and experimentally using human and porcine RBCs. The theoretical PA spectra will be 

simulated for various hematocrit and aggregation conditions. In addition, the effect of a finite 

transducer bandwidth will also be taken into account. Experimental conditions will also emulate 

various hematocrit and aggregation levels. The objective of this study is to demonstrate the potential 

of spectral analysis of PA RF signals for differentiating the PA signals produced from non-

aggregated (NAG) and aggregated (AG) RBCs.    

2.1.1 
 

Theoretical model 

The theoretical model used in this study was originally reported in two recent publications by our 

group [122], [123]. In order to compute the PA pressure field from NAG and AG RBCs 

(approximated as spheres), the analytical solution for the time-independent wave equation for 

spheres was solved in the frequency domain [90]. The solution to this equation assumes uniform 

optical irradiation with intensity 0I  which propagates along the x  axis and varies sinusoidally with 

time. The frequency-domain pressure for the uniform illumination of a single spherical absorber at a 

distance r  in the surrounding medium is: 
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where, ˆ / sq a vϖ= is the dimensionless frequency and a  is the radius of the absorbing sphere. The 

dimensionless quantities ˆ /s fv v v= and ˆ /s fρ ρ ρ=  represent the ratios of the speed of sound ( )v  

and density ( )ρ  for the spherical absorber ( )s and surrounding fluid medium ( )f , respectively. 
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Moreover, fk  is the wave number in the fluid medium for a pressure wave with frequency ϖ , β  is 

the isobaric thermal expansion coefficient, PC  is the heat capacity per unit mass, sv  is the speed of 

sound in the illuminated region and µ  is the optical absorption coefficient of the illuminated 

absorbers. In order to compute the PA pressure field from multiple absorbers, the superposition of 

spherical waves generated by the RBCs was calculated. Such approach has been implemented for 

light and ultrasound scattering problems in random media. In particular, Yu and colleagues use a 

similar approach to investigate the dependence of US BSC on RBC aggregation [67], [69]. Here it is 

assumed that all the absorbers (RBCs) within the ROI are identically illuminated irrespective of their 

spatial positions with multiple scattering being negligible. The non band-limited (NBL) pressure field 

from a collection of N absorbers can be written as:  
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(2-2) 

Here, nr
  is the position vector of the nth absorber. If the observation distance r  is large compared 

to the size of the ROI, the term f nk r r−
 

 can be approximated as f f nk r k r− ⋅


  and the term 

nr r−
 

 can be approximated as r . The final expression is given by: 
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(2-3) 

 Eq. (2-3) does not take into account the finite nature of ultrasonic transducers used for PA 

experiments. In this model the finite bandwidth of the transducer was modeled as a Gaussian 

function which resembles the frequency response of typical ultrasound transducers [71]. The band-

limited (BL) pressure then becomes: 

2 2
0ˆ ˆ( ) ( ) exp ( ) / 2BL NBL

collection collectionp q p q ϖ ϖ σ = × − −   (2-4) 

where, 0ϖ  is the center frequency of a transducer with the width of the Gaussian function σ  

related to the -6 dB receiving bandwidth of the transducer (chosen to be 60%) by 



 
 

47 
 

02 2 log(2) 0.6σ ϖ= . The time-dependent PA pressure can be obtained by the Fourier transform 

of Eq. (2-3) for the NBL case and Eq. (2-4) for the BL case. 

2.2 Methods 
 

2.2.1 
 

Simulation methods 

The detailed description of the simulation methods used for generating PA signals from NAG and 

AG RBCs were presented in two recent publications by our group [122], [123]. The framework of 

these simulations will be discussed here in brief. For this study, 2D simulations were performed to 

determine the dependence of PA signals and power spectra on NAG and AG human and porcine 

RBCs, h-RBCs and p-RBCs, respectively.  

NAG RBC samples were generated using a Monte Carlo method known as the random 

sequential adsorption technique. This allowed the coordinates of the cells to be randomly chosen 

within the ROI with the restriction that the cells must be separated by a distance equal to or more 

than their diameters and was repeated until the coordinates of all RBCs at a particular hematocrit 

(defined in this simulation as the ratio of the area occupied by the cells to the total area of the ROI) 

were set. Once the positioning of the RBCs within the ROI was completed, the Fourier Transform 

of Eq. (2-3) was evaluated to obtain the PA RF line for that particular configuration. Aggregation of 

RBCs was simulated by employing a hexagonal close packing scheme. RBC clusters (representing an 

aggregate) were formed by positioning individual RBCs in a hexagonal packing arrangement relative 

to one another. The aggregate was then randomly and repeatedly placed within the ROI and the 

coordinates of each RBC with respect to the center of the cluster were stored in order to evaluate 

the PA signal from Eq. (2-3). For each cluster, the radius of gyration (Rg) was computed to quantify 

the mean cluster size. This was determined by using the square of the distances of the cells from the 

center of the cluster.  
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 The physical constants and simulation parameters associated with NAG and AG conditions 

for h-RBCs and p-RBCs used in this study are summarized in Table 2-1: 

                Physical Constants   Simulation Parameters 
 h-RBC         p-RBC   h-RBC p-RBC 

     NAG AG     NAG AG 
a (µm) 2.75 2.53  H (%) 2-50 40 5-50 40 

ρf (kg/m3) 1005 1005  N (#) 34-842 674 99-994 795 
ρs (kg/m3) 1092 1078  Cl (#) - 54.8-11.8 - 50.2-12.1 

vf (m/s) 1498 1498  NCl (#) - 11.8-57.1 - 15.2-65.3 
vs (m/s) 1639 1628  Rg(µm) 2.13 7.6-15.4 1.96 7.7-15.4 

 
Table 2-1: Physical constants and simulation parameters. 

The physical constants were used to evaluate Eq. (2-3) and Eq. (2-4) for 200 µm x 200 µm ROI. In 

the simulation parameters column, H stands for the hematocrit, N is the number of total RBCs at 

the given hematocrit, Cl is the number of clusters, NCl  is the number of RBCs per cluster. 

2.2.2 
 
Experimental methods 

Proof of concept experiments were conducted using commercial h-RBCs extracted from a single 

donor (Innovative Research Inc., Novi, MI). Gentle centrifugation (1800 rpm, 6 minutes) was 

applied to remove any remaining plasma. Upon isolation, the RBCs were washed twice with 

phosphate buffered saline (PBS) and suspended in PBS at various hematocrit levels. The RBCs were 

aggregated using Dextran-70, a fibrinogen mimicking macromolecule (70,000 kDa molecular weight, 

Sigma-Aldrich Co., St. Louis, MO). This was achieved by suspending the RBCs in solutions of 

varying Dextran-PBS concentrations [Dex]. [Dex] of 1, 3 and 8% (wt/vol) were used to suspend the 

RBCs in order to induce varying aggregation levels at 40% hematocrit. The presence of aggregation 

was assessed by measuring the viscosity of each [Dex] using a low-shear viscometer (Contraves 

LS30, Zurich, Switzerland). The measurements were performed using h-RBCs and are shown in 

Figure 2-1.  The viscosity measured at the lowest shear rate was compared to the PA SA measured 

for h-RBCs and the correlation coefficient along with the p value was computed.  
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Figure 2-1: Effect of [Dex] on the viscosity of the h-RBC samples. The error bars (too small to be seen) represent the 
standard deviation of the viscosity measurements taken over 1 minute at a constant shear rate.  

 The validity of the technique was assessed using porcine blood extracted from the femoral 

vein of Yorkshire pigs (Comparative Research, Toronto, ON). The blood was collected into K2-

EDTA vacutaners (Becton, Dickinson and Company, Franklin Lakes, NJ). RBCs were separated 

from the plasma and white cells by centrifugation (2500 rpm, 6 minutes) and careful aspiration. The 

cells were then washed twice with PBS before being suspended in the same medium at 10, 20 and 

40% hematocrit. For each hematocrit level, the NAG RBCs were suspended at 1, 3 and 8% [Dex] 

solution in order to induce aggregation. All experiments were completed within 4 hours of blood 

collection at room temperature.   

 PA measurements were performed using the Imagio small animal PA imaging device (Seno 

Medical Instruments Inc., San Antonio, TX) shown in Figure 2-2.  
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Figure 2-2: Imagio PA imaging system components. 

