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Abstract 

 

Application of image flow cytometry and photoacoustics for the characterization of red 
blood cell storage lesions  

Ruben N. Pinto 

M. Sc. Biomedical Physics 

Ryerson University, Toronto, 2017 

 

Significant functional/structural changes of red blood cells (RBCs) have been documented 

during its in vitro storage. Collectively termed as RBC storage lesions, changes include an 

increase in RBC oxygen saturation (SO2) and an increase in irreversibly damaged RBCs 

(spheroechinocytes). In this work, novel optical techniques are presented for determining the 

spheroechinocyte population as a function of storage time via automated image flow cytometry 

(IFC) morphology characterization, and the acquisition of RBC SO2 via an in situ photoacoustic 

(PA) method. Blood gas analysis (BGA) was used as the gold standard SO2 measure. Over the 

lifespan of seven blood bags, the IFC spheroechinocyte population – PA SO2 correlation was 

found to be strong (0.60<r2<0.91). These results suggest that monitoring SO2 changes can 

potentially infer the rate of increase of irreversibly damaged RBCs. A very strong PA SO2 – 

BGA SO2 correlation (r2>0.95) shows high potential for in situ monitoring of RBC storage 

lesions. 
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Chapter 1  : Introduction 
 
The introduction chapter is composed of three major themes: red blood cells (RBCs), storage 

lesions and optical techniques. This chapter aims to provide the reader with 1) the relevant 

definitions and properties of each theme; 2) a brief overview of the pertinent literature behind 

each theme and 3) the connection between each theme in forming the motivation behind this 

thesis project.  

 

In addressing the first theme, Section 1.1.1 briefly introduces the role and constituents of blood 

before presenting the structural properties of RBCs in Section 1.1.2. In Section 1.2, the 

functional properties of RBCs are discussed in the context of its primary constituent hemoglobin. 

Section 1.3 briefly introduces the field of RBC transfusion, touching on its significance within 

the health care field.  

 

For the second theme, Section 1.4 provides an account of the guidelines for pre-transfusion RBC 

storage. Section 1.5 defines the characteristics of an RBC storage lesion, its negative effects on 

stored RBCs and possible clinical consequences of transfusing damaged RBCs.  

 

The third theme is presented with a brief introduction to the optical properties and techniques 

used to monitor RBCs (Section 1.6). Section 1.7 showcases some conventional lab methods 

employing the presented optical techniques to study various properties of the RBC storage 

lesion. Sections 1.8 and 1.9 present two relatively novel optical technologies, image flow 

cytometry (IFC) and photoacoustics (PA); furthermore, these sections present the potential of 

these technologies to monitor damaged RBCs during storage in novel ways. 

 

Section 1.10 merges the three major themes to form the thesis motivation: the optical 

technologies of image flow cytometry and photoacoustics have unique capabilities of monitoring 

certain effects on stored RBCs due to the storage lesions. The hypotheses presented in Section 

1.11. are concerned with the ability of each technology to measure a particular characteristic of 

the RBC storage lesion.  
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1.1 Red Blood Cells: An Introduction 

1.1.1 Blood 

 
Blood, a connective tissue in the body [1], contains several cellular components that are 

suspended in the extracellular fluid matrix called plasma. Plasma occupies approximately 55% of 

the total blood volume. It is primarily composed of water and contains a suspension of proteins, 

electrolytes and antibodies, amongst other molecules [2]. Table 1-1 presents information on the 

cellular components of blood: 

 

CELL 
NAME 

ALTERNATE 
TERMINOLOGY 

IN- VIVO 
LIFESPAN 

(DAYS) 

(%) BLOOD 
VOLUME 

RELATIVE 
CELL  RATIO 

PRIMARY 
FUNCTION 

White 
Blood 
Cell 

(WBC) 

Leukocyte 3-4 < 1 1 Defense against 
harmful 

endo/exogenous 
agents 

Platelet Thrombocyte 5-9 < 1 40 Prevention of blood 
leakage via clotting 

Red 
Blood 
Cell 

(RBC) 

Erythrocyte 100-120 40 - 45 650 Oxygen 
Transport/Delivery 

Table 1-1: List of the cellular components of blood, alternate terminology, in vivo lifespan, percentage blood 
volume,  relative cell number ratio (relative to WBCs) and primary function [2],[3] 

 
 
Blood traverses through the human body via the cardiovascular system (Figure 1-1). 

Deoxygenated blood is pumped from the heart to the lungs, where it is exposed to partial 

pressures that induce the release of carbon dioxide (CO2) and the uptake of oxygen (O2). The 

freshly oxygenated blood then returns to the heart, before being pumped out to the rest of the 

body via the aorta. The diffusion of blood gases within the body occurs primarily in the 

microvasculature. 
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Figure 1-1: Diagram of the cardiovascular system; deoxygenated blood is indicated in blue, while oxygenated blood 
is indicated in red. Adapted from [4]. 

 

1.1.2 Red Blood Cells (RBCs) 

Red blood cells (RBCs) are the most prevalent cellular constituents of blood, both in relative cell 

quantity and in percentage volume occupied in blood (Table 1-1). A mature, normal functioning 

RBC is anucleated and has a biconcave disc morphology. It has a diameter of approximately 

7.5µμm and thickness ranging between 1.5 to 2.5	  µμm (Figure 1-2) [5, 6]. The RBC cell membrane 

is composed of a phospholipid bilayer, an internal cytoskeletal network and membrane proteins. 

The membrane and cytoskeleton help maintain the biconcave shape [7].  

 

The biconcave shape of RBCs sustains laminar flow more effectively than other shapes with 

similar surface-to-volume ratios - this reduces damage to the vasculature and lowers the demand 

on the heart for maintaining consistent blood flow [8]. The elastic nature of the RBC membrane 

and cytoskeleton facilitates the transportation of blood gases within the human body. RBCs have 

sphincters. The latter are rings of smooth muscles that

rhythmically switch between the open and closed condition.

The exchange of matter and energy between the blood

and the tissues occurs across the capillary wall, so that the

system is thermodynamically open. The capillary bed can

be conceived of as two concentric tubular barriers–an

inner tube, a layer of endothelial cells, and an outer tube,

the basement membrane. The latter is directly continuous

with the tissue ground substance [4]. The endothelial cells

are interdigitated to form the interior ®brillar layer, some

500– 600 A thick. The two layers, although continuous in

their structure [5], are capable of selection among the

substances that await to enter the intracellular space. From

there, they become involved in all forms of tissue

metabolism, both physical and chemical. These processes

occur on time scales longer than one minute, however, and

will not be considered in the analysis presented below.

In what follows, we shall summarize current under-

standing of the system responsible for the circulation of the

blood and for controlling the concentrations of dissolved

gases and nutrients within it– the cardiovascular system–

restricting our attention to those processes that occur

within one cycle of blood through the system. The rhythmic

metabolic process that in¯uences blood transport by

facilitating exchange across the capillary wall is thus the

slowest dynamic process that will be considered. We will

®nd that physics has a major role to play in accounting for

the operation of this wonderful self-regulating biological

mechanism. We will also see that, contrary to popular

perception, the heart of a healthy person at rest does not

beat at a constant rate. Indeed, unevenness of the heart

rhythm seems to be absolutely essential to physical well-

being.

2. Background

From the earliest times, blood has been recognized as the

life-giving ¯uid. Until the beginning of the seventeenth

century, however, it had been believed that the blood was

prepared in the liver and then moved through veins into

organs, where it was consumed. From veins it came to the

right heart where it divided into two streams, one supplying

the lungs and the other, through `interseptal pores’, going

to the left heart. This was seen as a place where the blood

mixed with the air (pneuma), became heated and then

passed to the aorta. The ®rst criticism to this view, which

was formulated by Galen of Pergamum in the second

century, was proposed by Ibn el-Na®s not earlier than in

thirteenth-century. He proposed that the blood from the

right heart continued to the lungs, where spread in the

pulmonary substance to mix with the air and then returned

to the left heart. The role of valves in the heart was ®rst

described by Andrea Casalpino in 1571, who then

introduced the term circulatio [6].

It is to William Harvey that we owe the conception and

proof of the idea that blood does indeed circulate. He was

able to show that the valves in the heart are so arranged as

to allow the passage of blood in only one direction.

Further, by watching the motion of the heart in living

animals he concluded that in the phase of emptying the

ventricles, known as systole, the blood is expelled to the

Figure 1. Blood circulates through the cardiovascular system, a

closed system of vessels. In one minute on average the whole
volume of blood passes through the heart and the lungs, and is

then distributed to the diŒerent parts of the body according to
their individual needs. Oxygenated blood is portrayed as red, de-

oxygenated as blue. Modi®ed from [2], with permission.

Figure 2. A typical capillary bed, where the cells of human
body have direct access to the blood. An exchange of energy and

matter occurs along the capillary walls so that the cardiovascular
system is thermodynamically open. Modi®ed from [2], with

permission.

A. Stefanovska and M. BracÏicÏ32
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Figure 1-2: Schematic of an erythrocyte (RBC): (top) cross section and (bottom) aerial view. Adapted from [5]. 

 
a deformable membrane that allows them to compress and squeeze through microvasculature [9], 

and to recover their original biconcave shape upon exiting [10]. 

 

Deviations in RBC membrane composition and morphology can result in unfavorable 

consequences. For instance, a decrease in RBC deformability can lead to an inability to enter the 

microvasculature, which can potentially lead to necrosis and organ failure [8]. Hence, knowledge 

of certain functional and morphological parameters of RBCs could provide vital information 

about the physiological impact transfused RBCs can have in the body. 

 

1.2 Hemoglobin: An Introduction 

1.2.1 Hemoglobin Structure 

RBCs have the critical task of delivering O2 to - and to a lesser extent removing CO2 from - every 

part of the body. Consequently, the major molecular constituent in the RBC cytosol is 

hemoglobin, the O2/CO2 carrier protein. An RBC typically contains approximately 270 million 

molecules of hemoglobin [11]. If this hemoglobin content were to exist freely in plasma, the 

consistency of the blood would dramatically increase in viscosity, causing more turbulent blood 
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flow [8]. Hence, hemoglobin is compartmentalized within RBCs to maximize hemoglobin 

content in blood while maintaining hemodynamic stability. 

 

The inset of Figure 1-3 provides an illustration of the structure of hemoglobin [12]. Hemoglobin 

is a globular protein that consists of four polypeptide chains (globular protein subunits). Each 

subunit contains a heme group with a central iron atom that binds to O2 reverisbly [13].  

 

 
 

Figure 1-3: Schematic of a regular biconcave disk-shaped RBC; (inset) illustration of hemoglobin, including four 
globular subunits (red/brown), each containing a heme group bound an oxygen molecule (blue). Adapted from [12]. 

 

1.2.2 Hemoglobin States 

When all four heme irons in hemoglobin are in their reduced (+2 oxidation) state and are 

unbound to any ligand, the hemoglobin molecule is termed as deoxyhemoglobin (deoxyHb). 

Each iron molecule in deoxyHb can bind reversibly with oxygen [13]: 

 

Fe II +	  O$ ⇌ Fe II O$	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [1 − 1] 

 

where Fe II , represents the ferrous (reduced) state of iron; the right-hand side of Equation 1-1 

represents the binding of oxygen, turning deoxyHb into oxyhemoglobin (oxyHb). 
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Occasionally, the equilibrium presented in Equation 1-1 can deviate. Approximately 3% of 

ferrous iron converts into a ferric (+3 oxidation) state [13]. This spontaneous auto-oxidation 

equilibrium is expressed as: 

 

Fe II +	  O$ ⇌ Fe III +	  O$6	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [1 − 2] 

 

Hemoglobin with a ferric iron base is termed methemoglobin (metHb). The oxidation of iron in 

metHb results in a conformational change in the heme group that makes it unable to bind to any 

ligand. RBCs contain reductases that reduce a majority of ferric iron atoms back to the ferrous 

state. Subsequently, the net metHb that exists in RBCs in vivo does not exceed 3% [11]. MetHb 

falls under a broader category of alternate conformations, termed dyshemoglobins, that result in 

an inability to bind to oxygen or carbon dioxide; examples include carboxyhemoglobin (COHb) 

and sulfhemoglobin (sulfHb) which, like metHb, exist in minute quantities in a healthy 

individual [14]. 

 

1.2.3 Oxygen Saturation, Oxygen Dissociation Curve and Cooperative Binding 

The binding of oxygen to hemoglobin is an allosteric process, such that the hemoglobin molecule 

undergoes conformational changes as each heme group binds to an oxygen molecule. 

Furthermore, the conformational changes augment the binding potential of the unbound heme 

groups to oxygen [13]. Termed as cooperative binding, the conformational changes provide an 

enhancement to the O2 carrying capacity of hemoglobin [15].  

 

Oxygen saturation (SO2), is an important clinical parameter that indicates the percentage of 

hemoglobin saturated with oxygen, and is given by [14], 

 

SO$ =
oxyHb

oxyHb + deoxyHb×100%	  ,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [1 − 3] 

 

where it is assumed that any forms of hemoglobin, other than oxyHb and deoxyHb, can be 

neglected. Plotting SO2 as a function of increasing pO2, known as the oxygen dissociation curve 

(ODC), generates a sigmoid shape that illustrates cooperative binding. Figure 1-4 displays the 
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ODC curve for hemoglobin with and without cooperativity [15]. Both avenues require the same 

amount of pO2 to bind to one oxygen molecule and reach 25% SO2, after which pO2 dependence 

differs drastically. Cooperative binding requires roughly 1.5 times the initial pO2 to bind to the 

second oxygen molecule (50% SO2), while 3 times the initial pO2 is needed without 

cooperativity. These differences progressively increase with increasing SO2. The figure also 

illustrates that, as a result of cooperative binding, 1.7 times more oxygen is released to the tissues 

[15]. 

 

 
 

Figure 1-4: Oxygen Dissociation Curves of hemoglobin with cooperativity (pink) and without cooperativity (blue); 
percentage values indicate the net SO2 drop between the lungs and tissues via each method. Myoglobin (green) is a 

heme protein residing primarily in muscle cells, and is shown for comparison only. Adapted from [15]. 
 

1.2.4 Factors affecting the ODC 

The oxygen binding capacity of hemoglobin can be affected by various chemical factors within 

the RBC and surrounding environment. A decrease in pH levels and/or an increase in blood 

temperature or CO2 partial pressure results in a decrease in SO2 for any given pO2 (the Bohr 
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effect) [16]. In other words, these chemical changes produce a shift of the ODC curve, which is 

illustrated in Figure 1-5 [17]. 

 

Unlike the factors mentioned thus far, 2,3-diphosphoglycerate (2,3-DPG) regulates the affinity of 

hemoglobin to oxygen directly [18]. In RBCs, the concentration of 2,3-DPG is nearly equimolar 

to that of hemoglobin [19]. By favorably binding to deoxyHb, it significantly enhances the net 

release of oxygen into the surrounding environment [19].  

 
 

 
 

Figure 1-5: The right-shift (blue) and left-shift (right) of the Oxygen Dissociation Curve due to various 
chemical/molecular factors in and around the RBC environment; P50 is a commonly observed oxygen tension (pO2) 

value that is linked with 50% SO2. Adapted from [17]. 
 

1.3 Transfusion Medicine 

Transfusion medicine, or Transfusiology, is a branch of hematology that is focused on blood 

conservation and the transfusion of blood components [20]. Each blood component collected for 

transfusion has unique collection methods, storage requirements and transfusion-related 

limitations. Approximately 85 million RBC units are transfused annually worldwide, however, 
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varying transfusion practices result in different standards of testing, storing and transfusion 

protocols from nation to nation [21,22]. A lack of globally unified guidelines in blood 

transfusion is partially attributed to a dearth of concrete evidence on the benefits and risks 

associated with transfusion practices [23,24]. This section briefly discusses the regulation of 

transfusion medicine in Canada and the collection methods of RBCs. 

 

1.3.1 Canadian Transfusion Management 

Canada relies on government-affiliated organizations to enforce guidelines and manage the 

supply and demand of transfusions. Health Canada regulates hospital transfusion practices by 

providing published guidelines that are approved by the Canadian Society for Transfusion 

Medicine (CSTM) [25]. Along with these federal guidelines, provincial bodies like the Ontario 

Regional Blood Coordinating Network (ORBCoN) also contribute to the CSTM’s resource 

database [26]. Hèma Québec (HQ) and Canadian Blood Services (CBS) are the two agencies 

responsible for the collection, storage and transportation of blood in Québec and all other 

provinces, respectively. 

 

1.3.2 RBC Collection and Storage 

At CBS donation clinics/centers, approximately one pint of blood is collected directly from the 

donor into a polyvinyl chloride (PVC) steam-sterilized bag that contains 70ml of citrate-

phosphate-dextrose (CPD) anti-coagulant solution [27]. The bag is then processed through either 

the buffy coat (BC) filtration method, or the whole blood (WB) filtration method (Figure 1-6). In 

the BC method, donated blood is first centrifuged to separate RBCs from the buffy coat and 

plasma; the RBCs are transferred into another PVC bag containing 110ml of Saline-Adenine-

Glucose-Mannitol (SAGM) additive solution, and is then removed of WBCs (termed  
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Figure 1-6: (left) BC method of PLT, plasma and RBC extraction; (right) WB method of plasma and RBC 
extraction. Adapted from [31]. 

 
 
leukoreduced [LR]) via a filtration system [28,29]. In the WB method, donated blood first 

undergoes LR filtration before being centrifuged to separate the RBCs and plasma; RBCs are 

subsequently transferred into a PVC bag that contains SAGM [30]. Although both methods differ 

only in the sequence of centrifugation and filtration, this difference results in the generation of 

platelets (PLTs) solely through the BC method [31]. 

 

The final RBC-SAGM mixture, termed as red cell concentrate (RCC), is sealed from the external 

environment. The bags are labelled in accordance with CSTM standards, with information such 

as blood type, production/expiration dates, and various tracking bar codes. The sealed and 
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labelled RCCs are stored in an environment of 1-6 degrees Celsius, and are shelved for a 

maximum of six weeks in the blood banks or, eventually, hospital storage facilities [30,31]. 

 
The next two sections of this introduction will describe the storage guidelines developed for 

optimized RBC storage shelf life, as well as the deleterious effects incurred by RBCs during 

storage. 

 

1.4 RBC Biopreservation 
 
The separation of RBCs from other blood components, suspension in CPD/SAGM additive 

solutions and storage in plastic bags under specified conditions and timelines (Section 1.3.2), are 

practices based upon several decades of global advancements in RBC biopreservation research. 

The fundamental aim of RBC biopreservation is to extend RBC shelf life while maintaining its in 

vivo viability, and to do so in a convenient medium for efficient reinfusion. Concomitantly, 

quantitative guidelines have been instated to assess if a given methodology can enhance RBC 

biopreservation. 

