


i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Jennifer Lynn Burnett 

2014 



iii 

 

ABSTRACT 

Assessment of In Vivo Microscopy for Malaria Detection 

by 

Jennifer Lynn Burnett 

Half of the world’s population is at risk for malaria, yet 90% of deaths due to 

malaria occur in sub-Saharan Africa, with the highest mortality rates occurring in 

children under 5. Due to this high mortality rate, children with common flu-like 

symptoms are often treated for malaria presumptively. This overtreatment with anti-

malarial drugs can contribute to the emergence of drug resistant species. Commercially 

available diagnostic tools, such as blood smear microscopy and rapid diagnostic tests, 

offer greater specificity than presumptive diagnosis, but require the collection of a finger 

prick blood sample for diagnosis, generating biohazards and requiring consumables. This 

thesis introduces a new diagnostic concept to detect parasitized blood cells as they 

circulate in vivo, avoiding the requirement for blood collection. The work presented here 

investigates two major components of this concept: 1) develop and characterize a needle-

free malaria diagnostic system, and 2) evaluate the performance of the system in 

biological environments of progressively increasing complexity. Results show promising 

optical signatures from two biomarkers for malaria detection. This work demonstrates the 

feasibility for imaging circulating blood cells in vivo through a non-invasive technique, 

warranting future investigations in a small malaria-infected sample population.  
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Chapter 1 

Introduction 

1.1.  Background and Motivation 

This chapter summarizes the disease burden and pathogenesis of malaria as well 

as outlines the role that improved diagnostics could play in reducing the burden of 

malaria. A new diagnostic solution is proposed and design criteria are outlined in context 

of existing diagnostics and clinical features of the disease.  

1.1.1. Disease Burden  

Malaria is a potentially fatal disease caused by a mosquito-borne infection of 

protozoan parasites, characterized by flu-like illness with febrile symptoms. Half of the 

world’s population is at risk for malaria; however the burden of the disease rests 

primarily in developing countries. In 2010, 90% of malaria deaths occurred in Africa, the 

majority of which were children under five years of age [1]. In endemic countries, 

chronic malaria infection increases cognitive impairment, increases susceptibility to co-
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infection with other diseases, and substantially depresses economic growth [2]–[4]. The 

household economic burden associated with malaria consists primarily of two 

components: loss in wages from missed work due to illness and costs of medical 

treatment. A recent cost-benefit analysis with respect to disability adjusted life years 

(DALY) asserts that reducing the economic burden of malaria can increase household 

disposable income, minimize strains on public health, and increase productivity of the 

labor force [5]. 

The United Nations Development Program (UNDP), the WHO Global Malaria 

Programme, and the President’s Malaria Initiative among many other organizations have 

made strides in the effort to control malaria transmission. It is a complex problem 

requiring a multiplexed solution involving vector control, improved diagnostics, wide-

spread drug treatment, vaccination development, and social and educational 

interventions. The general approach of these efforts follow the formula of “test, track, and 

treat” as outlined by the T3 Initiative of the WHO. Two major pillars of this approach, 

track and treat, rely on effective detection mechanisms. Proper diagnostics are needed to 

identify infected individuals who require treatment as well as for epidemiologic 

surveillance to measure the efficacy of prevention and treatment efforts and to monitor 

disease transmission.  

1.1.2. Plasmodium Pathogenesis 

1.1.2.1. Plasmodium Lifecycle 

Malaria is caused by the vector-borne infection of eukaryotic parasites of the 

Plasmodium species. There are four Plasmodium sub-species that affect human hosts: P. 
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falciparum, P. vivax, P. malarie, and P.ovale. Plasmodium is transmitted to humans by 

mosquito (Anopheles) bite.  The life cycle of Plasmodium within human hosts occurs in 

two stages, the hepatic and erythrocytic stages. Sporozoites are injected into the 

bloodstream of a human host in the saliva of a mosquito, and then travel to the liver 

where they invade hepatic cells. During this stage, the parasite multiplies via mitoses, 

generating tens of thousands of merozoites that are expelled into the blood stream [6]. 

The parasites enter the erythrocytic stage as merozoites. A merozoite is pear 

shaped with an apical prominence and a thick coat of adhesive bristles used to adhere to a 

red blood cell (RBC). Once in contact with the RBC, the apical prominence binds to the 

RBC and forms a vacuole membrane inside it. The merozoite enters the vacuole, 

beginning the intracellular blood stage. These early stage parasites are known as 

trophozoites, and form a distinct ring pattern within the infected red blood cell (iRBC) 

that is observable by microscopy. Trophozoites digest hemoglobin within the cell, 

generating a crystalline waste by-product known as hemozoin. As the parasite matures, it 

enters the schizont stage where it multiplies through asexual reproduction within the cell, 

generating a dozen new merozoites in one iRBC. This process, known as schizogony, 

continues until the cell lyses releasing the newly formed merozoites and hemozoin into 

the blood stream, beginning the blood-stage cycle again.  

The erythrocytic stage just described reviews the asexual lifecycle of the parasite, 

however in some cases, the immature trophozoites form sexual stage parasites in the form 

of male or female gametocytes. Gametocytes are infectious to mosquitoes; when 

mosquitoes take a blood meal from an infected host, they ingest the gametocytes which 

then undergo sexual reproduction in the mid-gut of the mosquito to produce sporozoites. 
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These sporozoites are then injected into a new host via mosquito bite, beginning the cycle 

over again.  

1.1.2.2. The Role of Cytoadhesion in Severe Malaria 

Parasite mediated modifications to iRBCs occur throughout the erythrocytic 

cycle. Structurally, the iRBC loses its characteristic biconcave shape and stiffens [7]. The 

parasite also causes biochemical changes in the iRBC, inducing surface expressed 

adhesins, such as P. falciparum erythrocyte membrane protein (PfEMP1) [8]. These 

adhesins extend from the surface of iRBC like appendages and bind to receptors on 

human cells, such as endothelial cells lining that line the blood vessel wall. Cytoadhesion 

of iRBCs to endothelial cells offers parasites a pathway to evade the host immune 

response via sequestration into the tissue [9],[10]. The presence of adhesins also results in 

iRBC adhesion with uninfected RBCs, known as rosetting, and with platelets, known as 

clumping. Furthering this effect, parasite antigens signal the host inflammatory response 

which upregulates endothelial cell adhesion molecules, eCAMs, allowing greater 

adhesion of iRBCs to vessel walls. Through elevated levels of eCAMs, increased 

cytoadhesion occurs between the endothelial cells and platelets, leukocytes, iRBCs, 

rosettes, and platelet clumps [11]. A decrease in the deformability of iRBCs, the 

occurrence of rosettes and platelet clumps, and the increase of cytoadhesion all lead to 

physical obstruction of blood flow in capillaries. Capillary obstruction causes 

microcirculatory dysfunction, defined as decreased functional capillary density 

accompanied by low venous blood oxygen tension. Loss of functional capillaries 

increases lactic acid build up in tissue, potentially resulting in acidosis [12]. When 

cytoadhesion leads to occlusion of the microvasculature of the cerebral cortex it is known 
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as cerebral malaria [8]. Cerebral malaria is a severe condition, that can cause 

hemorrhaging and brain injury leading to cognitive dysfunction, and death [12],[13]. 

Another consequence of cytoadhesion is the potential for hemorrhage caused by 

disruption of the endothelial tight junction by vasoactive molecules. This effect is readily 

observed in the retina of individuals with cerebral malaria, and strongly associated with 

the likelihood of death [14].  

Cytoadhesion and subsequent sequestration of iRBCs into the tissue has 

previously been considered an effect limited to P. falciparum infections. However, new 

evidence shows that this effect also occurs in P. vivax and has sparked increased interest 

into the role of sequestration in malaria pathogenesis, specifically in cases of severe 

malaria [15], [16].   

As defined by the WHO, severe malaria is characterized by Plasmodium infection 

accompanied by any one or more of the following clinical features: impaired 

consciousness including coma, prostration, failure to feed, multiple convulsions in 24 

hours, respiratory distress, systolic blood pressure drop, vital organ dysfunction, 

abnormal spontaneous bleeding, pulmonary edema, metabolic acidosis, hypoglycemia, 

hemoglobinuria, severe anemia, lactic acidosis, and renal impairment [17]. The onset of 

severe malaria is rapid, and delayed treatment can result in significant morbidity and 

mortality [2]. Unfortunately, parasitemia is not always indicative of overall disease 

burden for patients suffering from severe malaria, providing misleading diagnostic results 

and misguiding treatment [18]. It has been suggested that the parasite density in 

peripheral blood may not adequately reflect parasite density within the body due to 

cytoadhesion and sequestration. This idea is supported by the demonstrated correlation 
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between disease severity and observable effects of cytoadhesion, such as 

microcirculatory dysfunction and retinal hemorrhaging, in cases where parasitemia was 

not a good indicator of disease severity[13], [19]. 

Placental malaria is another special case involving cytoadhesion, where iRBCs 

sequester in the placenta, mediated by surface antigens uniquely expressed on the 

placenta [20], [21]. Placental malaria causes inflammation and infection of the placenta 

and contributes to maternal anemia, low birth weight, shortened gestation, and increased 

mortality for both baby and mother [22]. Like severe and cerebral malaria, the parasite 

density in a peripheral blood draw is not necessarily an accurate measure of overall 

disease burden. In fact, a clinical study of pregnant women in Blantyre, Malawi showed 

that the absence of parasitemia, as determined by microscopic examination of the 

peripheral blood, was a strong predictor of placental malaria [23].  

1.1.3. Malaria Diagnostics 

1.1.3.1. A Road Map for Improved Diagnostics 

During the erythrocytic stage, patients show symptoms such as fever, muscle 

aches, and chills. These symptoms are cyclical, occurring as a host response to schizont 

rupture and merozoite release [24]. These common flu-like symptoms make differential 

diagnosis based on clinical impression alone very difficult. Therefore, in malaria endemic 

areas it is common for children presenting with these symptoms to be treated 

syndromically with antimalarial drugs, leading to overtreatment. Over prescribing 

antimalarial treatments increases the likelihood that drug resistance will develop, 

ultimately shortening the time that first line drugs can be used. Although new drugs are 
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being developed, they are costly and not always readily available [25]. Alternative 

diagnostic methods have been developed to aid in offsetting the poor specificity of 

clinical diagnosis. However, even in cases where these tools are available, clinicians tend 

to mistrust negative results and treat patients with antimalarial drugs based on clinical 

diagnosis [26].  

A model was recently developed to estimate the health outcomes associated with 

various diagnostic strategies to reduce the burden of childhood malaria [25], providing a 

guide in developing new diagnostic methods that are likely to be implemented in endemic 

areas. In this model, the utility of a new diagnostic is measured by the adjusted lives 

saved, ALS, as compared with clinical diagnosis. This metric is a composite of two 

components: 1) malaria-related deaths averted and 2) unnecessary treatments averted. 

This metric measures the immediate lives saved due to a true positive result and the 

indirect impact of lives saved due to reductions in overtreatment. The model assumed that 

results from the new diagnostic would be followed in prescribing prescription treatment 

regardless of clinical impression, and that a malaria positive result would lead to 

immediate treatment. ALS is reported as the percent improvement over clinical diagnosis 

for tests performing at a level of detection of 500 parasites/µl.  
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This study stresses the importance of specificity in malaria diagnostics to reduce 

false positive diagnoses, to avoid premature depletion of malaria drug treatments, and to 

reduce the risk that pathogen drug resistance will emerge. Any new diagnostic must also 

be as sensitive as clinical diagnosis in order to be adopted by clinicians. The report also 

emphasizes that a high quality diagnostic has the greatest percent improvement over 

current diagnosis, measured by ALS, when it is accessible to all levels of infrastructure.  

The relationship between high diagnostic quality and accessibility and ALS is seen Table 

1.1.  Diagnostics requiring moderate infrastructure assume a setting with available 

electricity and water, a minimally equipped laboratory, and trained staff. Diagnostics in a 

minimal infrastructure environment do not require electricity or water, and can be 

performed by a minimally trained technician. No infrastructure refers to a test that can be 

performed in the home by an untrained individual. Greater changes in overall ALS are 

Table 1.1 Selected Outcomes of Adjusted Lives Saved Model For a 

New Diagnostic with Given Sensitivity, Specificity, and Infrastructure 

Requirements 

Diagnostic Performance  Accessibility Adjusted Lives 

Saved Sensitivity Specificity Infrastructure 

95% 95% Moderate 23 % 

95% 80% Minimal 51 % 

90% 80% None 67% 

The predicted measurable percent improvement over presumptive diagnosis as a 

function of sensitivity, specificity, and accessibility [25]. Note that even with 

poorer diagnostic performance, a test that requires no equipment infrastructure has 

the potential to save more lives.  
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seen as infrastructure is reduced, underscoring the need for a diagnostic that can be 

performed in very low resource environments.   

1.1.3.2. Limitations of Current Diagnostics 

As was described in the previous section, the tendency in malaria endemic areas is 

to treat children presenting with fever syndromically with antimalarial drugs, leading to 

overtreatment and facilitating the emergence of drug resistance. To counter the 

shortcomings of clinical diagnosis, blood smear microscopy has been employed as a 

diagnostic tool. Blood smear microscopy requires the collection of finger prick blood, 

which is stained and analyzed under a microscope. A trained microscopist determines the 

level of infection by counting the number of parasites seen in a blood smear. There are 

two approaches to this method. The first approach directly calculates percent parasitemia, 

the number of iRBCs per total RBCs observed.  This number may also be reported as the 

parasite density, the number of iRBCs per microliter of blood, through a calculation 

based on an average number of RBCs per microliter. The second approach is to count the 

number of iRBCs per WBCs observed, until a total of 200-500 WBCs have been counted. 

This ratio assumes a set number of WBC per µl of blood to obtain a percentage of 

parasitemia or parasite density value. For both approaches, this method can be time 

consuming, particularly for seeing low levels of parasitemia where the ratio of iRBCs to 

RBCs is on the order of 0.002%, or equivalently 100 iRBCs/ µl of blood. High 

microscope magnification, generally 100x or greater, is necessary to properly see iRBCs. 

Under high magnification, each field of view in a thin film blood smear contains 

approximately 200 blood cells, requiring hundreds of fields of view to be examined 

before even the first iRBC may be seen at low parasite densities [27].  
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The performance of currently available malaria diagnostics is summarized in 

Table 1.2. Though the limit of detection (LOD) of thin smear microscopy can reach low 

levels of infection, the sensitivity has been shown to be decrease with parasite decreasing 

density [28]. Microscopy of thick blood films can achieve a higher throughput of cells 

seen, however diagnosis by both thick and thin smear suffer from variability according to 

the skills of the microscopist [29], [30]. Microscopy requires moderate infrastructure for 

operation, including a trained technician, basic laboratory supplies for blood handling, 

and a microscope, with per test cost of as low as $0.26 [31].  

Lateral flow immunoassay rapid diagnostic tests (RDTs) require fewer resources 

to operate as compared to microscopy. RDTs use a drop of blood to detect antigens in a 

lateral flow capture immunoassay platform. Typically, RDTs include a kit with all the 

necessary reagents and supplies, requiring minimal laboratory resources or training from 

the operator. The sensitivity of RDTs compared to microscopy is variable and depends on 

the population tested [32]. These tests offer a quick result without the need for an expert 

observer, yet in the field they have shown varying performance [33][34].  

The World Health Organization recently carried out a large scale evaluation of 

antigen based RDT performance. In this study, RDTs were evaluated for sensitivity at 

two clinically relevant LODs, 200 parasites/µl and 2000 parasites/µl. The results, 

reported in Table 1.2, show increased variability and decreased sensitivity at lower 

LODs. The per test cost is on average $1 and the infrastructure needed is minimal. RDTs 

can be operated with minimal training without electricity, however some of the tests 

require minimal laboratory resources for sample preparation [35], [36].  
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The most sensitive and resource heavy malaria diagnostic is nucleic acid detection 

by polymerase chain reaction (PCR). PCR based methods are able to identify cases of 

low parasitemia infection that may be missed by microscopy and RDTs [37], [38], 

achieving LODs of <1-5 parasites/µl with 100% sensitivity [39], [40]. For these methods, 

a drop of blood is collected and processed to isolate, amplify, and detect parasite nucleic 

acid material, requiring specialized laboratory resources, such as thermal cyclers and 

expensive reagents [41].  These methods remain underused in the developing world, 

accessible only to a small portion of the population due to the high resources required for 

operation. Research is under way to translate laboratory based PCR methods to point-of-

care devices analogous to the antigen based RDTs [42], but at present commercialization 

and field testing of these devices is limited. The sensitivity and specificity of 100% stated 

Table 1.2 Performance of Currently Available Malaria Diagnostics 

 

Limit of detection, sensitivity, specificity, per test cost, and infrastructure resources for 

currently available malaria diagnostics. Values indicated in parenthesis are range reported 

in associated references from which the average value was compiled.  
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in Table 1.2, reflect the use of laboratory based PCR as a gold standard in many studies 

evaluating current diagnostics.  

