


 
 

ABSTRACT 

In vivo microscopy for the rapid, needle-free diagnosis of malaria and 

other blood-borne illnesses 

by 

Jennifer Lynn Burnett 

 

Malaria is a serious parasitic infection causing intermittent fever and chills. 

In resource-limited regions, young children infected with malaria have high 

mortality; therefore, children with flu-like symptoms are often presumptively 

treated with anti-malarial drugs. This practice can prematurely deplete drug 

resources and ultimately increase the potential for drug resistance. Current malaria 

diagnostic tests rely on fingerprick blood samples, requiring consumables that 

increase per-test costs. There is a clear need for a rapid malaria diagnostic test 

amenable to the point-of-care. 

This thesis describes a needle-free method to diagnose malaria. A portable 

microscope system was designed and constructed to image blood cells circulating 

through the microvasculature in vivo. Malaria-infected cells were detected using the 

endogenous malaria biomarker hemozoin. This approach was assessed in 

increasingly complex biological environments, demonstrating the ability to detect P. 

yoelii infection in vivo in a mouse model of malaria over a clinically relevant range of 

parasitemia. An automated image processing algorithm was developed to rapidly 

identify and quantify circulating hemozoin particles circulating in vivo. The 

diagnostic performance of the automated algorithm was comparable to manual 

detection, with accuracy of 89% using blood smear microscopy as the gold standard. 

Next, an algorithm was developed to classify infected-red blood cells from 

hemozoin-containing white blood cells which persist after infection has resolved. 



 
 

Discrimination using hemozoin signal features measured in vitro yielded an 

algorithm with an area under the receiver operating characteristic curve of 0.92 and 

0.93 for P. yoelii and P. falciparum respectively. This algorithm successfully 

discriminated between active and recent malaria infections in vivo in an animal 

model, furthering the diagnostic accuracy of this approach.  

Additionally, in vivo microscopy was evaluated with optical tissue phantoms 

for the ability to detect other blood-related diseases, specifically microfilarial 

infections and anemia. Microfilariae were detected over a clinically relevant 

dynamic range with a positive linear correlation with blood smear microscopy. 

Hemoglobin absorbance measured by in vivo microscopy yielded hemoglobin 

concentrations within ±1.5 g/dL, using a point-of-care device as the gold standard.  

Collectively these results demonstrate the potential for a robust diagnostic 

platform for blood-borne parasitic infections and anemia amenable to the point-of-

care.  
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Chapter 1 

Introduction 

1.1. Objective and Specific Aims 

The objective of this research is to develop a needle-free method to diagnose 

malaria, anemia, and microfilarial diseases using in vivo microscopy, and evaluate its 

diagnostic potential in increasingly complex biological environments. The specific 

aims are as follows: 

1.1.1. Specific Aim 1 

Design and construct a portable, non-invasive microscope to detect malaria-

infected blood cells in vivo and evaluate its diagnostic potential in increasingly 

complex environments.  
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1.1.2. Specific Aim 2 

Develop image processing algorithms to assess and improve specificity of the 

needle-free malaria diagnostic approach. 

1.1.3. Specific Aim 3 

Assess the potential to extend the in vivo microscopy platform to detect other 

blood-borne constituents, specifically hemoglobin concentration and microfilarial 

parasites. 

1.2. Summary of Chapters 

This dissertation describes the development of an in vivo microscope system 

to non-invasively detect and measure blood cells circulating through the 

microvasculature.  The chapters are summarized as follows: 

Chapter 1 introduces the research objective and specific aims and briefly 

summarizes each chapter.  

Chapter 2 details the background and motivation of this research. Current 

commercially available diagnostic methods are discussed. Optical imaging methods 

for in vivo diagnostics are discussed. 

Chapter 3 describes the design and assessment of the Microvascular 

Microscope (MvM) for the non-invasive detection of malaria-infected cells in vivo. 

Two optical signatures of the endogenous malaria biomarker, hemozoin, are 
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assessed in increasingly complex biological environments. An animal model is used 

to assess the potential to detect and quantify parasitemia in vivo.  

Chapter 4 describes an image processing algorithm to discriminate between 

active and recent malaria infections. This algorithm uses features of the hemozoin 

absorbance signal to classify infected red blood cells from hemozoin-containing 

white blood cells that may persist after infection has resolved. 

Chapter 5 describes an automated image processing algorithm to detect and 

quantify hemozoin signal from data collected in vivo in a mouse model of malaria. 

The diagnostic accuracy of this algorithm was compared to manual counting by 

visual observation, using blood smear microscopy as the gold standard.   

Chapter 6 describes the measurement of hemoglobin absorbance using the 

MvM as a noninvasive method to detect anemia.  This approach was assessed in 

increasingly complex biological environments.  

Chapter 7 describes the use of in vivo microscopy to detect microfilariae 

parasites circulating in the blood. A multilayer optical phantom was used to evaluate 

this approach. 

Chapter 8 summarizes the research reported in this dissertation, and 

discusses the diagnostic potential of the MvM. 
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Chapter 2 

Background 

This thesis presents a rapid, non-invasive method to diagnose blood-borne 

parasites and anemia. This method is based on in vivo microscopy, an imaging 

technique used to detect blood cells circulating in the microvasculature. The 

motivation of this work, current diagnostic methods, and in vivo microscopy 

approaches are discussed in this chapter.  

2.1. Motivation and Significance 

Malaria is a vector borne disease caused by infection of the Plasmodium 

parasite. The scope of this disease is vast; nearly half of the world’s population is at 

risk for acquiring malaria. In 2015, 438,000 people died from malaria infection, with 

the highest mortality rates occurring in children under the age of 5 in resource 

limited regions1; therefore, in endemic areas children with febrile symptoms are 

often presumptively treated with antimalarial drugs. This practice suffers from poor 
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specificity due to common symptoms of malaria, including fatigue, fever, and muscle 

aches. Overtreatment with antimalarial drugs increases the likelihood of drug 

resistance and has confounded efforts towards elimination of the disease2. There is 

a clear need for a point of care diagnostic that is amenable to low resource regions 

to reduce overtreatment and mortality of malaria3,4. 

Currently, there are three types of diagnostic tests for malaria: Polymerase 

chain reaction (PCR), blood smear microscopy, and antigen based lateral flow tests. 

PCR is a highly sensitive molecular test that detects, quantifies, and identifies 

parasites from all Plasmodium species; however, this method requires considerable 

infrastructure and costly reagents and is not widely available in low resource 

regions. Blood smear microscopy is the current gold standard malaria diagnostic 

test. For this test, a thin film blood smear is prepared from a fingerprick blood 

sample. Giemsa stain is applied to the smear to allow visual detection and speciation 

of the parasites by an expert reader. This method requires access to a laboratory 

and a trained microscopist, which can delay diagnosis. Although blood smear 

microscopy can be quantitative and sensitive, it suffers from intra and inter-reader 

variability5,6. Antigen-based rapid diagnostic tests (RDTs) require significantly less 

training and infrastructure than blood smear microscopy7. To perform these tests, a 

fingerprick blood sample is deposited on a lateral flow strip and infection is 

determined by immunochromatographic readout. RDTs have had varied sensitivity 

compared to blood smear microscopy and carry the potential for false positives due 

to the detection of antibodies that persist after infection has resolved8. All of the 

currently available malaria diagnostic tests require a fingerprick blood sample and 
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associated consumables, increasing the per-test costs. Reduced cost effectiveness 

compared to presumptive diagnosis remains a barrier to widespread 

implementation of malaria diagnostic tests9,10. A simple, needle-free approach to 

rapidly diagnose malaria without the requirement of a blood draw is needed.  