 

1.4.1 In vitro Hemolysis and In vivo Survivability 

Hemolysis, a term for RBC rupture, is a negative outcome for RBC biopreservation as it 

indicates a depletion in the number of viable RBCs. Furthermore, abnormal amounts of 

supernatant hemoglobin can have adverse effects on the cardiovascular system upon reinfusion 

[32]. In one of the first published studies on the biopreservation of RBCs [33], Rous & Turner 

outlined a centrifugal method to measure the amount of hemolysis in a sample of blood. Nearly a 

century later, hemolysis is still a key quantitative measure to assess the quality of RBCs in 

storage; CBS currently calculates the percentage hemolysis of a sample via the commonly used 

Drabkin procedure [44]. 

 

While hemolysis measurements provide insight into the in vitro quality of an RBC sample, they 

do not assess the quality of the remaining, intact RBCs and their in vivo functional potential. 

Ashby in 1919 described a method of monitoring the in vivo lifespan of transfused RBCs [35]. 

RBCs of two separate blood groups were differentiated through selective agglutination (cell 

clumping) when mixed with plasma of a specific blood type. This property allowed Ashby to 
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monitor the post-transfusion RBC survival by observing the agglutinated (or non-agglutinated) 

populations of extracted aliquots over time [35]. 

 

The differential agglutination technique was frequently used for decades, however, high 

transfusion volumes and exclusion of autologous transfusions made this technique unsafe and 

cumbersome [36]. World War II stimulated a revamp of RBC biopreservation research, which by 

the 1940s brought about advanced, automated techniques in RBC radioactive labelling. Initially, 

Fe55/Fe59 isotopes were ideal candidates for tagging RBCs, however, it was found that the 

required in vivo concentrations were unfavorably large. The Cr51 isotope has since been 

considered a more suitable tagging isotope, due to its detectability and efficient hemoglobin 

binding capacity [36,37]. In 1947, Ross et al. [38] devised an arbitrary minimum requirement of 

70% for transfused RBC survival, 24 hours post transfusion, to quantify if a particular media or 

technique was effective in RBC biopreservation. 

 

In 1985, the U.S. Federal Drug Administration (FDA) officially published minimum criteria for 

biopreservation techniques to satisfy in order to gain approval for commercial usage [39]. A 

novel biopreservation technique was required to run trials on RCC blood bags donated by at least 

20 volunteers. During the last day of the proposed storage lifetime, RBC samples of each bag 

were required to:  
 

1)   Record an in vitro hemolysis of less than 1%, and 

2)   Show a mean recovery of 75% for radiolabeled RBCs at 24 hours post transfusion. 

The in vitro and in vivo (respectively) thresholds are still implemented today, albeit with slight 

modifications in the statistical limitations [40]. 

 

1.4.2 Advancements in RBC Storage  

Hemolysis and in vivo recovery results (Section 1.4.1) are benchmarks to assess if a particular 

storage technique was effective in biopreservation. Ashby determined from hemolysis 

measurements that an isotonic concentration of dextrose and sodium citrate was an optimal 

preservation medium for in vitro RBC storage [35]. In the following decades, modifications in 
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the sugar-anticoagulant ratios and addition of buffer components lead to Acid-Citrate-Dextrose 

(ACD) and CPD additive solutions. Once in vivo survivability criteria became a norm in RBC 

biopreservation studies, CPD was found to extend the shelf life of blood to 3 weeks, making it 

more effective than ACD solutions [41,42]. Studies on the influence of storage temperature on 

post-transfusion in vivo RBC survival showed the benefit of constant refrigeration of stored 

blood [38]. 

 

Advancements in plastics technology in the 1960’s caused the replacement of glass bottle storage 

with plastic bags; compared to bottles, plastics provided flexibility, greater sterility and handling 

convenience [43].  Studies found that bags comprised of PVC had desirable properties, such as a 

fourfold reduction in hemolysis compared with glass storage [44]. Multiple bags were soon being 

linked via plastic tubing for the purpose of developing sterile blood component separation 

techniques of the CPD-WB solution. Blood component separation was favored primarily due to 

an overall reduction of component waste, as most medical transfusions do not require infusion of 

more than one blood component. 

 

By the end of the 1970’s, it became apparent that the developed techniques on the separation of 

RBCs were not practically convenient for transfusion medicine [45]. In the process of separation, 

a significant volume of CPD nutrients geared for RBC biopreservation were left behind in 

plasma. This resulted in a highly viscous RCC that was difficult to transfuse, even when 

combined with a simultaneous saline infusion [44]. By the early 1980’s, RBCs were being 

diluted and suspended in SAGM, creating an RCC with a suitable hematocrit (RBC percent 

volume) for direct transfusion. Studies showed that RBCs in SAGM satisfied the FDA guidelines 

for up to 6 weeks [46]. RBC separation techniques soon included leukoreduction, as a growing 

body of evidence showed that this procedure, though more expensive [47], would lower 

hemolysis and increase in vivo survivability significantly [48,49]. 

1.5 RBC Storage Lesions 

In vitro RBC hemolysis and post-transfusion in vivo survivability are established methods for the 

quality assessment of stored RBCs (Section 1.4). Hemolysis monitors the percentage of ruptured 

RBCs in vitro, however, it cannot provide information on the functional capacity of intact RBCs. 
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In vivo survivability measurements determine the percentage of non-viable RBCs as a function 

of time, but this measure cannot infer the functional integrity of the circulating transfused RBCs. 

In order to determine the functional potential of stored RBCs upon reinfusion, a thorough 

understanding of the biochemical state of RBCs within their storage environment over the 

storage period is required. 

 

1.5.1 RBC Storage Lesion: Definition 

Seminal work published in the 1950’s investigated RBC cell changes taking place in in vitro 

storage conditions. An increase in osmotic fragility (susceptibility for hemolysis) and a decrease 

in glucose utilization were some of the major changes found in RBCs stored in vitro in ACD 

[50,51], but not in aging RBCs in vivo [52]. Studies were expanded to monitor stored RBCs of 

different species, with similar trends observed; investigators concluded that RBC changes during 

in vitro storage are due to factors independent of the physiological senescence of the cell [52]. 

 

Gabrio et al. coined the term “RBC storage lesion” to describe a composition of biochemical and 

biomechanical alterations induced by in vitro storage conditions, which lead to deleterious 

effects of the cell function and viability [52]. In the same decade, Gibson and colleagues found a 

correlation between storage lesion severity and an increase in hemolysis, as well as an inverse 

correlation with in vivo RBC survivability [53]; These findings provided evidence that storage 

lesions could affect the quality of transfused RBCs. 

 

The characteristics of an RBC storage lesion are initiated by metabolic changes that occur in the 

stored RBC [54,55]. ATP, a critical metabolite for cell function, has been found to decrease in 

concentration during storage [56]. Compared to room temperature, the rate of RBC glycolysis 

has been found to reduce tenfold in a hypothermic storage environment [57]. Lactate and protons 

produced by the glycolytic pathway create an increasingly acidotic environment, since there is no 

mechanism to neutralize the pH shift in vitro [57-59]. Enzymes such as kinases used in the 

glycolytic pathway reduce in efficacy due to lowered pH, causing a decrease in ATP production 

[60].  

The features of an RBC storage lesion include some effects that can be reversed when the RBCs 
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are transfused in vivo. In an attempt to compensate for the slowing rate of glycolysis, 

phosphatases are activated and break down 2,3-DPG into components that are used in the 

glycolytic pathway to produce more ATP [19]. Low storage temperatures continue to suppress 

glycolysis rates, leading to a sharp decline of 2,3-DPG concentrations within the first week of 

storage (Figure 1-9). The lack of 2,3-DPG results in a higher affinity of hemoglobin for O2 

(Section 1.2.4). It can take between 1-3 days to restore intracellular levels of 2,3-DPG post 

transfusion [61,62]. Cation pumps - amongst other membrane-based proteins - lose functionality 

at low storage temperatures, resulting in a large influx and efflux of sodium and potassium 

respectively [63]. Reinfused RBCs can take up to one day to restore the sodium gradient and up 

to 4 days to restore the potassium gradient [59]. 

While some RBC storage lesion changes are reversible when reinfused in vivo, various 

irreversible events occur as ATP metabolism slows down [64,65]. As ATP availability 

diminishes, reductases begin to lose capacity to maintain the oxidative presence within the cell 

[66]. One source of this increased oxidative stress originates from radicals such as O$6 (Equation 

1-2), that are not reduced as frequently when glycolysis slows down [58]. The prolonged 

existence of this superoxide radical increases the probability of forming hydroxyl radicals via the 

Fenton reaction [67]. Hydroxyl radicals generate a cascade of radical species that target and 

damage membrane phospholipids and associated cell proteins that maintain cell functionality and 

structure [68-71]. RBCs begin the removal of the damaged membrane via vesiculation, shipping 

toxic byproducts out of the cell and into the supernatant in microvesicles [72-75]. The 

irreversible loss of membrane results in RBC shape changes, where regular biconcave discs 

morph into rigid spheres containing bumps of budding microvesicles [76,77]. Figure 1-7 

provides a summary of the major components of the RBC storage lesion [78]. Figure 1-8 

displays changes in select RBC storage lesion features as a function of storage duration [56]. 
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Figure 1-7: Major components of the RBC storage lesion, consequences to the cell and storage medium. Adapted 
from [78]. 

 
 

 
 

Figure 1-8: Intracellular 2,3-DPG concentration (A), as well as changes in supernatant potassium (B), pH (C) and 
lactate levels (D) as a function of storage duration. Data points are median with 25 and 75 percentile ranges. P 

values represent significance of change over time. Adapted from [56]. 
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1.5.2 RBC Storage Lesion: Change in SO2 
 
 
As illustrated in Figure 1-9, there is a rapid consumption of 2,3-DPG in stored blood within the 

first couple of weeks, primarily due to phosphatases breaking down the molecule for use in the 

glycolytic pathway (Section 1.5.1). The glycolytic pathway orients towards this breakdown of 

2,3-DPG in a hypothermic, acidotic environment, as is the case for the in vitro storage conditions 

of RCCs [79,80]. As 2,3-DPG concentrations plummet within the first two weeks of storage, an 

unregulated increase occurs in the affinity of hemoglobin to O2 [81]. In terms of the ODC, a 2,3-

DPG concentration decrease causes a right-shift that produces a higher SO2 value for any given 

pO2 (Section 1.2.4). Since the PVC bags used for storing RCC are gas permeable [43], RCC pO2 

is in equilibrium with the surrounding atmospheric pO2. Consequently, RBCs continually bind to  

more O2 during storage; this trend is captured in Figure 1-9, where Bennett-Guerrero et al. 

measured RBC SO2 over a six-week storage duration [56]. 

 
 

 
 

Figure 1-9: RBC SO2 percentage changes as a function of storage duration. Data points are median with 25 and 75 
percentile ranges. P values represent significance of change over time. Adapted from [56]. 

 

1.5.3 RBC Storage Lesion: Change in Morphology 

Over storage lifetime, the RBC shape changes from a biconcave disc to a sphere with spiky 

projections (or spicules), which is a snapshot of vesicles in the process of pinching off the 
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membrane and exporting toxic waste out of the cell (Section 1.5.1). The expulsion of membrane 

phospholipids and proteins responsible for cell structure results in a gradual loss of biconcavity, 

as well as a reduction in cell diameter [82]. Hence, by observing images of stored RBC, the 

severity of a storage lesion could be inferred from characteristics such as the number of spicules, 

cell shape and diameter. 

 

RBC morphology characterization was pioneered by Furchgott [83] with modifications made by 

Gardos and colleagues [84]. The current convention implemented by CBS characterizes RBC 

storage lesion morphology into 6 categories [85]. The devised terminologies and categories, 

whose features are outlined in Table 1-2, represent a sequence of distinct morphological changes 

that correlate with the increasing structural degradation of RBCs.  

 

A smooth disc, also known as a discocyte, represents the regular biconcave RBC with a round 

edge and clear central pallor (Section 1.1.2). A crenated disc identifies the initial point of the 

membrane budding process, and differs from a smooth disc by the presence of lumpy edges 

[86,87]. A crenated discoid illustrates the initial degradation of the central pallor as well as the 

beginning of vesiculation [86,87]. Both the crenated disc and crenated discoid are collectively 

termed as an echinocyte, and are able to revert back to the discocyte morphology if exposed to a 

nutrient-rich isotonic environment [82]. These three morphologies are termed “reversible”, 

implying that they can revert to a regular RBC morphology upon reinfusion [88]. 

 

As membrane proteins and cytosol content start exiting the cell, there is a loss of biconcavity and 

a shift toward a spherical shape, which is represented by the term crenated spheroid [86,87]. The 

crenated sphere identifies a complete morphological shift into a sphere, with the vesiculation 

process nearing its end. The smooth sphere, also termed as a spherocyte, illustrates the end of 

cell membrane budding and a complete loss of structural viability of an RBC [86,87]. These 

three morphologies are termed “irreversible” and are labelled as spheroechinocytes [88,89]. 

 

A key property of the RBC storage lesion, with respect to morphology, is that the quantity of 

irreversible spheroechinocytes increase as a function of storage duration. Figure 1-10 showcases 

scanning electron microscopy (SEM) images taken by Berezena and colleagues [90], portraying  
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Table 1-2: Categories of RBC storage lesion morphology and their features [83-85] and reversibility [82,86-88], and 
an example SEM image of each category (adapted from [88]). 

 
TERMINOLOGY 

REVERSIBILITY & 
OTHER 

TERMINOLGY 

DISTINGUISHING 
FEATURES 

 
IMAGE 

 

Smooth Disc 

 

 

REVERSIBLE 

 

(Discocytes) 

(Echinocytes) 

Smooth, Circular Edge 

Clear Central Pallor 

Regular Diameter (~6-8µμm) 
 

 

Crenated Disc 

Slightly Lumpy Edge, Indicating 
Spicule Formation 

Clear Central Pallor 

Regular Diameter  

 

Crenated Discoid 

Irregular Edge, Numerous 
Round Spicules 

Faint & Irregular Central Pallor 

Regular Diameter  

 

Crenated Spheroid 

 

 

 

IRREVERSIBLE 

 

(Spheroechinocytes) 

(Spherocytes) 

 

 

 

Irregular Edge, Numerous 
Pointy Spicules 

Very Faint & Small Central 
Pallor 

Slightly Smaller Diameter 
 

 

Crenated Sphere 

Numerous Hair-Like Projections 

Spherical, Dense Interior 

Smaller Diameter 
 

 

Smooth Sphere 

Few Extremely Faint Spicules 

Spherical, Dense Interior 

Smaller Diameter (~4-5µμm) 
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Figure 1-10: Stored RBC morphology distribution as a function of storage duration; (left) Day 5 of storage is 
dominated by discocytes; (center) Day 14 of storage is dominated by echinocytes and (right) Day 42 is dominated 

by irreversible spheroechinocytes. Adapted from [90]. 
 
the change in morphology distribution favoring a continuously increasing population of 

irreversibly damaged RBCs over the six-week storage duration. 

 

1.5.4 RBC Storage Lesion: Effect on RBCs in Vivo 

RBC biopreservation research and development aims to prolong the in vitro storage of RBCs 

without violating established guidelines on percent hemolysis and in vivo cell recovery (Section 

1.4). Quantitatively, hemolysis and cell recovery provide the percentage of RBCs that have 

survived through storage and transfusion; what these parameters do not assess is the functional 

capacities of those RBCs. It is plausible for a biopreservation technique to yield low hemolysis 

and high cell survivability post transfusion, but have a large percentage of the survived RBC 

population affected by storage lesions. Hence, it is important to understand how the 

characteristics of RBC storage lesions affect the functionality of cells in vivo. 

 

One of the major features of the storage lesion is the gradual degradation of the RBC cell 

membrane. Maintenance of RBC function is compromised when characteristics such as 

electrolyte gradients, protein pumps, membrane receptors and more are negatively affected by 

oxidative damage to the cell membrane [91]. Membrane loss due to vesiculation leads to the 

irreversible spheroechinocyte morphology (Section 1.5.3) [92]. Since deformability is essential 

for RBCs to traverse through the microvasculature (1.1.2), an increase in rigid spheroechinocyte 

population reduces the ability of RBCs to perfuse efficiently, potentially causing local hypoxia 

[90,93].  
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Another key feature of the storage lesion - leading to reduced functionality - is the depletion of 

2,3-DPG and consequent increase in oxygen affinity (Section 1.5.2). Until intracellular 2,3-DPG 

values are restored after many hours [61,62], abnormally sharp gradients of pO2 are needed in 

order to induce the release of O2 from hemoglobin. Hence, RBCs lacking 2,3-DPG are unable to 

efficiently carry out their primary task of releasing O2 to surrounding tissues [81].  

 

1.5.5 RBC Storage Lesions: Clinical Outcomes 

There is evidence linking RBC storage lesions (and how they cause a decline in the in vitro 

quality of RBCs (Sections 1.5.1-1.5.3) [56-59,81]) with impaired in vivo oxygen augmentation 

capacity (Section 1.5.4) [90-93]. Furthermore, the data from these studies strongly suggest that 

the functional capacity of RBCs decline in proportion to storage duration. The six-week storage 

duration for RCCs in SAGM was set by guidelines on hemolysis and in vivo cell survivability 

(Section 1.4.1), and not on the subsequent evidence regarding the existence of RBC storage 

lesions and their increasingly adverse effects over time. Hence, over recent decades, there have 

been a number of investigations on the clinical consequences associated with reinfusing RBC 

storage lesions into recipients, and if so, whether the adverse effects observed are dependent on 

storage duration. 

 

In the early 1990’s, correlations between the age of transfused RBCs and increased adverse 

outcomes were being reported, specifically for recipients under a vulnerable state of health [94]. 

For example, Marik & Sibbald found evidence of splanchnic ischemia occurring in critically ill 

patients that received transfusions of older RBCs [95]. In a seminal paper by Purdy and 

colleagues, an association was found between RCC storage duration and risk of mortality in 

septic patients in the intensive care unit (ICU) [96]. These results challenged the integrity of the 

six-week storage duration implemented by most global RBC storage centers, and encouraged 

more detailed investigations into the association between RBC age and other morbidities. 

 

Subsequent studies have tracked morbidities that included length of stay, multiple organ failure, 

thrombosis, renal failure and other post-surgery parameters; populations were expanded to those 

in trauma, undergoing cardiac surgery and admissions into other hospital environments. Review 
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articles have summarized some of the accumulated clinical data [78,97-99]. Aubron and 

colleagues found that among 32 studies of various morbidities, patient populations and 

cofounders, 56% reported deleterious effects due to RCC storage, while the rest were 

inconclusive [78]. Lelubre & Vincent found that 50% of 55 studies produced a significant 

correlation between RBC age and morbidities [97]. Wang et al. and Remy et al. determined 

(respectively) that 81% of 21 studies and 67% of 31 studies focused on mortality had a 

correlation between RBC age and risk of mortality [98,99]. 

 

The reviews discussed do not reach the same conclusions on the link between RBC age and 

clinical impact. Much of this discrepancy can be attributed to the variation in study designs, 

statistical methods, sample populations and morbidities analyzed. For example, Remy et al. 

presented the varying definitions on what was considered “fresh” and “old” RBCs in 20 

independent studies (Figure 1-11) [99].  