This device consisted of a Q-switched Nd:YAG laser delivered through an articulated arm and a 

transducer mounted 60 mm coaxially to the laser for raster scanning the ROI. The pulsed laser (1064 

nm) had a 9 mm beam diameter, 6 ns pulse width, 10 Hz pulse repetition rate and 25 

mW/cm2/pulse energy fluence. The transducer used to record the PA signals was a 4-channel 

annular array with center frequency of 5 MHz and a 60% -6dB bandwidth. The RBC samples were 

loaded into cylindrical tubes. For the h-RBCs, a 14 mm plastic Beral transfer pipette was used as a 

sample holder while a 0.5 mm inner diameter tygon tube (Norton Performance Plastic, Akron, OH) 

served as the sample holder for the p-RBC experiments. Both sample holders were placed at the 

focus of the ultrasonic transducer.  A vertical raster scan was performed for each sample while the 

laser emitted 4 pulses at each location which were then averaged to generate 1 RF line. A total of 20 

RF signals were recorded for each solution exposed corresponding to a total of 80 laser pulses that 

illuminated each RBC sample.  
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 For each PA signal recorded, the PA SA was calculated by integrating the envelope of each 

signal. The average amplitude of 250 simulated and 20 measured PA signals was computed along 

with the standard deviation for each sample. The Fast Fourier Transform algorithm was used to 

compute the power spectrum. In order to minimize spectral leakage, a Hamming window was used. 

For each spectrum, the frequency at which the maximum peak of the RF power spectrum occurred 

was found. The mean spectral power in a -6 dB region around that peak was also computed. The 

average of the power spectra was then computed for both simulated and experimentally measured 

signals. The normality of the data was confirmed using a Shapiro-Wilk test with W > 0.05 used as 

the criterion for normality. An unpaired t-test was used to compare the PA SA and mean spectral 

power obtained from NAG and AG RBCs. A p-value of 0.05 or less was used to establish 

statistically significant differences. 

2.3 Results  
 
2.3.1 

 
Simulation results 

Figure 2-3 demonstrates a representative 2D spatial organization of (a) NAG and (b) AG RBCs.  

 

Figure 2-3: Representative (a) NAG and (b) AG RBC configurations simulated in this study. For both cases the 
hematocrit is 40% and for the AG case Rg is 12.24 µm. 

 The average of 250 simulated spectra for h-RBCs and p-RBCs are shown in Figure 2-4. For 

the NBL, NAG RBCs, the spectral power increases over all frequencies with increasing hematocrit 
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as shown in Figure 2-4a for h-RBCs and Figure 2-4d for p-RBCs. The peak of the RF power 

spectrum for h-RBCs occurred at ~230 MHz for all hematocrit levels (10, 20 and 40%). For the 

smaller p-RBCs, this peak was ~35 MHz higher. The mean spectral power at the peak was ~0.4 dB 

higher for p-RBCs compared to h-RBCs at all hematocrit levels.  

 Figure 2-4b and Figure 2-4e show the average NBL spectra for AG h-RBCs and p-RBCs, 

respectively. The AG samples had a 40% hematocrit level. For both cell types, as the size of the 

aggregates increased (characterized by increasing Rg), the peak frequency of the power spectra 

shifted towards the low frequency regime (< 30 MHz). At 15 MHz, the power spectrum of the 9.97 

µm h-RBC aggregate increased by 9 dB compared to the NAG case for the same hematocrit level 

(40%). A similar increase was observed for p-RBCs.  

 The BL, AG spectra obtained by filtering the NBL AG spectra of Figure 2-4b and Figure 

2-4e with a Gaussian function representing the frequency response of a 5 MHz center frequency 

transducer are shown in Figure 2-4c for h-RBCs and Figure 2-4f for p-RBCs. The shape of the 

power spectra resembled that of the transducer profile used to filter the NBL spectra generated 

from Eq. (2-4) with a peak frequency of 5 MHz for all aggregation levels. For both cell types, the 

mean spectral power increased by ~4 dB for the largest aggregate compared to the NAG case. The 

mean spectral power for p-RBCs was ~1.3 dB higher than h-RBCs for all aggregation levels.  
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Figure 2-4: Simulated NBL and BL average spectra for NAG and AG RBCs. The top row shows the h-RBCs spectra 

and bottom row shows the p-RBCs spectra: (a) + (d) NBL NAG, (b) + (e) NBL AG and (c) + (f) BL AG. 

2.3.2 
 
Experimental results 

The experimentally measured PA SA are shown in Figure 2-5a for h-RBCs and Figure 2-5b p-

RBCs. In both cases, the SA followed a non-linear trend with increasing [Dex]. The maximum SA 

was achieved at a 3 % [Dex] with 1% and 8% concentrations having similar amplitude. For all [Dex], 

the signal amplitude of h-RBCs was ~1.5 times higher than p-RBCs (p = 0.001). In the case of p-

RBCs where the measurements were performed at various hematocrit levels, the SA increased 

linearly with increasing hematocrit for the NAG case as shown in Figure 2-5b. The increase was 

similar for the other [Dex]. The amplitude at the 3% [Dex] was ~1.6 times higher than the NAG 

case (0% [Dex]) (p = 0.0002) and ~1.2 and ~1.5 times higher than the 1% and 8% [Dex] at all 

hematocrit levels (p = 0.0009 and p = 0.001), respectively.  

 The mean spectral power measured from the experimental PA power spectra are shown in 

Figure 2-5c for h-RBCs and Figure 2-5d for p-RBCs. For both cell types, it follows the same non-

linear trend observed for the PA SA with increasing [Dex]. The mean spectral power for the h-RBCs 

at 3% [Dex] was ~5.6 dB higher than the NAG case at 40% hematocrit (p = 0.0003) and ~7.5 dB 
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higher for p-RBCs at the same concentrations. Compared to 1% and 8% [Dex], the mean spectral 

power was ~2.3 dB higher for h-RBCs (p = 0.008) and ~4.8 dB higher for p-RBCs (p = 0.0001). For 

NAG p-RBCs (0% [Dex]), the mean spectral power increased monotonically with increasing 

hematocrit. A similar trend was observed for all other [Dex]. 

 
Figure 2-5: Experimental SA ((a) h-RBC and (b) p-RBC) and mean spectral power ((a) h-RBCs and (d) p-RBCs). The 

error bars represent the standard deviation of 20 PA signals and spectra.  

 The correlation between the PA SA and viscosity measurements was established by 

comparing the PA SA of h-RBCs with the viscosity measured at the lowest shear rate (0.05 s-1). This 

is shown in Figure 2-6 for all [Dex] used in this study. The linear regression of SA with viscosity 

resulted in a coefficient of correlation R2 = 0.9931. This correlation was statistically significant (p = 

0.0069).    
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Figure 2-6: Comparison between the PA SA and viscosity of h-RBCs measured at the lowest shear rate (0.05 s-1) for all 

[Dex] used in this study (0, 1, 3 and 8%). The error bars indicate the standard deviation of 20 PA signals and 1 minute of 
viscosity measurements at 0.05 s-1. 

2.4 Discussion and conclusions  
 

A theoretical and experimental approach is presented here for investigating the potential of PA for 

detecting and monitoring RBC aggregation. The simulated NBL power spectra of NAG RBCs 

demonstrated the potential of PA for monitoring RBC samples. For both cell types in the NAG case 

the spectral power increased over all frequencies when the hematocrit increased (Figure 2-4a and 

Figure 2-4c). By increasing the RBC concentration, the SA and spectral power will increase linearly. 

This can be inferred by inspection of Eq. (2-3): the PA spectral amplitude is computed by the linear 

superposition of the pressure wavelets that each RBC emits when uniformly irradiated by a laser 

source. A similar trend in the amplitude of the PA signals with increasing hematocrit has been 

observed in other experimental studies [124]. This is an advantage of PA over US for monitoring 

changes in RBC hematocrit. The relationship between US BSC and hematocrit is complex; 

determining the hematocrit from BSC measurements is difficult. Since the relationship between PA 
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SA (and spectral power) is linear, determining the hematocrit from the PA amplitude is less 

complicated.  

 The advantage of using PA to detect RBC aggregation becomes more apparent when 

considering the simulated NBL AG power spectra shown in Figure 2-4b and Figure 2-4e for h-

RBCs and p-RBCs, respectively. The frequency of the highest peak of the power spectrum shifted 

towards lower frequencies (< 30 MHz) when the size of the aggregate increased. For the largest h-

RBC aggregate (15.39 µm), the frequency of the peak decreased by ~ 205 MHz from the peak of 

non-aggregated RBCs (2.13 µm) which occurred at 230 MHz. For the equivalent p-RBC 

comparison, the frequency decreased by ~243 MHz from the NAG peak which occurred at 265 

MHz. It appears as if during the aggregation process, the clustering of the individual RBCs causes 

the thermal diffusion length to be closer to the RBC separation length. The size of the entire 

aggregate rather than the individual RBCs controls the features of the power spectra as is apparent 

from the shift towards the low frequency regime of the peak frequency. Since the origin of the PA 

signal is the heat transfer between the absorbers and surrounding medium causing the frequencies 

where the peaks of the power spectra occur to be dependent on the size of the absorber relative to 

the thermal diffusion length [92].  