2.2. Disease Progression and Plasmodium Pathology  

There are five human-infecting strains of malaria: P. falciparum, P. vivax, P. 

ovale, P. malariae, and P. knowlesi. The two most common strains of malaria are P. 

falciparum and P. vivax. The most severe cases of malaria occur with P. falciparum 

infection, which can result in death if left untreated. Malaria infection from P. vivax 

is a chronic condition associated with recurring episodes of illness over several 

years and can potentially lead to death due to splenic rupture11. There are two 

distinct stages of malaria in the human host, the liver and blood stages, shown in 

Figure 2.1. Malaria is a vector borne disease; early stage parasites known as 

sporozoites are delivered to the human host blood stream when an infected female 

mosquito takes a blood meal. The sporozoites migrate to the liver where they infect 

liver cells, multiply, and mature into schizonts. Upon rupture of the liver cells, 

thousands of merozoites are released into the blood stream beginning the blood-

stage of infection. Individual merozoites invade the host red blood cells (RBCs) 

forming immature red blood cells called ring form trophozoites.  Trophozoites 

mature inside the infected red blood cells (iRBC) and multiply through asexual 

reproduction. After a period of approximately 48 hours, iRBCs rupture and release 

newly formed merozoites into the blood stream, continuing the cycle of infection. 



 7 

Infected red blood cell concentrations in the peripheral blood stream are measured 

in units of parasites/μl or percent parasitemia. Reported parasitemia levels range 

from 5 to greater than 100,000 parasites/μl, or equivalently 0.0001% to 2% 

parasitemia12–14. Patients become symptomatic during the blood stage; therefore, 

diagnostic tests have focused on detection of the parasites in the blood. Symptoms 

include malaise, fatigue, muscle and joint aches, and fever. Additionally, hemolysis 

due to iRBC infection and rupture and can lead to malaria-induced anemia. Immune 

compromised patients and children are especially at risk for developing 

complications due to malaria infection, such as severe anemia or cerebral 

malaria15,16.  

 

Figure 2.1. The Plasmodium life cycle
a
. 

Malaria is transmitted to the human host by a mosquito vector. Symptoms of malaria emerge during the 
erythrocytic cycle of infection. aThis illustration was provided by Alexander J. da Silva, Ph.D. and Melanie 

Moser of the Centers for Disease Control and may be accessed from the Public Health Image Library at 
phil.cdc.gov under Image ID #3405. 
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Many cases of severe malaria are related to sequestration of iRBCs. 

Sequestration is a method employed by the parasite to evade clearance by the host 

liver and renal system, achieved by mature-stage iRBC cytoadhesion to the 

endothelial wall and eventual extravasation to the tissue. Mature iRBCs also adhere 

to other iRBCs and RBCs in a process called rosetting17–19. Cytoadhesion of iRBCs 

has been observed in several Plasmodium strains, though is most commonly 

associated with P. falciparum 20–23. Cytoadhesion to the endothelial wall and 

rosetting can lead to capillary occlusion and microvascular dysfunction and is a 

major cause of disease severity24. Cerebral malaria, defined by iRBC sequestration 

and occlusion of microvasculature in the cerebral cortex, is a severe condition that 

can cause hemorrhaging, brain injury, and death25–27.  Sequestration of iRBCs in the 

in the placenta of pregnant women is associated with poor perinatal health 

outcomes for both the infant and mother28,29. Additionally, sequestration can reduce 

parasite density in peripheral circulation; thus, diagnostic tests that rely on a 

fingerprick blood sample have the potential to underestimate the total parasite 

biomass.  

2.3. Optical Detection of Hemozoin 

The malaria byproduct hemozoin, also referred to as malaria pigment, has 

been investigated as an endogenous biomarker for malaria. After the parasite 

invades an iRBC, it metabolizes the globular proteins of the host hemoglobin. To 

avoid toxicity from the residual oxidative heme, the parasite produces the 

crystalline hemozoin which is stored in the parasite’s digestive vacuole within the 
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iRBC30. Individual hemozoin crystals are estimated to be 1 µm x 400 nm x 200 nm in 

size31. Multiple crystals are generated within the iRBC as the parasite matures and 

metabolizes more hemoglobin. Over half of the available iron in an iRBC is in the 

form of hemozoin stored in the digestive vacuole32. These concentrated iron-rich 

crystals are an ideal endogenous biomarker for optical detection.  

The structure of the hemozoin crystal varies according to the Plasmodium 

strain, suggesting a potential method for speciation using hemozoin-based detection 

methods33. With the potential for sequestration of mature iRBCs it is important that 

hemozoin be detectable across all stages of the erythrocytic parasite life cycle. 

Investigations using a magneto-optical detection method demonstrated the ability 

to detect hemozoin signal from P. falciparum ring stage parasites34.  Additionally, the 

potential to stage parasite maturity has been demonstrated using the hemozoin 

signal intensity in photo-acoustic and flow cytometric detection methods35,36. 

It is important to note that hemozoin may be found in white blood cells that 

have phagocytized free hemozoin following iRBC rupture or entire iRBCs. These 

pigment-containing white blood cells (pWBCs) may persist after infection has 

resolved; therefore, discriminating between hemozoin in iRBCs and pWBCs is a 

critical component of any hemozoin-based diagnostic to avoid the potential for false 

positive diagnosis. Hemozoin is also produced by the human infecting trematode 

parasite Schistosoma mansomi. However, hemozoin generated by S. mansomi is only 

found in adult worms which reside in the human host mesenteric plexus37. 

Additionally, the rounded multicrystalline structure of S. mansomi-generated 
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hemozoin is distinct from the rectangular morphology of the Plasmodium-generated 

hemozoin38.  

In vivo detection of circulating hemozoin has been investigated as a needle 

free method to diagnose malaria using photo acoustic and magneto-optical 

detection39,40. Another approach to consider for the needle-free detection of 

hemozoin is in vivo microscopy. This method employs a very simple brightfield 

microscope platform, without the need for costly optical elements and detectors. In 

vivo microscopy has been used to observe microvasculature hemodynamics in 

sepsis and malaria-infected patients14,41. This technique can allow for the direct 

observation of hemozoin in vivo with the potential to detect adherent iRBCs and 

microvascular dysfunction. Chapter 3 describes an in vivo microscopy system to 

detect circulating intra-cellular hemozoin structures, developed as a needle-free 

method to diagnose malaria. Chapters 4 and 5 describe image processing algorithms 

to further the diagnostic utility and performance of this approach.  