 

 

 
 

Figure 1-11: Variation in the mean/median of what was considered “fresh” and “old” RCC according to 15 
observational studies and 5 RCTs. Adapted from [99]. 
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Recognition of the issues behind observational studies has brought on increasing demand for 

random clinical trials (RCTs), a gold standard in evidence based medical research [100,101]. In 

the context of storage lesion severity as it relates to mortality, conclusions from RCTs have 

found no dependence on the storage age of transfused RBCs, unlike those suggested by many 

observational studies [98,99]. Figure 1-12 displays the discrepancy between 31 observational 

studies and 6 RCTs, all completed between 2001 and 2015 [99]. The RCTs reviewed by Wang et 

al. and Remy et al. were small in quantity and contained small sample populations, and hence it 

is plausible that these factors contributed to the results [98,99]. 

 

 
Figure 1-12: Discrepancy in odds ratios between 31 observational studies and 6 RCTs, in determining if fresher or 

older (regular) RCCs lower mortality rates. Observational studies show an increase in odds of mortality (1.13) when 
transfusing older blood, while RCTs show no advantage for the transfusion of fresh blood. I2 refers to the statistical 

measure of heterogeneity. Adjusted refers to confounder adjustments, where applied. Adapted from [99]. 
 

 

RCTs, though superior to observational studies in study design and confounder minimization, are 

more cost and labor intensive. Hence their conclusions have been limited by small, single-

centered sample populations [100]. In recent years however, several multi-centered, large 

population RCTs have been carried out through global initiatives and collaborations. The 

conclusions behind some recently published studies have supported previous RCT findings. For 

example, Steiner and colleagues found no advantage for transfusing fresher RCCs into cardiac 

surgery recipients [102]. Similarly, both Lacroix et al. [103] and Heddle et al. [104] found no 

improvement in mortality rates due to transfusion of fresh RCCs versus old RCCs. 
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Although there seems to be mounting evidence suggesting that RBC storage lesion severity (or 

age of RCCs) does not affect the rate of mortality, none of the RCTs - and in fact only a few 

observational studies - have assessed the effect of transfusing RCCs in their last week of storage 

(~ days 35-42). Deleterious effects are most likely to occur during this storage period, and hence 

an investigation of the clinical outcomes during this time frame would be essential before any 

stance on the dependence on RCC storage age could be accepted conclusively. Furthermore, the 

limited number of RCTs indicates that conclusions should treated with caution. Moreover, RCTs 

have focused on the link between RCC age and mortality, not morbidity [105]. 

 
A significant body of research has been published on characterizing RBC storage lesions 

(Section 1.5.1), the in vitro effect of RCC storage on RBCs (Sections 1.5.2,1.5.3), and the in vivo 

effects post transfusion (Sections 1.5.4,1.5.5). However, the clinical impact of these findings is 

not clear. In order to better understand the impact RBC storage lesions may have in vivo, better 

techniques are needed to monitor the state of RBC lesions prior to transfusion. Currently, there is 

no RBC storage lesion detection technique or assay used in the hospital environment prior to 

transfusion. The only parameter available for clinicians and scientists to infer the state of the 

RBC storage lesions is storage age. A technique that could measure parameters such as the 

morphology of RBC populations or SO2 prior to transfusion would help establish the link 

between the functional changes of RBC storage lesions and their clinical impact. 

 
The next four sections of this introduction will introduce how optical techniques can be used to 

obtain quantitative information with respect to the biophysical characteristics of RBC storage 

lesions. 
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1.6 RBCs and Optical Properties/Techniques 

1.6.1 Optical Parameters of RBCs at the VIS-NIR Optical Regime 

Optical properties of the blood are determined by measuring the change in light intensity due to 

absorption and scattering [106]. The optical properties of a particular medium can be represented 

by the absorption coefficient (µμD),	   scattering	   coefficient	   (µμE)	   and	   the	   anisotropy	   factor	   (g)	  

[107].	  µμD	  and	  µμE represent the probability, within a unit distance, of an absorption and scattering 

event to occur, respectively. Anisotropy parameter ranges between -1 to 1 to represent the 

direction of scattering with respect to incident light, where a value of 1 indicates complete 

forward scattering and a value of 0 indicates unidirectional (isotropic) scattering [107]. Optical 

parameters are wavelength dependent, where by varying the wavelengths of incident radiation, 

different values of the optical properties are measured. 

 

Within the visible and near-infrared (VIS-NIR) portion of the electromagnetic spectrum, 

hemoglobin is the dominant absorber in blood [108]. In this regime (~0.3–1.1µμm), the µμD of 

RBCs are 1-3 order of magnitudes larger than that of plasma and other cellular components 

[106]. At energies outside the VIS-NIR regime, water and plasma proteins become significant 

absorbers [109]. Figure 1-13 showcases the µμD of oxyHb and deoxyHb in the optical range 

discussed, as well as the optical absorption behavior for water, plasma proteins and melanin (a 

light absorbing species in tissue). 

 

A closer look at the red curves in Figure 1-13 reveal distinct spectral signatures that exist in the 

absorption spectra of oxyHb and deoxyHb. Oxygen binding result in conformational changes in 

the hemoglobin molecule, which changes the vibrational state of hemoglobin and consequently 

changes the absorption cross sectional area [110]. Furthermore, different oxidation states of the 

heme iron introduce new spectral features. Dyshemoglobins like metHb (Section 1.2.2) possess 

unique spectral features in the VIS-NIR optical regime [110]. 
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Figure 1-13: Absorption coefficients of the two major functional states of hemoglobin (red), plasma proteins (green) 
and water (blue). Melanin (black) is a major absorbing species in tissue. Adapted from [111]. 

 

1.6.2 Absorption Spectroscopy and Hemoglobin Concentration 

Within the VIS-NIR wavelength range, RBCs exhibit highly anisotropic, forward scattering (g ~ 

0.9) with a scattering coefficient that decreases monotonically over the optical regime 

[106,108,110]. Scattering in this regime primarily occurs due to the variation in the index of 

refraction between the RBC membrane and the surrounding medium [112]. If RBCs are lysed 

such that only the hemoglobin molecules are suspended in the medium, scattering can be greatly 

reduced. Under low concentrations, it can be assumed that the contribution of scattering to the 

attenuation of light can be ignored [112-114]. Hence, under these conditions, the attenuation of 

light is assumed to be dominated by absorption and can be described accurately by the Beer-

Lambert law [114]. The Beer-Lambert law states that the optical intensity traversing through a 

medium containing absorbing species is a function of the absorbing medium thickness and 

concentration. 

 

In absorption spectroscopy, the intensity of light traversed through an absorbing medium is 

measured in relation to the incident intensity (or transmittance) for a spectrum of wavelengths. 

The Beer-Lambert law (illustrated in Figure 1-14), whose derivation is provided in Appendices 
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B, relates the absorbance (A) (inverse logarithmic transmittance) at a particular wavelength (𝜆) 

with the product of the tabulated molar extinction coefficient (ε) at that wavelength, the molar 

concentration of the absorbing species (∁) and the path length of light (𝑥): 

 
A λ = 	  ε(λ) ∙ ∁ ∙ 𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [1 − 4] 

 
 
The concentration of absorber ∁ can be solved by rearranging Equation 1-4. However, if there 

are multiple (N) absorbing species, Equation 1-4 is modified to: 

 

AOPOQ = 	  𝑥 ∙ εRQ ∙ ∁R

S

RTU

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [1 − 5] 

 
A unique solution for Equation 1-5 cannot be obtained unless at least 𝑁 equations are produced. 

Absorption spectroscopy involves the illumination of the absorbing species by at least N 

wavelengths and measuring the resulting fluctuations in transmitted light intensity. Assuming 

that a sample of RBCs contains various concentrations of oxyHb, deoxyHb, metHb and other 

dyshemoglobins (Section 1.2.2), Equation 1-5 can be applied for at least four wavelengths to 

solve for the concentration of each absorbing species. Molar extinction coefficients for different 

states of hemoglobin are available in tabulated format [116,117]. The application of this 

technique to blood gas analysis is discussed in further detail in Section 2.2.2. 

 

 
 

Figure 1-14: Attenuation of a VIS-NIR beam I0 can be attributed to mostly RBC absorption, under certain 
circumstances. Derivation of expression of I1 is found in the appendices (C). Adapted from [115]. 
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1.6.3 Oximetry Technique and SO2 Determination 

In most cases, it can be assumed that the dominant hemoglobin states are oxyHb and deoxyHb 

(Section 1.2.2). A minimum of two equations must be prescribed to solve for the unknown 

concentrations of oxyHb and deoxyHb: 

 
AXYX
λZ = ε[\]^

λZ ∁[\]^ +	  ε[\
λZ∁[\ ⋅ 𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [1 − 6] 

 
AXYX
λ^ = ε[\]^

λ^ ∁[\]^ +	  ε[\
λ^∁[\ ⋅ 𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [1 − 7] 

 
Manipulations of these equations, along with the definition of SO2 (Equation 1-3) leads to the 

following expression of SO2, whose derivation is provided in the Appendices (C):  

 

	  SO$ =
AXYX
b^ ⋅ ε[\

bZ − AXYX
bZ ⋅ ε[\

b^

AXYX
bZ ⋅ ∆εb^ − AXYX

b^ ⋅ ∆εbZ
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [1 − 8] 

 
where the symbol ∆𝜀Q is a shorthand notation for the constant: 
 

∆εb = ε[\]^
b − ε[\b 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [1 − 9] 

 
Two wavelengths are ideally chosen at either ends of an isosbestic point, a term used to describe 

the intersection of each absorber’s molar extinction coefficient spectra. Figure 1-15 shows the 

molar extinction spectra of oxyHb and deoxyHb, displaying various isosbestic points in the VIS-

NIR optical regime. However, wavelengths are normally chosen around the 800nm isosbestic 

point, since the absorption coefficients of hemoglobin are low in this region, allowing for further 

in vivo penetration depths. As Figure 1-15 depicts, deoxyHb is the dominant absorber for 

wavelengths less than 800nm, while oxyHb is dominant above 800nm. The benefit to this ratio-

based approach to RBC SO2 calculation is that it need not be constrained by the limitations 

attached to absorption spectroscopy.    
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Figure 1-15: Plot of the molar extinction coefficients of oxyHb (indicated by 𝐻𝑏𝑂$) and deoxyHb (indicated by 𝐻𝑏) 

across the VIS-NIR optical window. Adapted from [117]. 
 

1.7 RBCs and Optical Technologies 

1.7.1 Transmitted Light Microscopy and RBC Morphology Assay 

Transmitted light microscopy (also known as bright field microscopy) relies on differences in 

light transmission through a cell to form images [119]. Their primary function, providing images 

with high resolution, requires bright illumination and large objective lenses to collect light 

transmitted through the sample [119]. To record images with suitable contrast and resolution, 

RBC samples are typically fixed, smeared and stained [120].  

 

The CBS morphology assay was adapted from Usry et al.’s method of acquiring SEM images 

from suspended RBCs [85], and is instead applied towards a more convenient microscopic 

analysis of smeared, fixed and stained RBCs. In this microscopy method, RCC samples are first 

diluted in plasma to reduce the hematocrit to physiological ranges of 40-45% [31]. The diluted 

samples are thinly smeared using the slide-to-slide technique [121] and then promptly fixed and 

stained using a Hema3 stain set [122]. The air-dried slides are viewed on a bright field 

microscope that is set up under the standardized Köhler illumination protocol [120]. Images are 

viewed under an oil-immersion 100× lens, and 100 cells are randomly chosen from 10 

independent fields of view [89]. These cells are graded and assigned a factor that is provided for 
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each RBC morphology feature (Section 1.5.3). The summation of factor values (Figure 1-16) for 

the 100 cells provides a morphology index (MI), that has been shown to decrease as a function of 

storage duration [31,89]. 

 

 
 

Figure 1-16: Shape factor values assigned to morphology features of RBCs (1.5.3); values of 100 RBCs are summed 
to produce a morphology index (MI). Original method developed by Usry et al. [85]. 

 

1.7.2 Spectrophotometry and Hemoglobin-Related Assays 

Spectrophotometry utilizes the principles of absorption spectroscopy to measure transmitted light 

emerging through a sample. If scanned over a range of wavelengths, spectrophotometers can 

generate sample spectra which can then be used to obtain quantitative parameters such as the 

concentration of the absorbing species (Section 1.6.2). For samples of RBCs, spectrophotometers 

can determine the concentrations of hemoglobin species (Section 1.2.2), and can derive other 

parameters such as the sample oxygenation (Section 1.2.3) and percent hemolysis (Section 

1.4.1). With the aid of external attachments such as integrating spheres and monte carlo based 

simulation software, coefficients of absorption, scattering and anisotropy (Section 1.6.1) can also 

be calculated [123]. 

 

CBS routinely use spectrophotometers when determining percent hemolysis via Drabkin’s 

cyanmethemoglobin (HiCN) method. In this assay, Drabkins reagent is mixed with independent 
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aliquots of RBCs and supernatant, which are extracted and separated from a sample of RCC [32]. 

Both aliquots are mixed with Drabkin’s reagent, which lyses the RBCs and converts all 

hemoglobin into metHb (Section 1.2.2); furthermore, the cyanide reacts with metHb to form 

HiCN [124]. HiCN contains a distinct absorption peak at 540nm, that can be directly related to 

the concentration of hemoglobin [34]. Hence, by using a spectrophotometer, a ratio of 

supernatant-to-total hemoglobin concentration can be acquired, which translates to the percent 

hemolysis [28,124]. This spectrophotometric technique has been considered a gold standard in 

the monitoring of in vitro RBC hemolysis levels (Section 1.4.1) [125]. 

 

While spectrophotometers are used as a stand-alone instrument, the technology can be 

implemented into devices to add to their measuring capabilities. Considered a gold standard in 

hospital, blood bank and health care facilities, the blood gas analyzer (BGA) acquires several 

optical, electrolytic and metabolic-related RBC parameters [126]. Equipped with several 

electrodes, the BGA includes a spectrophotometer that determines the concentrations of 

functional and dysfunctional hemoglobin species as well as SO2 values [127]. The BGA has not 

only been a critical tool for data collection in clinical care, but also for the study of RBC storage 

lesions. For example, a BGA was used to monitor pH decrease and pO2/SO2 increase, as shown 

in Figure 1-8 and Figure 1-9 [56]. 

 

Spectrophotometers can also be used in conjunction with other technologies. For example, CBS 

and other blood bank laboratories use a Hemox-Analyser [128] to generate the ODC and 

determine the p50 (Section 1.2.3). The pO2 is increased and decreased by bubbling the sample 

with oxygen and nitrogen gas, respectively, while monitoring of this parameter is accomplished 

with an electrode [149]. SO2 is the y-axis of an ODC (Figure 1-4), hence it is monitored 

concurrently using an in-built spectrophotometer [129]. Since the p50 directly relates to the 

oxygen affinity of the sample hemoglobin, it is a useful variable for monitoring the effects of the 

RBC storage lesion on oxygen affinity. p50 values have shown to decrease over time in RCC 

samples stored in vitro [31].  
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1.7.3 Flow Cytometry and RBC Fluorescent Staining Assays 

 

Flow cytometry is a sophisticated technology that has the capability of detecting multiple cell 

parameters in a large sample population with automation and high speed [130]. A typical flow 

cytometer contains three major functional systems: a hydraulic system that controls the 

alignment and passage of cells through a flow chamber; an optics system that includes a light 

source (comprising of at least one monochromatic laser) and typically two sensors; and an 

electronic system that separates and digitizes signals received from the sensors [131]. This 

digitized data can be statistically analyzed, generating quantitative measures on several cell 

features. If suitable features are plotted against each other, subpopulations can be easily 

distinguished amongst a heterogeneous sample [130]. 

 

First, cells are suspended in an isotonic fluid and transported to a flow chamber. As the sample 

enters the chamber, it is surrounded by a sheath fluid that confines the sample stream to the 

center of the chamber [132]. To ensure that the sheath fluid hydrodynamically focuses the 

sample stream, parameters such as pressure, center alignment and flow speed are monitored and 

maintained via a feedback loop [133]. These automated adjustments result in the sample stream 

flowing through the chamber one cell at a time [132]. Figure 1-17 illustrates the flow chamber 

setup. 

 

Each cell in the sample stream intersects with the laser source(s) in the optics system. Light is 

scattered in a manner that is largely dependent on the cell size and intracellular contents [131]. 

Directionally speaking, the scattering can be categorized as either forward scatter (0.5°-10°) or 

side scatter (15°-150°) [137]. The tendency for light to be forward scattered is largely correlated 

with cell size. The intensity of side scattered light is correlated primarily with the internal 

heterogeneity, or granularity, of the cell [119]. In a cell containing high intracellular 

heterogeneity, light is prone to reflect and refract as it propagates across the cell, increasing the 

amount of side scattering events [134]. Hence, capturing signals from light that is forward 

scattered as well as side scattered can generate data that can be used to discriminate different cell 

subpopulations. 
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Figure 1-17: Simplified illustration of the optics (laser/PMT/photodiode) and hydraulic (sheath fluid/sample) setup 
of a modern flow cytometer. 

 

In order to receive both forward and side scattered light, one sensor is positioned in line with the 

laser source, while the other sensor lies orthogonal to the laser direction. The orthogonal sensor 

is usually a photomultiplier tube (PMT) and is accompanied by a collection lens with a large 

numerical aperture [131]. This setup aids in capturing and amplifying the disperse side scattered 

light. On the other hand, the sensor in line of the direction of the laser receives a comparatively 

high intensity of light [119]. Beam absorbers and neutral density filters are often used to block 

excess light from entering the detector [131]. A collection lens guides forward scattered light 

towards a photodiode [131]. Figure 1-17 provides a schematic of the laser and sensor positions. 

 

PMTs and photodiodes convert the incoming photons into voltage pulses that are proportional to 

the light intensity [119]. The pulses are processed by an analog-to-digital converter to digitize 

the quantity and intensity of signal. A frequency distribution plot can then provide evidence of 

certain characteristics of the sample population. For example, the illustration of the left of Figure 

1-18 displays considerable variation in the size and granularity between subpopulations of 

WBCs. Upon observation, it can be said that lymphocytes are smaller in size and hence should 

exhibit the weakest forward scatter intensity. Furthermore, it can be speculated that a sequence of 

increasing granularity would group WBCs in the order of lymphocytes, monocytes and 
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granulocytes. A dual parameter density plot of forward scatter and side scatter, shown on the 

right of Figure 1-18, exhibits relative values for each scatter that is consistent with the cell 

characteristics [131]. 

 

The intensities of forward and side scatter can infer relative measures of size and granularity, but 

these intrinsic signals cannot provide information on the actual contents of the cell. The 

technique of fluorescent marking, or cell staining, attempts to address this issue [135]. The 

quantum effect of fluorescence refers to the excitation of an atomic electron due to absorption of 

an incident photon, followed by the subsequent emission of a photon as the electron returns to its 

ground state. The emitted photon is of a longer wavelength, due to some energy being consumed 

by the absorbing electron in the form of thermal energy [130]. Furthermore, this photon is 

emitted in a direction that differs from the incident, and therefore fluorescence contributes to side 

scattering [119]. 