 

1.2. Proposed Solution: In Vivo Malaria Diagnostic Approach 

An improved method of malaria diagnosis is needed to address the shortcomings 

of conventional diagnostics, without compromising diagnostic performance. Excluding 

syndromic diagnosis, all of the detection mechanisms discussed in the previous section 

rely on a finger prick blood sample, generate biohazards, and require consumables which 

drive the per test cost. The objective of this project is to develop a needle-free method of 

malaria diagnosis with clinically meaningful sensitivity. To achieve this objective, a new 

concept for diagnosis is proposed: detect parasitized blood cells as they circulate in vivo. 

In this method, a portable, inexpensive, battery-powered microscope is placed in gentle 

contact with the patient’s skin to measure the exogenous fluorescent and endogenous 

scattered light signals from circulating, rolling, and adherent blood cells in superficial 

vessels; these signatures are analyzed to determine if cells are infected with malaria and 

to quantify the parasitemia level. This method eliminates the need to acquire, process, 

and dispose of blood samples, thereby reducing the costs associated with per test 

consumables and biohazardous waste. 

The following sections describe in greater detail in vivo imaging techniques and 

the optical biomarkers considered in this method. The specific objectives and design 

criteria for the work of this thesis are also outlined in this chapter. 
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1.2.1. In Vivo Microscopy Techniques 

Over the past two decades, intravital, or in vivo, microscopy has emerged as a 

useful tool for in vivo observations of intact specimens, bridging the gap between in vitro 

investigations and true physiological environments [43].  Intravital techniques use visible 

light to recover imaging or spectroscopic data in vivo. This technique has proven useful 

in the field of microvascular research, allowing for visualization of real time 

angiogenesis, circulating cell tracking, and leukocyte extravasation [44][45]. These 

techniques are used often in animal models to provide valuable insight into optically 

difficult to reach imaging sites, such as the vascular networks of the hippocampus 

[46][47], through an implanted window or surgical procedures. The invasive nature of 

this technique coupled with the use of high-resource equipment, such as scanning 

mirrors, high voltage power supplied detectors, or pulsed laser lines, inhibit their utility 

as diagnostic tools.  

An alternative method for in vivo detection of circulating cells is in vivo flow 

cytometry. In this approach, light is launched to the sample through a cylindrical lens 

forming a line profile across the vessel of interest. The blood flow acts as the fast axis 

and the emitted fluorescence from labeled circulating cells is collected by a PMT after 

out of focus light is rejected by a confocal slit. This technique is able to enumerate 

individual fast moving cells as they flow through the illuminated line profile without the 

need for surgical procedures [48], [49]. However, a second camera-based optical arm is 

needed for alignment and the use of laser excitation sources and PMT detectors do not 

make this make this method amenable to use at the point-of-care. Similarly, scanning 

confocal microscopes have been used to reject out-of-focus light using a pinhole at the 
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conjugate imaging plane, reducing the need for invasive imaging site preparation [50], 

[51]. The use of scanning mirrors increases the technical complexity of the device, thus 

making it cumbersome to implement in a low infrastructure setting. However, building on 

techniques such as confocal scanning microscopy and in vivo flow cytometry that use 

contact optical probes with intact tissues could have great utility in an in vivo diagnostic 

tool.  

Standard bench-top microscopes have been used for intravital imaging. This 

approach has been used to observe altered microvascular responses to sickle cell anemia  

as well as cytoadhesion of Plasmodium-infected red blood cells [52], [53], [54]. Despite 

the use of very simple imaging devices, these methods still require surgical procedures to 

expose sub-dermal vasculature to avoid the optical signal from the highly scattering skin 

layer. Such techniques are of great interest to answering scientific questions in a 

laboratory setting but are not useful as a non-invasive diagnostic.  However, a similar 

approach from a commercial device (Optilia) has shown great promise in the tracking of 

individual circulating red blood cells in humans without the use of surgical preparation 

[55]. This device uses quasi-dark field illumination of the sample to avoid scattering 

effects of the epi-dermal layers. Also the chosen imaging site, the sublingual mucosa, has 

less scattering and is less optically dense when compared to other imaging sites such as 

the skin. However, the cost of this device is $7000, making it inaccessible to resource 

limited regions. The concept I propose relies on a similar approach modified for the 

visualization of iRBCs in vivo, reducing the need for high resource equipment or surgical 

preparation of the imaging site.   
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Infected red blood cells in the blood stage of malaria infection show 

morphological and physiological changes. The in-plane shear modulus of healthy and 

infected erythrocytes show a marked increase in stiffness, up to an order of magnitude 

higher, as the parasite develops from a ring form to schizont [7]. This loss in flexibility in 

late stage parasites makes it difficult for infected red blood cells to maneuver through 

narrow capillaries and at vessel junctions. This, coupled with the adherent properties 

discussed earlier, create the potential for imaging slow moving cells in vivo.  

1.2.2. Optical Biomarkers  

1.2.2.1. Proflavine Contrast Agent Staining 

Proflavine dye is a fluorescent stain of the acriflavine family that has been used as 

an aseptic topical agent since the early 20
th

 century [56]. Acridine chromophores, such as 

acridine orange and proflavine, may be used as vital dye contrast agents targeting nucleic 

material. The predominant binding mode of the dyes to nucleic material is through 

intercalation of the planar ring system of the dye between the planes of the base pairs in 

DNA or RNA. Electrostatic mediated external binding also occurs, though not 

significantly when the concentration of dye to nucleic material is very low [57]. 

Proflavine has a quantum yield of 0.34, with a peak absorbance of 444 nm, and peak 

fluorescence emission at 512 nm [58]. 

Proflavine has been demonstrated as an in vivo contrast agent to discern epithelial 

cell nuclear-to-cytoplasmic ratios as a method for cancer detection [59], [60]. Due to its 

high quantum yield, proflavine could potentially be used to distinguish parasite nucleic 

material in infected blood cells. Previously, acridine orange has been used to identify 
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malaria parasites in dried blood smears by fluorescence microscopy [61]. Similarly, 

proflavine could be useful for vital dye staining of nucleic material in blood cells in vivo. 

Healthy mature red blood cells do not have nucleic material and therefore would not be 

stained. However, proflavine would highlight both the host white blood cell nuclei and 

the parasite nucleic material within infected red blood cells.  

1.2.2.2.  Hemozoin: An Endogenous Optical Biomarker 

Perhaps the most optically interesting characteristic of infected red blood cells are 

the changes that occur due to hemoglobin consumption by the parasite. Parasites within 

the iRBC engulf and digest hemoglobin, using the globin as a source of amino acids for 

parasite growth and metabolism [62]. This process results in up to a 70% reduction of the 

hemoglobin concentration within the cell [63], creating absorption and refractive index 

variations within infected cells [64]. A more marked optical change, however, is due to 

the metabolic by-product, hemozoin, of this process. Parasite hemoglobin consumption 

produces free heme, Fe
2+

 protophorphyrin IX, which is toxic to the parasite due to its 

highly oxidative attributes. This by-product is detoxified in a crystallization process 

forming the insoluble Fe
3+

 protophorphyrin IX crystal, hemozoin [65]. Owing to its 

crystalline nature, hemozoin is a highly scattering, birefringent material with promise as 

an optical biomarker for malaria infection [66], [67]. 

Hemozoin generated by the parasite aggregates in a vacuole within the infected 

red blood cell, increasing in size as the parasite matures and multiplies. After schizogny, 

the infected red blood cell ruptures, releasing merozoites and hemozoin into the blood 

stream. Hemozoin is then phagocytized by white blood cells.  
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Hemozoin as a malaria biomarker is particularly valuable in cases such as 

placental or cerebral malaria. As described earlier in this chapter, the peripheral parasite 

density does not necessarily represent the full burden of disease for such cases due to 

cytoadhesion of infected cells.  However, detection of phagocytized hemozoin circulating 

in the peripheral blood stream provides an indication of potential sequestered infection 

[68]. The utility of hemozoin as a biomarker has been demonstrated in several clinical 

investigations.  The number of white blood cells containing hemozoin as well as the 

concentration of hemozoin within these cells has been demonstrated as an effective 

indicator for assessing the severity of malaria cases [69]. Additionally, neutrophilic 

phagocytosis of hemozoin was found to be a prognostic indicator for mortality in cases of 

children suffering from severe malaria [18]. Hemozoin concentration in peripherally 

circulating cells has been demonstrated in several studies as a useful marker of disease 

severity [70]. Because of its presence in both phagocytized white blood cells and infected 

red blood cells, hemozoin could potentially be useful as an endogenous biomarker for 

malaria. 

1.2.3. High Level In Vivo Malaria Diagnostic Design Criteria 

 It is important that while maintaining a high diagnostic performance, the 

diagnostic system be accessible. Therefore a set of design criteria was developed, 

categorized according to diagnostic performance and system resources. These criteria 

appear in Table 1.3 and are outlined here. At a clinically relevant level of parasitemia, 

200 parasites/μl, the required sensitivity, specificity, and accuracy are all required to be 

90% to meet the standards outlined by the World Health Organization for Rapid 

Diagnostic Tests [36].These standards also set a threshold of an acceptable device failure 
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rate of 5%. The linear dynamic range is defined by a range of clinically relevant levels of 

infection seen in endemic areas [71], ranging from the set LOD to parasite densities as 

high as 500,000 parasites/μl. Though linear dynamic range can be limited in lateral flow 

rapid diagnostic test due to target/probe saturation, it is unlikely that this would present a 

problem for an imaging device. The positive predictive rate (PPV) and negative 

predictive rate (NPV) were calculated using a 60% prevalence rate, typical of endemic 

populations [33],[72], at the indicated desired sensitivity and specificity of 90%.  

 

Table 1.3 Improved Malaria Diagnostic System Design Criteria 
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According to the model outlined in Section 1.1.3, a diagnostic that achieves this 

level of diagnostic performance will have increased gains over conventional diagnosis 

with decreasing infrastructure [25]. To operate in a minimal infrastructure setting, the 

device must not rely on electricity or water, be performed by a minimally trained 

technician, and not require an equipped laboratory. The diagnostic proposed here should 

be operable by a nurse with minimal training, less than half a work day. The device 

should be operational on battery power and maintain performance in hot and humid 

environments of endemic countries. The size of the instrument should be portable. 

Maximum size was set to be smaller than a standard microscope, with a footprint of 

<0.5m
2
.  The total system cost of the design criteria is based on the average cost for a 

standard commercial laboratory microscope (Olympus). Per test cost are required to meet 

or be less than the lowest per test cost of  microscopy [73]. The maximum time to result 

was determined by standard times for Rapid Diagnostic Test, 15 minutes for the test plus 

preparation of the sample, and blood smear microscopy, up to 25 minutes for the expert 

observer to read plus smear preparation time [28]. Finally, since the device should be 

portable, it should also be operational after transportation, able to withstand standard 

shock and vibration verification tests.  

1.2.4. Component Level In Vivo Malaria Diagnostic Design Criteria 

The proposed system for in vivo detection of malaria is composed of four major 

components: the imaging site, the biomarker, the optical device, and the diagnostic 

algorithm. These components are illustrated in Figure 1.1. In this method, a portable, 

inexpensive, battery-powered microscope is placed in gentle contact with the imaging site 

to measure an optical signal from the selected biomarkers; the signal is then analyzed to 
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determine if cells are infected with malaria and to quantify the parasitemia level. Detailed 

design criteria for each component of this method were developed such that the system 

level design criteria outlined in Table 1.3 would be met.  

 

 

The component level design criteria are listed in Table 1.4 and discussed in 

greater detail here. The biomarker selected must be prevalent at all stages the erythrocytic 

cycle in order to achieve the sensitivity outlined in Table 1.3. In the case of an exogenous 

contrast agent, the administration of the probe should be needle-free, such as topically 

applied.  

Figure 1.1 Design Concept: System Components 

 
 

Blood cells travelling through superficial vasculature. The in vivo 

diagnostic is composed of four components: the selected biomarker, the 

imaging site, the optical system, and the diagnostic algorithm. 
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The modalities included in the optical system should be optimized for the selected 

biomarkers, such as fluorescence or cross-polarization modes. This device should be able 

to detect sub-cellular structures, such as the parasite within an iRBC or hemozoin 

aggregates, which range in size from 2-8µm. Therefore a lateral resolution of 1 µm has 

been set to meet the condition for the Nyquist sampling rate. Contrast resolution is 

measured as the difference of the signal intensity and the background divided by the sum 

of the signal intensity and the background. In an ideal system, the background would be 

zero and this value would be 1. At high frequency sampling, 10% contrast resolution, has 

been identified as sufficient value for discerning morphological structures in vivo [74]. 

Table 1.4 Component Level Design Criteria
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This value is a function of the signal and background intensity, shown in Equation 1-1. 

The signal to noise ratio of the system is set by the Rose criterion at a value of 5 or 

greater. The Rose model describes how readily a human observer is able to distinguish 

features in an image. At a level of 100% certainty, this value is 5 [75]. The optical 

collection efficiency of the device impacts the amount of signal collected from the 

sample and therefore the number of infected cells detected and the time it takes to detect 

them. Excluding the collection efficiency of the detector, typical optical collection 

efficiencies range from 10-20% for standard optical microscopes [76]–[78], therefore the 

optical collection efficiency has been set to a minimum of 10% to provide performance 

comparable to commercial systems. This value is a function of the background of the 

system and the collection efficiency of the system.  

Imaging of circulating blood cells has been achieved with 30fps frame rates [50], 

[79], with a nominal sampling rate of 10fps needed to avoid motion artifacts when 

imaging in vivo in human subjects [80]. Therefore, a sampling rate of 30fps is required of 

the optical system. Temporal resolution is a function of both frame rate and exposure 

time, and the following example demonstrates how this design criterion will affect the 

imaging system. The measured average human blood cell velocity in a capillary with a 

diameter less than 65 μm is 470μm [81]. At a 30fps sampling rate, a cell will travel 

approximately 15 μm, corresponding to a displacement of twice the average cell diameter 

of a red blood cell. If an image is acquired for the full allowable exposure time, 33ms at 

30fps, then the spatial resolution of the cell may be diminished, appearing as a streak 

along its trajectory. Acquiring images at a rate of 30fps, but reducing the exposure time 
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of each frame will allow the cell to be imaged over a shorter length of displacement. This 

will result in a strobe effect and may reduce the signal intensity.  

Equation 1-1 Signal to Background Ratio and Contrast 

 

     
〈  〉

〈  〉
⁄  

   
〈  〉  〈  〉 

〈  〉  〈  〉 
 

The signal to background ratio is a function of the optical system performance as 

well as the biomarker and the imaging site. Given an optical system that satisfies the 

criteria described above, the signal produced by the biomarker and the background 

produced by the imaging site will be the predominant influences on SBR. Therefore, SBR 

has been included in the design criteria of both of these components.  

The imaging site chosen must be easily accessible in order to perform imaging at 

the point-of-care. The optical background of the tissue in this site must be sufficiently 

low to achieve the SBR outlined above. In order to meet the time to treat condition set in 

the high level design criteria, it is important that vessels be readily identified, a minimum 

of one vessel per field of view measured as the capillary density. As an example, if one 

65μm diameter vessel is imaged at 30fps, at least 50 unique cells will be imaged every 

frame. 250,000 red blood cells will pass through the vessel in 2.5 minutes. At the lowest 

level of detection, 200 parasites/μl, only10 infected red blood cells will pass through the 
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vessel in the same time period. Finally, all of these parameters must be consistent across 

the sample population.  