 The simulation results discussed above suggest that PA imaging is capable of differentiating 

between NAG and AG blood samples. By locating the frequency of the spectral peak, it is possible 

to monitor the hematocrit of NAG RBCs and formation of aggregates. However, in practice, the 

ultrasonic transducers used for PA measurements have a finite receiving bandwidth [103]. As shown 

in Figure 2-4c and Figure 2-4f, a finite bandwidth transducer significantly affects the PA power 

spectra (and signals) as it filters out frequencies outside of the transducer sensitivity region. For both 

cell types, the BL spectra for AG RBCs resemble the shape of the transducer frequency profile 

centered at 5 MHz regardless of the aggregate size. It is possible to distinguish between the 
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simulated aggregates as the mean spectral power at 5 MHz increased with increasing aggregate size. 

However, the significant shifts in the frequency of the peak observed for the NBL case are not 

present. The lack of the spectral features obtained in BL case indicates the importance of the 

receiving frequency of the ultrasonic transducer used for PA measurements. The mean spectral 

power for p-RBC was ~1.3 dB higher than h-RBCs at all aggregation levels since there are more p-

RBCs than h-RBCs for any aggregation level. Therefore the signal strength is expected to be larger 

for p-RBCs than since the PA SA is proportional to the concentration of PA sources.  

 The experimental results indicate that PA imaging is capable of detecting changes that occur 

during RBC aggregation. For the NAG p-RBCs, the PA signal increases linearly with increasing 

hematocrit (Figure 2-5b). This behavior is predicted by the theoretical model since the hematocrit is 

a direct measure of RBC concentration. The non-linear trend in PA SA with increasing [Dex] 

suggests that PA can distinguish between aggregation levels. Independent measurements of the 

extent of RBC aggregation as a function of [Dex] have yielded a very similar non-linear trend in the 

degree of RBC aggregation [125]. The peak obtained in the PA SA and mean spectral power at 3% 

[Dex] reflects a maximum level of RBC aggregation for both types of RBCs as shown by the 

increased viscosity of the sample at low shear rates recorded in Figure 2-1. This [Dex] is attributed 

to the affinity of this polymer for inducing aggregation [24]. This was further confirmed by the 

excellent correlation between the PA SA and viscosity at each [Dex] used as shown in Figure 2-6. 

In comparing the extent of RBC aggregation between h-RBCs and p-RBCs, the PA SA and mean 

spectral power of h-RBCs is higher at all aggregation levels at 40% hematocrit. This increase is ~1.5 

times and it correlates well with other independent studies which confirm that h-RBCs have a higher 

aggregation tendency than p-RBCs [22]. Analyzing the mean spectral power for both types of RBCs 

supports the results obtained from the simulation study (Figure 2-4c and Figure 2-4f) and 

reinforces the importance of receiving transducer bandwidth in PA measurements. 
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 To the best of our knowledge, PA imaging has never been investigated for detecting and 

monitoring changes that occur during RBC aggregation. In this study we demonstrate that PA 

imaging can be used for detecting RBC aggregation. Theoretical simulations suggest that PA spectral 

analysis can differentiate levels of RBC aggregation and hematocrit. The feasibility of detecting these 

spectral changes was investigated by incorporating a finite transducer in detection of PA signals. 

Experimental results indicate that PA is indeed capable of assessing changes that occur during the 

aggregation process for two types of RBCs.  
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Chapter 3 ON THE POTENTIAL OF PA-RFS FOR DETECTING RBC 
AGGREGATION AND OXYGENATION 
 

3.1 Introduction  
 

In this study, the feasibility of PA-RFS to detect changes that occur due to RBC aggregation and 

assess the oxygenation level of the blood samples is investigated. By using multiple wavelengths of 

laser illumination, the effect of hematocrit and aggregation level of porcine RBC samples is 

examined. PA-RFS parameters are computed for both the theoretical and experimental model in 

order to gain information about the size and concentration of RBC aggregates.  

3.1.1 
 
Theoretical model 

The theoretical basis for the simulations carried out in this study is derived from the analytical 

solutions of the wave equation for simple geometries illuminated uniformly by a delta function laser 

pulse [90]. In this case, the RBC is approximated as a spherical absorber and the PA pressure wave 

emitted from a single sphere and detected at a distance r  in the surrounding medium can be written 

as 
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(3-1) 

Eq. (3-1) is written in terms of a dimensionless frequency q̂  which is defined as ˆ / sq a vϖ= . Here, 

a  is the radius of the spherical absorber, ϖ  is the angular frequency of the pressure wave and v  is 

the speed of sound. The subscript s  and f  denote the sphere and surrounding fluid medium 

properties, respectively. The dimensionless quantities ρ̂  and v̂  represent the ratios of the sphere’s 

density and the speed of sound to the surrounding medium’s density and speed of sound, 

respectively. Similarly, µ  is the optical absorption coefficient of the illuminated sphere, β  is the 

isobaric thermal expansion coefficient, PC is the heat capacity per unit mass, 0I  is the optical 
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radiation intensity which varies sinusoidally in time and fk  is the wave number of the surrounding 

fluid medium.  

 In the case of more than one absorber, the pressure field from collections of absorbers can 

be written as the superposition of the waves emitted from each absorber. This approach has been 

extensively used in modeling the interaction of ultrasonic waves with RBC aggregates [67], [69]. For 

modeling the PA pressure waves from collections of RBCs it is assumed that all the absorbers within 

a given ROI become illuminated simultaneously irrespective of their spatial position. When the 

pressure field of such collection is computed, multiple scattering of the laser illumination beam and 

the acoustic waves generated are not considered along with acoustic attenuation. With these 

assumptions, the PA pressure generated from a collection of RBCs can be written as the linear 

superposition of the spherical waves emitted by the individual absorbers 
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The superposition of the spherical waves is accounted by the summation term of Eq. (3-2). Here, 

nr


 represents the position vector of the nth absorber in a ROI which contains N  absorbers. If the 

observation distance is large compared to the size of the ROI, Eq. (3-2) can be written as 
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(3-3) 

 In practice, PA signals are detected by an ultrasonic transducer that has a finite bandwidth 

which inherently filters out many of the frequency components of the PA signal. Eq. (3-3) does not 

take into account this finite transducer bandwidth (i.e. it is NBL). This can be accomplished by 

modeling the transducer frequency response profile by a Gaussian function which resembles the 

response of typically used transducers [71]. Eq. (3-3) then becomes the expression for the BL PA 
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pressure field for a collection of RBCs by multiplying its pressure by the Gaussian function 

representing the transducer frequency profile  

2
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2
( )ˆ ˆ( ) ( ) exp .

2
BL NBL

collection collectionP q P q
ϖ ϖ

σ

 −
= × − 

    
 

 
(3-4) 

Here, ( ˆ)NBL
collectionP q  is the pressure field computed by Eq. (3-3), 0ω  is the center frequency of the 

transducer and the width of the Gaussian function σ  is related to the -6 dB receiving bandwidth of 

the transducer (chosen to be 60%) by 02 2log(2) 0.6σ ω= . The PA pressure in the time domain 

can be derived by taking the inverse Fourier transform of Eq. (3-3) and Eq. (3-4). 

3.2 Methods 
 

3.2.1 
 
Simulation methods 

The detailed description of the simulation methods employed to generate the PA signals from NAG 

and AG RBC samples is described in detail in recent reports by our group [122], [123]. For the sake 

of completeness, the framework of the simulation methods will be discussed here in brief followed 

by a more detailed account of the modifications of the model for the purposes of this study.  

 In this study, 2D simulations were performed to investigate the dependence of the PA 

signals and their respective power spectra on RBC aggregation and oxygenation level. The size of 

the ROI was chosen to be 200 µm by 200 µm. This can be thought of as a 2D cross-section of a 3D 

sample containing RBCs. The contributions of the white blood cells and platelets were ignored due 

to their much smaller concentration and negligible optical absorption compared to RBCs [103].  The 

spatial locations of the NAG RBCs were generated using a Monte Carlo based technique known as 

random sequential adsorption [126]. The spatial coordinates of the RBCs were randomly proposed 

within the 2D ROI and were accepted only if they did not overlap with existing cells under periodic 
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boundary conditions. This procedure was repeated until all the RBCs at a given hematocrit (defined 

as the ratio of the area of occupied by the cells to the total area of the ROI) had a fixed position. For 

generating AG RBC samples, a regular packing scheme was used to arrange individual RBCs into 

aggregates. Specifically, a hexagonal close packing scheme formed aggregates by positioning the 

individual RBCs in a hexagonal packing arrangement. The aggregate was then randomly and 

repeatedly placed within the ROI. For each cluster, the radius of gyration ( Rg ) was computed as a 

means for quantifying the mean aggregate size. It was calculated by using the square of the distances 

of the cells from the center of the cluster. Once the spatial positioning of the NAG and AG RBCs 

was completed, the inverse Fourier transform of Eq. (3-3) was computed to obtain the PA signals 

whose power spectra was then computed for both the NBL and BL case as outlined by Eq. (3-3) 

and Eq. (3-4).  