 

The ability to tag specific regions of the cell with fluorescent chemical compounds, known as 

fluorophores or fluorochromes, that have specific excitation and emission spectra, make 

fluorescence an extremely valuable technique in flow cytometry [130]. In a process known as 

staining, specific parts of a cell structure can be bound to fluorochromes, which could then be 

tracked by filtering for signal intensity at the expected emission wavelength range [135].   

Furthermore, various parts of the cell can be stained with different fluorochromes that produce 

diverse excitation spectra. The electronics system can be equipped with multiple band pass filters 

and beam splitters so that each relevant wavelength range can be designated to a specific PMT 

[131]. These fluorescent signals, coupled with intrinsic forward and side scatter signals, provide 

opportunity for multi-parameter analysis. 

 

The various cell morphologies of stored RBCs (Section 1.5.3) can result in side scattering due to 

a refractive index mismatch between the cell membrane and surrounding medium [119].   

However, the lack of intracellular heterogeneity in an RBC results in highly forward scattering 

(Section 1.6.2). Forward scattering intensity cannot be directly linked to the size of an RBC. This 

is primarily due to the asymmetry of the biconcave disc, whose orientation can yield a 

misleading signal strength, indicating a falsely smaller cell size [119]. It is therefore impractical  
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Figure 1-18: (left) An illustration of the subpopulations of WBCs (adapted from [138]); variations in cell size and 
granularity can be differentiated when (right) producing a dual parameter density plot of forward and side scatter 

intensities. Adapted from [131]. 
 

to characterize RBCs based on forward scatter alone. Under fluorescent staining however, RBCs 

are able to be distinguished more readily and can be examined for certain traits [131]. For 

example, RBCs have been stained for analysis of cell-bound proteins such as antibodies, which 

have resulted in important contributions to the field of immunohematology and transfusion 

science [93,136,137]. 

 

1.8 Introduction to Image Flow Cytometry (IFC) 

 

Image flow cytometry (IFC) is an optical technology that has been commercially available for 

just over a decade. In 2005, the first imaging flow cytometer was introduced by Amnis 

Corporation [139], with their latest upgrade in the technology offered in 2012 (named as Amnis 

ImagestreamX Mark II, or ISX: further details in Section 2.3). The novelty of IFC technology is in 

the incorporation of a transmitted light microscopy system into a flow cytometry setup, which 

results in the rapid acquisition of images [140]. Paired with a fully integrated image analysis  
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package (IDEAS® software, Section 2.4), IFC expands on the analytical capabilities available in 

conventional flow cytometry (Section 1.7.3) while providing automation and speed that is 

impractical for conventional light microscopy (Section 1.7.1) [139]. 

 

By incorporating light microscopy into a flow cytometry platform, IFC provides the image 

resolution and morphological content of light microscopy, along with large sample size, 

automation and population statistics provided by flow cytometry. IFC incorporates a bright field 

light source to supply the necessary illumination for image capture. The light is magnified by a 

microscope objective lens and is spectrally decomposed before being guided towards high 

quality CCD cameras.  The signals are spatially registered such that the intensity and the location 

of the signal can be displayed in the image [139]. IFC has the potential for image and population 

analysis that is unattainable using flow cytometry or light microscopy independently [140]. 

 

With the IFC system, researchers have analyzed brightfield (transmitted/forward scattered light), 

darkfield (side scattered light) and fluorescent microscopic images of different cell populations. 

Using various photometric and morphometric features, studies have been carried out on the 

modes of cell death [141], bone marrow cell formation pathways [142], and determining 

populations of circulating tumor cells [143]. Studies on RBCs have included the quantification of 

microvesicles in plasma [144], distinguishing stages of cell maturation [140] and detection of 

sickle cells among a sample of RBCs [145].  For example, Figure 1-19 displays a dual parameter 

plot that uses fluorescent and side scatter to distinguish cell subpopulations in whole blood, and 

displays some sample images acquired through brightfield, darkfield and fluorescence [144]. 

Through this work, IFC has been established as a powerful tool for the morphological 

characterization and analysis of cells by including the image resolution of microscopy and the 

speed of flow cytometry. 
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Figure 1-19: (Left) Plot of Darkfield intensity, or side scatter (SSC), against fluorescein isothiocyante dye (FITC) 
fluorescence intensity for calibration beads (pink), RBCs (orange), neutrophils (blue), platelets (green) and 

microvesicles, also known as microparticles (aqua). (Right) Brightfield images from two different CCD camera 
channels, BODIPY-Maleimide stained fluorescence images, and side scatter images of speed beads and components 

of whole blood. Images acquired simultaneously using Amnis ISx IFC. Adapted from [144]. 
 
 

1.9 Introduction to Photoacoustics (PA) 

 
Photoacoustics (PA), alternatively known as optoacoustics, refers to the generation of acoustic 

waves due to the absorption of electromagnetic energy delivered by a light source. The PA effect 

was first reported by Alexander Graham Bell in 1880, who detected sound generated from thin 

selenium discs that were exposed to modulated sunlight [146]. Relatively little scientific progress 

was made until the invention of lasers and highly sensitive acoustic detectors, as well as the 

development of a theoretical description of the PA effect in solids [147]. By the mid-1990’s, the 

potential of PA in biomedical imaging was being investigated, leading to the first PA images 

[148,149]. By the mid 2000’s, compelling in vivo PA images were being obtained, increasing the 

scientific and clinical interest in the field over the last few decades [151-153]. 
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1.9.1 The PA Effect 

 
To generate a PA signal, light sources are delivered in either a short pulsed or continuous-wave 

modulation format. Short pulsed, laser-based sources provide a higher signal-to-noise ratio 

(SNR) and allow for time resolved detection of distances, making it the preferred source for 

biomedical applications [154]. The absorption of the pulse of photons raises the absorbing 

molecules to an excited state, which leads to either radiative relaxation (E.g. fluorescence) or 

non-radiative relaxation pathways [155].  In non-radiative relaxation, excitation energy can be 

transferred to neighboring molecules by increasing their kinetic energy through collisions [156]. 

The PA effect can only be formed from this pathway of non-radiative relaxation, since the 

molecular collisions lead to an increase in local temperature (in the order of millikelvins [157]). 

This rapid thermal motion or thermoelastic expansion translates to a longitudinal (pressure) wave 

that propagates outwards from the location of optical absorption. 

 

For a PA signal to be generated, the laser pulse width (duration) must satisfy thermal and stress 

confinement conditions. Thermal confinement states that the pulse width (𝜏) must be short 

enough such that it can be assumed the thermal diffusion taking place during energy deposition 

is negligible [158]. The thermal confinement threshold (𝜏Ol) is given by: 

 

𝜏 < 𝜏Xn =
do$

4Dq
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where 𝑑r is the characteristic dimension of the region undergoing heating (i.e. absorber size) and 

𝐷t is the thermal diffusivity of the sample [158]. With this condition satisfied, the PA pressure 

wave equation, as a function of spatial location 𝑟 and time 𝑡 in a homogeneous, non-viscous 

medium is expressed as: 
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 is the acoustic speed, 𝛽 𝐾6U   is the isobaric volume expansion coefficient and 

𝐶�
�

�	  ��
 is the isobaric specific heat [158]. 𝐻 is a heating function that represents the amount of 
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electromagnetic radiation that has converted into thermal energy, per unit volume and time. In 

the VIS-NIR optical regime, the heating function is represented by: 

 
H r, t = 	  µμD r ⋅Φ r, t 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [1 − 12] 

 
where  µμD m-‐‑U  is the absorption coefficient (Section 1.6.1) and Φ �

�^	  E
 is the energy fluence 

rate [154]. 

 

Stress confinement is more restrictive in timescale than thermal confinement, and states that the 

pulse width must be short enough such that it can be assumed the thermoelastic expansion (or 

stress propagation) taking place during energy deposition is negligible. The stress confinement 

threshold (τEX) is given by [157]: 

 

𝜏 < 𝜏EX =
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If both confinement conditions can be satisfied, the initial pressure (p) induced by laser 

excitation is given by: 

 

p r =
βvE$

C~
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where Γ is termed as the Grüneisen parameter. Equation 1-14 establishes a proportionality 

between the amplitude of the generated pressure wave and the absorption coefficient, provided 

that confinement conditions are met. 

 

Piezoelectric transducers can be used to detect the propagating acoustic signals. Using methods 

similar to pulse-echo distance calculations, signal processing algorithms can then be used to 

determine the spatial distribution of the sources generating the acoustic signals. This distribution 

is essentially a map of the energy deposition that generated the pressure waves, and therefore 

provides an image of the absorption profile of the illuminated target. 
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1.9.2 Advantages over Conventional Optical/Ultrasound Technologies 

 
Optical technologies are limited by poor penetration depth, especially when illuminating a 

sample of RCC that contain a high concentration of strong chromophores. PA technology has the 

potential to overcome this limitation, as it receives acoustic rather than optical signals which 

encounter 2-3 orders of magnitude less scattering [159]. Although both ultrasound (US) and PA 

use acoustic signals to produce images, the contrast mechanisms between the two technologies 

differ. US signals are a measure of the acoustic impedance mismatches between different 

boundaries within a sample, and are dependent on elastic and mechanical properties [159]. On 

the other hand, PA signals measure the optical energy absorption profile of the target. Hence, PA 

can provide more detail when imaging targets that possess large optical absorption but low 

echogenicity [159]. Furthermore, since absorption is a wavelength-dependent phenomenon 

(Section 1.6.1), PA can acquire spectroscopic information of the absorbing species [157]. 

 

Unlike purely optical technologies, PA can potentially acquire morphologically related 

information of the absorbing species by analyzing the frequency content of the acoustic signal. 

For example, photoacoustic radio-frequency spectroscopy (PARFS) has been used to 

characterize the morphology of individual red blood cells [160,161] and study RBC aggregation 

[162]. This added capability to infer structure from the frequency data gives PA an added 

advantage compared to other optical methods.  

 

1.9.3 PA Oximetry 

 
The absorption coefficient of a medium is proportional to with the measured absorbance of that 

medium (Equation B2, Appendices B); in PA, the absorption coefficient is also linked with the 

pressure amplitude of the generated acoustic wave (Equation 1-14). Hence, the spectroscopic 

capabilities of PA can be extended to oximetry (Section 1.6.3). Assuming that changes in the 

fluence profiles between wavelengths is negligible, absorbance can be replaced by photoacoustic 

pressure amplitude in Equation 1-8, yielding the following expression for SO2: 
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where the symbol ΦQ represents the PA signal amplitude at illumination wavelength 𝜆, and 

∆𝜀Q	  is given by Equation 1-9 [163]. 

 

1.9.4 Potential for non-invasive SO2 Acquisition 

 
In the wavelength region of approximately 600-1100nm, non-radiative relaxation is dominated 

by thermalization [159], allowing for PA signals to be efficiently produced under thermal and 

stress confinement (Section 1.9.1).  Light at this range is primarily absorbed by hemoglobin, 

however, the absorption coefficients are minimized (Figures 1-13, 1-15), facilitating deeper 

penetration of light. In this range the pulsed electromagnetic radiation is non-ionizing and 

produces temperature increases of a few millikelvins; hence, molecular damage or alteration is 

not of concern in PA. These factors allow the opportunity to use PA within this “optical 

window” for in vivo applications. 

 

PA imaging has been used to detect/image in vivo tumor vasculature [151], prostate cancer [164] 

and circulating tumor cells [165]. Blood flow and flow characteristics of RBCs have been 

studied by employing ultrasound doppler techniques [166,167]. Using the principles of oximetry, 

numerous studies have simultaneously measured blood oxygenation (SO2) to provide contrast 

and functional information of vascular structures non-invasively [152,153,168,169]. The 

prevalence of PA SO2 acquisition has led to the generation of  real-time SO2 mapping in many 

PA devices (Section 2.5). 

 

1.10 Thesis Motivation 

 
In Canada, approximately 850,000 units of blood are collected and transfused into 

thousands of patients annually. Red blood cells (RBCs) are the most frequently transfused 

constituent of blood because it augments the blood volume and oxygenation in an individual. 
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Under Health Canada/CBS guidelines, RBCs are packaged and stored in a hypothermic 

temperature (1-6 ̊C) and are considered transfusable for a period of 42 days. 

 

During storage, significant alterations in the structure and function of RBCs have been 

documented (Section 1.5). RBC morphology and oxygen saturation (SO2) are examples of 

structural and functional changes, respectively, that occur during storage. These and other 

changes lead to an irreversible structural and functional degradation of the cell that are 

collectively termed as RBC storage lesions. 

 

Growing evidence suggests that RBC storage lesions may increase patient morbidity in 

patient transfusions, especially in vulnerable patient populations. Currently, no technique or 

technology exists that can rapidly characterize the overall quality of RBCs pre-transfusion; the 

introduction of such a quality assurance tool could aid in minimizing post-transfusion 

complications. 

 

Optical technologies are well suited for the characterization of RBCs, due to strong 

optical absorption of the hemoglobin in RBCs, as well as unique spectral features of hemoglobin 

that exist in the VIS-NIR optical window. Several technologies have been developed to exploit 

the optical properties of RBCs and infer their morphological and functional state. Current RBC 

morphology assays involving light microscopy are labor intensive and are operator dependent 

(and therefore subjective). Furthermore, the assays require chemical preparations and smearing 

of cells that could introduce artifacts and alter the in vitro structural state of RBCs. Current SO2 

assays involving absorption spectroscopy require the extraction of RBCs from its storage 

environment, causing unwanted external exposure that may influence the in vitro functional state 

of RBCs. 

 

Image flow cytometry (IFC) is a decade-old optical technology that combines the high 

throughput of flow cytometry with the resolution of light microscopy. The output is a large 

collection of images that can be analyzed using a suitable image analysis software package. IFC 

is ideal for RBC morphology characterization, as it measures cell structure in an isotonic fluid 

suspension by generating high resolution brightfield images outlining RBC shape. An 
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opportunity exists for the development of a novel, rapid and automated RBC morphology assay. 

At the time of submission of this thesis and to the best of the author’s knowledge, there has been 

no published work on rapid assessment of RBC morphology assay using IFC technology. 

 

Photoacoustic (PA) technology uses a pulsed laser source directed at an absorbing species 

to produce acoustic waves that are detected using passive transducers. PA is well suited for the 

non-invasive, spectroscopic monitoring of RBCs as the PA signal amplitude is proportional to 

optical absorption. Furthermore, PA can use the 2-wavelength oximetry principle approach to 

acquire the SO2 of an illuminated sample of RBCs. PA can potentially be used to monitor the 

SO2 of RBCs within their storage environment (blood bags), as well as acquire parameters 

related to RBC morphology. At the time of submission of this thesis and to the best of the 

author’s knowledge, there has been no published work on a PA methodology to monitor SO2 of 

RBCs in blood bags in situ. 

 

RBCs storage lesion morphology can be parametrized by recording the percentage of 

spheroechinocytes in the RBC population which increase over the storage duration. The 

depletion of in vitro 2,3-DPG concentration, which is an oxygen-hemoglobin binding regulator, 

is expected to increase SO2 measurements of the stored blood over the storage duration. It is 

plausible that the both RBC storage lesion parameters - spheroechinocyte population percentage 

and SO2 percentage - are correlated over time. If there is such a correlation, in situ monitoring of 

SO2 changes could then be used to infer the changes in the morphological state of RBCs. This 

would result in a rapid PA technique for the monitoring of RBC storage lesions passively 

(without sample extraction).  

 

1.11 Hypothesis and Specific Aims 

 
Two hypotheses will be examined in this thesis, which are designated as a primary hypothesis 

and secondary hypothesis.  

 

Primary Hypothesis: 
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During blood bag storage, changes in the RBC morphology distribution are correlated with 

changes in RBC oxygen saturation (SO2). 

 

Significance: 

If a correlation is established, the RBC storage lesion population changes can be monitored 

through RBC SO2 changes. 

 

Specific Aims: 

1)   Design an RBC morphology characterization technique using image flow cytometry, 

to determine the spheroechinocyte population percentage for a sample of RCC.  

2)   Implement an RCC SO2 acquisition protocol using the conventional method of blood 

gas analysis. 

3)   Design an experimental protocol for the comparison of blood gas analysis SO2 results 

and image flow cytometry measurements of RBC morphology with the same RCC 

samples. 

 

Secondary Hypothesis: 

Photoacoustic technology can be used to acquire the SO2 of RBCs in a blood bag in situ. 

 

Significance: 

Non-invasively measuring the SO2 values of blood in situ (in a blood bag) will enable 

measurements without the need for sample extraction. 

 

Specific Aims: 

1)   Develop an SO2 acquisition method of RCC in blood bags using photoacoustic 

technology. 

2)   Design an experimental setup for consistent photoacoustic measurements of RCC in 

blood bags. 

3)   Create an experimental protocol for SO2 validation of in situ photoacoustic 

measurements against blood gas analysis. 
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Chapter 2  : Materials and Methods 

The materials section of this chapter begins with a description of the blood products used for all 

thesis experiments (Section 2.1). Section 2.2 introduces the Blood Gas Analyser (BGA), as well 

as associated sample syringes and spectrophotometric setup used for SO2 acquisition. Section 2.3 

introduces the components making up the image flow cytometry (IFC) system. Section 2.4 

introduces the image analysis software program and the general parameters used to develop the 

RBC morphology image segmentation template. Section 2.5 presents the components associated 

with the photoacoustic (PA) system.  

 

The methods section of this chapter begin with the description of two control experiments 

(Section 2.6). The first experiment investigates if the blood bag plastic produces a PA signal; the 

second investigates, for varied ranges of oxygen saturation, if the PA SO2 of hemoglobin covered 

by blood bag plastic can agree with BGA measurements. Section 2.7 describes all three (IFC, 

BGA and PA) experimental setups and protocols for time series data collection. Section 2.8 

briefly explains the computational software used for data storage and graphing, as well as 

statistical techniques used to test the thesis hypotheses. 

 

2.1 Blood Products and Storage 

2.1.1 Lyophilized Hemoglobin 

Control experiments (Section 2.6) were carried out using human lyophilized (powder) 

hemoglobin (Sigma-Aldrich, MO, USA). The hemoglobin samples were mostly (approximately 

85%) in metHb form (Section 1.2.2), with a solubility of 20mg/ml in water [170].  

 

2.1.2 CBS Blood (RCC) Bags 

Seven RCC blood bags were transported from Canadian Blood Services (CBS) blood-for-

research center (netCAD, Vancouver, Canada) to the Institute of Biomedical Engineering, 

Science and Technology (iBEST, Toronto, Canada). Throughout the 15-20 hour transit period, 
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the bags were insulated in standard blood shipment containers which are comprised of a 

styrofoam/cardboard box filled filled with ice packs to maintain hypothermic temperatures. The 

RCC provided in blood bags were separated from anticoagulated whole blood and leukoreduced 

via the BC method (Section 1.3.3), and stored in up to 110 ml of SAGM preservative solution. 

Upon reception, blood bags were promptly stored in a designated laboratory fridge until six 

weeks after the production date. Before the first extraction of the sample for IFC analysis, bags 

were fitted with a sampling site coupler that contained a natural rubber sleeve stopper for needle 

penetration. 