The final component of the system is the diagnostic algorithm. The development 

of this component will minimize the number of human resources needed. The diagnostic 

algorithm will not be investigated in the scope of this thesis; however, it is important to 

determine design criteria for this component in conjunction with the rest of system.  

To meet the high level boundary conditions, this algorithm should perform 

quickly and return a result of high diagnostic quality. The result should ideally be 

performed in real time. In order to meet the high level diagnostic criteria of 15 minutes 

total, a maximum of 5 minutes for the diagnostic algorithm to output a result is 

established.  

The false negative rate (FNR), the ratio of infected cells not detected over the 

total number of infected cells present, and the false positive rate (FPR), the number of 

non-infected cells deemed infected by the algorithm over the total number of non-

infected cells observed, will be used to assess the diagnostic algorithm. A maximum cell 

based false negative rate was calculated considering a sample at 0.004% parasitemia, 

corresponding to the LOD of 200parasites/μl.  If 250,000 cells are observed, only 10 will 

be infected. If the diagnostic algorithm detects 90% of all the infected cells, missing just 

one cell will result in an FNR will be 10%.  

The FPR was calculated considering a non-infected sample with a total of 

250,000 cells observed. If 10 cells are detected by the algorithm as infected, the cell 

based FPR will only be 0.004%. However, this is not discernible from a 200parasites/μl 
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sample and therefore would lower the specificity of the test. If 5 cells are falsely detected 

by the algorithm as infected, the cell based FPR will be 0.002%. Setting this value as the 

FPR also determines that the number of cells identified as infected must be greater than 5 

in order for the sample to be called positive.  

1.2.5. Specific Aims of This Thesis 

The primary objective of this study is to demonstrate the ability to detect malaria 

infected cells circulating in the blood stream by non-invasive imaging. The work 

presented in this thesis is a proof-of-concept demonstration of this objective, with two 

goals: 

1) Develop and characterize a system to image biomarkers of malaria in vivo 

based on design criteria.  

2) Evaluate the system in progressively more complex biologically relevant 

models.  

The first goal is addressed in Chapter 2. In this chapter each component of the 

system is developed with particular attention to the optical system characterization. The 

performance of this system is evaluated in Chapter 3 in a biological environment. The 

metrics for characterization and evaluation are defined in the subsequent chapters. The 

information gathered from this work will answer the basic questions about the feasibility 

of this design concept and provide a guide for future work and optimization.  
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Chapter 2 

System Development and Characterization 

Presented in this chapter is the work to develop and characterize a system to 

detect malaria based on the design criteria established in Chapter 1. The work in this 

chapter is organized by component in the system design: Biomarker Selection, Optical 

System, Imaging Site Selection, and Diagnostic Algorithm.  

2.1. Biomarker Selection 

2.1.1. Investigation of Two Optical Signatures by Blood Smear Microscopy 

Two biomarkers were introduced in Chapter 1 for their potential utility in 

distinguishing malaria infection in vivo. The first is proflavine dye which could be used 

as a fluorescent contrast agent. The second is the highly scattering endogenous parasite 

by-product, hemozoin. Blood smear microscopy was used to assess the optical signature 

of both of these biomarkers. 
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Control (non-infected) human blood samples were obtained from normal 

volunteers under an Institutional Review Board approved protocol at Rice University. 

Infected (P.falciparum) human blood samples were obtained from the McGill University 

Center for Tropical Diseases. Thin film blood smears were prepared on standard glass 

microscope slides, dried, and fixed in methanol. The smears were then stained with sterile 

filtered proflavine hemisulfate (Sigma) solution (0.01% w/v in 1xPBS), washed in 

deionized water, stained in a two part Romanowsky-Geimsa staining solution composed 

of an Eosin-Y stain followed by an Azure A and Methylene Blue stain (Richard-Allen), 

and finally a wash step. Stained slides were prepped with mounting medium and imaged 

Figure 2.1- P.falciparum Infected Blood Smear Microscopy 

  

A) Bright-field image of white blood cell with phagocytized hemozoin surrounding by 

immature trophozoites. B) Cross polarized image of same FOV as A. Only scatteringfrom 

the hemozoin is visible. C) Proflavine stained immature trohpozoites. D) Proflavine stained 

white blood cells. 
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using a standard commercial microscope (Zeiss, Z1). Geimsa staining was imaged under 

bright field transmission illumination. Cross polarized images were acquired in 

transmission mode to detect hemozoin birefringence signal. Proflavine staining was 

imaged under a GFP filter set. 

Representative results are pictured in Figure 2.1. In the Wright-Geimsa stained 

thin prep blood smear, nucleic material appears purple under bright field illumination 

(A). A white blood cell with phagocytized hemozoin is seen in the center of the image 

surrounded by numerous immature trophozoites, notable by their distinct ring form. 

Hemozoin is discernible by the dark brown coloration in the cytoplasm of the white blood 

cell. Only the depolarized scattering from the hemozoin is visible in the cross polarized 

image of same field of view (B). Blood smears were stained with proflavine and (C and 

D) and imaged under a GFP filter set. Individual ring forms show bright fluorescence 

after proflavine staining (C); the image gain has been enhanced to show the outline of the 

surrounding non-infected red blood cells that were not stained by proflavine. Similarly, 

the proflavine stained nuclei of white blood cells are brightly fluorescent.  The distinct 

ring form of immature trophozoites is particularly evident by proflavine staining. Size, 

intensity, and morphological differences allow for distinction of infected red blood cells 

versus white blood cells. Both biomarkers provide significant signal to achieve contrast 

and SBR exceeding the set 10% of the boundary condition, warranting further 

investigations in vivo. 



 

 

29 

 

2.1.2. Investigation of Topical Administration of Proflavine Dye 

Blood smear microscopy showed that proflavine dye is suitable for staining 

nucleic material in iRBCs and WBCs, but in order for proflavine to stain the cells in vivo, 

it must enter the blood stream. The design criteria dictates that the administration of a 

contrast agent be needle free. The following experiment was carried out to determine if 

topical administration of proflavine dye is a viable method of contrast agent delivery. A 

chicken embryo model was used in this investigation to observe circulating stained blood 

cells. The imaging device used was a confocal microscope with a frame rate of 15Hz. 

2.1.2.1. Chicken Embryo CAM Model 

The chorioallontoic membrane (CAM) of a chicken embryo is a highly 

vascularized sack enveloping the embryo in ovo.  Due to its accessible nature, the CAM 

has been used in many imaging studies [82], [83]. In the experiments presented here, the 

CAM was used to assess proflavine staining of circulating blood cells in vivo. The optical 

signatures of these stained cells were evaluated using the Dual Confocal Microscope 

(DCM) and High Resolution Microendoscope (HRME) described in greater detail in 

sections 2.1.2.2 and 2.2.1.1 respectively. Unlike human red blood cells, avian red blood 

cells are nucleated. Therefore proflavine is expected to stain both RBCs and WBCs in the 

CAM model. The presence of nucleated red blood cells nicely parallels Plasmodium- 

infected red blood cells. 

Fertilized chicken embryos (Gallus gallus domesticus) were obtained from Texas 

A&M Poultry Science Department and handled in accordance with Institutional Animal 

Care and Use Committee approved protocols. Fertilized eggs were incubated within 7 
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days after delivery in a humidity-controlled self-turning incubator at 100˚F. After 3 days 

of incubation, the eggs were windowed by carefully removing a portion of the shell 

approximately 2 cm in diameter. Ringer’s solution, an isotonic aqueous solution 

including penicillin and streptomycin (7.2g NaCl, 0.17g CaCl2, 0.37g KCl,0.115g 

Na2HPO4 ,0.02g KH2PO4, bring to 1L, pH to 7.4), was delivered drop wise, the shell was 

sealed with clear tape, and returned to the incubator with the turning mechanism off.  At 

the time of imaging, the window was opened by carefully cutting taped areas of the shell, 

exposing the CAM. Sterile filtered proflavine (Sigma) solution (0.01% w/v in 1x PBS) 

was applied drop wise in 100 μl aliquots to the CAM and then washed with 1x PBS. The 

imaging device was brought into gentle contact with the sample and kept wet with 1x 

PBS although a meniscus was not maintained.  

2.1.2.2. Dual Confocal Microscope (DCM) 

The Dual Confocal Microscope (DCM) is a home built scanning confocal system 

with dual mode imaging capabilities, reflectance and fluorescence. The DCM  was 

previously demonstrated for molecular imaging in tissue [84]. Illumination light is 

scanned across the sample by a resonating mirror on the fast axis (7.9 kHz) and 

galvanometer mirror on the slow axis (15 Hz), and the collected emission is directed 

through a pinhole aperture to reject out-of-focus light. Light is collected by a PMT, and 

images are built using a frame grabber triggered by the mirror movements. This device 

was modified to include a 455 nm laser line for proflavine excitation. The light path of 

the objective-sample interface was also adapted for use in CAM imaging in the chicken 

embryo. The reflectance line was used to locate vessels and the fluorescence line was 
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used to image proflavine stained structures. The results presented are from the 

fluorescence mode of operation. 

2.1.2.3. DCM Imaging of the CAM 

As described above, proflavine was delivered to the vasculature by topical 

application and the DCM was used to detect the stained cells as they circulated in the 

chicken embryo chorioallantoic membrane (CAM). The working distance of the DCM 

was 2mm using a water immersion objective. Superficial vessels within 50μm below the 

tissue surface were imaged in the CAM, therefore a constant aqueous meniscus was held 

between the distal tip of the DCM and the chicken embryo membrane. The chicken 

embryos were incubated for approximately one week prior to imaging. The resulting 

images are shown in Figure 2.2. In the top panel, individual consecutive frames from a 

video are shown from left to right. These images were taken near the proflavine 

application site, illuminating the surrounding architecture. The dark vessel extending 

across the top of the image is clearly discernible from the surrounding tissue. A brightly 

fluorescent cell is seen moving through the FOV (arrows). Along the top edge of the 

capillary two cells appear stationary over the 3 frames, potentially indicating rolling 

WBCs. The vessel wall begins to defocus and appear to narrow at the far right side from 

the first frame to the last. This defocusing effect was cyclical over time and consistent 

with the frequency of the chicken embryo heart rate [85].  In the bottom panel, a region 

away from the proflavine application site is shown. Individual consecutive frames from a 

video are shown from left to right. The vessel, outlined in blue, is bifurcated and much 

wider than the vessel of the top panel. One brightly fluorescent cell is seen moving from 

the bottom right up through the vessel junction; the direction of the blood flow is 
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indicated by an arrow. Many more faintly fluorescent cells are seen in the surrounding 

area within the vessel. This intensity variation may be indicative of many weakly 

fluorescent nucleated red blood cells and a few highly fluorescent white blood cells, 

consistent with the increased amount of nucleic material in WBC nuclei versus RBC 

nuclei [86].  

This experiment demonstrated the feasibility of topical application of proflavine 

dye for staining circulating cells in the blood stream. It also highlights the non-specific 

staining of tissue as seen in the top panel of Figure 2.2. This staining increases the 

Figure 2.2- Isolated Frames from DCM Imaging of CAM 

 

Top panel: Consectutive frames from video (left to right). Circulating, 

proflavine-stained cell tracked as is passes through capillary in top portion 

of FOV (arrows).  Two rolling cells seen on top edge of vessel. Bottom 

panel: Consectutive frames from video (left to right) of wider capillary at 

vessel junction, outlned in blue. Brightly fluorescent cell passes through 

bifurcation. Many faintly fluorescent cells seen.  
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background localized near the application site. Overall, a high signal to noise ratio was 

achieved within the vessel as only the nucleic material of the circulating cells was 

stained. Individual cells were clearly discerned even near the site of proflavine 

application where the nucleic material in the endothelium of the vessel architecture is 

stained. 

2.1.3. Comparison of Hemozoin and Proflavine 

This section investigates two potential biomarkers for detecting malaria infection 

in vivo, the fluorescent contrast agent proflavine and the endogenous, birefringent 

hemozoin. A comparison of these two biomarkers is listed in Table 2.1. As outlined in the 

table, hemozoin occurs naturally; therefore, it does not require the application of a 

contrast agent. Proflavine, however, must be successfully administered to the blood 

stream in order to stain circulating blood cells. The consumable cost associated with an 

Table 2.1- Biomarker Comparison
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exogenous biomarker should also be considered in the per test cost of the system. 

Proflavine dye is inexpensive, costing less than a penny per imaging session.  

For the purposes of malaria detection, proflavine stain is used to target iRBCs. 

These targets are present at the very first stage of the erythrocytic cycle. As seen in the 

blood smear microscopy results, proflavine readily stains iRBCs, however it also stains 

WBCs and surrounding tissue at the site of application. Hemozoin first appears in iRBCs 

24 hours into the erythrocytic cycle. After schizogny, hemozoin may persist in the blood 

stream in phagocytic WBCs. Birefringent structures in the extracellular matrix (ECM) 

and tissue may provide similar signal to hemozoin and must be considered as a source of 

background [87].  

In these investigations, proflavine staining and hemozoin scattering meet the 

design criteria outlined in the component based design criteria. Ultimately, the biomarker 

selected will have to meet the set design criteria when evaluated in vivo. Therefore both 

will be studied in subsequent ex vivo and in vivo assessments.  

2.2. Optical System 

In this sub-chapter, the optical device developed as part of the diagnostic system 

is described and characterized. The material is presented in three sections. The first 

section will detail preliminary investigations using the High Resolution Micro Endoscope 

(HRME), an existing low cost device amenable to in vivo imaging applications. The 

second section will detail the development of the In Vivo Microscope (IVM), the optical 
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system proposed in Chapter 1. The final section  presents characterization of the IVM 

with respect to the design criteria outlined in Chapter 1.  

2.2.1. Preliminary Investigations Using the HRME 

Initial experiments presented in the previous section demonstrate the use of a 

confocal instrument, the DCM, to detect circulating cells in vivo. While the image quality 

of the DCM was sufficient for this application, the equipment and resources needed for 

such a confocal device are not amenable to point of care applications as described by the 

system level boundary conditions described in Chapter 1. In this section, the HRME was 

used to determine if similar performance could be demonstrated in a lower resource 

device. Again, experiments were carried out using a chicken embryo model.  

2.2.1.1. HRME Imaging of the CAM 

The High Resolution Micro Endoscope (HRME) is a portable, battery-powered, 

fiberoptic fluorescence microscope, offering sub-cellular resolution [88].  The HRME has 

been demonstrated for use in vivo in the investigation of cancerous and dysplastic tissues 

[89][90] and is amenable for use in developing countries [60]. This device is used in 

conjunction with topically applied proflavine. Illumination light from an LED is 

collimated and projected on the back aperture of an infinity corrected microscope 

objective (Olympus). The objective then focuses the light onto the proximal tip of a 

multi-element fiber core optical bundle (Fujikura). The fiber bundle delivers light to the 

sample, and then collects emitted fluorescence from the proflavine stained sample. The 

emitted light is guided back through the fiber bundle and imaged on a standard CCD 
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camera. Images and videos are collected through a LabView interface. A diagram of the 

HRME is pictured in Figure 2.3. 

A chicken embryo model was used to demonstrate the ability to image circulating 

cells in vivo. Avian red blood cells are nucleated, acting as a good model for infected 

human red blood cells. The highly vascularized membrane enclosing the embryo, the 

chorio-allontoic membrane (CAM), was imaged using the HRME. Cells were stained by 

topical application of proflavine as described in Section 2.1.2.1. The optical fiber bundle 

was held in contact with the CAM to guide light to and from the sample. The object plane 

is located at the distal tip of the light guide, so only superficial vessels will be in focus at 

the camera face. Although this device does not provide optical sectioning, an assessment 

Figure 2.3- HRME Imaging of the CAM 

 

Device schematic for the HRME imaging the CAM in a chicken embryo 

model. The excitation light is collimated through a condenser lens (L1) to fill 

the back aperture of an infinity corrected objective. Light is delivered and 

collected by a multi-element fiber bundle and returned to a CCD after passing 

through a dichroic mirror and emmisiion filter. The CAM, the highly 

vascularized membrane between the chorion and allantois surrounding the 

embryo, is imaged through a small window in the egg shell.  
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of the axial performance of the HRME showed that out-of-plane signal due to defocused 

light contributes little to the image [91].  