2.4. In vivo Microscopy of Other Blood-Borne Illnesses 

One advantage of an in vivo microscopy diagnostic approach is the potential 

to simultaneously collect information about multiple constituents within the 

microvascular environment. In the following sections I describe the potential utility 

in extending this needle-free method to detect microfilariae parasitic infections and 

anemia in vivo.  
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2.4.1. Hemoglobin Concentration Measurements  

Anemia is a condition in which the blood has a lower than normal number of 

red blood cells, and therefore insufficient capacity to carry oxygen to the body’s 

tissue and organs. Symptoms of anemia include fatigue, dizziness, shortness of 

breath, heart arrhythmia, and skin pallor. Anemia is a significant mortality risk for 

immune-compromised populations, pregnant women, and young children16,42,43. In 

developing countries, chronic childhood anemia is highly prevalent, with reported 

prevalence of approximately 50%44,45.  Malaria is a major cause of anemia due to the 

infection of red blood cells and subsequent hemolysis occurring during the blood 

stage of the Plasmodium lifecycle46,47. The risk for severe anemia from malaria is 

especially high when concurrent with other infections, such as hookworm or 

schistosomiasis, which are also common in malaria endemic regions48,49.  

Clinical assessment for symptoms such as pallor is a common method of 

anemia diagnosis in the developing world, but accuracy is limited using this 

method46. Hemoglobin concentration in the blood is also used to diagnose anemia. 

Table 2.1 shows the ranges of hemoglobin concentrations associated with anemia at 

varying levels of severity as suggested by the World Health Organization50. The 

Hemocue, a point-of-care diagnostic test, is commonly used for measuring 

hemoglobin concentration from a fingerprick blood sample. However, this method 

suffers from the same challenges of the previously described malaria diagnostic 

tests, including the need for consumables that make the per-test cost prohibitive in 

resource limited regions where anemia is common. The ability to measure 
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hemoglobin concentration without the need for a blood sample and the associated 

costs would be a valuable diagnostic tool, providing prognostic information 

complementary to malaria diagnosis.  

Chapter 6 describes the potential for in vivo microscopy to non-invasively 

measure hemoglobin concentration using hemoglobin absorbance.  

Table 2.1 Hemoglobin Concentrations for the Diagnosis of Anemia 
Anemia classification levels (mild, moderate, severe, or non) are defined by hemoglobin concentration 

cutoffs which vary by age, gender, and preganancy status50.  

  
 

Anemia Level 
Population Non-anemia Mild Moderate Severe 

Children 
6-59 months 11.0+ 10.0-10.9 7.0-9.9 <7.0 

5-11  yrs 11.5+ 11.0-11.4 8.0-10.9 <8.0 
12-14 yrs 12.0+ 11.0-11.9 8.0-10.9 <8.0 

Adults 
Non-pregnant women 12.0+ 11.0-11.9 8.0-10.9 <8.0 

Pregnant women 11.0+ 10.0-10.9 7.0-9.9 <7.0 
Men 13.0+ 11.0-12.9 8.0-10.9 <8.0 

   
      

2.4.2. Microfilariae Parasitic Infections 

Over 120 million people are currently infected with lymphatic filariasis; this 

nematode parasitic infection produces millions of microfilaria, early stage parasites, 

which circulate through the blood stream and lymphatic system, resulting in 

elephantiasis, severe pain, disfigurement, and ambulatory disability. Onchocerciasis 

is another debilitating parasitic infection that can lead to vision impairment and in 

some cases blindness. Both of these debilitating parasitic diseases are treatable with 

ivermectin medication; therefore mass drug distribution programs have been 

established to provide community-wide ivermectin treatment in an effort to 
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eliminate lymphatic filariasis and onchocerciasis from endemic areas51. 

Unfortunately, ivermectin treatment has been associated with severe adverse 

reactions (e.g. coma, stroke) when administered to individuals infected with Loa loa, 

a vector borne parasitic nematode52–54.  L. loa also produce microfilariae, and severe 

adverse reactions to ivermectin have been correlated to high levels of L. loa 

microfilariae in the peripheral blood stream53. As a result, mass drug administration 

has been halted in areas with possible L. loa co-endemicity.  

The current gold standard for detection and quantification of microfilariae is 

microscopic examination of a blood smear, which requires a finger prick blood 

sample, access to a laboratory, and time to examine the smear. This method is not 

feasible for rapid screening of large populations in a mass drug administration 

initiative; therefore, surveys conducted by health care workers are used to estimate 

the prevalence of L. loa infection in a localized community to assess the risk for 

severe adverse events55. A rapid diagnostic test appropriate for resource limited 

areas is needed to evaluate the risk for severe adverse reactions due to L. loa 

infection. Chapter 7 describes the potential for in vivo microscopy to detect 

microfilariae as they circulate through the microvasculature. 
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Chapter 3 

In vivo Microscopy of Hemozoin: Towards a 

Needle-Free Diagnostic for Malaria
a
 

aThe contents of this chapter have been published in the following journal article: 
Burnett, J. L., Carns, J. L. & Richards-Kortum, R. In vivo microscopy of hemozoin: 
towards a needle free diagnostic for malaria. Biomed. Opt. Express 6, 3462 (2015). 

3.1. Abstract 

Clinical diagnosis of malaria suffers from poor specificity leading to 

overtreatment with antimalarial medications. Alternatives, like blood smear 

microscopy or antigen-based tests, require a blood sample. We investigate in vivo 

microscopy as a needle-free malaria diagnostic. Two optical signatures, 

birefringence and absorbance, of the endogenous malaria by-product hemozoin 

were evaluated as in vivo optical biomarkers. Hemozoin birefringence was difficult 

to detect in highly scattering tissue; however, hemozoin absorbance was observed 
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in increasingly complex biological environments and detectable over a clinically-

relevant range of parasitemia in vivo in a P. yoelii-infected mouse model of malaria. 

3.2. Background 

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

protozoan parasites (Plasmodium spp), 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, with the highest mortality rates occurring in children 

under five years of age 56. Therefore, in malaria endemic areas it is common for 

children presenting with flu-like symptoms to be treated syndromically with 

antimalarial drugs, leading to overtreatment. Over-use of antimalarial medications 

increases the likelihood that drug resistance will develop, ultimately shortening the 

time that first line drugs can be used. There is a clear need for a point-of-care 

malaria diagnostic test to avoid premature depletion of malaria drug treatments and 

to reduce the risk that pathogen drug resistance will emerge4. Blood smear 

microscopy and antigen based rapid diagnostic tests (RDTs) provide alternatives to 

clinical diagnosis, however both methods require a fingerprick blood sample and 

related consumables, generate bio-hazardous waste, and can potentially 

underestimate parasite density due to the adherence of infected red blood cells 

(iRBCs) to the endothelium of the microvasculature17. To address the limitations of 

conventional malaria diagnostics, we investigate a needle-free method to detect 

sequestered and circulating infected red blood cells in vivo, using a simple 
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microscope system to capture the endogenous optical signatures from hemozoin, 

the metabolic by-product of the parasite within iRBCs.  

Inside an iRBC, parasite hemoglobin consumption produces free heme which 

is highly cytotoxic. This by-product is converted by the parasite in a crystallization 

process, forming the insoluble hemozoin57. Owing to its crystalline nature, hemozoin 

is a highly scattering, birefringent material with strong optical absorbance and 

paramagnetic properties, making it an ideal candidate for in vivo optical 

interrogation58,59. Hemozoin has been explored as an endogenous malaria optical 

biomarker using laser desorption mass spectrometry, magneto-optic detection, and 

vapor nanobubble acoustical detection35,40,60. In this work, we explore the use of in 

vivo microscopy to detect hemozoin circulating in the microvasculature. In vivo 

microscopy has previously been used to observe microvasculature hemodynamics 

in sepsis and malaria-infected patients by taking advantage of hemoglobin 

absorbance to provide contrast with surrounding tissue14,41.  Here, we seek to 

extend the ability of in vivo microscopy to identify intra-cellular hemozoin 

structures as a mechanism for malaria diagnosis. This approach, depicted in Fig. 