 

2.2 Radiometer ABL800 FLEX® Blood Gas Analyzer 

Blood Gas Analyzers (BGA) are considered the gold standard in blood sample analysis within 

the healthcare environment, providing critical information that is used for diagnosis and 

treatment [126]. BGAs underwent significant adaptations in technology in the mid 2000’s, 

allowing for the acquisition of more than pH and blood gas parameters [171]. Advances in 

sample handling, auto-calibration and quality management have expanded the BGA 

measurements to include parameters associated with hemoglobin, as well as various blood 

metabolites and electrolytes [172].  While BGAs are found in most clinical laboratories, portable 

benchtop BGAs have recently emerged in critical care locations such as operating rooms, 

intensive care units and emergency departments [173]. Hence, BGAs have enabled bedside or 

point of care (POC) in vitro analysis that allows for more timely decisions and enhancing patient 

management [126]. 

 

Radiometer, a major manufacturer of BGA devices, recently introduced the ABL800 FLEX 

(FLEX for short) and was the first instrument to automate blood sample handling [176]. The 

design reduces manual steps and preanalytical errors that commonly affect the accuracy and 

precision of results [126]. The FLEX can measure up to 18 analytes rapidly, and can do so by 

mixing, measuring and storing the values of up to three samples in automated succession. Table 

2-1 provides a list of the parameters available with the FLEX [126]. The following sections 

present the methods and techniques used by FLEX for blood sample handling and spectroscopic 

analysis of hemoglobin. 
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Table 2-1: List of the analytes available for measurement using the Radiometer ABL800 FLEX. Table adapted and 
modified from [126]. 

 

2.2.1 safePICO Aspirator Syringe 

A syringe manufactured by Radiometer, called safePICO, is designed with the aim of enhancing 

patient and operator safety, while reducing preanalytical errors [175]. The syringes are barcoded 

for automated tracking and linking with stored data. They are also pre-heparinized to reduce 

risks of clots or electrolyte bias before measurement. safePICO syringes are fitted with a custom 

designed cap (safeTIPCAP) that is vented one way for the expulsion of air within the syringe, 

while sealing the sample from the external environment [175]. The technology conveniently 

removes air bubbles/pockets within the extracted blood sample that could influence gaseous 

parameters values such as partial pressures and SO2. 

 

The automated sample handling feature of the ABL involves the manual insertion of safePICO 

syringes into one of three slots; the safeTIPCAP cover is left on the syringe. Firstly, a scanner 

reads the barcode of the syringe. An inert gold plated mixing ball is moved by a rotating magnet 

for 7 seconds, providing a consistent technique of mixing prior to measurement [175]. An inlet 

probe enters the syringe through the safeTIPCAP to aspirate 195µμl of sample. After 

approximately one minute, a digital and hard copy of parameter values are provided. Figure 2-1 

displays the syringe and its components; Table A-1 in the Appendices provides more details on 

the safePICO syringe [174,175]. 
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Figure 2-1: The safePICO Aspirator and components within and encapsulating the syringe. 
 
 

2.2.2 Optical System and Spectroscopic Measurement 

The optical system of the FLEX uses the principles of visible absorption spectroscopy (Section 

1.6.2) with a 128-wavelength spectrometer to acquire parameters such as SO2, total hemoglobin 

concentration and fractional concentrations of hemoglobin states [176]. Once the blood sample 

has been aspirated into the FLEX, it is transported into a quartz glass cuvette that is regulated at 

37°C and 1atm pressure. 1µμl of the sample is hemolyzed with 30kHz ultrasound vibrations, 

releasing the hemoglobin into the supernatant. 

 

Light is provided by a 4W halogen lamp that is infrared-filtered and focused before entering the 

cuvette. The transmitted light is guided by an optical fiber into the spectrophotometer, where it 

separated by a concave grating into monochromatic signals between 478 and 672nm. These 128 

signals are focused onto a photodiode array that dedicates one pixel for each wavelength. Figure 

2-2 provides a schematic of the optics-spectrometer system. 

 
The absorption spectrum generated from the intensity contributions of each signal is used to 

estimate the concentrations of the absorbing species, which is assumed to be oxyHb, deoxyHb, 

metHb and COHb (Section 1.2.2). For the FLEX spectroscopic setup, Equation 1-4 can be 

expressed as: 
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Figure 2-2: The optics (below) and spectrometer (above) compartments of the ABL800 FLEX BGA. Adapted from 

[176]. 
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however, correction factors need to be incorporated into Equation 2-1. Reference values of 

proprietary calibration compounds were combined with the path length and extinction 

coefficients of each state of hemoglobin to form a matrix of proprietary constants (𝐾Q) that result 

in the following form of Equation 2-1 [176], 

 

∁�= K�b ⋅ AXYXb 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
��$

bT���

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [2 − 2] 
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where 𝐶� represents the concentration of absorbing species, and the right hand side of Equation 

2-2 is solved using Multivariate Data Analysis [177]. Once the concentrations are determined, 

total hemoglobin concentration and SO2 are calculated as: 

 
Total	  hemoglobin	  concentration = 	  	   ∁Y��[\ + ∁��Y��[\ + ∁��X[\ + ∁�][\	  	  	  	  	  [2 − 3] 

 

SO$ = 	  	  
∁Y��[\

∁Y��[\ + ∁��Y��[\
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [2 − 4] 

 

2.3 ImagestreamX® Mark II Image Flow Cytometer 

The ImagestreamX® Mark II (ISX for short) image flow cytometer (IFC) provided by 

MilliporeSigma (parent company of Amnis Corporation) came into the market in 2012 as the 

latest upgraded device in IFC technology [178]. IFC incorporates light microscopy (Section 

1.7.1) into a traditional flow cytometry setup (Section 1.7.3), creating the unique ability to 

capture numerous brightfield, darkfield and fluorescent images at high speed. In order to merge 

two well-established optical technologies into one platform, novel optical and electronic 

techniques have been incorporated. Some of the major features and techniques behind the ISX 

will be presented in the following sections. 

 

2.3.1 ISX Platform 

As in conventional flow cytometry (Section 1.7.3), cells are suspended in an isotonic fluid before 

being inserted into the ISX and are hydrodynamically focused using a phosphate buffered saline 

(PBS) sheath fluid [205]. A single-file sample stream of approximately 10µμm diameter enters the 

flow cell, upon which each cell is intersected by the light source [133]. Unlike a typical flow 

cytometry system that involves two detectors placed in line with and orthogonal to a laser source 

(Figure 1-17), the ISX contains a brightfield and laser light source placed, respectively, in line 

with and orthogonal to one microscope objective (Figure 2-3). It is necessary to have this 

orientation for the desired transmitted, scattered and fluorescence light to travel through the 

collection lens (Section 1.7.3). 

 



 51 

 
 

Figure 2-3: Illustration of the orientation of the flow cell, light sources and microscope objective in the ISX. Adapted 
from [179]. 

 

 

Figure 2-4 displays an aerial-view schematic of the ISX optics platform. Although not displayed 

in the figure, light from an 830nm laser intersects calibration beads injected into the sheath fluid 

stream and is scattered and into a flow speed and autofocus detection system [179]. The 

autofocus system continuously maintains the alignment of the core stream so that cells traverse 

through the focal regions of the illumination beams [133]. The flow speed detection system is 

used to maintain synchronization with the camera system by adjusting the speed of the fluid 

stream (Section 2.3.2). 

 

The transmitted, scattered and fluorescent light is directed towards a multi-spectral 

decomposition unit (MSDU) (Figure 2-4). The MSDU consists of several low-pass dichroic 

mirrors oriented at specific angles that separate the incoming light beam into spectral bands 

[133]. Furthermore, these spectral bands are deflected by the MSDU at different angles and 

consequently project onto the CCD camera at different lateral positions [141]. For each camera, 

six image channels are available to project the signals of different spectral bands, allowing for 

the capability to use a multitude of fluorescent tags for measurements [178]. Two channels are 

used by default for bright field images (and can be changed by the user), while one channel is 

used for side scatter images produced from a 785nm laser. Table A-2 in the Appendices provides 

further information on the spectral ranges of each channel, as well as other features of the ISX. 
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Figure 2-4: Aerial-view diagram outlining the optics platform of the ISX. Note that SSC is an abbreviation for side 
scatter 785nm laser. Adapted from [178]. 

 
 

2.3.2 Optimizing Image Intensity 

Unlike conventional flow cytometers that use PMTs to amplify the signal intensity of weakly 

scattered light (Section 1.7.3), the ISX needs to preserve spatial information of the signal and 

therefore requires a different method to increase the sensitivity of detection. ISX employs time 

delay integration (TDI), a technique commonly used in applications where the object being 

imaged moves fast relative to the camera [141]. In TDI, the image projected onto the detector is 

read out from the bottom pixel row, and the upper pixel row intensities are transferred one row 

down. This readout/shift rate is synchronized with the flow speed of the sample cells with the 

help of a flow speed detection system (Section 2.3.1). Synchronization preserves the sensitivity 

and image quality, while increasing the intensity of the image as it translates down the CCD 

detector before readout [162]. Figure 2-5 provides an illustration of the TDI method and the 

increase in image intensity due to synchronization [205]. 
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Figure 2-5: Illustration of the TDI method of enhancing intensity of image. Each frame consists of (from left to 
right) the illumination source, cell motion in the sample stream and projection of the corresponding image on a CCD 

detector. Adapted from [179]. 
 

The TDI method integrates the signal from each cell for around 10 milliseconds, depending on 

the flow speed of the sample [153]. This provides an opportunity for otherwise faint fluorescent 

and scattered signals to be detected at high flow speeds [180]. Cell alignment consistency is 

essential for TDI to enhance image quality. ISX employs optimized precision stepper motor 

pumps and an autofocus detection system (Section 2.3.1) to reduce pulsatility [133].  

Consequently, highly laminar flow is produced that reduces cell tumbling and alignment 

deviations during image acquisition [180].  

 

2.4 Amnis IDEAS® Analysis Software 

Conventional flow cytometry (Section 1.7.3) is paired with software to objectively and 

statistically discriminate populations of cells based on signal intensities. With the ISX IFC 

however, this objective, statistical discrimination can be applied to photometric, and additionally, 

morphometric parameters. An image analysis software called IDEAS® has been integrated with 

the ISX for image analysis and population statistics. The following sections introduce the basic 

software platform and tools used for the development of the RBC morphology image 

segmentation template.  

2.4.1 IDEAS® File Formatting for Analysis 

After TDI (Section 2.3.2) is applied, the intensity values registered for each pixel in a particular 

channel are plotted as the third variable on a two dimensional grid [179]. As Figure 2-6  
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Figure 2-6: Plot of intensity values on a two dimensional grid representing location of pixels on CCD detector. 
Photometric and Morphometric information is encoded into such plots. Adapted from [178]. 

 

 

illustrates, this plot displays photometric information via intensity peaks and morphometric 

information via spatial distribution. On IDEAS®, the intensity values acquired in each spectral 

channel translate to a standard grey-scale image, with spatial scales directly related to the 

dimensions of the pixels and magnification of the image. 

 
The pixel intensity data for each detected object is saved by the ISX application program, 

INSPIRE, as a raw image file (.rif) [181]. The IDEAS® [207] software application uses the .rif 

file to create a compensated image file (.cif) that corrects data for variations in background 

intensity, flow speed, position variations between channels and other artifacts. This 

“compensated” image data file requires a template file to be used for analysis on IDEAS®. The 

.cif file is loaded into a default template file (.ast); the resulting data analysis file (.daf) opens an 

interface on IDEAS® for direct manipulation. 

 

The .daf file can be custom structured to include features, graphs, regions of interest (ROIs) and 

statistics. This file can be saved as a .ast file to serve as a new, customized template that can be 

applied to any .cif files to create their associated .daf files. Hence, image and statistical analysis 

of experimental data using IDEAS® starts with creating a suitable template file. Figure 2-7  
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Figure 2-7: Schematic representation of the IDEAS® file format process flow to obtain a customized template for 
automated analysis. 

 
 

displays a schematic representation of the file format process flow for generating an IDEAS® 

template for automated analysis. Figure 2-8 provides the layout of a .daf file that was opened 

with a template file designed for the automated analysis of a sample of RBCs (Section 3.2). 
 
 

 
 

Figure 2-8: Layout of a .daf file created by a template file geared for the analysis of RBCs. Typical layouts include 
the image gallery (left) and the analysis area (right) that generates graphs and associated statistics. 
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2.4.2 Using Masks, Functions and Features in IDEAS® 

The IDEAS® software application provides a large selection of masks, functions and features for 

image analysis [182]. Firstly, a default mask algorithm is applied to each image in each channel 

during the formation of the .cif file, and is labelled as M#, where # is the channel number [181]. 

Two Boolean default masks, combined and not combined, represent the union and complement 

of all channel mask ROIs and are also included with default images. 

 

When the .cif file is opened with the default template, the resulting .daf file displayed in IDEAS® 

provides all images with the default masks applied to them. These default masks cannot be 

replaced, however, specialized functions can be used to make adjustments to any default mask. 

Furthermore, Boolean logic commands (And, Not, Or) can be applied to combine or eliminate 

different default masks or their applied functions [182]. A list and description of all functions 

available in the mask manager is provided in the Appendices, Table A-4. Figure 2-9 displays an 

example of the user interface used to merge multiple default masks or functions to create a 

custom mask that will be later saved for application on any image [182]. 

 
 

 
 

Figure 2-9: Example of the user interface for creating a new, custom mask on the IDEAS® mask manager; all default 
masks and created functions are available for manipulation with Boolean commands. The mask is saved and can be 

applied on any image. Adapted from [182]. 
 
 
Various features can be applied to the image ROIs defined by the applied masks. A feature is a 

mathematical expression of the image’s quantitative or spatial information [182]. Values that are 

generated by each feature for each image can be plotted in a figure, and can be statistically 

analyzed for an image population. Any quantity and selection of features can be applied to the 
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masked images. Over 60 features under specific categories are available on the feature manager 

[182]. A brief description of each feature category and a list of their associated features is 

presented in the Appendices, Table A-5. Figure 2-10 displays an example of the user interface 

for selecting all associated features of a category called Texture using the IDEAS® feature 

manager. In this example, these features under Texture are applied to all cell images in channel 

4; mask M4 is applied to all cells [182]. 

 
 

 
 

Figure 2-10: Example of selecting multiple features for the analysis of channel 4 images; mask M4 was chosen for 
ROI detection. Adapted from [182]. 

 
 

2.4.3 Graph/Statistics Generation in IDEAS® 

As the .daf file is updated with customized masks and features, graphs can be generated to 

provide visual guidance on the discriminatory capabilities. Graphs can be generated with one 

feature to create frequency distributions (histograms), or two variables to generate scatter plots 

[182]. ROIs can be manually traced over regions within the plot to create subpopulations. 

Clicking on the data points within a histogram/scatter plot highlights its corresponding image; 

this tool allows for visual verification during ROI selection and enhances the image 

segmentation accuracy. Once these plots are displayed on the analysis area of the .daf file, 

statistical measures such as mean, mode, standard deviation and variance can be acquired for 

each ROI. In relation to subpopulations, statistical parameters such as count, percent total and 
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percent gated are available. Figure 2-11 displays an example of selecting statistical measures to 

evaluate a feature on the sample population [182]. 

 

 
Figure 2-11: Example of selecting multiple parameters in the statistics area. Adapted from [182]. 

 

2.4.4 Image Segmentation in IDEAS®: feature finder, truth populations and ROI tracing 

IDEAS® provides a proprietary tool that automatically finds the best features to more accurately 

gate subpopulations. The feature finder can be used to calculate the features that best 

discriminate between images of two subpopulations. A set of hand-picked images of each 

subpopulation, known as “truth populations”, need to be used for the feature finder to obtain the 

best discriminators for those subpopulations. These features are then plotted against each other 

for the sample population,  

 

Subpopulations are gated based on traced regions of interest (ROIs). To aid in gaiting, truth 

populations can be overlaid on the sample population visually estimate placement of ROIs. 

Furthermore, since each dot on a plot is addressable to an image, subpopulation gates based can 

be visually verified to refine location of ROIs (see Section 2.4.3). Examples of gaits using ROI 

tracing can be seen in Figure 2-8.  
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2.5 VisualSonics Vevo LAZR® PA Device 

VisualSonics, a Canadian company founded in 1999, produced the first commercial high 

frequency, array based ultrasound imaging systems [183]. Over the years, their Vevo product 

platform has become a gold standard in preclinical in vivo imaging [184]. By 2011 the company 

released a photoacoustic system, Vevo LAZR (LAZR for short), combining optical sources with 

their existing preclinical ultrasound imaging system (Vevo 2100). The Vevo LAZR imaging 

platform consists of real time co-registered PA and US images, with 3-D and Doppler imaging 

capabilities [183]. 

2.5.1 Vevo LAZR® Platform 

Figure 2-12 displays the four major components of the LAZR platform. A LAZR cart that houses 

the laser optical system feeds laser light through a fiber optic probe that is integrated with a 

linear array ultrasound transducer (termed LZ series).  the PA measurements take place in a 

LAZRTight steel cabinet to block any exposure to laser light. The signals are sent to the Vevo 

2100 US cart that houses the controls and displays PA and US images in real time [185]. 

 

Figure 2-12: The Vevo LAZR Photoacoustic imaging system and the major system components. Adapted from 
[185]. 
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2.5.2 LZ Fiber-Optic Linear Array Transducers 

Two models of the LZ fiber-optic linear array transducers, LZ250 and LZ550, accompany the 

LAZR system. Table 2-2 summarizes their broadband frequency ranges, axial and lateral 

resolutions [186]. The center frequency for LZ250 and LZ550 is 21MHz and 40MHz 

respectively [187]. Both transducers consist of an array of 256 piezoelectric elements and is 

encased in a housing that integrates the ultrasound coaxial cable and optical fiber bundles into 

one package [188]. Figure 2-13 provides an illustration of the LZ probe and the arrangement of 

optical and acoustic sources at the tip of the transducer [189]. 

 

Table 2-2: Broadband frequency range axial and lateral resolutions for two LZ ultrasound transducer models [186]. 

 

 

Figure 2-13: (left) Illustration of  LZ ultrasound transducer encasement and (right) orientation of optic and acoustic  
sources at tip of the transducer. Adapted from [188]. 
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In the LAZR cart, monochromatic light between 680-970nm is produced by a tunable flashlamp 

pumped Q-switched Nd:YAG laser that contains an optical parametric oscillator (OPO) and a 

second harmonic generator [189]. The illumination source has a repetition frequency of 20Hz, 

pulse width (duration) of 4-6ns, pulse energy of approximately 30mJ and a spot size of 24mm2 

(1mm×24mm) [188]. Figure 2-14 displays the geometry of the optical and ultrasound beam, 

where it is observed that the rectangular optic bundles are oriented 30° relative to the imaging 

plane [189]. 

 

Figure 2-14: (left) Illustration of a lateral view of the LZ light source geometry and (right) axial view of the optical 
(red) and ultrasound (yellow) beam geometry. Adapted from [188]. 