For imaging of the CAM in the chicken embryo model, proflavine was applied 

topically and then the stained cells were imaged using the HRME. Typically, an 

incubation of 10 minutes occurred before the first stained cell was observed by HRME. A 

representative image is seen in Figure 2.4. On the right is the full FOV, approximately 

Figure 2.4- Circulating Cell in CAM 

 

 

On the right, the full FOV of the HRME (scale bar = 100 μm). Vessel architectire 

is seen as black against the gray background. Small capillaries feed into a larger 

vessel at the bottom of the image. Multiple frames have been combined to show 

the trajectory of a single fluorescent cell. On the left, the magnified region of 

interest. Individual optical fiber elements are distinguished. Each bracket 

indicates a single frame. 
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720μm across, which represents the diameter of the probe tip. Absorption by hemoglobin 

against the low auto fluorescence background allows for vessel location. This image is 

the compilation of several consecutive frames to show the tracking of a single cell over 

time. Blood flow can be discerned from the videos, however only brightly fluorescent 

cells are distinguished in a single frame. The region of interest, highlighted in the white 

box, is magnified in the image on the left. Here the individual optical fibers are more 

apparent.  Although interpolation algorithms can be used to remove the fiber core 

frequency from the image, ultimately the resolution is confined by the spacing of the 

fibers, approximately 4.5μm from core to core.  

The HRME uses a contact probe for imaging. The DCM had a very long working 

distance, 2mm, requiring a constant aqueous meniscus to be held between the CAM and 

the distal tip of the objective. It should be noted here that maintaining this distance was 

difficult due to movements of the sample consistent with the heart rate of the embryo. 

This was manifested in the collected video as dropped frames when the axial position of 

the vessel moved in and out of the focal plane. The contact probe used in the HRME 

counters this effect, reducing motion artifacts due to sample movement. The DCM is 

substantially larger than the HRME and requires a consistent wall power supply for the 

operation of the photomultiplier detector and the scanning mirrors.  

The HRME data of the CAM demonstrates the ability to detect circulating cells in 

vivo with a lower resource device. However, the lateral resolution of the HRME is limited 

by the fiber bundle to >4µm, a value exceeding the set design criteria. The fiber bundle 

also allows on superficial vessels at one working distance to be imaged, with no axial 
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translation into the sample. The subsequent section outlines a fiberless device requiring 

similar resources as the HRME, but with increased optical performance.  

2.2.2. The In Vivo Microscope (IVM) 

The In Vivo Microscope (IVM) is a non-fiber optic microscope developed for 

detecting circulating cells in superficial vasculature, pictured in Figure 2.5. The tissue to 

be imaged is brought into direct contact with a modified microscope objective (L1). The 

outer casing of a standard microscope objective (Newport) was removed to make it 

smaller and easier to interface with living tissue. A series of biconvex lenses (Thorlabs) 

were then added after the back aperture of the microscope to image light on a USB 

camera (Point Grey). A translational lens (L4) allowed for optical penetration into the 

superficial layers of a sample while maintaining contact.  

 

Figure 2.5- The In Vivo Microscope (IVM)

 

The IVM, pictured in cross polarized mode. Detailed in insert 

are the elements of the modified microscope objective (L1).  
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Two modes of operation were developed, fluorescence and cross polarized, 

pictured in the block diagram in Figure 2.6. For both modes, the front end optical 

elements (L1-4), the emission filter, and the detector remained the same.  

The fluorescence mode was developed for use with proflavine stained cells. In 

fluorescence mode, the excitation light is generated by an LED (455 nm) and launched 

through a band pass excitation filter (452/50) and then reflected off the dichroic mirror 

(485 long pass). The emitted fluorescence collected by the front end lenses passes 

through the dichroic, while reflected light is rejected. The signal passes through the band 

pass emission filter (550/88) before reaching the camera. The filter set is illustrated in 

Figure 2.7 with the absorption and fluorescence spectra of proflavine.  

Figure 2.6- IVM Block Diagram 

 

The two operational modes of the IVM. The front end optics (L1-4) and the 

detection arm were maintained for both modes. Components from the 

center section, comprised of the LED, excitation filter, dichroic, linear 

polarizers, and polarizing beam splitter, were exchanged to switch between 

modes. 
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The cross polarized mode was developed for imaging hemozoin in vivo. The 

wavelength band for the cross polarized mode was chosen to take advantage of the strong 

hemoglobin absorption found in blood as illustrated in Figure 2.7.  Because of this a 

common emission filter was able to used for both modes. In the cross polarized mode, the 

light is generated by an LED (525 nm) and launched though a band pass filter (530/50) 

and a linear polarizer. Co-linear polarized light was reflected off the polarizing beam 

splitter, PBS, and sent to the sample. Scattered light from the sample passes through the 

polarizing beam splitter and a second linear polarizer, referred to as the analyzer. The 

analyzer was aligned collinear with the transmitted light from the PBS, but cross 

polarized to the illumination light.  

Figure 2.7- IVM Filter Sets  
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2.2.3. Characterization of the IVM 

In this section, I present an assessment of the IVM with respect to the outlined 

design criteria. Metrics for assessment are detailed in each section. 

2.2.3.1. LED Illumination 

To reduce cost and power resources, high power LEDs (LEDSupply) were chosen 

to illuminate the sample. For use in an environment with inconsistent access to power, it 

is important to have a power source for the LEDs that is rechargeable, consistent, and 

long lasting. Three options were evaluated as power supplies, a standard 9V battery, a 

rechargeable 9V battery, and a rechargeable LiFePO4 battery pack. Their performance 

was measured by monitoring the LED output over time, shown in Figure 2.8. 9V batteries 

were chosen for their low cost and small size. The maximum driving voltage of the LED 

Figure 2.8- Power Source Selection

 

Power output from an LED monitored over time for different power supplies.  
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is 7V, so the appropriate electronics were employed to maintain this output to the LED. 

For comparison, a wall powered source was set to supply the same voltage at constant 

current to the LED and monitored over time. A fresh, non-rechargeable 9V performed 

better than the rechargeable 9V, however both lost capacitance after a very short period. 

Resistance was increased in the circuit to inhibit premature capacitance drain; however 

the maximum lifetime was limited to at most 30 minutes for these batteries. These 

batteries could be used once for each imaging session, but ultimately this adds 

substantially to the per test cost.  

A rechargeable battery pack was tested as an alternative. A 6.4V LiFePO4 battery 

pack (BatterySpace) was chosen for its long lifetime, approximately 6 hours per charge, 

and duty cycle rate, estimated at 6000 charge cycles. For this reason, the cost of the 

LiFePO4 battery is incorporated into the total device cost, rather than the per test cost. 

LiFePO4 batteries maintain operation in high temperature environments, up to 60˚C, and 

have greater safety features as compared to other Li-ion batteries. The light output from 

the LED was extremely consistent using this source as seen in the figure.  

2.2.3.2. Camera Selection and Evaluation 

It is important that the detector in the imaging system meet a few conditions to 

achieve optimal performance. First, it must have sufficient pixel size such that lateral 

resolution is not lost due to under sampling. The sensor must have a large number of 

pixels maintain an adequate field of view with small individual pixel size. The sensor 

should be easily implantable to the system through a standard interface. A scientific grade 

detector can be a significant source of cost in an imaging device, but it has been shown 
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that less expensive commercial cameras can achieve similar performance for in vivo 

imaging as a scientific grade camera [88]. The cameras selected for evaluation were 

chosen for their small pixel size, USB compatibility, and low constant amplitude noise as 

compared with other cameras of similar attributes. The Chameleon is a CCD 

monochromatic sensor. The Firefly is a CMOS Bayer-filtered sensor. The pixel size is 

3.63 μm and 3.75 μm respectively. Both are 1.3MP sensors with a 1/3” optical format.  

Equation 2-1- Signal to Noise Ratio 

     
    

√(     )        
 

IS = signal intensity measured in photon flux (photons/pixel/s) 

IB= background intensity (photons/pixel/s) 

Q= quantum efficiency of the detector 

T= integration time (s) 

D = dark current (electrons/pixel/s) 

NR= read-out noise (electrons rms/pixel) 

 

As described in the component level design criteria, reducing noise is critical to 

achieving useful SNR and contrast values. Noise is comprised of three main components: 

readout noise, dark current noise, and photon noise as seen in Equation 2-1. Readout 

noise is not time dependent, and dominates at small exposure times. To measure readout 

noise, a bias frame was taken for each camera. A bias frame is simply a 0s exposure 

frame. Dark current noise or thermal noise is a function of the sensor temperature. It is 
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simply the square root of the dark current and the length of exposure. To measure dark 

current, a series of images with no photon flux were taken at varying exposure times. The 

sensor temperature was monitored for all measurements. Both the dark current and read 

out noise are shown in Figure 2.9. The dark noise is measured as the standard deviation 

of the dark current and represented by the error bars on the bar graph representation of 

the dark current. Notice that the CMOS has a much higher readout noise than the 

chameleon, effectively decreasing its dynamic range by adding to the background of 

every frame. The CCD, however, has increased standard deviation, representing an 

overall noisier signal. Dark current does seem to increase for the CCD as the exposure time 

is increased, but the values are nominal at temporally valuable frame rates for imaging 

circulating cells.  

Figure 2.9- Camera Noise Evaluation

 

Left: Photon noise evaluated as a function of increasing pixel intensity.Right: Measured read out 

noise and dark current for the two selected cameras. 
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Photon noise is inherent to the method of detecting light and therefore signal 

dependent. To confirm that this is the predominant source of noise in the system, a series 

of images with increasing light intensity incident at the sensor were collected. Figure 2.9 

shows the expected square root relationship between the mean pixel intensity and photon 

noise measured as standard deviation. Note that the CMOS has an x-axis offset consistent 

with the increased readout noise of this device. Again, the CCD was found to be noisier 

than the CMOS when compared under the same conditions. Even at the highest levels of 

noise, the SNR is 50, an order of magnitude greater than the desired SNR value of 5.  

 It should be noted that the same mean pixel intensity was achieved for the CCD 

as the CMOS with 25% less photon flux arriving at the sensor- as measure with a power 

meter. This indicates higher collection efficiency for the CCD than the CMOS. This may 

be attributed to the Bayer filter on the color CMOS acting as an attenuator for the signal. 

The CCD has a higher collection efficiency and lower read out noise than the CMOS. 

However, the CMOS has a less noisy signal and is able to operate at higher frame rates 

without the need for pixel binning. Overall, both detectors offer similar pixel and sensor 

size and are not significantly different in performance. Therefore, both sensors have been 

used interchangeably throughout this study and the rest of the work presented here. 

2.2.3.3. Magnification and Working Distance 

Manipulating the position of the lenses in the system has a dramatic effect on the 

magnification and therefore the field of view and pixel limited lateral resolution. To 

assess this effect, the system transfer matrix was calculated as seen in Equation 2-2. The 

working distance of the device was found to change with small incremental changes in 
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the position of L4. Longer working distances are more magnified in this system as seen in 

Figure 2.10. This relationship can be modified by moving the distances of the optical 

components in the set up.  The calculated relationship was verified with a Ronchi grating 

with ruling of 100lp/mm. As the working distance increased, the pixel/µm ratio of the 

image also increased. With a known sensor pixel size, the magnification was able to be 

measured.  

Equation 2-2- System Transfer Matrix 
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Figure 2.10- Magnification as a Function of Working Distance

 

The relationship of the magnification and working distance of the system for two different 

positions of the lenses as calculated by the system transfer matrix (solid line) and measured 

using a Ronchi grating. 
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The above measured and calculated relationships were assessed for imaging in air. 

It is important to consider the effect of higher index media, such as water or tissue, when 

assessing the magnification for use in vivo. Again using the known frequency of a Ronchi 

grating, the magnification was measured over a series of working distances in both air 

and water.  The results are seen in Figure 2.11. The effect is that the magnification 

increases at a slower rate when the object is in water immersion rather than air. Also, the 

working distance in water is much more sensitive to the displacement of L4. This means 

L4 can translate the same distance and reach a much longer working distance in water 

than in air.  At all magnifications the number of pixels spanning a single micron is at least 

Figure 2.11 Magnification as a Function of Media 

Left: Relationship of L4 translation and working distance for two media. Right: Measured 

magnification for both an object in air and water immersion.  
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5, satisfying the Nyquist sampling rate for imaging objects on the order of 1 micron. 

Lateral resolution is further investigated in the following section.  

2.2.4. Resolution Measurements 

Achieving suitable lateral resolution of the system is key when imaging sub-

cellular structures such as parasites or hemozoin. A USAF 1951 Resolution target was 

imaged under water immersion to assess the system imaging performance of high 

frequency objects. The highest frequency line pair of the resolution target is clearly 

distinguishable in Figure 2.12. The distance across a line pair in Group 9, Element 3 is 

1.5 μm.  

Diffraction limited fluorescent beads (Invitrogen) were used to quantify the 

resolution of the system. The submicron beads (0.2 μm diameter, 515 nm emission) were 

embedded in 3% agarose gel for imaging. The gel was brought into contact with the distal 

tip of the IVM under water immersion. Intensity line profiles were taken across the x and 

y axes of the bead, assuming that all other directions are a linear superposition of the 

lateral response of two perpendicular axes. The normalized average intensities for 3 

beads are shown. Since the bead diameter is below the diffraction limit, the full width 

half max (FWHM) of the line profile represents the system limited lateral resolution. The 

x and y axes behaved similarly, with a lateral resolution of 0.77 and 0.99 μm respectively.   
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2.2.4.1. Contrast Resolution  

It was noted in Section 2.2.3.2 that the CCD has a greater optical collection 

efficiency than the CMOS investigated. The following experiment investigated if this 

difference affected the SBR and contrast of the system in cross polarized mode. Synthetic 

hemozoin (Invivogen), sHz, was embedded in 3% agarose gel. The gel was imaged on a 

commercial microscope (Zeiss Z1) to determine the size of the individual sHz particles. 

Figure 2.12- Lateral Resolution of IVM 

 

Clockwise fro top left: USAF 1951 resolution target at approximately 33x magnification.; 

Magnified high frequency line pairs; Intensity line profile across Group 9 Element 1-3.; The 

average intensity line profile across a set of sub micron beads. 
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The range in size of these particles was 1-3µm. The hemozoin gel was then imaged in 

cross polarized mode using the IVM. The same FOV was imaged at three different input 

light intensities using the CMOS. Maintaining the same FOV, the same images were 

taken for the CCD. For each image, an ROI was selected around the hemozoin and the 

average pixel intensity was measured. The same size ROI was selected for the 

background.  The average pixel intensity for the sHz and the background are graphed as a 

function of input light intensity for both cameras. These same values were used to 

calculate the signal to background ratio and the contrast as defined in Equation 1-1 for 

both the CCD and CMOS at each level of input light intensity. The results are shown in 

Figure 2.13.   

The image brightness for the same level of input light intensity is nearly an order 

of magnitude different between the CCD and CMOS. The CCD saturates more quickly 

than the CMOS, yet it also detects signal more readily. However, SBR and Contrast do 

Figure 2.13- SBR and Contrast of the IVM

 

Left: Pixel Intensity as a function of camera and light input for both sHz signal 

and the agarose background. Right: Calculated SBR and Contrast of sHz in 

agarose gel as a function of camera and light intensity.  
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not differ significantly between the two cameras. Additionally, varying the input light 

intensity does not seem to affect the SBR or Contrast for either camera. Both the SBR 

and Contrast are significantly higher than the boundary conditions set in the design 

criteria of 1.22 and 10% respectively. 

2.2.4.2. Optical Collection Efficiency 

The optical collection efficiency (OCE) of the optical system, not including the 

detector, is a function of the transmittance of each element in the system defined by 

Equation 2-3. The geometrical optical collection efficiency, ng, is a function of the NA of 

the microscope objective and the index of refraction, n, of the media in which the object 

is placed. Transmittance values for each optical element in the IVM in both fluorescence 

and cross polarized modes are listed in Table 2.2.  