 The RBCs simulated in the study were porcine RBCs. They were approximated as fluid 

spheres with a volume of 368 mµ and radius 2.53a mµ=  [127]. The density of the cell and the 

surrounding fluid (water) were taken as 31078 /s kg mρ =  and 31005 /f kg mρ = , respectively. The 

speed of sound inside the cell was 1628 /sv m s= and 1498 /fv m s= in the medium. The thermal 

parameters and the intensity of the incident optical irradiation were all chosen to have a value of 1 

since they only control the amplitude of the signals and not the spectral features.  

 The PA SA is heavily dependent on the optical absorption of the RBC samples (NAG and 

AG). The optical absorption depends on the concentration of Hb protein inside the RBC and most 

importantly on the protein’s oxygenation state. Since approximately 189 million Hb molecules reside 

within a single porcine RBC, the concentration of Hb inside a single cell was calculated to be 

3[ ] 4.62 10 /Hb mol L−= × . Hb can be either bound up to 4 molecules of oxygen or none and its 
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optical absorption coefficient can be estimated by employing the following relationship: 

[ ] ( ) [ ] ( )µ ε ε= +OHb OHb DHb DHb , where ε  is the extinction coefficient for each Hb molecule 

(depending on its oxygenation level) [128]. For this study, the samples of blood simulated (NAG and 

AG) were assumed to be either entirely oxygenated or entirely deoxygenated. By taking into account 

the extinction coefficients at 750 and 1064 nm for both OHb and DHb, the optical absorption 

coefficients were calculated and utilized in computing the pressure field given by Eq. (3-3).  Table 

3-1 presents the estimated absorption coefficients used in this simulation study [128].  

Wavelength 
(nm) 

µOHb  
(m-1) 

µDHb 
(m-1) 

750 
1064 

260.57 
405.17 

702.24 
49.90 

 
Table 3-1: Absorption coefficients for oxygenated and deoxygenated RBCs. 

The effect of hematocrit and aggregation level was examined in addition to the oxygenation state of 

the samples at both wavelengths. For each hematocrit level, three different levels of aggregation 

were simulated. The smallest Rg  value corresponds to the NAG case. Since the simulations were 

based on a Monte Carlo method, placing the exact same number of RBCs within a given aggregate 

becomes difficult so the Rg  values for each hematocrit level are not identical. Table 3-2 

summarizes the aggregation levels (characterized by Rg ) for each hematocrit level simulated in this 

study. 

Hematocrit  
(%) 

Radius of gyration  
(µm) 

10 
20 
40 

1.96 
1.96 
1.96 

7.15 
7.65 
7.65 

10.96 
10.96 
10.51 

 
Table 3-2: Hematocrit and aggregation levels simulated in this study. 
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3.2.2 
 
Blood sample preparation 

The guidelines on handling the blood were followed in accordance to the recommendations of the 

International Society for Clinical Hemorheology and the European Society for Clinical 

Hemorheology and Microcirculation [27]. Fresh porcine blood from the femoral vein of Yorkshire 

pigs (Comparative Research, Toronto, ON) was drawn into spray-coated potassium EDTA 

vacutaners (Becton, Dickinson and Company, Franklin Lakes, NJ). The blood was centrifuged 

(1500g, 6 min at room temperature) to separate the plasma and the buffy coat. Isotonic photsphate 

buffered saline (PBS) was used to wash the RBCs two times. The packed RBCs were then 

suspended in PBS in order to achieve 3 hematocrit levels (10, 20 and 40%). For each hematocrit 

level, aggregation was induced by replacing PBS with a solution of Dextran-70 (Sigma-Aldrich, St. 

Louis, MO) dissolved in PBS. By changing the concentration of the Dextran-PBS ([Dex]) solution, 

varying degrees of aggregation were achieved. For this study, the [Dex] used were 1, 3 and 8% 

(wt/vol). The presence of aggregation was assessed using an Olympus CKX41 optical microscope 

(Olympus Canada Inc., Markham, ON) at 40X magnification. Representative images of NAG and 

AG RBCs (at 3% [Dex]) are shown in Figure 3-1. All blood samples were kept in contact with air 

prior to experimentation and all experiments were completed within 4 hours of blood sampling. 

    
Figure 3-1: (a) NAG p-RBCs suspended in PBS and (b) AG p-RBCs suspended in 3% [Dex]. The scale bar denotes 10 

µm. 

(a) (b) 
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3.2.3 
 
Experimental setup 

The Imagio Small Animal PA imaging device (Seno Medical Instruments, Inc., San Antonio, TX) 

was used to measure all the PA signals analyzed in this study. The system consisted of a Q-switched, 

pulsed Nd:YAG laser delivered through an articulated arm (beam width 9 mm, pulse width 6 ns, 

pulse repetition rate 10 Hz, maximum fluence 25 mW/cm2/pulse). The acoustic receiver consisted 

of a 4 channel, annular array transducer with a center frequency of 5 MHz and a -6 dB bandwidth of 

60%, as measured by using a hydrophone as the source of sound. The transducer was mounted 60 

mm coaxially to the laser allowing for raster scanning over the entire ROI.  

 The blood samples were loaded into cylindrical tubes (Norton Performance Plastic, Akron, 

OH) with 0.5 mm inner diameter. A vertical raster scan was performed over the entire tube length 

(10 cm). At each location, the laser fired 4 pulses which were averaged to produce a single PA RF 

line. A total of 20 signals were recorded for each blood sample irradiated at 750 and 1064 nm. The 

PA signal from columns filled with distilled water was also recorded in order to confirm that the 

signals analyzed were from the presence of RBCs and not the sample container (which produced 

sub-noise signal).  

 In order to obtain the transducer frequency response profile for PA measurements, a 200 

nm thick gold film was used. The film was deposited onto a thin microscope cover slide with no 

annealing. The gold film was used because it has a broad PA power spectrum as well as a flat 

response in the known bandwidth of the transducer thus providing a good measure of the 

transducer response in PA measurements. The laser was raster scanned over an area of ~0.25 cm2 at 

both 750 and 1064 nm wavelengths using the same power settings as the PA measurements of the 

blood samples. A total of 20 PA signals were recorded for each wavelength.  
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3.2.4 
 
Data analysis 

The analysis methodology described here was applied to both the theoretical and experimental 

signals. Each PA signal recorded was multiplied by a Hamming window in order to localize the 

signal either in the theoretical model (ROI 200 µm by 200 µm) or the sample holder (0.5 mm) and to 

minimize spectral leakage. For each signal (250 simulated signals and 20 experimental signals), the 

SA was computed by integrating the envelope of each signal (obtained by taking the Hilbert 

transform). The average and standard deviation of the SA was then computed. For each PA signal, 

the Fourier transform was computed using the Fast Fourier Transform algorithm before converted 

to a logarithmic (dB) scale.  

 The power spectra for each signal were then normalized to the frequency response of the 

transducer used. The theoretical spectra were subtracted from the Gaussian function (converted to 

dB scale) used to model the transducer frequency response as shown by Eq. (3-4). The 

experimental spectra were subtracted from the gold film spectrum for the appropriate wavelength of 

illumination. Linear regression was performed on the quasi-linear, normalized power spectra over 

the -6 dB bandwidth of the transducer. The SS and MBF were computed from the linear fit of each 

normalized spectrum. Averages of each of these parameters along with the standard deviations were 

computed. The normality of the data was confirmed using a Shapiro-Wilk test with W > 0.05 used 

as the criterion for normality. An unpaired t-test was used to compare the PA SA and spectral 

parameters obtained from NAG and AG RBCs at each respective oxygenation level. A p-value of 

0.05 or less was used to establish statistically significant differences. 
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3.2.5 
 
Estimation of oxygen saturation 

The oxygen saturation ( 2SO ) for a sample of blood can be estimated by illuminating the sample with 

two optical wavelengths ( 1λ  and 2λ ) and measuring the PA SA at each wavelength [103]. Assuming 

that OHb and DHb are the dominant absorbers at the two wavelengths, the SO2 was calculated by 

 
2 1 1 2

2
1 2 2 1

( ) ( , ) ( ) ( , )[ ] .
[ ] [ ] ( ) ( ) ( ) ( )

SA DHb SA DHbOHbSO
OHb DHb SA SA

λ ε λ λ ε λ
λ ε λ λ ε λ
× − ×

= =
+ ×∆ − ×∆

 

 
 
(3-5) 

Here, ( ) ( , ) ( , )OHb DHbε λ ε λ ε λ∆ = −  is the difference in the extinction coefficients for each 

wavelength of illumination ( 1 750nmλ =  and 2 1064nmλ = ). SA  represents the average amplitude 

of the experimental PA signals. The 2SO  was calculated for all measured PA signals and reported as 

percentage.  