3.1(a), uses a portable microscope with battery powered LED illumination amenable 

to use in resource limited areas to observe circulating blood cells in the superficial 

microvasculature. Hemozoin is detected via two optical signatures, birefringence 

and absorbance. These two optical signatures are observed in thin unstained blood 

smears by standard microscopy when imaged under bright field (Fig. 3.1(b)) and 

cross polarized illumination (Fig. 3.1(c)) using a research grade microscope (Zeiss 

Z1). 
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To investigate in vivo microscopy for the detection of hemozoin, we 

developed a Microvascular Microscope (MvM), a portable, low-cost microscope 

equipped with dual modes of operation- cross polarized reflectance and 

transmission illumination- to detect two optical signatures of hemozoin, 

birefringence and absorbance, respectively. The device was designed to image 

superficial vasculature in the human oral mucosa of the lower lip for future 

translation to human subjects. This imaging site was chosen for its accessibility and 

low melanin content 61,62.  Using the MvM, the optical signatures of hemozoin were 

assessed in increasingly complex biological environments. These investigations 

were carried out using P. yoelii-infected mice, a well-established model for malaria 

pathogenesis and vaccine efficacy 63,64.  First, we developed a multilayer optical 

phantom to replicate the microvasculature architecture of the oral mucosa.  Using 

this model, we assessed the optical signatures of hemozoin in P. yoelii-infected blood 

samples. We found that hemozoin birefringence resulted in low contrast when 

imaged in a scattering environment with optical properties similar to tissue. 

However, hemozoin absorption was readily detectable under the same scattering 

conditions. Next, we assessed these two biomarkers in excised tissue samples from a 

mouse model, confirming the ability to detect hemozoin absorbance in a tissue 

environment. Finally, we investigated the feasibility for detecting circulating 

hemozoin in vivo in P. yoelii-infected mice by hemozoin absorbance. Using this 

model we successfully detected hemozoin structures over a range of clinically-

relevant parasitemia levels, demonstrating the potential for a rapid and quantitative 
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diagnostic technique. Taken together, these results demonstrate a proof-of-concept 

for the optical detection and quantification of hemozoin in vivo. 

 
Figure 3.1. In vivo Microscopy Diagnostic Concept 

(a) Malaria-infected cells are detected circulating through the superficial microvasculature using in vivo 
microscopy.  (b) The malaria parasite by-product, hemozoin, visualized under bright-field and (c) cross-

polarized illumination. 

3.3. Methods 

3.3.1. Microvascular Microscope 

The Microvascular Microscope (MvM), depicted in Fig. 3.2(a), employs three 

illumination modes, transmission green light illumination (TG), transmission red 

light illumination (TR), and cross polarized epi illumination (XP). TG was employed 

to locate vessels, TR to detect hemozoin absorbance, and XP to detect hemozoin 

birefringence. Samples were brought into direct contact with a modified microscope 

objective, L1; the outer casing of the standard objective (Newport) was removed to 

reduce its size, making it easier to interface with living tissue. Light collected from 
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L1 passed through a series of biconvex lenses, L2-L4 (Thorlabs, f = 25 mm) and field 

stop, FS, and was imaged on a monochromatic CCD camera (Point Grey, Chameleon). 

In XP, LED light (CREE, λ = 525 nm, FWHM 35 nm) was collimated and launched 

through a band pass filter (Chroma, λ = 530 ± 25 nm) and a linear polarizer 

(Thorlabs, LPVISA). Co-linear polarized light was reflected off the polarizing beam 

splitter, PBS (Thorlabs CM1-PBS251), and sent to the sample. Scattered light from 

the sample passed through the polarizing beam splitter, followed by a second linear 

polarizer, serving as the analyzer. The analyzer was aligned collinear to transmitted 

light from the PBS, but cross polarized to the illumination light. Green light 

illumination was chosen to take advantage of the contrast provided by the strong 

hemoglobin Q band absorption peak. In TR mode, light from a battery powered LED 

source (Luxeon, λ = 660 nm, FWHM 15 nm) was collimated, launched through a 

bandpass filter (Chroma, λ = 655 ± 30 nm) and transmitted through the sample. This 

illumination wavelength was chosen to align with the strong band at 655nm in the 

hemozoin absorption spectrum 65. TG illumination was generated by a broadband 

LED source (CREE, 3000K CCT), passed through a band pass filter (Semrock, λ = 550 

± 44 nm), and directed to the sample by a beam splitter (Thorlabs BSS10). A USAF 

1951 resolution target was imaged in TR and XP modes to assess the system 

imaging performance of high frequency objects (Fig. 3.2(b)). The highest frequency 

line pair (individual line thickness = 0.78 μm) of the resolution target is clearly 

distinguishable, allowing for observation of submicron structures. 

The working distance of the system was varied by the translation of the final 

lens element to allow for imaging over a range of working distances due the 
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heterogeneous distribution of vessel depths. Measured values of the magnification 

as a function of working distance were determined by imaging a 100 lp/mm Ronchi 

grating (Edmund Optics) with three immersion media: air, water, and a refractive 

index liquid (Cargille) having refractive indices of 1, 1.33, and 1.39. This relationship 

was calculated using the system ray transfer matrix for n = 1 between L1 and the 

object plane.  

The inside of the lower lip of a healthy volunteer was imaged as part of an 

Institutional Review Board approved protocol at Rice University. Videos were 

collected under TG mode to preliminarily assess the ability to locate and image 

vessels in the oral mucosa. For these images, a color camera (Point Grey, Firefly) 

was employed with similar pixel and sensor sizes as the monochromatic camera 

described above.  

For in vivo investigations in the mouse model, the cross polarized elements 

outlined in Fig. 3.2(a) were removed from the microscope. Videos were collected at 

a rate of 30 fps using 2x2 pixel binning of the sensor, allowing for the full field of 

view to be maintained while reducing the overall file size. The exposure time was 

limited to 20 ms or less to reduce motion blur caused by imaging circulating cells. 

Imaging was limited to microvasculature, including arterioles, capillaries, and 

venules, with an average measured diameter of 23 µm. Image analysis was 

performed in ImageJ software (NIH version 1.48). All TR videos were contrast 

enhanced (0.4% maximum pixel saturation) for individual frame analysis. Blood 

flow velocity was determined by measuring the frame-to-frame distance translated 
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by plasma gaps occurring between red blood cell clusters in TG mode. This method 

has been shown to estimate red blood cell velocity in previous in vivo investigations 

of microvasculature circulation66. 

 
Figure 3.2. MvM Block Diagram and Characterization 

(a) Schematic diagram of the MvM with three illumination modes: TR, transmission red, TG, 
transmission green, and XP, cross polarized reflectance. (b) USAF 1951 resolution target imaged under 
TR and XP (inset). (c) The measured and calculated magnification of the MvM as a function of working 

distance. 

3.3.2. Multilayer Optical Phantom 

The microvasculature of the oral mucosa was modeled using a multilayer 

optical phantom composed of three distinct layers: epithelium, vessel, and stroma. 