Equation 2-3- Optical Collection Efficiency 
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The calculated OCE is above the indicated threshold in the design criteria. The 

cross polarized mode has slightly poorer OCE as compared to the fluorescence mode due 

to the reduced transmittance through the analyzer.  
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2.2.4.3. IVM Cost Analysis 

While characterizing and optimizing the IVM with respect to the component level 

design criteria outlined in Table 1.4, it is important to incorporate the high level restraints 

such as device cost outlined in Table 1.3. In Table 2.3 the IVM cost has been itemized 

according to five categories, including optics, optomechanics, light source, camera, and 

housing and electronics. Cost analysis does not include the cost of a computer. The 

optics, including filters, differ substantially between the cross polarized and fluorescence 

mode, therefore cost have been calculated separately for these modes. In both modes, the 

cost exceeds the desired $1000. The majority of this cost difference is generated by the 

costly filters and linear polarizers in the case of cross polarized mode. For the purposes of 

this thesis, device performance will be assessed with these high quality, albeit expensive 

components. Once performance has been properly evaluated, then low cost alternatives 

 

Table 2.2- Calculated Optical Collection 

Efficiency of the IVM
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can be benchmarked against the original configuration to measure the tradeoff between 

cost and performance in subsequent study.  

 

2.3. Imaging Site Selection  

Several imaging sites were considered and evaluated qualitatively for their ability 

to meet the set design criteria of accessibility, high capillary density, consistency between 

subjects, and low optical background. Ratings of sufficient (+) or poor (-) were assigned 

to each imaging site for each criteria as seen in Table 2.4.  

All of the sites chosen were selected due to their potential for high capillary 

density. Therefore the limiting factors are primarily accessibility and optical background. 

The nail fold is highly accessible and demonstrated as a nice imaging site for 

capillaroscopy, an in vivo microscopy method for imaging microvasculature dysfunction 

in nail fold capillary loops. However, the presence of keratinized cells and melanin in the 

Table 2.3 – Cost Analysis of IVM 
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skin severely inhibits its utility as an imaging site. Melanin has a greatly increased index 

of refraction when compared to other tissue constituents, producing an increased 

scattering coefficient in the skin. Additionally, variations in melanin content from person 

to person cause significant changes in the absorption coefficient of skin, spanning on 

order of magnitude depending on the subject. These variations and elevated optical 

background make the nail fold a poor imaging site.  

Areas of the eye, such as the retina, conjunctiva, and sclera, were also considered. 

They have been demonstrated for in vivo imaging of microvasculature [92]with reported 

low optical background. However, the accessibility of these areas is of concern for use 

with a contact probe such as the IVM. 

Table 2.4 Imaging Site Selection 
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The sublingual oral mucosa also was considered for its low optical background. 

However, in cases of severe malaria, children with co-infection with sepsis can develop 

lockjaw, making this imaging site inaccessible. Though this remains an imagine site of 

interest, ultimately, the oral mucosa of the lower lip was chosen for its accessibility and 

low optical background [93], [94]. One study measured oral mucosa capillary density in a 

sample population of 100 individuals using a capillaroscope [95]. They found a capillary 

density of 10.62 vessels/mm
2
 and little variability from subject to subject and ease in 

initial vessel location [96].  

2.4. Diagnostic Algorithm 

The diagnostic algorithm will be developed to detect infected cells and/or 

phagocytized hemozoin from the data set collected in Chapter 3. Two methods in 

particular will be evaluated for their ability to capture, track, and enumerate optical 

signatures of hemozoin and proflavine. The first method relies on the morphological 

attributes of the cells: size and shape [97]. The second method will utilize the techniques 

of in vivo flow cytometry to detect cells by spike in a line intensity scan across the vessel 

of interest [49]. The blood flow acts as the fast axis of the scan and will allow for 

detection of cells translating the specified FOV. Only proof-of-concept demonstrations of 

cell detection using image analysis techniques will be evaluated in this work to direct 

future development of a diagnostic algorithm. 
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Chapter 3 

Performance Assessment 

The system developed in Chapter 2, the In Vivo Microscope, IVM, is evaluated 

for its performance in a biological environment in this chapter. A malaria mouse model is 

used to test the device both ex vivo and in vivo in both cross polarized and fluorescent 

modes. The methods of cell enumeration outlined in the previous chapter are evaluated 

using the mouse imaging data set. Finally, the chosen imaging site for the human studies 

is assessed in vivo using the IVM. Results from this data set will guide the next iteration 

of design and testing of the system.  

3.1. Methods 

3.1.1. Mouse Malaria Model 

Rodent strains of Plasmodium are a well-established model for malaria that offer 

similar genomic and morphologic characteristics to the human infecting strain [54], [98], 
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[99]. In addition, rodent models are often used for in vivo imaging of blood flow due to 

the ease of imaging superficial vessels located in the dermis of the ear pinna [50]. 

A murine model was used in the investigations presented here. Female mice 

(C57/B6J albino) were obtained at 7-10 weeks old from Jackson Laboratories and 

handled in accordance with Institutional Animal Care and Use Committee approved 

protocols. For the malaria model, mice were infected by i.p. injection with a 100 µl bolus 

of Plasmodium yoelii yoelii 17 XNL (MRA-593, MR4, ATCC Manassas Virginia) 

obtained from MR4. Infection was maintained through serial passage. P. yoelii 17XNL is 

a non-lethal strain, with levels of parasitemia peaking as high as 30-50% [100]. A non-

lethal strain allowed mice to be observed through recovery.  Blood samples were 

collected via saphenous vein or tail tip prick to monitor parasitemia and for ex vivo 

imaging.  

For in vivo imaging, mice were anesthetized by isoflurane and imaged using the 

IVM. The ear pinna was chosen as the imaging site due to its accessibility. The bottom of 

the ear pinna was rested on a glass slide. Ultrasound gel (Aquasonic) was applied to the 

top of the ear pinna and the distal tip of the objective of the IVM was brought into contact 

with the ear. The aqueous based ultrasound gel acted as a refractive index matching agent 

and a held the ear in place during imaging.  

IVM fluorescence mode imaging was used to detect proflavine stained cells 

circulating in vivo. To locate vessels in fluorescence mode, a transmission based scheme 

of illumination was generated by placing a removable fluorescent standard (Chroma) 

beneath the glass slide. The standard was held in place for vessel location and removed 
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for fluorescent mode imaging. Proflavine solution (less than 50mg/kg body mass) was 

administered by i.v. tail vein injection in 200µl aliquots.  

IVM cross polarization mode imaging was used for hemozoin detection in vivo. 

Vessels are visible due to the strong absorption of hemoglobin in the illumination 

wavelength band centered at 530nm. No contrast agent was applied when imaging in 

cross polarized mode.  

3.1.2. Ex Vivo Sample Platform 

Thin walled glass capillary tubes (Wolfgang Muller Glas Technik) were used as 

an ex vivo sample platform. The outer diameter of the tubes measure 100µm and the inner 

diameter 80µm, creating a suitable platform to mimic vessel architecture. Blood samples 

were loaded into the tube and fixed to a petri dish. A water meniscus was maintained 

between the tube and in vivo imaging device. Images from a commercial microscope 

Figure 3.1 – Ex Vivo Sample Platform 

 

Thin walled capillary tubes used as an in vitro sample platform (A). 

Proflavine stained blood was loaded into the tube and imaged on a 

commercial microscope to establish a standard for comparison. 

Images were acquired under bright-field (B) and fluorescene (GFP 

filter set) conditions (C).  
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(Zeiss Z1) are illustrated in Figure 3.1Proflavine stained whole blood obtained from the 

mouse model was loaded into a capillary tube and imaged under bright-field (B) and 

fluorescence GFP filter conditions (C) to establish a standard for comparison.  

A slightly modified version of the IVM as described in Chapter 2 was used to 

image blood samples from the mouse model ex vivo. For ex vivo data, the IVM was set in 

cross polarized mode, illuminated by a white light LED source (Thorlabs) with a 

bandpass excitation filter (530/50bp). Fluorescent mode images of the same FOV were 

acquired by switching the bandpass excitation filter (452/50 bp).  

3.1.3. Image Analysis Techniques 

3.1.3.1. Manual measurement of SBR and Contrast 

Both ImageJ and Matlab were used for image analysis. Due to the presence of the 

emission filter, the green channel was the only channel of interest in RGB images. For in 

vivo data, three videos were analyzed. For each frame of the video analyzed, three ROIs 

were manually segmented with an accompanying background region of the same size. 

SBR and Contrast were calculated from the mean intensity values of these selected ROIs. 

The IVM was left intact after each imaging session and a resolution target was used to 

measure the magnification of the system. Area was measured in pixels and converted to 

microns using the know pixel size and measured magnification. 

For ex vivo data, the sample was static, therefore the data was a single frame 

rather than a video. Three frames were selected and ROIs were manually segmented. The 

background and noise were measured in the same FOV in areas without clearly defined 
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circular structures. The background did not vary significantly across the FOV; therefore 

an average background intensity value was used for each frame. SBR and Contrast were 

calculated from the mean intensity values of the selected ROIs. Area was measured in 

pixels and converted to microns with the assumption that the width of the capillary tube 

is 100 μm. 

3.1.3.2. Automated Algorithms 

For cell enumeration, the histogram of the green channel was contrast stretched 

for each frame. A user defined ROI was chosen to represent the vessel to be analyzed. 

Morphological opening was performed on the grayscale image to remove small structures 

with area less than a cell. Each remaining connected component was grouped into a 

regional structure and properties such as centroid position and area were tracked.  

Two methods were used to determine cell velocity. ROIs were specified manually 

by the user or distinguished through the previously described algorithm. The i,j position 

of the n
th

 centroid was specified as Pn,f(i,j) where f identifies the frame number. The 

denominator was simply f*t, where t is the inverse of the frame rate in seconds. Velocity 

for consecutive frames was calculated as √(       (   ))  (     (   ))   ⁄ . 

Alternatively, the double slit method was used to measure the velocity of slow 

moving cells [101]. Typically used for analog signals, this method is triggered by the 

leading edge of a signal peak across a line profile. A second line profile is collected a 

distance less than the cell width away and triggered once the leading edge of the cell 

reaches it. In this method displacement is held constant and time varies. Its use is only 

appropriate when the frame to frame displacement is very small, potentially proving 
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useful for identifying adherent or rolling cells.  In such cases image registration becomes 

important and subtle motion artifacts begin to gain significance.  

Smoothing functions were employed for plot profiles to remove background 

fluctuations consistent with methods in in vivo flow cytometry [48].  Plot profiles were 

smoothed by local regression using a weighted linear least square fit with a second degree 

polynomial model.  

3.1.4. In Vivo Imaging of Human Oral Mucosa 

To verify the selection of this imaging site, the cross polarized mode of the IVM 

was used to image the oral mucosa of the lower lip in a healthy normal volunteer 

according under an Institutional Review Board approved protocol. The distal tip of the 

device was brought into gentle contact with the oral mucosa of the lower lip. To assess 

overall background in the vessel, 20 frames were selected from two videos targeting 

different FOVs. From each frame an ROI was chosen within a vessel to represent the 

background. The average normalized pixel value of these ROIs was measured to 

determine the average background level. The standard deviation of these measurements is 

reported as a measure of the background variability.  

3.2. Results 

3.2.1. Ex Vivo Imaging of Mouse Model 

Blood samples from the mouse model were loaded into the thin walled capillary 

tubes pictured in Figure 3.2. The narrow diameter of the capillary tube mimics a small 
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vessel and allows for consistent measurement and scaling for image processing. Both 

biomarkers of interest, proflavine stained cells and hemozoin, were assessed in whole 

blood.   Proflavine stained cells are shown under fluorescent mode (A), where the WBCs 

may be distinguished from the iRBCs by both size and intensity. SBR and Contrast of the 

Figure 3.2– ExVivo Platform Imaging 

 

The ex vivo  platform was used to assess the ability of the device to discern malaria-infected 

blood cells using the two biomarkers of interest.  Proflavine stained cells are shown under 

fluorescent mode (A). Hemozoin becomes visible under Cross Polarization mode (B) and can be 

colocalized with the fluorescence signal (hemozoin false colored red) (C). 
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proflavine data were calculated from measured intensities and plotted against cell area in 

Figure 3.4 for later comparison with in vivo data. The highest SBR and Contrast values 

are seen for larger cells and there is a distinct separation between groups of larger and 

smaller area. 95% of the evaluated cells are above the desired SBR and Contrast values, 

demarcated by horizontal lines in the figure. This is a highly parasitized blood sample, 

10% parasitemia as determined by blood smear analysis, so many small iRBCs appear as 

well as an elevated WBC count.  

Hemozoin becomes visible under cross polarization mode (B), appearing as small 

bright clusters. Merging the two modes from the same FOV (C) shows co-localizations 

between the two signals. Optical parameters such as SBR, SNR, and contrast were 

evaluated for selected ROIs in cross polarized mode as seen in Figure 3.3. Pixel 

Figure 3.3- Ex Vivo Hemozoin Signal

 

Parameters such as signal to background ratio (SBR), signal to noise ratio (SNR), and 

contrast evaluated for several manually selected regions of interest (ROI).  
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concentration varied slightly with changes in working distance. Hemozoin was discerned 

from the surrounding volume by its characteristic twinkling. These intensity fluctuations 

are caused by scattering from the different facets within the crystal changing orientation 

with respect to the imaging system. The SNR for each of these ROIs met the design 

criteria; however the SBR and Contrast fell short in one case (ROI 2).  When on chip 

image enhancement is employed, indicated by the use of gamma to the left of the table, 

hemozoin is more identifiable by eye. The overall signal and background drop as well. 

The size scale of the hemozoin detected is quite small, ranging from 3-12µm
2
. The blood 

volume served to both improve contrast, but also reduce effective working distance, 

allowing only the hemozoin containing cells within the top layer (approximately one cell 

layer thick) to be visualized.  SBR and Contrast values were comparable to that of the 

smaller structures in the fluorescence mode data set.  
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Figure 3.4- Ex Vivo Proflavine Signal 

 

Top: Sample frame of ex vivo proflavine stained Py17XNL infected mouse blood in capillary 

tube sample platform. Bottom: SBR and Contrast measured for selected ROIs in series of 

frames. 



 

 

67 

 

Videos
1
 from this data set were used to develop and test image processing 

algorithms for automated cell detection. In a single frame from a video of moving 

proflavine-stained WBCs in whole blood is shown in Figure 3.5. Using a threshold 

morphological operation, cells were identified and enumerated (A). Once identified, cells 

can be tracked and certain parameters established, such as velocity and mean intensity. A 

combination of intensity and velocity information may be used to discern between 

adherent cells moving in the blood stream in later analysis [97]. An alternative form of 

cell enumeration is line scanning.  A time-domain line profile is accumulated frame by 

frame at set spatial coordinates (B). This illustrates the number of cells passing by a set 

point over time. By spacing these line scans a set distance apart, a triggered gate can be 

created that senses when a cell has traveled entered and then exited a selected region of 

interest in a FOV. Another approach to this technique is an intensity line scan that is 

swept across a single frame (C).  This shows all of the cells at a single time point as peak 

intensities with respect to their position in the frame. Background for each pixel M(i,j) is 

generated as the mean intensity for each pixel over the course of 100 frames. After 

correcting for this, the signal to background ratio increases up to 4 times making 

individual cells, represented as peaks, much more clearly discerned.   

                                                 

 

1
 Videos of ex vivo data were acquired with Jenny Carns. 
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Figure 3.5– Cell Tracking Algorithms 

 

Ex vivo experiments provided a platform for developing cell tracking 

algorithms. Proflavine stained white blood cells are enumerated and tracked as 

they pass through a stationary FOV (A).  An alternative form of analysis is 

line scanning.  Two methods of this technique are illustrated:  a time domain 

line scan accumulated frame by frame at set spatial coordinates (B) and an 

intensity line scan across a single frame from left to right (C).   
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3.2.2. In Vivo Imaging of Mouse Model 

The IVM was used to assess the ability to detect blood cells circulating in the 

superficial vasculature of a mouse model. Proflavine staining of the WBC and iRBCs was 

used to demonstrate this concept in fluorescent mode of the device. First a non-infected 

mouse was imaged to establish in vivo imaging protocols seen in Figure 3.6.  The blood 

vessels in the mouse ear pinna were located under the fluorescence mode scheme by 

placing a removable fluorescent standard (Chroma) behind the imaging site. Blood 

vessels absorbed the transmitted fluorescence, appearing as distinct dark lines in the 

images. The fluorescent slide was then slightly removed to still maintain the vessel 

architecture in the FOV, yet allow enough contrast to distinguish the signal of proflavine-

stained cells (B). This FOV was held stationary for over 10 minutes. A slow moving cell, 

rolling along the vessel edge is tracked over 100 consecutive frames (C). To assess the 

ability of the device to also capture fast moving cells, a larger vessel was monitored (D). 