3.3 Results 
 
3.3.1 

 
Simulated power spectra 

Figure 3-2 shows the average power spectra obtained from the PA signals of 250 NAG (top row) 

and AG (bottom row) RBC random configurations illuminated. The RBC samples were fully 

oxygenated and were illuminated at 750 nm. As seen in Figure 3-2a for the NAG NBL case, the 

spectral power generally increases over all frequencies when the hematocrit was increased. As 

expected by inspection of Eq. (3-3), all frequencies generated by the NAG RBCs were present in 

the power spectra and the dominant peak of each spectrum was observed at ~260 MHz. The 

spectral power increased by ~2.3 dB per doubling hematocrit level at 260 MHz. When the effect of 

a finite bandwidth transducer was taken into account, most frequencies present in the NBL spectra 

were filtered out as shown in Figure 3-2b. Using the frequency response of a 5 MHz center 

frequency transducer to filter the NBL spectra resulted in NAG BL power spectra which resembled 
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the transducer frequency profile. The spectral power increased by 1.7 dB per doubling hematocrit 

level at 5 MHz. In order to normalize the power spectra, the BL spectra were divided by the 

Gaussian-shaped transducer frequency response and the spectra in Figure 3-2c were obtained. The 

normalized spectra were linear around the 5 MHz, -6 dB transducer sensitivity region and a linear 

regression line was fitted in order to obtain the SS and MBF.   

 The AG, NBL power spectra are shown in Figure 3-2d for samples at 40% hematocrit and 

for different aggregate sizes. As the size of the aggregates (measured by Rg ) increased, the 

frequency at the peak of the spectrum decreased. Specifically, the frequency of the peak for the 

NAG case (1.96 µm) was 260 MHz, 45 MHz for the 7.15 µm and 30 MHz for the 10.96 µm 

aggregates. The BL spectra for the AG samples are shown in Figure 3-2e. The spectral shifts 

present in the NBL case were no longer identifiable and the overall shape resembled the transducer 

frequency profile (similar to the NAG case (Figure 3-2b). At 5 MHz, the spectral power increased 

by 1.8 dB and 3.3 dB for the 7.15 and 10.96 µm aggregates compared to the NAG sample. The 

normalized spectra for the AG samples shown in Figure 3-2f were fitted to a linear regression line 

and the spectral parameters were obtained.  
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Figure 3-2: Simulated power spectra for oxygenated NAG and AG RBC configurations illuminated at 750 nm. Top row: 
(a) NBL power spectra for NAG RBCs at 3 hematocrit levels, (b) BL and (c) normalized power spectra of (b). Bottom 
row: (d) NBL power spectra for AG RBCs at 3 aggregation levels and 40% hematocrit, (e) BL and (f) the normalized 

power spectra of (e). The lines on (c) and (f) represent the usable transducer bandwidth over which linear regression was 
performed.  

3.3.2 
 
Quantitative parameters for simulated samples 

A quantitative summary of the SA, SS and MBF for the simulated exposures at 750 nm is shown in 

Figure 3-3. All graphs are plotted as a function of hematocrit for each aggregate size (Rg of 2, 8 and 

11 µm) and oxygenation state (oxy and deoxy). As shown in Figure 3-3a, the SA increases 

monotonically with increasing hematocrit for all aggregation and oxygenation levels. Specifically, the 

increase is ~1.5x per doubling hematocrit level. The SA for all deoxygenated samples is ~2.7x higher 

than oxygenated ones (p = 0.0004). An increase of >2x is observed for AG samples compared to 

NAG ones at both oxygenation states and all hematocrit levels (p = 0.0002).  

 The SS (obtained from the line of best fit to the normalized spectra) is shown in Figure 

3-3b for the 750 nm exposure. As the hematocrit increased, the SS did not change in a statistically 

significant manner when comparing the NAG with AG samples (p = 0.08). The trend was similar 
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for both oxygenated and deoxygenated samples. In addition, there was no statistically significant 

change when comparing the NAG samples with AG samples (8 and 11 µm) (p = 0.8). For the NAG 

samples, the average SS over all hematocrit levels was ~0.35 dB/MHz.  

 In the case of the MBF, there was a monotonic increase with increasing hematocrit level in a 

very similar manner to the increase in PA SA (Figure 3-3c). The MBF increased by ~1.3 dB per 

doubling hematocrit level for all aggregation levels and both oxygenation states. AG samples had an 

MBF >4.3 dB than NAG samples at all hematocrit and oxygenation states (p = 0.0005). 

 

Figure 3-3: (a) SA, (b) SS and (c) MBF for the 750 nm laser exposure as a function of hematocrit, aggregate size and 
oxygenation level. The error bars (too small to be seen in (a)) denote the standard deviation for 250 PA signals or 

spectra. 

 The quantitative summary of the SA, SS and MBF for the 1064 nm exposure are shown in 

Figure 3-4. All oxygenated samples had a SA ~8x greater than the deoxygenated samples (p = 

0.0001) and increased by ~1.5x per doubling hematocrit level for all aggregate sizes (Figure 3-4a). 

The AG samples were > 2x higher in SA compared to NAG samples for all hematocrit and 

oxygenation levels (p = 0.0006). Compared to the 750 nm exposure, the oxygenated RBC samples at 
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1064 nm had a SA ~1.6x greater at all aggregation and hematocrit levels (p = 0.0008). The trend was 

reversed for the deoxygenated samples with the SA being ~14.1x greater for the 750 nm exposure (p 

= 0.0001).  

 The SS (shown in Figure 3-4b) followed similar trends to the 750 nm exposure with no 

statistically significant changes between NAG and AG samples when the hematocrit increased from 

10 to 40% (p = 0.8). Oxygenated and deoxygenated samples were not statistically significantly 

different from one another (p = 0.1). The average SS over all hematocrit levels was ~0.35 dB/MHz.  

 For every doubling of the hematocrit level, the MBF increased by ~1.2 dB for all 

aggregation and oxygenation states at 1064 nm laser exposure (Figure 3-4c). An increase > 4.3 dB 

was observed when comparing the AG with NAG samples at all hematocrit and oxygenation (p = 

0.0007). The MBF of the oxygenated RBC samples at 1064 nm was ~2 dB higher than the 750 nm 

(p = 0.0009) while the MBF of deoxygenated samples at 1064 nm was ~11 dB lower than the 750 

nm counterpart (p = 0.0001). The trend was true for all hematocrit and aggregation levels.  

 
Figure 3-4: (a) SA, (b) SS and (c) MBF for the 1064 nm laser exposure as a function of hematocrit, aggregate size and 

oxygenation level. The error bars (too small to be seen in (a)) denote the standard deviation for 250 PA signals or 
spectra. 
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3.3.3 
 
Experimental SA and oxygenation level 

The experimentally measured PA SA and oxygenation levels (calculated using Eq. (3-5)) for all 

samples is shown in Figure 3-5. For both wavelengths of illumination 750 nm (Figure 3-5a) and 

1064 nm (Figure 3-5b), the SA increased monotonically with increasing hematocrit. The increase 

was ~1.3x per doubling hematocrit level. As the aggregation level was varied (by changing [Dex]), 

the PA SA exhibited a non-linear trend. The maximum SA was achieved for a [Dex] of 3% for all 

hematocrit levels. The 1 and 8% [Dex] exhibited nearly identical SA (p = 0.2). The SA for NAG 

samples ([Dex] 0%) was at least 1.6x smaller than the AG samples at all hematocrit levels, for both 

wavelengths of illumination (p = 0.001). At the 750 nm exposure, the SA was ~1.3x greater than the 

1064 nm exposure for all samples measured (p = 0.003). 

 Figure 3-5c shows the 2SO  calculated by utilizing Eq. (3-5) with both exposure 

wavelengths. 2SO  increased linearly with increasing hematocrit with an average increase of ~7% per 

doubling hematocrit level. At the 3% [Dex], 2SO  was at the highest level ~30% higher than the 

NAG case (p = 0.00001). The 1% and 3% [Dex] 2SO  levels were virtually identical at all hematocrit 

levels and ~20% higher than the NAG samples (p = 0.00003).   
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Figure 3-5: Experimentally measured PA SA and 2SO  levels for all RBC samples. The error bars denote the standard 
deviations of 20 PA signals. Top row: PA SA for the (a) 750 nm and (b) 1064 nm exposures. Bottom row: (c) 2SO  for 

all RBC samples illuminated at both wavelengths. 

3.3.4 
 
Experimental spectral parameters 

The spectral parameters measured from the experimental power spectra at both exposure 

wavelengths are shown in Figure 3-6. As seen in Figure 3-6a and Figure 3-6b, the SS does not 

change with increasing hematocrit (p = 0.3). At both wavelengths of illumination the SS values were 

approximately equal. The SS decreases by a factor of 9 when the [Dex] was 3% compared to the 

NAG case when [Dex] was 0% at all hematocrit levels (p = 0.0002). The SS at 3% [Dex] is ~0.1 

dB/MHz lower than the 1% and 8% [Dex] (p = 0.001).  