The scattering conditions of tissue were mimicked using Intralipid, a fat emulsion 

with optical scattering properties similar to tissue67.  To determine the appropriate 

Intralipid concentrations, the reduced scattering coefficient of Intralipid was 

modeled using an approximation to Mie theory and compared to measured and 

calculated reduced scattering coefficient values of oral mucosa tissue reported in 

the literature68–72.  The stroma phantom was prepared from an Intralipid doped 
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gelatin base. Agarose (Life Technologies, 15510) was dissolved into deionized water 

(3% w/v) and heated to a boil. Intralipid (Sigma, I141) was mixed with the gelatin 

to a final concentration of 1.5% v/v and allowed to cool and solidify. Vessel were 

modeled using thin-walled glass capillary tubes (Hampton, HR6-152) with an 

average inner diameter of 80µm. Tubes were secured to the stroma base and loaded 

with a blood sample. The epithelium was modeled using an aqueous solution placed 

between the capillary tube and the imaging device, allowing for easy manipulation 

of the epithelial thickness. First, water alone was used to mimic a non-scattering 

epithelium and to determine the hemozoin optical signature that could be detected 

from a blood volume atop a scattering stromal background. To assess the effects of 

increasing epithelial scattering coefficient, a series of aqueous mixtures were 

prepared with varying concentrations of Intralipid (0, 0.01, 0.05, 0.1, 0.5, and 1.0%).  

3.3.3. Mouse Model of Malaria 

Female C57/B6J albino mice were obtained at 7-9 weeks old from Jackson 

Laboratories. All mouse experiments were performed in accordance with an 

Institutional Animal Care and Use Committee approved protocol at Rice University. 

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). Infection 

was maintained through serial passage. Using this method parasitemia levels 

increase rapidly 73, therefore the lowest level of parasitemia assessed by in vivo 

microscopy was 0.03%. A reflected skin flap model was used for imaging hemozoin 

in a tissue environment optically similar to the human oral mucosa. An arc-shaped 
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incision was made along the dorsal midline and the skin was reflected laterally, 

exposing the subcutaneous tissue. The tissue was washed with an isotonic saline 

solution and placed in gentle contact with the MvM for imaging in vivo.  Parasitemia 

was assessed by microscopic examination of stained blood films using a two part 

differential staining solution (Diff Quik, Siemens). Blood samples were collected via 

cardiac puncture to avoid sampling error and accurately measure parasite density.  

3.4. Results 

3.4.1. MvM Characterization 

The MvM was developed for imaging two optical signatures of hemozoin: 

birefringence under cross polarized reflectance imaging and hemozoin absorbance 

using transmission imaging. The device was optimized for imaging blood flow in the 

oral mucosa. Assuming average capillary densities in the oral mucosa of 40 

vessels/mm2 61, and given the sensor area of roughly 18 mm2, the largest 

magnification yielding at least 1 capillary per field of view is 30x. Higher 

magnifications are allowable, but may require more time to locate a vessel. The 

lower boundary for the magnification is set by the pixel limited resolution of the 

system. Submicron resolution is necessary to image hemozoin, therefore the pixel 

density of the image must be greater than 2 pixels/µm as dictated by the Nyquist 

sampling rate. Considering a pixel width of 3.75 µm, this criterion requires the 

magnification to be at least 22.5x to allow for 2x2 pixel binning at higher frame 

rates. The system was designed to meet these criteria over a range of working 
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distances because the minimum epithelium thickness of the lower lip varies, with 

reported values of 70-245 μm 62,74. The magnification of the system increases with 

working distance demonstrated by the theoretical calculation of the system ray 

transfer matrix and measured values for samples imaged in air illustrated in Fig. 

3.1(c). This increase is less striking when measured for samples imaged under 

refractive indexes similar to tissue, as shown for immersion media with n = 1.33 and 

1.395, satisfying the magnification boundary conditions set by the desired field of 

view size and pixel limited lateral resolution requirements.  

The ability to locate and image vessels in a normal volunteer human subject 

was demonstrated under green light illumination shown in Fig. 3.1(a). Individual 

red blood cells are discerned by the strong hemoglobin absorbance against the 

uniform optical background, demonstrating appropriate temporal and spatial 

resolution for imaging circulating blood cells.  

3.4.2. Optical Biomarker Assessment in a Multilayer Tissue Phantom 

The optical signatures of hemozoin were assessed in a multilayer tissue 

phantom. Two modes of illumination were employed; XP mode to elicit hemozoin 

birefringence and TR to visualize hemozoin absorbance. Example images from the 

multilayer phantom are shown in Fig. 3.3. First, the hemozoin optical signature in a 

blood volume was imaged under non-scattering conditions, using water to model a 

non-scattering epithelium. When a negative control sample is imaged under TR (Fig. 

3.3(a)), the illumination light passes through the blood sample due to the weak 

hemoglobin absorbance in the red wavelengths, creating a fairly uniform 
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background with the only contrast appearing at the edge of the capillary tube 

horizontally crossing the image. In contrast, when imaged under XP (Fig. 3.3(b)) the 

blood background appears uniformly dark due to the rejection of the backscattered 

polarized illumination. In P. yoelii-infected samples, hemozoin appear as dark 

absorbing structures against the bright background in TR mode (Fig. 3.3(c)). Under 

XP mode, the hemozoin crystals elicit a strong scattering signal that varies rapidly 

over time (Fig. 3.3(d)). To quantify this behavior, a single hemozoin particle was 

selected as a region of interest (ROI) and colocalized in both modes. The coefficient 

of variation of the signal to background ratio (SBR) was measured over 10 

consecutive frames for both TR and XP. This was repeated for a total of 10 ROIs. The 

results of these measurements are shown in Fig. 3.3(e), demonstrating much greater 

variability in XP mode than TR.  

Next, we assessed the effect of epithelial scattering on the hemozoin signal. 

The scattering coefficient of the phantom epithelium layer was varied by increasing 

the Intralipid concentration. The epithelial reduced scattering coefficient varies 

dependent on the anisotropy and depth of the epithelial layer, ranging from 1.3 to 

5.9 cm-1 when evaluated at 600 nm 71,75, or equivalently Intralipid concentrations of 

0.15 to 0.67%. The average SBR of 20 ROIs was measured with increasing Intralipid 

concentration for both modes. Due to the temporal variations of hemozoin 

birefringent signal, the SBR from 10 consecutive frames was measured for each ROI 

in XP mode. The results appear in Fig. 3.3(f). At very low Intralipid concentrations, 

the XP SBR is more variable and higher than the TR signal. With increasing Intralipid 

concentration, the XP SBR begins to decrease as the epithelial layer depolarizes the 
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illumination light as readily as the hemozoin crystals. The TR SBR remains nearly 

constant until high levels of scattering and is greater than the XP SBR at 0.5% 

Intralipid concentration, consistent with reported epithelial scattering conditions. 

 
Figure 3.3. MvM imaging of multilayer phantom.  

(a) Negative control blood sample imaged under TR and (b) XP. (c) P. yoelii-infected blood sample 
imaged under TR and (d) XP. Arrows indicate hemozoin particles. Scale bars = 20 µm. (e) Temporal 

variations in SBR quantified for 10 colocalized ROIs. (f) The SBR as a function of increasing epithelial 
scattering by increasing Intralipid concentration.  