Cells that passed through the center of the vessel were enumerated (E) and tracked (F).  

Proflavine staining was achieved by i.v. injection. Attempts to deliver proflavine by 

topical delivery to the blood stream were not successful.  

Next, a malaria-infected mouse was observed under the same conditions using the 

IVM, shown in Figure 3.7. A thin capillary was located (A) and many proflavine labeled 

blood cells were seen in fluorescence mode in the same FOV (B). Note, these cells only 

become visible to the eye when image enhancement is used. This represents only a single 

frame, not a compilation of consecutive frames. The intensity profile of single line scan 

over time shows peaks as cells pass (C). It is unclear if these cells are WBCs or iRBCs. 

Given the low SBR of the iRBCs in the ex vivo data, it is likely that the cells seen here  
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are actually WBCs. This is supported the elevated presence of WBCs in the ex vivo 

infected blood sample.  

Figure 3.6– In vivo Imaging of Circulating Cells 

 

The in vivo microscope was used to assess the ability to detect proflavine -

stained blood cells circulating in the superficial vasculature of a mouse model. 

(A-C). The blood vessel was located in scattering mode (A), and fluorescently 

labelled blood cells were seen in fluorescence mode (B). An individual rolling 

cell was tracked over time in a stationary FOV (C). A wider vessel with faster 

moving cells was observed (D) and cells were enumerated (E) and tracked 

through the course of the video (F).  
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Figure 3.7– In Vivo Imaging of Malaria-Infected Cells

 

In vivo microscope images of malaria-infected animal. Scattering 

mode image (A), and single frame from fluoresence mode at same 

FOV (B). Intensity profile of single line scan over time shows 

peaks as cells pass. Frame rate =15fps (C).  
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A similar analysis of SBR and Contrast as that conducted for the ex vivo 

fluorescent data (Figure 3.4) set was performed for the in vivo proflavine stained 

Py17XNL infected mouse blood, shown in Figure 3.8. In contrast to the ex vivo data set, 

only 11% of the selected ROIs carry SBR and Contrast values above the desired values 

set by the design criteria. The average intensity of the ROIs was 19 counts (on an 8-bit 

scale) and the average background intensity was 17 counts. The respective values for the 

ex vivo data were 33 and 20.  This suggests that the dramatic decrease in SBR and 

Contrast are due to a decrease in signal intensity and not an increased background. 

Illumination light penetrated the ear to excite the fluorescent standard for vessel location, 

so it is unlikely that tissue scattering played a role in excitation intensity loss. The 

decrease in signal may be due to decreased staining efficiency. The ex vivo samples were 

mixed in a tube with proflavine dye, however proflavine was injected in the blood stream 

Figure 3.8- In vivo Proflavine Data 

 

Measured SBR and Contrast of manually segmented ROIs from in vivo data set. SBR and 

Contrast velues set by the design criteria are indicated by solid horizontal lines. 



 

 

73 

 

to mix with the cells circulating in vivo allowing for more diffusion of the stain in the 

tissue.   

The cross polarized mode of the IVM was also used to image non-infected mice. 

Figure 3.9 shows some sample images, representing a variety of vessel widths, cell 

velocities, and overall background level. Movement of individual cells is discernible in 

the videos of larger vessels. Because no hemozoin is resent in the non-infected animal, 

the images from this data set were used to evaluate the background and noise associated 

with the mouse ear tissue in cross polarized mode. All of the sample videos shown were 

collected using the on camera gamma function, set to 0.5. 
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For each FOV, an ROI was selected from a vessel that had discernible flowing 

cells in the video. The diameter of the ROI matched the width of the vessel. Mean 

intensity was taken across the ROI to assess the background intensity level and the 

standard deviation of this measurement was used to assess variability and noise across the 

ROI. The average value, maximum, and minimum of these measurements are shown in 

Figure 3.9. In order to achieve the set SBR of 1.22, the signal of the hemozoin must be 

0.52 or greater.  

Data of malaria-infected mice is not shown for cross polarization. Hemozoin  

signal was not detectable by eye in any of the videos using this mode.  

Figure 3.9- In Vivo Cross Polarized Mode 
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3.2.3. Background Data from Human Oral Mucosa 

Selected frames from the in vivo imaging of the labial oral mucosa are shown in 

Figure 3.10. 
2
Forward scattering dominates in tissue; however a significant portion of 

backscatter is expected [102]. This scattering backlights the strong absorption of the 

vessels making them easily visible. Three frames from a video are shown in succession. 

Individual cells may be discerned. As the tissue is brought into greater contact with the 

device, the overall image intensity increases and deeper vessels become visible.  

The average normalized pixel value of these ROIs was 0.5, with a range of 0.38-

0.55. This value represents the background intensity of the vessel, and therefore the 

imaging site. The standard deviation across these ROIs was also measured to assess the 

variability of the background intensity as a measure of the heterogeneity of the tissue.  

The average value of the background intensity standard deviation was 0.01, with a range 

of 0.01-0.07, roughly 3- 18 counts on an 8-bit scale.  How does this fit in to the set design 

criteria? To achieve a SNR of 5, a hemozoin signal of 0.525 would need to be achieved 

with this level of variation (noise) in the signal intensity. To achieve a SBR of 1.22, the 

hemozoin signal would have to be 0.6 with this level of background. 

Though the reported background intensity is higher for the images acquired in 

humans, the overall noise level is much lower than compared with the mouse data under 

                                                 

 

2
 These images were acquired by Jenny Carns. 
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cross polarized mode. This is visually discernible in the homogeneity of the background 

in the oral mucosa as compared with that in the mouse ear pinna in the previous section.  

Figure 3.10- In Vivo Imaging of the Human Oral Mucosa 

 
 

Three frames selected from video of labial oral mucosa taken in cross polarized 

mode. Cells are distinguished and more vessels appear with axial translation. 



 

 

 

 

Chapter 4 

Conclusions 

The overarching objective of this project is to develop a high quality diagnostic 

for malaria that is amenable to low resource settings. The work presented in this thesis is 

a proof-of-concept demonstration of this objective. In this study, a set of design criteria 

was established to guide the development of a diagnostic system that meets this objective.  

As part of this system, an optical system was developed to meet these design criteria, 

characterized, and evaluated with a malaria animal model. Two biomarkers were 

investigated for their utility in discerning malaria-infection in blood. An imaging site was 

identified and assessed for translating the diagnostic system to human in vivo 

investigations. And finally, image analysis algorithms were tested for their ability to 

detect infected cells in vivo. The outcomes of this study and next steps are discussed 

further in this chapter.  
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4.1. Discussion 

4.1.1. Optical System 

An optical system was developed to meet the component level design criteria 

outlined in Chapter 1. This system was thoroughly characterized on the benchtop for two 

modes of operation: fluorescence and cross polarization. The device offers micron 

resolution and significant contrast with a low noise and background. Axial translation of 

the object plane was achieved by using a translatable lens within the system. The device 

meets the criteria for environmental tolerances, power consumption, and space as 

indicated by the design criteria. 

However, the cost of the device exceeds the established threshold from the design 

criteria. The primary source of cost is due to the optics and filters in the system, 

specifically the linear polarizers used in the cross polarized mode. A reduction in cost 

could be reached if less expensive filters are used. The current device also requires 

manual translation of a lens to focus. Note in Figure 2.11 that small changes in the 

position of L4 can cause drastic changes in the working distance and thus the object plane 

can easily go in and out of focus. A tunable liquid lens is an alternative method for lens 

translation [103], [104]. These devices require little power (can be run from a USB port), 

and reduce the incidence of motion artifacts due to mechanical translation, and simplify 

the operation of the device.  
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4.1.2. Biomarkers 

Two biomarkers were assessed for their utility in a malaria diagnostic system. The 

exogenous contrast agent chosen was proflavine dye, an inexpensive, brightly fluorescent 

topical antiseptic which stains nuclei. Fluorescence microscopy of malaria (P. 

falciparum) infected blood smears showed that proflavine was effective in specifically 

staining nucleic material and offered significant contrast between infected and non-

infected red blood cells. When tested ex vivo in Plasmodium infected blood samples, 

proflavine offered significant contrast in the blood environment. In these ex vivo 

experiments the stained iRBCs were clearly discernible from the host WBCs. In a 

chicken embryo model, proflavine was successfully delivered to the blood stream by 

topical application. However, in a mouse malaria model, topical administration of 

proflavine was not achieved. Imaging of proflavine stained cells was still achieved by 

administering the contrast agent by injection. Stained cells were detected, but iRBCs 

were not discernible from WBCs.  

The parasite by-product, hemozoin, was also investigated as a biomarker. 

Hemozoin is found in iRBCs and phagocytic WBCs. It is an endogenous biomarker that 

is only present if malaria infection has occurred. When detected ex vivo in malaria-

infected blood from a mouse model, hemozoin was clearly discernible from the blood 

background. However, when assessed quantitatively, it was shown that the SBR and 

contrast of hemozoin averaged 1.29 and 0.13 respectively .These values are just above 

the values established in the design criteria.  In vivo, any signal loss or increase in 
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background due to tissue interactions may completely negate the response seen ex vivo. 

Indeed hemozoin signal was not detected in vivo in the mouse model. The background 

and noise were measured in the cross polarized data from a non-infected mouse. Here it 

was seen that the average background and noise was 42% and 4% respectively of the 

dynamic range of the camera. When characterized on the benchtop, the system noise 

measured at similar intensity levels was only 1% of the dynamic range (See Figure 2.9). 

Therefore this increase in noise level in vivo is associated with the heterogeneity of the 

tissue. Fluctuations in the background directly correlate to noise and ultimately diminish 

the image quality. 

4.1.3. Imaging Site 

The oral mucosa was selected as an imaging site due to the low scattering 

coefficient associated with non-keratinized mucosal epithelium and to avoid variations 

associated with skin pigmentation. A qualitative analysis of potential imaging sites led to 

the choice of the labial oral mucosa as the best candidate for in vivo investigations in 

humans. Cross polarized imaging using the IVM demonstrated the feasibility of imaging 

this site in a normal volunteer. The background of the cross polarizing images for the 

normal human volunteer showed less heterogeneity than the background of the ear pinna 

in the mouse model. These results were promising and suggest that the imaging 

performance of the device will be better in human subjects than mice.  
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4.1.4. Diagnostic Algorithm 

To fully address the limitations of current malaria diagnostics, an automated 

detection algorithm is desirable to reduce human resources and training necessary for 

operation. Ex vivo experiments provided a platform for developing cell tracking 

algorithms that would later be employed to observe and enumerate infected cells in vivo. 

These cells were enumerated and tracked over a range of vessel widths and cell 

velocities, ensuring that both slow, rolling cells and fast moving cells may be detected. 

As cells traverse a field of view, the signal is divided over more pixels effectively 

diminishing contrast. However, line scan algorithms allow for the detection of temporal 

intensity fluctuations, thus offering a more sensitive detection scheme with the potential 

for implementation in an automated system.  

The low SBR and Contrast values seen in the ex vivo data coupled with the 

increase in noise in vivo may make image analysis difficult to implement. Cells may be 

missed by the algorithm, impacting the cell based FNR in the diagnostic algorithm. 

Ultimately a combination of morphological, intensity, and cell movement data will be 

considered in future diagnostic algorithm development. 

4.1.5. Summary 

The IVM has been demonstrated as a useful tool in detecting malaria infected 

cells in an ex vivo biological background.  The optical performance was assessed and the 
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device met all component level design criteria. Device modifications need to be 

implemented to meet high level criteria design criteria, including ease of use and cost.  

Two biomarkers were demonstrated for their use in detecting malaria infection ex 

vivo. Proflavine, an exogenous stain targeting the iRBCs, was successfully administered 

to the blood stream of a chicken embryo model by topical application. However, in vivo 

in a mouse model topical delivery was not achieved. Additionally, the proflavine signal, 

though seen in vivo, could not be decoupled from stained WBCs.  

Ultimately, an endogenous optical biomarker would be preferable for a 

translatable diagnostic method. Though the in vivo performance of hemozoin as a 

biomarker was not demonstrated, the background and noise levels associated with the 

skin and tissue of the mouse ear is quite significant. Reducing this background by looking 

at an alternative imaging sites, such as the retina, may allow for in vivo detection of 

hemozoin in future experiments.  

Preliminary data of the background of the human oral mucosa when imaged under 

cross polarization was very promising. These results warrant continued investigations of 

this imaging site for consistency across a sample population. 
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4.2. Next Steps 

The next steps in this project will build on the work of this study to establish the 

concept of in vivo detection of infected blood cells for the diagnosis of malaria in 

resource limited settings. Three specific objectives are proposed to further this goal. 

1. Establish the sensitivity and specificity of the concept of in vivo diagnosis for 

malaria using a mouse model.  

To achieve this objective, a quantitative evaluation of detection as a function of 

disease progression in a mouse model will be employed.  The limit of detection, dynamic 

range, and specificity as compared to blood smear analysis will be determined.  The 

number of cells detected as a function of vessel diameter and imaging time will be 

quantified to assess appropriate imaging parameters for human studies.   

2. Evaluate the device in a normal volunteer study. 

Building on the imaging protocol established from the parameters determined in a 

mouse model, a similar assessment will be established in a normal volunteer study.  In 

this assessment the average blood volume as a function of imaging time and vessel 

diameter will be studied as well as a protocol for finding vessels and selecting ROIs. Data 

from this study will compile a data set of background signal for hemozoin detection.  

3. Test the in vivo detection method in a pilot study. 
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In a trial study, a sub group of smear positive, malaria infected subjects will be 

evaluated using the optimized device developed in the normal volunteer study. This trial 

will determine the efficacy of the device under field conditions and establish a limit of 

detection in a small sub population.
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4.3. Final Thoughts 

The overarching objective of this research is to address the limitations of current 

malaria diagnostics by developing a method for in vivo detection. The work presented 

here has set the foundation for this method by exploiting the differences in fluorescence 

and light scattering properties of normal and infected blood to rapidly screen cells as they 

circulate in vivo. Coupled with automated image processing tools, this approach can be 

used to allow a community health worker to make an immediate diagnosis without the 

need for off‐site sample processing. Developing a detection mechanism that increases 

accessibility, while maintaining diagnostic performance, is critical in avoiding the misuse 

of anti-malarial drugs. The successful completion of this project will deliver a detection 

system translatable to low resource settings while establishing a novel concept in 

infectious disease diagnosis. 



 

 

 

86 

 

References 

[1] World Health Organization, “World Malaria Report,” World Health Organization, 

Geneva, Switzerland, 2012. 

[2] S. D. Fernando, C. Rodrigo, and S. Rajapakse, “The ‘hidden’ burden of malaria: 

cognitive impairment following infection.,” Malar. J., vol. 9, no. 1, p. 366, Jan. 

2010. 

[3] A. Alemu, Y. Shiferaw, Z. Addis, B. Mathewos, and W. Birhan, “Effect of malaria 

on HIV/AIDS transmission and progression.,” Parasit. Vectors, vol. 6, no. 1, p. 18, 

Jan. 2013. 

[4] J. Sachs and P. Malaney, “The economic and social burden of malaria.,” Nature, 

vol. 415, no. 6872, pp. 680–5, Mar. 2002. 

[5] M. Purdy, M. Robinson, K. Wei, and D. Rublin, “The economic case for 

combating malaria.,” Am. J. Trop. Med. Hyg., vol. 89, no. 5, pp. 819–23, Nov. 

2013. 

[6] NIH, “Lifecycle of Malaria,” NIAID Health and Research Topics, 2012. [Online]. 

Available: http://www.niaid.nih.gov/topics/malaria/pages/lifecycle.aspx. 