 

2.5.3 OxyHemo Tool for SO2 Analysis 

The LAZR system software interface allows the user to tune wavelengths within the 680-970nm 

range for multispectral imaging [185]. Furthermore, a proprietary oxygenation mapping mode 

called OxyHemo sequentially acquires photoacoustic signals at 750nm and 850nm and replaces 

the PA image with an SO2 map [188]. The software settings allow for an ROI to be traced within 

an image and calculates the average SO2 within that ROI. An example of this feature is described 

in Figure 2-15. 
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Figure 2-15: Vevo LAZR PA SO2 map overlaid on a coregistered B-mode US image of a Lewis lung carcinoma in a 
mouse flank. Green/yellow ROIs manually picked; sO2 Avr represents the average percentage SO2 value calculated 

for the ROI. Adapted from [188]. 

 

2.6 Control Experiments 

2.6.1 Investigation of Potential PA Signal from Blood Bag Cover  

A controlled experiment was devised to investigate if the blood bag plastic cover (Section 1.3.3) 

contributes its own PA signal. An open cylindrical glass container of approximately 2.5cm 

diameter and 15ml volume was covered with a piece of the blood bag plastic (Figure 2-16). 

Holes were bored through sides of the cylinder to fill the covered cylinder with water or RCC. In 

separate measurements, water and RCC were inserted into the cylinder and the ends were sealed 

with Vaseline. Images of the cylinder and setup are displayed in Figure 2-16. 

 
 
Within the LAZRTight (Section 2.5.1), the cylinder was immersed into a water tank, and was 

held underwater using blocks resting on the cylinder. The LZ250 transducer (Section 2.5.2) was 

placed 10mm above the plastic cover of the cylinder. PA measurements were taken at 750nm 

under PA mode (further details on the LAZR setup, calibration and mode controls are provided 

in Section 2.7.4). For each measurement, 10 image frames were acquired. All raw data from the 

frames were uploaded onto MATLAB® 2016 (Mathworks Inc., Natick, MA, USA) scripts for the 

purpose of beamforming. 
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Figure 2-16: A cylindrical glass container, covered with blood bag plastic and filled with (left) water and (right) 
blood; the extensions used to inject the medium were sealed with vaseline. 

 

2.6.2 Agreement between LAZR and FLEX SO2  

A control experiment was performed to verify the compatibility between LAZR and FLEX 

measurements of SO2. A sample of human lyophilized hemoglobin (Section 2.1.1) was diluted at 

a concentration of 40mg/ml in PBS, and mixed thoroughly using a vortex at 1800 rpm. A 

solution of sodium dithionite (hydrosulfite) was prepared with PBS at a concentration of 

20mg/ml. The sodium dithionite was used to reduce the predominantly metHb solution into 

deoxyHb [190,191]. Both solutions were mixed at a 1:1 ratio, creating the recommended 

hemoglobin dilution concentration of 20mg/ml [170]. 

 

The heavily deoxygenated hemoglobin solution was oxygenated by aerating the sample in pair of 

syringes connected with a nozzle. The level of oxygenation was proportional to the amount of 

time spent aerating the solution. Using this aeration technique, a 1-minute aerated solution and a 

5-minute aerated solution were produced. 

 

The three solutions of deoxygenated hemoglobin, briefly oxygenated hemoglobin (1 minute) and 

heavily oxygenated hemoglobin (5 minutes) were measured using the same setup as described in 

Section 2.6.1. PA measurements were carried out on the Oxy-Hemo mode, acquiring SO2 values 

from 10 frames (further details of acquisition in Section 2.7.4). Simultaneously, three FLEX 

measurements were made for each solution. 
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2.7 RBC FLEX/ISX/LAZR Experimental Protocol 

To address both hypotheses (Section 1.11), a protocol was developed to include FLEX (Section 

2.2), ISX (Section 2.3) and LAZR (Section 2.5) measurements to monitor stored RBCs on the 

same day using all instruments. The measurements were repeated every 3-5 days until the 

expiration date of the RCC blood bags. Implementation of the entire protocol on seven blood 

bags took approximately 5-6 hours. Due to the frequency and duration of the experimental 

protocol, care was taken to reduce the exposure of blood samples and blood bags to non-

refrigerated environments. 

 

2.7.1 RCC Sample Extraction 

RCC blood bags were taken out of the storage location and placed in a biosafety cabinet. The 

bags were lightly massaged to homogenize the RCC within the bag. A 20 gauge needle was 

attached to a safePICO syringe and inserted into the sampling site coupler (Section 2.2.1); a 

picture displaying this process in shown in Figure A-1 in the Appendices. Approximately 1ml of 

sample was extracted and discarded to remove any residual blood left within the coupler and to 

access RCC within the blood bag. Another 1ml sample was collected into the syringe, after 

which the needle was discarded and the safeTIPCAP (Section 2.2.1) was secured immediately 

(Figure A-2). This extraction procedure was repeated with two more syringes, totaling three 

samples per bag. After extraction, the blood bags were placed back into the refrigerator and the 

samples were placed in a plastic pouch to transport to the FLEX (Figure A-3). 

 

2.7.2 FLEX Measurement 

Samples were place in the designated slots, three syringes at a time, for automated mixing, 

aspirating and SO2 measurement (Figure A-4). Upon acquisition of data, the syringes were 

immediately placed back into the plastic pouch, covered in bubble wrap and stored in a cooled 

styrofoam box for transportation to the ISX.  
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2.7.3 ISX Measurement 

At the facility housing the ISX, syringe samples were transferred from the styrofoam box to the 

fridge where they were extracted one at a time for measurements. 

 

Experimental Protocol 

For each sample, an aliquot of 5µμl was diluted with 200µμl of PBS in a vial and was placed into 

the ISX sample holder for automated aspiration and image acquisition. 100,000 images were 

captured under 60× image magnification. After the experiment, the syringes were discarded as 

per CBS guidelines. A picture of the ISX device and location of the sample holder is shown in 

Figure A-5.  

 

Image Analysis 

All raw data files (each file pertaining to one measured sample) were transferred via USB to a 

portable hard drive to be uploaded onto a computer with a Windows 7 64 bit OS, consisting of an 

Intel Core i7-4790 processor and a 16 GB memory. Each raw data file was opened on the 

IDEAS® software platform and was processed automatically by the developed RBC morphology 

image segmentation template (see Section 3.2). The processed file provided the 

spheroechinocyte population percentage.  

 

2.7.4 LAZR Measurement 

Both LZ transducer probes (Table 2-2) were used for the PA measurements. The intention for 

including both probes was twofold. Firstly, it allowed for an investigation to which transducer, if 

any, was more accurate in determining SO2 values of blood bags in situ. Secondly and more 

significantly, it expanded the band width data (13-55MHz) for radiofrequency spectroscopy 

analysis (Section 1.5.3). LAZR measurements followed shortly after the ISX experiments 

(Section 2.7.3).  

 

US/PA Setup 

US images were used as a verification tool for the location of the blood bag plastic cover, which 

produced a strong signal due to high impedance mismatch with respect to water. The PA images 
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were overlaid on co-registered US images during SO2 acquisition. Table 2-3 outlines other 

parameters that were set with the user interface for US and PA images. 

 

 

Table 2-3: List of parameters set for US and PA image generation on the LAZR. 

 
Optical Source Calibration 
 
As the monochromatic light beams exit the LAZR cart (2.3.1) a small fraction of the beam is 

deflected for energy determination. Before measurements, this beam energy mechanism was 

calibrated to the laser energy output at the tip of the transducer probe. A laser energy sensor 

(OPHIR, Utah, USA) was positioned just underneath the probe, and was connected directly to 

the LAZR cart. The calibration mode was run, initiating an internal calibration. An image of the 

setup for this calibration step is shown in Figure A-6 in the Appendices. 

 

Blood Bag LAZR Container 
 
For PA measurements, both the blood bag and transducer had to be immersed in a water bath to 

reduce acoustic impedance mismatches of the propagating PA signal. Underwater, the blood 

bags needed to lie flat and stationary for optimal signal output; furthermore, internal air pockets 

within the bags needed to be removed from the region of illumination to reduce signal artifacts. 

To address these requirements, a custom blood bag LAZR container was designed. 

 

A schematic representation of the blood bag LAZR container is shown in Figure 2-17. Figure A-

7 in the Appendices displays the positioning of the blood bag LAZR container within the 

LAZRTight (Section 2.3.1). The rectangular plexiglass tank (25×14×12cm) was filled with cold 

water in order to minimize warming of the blood bags. Handling procedures were developed  
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Figure 2-17: (left) Side view and (right) Ariel view of a schematic representation of the blood bag LAZR container. 
Illustration courtesy of K. Bagga. 

 
when immersing the blood bags to keep blood bag air bubbles from occupying the illuminating 

region. The procedure is illustrated in a series of images in Figure A-8 in the Appendices. The 

bags were held flat and stationary using a plexiglass lid, containing a central elliptical hole 

(major:minor axis 10:Cm) allowing for the Vevo LAZR probe to scan the bag. 

 
Measurement of SO2 
 
The transducer was immersed in the container, under water, and was kept approximately 10.5mm 

above the boundary of the blood bag, so that the optical focal zone (11mm) was located under 

the plastic boundary of the bag allowing for maximum energy deposition in the RCC. Accurate 

positioning was achieved using feedback from the real-time US images. In the process of 

submerging the transducer, an air pocket was often trapped in a crevice enclosing the linear array 

(Figure 2-13), and its presence was easily detected from the high level of scattering displayed on 

the US images. The air bubble was removed using a finger, with its removal was verified with 

real-time B-mode images (left image of Figure A-9, Appendices). 

 

The right image of Figure A-9 displays the setup of the transducer probe over a blood bag within 

the boundaries of the lid hole. The LAZRTight was closed and images of the blood bag in PA 

mode were generated. Once all parameters were verified, a measurement in Oxy-Hemo mode 

was carried out. The Oxy-Hemo mode used laser wavelengths at 750 and 850nm, and used 

signals from both wavelengths to create an SO2 map (Section 2.5.3). After 10 image frames were 

collected, an ROI was traced over the central, homogenous part of the SO2 map of the first 
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frame.  An average of the SO2 values of all pixels within the selected region was produced. The 

image ROI was applied to the other 9 frames, producing 10 SO2 values for that particular 

measurement. This procedure was repeated for two other locations on the RCC blood bag, 

accumulating (in total) 30 SO2 values per RCC blood bag per PA measurement. An image of the 

PA setup and SO2 map is displayed in Figure 2-18. 

 

 

Figure 2-18: PA SO2 map of a blood bag, including the traced region (purple circle) for SO2 calculation (red box). 
For increasing SO2, scale ranges from dark red to light pink. Background black/white signal represents co-registered 

US image. Yellow arrow represents the optical focal depth (11mm). Inset displays setup used for measurement.  

 

2.8 Data Handling 

All raw data was uploaded onto excel for organization and basic statistical processing (mean, 

standard deviation). All statistically processed data was uploaded onto MATLAB 2016 

(Mathworks Inc., Natick, MA, USA) for the plotting. Bland-Altman plots were used to 

investigate the level of agreement between the values of one parameter measured using two 

different techniques [192].  



 69 

Chapter 3  : Results 

3.1 Control Experiment Results 

Figure 3-1 plots the absolute value of the Hilbert transform of the average PA radio-frequency 

(RF) signal as a function of depth, acquired from a transducer placed above a glass cylinder 

containing either water (blue) or approximately 85% oxygenated RCC (red); during both 

instances, the cylinder was covered with 0.35mm thick blood bag plastic (Section 2.6.1). The 

average RF signal was calculated from the signals of eleven elements that included five to the 

left and right of the center element. The transducer was placed 10mm above the top boundary of 

the glass cylinder cover. 

 

Figure 3-1: Absolute value of the Hilbert transform of the average RF signal (11 lines) of water (blue) and 
oxygenated (~85%) RCC (red) in a glass container covered with 0.35mm thick blood bag plastic (dashed lines), 

whose top boundary is located at 10mm. 

 

Absolute	  value	  of	  the	  Hilbert	  transform	  of	  the	  average	  RF	  signal	  
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Figure 3-2 displays the SO2 values acquired from the FLEX (Section 2.2.2) as well as the LZ250 

and LZ550 LAZR transducers (Sections 2.5.2, 2.5.3). Three solutions of lyophilized hemoglobin 

of varying levels of oxygenation were prepared as outlined in Section 2.1.2. For the BGA 

measurements, the standard deviation bars displayed in  Figure 3-2 are of  three SO2 values taken 

from three syringes; for the PA measurements, standard deviation bars are of the 10 frames 

captured from one measurement. 

 

 

Figure 3-2: FLEX (blue), LAZR LZ250 (red) and LAZR LZ550 (green) mean SO2 values of heavily deoxygenated 
(1), evenly oxygenated (2) and heavily oxygenated (3) lyophilized hemoglobin. Standard deviation bars represent 3 

independent FLEX measurements, and 10 frames of 1 LAZR measurement.  

 

3.2 RBC Morphology Image Segmentation Template 
 

The RBC morphology image segmentation template (RBC-MIST) was developed in association 

with M. Parsons (LTRI, Sinai Health System, Toronto), J. Sebastian (Ryerson University, 

Toronto) and T. Chang (MilliporeSigma, Seattle, WA). Using typical images collected from 

samples of RCC, the image segmentation steps making up the RBC-MIST are illustrated in 

Figures 3-3 and 3-4. Figure 3-3 outlines the gating strategy used to exclude unwanted 

subpopulations (represented by images A, B and C) from the analysis. The segregation of RBC 

images into side view and front view subpopulations was carried out in four steps (Figures 3-5 – 

3-8). Figure 3-4 outlines the gating strategy used to segment these side view and front view RBC 

images into discocyte and spheroechinocyte subpopulations, which was carried out via four steps  

(Figures 3-9 – 3-12). 
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The plots displayed in Figures 3-9, 3-11 and 3-12 required the use of the IDEAS® feature finder 

tool to determine the best features to discriminate between the subpopulations; consultation for 

the collection of RBC truth populations was provided by T. Turner (COI, CBS, Edmonton) (see 

Section 2.4.4). In an automated format, the number of images collected for each subpopulation 

(highlighted by curved/right-angled red boxes in Figure 3-4) were considered the total RBC 

population, from which the relative spheroechinocyte population percentage (right-angled boxes, 

Figure 3-4) was determined.  

 

Figure 3-3: (Top Row) Typical RBC images produced by the ISX IFC system, including unfocused (A), multi-cell 
(B), cells with calibration beads (C), front view discocytes (D, E), side view discocytes (F), side view 

spheroechinocytes (G) and front view spheroechinocytes (H, I). (Second Row and Below) Sequential gating based 
on various mask/feature combinations was used to exclude objects of type A (I.), B (II.), C (III.), and differentiate 

populations D-F from G-J to classify side view and front view images, respectively. 

I. 

II. 

III. 

IV. 

B A C D E F G H I J 
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Figure 3-4: (Top Row) Typical RBC images that include smooth/crenated discs (K,L), crenated discoid (M), 
crenated spheroid (N), smooth/crenated spheres (O,P), side view spheroechinocytes (Q), and side view discocytes 

(R). (Second Row and Below) Sequential gating based on various mask/feature combinations (V. - VIII.) was used to 
differentiate populations K, L, M and R (curved red box) from N, O, P and Q (right angled red box) to classify 

discocytes and spheroechinocytes, respectively. 

 

Figure 3-5 shows a histogram used to discriminate between unfocused (blurry) and focused  

 (sharp) images, as illustrated in step I (Figure 3-3). The feature gradient RMS calculated the root 

mean square (RMS) of the intensity gradient between pixels within the default bright field image 

mask [182]. By visual verification, images with a gradient RMS value of 54 or below were 

excluded from further analysis. 

 
 

L K M N O P Q R 

V. VI. 

VII. VIII. 
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Figure 3-6 displays the plot used to discriminate between single and multi-cell images, as 

illustrated in step II (Figure 3-3). The aspect ratio feature, calculated as the ratio of the object’s 

minor axis over its major axis, was plotted against the area feature based on the size of the object 

in square microns [182]. Both features use the default bright field object mask. A gate was 

created such that object aggregates within the same image field were excluded from further 

analysis.  

 

Figure 3-7 displays the plot used to discriminate between images containing RBCs with 

calibration beads and single RBC images, as illustrated in step III (Figure 3-3). Two variations of 

the erode mask was used to shrink the default mask to cover only the brightest regions of the 

image [182]. The number of disjointed regions of each erode mask, or spot counts, was plotted 

against each other. Images with spot count greater than 1 (for either mask) were excluded from 

subsequent analysis.  

 

Figure 3-8 displays the plot used to discriminate between front view and side view RBC images, 

as illustrated in step IV (Figure 3-3). Using the watershed mask, the aspect ratio feature was 

plotted against the circularity feature to discern the object’s relative elongation and deviation 

from a circle, respectively [182]. A gate was created using ROI tracing to segregate side view 

and front view images for further analysis. 

 

Figure 3-9 provides the plot used to discriminate side view images of spheroechinocytes and 

discocytes, as illustrated in step V (Figure 3-4). Figure 3-9 has, overlaid on the sample 

population, the locations of the truth population images for side view spheroechinocytes and 

discocytes (in purple & pink respectively). Using the watershed mask, the strongest statistical 

discriminators (determined from feature finder) were found to be Haralick (H)-variance and 

symmetry. H-variance is one of many texture features defined by Haralick and colleagues to 

normalize and characterize the local variation in intensity distribution within the masks [193]. 

The symmetry feature measured the tendency for an object to have a lobe-like geometry 

symmetric across an axis [193]. ROIs were traced with the aid of truth populations to gate side 

view discocyte and side view spheroechinocyte images.  
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Figure 3-5: (see step I, Figure 3-3); histogram of gradient RMS (counts of normalized relative frequency) within the 
default bright field mask. Inset images provide examples of unfocused (left) and focused (right) RBC images. Object 

masks are highlighted in light blue. Value of gradient RMS of images are indicated by red arrows. Images 
containing gradient RMS values above 54 were selected for further analysis (horizontal light blue line). 

 

 

Figure 3-6: (see step II, Figure 3-3); plot of aspect ratio versus area using the default bright field mask. Inset images 
provide examples of front view (top right), multi-cell (middle right) and side view (bottom left) RBC images. Object 
masks are highlighted in light blue. Red arrows point to the location of images within the scatter plot. A gate based 

on images within the ROI (light green boundary) was selected for further analysis. 
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Figure 3-7: (see step III, Figure 3-3); plot of spot count using two variations of the erode mask. Inset images provide 
examples of cells with calibration beads (top right) and single cell (bottom left) RBC images. Object masks are 

highlighted in light blue. Red arrows point to the location of images within the scatter plot. Only images with a spot 
count of 1 (for both masks) were selected for further analysis. 

 

 

Figure 3-8: (see step IV, Figure 3-3); plot of circularity versus aspect ratio, using the watershed mask with an 
adaptive erode function. Inset images provide examples of front view (top) and side view (bottom) RBC images. 