 The MBF for both wavelengths of illumination is shown in Figure 3-6c and Figure 3-6d. It 

monotonically increased with increasing hematocrit and it reached a maximum value for the 3% 

[Dex]. For both wavelengths, the increase was ~1.2x per doubling hematocrit levels. At 3% [Dex] 

the MBF was ~6 dB higher than the NAG case (p = 0.0004) and ~4 dB higher than the 1% and 8% 

[Dex] (which had approximately the same MBF) (p = 0.0007). This trend was observed for both 
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wavelengths. The MBF for the 750 nm exposure was ~1.2x higher than the 1064 nm exposure at all 

hematocrit and aggregation levels (p = 0.003). 

 

Figure 3-6: Experimentally measured SS and MBF for all RBC samples. The error bars denote the standard deviations of 
20 PA spectra. Top row: SS for the (a) 750 nm and (b) 1064 nm exposures. Bottom row: MBF for the (c) 750 nm and 

(d) 1064 nm exposures. 

3.4 Discussion and conclusions  
 

The findings of this study demonstrate the potential of PA-RFS for detecting and monitoring 

changes due to the aggregation of RBCs while providing information on their oxygenation levels. 

The theoretical model developed here examined how the aggregation level and oxygenation status of 

RBCs affect the spectral features of the PA signals detected. By investigating both phenomena 

simultaneously, we have extended the theoretical model already developed for studying aggregation 

and oxygenation independently [122], [123]. The theoretical model was further improved by taking 

into account the effect of a finite transducer bandwidth on the PA signals and power spectra. This 

allows the model comparisons with experimental data with more fidelity since PA experiments are 

conducted using transducers with a finite frequency response. In addition, by utilizing a commonly 
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used experimental protocol [27], this study tests the capability of PA for detecting and monitoring 

changes that occur during RBC aggregation while providing information on the oxygenation status 

of the samples. Performing PA at multiple wavelengths also allows for simultaneous measurements 

of the oxygenation level of the RBCs during aggregation. Currently, no other available imaging 

modality is capable of detecting the aggregation of RBCs and measuring the 2SO  simultaneously. 

There has been significant evidence demonstrating decreased release of oxygen during the presence 

of RBC aggregation and its implications on tissue oxygenation [129–131]. Furthermore, by 

normalizing the power spectra with the transducer frequency response, the system dependencies on 

the detection process can be removed.  By using spectroscopic methods of analysis derived from 

UTC [117], [115], a quantitative method that can be potentially used for assessing the size and 

concentration of RBC aggregates was developed.  

 The theoretical model developed here is part of the first ever study of the effect of RBC 

aggregation and oxygenation level on the PA RF signals and their respective power spectra. 

Beginning with the NAG RBCs (Figure 3-2a), the monotonic increase observed in the SA with 

increasing hematocrit has been confirmed by other experimental studies [124]. Increasing the 

number of optical absorbers increases the spectral power (and SA) linearly since it is calculated from 

the linear superposition of the spherical wavelets emitted from each individual RBC. The 

straightforward relationship between SA and hematocrit (Eq. (3-3)) is an advantage of PA imaging 

over its US counterpart for the study of RBC concentration. In US imaging, the backscattered power 

dependence on hematocrit resembles a Gaussian profile and it depends on the spatial distribution of 

the RBCs and the interrogating US frequency [74]. This renders US measurements of RBCs difficult 

since it is nearly impossible to assess the level of hematocrit from the backscattered US power alone. 

Being able to do that using PA presents significant advantages when it comes to measurements of 
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RBC aggregation, which is a hematocrit-dependent process. In PA the size of the optical absorber is 

responsible for controlling the dominant frequency of the power spectrum [90]. As shown in Figure 

3-2d, PA spectra can differentiate RBC aggregates based on their sizes. When RBCs aggregate, the 

spatial separation of the individual RBCs approaches the thermal diffusion limit which is controlled 

from the physical parameters of the RBCs and surrounding medium [132]. This causes the entire 

aggregate to act as an individual PA source even though the generation of the PA signal is still due 

to the absorption and thermal expansion of the individual RBCs. It is highly advantageous to 

differentiate sizes of objects based on the spectral content of PA RF signals.  

 However, despite the fact that the NBL results presented in Figure 3-2a and Figure 3-2c 

suggest significant changes in power spectra due to the presence of RBC aggregation, they are 

simply ideal, theoretical scenarios of a more complex detection process. US transducers have a finite 

receiving bandwidth that inherently filters out many of the frequency components generated from 

PA sources [103]. The results presented in Figure 3-2b and Figure 3-2e strongly suggest that the 

transducer used clearly affects the PA signals received as the dominant spectral features predicted by 

the NBL equations are no longer present. Nevertheless, using a 5 MHz transducer that is commonly 

used for PA measurements demonstrates the ability to detect significant changes in the power 

spectra of NAG and AG RBCs. The experimentally measured power spectra also conducted with a 

5 MHz center frequency transducer closely resembled the shape of the transducer frequency 

response, as predicted. Our group has also conducted PA measurements on single RBCs with high 

frequency transducers (center frequency 205 and 375 MHz) and the bandwidth of the transducer has 

been shown to significantly affect features of the recorded PA signals [133].  

  Normalizing the simulated and experimental power spectra by the transducer frequency 

response provides a means of obtaining quantitative parameters which are related to structural 
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features of the samples being interrogated. The normalized power spectra shown in Figure 3-2c and 

Figure 3-2f can be fitted to a linear curve over the usable transducer bandwidth and regression 

analysis can provide the SS and MBF. The results obtained could be interpreted using what is already 

known from UTC since both PA and US imaging share similarities in the detected signals. In UTC, 

the SS is primarily related to the scatterer size and shape. The MBF is a measure of the US 

backscatter and primarily depends on the scatter concentration [115]. In the case of PA imaging, the 

absorber size and concentration can also be related to parameters that can be obtained from the 

spectroscopic analysis of PA signals.  

 Despite the fact that the theoretical SS (Figure 3-3b and Figure 3-4b) was not statistically 

significantly different between NAG and AG samples, it would still be appropriate to compare the 

SS for simulated NAG RBC samples with experimental NAG samples in order to further validate 

the theoretical model. It was still possible to distinguish between the various hematocrit and 

aggregation levels using the MBF parameter despite no shifts in the frequency of the power spectra. 

The monotonic increase in the MBF with increasing hematocrit is in accordance to the trends 

followed by the PA SA. This is expected since the MBF is a measure of absorber (i.e. RBC) 

concentration. In addition, as the aggregation level increased, the MBF significantly increased 

compared to the NAG case. The increase corresponded to the fact that the signal strength for AG 

RBCs in the low frequency regime increases more than the NAG case as observed in the power 

spectral shifts of NBL spectra (Figure 3-2c). Experimental measurements of the spectral parameters 

also reveal significant differences between NAG and AG RBC samples (Figure 3-5). The decreases 

in the SS as the [Dex] increased can be interpreted by the increase in the aggregate sizes which are 

controlled by the [Dex]. At 3% [Dex] the SS is at a minimum for both wavelengths which suggests 

that the size of the aggregate is at a maximum (Figure 3-5a and Figure 3-5b). Such a result is 

expected since other experimental assessments of the effect of RBC aggregation on [Dex] have 
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resulted in the aggregates with the largest sizes forming with a [Dex] of 3% [125]. The SS parameter 

is a measure of the scatterer size in UTC and it decreases with increasing scatterer size [115]. In 

addition, the SS for the NAG case at all hematocrit levels is nearly identical to the SS predicted by 

the theoretical results (~0.3 dB/MHz). This suggests that the theoretical model developed here is 

accurately emulating experimental conditions. The comparison between the theoretical and 

experimental NAG SS parameter could be used to evaluate the ability of the theoretical model to 

simulate the PA signal from NAG RBCs. At the frequency regime where the experimental 

transducer is most sensitive (< 10 MHz), the experimental spectra and the NAG theoretical spectra 

are nearly identical since they are heavily affected by the transducer sensitivity curve. This gives rise 

to the good agreement between the experimental and theoretical SS parameter. Such agreement in 

SS could be due to the fact that the model used here takes into account a finite ROI filled with 

spherical absorbers at the appropriate concentration (i.e. hematocrit) which represent NAG RBCs. 

Experimentally, a collection of NAG RBCs inside a cylindrical container could be, to a good 

approximation, be seen as a collection of absorbing spheres much like what is simulated. For the 

AG case, the spectral parameters between the model and the experiment could not be directly 

compared. The presence of the largest aggregates was also confirmed by the significant increases in 

the MBF when comparing the NAG samples to the AG ones (Figure 3-5c and Figure 3-5d). The 

largest MBF was observed for the 3% [Dex] samples at all hematocrit levels in a very similar fashion 

to the SA trend. This is expected since the MBF is a direct measure of the PA SA and is dependent 

on the absorber concentration. In addition, since aggregation is a hematocrit dependent process, the 

observable changes in the MBF reflect the linear relationship that exists between RBC concentration 

and the strength of the PA signal measured. This is a clear advantage of PA imaging for measuring 

RBC aggregation since other techniques are not sensitive enough to measure hematocrit levels of 

aggregated RBC samples [47]. The theoretical SS parameter showed significant differences compared 
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to the experimentally measured one. Such deviation could be interpreted from the fact that the 

theoretical model for aggregation is forming spherical aggregating clusters by placing individual 

RBCs close to one another. This approach could be responsible for the discrepancy between the SS 

parameter which did not change for theoretical spectra as the aggregate size increased as shown in 

Figure 3-3 and Figure 3-4. RBC aggregates observed experimentally showed both a combination of 

rouleux and spherical clusters of varying sizes as shown in Figure 3-1. It is thus expected that the 

detected signals will be a convolution of the PA response of the shapes of the varying aggregates 

and the transducer response. The theoretical model does not take into account the varying sizes of 

aggregates nor does it simulate the more realistic rouleaux or clusters that are observed 

experimentally. For direct comparisons with experiment, the theoretical model should be improved 

to take into account the more appropriate 3D shapes of aggregates.  