[7] Y. Park, M. Diez-Silva, G. Popescu, G. Lykotrafitis, W. Choi, M. S. Feld, and S. 

Suresh, “Refractive index maps and membrane dynamics of human red blood cells 

parasitized by Plasmodium falciparum.,” Proc. Natl. Acad. Sci. U. S. A., vol. 105, 

no. 37, pp. 13730–5, Sep. 2008. 

[8] L. Bannister and G. Mitchell, “The ins, outs and roundabouts of malaria,” Trends 

Parasitol., vol. 19, no. 5, pp. 209–213, May 2003. 

[9] M. Ho, M. J. Hickey, a G. Murray, G. Andonegui, and P. Kubes, “Visualization of 

Plasmodium falciparum-endothelium interactions in human microvasculature: 

mimicry of leukocyte recruitment.,” J. Exp. Med., vol. 192, no. 8, pp. 1205–11, 

Oct. 2000. 

[10] Y.-T. Shiu and L. V. McIntire, “In Vitro Studies of Erythrocyte–Vascular 

Endothelium Interactions,” Ann. Biomed. Eng., vol. 31, no. 11, pp. 1299–1313, 

Dec. 2003. 



 

 

 

87 

 

[11] J. A. Rowe, A. Claessens, R. a Corrigan, and M. Arman, “Adhesion of 

Plasmodium falciparum-infected erythrocytes to human cells: molecular 

mechanisms and therapeutic implications.,” Expert Rev. Mol. Med., vol. 11, no. 

May, p. e16, Jan. 2009. 

[12] H. C. van der Heyde, J. Nolan, V. Combes, I. Gramaglia, and G. E. Grau, “A 

unified hypothesis for the genesis of cerebral malaria: sequestration, inflammation 

and hemostasis leading to microcirculatory dysfunction.,” Trends Parasitol., vol. 

22, no. 11, pp. 503–8, Nov. 2006. 

[13] R. Idro, K. Marsh, C. C. John, and C. R. J. Newton, “Europe PMC Funders Group 

Cerebral Malaria ; Mechanisms Of Brain Injury And Strategies For Improved 

Neuro-Cognitive Outcome,” vol. 68, no. 4, pp. 267–274, 2011. 

[14] N. a V Beare, T. E. Taylor, S. P. Harding, S. Lewallen, and M. E. Molyneux, 

“Malarial retinopathy: a newly established diagnostic sign in severe malaria.,” Am. 

J. Trop. Med. Hyg., vol. 75, no. 5, pp. 790–7, Nov. 2006. 

[15] D. K. Kochar, A. Das, S. K. Kochar, V. Saxena, P. Sirohi, S. Garg, A. Kochar, M. 

P. Khatri, and V. Gupta, “Severe Plasmodium vivax malaria: a report on serial 

cases from Bikaner in northwestern India.,” Am. J. Trop. Med. Hyg., vol. 80, no. 2, 

pp. 194–8, Feb. 2009. 

[16] B. O. Carvalho, S. C. P. Lopes, P. a Nogueira, P. P. Orlandi, D. Y. Bargieri, Y. C. 

Blanco, R. Mamoni, J. a Leite, M. M. Rodrigues, I. S. Soares, T. R. Oliveira, G. 

Wunderlich, M. V. G. Lacerda, H. a del Portillo, M. O. G. Araújo, B. Russell, R. 

Suwanarusk, G. Snounou, L. Rénia, and F. T. M. Costa, “On the cytoadhesion of 

Plasmodium vivax-infected erythrocytes.,” J. Infect. Dis., vol. 202, no. 4, pp. 638–

47, Aug. 2010. 

[17] W. H. Organization, Guidelines for the treatment of malaria, Second edi. Geneva, 

Switzerland: WHO Library Cataloguing, 2010. 

[18] K. E. Lyke, D. a Diallo, A. Dicko, A. Kone, D. Coulibaly, A. Guindo, Y. Cissoko, 

L. Sangare, S. Coulibaly, B. Dakouo, T. E. Taylor, O. K. Doumbo, and C. V 

Plowe, “Association of intraleukocytic Plasmodium falciparum malaria pigment 

with disease severity, clinical manifestations, and prognosis in severe malaria.,” 

Am. J. Trop. Med. Hyg., vol. 69, no. 3, pp. 253–9, Sep. 2003. 

[19] a M. Dondorp, C. Ince, P. Charunwatthana, J. Hanson, a van Kuijen, M. a Faiz, M. 

R. Rahman, M. Hasan, E. Bin Yunus, a Ghose, R. Ruangveerayut, D. 

Limmathurotsakul, K. Mathura, N. J. White, and N. P. J. Day, “Direct in vivo 



 

 

 

88 

 

assessment of microcirculatory dysfunction in severe falciparum malaria.,” J. 

Infect. Dis., vol. 197, no. 1, pp. 79–84, Jan. 2008. 

[20] L. Serghides, S. N. Patel, K. Ayi, and K. C. Kain, “Placental chondroitin sulfate A-

binding malarial isolates evade innate phagocytic clearance.,” J. Infect. Dis., vol. 

194, no. 1, pp. 133–9, Jul. 2006. 

[21] M. Fried and P. E. Duffy, “Adherence of Plasmodium falciparum to Chondroitin 

Sulfate A in the Human Placenta,” Sci. , vol. 272 , no. 5267 , pp. 1502–1504, Jun. 

1996. 

[22] C. Menendez, J. Ordi, M. R. Ismail, P. J. Ventura, J. J. Aponte, E. Kahigwa, F. 

Font, and P. L. Alonso, “The impact of placental malaria on gestational age and 

birth weight.,” J. Infect. Dis., vol. 181, no. 5, pp. 1740–5, May 2000. 

[23] L. Kalilani-Phiri, P. C. Thesing, O. M. Nyirenda, P. Mawindo, M. Madanitsa, G. 

Membe, B. Wylie, A. Masonbrink, K. Makwakwa, S. Kamiza, A. Muehlenbachs, 

T. E. Taylor, and M. K. Laufer, “Timing of Malaria Infection during Pregnancy 

Has Characteristic Maternal, Infant and Placental Outcomes.,” PLoS One, vol. 8, 

no. 9, p. e74643, Jan. 2013. 

[24] C. R. S. Garcia, R. P. Markus, and L. Madeira, “Tertian and Quartan Fevers: 

Temporal Regulation in Malarial Infection,” J. Biol. Rhythms, vol. 16, no. 5, pp. 

436–443, 2001. 

[25] M. Rafael, T. Taylor, A. Magill, Y. Lim, F. Girosi, and R. Allan, “Reducing the 

burden of childhood malaria in Africa: the role of improved,” Nature, 2006. 

[26] L. Barat, J. Chipipa, M. Kolczak, and T. Sukwa, “Does the availability of blood 

slide microscopy for malaria at health centers improve the management of persons 

with fever in Zambia?,” Am. J. Trop. Med. Hyg., vol. 60, no. 6, pp. 1024–30, Jun. 

1999. 

[27] E. Kokoskin, The Malaria Manual. Montreal, Quebec, 2001. 

[28] C. Ohrt, W. P. O’Meara, S. Remich, P. McEvoy, B. Ogutu, R. Mtalib, and J. S. 

Odera, “Pilot assessment of the sensitivity of the malaria thin film.,” Malar. J., vol. 

7, p. 22, Jan. 2008. 

[29] V. Soyseng, K. Thimasarn, and J. Sattabongkot, “COMPARISON OF FIELD 

AND EXPERT LABORATORY MICROSCOPY FOR ACTIVE 



 

 

 

89 

 

SURVEILLANCE FOR ASYMPTOMATIC PLASMODIUM FALCIPARUM,” 

Am. J. Trop. Med. Hyg., vol. 67, no. June 1999, pp. 141–144, 2002. 

[30] W. P. O’Meara, F. E. McKenzie, A. J. Magill, J. R. Forney, B. Permpanich, C. 

Lucas, R. a Gasser, and C. Wongsrichanalai, “Sources of variability in determining 

malaria parasite density by microscopy.,” Am. J. Trop. Med. Hyg., vol. 73, no. 3, 

pp. 593–8, Sep. 2005. 

[31] Y. Lubell, H. Reyburn, H. Mbakilwa, R. Mwangi, K. Chonya, C. J. M. Whitty, and 

A. Mills, “The cost-effectiveness of parasitologic diagnosis for malaria-suspected 

patients in an era of combination therapy.,” Am. J. Trop. Med. Hyg., vol. 77, no. 6 

Suppl, pp. 128–32, Dec. 2007. 

[32] L. Gonçalves, A. Subtil, M. R. de Oliveira, V. do Rosário, P.-W. Lee, and M.-F. 

Shaio, “Bayesian Latent Class Models in malaria diagnosis.,” PLoS One, vol. 7, 

no. 7, p. e40633, Jan. 2012. 

[33] J. N. Waitumbi, J. Gerlach, I. Afonina, S. B. Anyona, J. N. Koros, J. Siangla, I. 

Ankoudinova, M. Singhal, K. Watts, M. E. Polhemus, N. M. Vermeulen, W. 

Mahoney, M. Steele, and G. J. Domingo, “Malaria prevalence defined by 

microscopy, antigen detection, DNA amplification and total nucleic acid 

amplification in a malaria-endemic region during the peak malaria transmission 

season.,” Trop. Med. Int. Health, vol. 16, no. 7, pp. 786–93, Jul. 2011. 

[34] W. Stauffer and C. Cartwright, “Superior Diagnostic Performance of Malaria Tests 

as compared to Blood Smears in U.S. Clinical Practice,” Clin Infect Dis, vol. 49, 

no. 6, pp. 908–913, 2009. 

[35] H. Lemma, M. San Sebastian, C. Löfgren, and G. Barnabas, “Cost-effectiveness of 

three malaria treatment strategies in rural Tigray, Ethiopia where both Plasmodium 

falciparum and Plasmodium vivax co-dominate.,” Cost Eff. Resour. Alloc., vol. 9, 

no. 1, p. 2, Jan. 2011. 

[36] “Malaria Rapid Diagnostic Test Performance: Results of WHO product testing of 

malaria RDTs: Round 4,” Geneva, Switzerland, 2012. 

[37] B. B. Andrade, A. Reis-Filho, A. M. Barros, S. M. Souza-Neto, L. L. Nogueira, K. 

F. Fukutani, E. P. Camargo, L. M. a Camargo, A. Barral, A. Duarte, and M. 

Barral-Netto, “Towards a precise test for malaria diagnosis in the Brazilian 

Amazon: comparison among field microscopy, a rapid diagnostic test, nested PCR, 

and a computational expert system based on artificial neural networks.,” Malar. J., 

vol. 9, p. 117, Jan. 2010. 



 

 

 

90 

 

[38] A.-M. Rantala, S. M. Taylor, P. a Trottman, M. Luntamo, B. Mbewe, K. Maleta, 

T. Kulmala, P. Ashorn, and S. R. Meshnick, “Comparison of real-time PCR and 

microscopy for malaria parasite detection in Malawian pregnant women.,” Malar. 

J., vol. 9, no. 1, p. 269, Jan. 2010. 

[39] M. Mayxay, S. Pukrittayakamee, K. Chotivanich, S. Looareesuwan, and N. J. 

White, “Persistence of Plasmodium falciparum HRP-2 in successfully treated acute 

falciparum malaria,” Trans. R. Soc. Trop. Med. Hyg. , vol. 95 , no. 2 , pp. 179–182, 

Mar. 2001. 

[40] G. Snounou, S. Viriyakosola, X. P. Zhua, W. Jarraa, V. E. Rosariob, S. 

Thaithongc, and K. N. Browna, “High sensitivity of detection of human malaria 

parasites by the use of nested polymerase chain reaction higher sensitivity of 

detection of these four Plasmodium,” vol. 61, pp. 315–320, 1993. 

[41] K. A. Baltzell, D. Shakely, M. Hsiang, J. Kemere, A. S. Ali, A. Björkman, A. 

Mårtensson, R. Omar, K. Elfving, M. Msellem, B. Aydin-Schmidt, P. J. Rosenthal, 

and B. Greenhouse, “Prevalence of PCR Detectable Malaria Infection among 

Febrile Patients with a Negative Plasmodium falciparum Specific Rapid 

Diagnostic Test in Zanzibar,” Am. J. Trop. Med. Hyg. , Dec. 2012. 

[42] S. Kersting, V. Rausch, F. F. Bier, and M. von Nickisch-Rosenegk, “Rapid 

detection of Plasmodium falciparum with isothermal recombinase polymerase 

amplification and lateral flow analysis.,” Malar. J., vol. 13, no. 1, p. 99, Jan. 2014. 

[43] M. D. Menger and H.-A. Lehr, “Scope and perspectives of intravital microscopy - 

bridge over from in vitro to in vivo,” Immunol. Today, vol. 14, no. 11, pp. 519–

522, Nov. 1993. 

[44] C. Li, R. K. Pastila, C. Pitsillides, J. M. Runnels, M. Puoris’haag, D. Côté, and C. 

P. Lin, “Imaging leukocyte trafficking in vivo with two-photon-excited 

endogenous tryptophan fluorescence.,” Opt. Express, vol. 18, no. 2, pp. 988–99, 

Jan. 2010. 

[45] K. Choe, Y. Hwang, H. Seo, and P. Kim, “In vivo high spatiotemporal resolution 

visualization of circulating T lymphocytes in high endothelial venules of lymph 

nodes.,” J. Biomed. Opt., vol. 18, no. 3, p. 036005, Mar. 2013. 

[46] R. P. J. Barretto, T. H. Ko, J. C. Jung, T. J. Wang, G. Capps, A. C. Waters, Y. Ziv, 

A. Attardo, L. Recht, and M. J. Schnitzer, “Time-lapse imaging of disease 

progression in deep brain areas using fluorescence microendoscopy.,” Nat. Med., 

vol. 17, no. 2, pp. 223–8, Feb. 2011. 



 

 

 

91 

 

[47] K. K. Ghosh, L. D. Burns, E. D. Cocker, A. Nimmerjahn, Y. Ziv, A. El Gamal, 

and M. J. Schnitzer, “miniaturized integration of a fluorescence microscope,” vol. 

8, no. 10, 2011. 

[48] J. Novak, I. Georgakoudi, X. Wei, a Prossin, and C. P. Lin, “In vivo flow 

cytometer for real-time detection and quantification of circulating cells.,” Opt. 

Lett., vol. 29, no. 1, pp. 77–9, Jan. 2004. 

[49] S. Boutrus, C. Greiner, D. Hwu, M. Chan, C. Kuperwasser, C. P. Lin, and I. 

Georgakoudi, “Portable two-color in vivo flow cytometer for real-time detection of 

fluorescently-labeled circulating cells.,” J. Biomed. Opt., vol. 12, no. 2, p. 020507, 

2011. 

[50] I. Veilleux and J. Spencer, “In vivo cell tracking with video rate multimodality 

laser scanning microscopy,” … Top. …, vol. 14, no. 1, pp. 10–18, 2008. 

[51] S. M. Choi, W. H. Kim, D. Côté, C.-W. Park, and H. Lee, “Blood cell assisted in 

vivo Particle Image Velocimetry using the confocal laser scanning microscope.,” 

Opt. Express, vol. 19, no. 5, pp. 4357–68, Feb. 2011. 

[52] D. K. Kaul, M. E. Fabry, F. Costantini, E. M. Rubin, and R. L. Nagel, “In vivo 

demonstration of red cell-endothelial interaction, sickling and altered 

microvascular response to oxygen in the sickle transgenic mouse.,” J. Clin. Invest., 

vol. 96, no. 6, pp. 2845–53, Dec. 1995. 

[53] P. S. Frenette, “Sickle Cell Vasoocclusion: Heterotypic, Multicellular 

Aggregations Driven by Leukocyte Adhesion,” Microcirculation, vol. 11, no. 2, 

pp. 167–177, Jan. 2004. 

[54] D. K. Kaul, X. D. Liu, R. L. Nagel, and H. L. Shear, “Microvascular 

hemodynamics and in vivo evidence for the role of intercellular adhesion 

molecule-1 in the sequestration of infected red blood cells in a mouse model of 

lethal malaria.,” Am. J. Trop. Med. Hyg., vol. 58, no. 2, pp. 240–7, Feb. 1998. 