Object masks are highlighted in light blue. Red arrows point to the location of images within the scatter plot. A gate 
based on images within both ROIs (green/blue boundary) were selected for further analysis. 
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Figure 3-10 displays the plot used to discriminate between darker and brighter shaded front view 

RBC images. Two different masks were applied with the gradient RMS feature: the watershed 

mask contoured the entire object, while the watershed AND NOT erode mask combination 

created a contour around the object boundary. Using visual verification, ROIs were traced to gate 

both subpopulations for analysis. 

Figure 3-11 displays the plot used to discriminate between darker shaded spheroechinocytes and 

discocytes. The feature finder/truth population strategy found contrast and H-variance features 

to be the best discriminators. The contrast feature measured sharpness in pixel intensity across 

the image. In the same manner, Figure 3-12 displays the H-correlation mean versus H-

correlation standard deviation texture feature plot, found to best discriminate light shaded 

spheroechinocytes from discocytes. For both plots, ROIs were traced with the aid of truth 

populations to gate subpopulations for analysis. 

 
 
 

 

Figure 3-9: (see step V, Figure 3-4); plot of Symmetry versus H-variance, using the watershed mask. Inset images 
provide examples of side view discocyte (top) and side view spheroechinocyte (bottom) RBC images. Object masks 
are highlighted in light blue. Red arrows point to the location of images within the scatter plot. Feature finder/Truth 

populations were used to determine best features; overlaid on the sample population are truth populations for 
spheroechinocytes (purple) and discocytes (pink). A gate based on images within both ROIs (pink/grey boundary) 

were selected for analysis.  
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 Figure 3-10: (see step VI, Figure 3-4); plot of Gradient RMS for a watershed mask versus a watershed AND NOT 
erode mask. Inset images provide examples of brighter shaded (left) and darker shaded (right) RBC images. Object 
masks are highlighted in light blue. Red arrows point to the location of images within the scatter plot. A gate based 

on images within both ROIs (yellow/orange boundary) were selected for analysis.  

 

 

  

 

 

 

 

 

 

 

Figure 3-11: (see step VII, Figure 3-4); plot of Contrast versus H-Variance, using the watershed mask. Inset images 
provide examples darker shaded spheroechinocyte (top left) and discocyte (bottom right) RBC images. Object masks 
are highlighted in light blue. Red arrows point to the location of images within the scatter plot. Feature finder/Truth 

populations were used to determine best features; truth populations not overlaid in figure for simplicity. A gate 
based on images within both ROIs (red/blue boundary) were selected for analysis. 
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Figure 3-12: (see step VIII, Figure 3-4); plot of H correlation standard deviation versus H-correlation mean, using 
the watershed mask. Inset images provide examples of brighter shaded spheroechinocyte (left) and discocyte (right) 

RBC images. Object masks are highlighted in light blue. Red arrows point to the location of images within the 
scatter plot. Feature finder/Truth populations were used to determine best features; truth populations not overlaid in 

figure for simplicity. A gate based on images within both ROIs (pink/beige boundary) were selected for analysis.  

 

3.3 Spheroechinocyte Percentage Changes versus SO2 Changes in Stored RCCs 

To investigate the change in morphology distribution and SO2 changes of stored RCCs as a 

function of time, seven blood bags were monitored by extracting three samples from each bag for 

implementation into FLEX and ISX/RBC-MIST protocols (Sections 2.7.1-2.7.3). Raw data 

collected from these measurements are provided in Figure 3-13. 

Figure 3-14 displays the percentage change, with respect to the initial value, of SO2 and 

spheroechinocyte population of the seven bags over their lifespan. Figure 3-15 is a Bland-Altman 

plot of the percentage change, with respect to the initial value, of SO2 and spheroechinocyte 

population of all seven bags over their lifespan. 
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Figure 3-13: Plot of FLEX SO2 (black) and ISX Spheroechinocyte population percentage (red) mean values for RCC 
samples of Bags A,B,D,E-H over their 6 week lifespan. Bars indicate standard deviation of values obtained from 

three samples. 
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Figure 3-14: Plot of mean percentage changes of FLEX SO2 (black) and ISX Spheroechinocyte population (red) for 
RCC samples of Bags A,B,D,E-H over their 6 week lifespan. Changes are calculated with respect to initial (Day 9) 

measurement.  Bars indicate (error-propagation accounted) standard deviation of values obtained from three 
samples. r2 values calculated as the square of correlation coefficient. 
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Figure 3-15: Bland-Altman plot of SO2 and Spheroechinocyte population percentage change including Bags 
A,B,D,E-H over their 6 week lifespan. 

 

3.4 Measurements of SO2: in vitro versus in situ 

The same seven blood bags were monitored in situ using the LAZR setup and protocol (2.7.4). 

SO2 data collected from both PA transducers are plotted against the in vitro FLEX SO2 values in 

Figure 3-16. Bland-Altman plots of each pair-combination of data sets (BGA-LZ250, BGA-

LZ550 & LZ250-LZ550) are displayed in Figure 3-17, 3-18 and 3-19. Mean values of all blood 

bags were used for the analysis. 
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Figure 3-16: Plot of LAZR in situ SO2, for LZ250 (solid blue) and LZ550 (dashed blue) transducers, against FLEX 
SO2 (black) SO2 mean values for extracted RCC samples and Bags A,B,D,E-H over their 6 week lifespan. Bars 
indicate standard deviation of values obtained from three ROIs/samples. r2 values calculated as the square of 

correlation coefficient. 
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Figure 3-17: Bland-Altman plot of in situ LAZR LZ250 and in vitro FLEX SO2 measurements for Bags A,B,D,E-H 
over their 6 week lifespan. 

 

 

Figure 3-18: Bland-Altman plot of in situ LAZR LZ550 and in vitro FLEX SO2 measurements for Bags A,B,D,E-H 
over their 6 week lifespan. 
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Figure 3-19: Bland-Altman plot of in situ LAZR LZ250 and LAZR LZ550 measurements for Bags A,B,D,E-H over 
their 6 week lifespan. 

 

3.5 Changes in RCC Morphology Distribution and in situ SO2 values of Blood Bags 

Figure 3-20 compares the changes in SO2 values obtained from the LAZR measurements with 

both transducers, against the ISX morphology distribution percentage changes. FLEX SO2 

changes were superimposed to provide a reference of comparison from Figure 3-14. Bland-
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Figure 3-20: Plot of LAZR in situ SO2 changes for LZ250 (red) and LZ550 (blue) transducers, against ISX 
spheroechinocyte population changes (black) for extracted RCC samples and Bags A,B,D,E-H over their 6 week 
lifespan. FLEX SO2 changes (green dashed) superimposed for comparison. Bars indicate standard deviation of 

values obtained from three ROIs/samples. r2 values calculated as the square of correlation coefficient. 
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Figure 3-21: Bland-Altman plot of in situ LAZR LZ250 SO2 changes and in vitro ISX spheroechinocyte population 
percent changes for Bags A,B,D,E-H over their 6 week lifespan. 

 

Figure 3-22: Bland-Altman plot of in situ LAZR LZ550 SO2 changes and in vitro ISX spheroechinocyte population 
percent changes for Bags A,B,D,E-H over their 6 week lifespan. 
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Chapter 4  : Discussion 

This chapter begins with a discussion of sections constituting the RBC-MIST, and how error 

analysis of such a template has been accomplished during the development (Section 4.1). The 

results using this template (namely spheroechinocyte population percentages) have been shown 

strongly correlate with BGA SO2 changes over the lifespan of the blood bags (Section 4.2). 

Control experimental results are discussed, suggesting that the blood bag plastic produces 

negligible PA signals, and that PA SO2 acquisition agrees with the gold standard for a large 

range of SO2 values (Section 4.3). While recognizing the very strong correlation between PA in 

situ SO2 changes and BGA in vitro SO2 changes, Section 4.4 also discusses factors contributing 

to the observed discrepancy in the measured values between the two methods. The chapter closes 

with a discussion on proposed reasons behind observed blood bag contaminations found during 

the end stages of their lifespan (Section 4.5).  

 

4.1 RBC-MIST 

The goal of the RBC-MIST was to create an image segmentation template, based on a series of 

mask/feature combinations, to objectively, rapidly and automatically determine the 

subpopulation percentage of spheroechinocytes within a sample of RCC (whose morphological 

traits are defined in Table 1-2). In general, feature values for individual images were calculated 

from the intensity distribution of pixels enclosed by an underlying object mask (Section 2.4.2). A 

plot of one or two image-related features was created to discriminate between subpopulations 

(Section 2.4.3). For steps I-IV of the RBC-MIST (Figure 3-3), features were manually chosen to 

discriminate between the intended subpopulations by visual verification.  

 

As shown in Figure 3-5, a gradient RMS feature was used to extract focused images for further 

analysis. As gradient RMS measures the slope of pixel intensity changes, the object boundary 

(cell membrane) in a focused image would exhibit a larger gradient over a smaller range of 

pixels. On the other hand, unfocused or blurry images lacked large changes in intensity around 

the object boundary, thereby producing lower gradient RMS values. The threshold value of 55 

was chosen from visual verification.  
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From these focused images, single cell images were then selected (Figure 3-6). The default 

bright field mask was unable to segment object aggregates within the same image, therefore 

grouping the objects in multi-cell images under one mask. The mask area for multiple cells 

would comparably be larger than that of individual cells. Furthermore, multi-cell object masks 

would generally exhibit an oblong shape compared to single cells, resulting in a lower value for 

the minor to major axis ratio (aspect ratio). As seen in Figure 3-6, multi-cell images with larger 

areas and smaller aspect ratios were found in the lower right corner of the plot. 

 

While multi-cell images were excluded from further analysis (Figure 3-6), a small but significant 

fraction of object images containing calibration beads (speed beads) were not successfully 

removed (image C, step II, Figure 3-3). The presence of these beads impaired mask application 

and subsequent feature analysis and therefore needed to be removed. To address this issue, an 

erode function was applied to shrink the bright field mask to only cover the brightest regions of 

the image. For images containing cells and calibration beads, this resulted in two disjoint masks 

encompassing each object. The feature spot count was used to count the number of disjoint 

masks within an image, yielding a value of 2 for images containing a cell and bead. In this 

manner, Figure 3-7 illustrates the selection of single cell image subpopulations exhibiting only 

one mask.  

A watershed mask, applied with an adaptive erode function, was used to contour the object to 

capture more detail on the cell boundary (Table A-3). This mask was applied for the 

discrimination of front view from side view images, where the circularity feature was plotted 

against aspect ratio (Figure 3-8). Front view images were expected to exhibit a closer 

resemblance to a circle, and have a minor to major axis ratio closer to 1. As evident in the inset 

images of Figure 3-8, front view images with larger aspect ratio and circularity values were 

found in the top right corner of the plot.  

 

A mask combination similar to that of Figure 3-8 was applied for the discrimination of lighter 

and darker shaded images (Figure 3-9). For brighter shaded cell images, intensity changes 

around the entire cell exhibited larger gradients compared to darker shaded images; however, at 

the cell boundaries, gradient changes were larger for darker shaded images. With these 
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discrepancies in mind, the gradient RMS feature was considered as a good candidate to 

differentiate between these subpopulations. The feature was applied with a mask that covered the 

entire cell (watershed) and with a mask covering the cell boundary (watershed intersected with 

the complement of erode). Hence, darker shaded images were able to be segregated from the 

brighter shaded images using the two masks.  

 

For steps V, VII and VIII (Figure 3-4), the feature finder/truth population method (Section 2.4.3) 

was used to find the ideal features to optimally discriminate subpopulations. Firstly, 

approximately 50-100 images defining truth populations representative of RBC subtypes were 

chosen in consultation with an RBC morphology expert (T. Turner, COI, CBS, Edmonton). 

Using the truth populations, the feature finder calculated the RD mean (Fisher’s discriminant 

ratio) – the difference in the means divided by the sum of the standard deviations for the two 

populations - for each feature [207]. Features with higher RD values equated to higher 

discriminatory power and hence better subpopulation separation. Once these features were 

plotted against one another (for the sample population), the truth populations were overlaid to 

help refine subsequent gates and ROIs. This gating strategy was used to discriminate between 

side view (Figure 3-9), darker shaded (Figure 3-11) and brighter shaded (Figure 3-12) 

spheroechinocyte and discocyte subpopulations.  

Error analysis of the RBC-MIST was not carried out quantitatively for multiple reasons. Firstly, 

the development of the RBC-MIST included frequent qualitative error analysis. Viewing images 

of any data point within the plots allowed for a visual feedback mechanism resulting in the 

refinement of ROIs. Furthermore, the ability to combine masks and functions, manipulate 

features and modify existing ROIs made improving the template more convenient. Secondly, a 

quantitative error analysis of the RBC image subpopulations would inevitably require a 

subjective and impractical verification; the gold standard verification technique would require an 

RBC morphology expert to peruse through tens of thousands of images to quantify error. 

Even if this resource-intensive, subjective task were to be carried out, the RBC-MIST template 

assigns multiple subpopulations into either discocytes or spheroechinocytes. Hence, the error 

analysis would also have to account for images that were incorrectly assigned to a subpopulation 

while being correctly assigned to discocytes or spheroechinocytes. It is suspected that the error 



 
 

90 

pertaining to images that did not satisfy both criteria would be small, occurring mostly at the 

crenated discoid/crenated spheroid boundary. This boundary ambiguity has been mitigated for by 

introducing multiple pathways in the RBC-MIST (Figure 3-4) to carefully discriminate between 

the two subpopulations. Although standard quantitative error analysis may not be suitable for the 

RBC-MIST, a method still needs to be developed for a comparison and/or validation against the 

light microscopy gold standard technique (Section 1.7.1). Suggestions for future work on this 

matter is discussed in Section 5.1.  

 

4.2 Spheroechinocyte Percentage Changes versus SO2 Changes in Stored RCCs 

The raw datasets of SO2 and morphology distribution percentage for all seven blood bags stored 

for 6 weeks are displayed in Figure 3-13. The relative population percentages of 

spheroechinocytes vary in the initial value as well as the rate of change over time. Similar 

variability is also experienced by SO2, however, the changes appear to be independent of the 

morphological parameter. Regardless of the initial value, both SO2 and spheroechinocyte 

population percentage increased over storage life for all bags. This trend is consistent with the 

structural and functional changes of RBC storage lesion (Section 1.5.1).  

 

Bags A and B contained a spheroechinocyte population percentage exceeding 50% and resulted 

with an RBC storage lesion population of over 80% by the end of their shelf life, which would be 

highly unfavorable for transfusion. On the other hand, bag E started with a spheroechinocyte 

percentage of 10%, increasing to only 40% by the end of shelf life. Since all bags were 

manufactured using the B1 filtration method (Section 1.3.3), the wide ranges of RBC storage 

lesions prevalence across the blood bags are suspected to be attributed due to donor variability.  

 

Figure 3-14 investigated the trends between the changes of both SO2 and spheroechinocyte 

population percentage over time. A strong correlation was established in the rate of change 

between both parameters, with the exception of bag H (r2=0.60). Bag H had an initial SO2 in the 

mid 80%s (Figure 3-13), and increased until it approached the FLEX’s maximum detection value 

of 95-96%, after which it was forced to plateau. Bag H’s case sheds light on a limitation of this 

direct method of comparison between SO2 and morphology. The x-axis of Figure 3-15 shows 
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that the average SO2/lesion population change over the lifespan of the bag can reach 30%, 

implying that initial SO2 values significantly greater than 70% may undergo a plateauing effect 

as the values approach the detection limit of the BGA.  

 

The Bland Altman graph in Figure 3-15 involved the average and differences between IFC and 

BGA measurements of all data points collected from all bags. The FLEX SO2 percent changes 

were on average 2.59% lower than the ISX spheroechinocyte population percentage changes. The 

standard deviation of the differences was 8.66%, and over 95% of the data points fell within the 

95% Gaussian confidence interval.  

 

The data discussed in this section supports the primary hypothesis that during blood bag storage 

changes in RBC storage lesion population are correlated with changes in RBC oxygen saturation. 

Published work characterizing RBC storage lesions has documented increases in 

spheroechinocyte population and SO2 over the in vitro storage period of RCCs; however, the 

results presented in this thesis have shown, for the first time, that a correlation exists between the 

changes in these two parameters. Although both parameters are consequences of ATP reduction 

and oxidative stress during in vitro storage (Section 1.4.1), their agreement in percent changes is 

not intuitive. This agreement is speculated to be more of an empirical observation, rather than the 

result of an underlying biochemical process.  

 

This correlation suggests that by tracking SO2 changes, an inference can potentially made about 

the changes in RBC morphological distribution. Hence, along with the functional information 

that SO2 changes provide, structural information of the RBC storage lesion can also be inferred 

with this parameter.  

 

4.3 Control Experiments 

The contribution of the blood bag plastic to the PA signal was investigated using the apparatus 

outlined in Section 2.6.1. Figure 3-1 plots the absolute value of the Hilbert transform of an RF 

signal averaged from eleven elements. The signals produced by RCC compared to water in 

Figure 3-1 suggest that there is no discernable photoacoustic signal produced by the blood bag 
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plastic cover. Furthermore, the location of the largest peak observed in the RCC plot (red curve, 

Figure 3-1) provides further evidence that PA signals are produced by the RCC and not the blood 

bag plastic.   

 

The accuracy and repeatability of SO2 values acquired from the LAZR was tested via the 

experimental protocol outlined in Section 2.6.2. Figure 3-2 shows that LAZR SO2 values closely 

match the gold standard BGA (FLEX) values for the hemoglobin samples. The results indicate 

that both the LZ250 and LZ550 probes (see Section 2.5.2) can be used to acquire accurate SO2 

values. There was no statistically significant difference found between PA and BGA SO2 values 

for any of the hemoglobin solutions, showcasing PA accuracy over a large range of SO2 values. 

The standard deviations of the 10 frames acquired for each LAZR SO2 measurement were 

similar to that produced by 3 independent FLEX measurements. The similar standard deviations 

add more confidence in the accuracy and repeatability of PA SO2 measurements.  

 

4.4 Measurements of SO2: in vitro versus in situ 

The SO2 values produced by both in situ measurements of blood bags using the LAZR setup and 

the in vitro measurements of extracted RCC samples using the FLEX instrument are plotted 

against each other in Figure 3-16. A very strong correlation is observed between both transducer 

values and the BGA values, with the lowest r2 value calculated to be 0.95. The graph and 

correlation provide supporting evidence towards the secondary hypothesis that photoacoustic 

technology can acquire the SO2 of a blood bag in situ.  

 

Figure 3-17 and Figure 3-18 showcase Bland Altman plots of the FLEX SO2 values against 

LAZR LZ250 and LZ550 SO2 values, respectively. A significant mean bias of 4.1% and 4.2% 

was observed for the mean differences between parameter values for both graphs. Standard 

deviations were 2.1% and 1.64% respectively and over 95% of data points fell within the 

Gaussian confidence interval, supporting strong correlation and a close agreement between the 

values of the methods of SO2 measurements. However, the fact that FLEX SO2 values were on 

average approximately 4% greater than those derived from the PA method suggests that there is 

a systematic error. 
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A hypothesis proposed to explain the discrepancy between FLEX and LAZR SO2 measurements 

was that in extracting the RCC samples from the blood bag, external oxygenation inevitably 

takes place, leading to an increase in SO2 for samples that are measured by the BGA. To test this 

hypothesis, LAZR measurements were taken of the safePICO syringes (Section 2.2.1) containing 

RCC samples, and compared against the SO2 values acquired from the same sample in the 

FLEX. An agreement between the data would provide evidence, beyond the control experimental 

results (Section 4.3), that PA can accurately determine SO2 values. Furthermore, it would also 

suggest that the LAZR SO2 values of blood bags in situ are lower than that measured in the 

syringe via LAZR and FLEX due to less exposure to the external environment.    