 

3.4.3. Ex Vivo Assessment of Hemozoin Detection 

Excised tissue from the reflected skin flap of a mouse model was imaged 

using the MvM. For these experiments TG mode was employed to locate superficial 

microvasculature using the contrast of hemoglobin absorbance against the 
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surrounding tissue. First, tissue from a non-infected animal was examined to 

determine the expected optical background (Fig. 3.4(a-c)). In TG mode, vessels 

appear as long tubes encapsulating granular structures due to absorbance from 

individual red blood cells. Adipose cells may also be observed, as in the bottom right 

of the image.  Under TR, vessel contrast is attenuated due to the decrease in 

hemoglobin absorbance under red wavelengths. In XP mode, green light 

illumination allows for the visualization of vessels, however tissue components such 

as adipose cell edges and collagen fibers generate signal and diminish vascular 

contrast. Next, tissue from a P. yoelii-infected animal was imaged to evaluate the 

hemozoin optical signature in a tissue environment (Fig. 3.4(d-f)). Again, vessels 

were located in TG mode. Under TR, hemozoin was observed as small dark 

structures throughout the vessels. When the same FOV was imaged under XP, no 

birefringent signal was detected corresponding to the hemozoin structures seen 

within the vessel in TR mode. These images are magnified and contrast enhanced 

(Fig. 3.4(g-i)) to clearly illustrate the subcellular hemozoin structures. 
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Figure 3.4. Ex vivo imaging of microvasculature in excised mouse tissue. 

Images aquired from a negative control animal (a-c)  and a P. yoelii-infected animal(d-i). Arrows indicate 
hemozoin particles. Scale bars = 20 µm. 

3.4.4. In vivo Detection of Circulating Hemozoin 

P. yoelii-infected mice were imaged in vivo using the MvM to demonstrate the 

ability to detect circulating hemozoin. Based on the results of the optical phantom 

and ex vivo imaging experiments, cross polarized mode elements in the system were 

removed and all further investigations were carried out in transmission mode only. 

The tissue was prepared as described in the methods and placed in contact with the 

imaging device. Vessels were located under TG. Translation of the final lens in the 

optical train allowed for easy manipulation of the focal plane without altering the 

microscope-sample interface, as demonstrated in Fig. 3.5 (a-b). TR was used to 

detect hemozoin absorbance in the same FOV. Freely circulating and rolling cells 
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were detected, observed in video playback. Some motion artifact associated with 

animal respiration and heartbeat was also observed, but the FOV was maintained 

and hemozoin is readily detected in individual frames (Fig. 3.5 (c,d)). In this 

example, a total of 174 seconds of TR mode video were collected and analyzed. 

Individual frames were examined using ImageJ software. Thirty individual 

hemozoin structures were tracked from frame to frame to determine the range of 

cell velocities, measuring up to 2536.3 µm/s, consistent with blood flow velocity 

measured under TG mode and reported values of in vivo capillary blood velocity 76. 

In the same vessel, the slowest observed hemozoin particle velocity was 2.5 µm/s. 

Sequestered cells outside the vessel were also observed, remaining stationary 

throughout the duration of the video collection. The smallest structure observed 

measured 0.8 µm at the FWHM of the intensity signal. Microvasculature in a non-

infected animal was imaged under the same conditions showing similar results to ex 

vivo images of negative control tissue (Fig. 3.5 (e,f)), and no hemozoin structures 

were observed when individual frames were examined.  
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Figure 3.5.  In vivo imaging of circulating blood in superficial microvasculature of mouse model.  

(a,b) Axial translation of focal plane in TG mode in P. yoelii-infected animal. (c,d) Selected frames from 
TR mode video collected at imaging site outlined in (b). (e) Imaging of non-infected animal in TG mode 

and (f) TR mode. Scale bars = 20 µm.  

A larger cohort of animals was imaged under the same conditions to assess 

the potential for quantification. The WHO has outlined recommended selection 

criteria for product testing of malaria RDTs based on test performance of standard 

blood panels containing 200 parasites/μl and 2000 parasites/μl, or equivalently 

0.004% and 0.04% parasitemia77. Clinically relevant parasitemia levels vary widely, 

with reported cases ranging from 0.001% to over 10% parasitemia, depending on 

the infecting species and patient immuno-status and demographics78–80. Therefore, 

we tested over a wide range of parasitemia in the mouse model, ranging from 0.03-

50%. Videos of circulating blood were collected from 3 negative controls and 8 P. 

yoelii-infected subjects. Multiple imaging sites were observed where possible, 

yielding 18 FOVs from infected animals and 6 from negative controls. One vessel in 

each FOV was selected and monitored frame by frame. An example FOV is shown in 

Fig. 3.6(a), where TG was used to locate the vessel. In the corresponding TR video, 

hemozoin structures were counted if distinguishable in a single frame and tracked 
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in at least 3 frames. An example of a single hemozoin structure tracked over 

approximately 0.25 ms is illustrated in Fig. 3.6(b), where 8 consecutive TR frames 

selected from video collected in vivo are overlaid. The original frame rate of this 

video was reduced to allow for visualization of the circulating cell. Hemozoin was 

detected in every FOV collected from P. yoelii-infected animals and no hemozoin 

structures were detected in any negative control subjects. To confirm these 

observations, a subset of the data including all of the negative controls and the 

lowest parasitemia cases was analyzed by two additional blinded observers. A FOV 

was considered positive if hemozoin was detected by the majority of observers. 

Using this method, determinations were in agreement with the initial observations 

for all of the data subset.  

Next we developed a metric to quantify levels of parasitemia. The hemozoin 

flux, H=n/A(x,v,t), is a measure of the number of hemozoin particles, n, detected per 

cross sectional area, A, of the observed vessel. A is the product of the blood flow 

velocity, v (mm/s), the total time observed, t (s), and the vessel width, x (mm). This 

metric accounts for variations due to vessel diameter and blood flow velocity that 

effect the total blood throughput and therefore the number of hemozoin particles 

detected over a set period of time. Hemozoin flux is plotted by subject as a function 

of parasitemia in Fig. 3.6(c). Although some variability is seen for subjects with 

multiple FOVs, there is a positive correlation between this metric and parasitemia. 

For each FOV, the total time was divided by the number of hemozoin particles 

observed to estimate the minimum time needed to detect a single hemozoin particle 

assuming uniform distribution throughout the blood volume. This measurement is 
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plotted in Fig. 3.6(d). In all but one FOV hemozoin is detected in less than 30 

seconds. At high levels of infection the time to detect approaches the frame rate-

limited exposure time.  

 
Figure 3.6. In vivo imaging of circulating hemozoin over a range of parasitemia in mouse model.  

(a) Vessel located using TG mode. (b) Overlaid frames from correlating TR mode show single hemozoin 
tracked over 0.25 s. Scale bars = 20 µm. (c) Hemozoin flux plotted as a function of parasitemia according 

to subject (A-H). (d) Estimation of time to detect one hemozoin structure as a function of parasitemia.    