[55] F. Paize, R. Sarginson, N. Makwana, P. B. Baines, A. P. J. Thomson, I. Sinha, C. 

A. Hart, A. Riordan, K. C. Hawkins, E. D. Carrol, and C. M. Parry, “Changes in 

the sublingual microcirculation and endothelial adhesion molecules during the 

course of severe meningococcal disease treated in the paediatric intensive care 

unit.,” Intensive Care Med., vol. 38, no. 5, pp. 863–71, May 2012. 



 

 

 

92 

 

[56] R. G. C. H. BROWNING and L. H. D. THORNTON., “THE ANTISEPTIC 

PROPERTIES OF ACRIFLAVINE AND PROFLAVINE, AND BRILLIANT 

GREEN,” Br. Med. J., vol. 2, no. 2951, pp. 70–75, 1917. 

[57] N. Geacintov, J. Waldmeyer, V. Kuzmin, and T. Kolubayev, “Dynamics of the 

Binding of Acridine Dyes to DNA Investigated by Triplet Excited State Probe 

Techniques,” J. Phys. Chem., no. 19, pp. 3608–3613, 1981. 

[58] W. H. Melhuish, “Measurement of Quantum Efficiencies of Flourescence and 

Phosphorescence and Some Suggested Luminescence Standards,” J. Opt. Soc. 

Am., vol. 54, no. 2, p. 183, 1964. 

[59] “Vital-dye enhanced fluorescence imaging of gastrointestinal mucosa.” 

[60] M. C. Pierce, R. a Schwarz, V. S. Bhattar, S. Mondrik, M. D. Williams, J. J. Lee, 

R. Richards-Kortum, and A. M. Gillenwater, “Accuracy of in vivo multimodal 

optical imaging for detection of oral neoplasia.,” Cancer Prev. Res. (Phila)., vol. 5, 

no. 6, pp. 801–9, Jun. 2012. 

[61] G. T. Shute and T. M. Sodeman, “Identification of malaria parasites by 

fluorescence microscopy and acridine orange staining.,” Bull. World Health 

Organ., vol. 48, no. 5, pp. 591–6, May 1973. 

[62] J. P. Kreier, Parasitic Protozoa: Babesia and Plasmodia. Elsevier Science, 1993. 

[63] V. L. Lew, T. Tiffert, and H. Ginsburg, “Excess hemoglobin digestion and the 

osmotic stability of Plasmodium falciparum – infected red blood cells,” vol. 101, 

no. 10, pp. 4189–4194, 2003. 

[64] Y. Park, M. Diez-Silva, D. Fu, G. Popescu, W. Choi, I. Barman, S. Suresh, and M. 

S. Feld, “Static and dynamic light scattering of healthy and malaria-parasite 

invaded red blood cells.,” J. Biomed. Opt., vol. 15, no. 2, p. 020506, 2011. 

[65] C. Coban, M. Yagi, K. Ohata, Y. Igari, T. Tsukui, T. Horii, K. J. Ishii, and S. 

Akira, “The malarial metabolite hemozoin and its potential use as a vaccine 

adjuvant.,” Allergol. Int., vol. 59, no. 2, pp. 115–24, Jun. 2010. 

[66] B. K. Wilson, M. R. Behrend, M. P. Horning, and M. C. Hegg, “Detection of 

malarial byproduct hemozoin utilizing its unique scattering properties.,” Opt. 

Express, vol. 19, no. 13, pp. 12190–6, Jun. 2011. 



 

 

 

93 

 

[67] G. S. Noland, N. Briones, and D. J. Sullivan, “The shape and size of hemozoin 

crystals distinguishes diverse Plasmodium species,” Mol. Biochem. Parasitol., vol. 

130, no. 2, pp. 91–99, Aug. 2003. 

[68] R. Grande and C. Boschetti, “Intracytoplasmic hemozoin (malarial pigment) in a 

case of severe, aparasitemic Plasmodium falciparum malaria.,” Am. J. Trop. Med. 

Hyg., vol. 84, no. 4, p. 509, Apr. 2011. 

[69] O. K. Amodu, A. A. Adeyemo, P. E. Olumese, and R. A. Gbadegesin, 

“Intraleucocytic malaria pigment and clinical severity of malaria in children,” 

Trans. R. Soc. Trop. Med. Hyg., vol. 92, no. 1, pp. 54–56, Jan. 1998. 

[70] T. Hänscheid, T. J. Egan, and M. P. Grobusch, “Haemozoin: from melatonin 

pigment to drug target, diagnostic tool, and immune modulator.,” Lancet Infect. 

Dis., vol. 7, no. 10, pp. 675–85, Oct. 2007. 

[71] G. Dorsey, A. F. Gasasira, R. Machekano, M. R. Kamya, S. G. Staedke, and A. 

Hubbard, “THE IMPACT OF AGE , TEMPERATURE , AND PARASITE 

DENSITY ON TREATMENT OUTCOMES FROM ANTIMALARIAL 

CLINICAL TRIALS IN KAMPALA , UGANDA,” vol. 71, no. 5, pp. 531–536, 

2004. 

[72] A. Roca-Feltrer, I. Carneiro, L. Smith, J. R. A. Schellenberg, B. Greenwood, and 

D. Schellenberg, “The age patterns of severe malaria syndromes in sub-Saharan 

Africa across a range of transmission intensities and seasonality settings.,” Malar. 

J., vol. 9, no. 1, p. 282, Jan. 2010. 

[73] WHO, RBM, UNICEF, UNAIDS, PSI, and MSH, Sources and prices of selected 

products for the prevention, diagnosis and treatment of malaria, no. September. 

Geneva, Switzerland: World Health Organization, 2004. 

[74] Z. Wang, C. E. Glazowski, and J. M. Zavislan, “Modulation transfer function 

measurement of scanning reflectance microscopes.,” J. Biomed. Opt., vol. 12, no. 

5, p. 051802, 2014. 

[75] I. a. Cunningham and R. Shaw, “Signal-to-noise optimization of medical imaging 

systems,” J. Opt. Soc. Am. A, vol. 16, no. 3, p. 621, 1999. 

[76] C. J. Engelbrecht, W. Göbel, and F. Helmchen, “Enhanced fluorescence signal in 

nonlinear microscopy through supplementary fiber-optic light collection.,” Opt. 

Express, vol. 17, no. 8, pp. 6421–35, Apr. 2009. 



 

 

 

94 

 

[77] J. P. Zinter and M. J. Levene, “Maximizing fluorescence collection efficiency in 

multiphoton microscopy.,” Opt. Express, vol. 19, no. 16, pp. 15348–62, Aug. 

2011. 

[78] J. Pawley, Handbook of Biological Confocal Microscopy, 3rd ed. 2006. 

[79] C. Li, R. K. Pastila, C. Pitsillides, J. M. Runnels, M. Puoris’haag, D. Côté, and C. 

P. Lin, “Imaging leukocyte trafficking in vivo with two-photon-excited 

endogenous tryptophan fluorescence.,” Opt. Express, vol. 18, no. 2, pp. 988–99, 

Jan. 2010. 

[80] B. Larson, S. Abeytunge, and M. Rajadhyaksha, “Performance of full-pupil line-

scanning reflectance confocal microscopy in human skin and oral mucosa in 

vivo.,” Biomed. Opt. Express, vol. 2, no. 7, pp. 2055–67, Jul. 2011. 

[81] M. Stucker, V. Baier, T. Reuther, K. Hoffman, K. Kellam, and P. Altmeyer, 

“Capillary Blood Cell Velocity in Human Skin Capillaries Located 

Perpendicularly to the Skin Surface,” Microvasc. Res., pp. 188–192, 1996. 

[82] I. Lindgren, D. C. Ii, E. Villamor, J. Altimiras, B. Zoer, A. L. Cogolludo, F. Perez-

vizcaino, J. G. R. De Mey, C. E. Blanco, A. J. Physiol, R. Integr, C. Physiol, P. 

Ågren, C. G. A. Kessels, F. Pérez-vizcaíno, J. G. R. De, K. Ruijtenbeek, and R. J. 

Van Suylen, “The Chicken Embryo in Developmental Physiology of the 

Cardiovascular System: A Traditional Model with New Possibilities,” pp. 10–13, 

2012. 

[83] T. N. Ford, D. Lim, and J. Mertz, “Fast optically sectioned fluorescence HiLo 

endomicroscopy.,” J. Biomed. Opt., vol. 17, no. 2, p. 021105, Feb. 2012. 

[84] A. L. Carlson, L. G. Coghlan, A. M. Gillenwater, and R. R. Richards-Kortum, 

“Dual-mode reflectance and fluorescence near-video-rate confocal microscope for 

architectural, morphological and molecular imaging of tissue.,” J. Microsc., vol. 

228, no. Pt 1, pp. 11–24, Oct. 2007. 

[85] J. Y. Bogue, “THE HEART RATE OF THE DEVELOPING CHICK,” J Exp Biol, 

1932. 

[86] T. Campbell, Avian hematology and cytology, 2nd ed. Blackwell Publishing, 1995. 

[87] V. Sankaran, J. T. Walsh, and D. J. Maitland, “Comparative study of polarized 

light propagation in biologic tissues.,” J. Biomed. Opt., vol. 7, no. 3, pp. 300–6, 

Jul. 2002. 



 

 

 

95 

 

[88] T. J. Muldoon, M. C. Pierce, D. L. Nida, M. D. Williams, A. Gillenwater, and R. 

Richards-Kortum, “Subcellular-resolution molecular imaging within living tissue 

by fiber microendoscopy.,” Opt. Express, vol. 15, no. 25, pp. 16413–23, Dec. 

2007. 

[89] P. M. Vila, C. W. Park, M. C. Pierce, G. H. Goldstein, L. Levy, V. V Gurudutt, A. 

D. Polydorides, J. H. Godbold, M. S. Teng, E. M. Genden, B. A. Miles, S. 

Anandasabapathy, A. M. Gillenwater, R. Richards-, and A. G. Sikora, “Page 1 of 

21 Discrimination of Benign and Neoplastic Mucosa with a High-‐Resolution 

Microendoscope (HRME) in Head and Neck Cancer,” pp. 1–21. 

[90] M. C. Pierce, Y. Guan, M. K. Quinn, X. Zhang, W.-H. Zhang, Y.-L. Qiao, P. 

Castle, and R. Richards-Kortum, “A pilot study of low-cost, high-resolution 

microendoscopy as a tool for identifying women with cervical precancer.,” Cancer 

Prev. Res. (Phila)., vol. 5, no. 11, pp. 1273–9, Nov. 2012. 

[91] M. H. Koucky and M. C. Pierce, “Axial response of high-resolution 

microendoscopy in scattering media.,” Biomed. Opt. Express, vol. 4, no. 10, pp. 

2247–56, Jan. 2013. 

[92] a. T. W. Cheung, “Microvascular abnormalities in sickle cell disease: a computer-

assisted intravital microscopy study,” Blood, vol. 99, no. 11, pp. 3999–4005, May 

2002. 

[93] M. Rajadhyaksha, R. R. Anderson, and R. H. Webb, “Video-rate confocal 

scanning laser microscope for imaging human tissues in vivo.,” Appl. Opt., vol. 38, 

no. 10, pp. 2105–15, Apr. 1999. 

[94] L. Golan, D. Yeheskely-Hayon, L. Minai, E. J. Dann, and D. Yelin, “Noninvasive 

imaging of flowing blood cells using label-free spectrally encoded flow 

cytometry.,” Biomed. Opt. Express, vol. 3, no. 6, pp. 1455–64, Jun. 2012. 

[95] G. Scardina and P. Messina, “Study of the microcirculation of oral mucosa in 

healthy subjects.,” Ital. J. Anat. …, 2003. 

[96] G. A. Scardina, S. Giuseppe Alessandro, A. Cacioppo, C. Antonino, and P. 

Messina, “Anatomical evaluation of oral microcirculation: capillary characteristics 

associated with sex or age group.,” Ann. Anat., vol. 191, no. 4, pp. 371–8, Oct. 

2009. 



 

 

 

96 

 

[97] Z. Zhong, H. Song, T. Y. P. Chui, B. L. Petrig, and S. a Burns, “Noninvasive 

measurements and analysis of blood velocity profiles in human retinal vessels.,” 

Invest. Ophthalmol. Vis. Sci., vol. 52, no. 7, pp. 4151–7, Jun. 2011. 

[98] J. M. Carlton, S. V Angiuoli, B. B. Suh, T. W. Kooij, M. Pertea, J. C. Silva, M. D. 

Ermolaeva, J. E. Allen, J. D. Selengut, H. L. Koo, J. D. Peterson, M. Pop, D. S. 

Kosack, M. F. Shumway, S. L. Bidwell, S. J. Shallom, S. E. van Aken, S. B. 

Riedmuller, T. V Feldblyum, J. K. Cho, J. Quackenbush, M. Sedegah, A. Shoaibi, 

L. M. Cummings, L. Florens, J. R. Yates, J. D. Raine, R. E. Sinden, M. a Harris, 

D. a Cunningham, P. R. Preiser, L. W. Bergman, A. B. Vaidya, L. H. van Lin, C. J. 

Janse, A. P. Waters, H. O. Smith, O. R. White, S. L. Salzberg, J. C. Venter, C. M. 

Fraser, S. L. Hoffman, M. J. Gardner, and D. J. Carucci, “Genome sequence and 

comparative analysis of the model rodent malaria parasite Plasmodium yoelii 

yoelii.,” Nature, vol. 419, no. 6906, pp. 512–9, Oct. 2002. 

[99] C. Ma, P. Harrison, L. Wang, and R. L. Coppel, “Automated estimation of 

parasitaemia of Plasmodium yoelii-infected mice by digital image analysis of 

Giemsa-stained thin blood smears.,” Malar. J., vol. 9, no. 1, p. 348, Jan. 2010. 

[100] J. Kopacz and N. Kumar, “Murine γ δ T Lymphocytes Elicited during Plasmodium 

yoelii Infection Respond to Plasmodium Heat Shock Proteins These include : 

Murine ␥␥ T Lymphocytes Elicited during Plasmodium yoelii Infection Respond 

to Plasmodium Heat Shock Proteins,” Infect. Immun., vol. 67, no. 1, 1999. 

[101] H. Wayland and P. C. Johnson, “Erythrocyte velocity measurement in 

microvessels by a two-slit photometric method.,” J. Appl. Physiol., vol. 22, no. 2, 

pp. 333–7, Feb. 1967. 

[102] R. Drezek, a Dunn, and R. Richards-Kortum, “Light scattering from cells: finite-

difference time-domain simulations and goniometric measurements.,” Appl. Opt., 

vol. 38, no. 16, pp. 3651–61, Jun. 1999. 

[103] K.-H. Jeong, G. Liu, N. Chronis, and L. Lee, “Tunable microdoublet lens array.,” 

Opt. Express, vol. 12, no. 11, pp. 2494–500, May 2004. 

[104] B. H. W. Hendriks, S. Kuiper, M. a. J. As, C. a. Renders, and T. W. Tukker, 

“Electrowetting-Based Variable-Focus Lens for Miniature Systems,” Opt. Rev., 

vol. 12, no. 3, pp. 255–259, May 2005. 

[105] A. Moody, “Rapid diagnostic tests for malaria parasites,” Clin. Microbiol. Rev., 

vol. 15, no. 1, pp. 66–78, 2002. 



 

 

 

97 

 

[106] T. Hänscheid, B. G. Pinto, I. Pereira, J. M. Cristino, and E. Valadas, “Avoiding 

misdiagnosis of malaria: a novel automated method allows specific diagnosis, even 

in the absence of clinical suspicion.,” Emerg. Infect. Dis., vol. 5, no. 6, pp. 836–8, 

1999. 

[107] “Sample and Assay Technologies,” 2017. [Online]. Available: 

http://www.qiagen.com/. 

[108] H. Rodulfo, M. De Donato, R. Mora, L. González, and C. E. Contreras, 

“Comparison of the diagnosis of malaria by microscopy, immunochromatography 

and PCR in endemic areas of Venezuela.,” Braz. J. Med. Biol. Res., vol. 40, no. 4, 

pp. 535–43, Apr. 2007.  

 


	Committee Signatures
	2014_Burnett_MS_defended