 PA-RFS is successful in measuring the oxygenation level of RBC samples in addition to 

monitoring their aggregation. The theoretical results obtained from fully oxygenated and 

deoxygenated samples at two illumination wavelengths strongly demonstrate the potential of PA for 

differentiating the oxygenation levels of RBC samples. The changes in SA and MBF are significant 

enough to differentiate between the two oxygenation levels (Figure 3-3 and Figure 3-4). 

Differences between oxygenated and deoxygenated samples at both wavelengths correspond to the 

differences that exist between the absorption coefficients at each wavelength. The theoretical results 

on oxygenation suggest that two-wavelength PA allows to measure 2SO  while simultaneously 

assessing the presence of RBC aggregation. As seen in Figure 3-5c, the 2SO  increases by more than 

20% when RBCs aggregate. This suggests that the presence of aggregation decreases the ability of 

RBCs to release oxygen to the surrounding environment. Such an observation has important 

implications for oxygen transfer from RBCs to surrounding tissues. In the presence of RBC 
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aggregation, the plasma layer surrounding the RBCs which helps reduce the frictional interaction 

with the endothelial cells of the blood vessels increases in thickness [130]. This impairs the diffusion 

of oxygen to the surrounding tissues thus increasing the 2SO  level. Such increases have been 

measured experimentally using a microscope system coupled with a spectrophotometer [129]. 

Enhancements in the 2SO  were found to be similar to the ones reported in this study and 

dependent on the aggregation and hematocrit level.  

 This study demonstrates for the first time the potential of PA-RFS to detect changes due to 

RBC aggregation and oxygenation. In this investigation, we have been able to demonstrate the PA 

detection of RBC aggregation for specific degrees of aggregation levels and hematocrit while 

simultaneously measuring the oxygen level for each sample. The PA-RFS techniques developed here 

suggest that it is possible to obtain quantitative measures of aggregate size and concentration.  To 

the best of our knowledge, this is the first time that PA imaging has been used for the investigation 

of RBC aggregation and oxygenation. The results of this study suggest the potential of PA as a non-

invasive tool for detecting RBC aggregation. 
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Chapter 4 CONCLUSIONS AND FUTURE DIRECTIONS 
 

4.1 Thesis conclusions  
 

The focus of this thesis was to assess the feasibility of PA imaging for the detection and monitoring 

of RBC aggregation. All the thesis objectives outlined in the introduction were investigated. This 

work demonstrated for the first time that PA imaging has potential as a non-invasive tool for 

detecting RBC aggregation.  

 Specifically, it was shown that by monitoring the power spectra of PA RF signals one can 

obtain information that can be related to the presence of RBC aggregation. The theoretical model 

developed here elucidated on using the frequency-domain information contained in the PA RF 

signals for detecting RBC aggregates. The size of the aggregate dictated the dominant frequency 

content of the PA signals. The larger the size of the aggregate, the greater was the shift of the 

dominant frequency towards clinical frequencies (< 30 MHz). Such an observation suggested that 

PA measurements commonly performed using clinical US transducers can differentiate between 

NAG and AG RBCs. The feasibility of this technique was experimentally investigated using two 

types of RBCs (p-RBCs and h-RBCs) and significant changes were observed in the power spectra 

for varying aggregation and hematocrit levels.  

 The theoretical model was improved by taking into account the finite nature of the 

transducer bandwidth in order to simulate more realistic PA measurements. This allowed for the 

development of PA-RFS techniques whose basic premise is taking into account the transducer 

frequency response. In accomplishing the normalization of the simulated and experimentally 

measured PA power spectra, PA-RFS provided quantitative parameters that could be potentially 

related to structural properties of the RBC samples. The SS and MBF parameter extracted from the 

normalization procedure were related to the size and concentration of the optical absorbers as 
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shown by the phantom experiments. These two parameters were then used to monitor the changes 

occurring due to RBC aggregation. The SS decreased with increasing aggregate size while the MBF 

increased. It was possible to quantify the change in hematocrit and aggregation levels by extracting 

the spectral parameters. This was the first time that PA-RFS has been used to quantify RBC 

concentration during PA measurements. 

 Finally, two-wavelength PA-RFS was used in order to obtain the oxygenation level of RBC 

samples during aggregation. The presence of RBC aggregation has been associated to decreased 

oxygen transfer to surrounding tissues but no current techniques exist that are capable of detecting 

the presence of RBC aggregation and simultaneously provide the 2SO  level. The results of this study 

suggested that 2SO  level significantly increases during RBC aggregation in accordance to previously 

published studies [129]. This study demonstrates the potential of PA imaging for detecting 

morphological and functional changes occurring due to RBC aggregation.  

4.2 Future directions 
 

The results presented in this thesis are the first-ever observations on the PA detection of RBC 

aggregation. In order to further explore the potential of PA for detecting RBC aggregation several 

theoretical and experimental investigations are required. They are summarized below: 

1. Establish the relationship between the spectral parameters extracted in PA-RFS and physical 

properties of samples being imaged: This will be required in order to obtain physically 

meaningful quantitative parameters that can be used to monitor size and concentration of 

optical sources in a similar fashion to UTC. A preliminary investigation is presented at the 

end of this section.  
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2. Extend the theoretical model to 3D: This will allow for more realistic representations of 

aggregates since in reality clusters of RBCs form during periods of decreased blood flow. 

Although the resulting model will have increased computational requirements, it will also 

provide more insight into the PA spectral signatures from more realistic aggregates. In 

addition, it would be noteworthy to simulate aggregates with sizes closely resembling the 

ones measured during experiments in order to allow for more accurate comparisons. 

3. Perform measurements using various types of RBCs and aggregating conditions: This will 

test the sensitivity of PA techniques for detecting RBC aggregation. Various types of 

mammal RBCs (i.e. horse or rat) exhibit significantly different aggregation behaviours and it 

would be important to test the capabilities of PA in monitoring these changes. Furthermore, 

there are multiple ways to induce RBC aggregation in-vitro by changing the identity of the 

polymer used. It would be interesting to vary the aggregating conditions over a wider range 

of polymers and investigate the potential of PA for detecting the presence of aggregates of 

varying sizes or strengths. 

4. Test the capabilities of commercial US imaging systems as PA devices: This will assess the 

potential of detecting RBC aggregation in-vivo. For translating the methods developed in this 

thesis to an in-vivo setting, it is likely that linear arrays will be employed for PA 

measurements. Many US imaging systems allow for synchronizations with the laser source 

and provide access to their pre-beamformed RF data. This would be advantageous for PA 

imaging since it would allow the user to perform signal/image processing algorithms directly 

on the acquired data. Further, it would be advantageous to image a flow phantom system 

resembling the in-vivo flow dynamics.  

 In order to demonstrate the potential of PA-RFS parameters (SS and MBF) to provide 

quantitative information about the physical properties of the samples being imaged, experiments 
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were conducted using tissue mimicking phantoms designed for PA imaging. The gelatin-based 

phantoms were constructed using black polystyrene beads as spherical absorbers. The gelatin 

powder was derived from porcine skin (Sigma-Aldrich Co., St. Louis, MO). The two types of black 

polystyrene beads (Polysciences Inc., Warrington, PA) had an average diameter of 0.9352 ± 0.0276 

µm and 10.231 ± 0.344 µm (sizes supplied by the manufacturer). In order to prepare the phantoms, 

the beads were mixed with degassed water which was heated to ~80 °C prior to adding the gelatin 

powder. Once the powder was added, the solution was stirred until the entire gelatin had properly 

dissolved and a homogenous solution had formed. The solution was poured into a phantom mold 

container (4 cm by 4 cm by 2 cm) which was cooled to 4 °C for ~2.5 hours in order to solidify the 

phantom. For each phantom, 4 g of gelatin powder were mixed with 40 ml of degassed water. For 

each bead size, three different phantoms were made where the concentration of the beads was 

changed. Specifically, concentrations of 0.1, 0.2 and 0.3% (v/v) were achieved by mixing the 

appropriate amount of beads with the degassed water solution prior to heating. All PA 

measurements were performed using the Imagio small animal PA imaging device described in 

section 3.2.3.  