3.5. Discussion 

We investigated the ability to optically detect and quantify malaria infection 

using in vivo microscopy to observe endogenous optical signatures of infected red 

blood cells circulating in the superficial microvasculature. To achieve this, the MvM 

was designed to image superficial vessels in the human oral mucosa, demonstrating 

the ability to detect circulating blood cells in vivo in a healthy normal volunteer. The 
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malaria byproduct hemozoin was investigated as an endogenous optical biomarker 

using the MvM to detect two optical signatures of hemozoin, birefringence and 

absorbance. When evaluated in an optical phantom mimicking buccal mucosa, 

birefringent signal varied greatly as a result of changes in the hemozoin crystal 

orientation. Compounding this, the birefringence SBR was significantly attenuated 

under tissue scattering conditions. Conversely, hemozoin absorbance SBR did not 

vary temporally or with increasing tissue scattering. These results were confirmed 

in excised tissue samples from malaria infected mice, therefore only hemozoin 

absorbance was investigated for in vivo detection.  

Hemozoin absorbance was detected in vivo in infected mice over 4 orders of 

magnitude of parasitemia. The potential for quantification of parasitemia was 

demonstrated by developing a metric that incorporated the number of hemozoin 

particles observed with measurable factors that affect total blood throughput, 

including vessel width, velocity, and total time observed. Using this metric a positive 

correlation is seen with increasing parasitemia. Infecting mice with very low levels 

of parasitemia using serial passaging was not achievable; therefore 0.03% 

parasitemia was the lowest level of infection that was assessed by in vivo 

microscopy. At this level of infection, hemozoin was detected on average in under a 

minute in a single vessel. This time may be further reduced by analyzing multiple 

vessels within a single FOV. No hemozoin structures were detected in any of the 

non-infected control subjects, though it is important to note that hemozoin may 

persist in the bloodstream through leukocyte phagocytosis after infection has 

passed. The presence of phagocytized white blood cells (pWBC) in the peripheral 
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blood stream has been associated with sequestered infection and suggested as a 

potential indicator for disease severity and mortality31. Further investigations are 

needed to decouple the hemozoin signal originating from iRBC versus pWBC.  

There are many advantages to a needle-free malaria diagnostic; this 

approach is painless, avoids the need for acquiring, processing, and disposing of a 

blood sample, and eliminates the risk of infection to patients associated with the 

unsafe use of needles. This approach is made feasible by exploiting the endogenous 

optical properties of hemozoin. The needle-free detection of hemozoin has 

previously been demonstrated in vivo using magneto-optical and opto-acoustical 

techniques 35,40, however these approaches use expensive components with 

significant power requirements making them difficult to implement in low resource 

settings where malaria is endemic.  The design of the MvM was chosen to avoid the 

need for elaborate alignment or use of costly optical elements and detectors. 

Additionally, removing cross polarized elements from the MvM reduces the overall 

cost and complexity of the device allowing for easier translation to low resource 

settings. The use of in vivo microscopy also allows for visualization of endothelial 

cytoadhesion and microvasculature dysfunction, physiological parameters that have 

been explored as indicators of disease severity14,18.  

The next step toward translation is to verify the ability to detect hemozoin 

particles in infected human subjects, incorporating automation of detection and 

quantification in the device. Manual translation of the final lens in the optical train 

allowed for variation of the working distance into the superficial layers of a sample 
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while maintaining contact with the tissue, reducing the potential for motion 

artifacts. Future work will involve integrating a liquid lens into an automated 

system, removing the only freely moving component. In the current configuration 

illumination light is transmitted through the tissue. Translating to epi-illumination 

delivery will avoid the need for alignment of the illumination and collection arms 

and the potential subject to subject variability due to melanin and hair content, 

further simplifying the device operation.  

In conclusion, we have demonstrated in vivo detection of an endogenous 

biomarker of malaria in a mouse model using a microscope platform amenable to 

point-of-care settings. Using this approach, malaria infection was detected over a 

range of parasitemia typically within 30 seconds. These results demonstrate the 

potential for a quantitative, rapid, needle-free malaria diagnostic using in vivo 

microscopy, warranting further investigations in a pilot study of smear positive 

patients.  
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Chapter 4 

Towards a Needle-Free Diagnosis of Malaria: In 

vivo Identification and Classification of Red and 

White Blood Cells Containing Hemozoin 

4.1. Abstract 

In the last chapter, I described the development of a needle-free method to 

diagnose malaria using in vivo microscopy to optically detect hemozoin particles 

circulating in the blood stream. Hemozoin is generated within infected red blood 

cells by the malaria parasite, serving as a highly specific endogenous biomarker of 

malaria. However, phagocytosis of hemozoin by white blood cells which persist after 

the infection is resolved presents the potential for false positives; therefore, the 

focus of the work presented in this chapter is to identify a feature of the hemozoin 

signal to discriminate between infected red blood cells and pigment-containing 

white blood cells.  
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4.2. Background 

Hemozoin (Hz), also referred to as the malaria pigment, is generated within 

infected red blood cells (iRBCs) by the malaria parasite. Due to its unique optical 

properties, Hz serves as an endogenous biomarker that has been explored in several 

in vivo malaria diagnostic approaches35,81,82; however, Hz is also found in white 

blood cells that have phagocytized iRBCs or free Hz following iRBC rupture. The 

concurrent presence of pigment-containing white blood cells (pWBCs) may inflate 

the quantification of iRBCs leading to over estimation of parasitemia with optical 

imaging methods. Also, pWBCs may persist days after iRBC clearance and resolution 

of the infection83, thereby presenting the potential for false positive diagnosis. To 

avoid misinterpreting Hz detected in pWBCs as iRBCs, it is critical that diagnostic 

methods relying on Hz detection differentiate these two cell types.  

Detecting and quantifying pWBCs has clinical relevance beyond avoiding 

false positive diagnoses. Several studies have correlated the concentration of pWBCs 

in blood smears with disease severity in both adults and children84–86, and in some 

cases have determined pWBC concentration to be a better indicator of disease 

severity than parasite density 87,88. The presence of pWBCs has also been identified 

as a marker of sequestered infection and a better measure of total parasite biomass 

than peripheral blood parasite density 84,89,90. Pregnancy-associated malaria, 

currently diagnosed by examination of the placenta after birth, is one highly studied 

form of sequestration and is associated with poor health outcomes for both mother 

and baby 29. A study following gestational malaria cases found the presence of 
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pWBC, specifically neutrophils, in peripheral blood smears to be a positive 

prognostic marker for decreased birth weight 91.  These findings suggest that the 

identification of pWBC could further the clinical utility of a Hz-based diagnostic 

method. 

In this paper, we introduce an analytical method using Hz absorbance to 

discriminate between two sources of Hz signal, iRBC and pWBC. We recently 

developed a method to detect malaria in vivo by targeting the Hz absorbance peak 

centered at 655nm81.  This approach uses a microscope to optically detect Hz 

circulating in the superficial vasculature. One of the advantages of using Hz as a 

biomarker is that it does not require the application of an exogenous contrast agent 

for visualization. Here, we assess features of the Hz absorbance signal using blood 

smear microscopy analysis of P. yoelii-infected murine blood samples. We found 

good discrimination between iRBCs and pWBCs using a size based feature, 

hemozoin effective diameter, and an intensity based feature, relative intensity 

difference. This approach was further evaluated in vivo using mice with either active 

or recent P. yoelii infections. Images of circulating Hz were collected by in vivo 

microscopy and analyzed using the same two discriminating features assessed by 

blood smear microscopy. Both features accurately classified cells as iRBCs or 

pWBCs, with the intensity-based discriminator having the greatest accuracy. These 

two discriminating features were then evaluated by blood smear microscopy using 

patient-derived and cultured P. falciparum blood samples. Discrimination between 

the two cell types was more accurate for P. falciparum, likely due to the absence of 

mature iRBCs which sequester in P. falciparum infections. These results suggest that 
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this approach may be used to identify the presence of both iRBCs and pWBCs and to 

discriminate between active infections and recent infections, furthering the clinical 

utility of needle-free Hz-based malaria diagnosis.  