 

Figure 4-1 provides an image of the setup established for the acquisition of PA SO2 values from 

the syringe. The safeTIPCAP blocked water from entering the syringe, allowing for the 

submersion of the syringe into the blood bag container (Section 2.7.4). 3 syringes (each) were 

used to extract RCCs from 3 blood bags of varying oxygen saturation. The syringes were  

 

 
 

Figure 4-1: Setup developed to measure the PA SO2 value of extracted RCC samples from safePICO syringes, 
immediately after use in the FLEX. 

 

measured by the FLEX, and immediately after, were placed into the LAZR setup; after the FLEX 

and LAZR acquisition, PA measurements of the blood bags were taken in situ. The entire 

experiment was then repeated for the other transducer. Figures 4-2 and 4-3 provide a BGA SO2 
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versus PA SO2 graph for three bags of varying SO2. The LAZR syringe (red) values are visibly 

higher in value compared to the LAZR blood bag SO2 values (blue), and are closer to the unity 

curve (dashed line).  

 

The higher PA SO2 values of RCC samples in a syringe compared to blood bags indicate that the 

syringe RCC is more oxygenated than the RCC within the bag. A close agreement between 

LAZR and FLEX SO2 measurements for the same syringe provides further validation of the 

technique. The experimental results further suggest that the lower PA SO2 values observed in the 

blood bag may be primarily due to lack of external environment exposure.  

 

 
 

Figure 4-2: Syringe and in situ blood bag SO2 measurements acquired by the LAZR LZ250 (21MHz) against FLEX 
SO2 values. Bags of varying oxygenation were used to investigate range of agreement. Dashed line refers to 

theoretical perfect agreement between BGA and PA. X/Y axis error bars refer to mean and standard deviation of 
three measurements (3 syringes/3 ROIs) per blood bag.  
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Figure 4-3: Syringe and in situ blood bag SO2 measurements acquired by the LAZR LZ550 (40MHz) against FLEX 
SO2 values. Bags of varying oxygenation were used to investigate range of agreement. Dashed line refers to 

theoretical perfect agreement between BGA and PA. X/Y axis error bars refer to mean and standard deviation of 
three measurements (3 syringes/3 ROIs) per blood bag. 
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bag, immersed 15-20 times in water and was put under pressure from the container setup 

(Section 2.7.4). These factors could have contributed to an increased probability of 

contamination.  

 

One of the key adjustments to the experimental protocol for reduction of contamination would be 

to seal the coupler with parafilm or any other protecting element that can shield the entry of the 

coupler to the water environment during experiments.  

 
 

 
 

Figure 4-4: Abrupt declines in FLEX and LAZR in situ SO2 values for bags D, G and H  
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Chapter 5  : Future Work  

5.1 Validating the RBC-MIST  

The error associated with incorrectly segregating IFC images in the RBC-MIST was 

quantitatively assessed during development by observing image populations produced during 

each step (Section 3.2). This error was not quantified, nor was the template validated through any 

other external method. A natural step towards gaining an understanding of the capabilities and 

limitations of the RBC-MIST lies in comparing it against the conventional methods of RBC 

morphology characterization.  

 

As introduced in Section 1.7.1, the MI method is the current gold standard assay adopted by CBS 

and other blood bank agencies to assess the morphology of a sample of RBCs. Since the 

conventional method measures RBC subpopulations using the MI, this technique could be 

translated towards an expanded, modified version of the RBC-MIST technique. While the 

standard assay multiplies the MI scale factors against the number of images (out of 100) 

observed for each subpopulation (Table 1-3), the IFC method would perform the multiplication 

with the relative percentages for each subpopulation. Hence, further work should be focused on 

further segmenting the subpopulations currently acquired by the RBC-MIST (Figure 3-4); this 

includes primarily the segregation of smooth discs from crenated discs and crenated spheroids 

from crenated spheres.  

 

Some preliminary techniques for the segmentation of RBC samples into subpopulations are 

presented in Table 5-1. Future work will be concentrated on the development of customized 

masks to measure the minute details differentiating the various RBC subpopulations. If 

segmentation can be accomplished, an IFC/light microscopy validation study can be established. 

The experiments should involve simultaneous (within 24 hours) IFC and light microscopy 

measurements of RCC samples from the same blood bag. The MI values attained from both  
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Table 5-1: General features suggested for segregating pairs of subpopulations provided in each row. Sample images 
display masked cells. Circularity, spot counts and diameter texture features details provided in [207]; H textural 

features published by Haralick et al. [217]. 

 
methods could also be compared across the lifespan of the RCC.  Ideally, the conventional MI 

technique should be performed by CBS lab technicians to eliminate any biasing. Such an 

experiment would allow for a quantitative measure of the ability of the RBC-MIST to accurately 

segregate RBC images into subpopulations.   

 

Furthermore, if the RBC-MIST is validated, it could be used as a powerful tool to study the 

effect of donor variability (age, sex etc.) and manufacturing methods on the RCC morphology 

distribution. The IFC assay could potentially serve as a novel data set to complement the current 

quality control data collected by CBS to study sources of RCC variability [194].  

 

5.2 Validating PA Measurements of Blood Bags in situ 

SO2 values acquired from blood bags in situ using the PA apparatus were shown to have strong 

correlation with gold standard BGA SO2 measurements, however, were also found to be 

consistently lower (Sections 3.4, 4.4) The discrepancy in values was suggested to be due to an 

increase in SO2 of samples extracted from the bag for FLEX measurements (Figures 4.2, 4.3). 

Ideally, a validation of in situ measurements of SO2 should be accomplished with another in situ 

SO2 technique. The optical technique of diffuse reflectance (DR) provides potential for such a 
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comparison, primarily due to its ability to non-invasively acquire SO2 using the same optical 

window as PA.  

 

Preliminary work on the setup for the experiment involved one fiber optic probe that was placed 

on the surface of the blood bag to illuminate and receive signal. The probe was connected to a 

spectrometer which was associated with a software program that displayed signal in real time.  In 

order to produce an unsaturated signal, the probe was held at an angle and the blood bags were 

flattened at the ROI. The bags were placed on a black background in a dark environment to 

reduce any ambient signal/reflection. For the reference, a blood bag containing the CPS/SAGM 

additive solution was measured; this signal, as well was a background measurement (no incident 

light), was subtracted from the blood bag signal to produce the collected reflectance spectra. A 

proprietary algorithm provided by the program converted the reflectance spectra into absorbance.   

 

Figure 5.1 displays the absorption spectra of three trials in the 600nm-900nm range for three 

blood bags (A, B and D). A comparison against hemoglobin spectra Figure 1-17 clearly indicates 

that bags A and B were oxygenated, while D was deoxygenated. As a consequence of holding 

the probes by hand, spectra tended to vary significantly; an example of this variation is captured 

with the data from bag D. Hence, future work should focus on the obtaining a hands free setup 

for both blood bag and probe placement. Such a setup will allow for optimizing parameters such 

as probe-bag distances and angles for increasing signal strength. Once a suitable setup is 

developed, a study can be carried out to acquire SO2 of blood bags in situ using published 

techniques on diffuse reflectance SO2 calculations [195].  
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Figure 5-1: Derived absorption spectra acquired from DR measurements of three blood bags in situ. The spectral 
behavior in this region provides an indication of the oxygenation of the blood bags. 

 
 

 

5.3 Radio-Frequency Analysis of PA Signals 

The PA radio-frequency (RF) signals received by the LAZR, when converted into the frequency 

domain, can theoretically derive multiple parameters that are characteristic of the sizes and 

shapes of the PA absorbers [182]. The potential for PA to access both SO2 and morphological 

information of RBCs in situ gives the technology a significant advantage over other optical 

techniques. Future work will investigate the potential of PA RF spectroscopic analysis of blood 

bags in situ, to determine if changes in spectral parameters can be measured over the lifespan of 

the blood bags. In a manner very similar to the MI method, PA RF spectroscopy could 

potentially provide morphologically-related parameters that can be monitored for change over 

time. These changes could be evaluated alongside MI changes to establish a correlation. If a 

strong correlation exists, as is the case with in situ PA SO2 values and the gold standard method, 

PA technology would show a potential of non-invasively monitoring both functional and 

morphological parameters of RBCs stored in blood bags. 
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Chapter 6: Conclusions 

 
Results acquired from the IFC and BGA instruments over the lifespan of seven blood bags 

support the hypothesis stating that there is a correlation between spheroechinocyte percent 

change and the RBC SO2 percent change during the in vitro storage of a blood bag. Excluding 

the outlier - blood bag H - the spheroechinocyte/SO2 correlation was found to be strong 

(0.79<r2<0.91). A novel finding from this work was the discovery of similar percent increases 

(over time) in SO2 and spheroechinocyte population. This agreement between the two parameters 

suggests that by tracking SO2 increase over time, an approximation of the increase in 

spheroechinocyte percentage could be made.  

 

Experimental data has supported the hypothesis that PA can monitor the SO2 of RBCs in blood 

bags in situ. r2 values between BGA and PA SO2 values across the lifespan of seven blood bags 

were found to be very strong, exceeding 0.95 for both the 21MHz and 40MHz transducers. 

However, Bland-Altman plots showed that BGA SO2 values were approximately 4% higher than 

those acquired by PA. Experimental data has supported the conjecture that BGA values were 

consistently higher due to unavoidable contact with air during the extraction of RBCs. The 

results suggested that there is strong potential for PA to accurately measure the SO2 of RBCs in 

blood bags in situ.  

 

Since the SO2 increase is similar in value to the spheroechinocyte percentage increase of RBCs 

stored in vitro, and since non-invasive PA SO2 values have a very strong correlation with BGA 

SO2 values, an indirect link between PA and IFC data can be made. Hence, PA has the potential 

to provide information on functional changes non-invasively, while simultaneously inferring the 

changes in morphological distribution. PA could be the first optical technology to monitor 

certain measures of blood bag quality without compromising the bags for transfusion.   

 

Future work will focus on robustly validating of the novel techniques of the IFC RBC-MIST and 

the in situ SO2 measurements of blood bags via PA. The frequency content of PA will be 

investigated to determine if time-dependent morphological information can be extracted.  
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Appendices 

Appendix A: Supplementary Tables and Figures 

 

 

Table A-1: List of some specification of the safePICO Aspirator syringe provided by Radiometer [200]. 

 
 

 
 

Table A-2: Spectral Features of ISX, including channel bandwidths, applicable dyes for available lasers. Not 
included is 830nm laser used to scatter light from beads in sheath flow for detection in autofocus/flow speed system. 

Adapted from [204]. 
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Table A-3: Names, brief descriptions and parameters of the masks available on IDEAS® [207]. 
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Table A-4: Names and brief descriptions of the features available on IDEAS® [207]. 



 
 

105 

 

Figure A-1: Picture of a blood bag fitted with a sampling site coupler, with a needle inserted into the coupler for 
RCC extraction. 

 

Figure A-2: Picture displaying the safeTIPCAP driving air out of the sample while sealing the sample within the 
syringe. 

 

Figure A-3: Picture of three samples extracted from one blood bag, ready for transport to FLEX. 
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Figure A-4: Picture of three samples placed in the FLEX device for automated analysis. 

 

 

Figure A-5: Picture of (left) the ISX device, as well as (right) the sample holder area for vial placement. Images 
adapted from [205]. 

 

 

Figure A-6: Setup of the LAZR laser calibration, to correct for differences between the LAZR cart energy values 
and the transducer output energy values. 
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Figure A-7: Positioning of blood bag LAZR container within the LAZRTight container. 
 

 

Figure A-8: blood bag LAZR setup: (top left) hanging of bag to separate air pockets; (top right) folding of coupler 
and tubing; (bottom left) gradual angled sliding of bag onto the container bed and; (bottom right) simultaneous 

introduction of container lid for horizontal flattening and stability of bag. 

 

Figure A-9: (left) removing of air bubbles after insertion into water and (right) final position of transducer over 
blood bag for PA SO2 measurements. 
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Appendix B: Derivation of Absorbance and Molar Extinction Coefficient 

 
Figure B-10 illustrates an incident monoenergetic beam of photons of intensity I' traversing 
through a slab of thickness d𝑥, after which the intensity decreases by an amount dI due to 
absorbing species in the slab. A linear absorption coefficient (µμD) is assigned to characterize the 
species causing the absorption. The absorption coefficient is a product of the effective absorption 
cross sectional area (σD) and the volumetric density (∁) of the species: 
 

µμD	   cm6U = σD	   cm$ 	  ×	  ∁	   #molecules ∙ cm6§ 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [B1] 
 
Furthermore, the Absorbance (A) and Transmittance (T) across the entire slab is defined as: 
 

A = 	  −log	  (𝑇)	  	  	  ,	  	  	  	  T = 	  
I
I'
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [B2] 

 
Using the linear absorption coefficient as the constant of proportionality, the rate of change in 
intensity with respect to the thickness of the slab can be expressed as: 
 

dI
d𝑥 = −µμDI	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [B3] 

 
Rearranging gives: 

dI
I = −µμDd𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [B4] 

 
Assigning the incident intensity as I' and integrating over the limits provided in Figure B-10 
gives: 

dI
I

ª

ª«
= −µμD d𝑥

¬

'
	  ⟹	   ln I − ln I' = −µμD𝑥	   ⟹ ln

I
I'

= 	  −µμD𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [B5] 

 
Substituting the relations provided by Equation B2 into the left hand side of the last expression in 
Equation B5, the following relation is established between absorbance and transmittance: 
 

−ln T = log�
1
T =

logU'
1
T

logU' e
= 	  
logU'

1
T

0.434 = 	  A	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [B6] 

 
Substituting B1 and B6 into the last expression of equation B5 gives: 
 

A = logU'
1
T = 0.434 ∙ 	  σ ∙ ∁ ∙ 𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [B7] 

 
which contains the definition of the extinction coefficient: 
 

ε = 0.434	   ∙ σ	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [B8] 
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ε can be converted into the molar extinction coefficient when multiplied with Avogadro’s 
number: 
 

ε = 0.434 ∙
6.02×10$§

mol 	   ∙ σ	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [B9] 

 
It is more convenient to express the concentration of absorbing species such as RBCs in molar 
rather than volumetric units, hence the units can be converted as follows: 
 

ε ∙ ∁ ∙ 𝑥	  	  	   ⟺
cm$

mol ∙
mol
cm§ ∙ cm 	  	  

U'''o�°≡U²
	  	  	  

L
mol ⋅ cm ∙

mol
L ∙ cm 	  	  	  	  	  	  	  	  	  	  [B10] 

 
Therefore, the units of the molar extinction coefficient can be expressed as M6U ⋅ cm6U 
 

 
Figure B-10: Schematic representation outlining the key variables used in the derivation of Beer’s law. Photons of 

intensity 𝐼' traverse through a slab of thickness 𝑑𝑥, after which the intensity decreases by an amount 𝑑𝐼 due to 
absorbing/scattering species in the slab. Adapted from [196]. 
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Appendix C: Derivation of Oximetry Equation for SO2 

Assuming that the only states of hemoglobin are oxyHb and deoxyHb, Equation B6 can be 
expressed for two equations in order to solve for the two unknown concentration of hemoglobin 
species: 

AXYX
bZ = ε[\]^

bZ ∁[\]^ +	  ε[\
bZ ∁[\ ⋅ 𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C1] 

 
AXYX
b^ = ε[\]^

b^ ∁[\]^ +	  ε[\
b^ ∁[\ ⋅ 𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C2] 

where AXYX represents the measured absorbance at each wavelength, ε represents the known 
tabulated molar extinction coefficient for each hemoglobin state and wavelength, ∁ is the 
concentration of each hemoglobin state and x is the pathlength of light. The oxygen saturation 
equation is expressed as: 

SO$ =
∁[\]^

∁[\]^ + ∁[\
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C3] 

Subtracting SO$ from 1 gives: 

1 − SO$ = 1 −
∁[\]^

∁[\]^ + ∁[\
	  	  	  = 	  	  	  	  	  

∁[\
∁[\]^ + ∁[\

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C4] 

Isolating the numerators of Equation C3 and Equation C4 gives: 

C[\]^ = SO$ ⋅ (∁[\]^ + ∁[\)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C5] 

C[\ = (1 − SO$) ⋅ (∁[\]^ + ∁[\)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C6] 

Substituting Equation C5 and Equation C6 into Equation C1 and Equation C2: 

 
AXYX
bZ = ε[\]^

bZ SO$ +	  ε[\
bZ (1 − SO$) ⋅ (∁[\]^ + ∁[\) 	   ⋅ 	  𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C7] 

 
AXYX
b^ = ε[\]^

b^ SO$ +	  ε[\
b^ (1 − SO$) ⋅ (∁[\]^ + ∁[\) ⋅ 𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C8] 

 
Rearranging terms in Equation C7 and Equation C8: 
 

AXYX
bZ = SO$ ε[\]^

bZ − ε[\
bZ +	  ε[\

bZ ⋅ (∁[\]^ + ∁[\) 	   ⋅ 	  𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C9] 
 

AXYX
b^ = SO$ ε[\]^

b^ − ε[\
b^ +	  ε[\

b^ ⋅ (∁[\]^ + ∁[\) ⋅ 𝑥	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C10] 
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For simplification, let: 
 

∆εb = ε[\]^
b − ε[\b 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C11] 

 
Dividing Equation C9 by Equation C10 gives: 
 

AXYX
bZ

AXYX
b^

=
SO$ ⋅ ∆εbZ + ε[\

bZ

	  	  SO$ ⋅ ∆εb^ + ε[\
b^ 	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C12] 

Cross multiplication of the above equation leads to: 

AXYX
bZ ⋅ 	  SO$ ⋅ ∆εb^ + AXYX

bZ ⋅ ε[\
b^ = AXYX

b^ ⋅ 	  SO$ ⋅ ∆εbZ + AXYX
b^ ⋅ ε[\

bZ 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C13] 

Grouping of the	  SO$ terms gives: 

AXYX
bZ ⋅ 	  SO$ ⋅ ∆εb^ − AXYX

b^ ⋅ 	  SO$ ⋅ ∆εbZ = AXYX
b^ ⋅ ε[\

bZ − AXYX
bZ ⋅ ε[\

b^ 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C14] 

Finally, isolating for SO$ results in the oximetry formula: 

	  SO$ =
AXYX
b^ ⋅ ε[\

bZ − AXYX
bZ ⋅ ε[\

b^

AXYX
bZ ⋅ ∆εb^ − AXYX

b^ ⋅ ∆εbZ
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [C15] 
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