The analysis of the entire dataset was performed using Matlab R2009b (The MathWorks, 

Inc., Natick, MA). Each PA signal recorded was multiplied by a Hamming window in order to 

localize the signal from the sample as well as minimize spectral leakage. The PA SA was calculated 

by integrating the envelope of each signal (obtained by taking the Hilbert transform). The average 

SA was then computed by taking the mean of all recorded signals along with the standard deviation 

for each phantom and the gold film. For each PA signal, the Fourier transform was computed using 

the Fast Fourier Transform algorithm before converted to a logarithmic (dB) scale.  

 The power spectra for each RF signal of each phantom were then normalized to the 

frequency response of the transducer. The normalization procedure was performed by subtracting 
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the gold film spectrum from each power spectrum. Linear regression was performed on the quasi-

linear, normalized power spectra over the -6 dB bandwidth of the transducer. The SS and MBF were 

computed for each spectrum from the linear fit to the normalized spectrum. Averages and standard 

deviations of each of these parameters were computed. The normality of the data was confirmed 

using a Shapiro-Wilk test (with W > 0.05 used as the criterion for normality). An unpaired t-test was 

used to compare the PA signal amplitudes and spectral parameters obtained from the 1 µm and 10 

µm phantoms for each concentration of beads. A p-value of 0.05 or less was used to establish 

statistically significant differences. 

The PA signals and the average power spectra for the 1 and 10 µm bead phantoms are 

shown in Figure 4-1. The PA signals shown in Figure 4-1a and Figure 4-1b are representative 

signals from phantoms with 0.3% (v/v) bead concentration. The average power spectra of each 

phantom are shown in Figure 4-1c and the normalized average power spectra are shown in Figure 

4-1d for 0.3% concentration. The PA signal for the 10 µm bead phantom had higher amplitude than 

the 1 µm bead phantom. This was reflected in the average power spectra for each phantom where 

the 10 µm phantom spectral power was significantly higher than the 1 µm bead phantom spectral 

power across all frequencies. The regression line for the normalized power spectra also showed 

significantly higher amplitude for the 10 µm phantom and a smaller slope.  
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Figure 4-1: Representative PA signals for (a) 1 µm and (b) 10 µm black polystyrene phantoms along with (c) average 
power spectra and (d) normalized power spectra and the respective linear fits .The phantoms shown here had a 0.3% 

(v/v) bead concentration. 

 The PA SA and spectral parameters (SS and MBF) for all the phantoms constructed for this 

study are summarized in Table 4-1. For each phantom, the PA SA linearly increased with increasing 

concentration of beads. The PA SA was ~40% higher for the 10 µm phantom compared to the 1 

µm phantom at all concentrations. This change was statistically significant (p = 0.0001). The SS did 

not change significantly with increasing bead concentration for either phantom. The average value of 

the SS was 2.55 dB/MHz and 1.92 dB/MHz for the 1 and 10 µm phantoms, respectively. The 

decrease in SS with increasing bead size was statistically significant for all concentrations (p = 

0.0002). Further, the MBF linearly increased with increasing bead concentration for both phantoms. 

The MBF for the 10 µm phantom was statistically significantly higher than the MBF of the 1 µm 

phantom at all concentrations (p = 0.002).  
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Phantom 
Parameter 

1 µm 10 µm 
0.1% 0.2% 0.3% 0.1% 0.2% 0.3% 

SA (a.u) 
SS (dB/MHz) 

MBF (dB) 

0.13 ± 0.2 
2.54 ± 0.1 
-0.54 ± 0.1 

0.25 ± 0.1 
2.55 ± 0.3 
-1.04 ± 0.1 

0.49 ± 0.1 
2.57 ± 0.3 
-2.08 ± 0.2 

0.32 ± 0.1 
1.93 ± 0.2 
0.52 ± 0.1 

0.63 ± 0.1 
1.90 ± 0.1 
1.03 ± 0.1 

1.27 ± 0.3 
1.92 ± 0.2 
2.05 ± 0.2 

 

Table 4-1: Summary of the SA and spectral parameters (SS and MBF) for the phantom experiments. 

This study demonstrates the potential of PA-RFS for monitoring the size and concentration 

of PA sources. The results indicate that the spectral parameters (SS and MBF) are sensitive to 

changes in size and concentration of the PA sources (black polyethylene beads).  Although the 

relationship between spectral parameters and tissue properties is yet to be determined, the results 

from this study could be partially interpreted using what is already known from QUS 

characterizations of tissues [115].  

 As seen in Figure 4-1 and confirmed from Table 4-1, the increase in the size of the optical 

absorber (black polyethylene beads) corresponds to an increase in the PA SA and MBF. As shown in 

Eq. (1-6), the PA pressure in the frequency domain is proportional to the radius of the absorber 

squared. This suggests that larger spherical particles will emit PA pressure waves (calculated by the 

inverse Fourier transform of the frequency domain expression) with higher amplitude compared to 

smaller particles [90]. Such a trend is also observed experimentally since the PA SA for the 10 µm 

phantom is higher than the 1 µm phantom for all concentrations of beads (Figure 4-1a and Figure 

4-1b). Furthermore, the trend of PA SA with particle size is also reflected in the MBF spectral 

parameter as seen by Figure 4-1d. The MBF increases as the particle size increases and such an 

increase is in accordance to the increase of PA SA. Specifically, for the 0.3% concentration, the 

MBF increases by ~4 dB as the size of the particle size increases. This corresponds to an increase in 

PA SA by a factor of ~2.6. A similar trend was observed for all other bead concentrations. This is in 

accordance with the relationship that exists between the structural properties of the sample and the 
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MBF parameter as used in UTC. In UTC, an increase in scatterer size results in increased backscatter 

and thus increased MBF [112]. In PA, it is the size of the absorber that dictates the increase in PA 

SA and MBF at the frequencies of interest. Despite the fact that the mechanism of US wave 

generation differs when comparing US and PA, the detection of the backscattered (US) and emitted 

(PA) signals is identical which suggests that spectroscopic analysis can reveal important information 

about the sizes and concentrations of PA sources. 

 As seen in Figure 4-1d, the SS of the line of best fit to the normalized average spectra 

decreases as the size of the absorber increases. This trend remains true for all concentrations of 

absorbers and no statistically significant changes between the SS of varying concentrations for the 

same absorber size were observed. Specifically, the SS decreases on average by 0.63 dB/MHz when 

the absorber size increases and the decrease was statistically significant for all 20 PA spectra 

measured for each concentration. This spectral parameter plays an important role in UTC for  

monitoring the size of the scatters during the presence of various types of carcinomas as well as 

during chemotherapeutic treatments of tumors [111], [118], [134]. A decrease in the SS parameter 

corresponds to an increase in the effective scatterer size. Since the size of the optical absorber 

dictates the frequency content of the PA power spectra, it is reasonable to expect that changes in PA 

SS could also be used to monitor changes in the size of the absorber [119]. This was apparent from 

Figure 1-16 which showed the PA spectra for a 3 and 9 µm spheres. The peak frequency of the 

power spectra shifted towards the lower frequencies as the size of the sphere increased. It should be 

noted that Eq. (1-6) which predicted these PA spectra does not take into account the finite nature 

of the transducer bandwidth. By taking into account a transducer with a finite bandwidth, many of 

the frequencies present in the spectra will be filtered out due to the inherent filtering nature of US 

transducers [71]. Furthermore, by normalizing the spectra, transducer dependent settings during the 

measurement can be removed. This provides a set of parameters that can be quantitatively related to 
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tissue properties. The SS parameter computed in this study showed that it is a reliable parameter for 

monitoring the size of the optical absorber. As seen in Table 4-1, the SS decreased by a factor of 

~0.75 when the size of the absorber increased. Such change is significant for successfully monitoring 

the changes in absorber size given that the concentration of absorber particles was not optimized for 

the resolution sensitivity of the transducer. In other words, even though the number of beads per 

resolution volume was not fixed to match the resolution volume of the transducer, analysis of the 

spectral parameters shows that PA-RFS has the potential to monitor the size and concentration of 

the optical absorber. Further work is required to determine the exact relationship between the PA 

spectral parameters and tissue microstructure, especially with regards to the geometry of the 

vasculature since the RBCs in blood provide the majority of the PA signals in-vivo [107].  

 The results presented here suggest that PA-RFS has the potential to monitor changes in 

absorber size and concentration. PA-RFS techniques are robust in the sense that they can remove all 

system dependencies that affect the acquisition of the PA signals and make it difficult to compare 

studies with different experimental conditions. The method developed here utilizes the spectral 

content of the PA signals and showed that the SS decreases by ~0.63 dB/MHz as the size of the 

absorber increased by 10 µm while the MBF increased by ~4 dB. This suggests that PA-RFS is 

capable of monitoring changes in size and concentration of optical absorbers and can be applied to 

monitor changes that occur during RBC aggregation. 
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