4.3. Methods 

4.3.1. Ethics Statement 

All animal procedures were carried out in accordance with a protocol 

approved by the Rice University Institutional Animal Care and Use Committee. 

Blood samples were acquired from healthy volunteers under a protocol approved by 

the Rice University Institutional Review Board.  

4.3.2. Blood Smear Sample Preparation 

Smears were prepared from blood infected with two different strains of 

Plasmodium, the rodent-infecting strain P. yoelii and the human-infecting strain P. 

falciparum. P. yoelii preferentially infects reticulocytes, serving as a good model for 

P. vivax, the predominant human-infecting strain causing recurring malaria92. Blood 

from P. yoelii-infected mice was collected by cardiac puncture into heparinized 

tubes and used to prepare thin film smears. Unfixed patient-derived P. falciparum 

thin film blood smears were acquired from McGill University J.D. MacLean Centre for 

Tropical Diseases. Negative control smears were prepared from blood acquired 

from healthy normal volunteers. All smears were fixed in methanol and allowed to 

dry. A drop of liquid mounting medium containing DAPI fluorescent nuclear stain 
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(Invitrogen P-36931) was applied to each smear prior to sealing with a coverslip. 

DAPI has been previously demonstrated as an effective contrast agent for parasite 

nuclei within infected red blood cells and for white blood cell differentiation93. 

Additionally, the DAPI absorbance peak, centered at 358nm, does not interfere with 

Hz absorbance measurements.  

4.3.3. In vitro Phagocytosis of P. falciparum Lysate 

Hemozoin was isolated from P. falciparum culture (Strain 3D7, acquired from 

PATH, Seattle, Washington). The cultured sample was washed with 1x phosphate 

buffered saline to remove glycerin and resuspended at 5% hematocrit, 5% 

parasitemia. To induce RBC lysis, the sample was centrifuged for 10 minutes at 1000 

g, resuspended in 1ml of 0.15% saponin (Sigma), and incubated for 10 minutes on 

ice with intermittent vortexing. Following incubation, the sample was washed twice 

with 1x phosphate buffered saline at 10,000 g for 15 minutes. The final isolated Hz 

pellet was resuspended in 1ml of 1x phosphate buffered saline. The absorbance 

spectra of the Hz suspension was measured (Cary 50 spectrophotometer) to ensure 

no cell debris remained.  

To simulate WBC phagocytosis of Hz, isolated Hz was added to whole blood 

from a healthy volunteer using a method adapted from Frita et al36.. Whole blood 

from a healthy volunteer was collected into heparinized tubes and diluted 1:1 in cell 

culture media (Sigma, RPMI 1640) at 10% FBS. Isolated Hz was added to the diluted 

blood 1:1 and the mixture was plated into a 48 well plate and incubated at 37 C at 

5% CO2. After 4 hours of incubation, samples were used to prepare thin film blood 
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smears for analysis. Samples were collected after 4 hours of exposure to hemozoin 

to match the concentration of pWBCs to the native case. Samples were used to 

prepare thin film blood smears. A DAPI-containing mounting medium was applied 

to the smears before sealing with a coverslip.    

4.3.4. Blood Smear Image Acquisition and Analysis 

Images were acquired from blood smears with an upright conventional 

microscope (Zeiss, Z1) using a 63x oil immersion objective. Two images were 

collected from each field of view, the first under brightfield transmission 

illumination and the second using a DAPI fluorescence filter set (Zeiss, Filter Set 49). 

For brightfield imaging, light from a broadband halogen lamp was passed through a 

narrow bandpass filter (Chroma, HQ 655/40) to isolate Hz absorbance and 

minimize hemoglobin Q-band absorbance.  

Images were analyzed using the open source platform ImageJ (National 

Institutes of Health, v1.47t), following the process illustrated in Figure 4.1. Regions 

of interest (ROI) were selected by manually segmenting individual red and white 

blood cells in brightfield images. A background intensity threshold (IT), set as the 

average minimum brightfield pixel intensity of uninfected red blood cells, was 

applied to brightfield images to isolate Hz signal. Cell type was determined by visual 

examination of morphology in the corresponding DAPI image. WBCs were identified 

on the basis of their large nucleus observed under DAPI staining. RBCs have no DAPI 

signal, whereas parasite nuclei can be clearly distinguished in iRBCs. Parasite 

maturity was also determined using the DAPI signal, where iRBCs containing only a 
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single parasite nucleus were labeled as immature. As a negative control, the same 

process was repeated for RBCs and WBCs in blood smears from non-infected mice 

and uninfected healthy volunteer human subjects. 

 
Figure 4.1. Classification feature measurement flow chart. 

Images of thin-film blood smears containing a P. falciparum iRBC (top row) and a pWBC (bottom row), 
both surrounded by uninfected RBCs. Cells were segmented using the brightfield image. An intensity 

threshold was applied to isolate the hemozoin absorbance signal. DAPI staining was used to identify cell 
type. 

Hz area and mean pixel intensity were recorded for each segmented cell. 

These data were used to calculate the Hz effective diameter (deff) and relative 

intensity difference (RID), two parameters assessed for their ability to discriminate 

between iRBCs and pWBCs. The Hz deff was estimated from the measured Hz area, 

where deff = 2(A/π) 1/2. RID was measured as the percent difference between the 

background threshold intensity and the mean Hz pixel intensity, expressed as RID = 

(IT - <IHZ>)/ IT. Hz deff and RID were plotted for all cells versus cell type using the 

DAPI-determined cell type. Mann-Whitney U-tests were used to determine 

statistical differences between two sample population means for uninfected RBCs, 

immature iRBCs, mature iRBCs, pWBCs and WBCs. Linear discriminant analysis was 

used to develop an algorithm to classify iRBCs and pWBCs based on the Hz deff and 
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the RID; results were compared to the DAPI-determined cell type and the resulting 

area under the ROC curve was plotted.  

4.3.5. In vivo Assessment of Hemozoin Classification Algorithm 

The ability to discriminate between iRBCs and pWBCs in vivo was evaluated 

in a mouse model of malaria. Three cohorts of mice- negative controls (n=2), acute 

infection (n=4), and post infection (n=3) - were included in the in vivo assessment. 

Female albino B6 mice were acquired from Jackson Laboratories at 7 wks of age. 

Malaria infection was generated by i.p. inoculation of P. yoelii XNL (MRA -593, MR4, 

ATCC Manassas Virginia). Mice with acute infections, without pWBC present in the 

blood, were used to assess Hz signal originating from iRBCs. Mice were imaged post 

infection to measure Hz signal originating from pWBCs only. The surgically accessed 

reflected dorsal skin flap was used to mimic the tissue environment of the human 

oral mucosa. Hz signal was detected using a microvascular microscope (MvM), a 

brightfield microscope that was previously demonstrated to detect Hz in vivo and is 

described elsewhere81. For these investigations, cross polarized epi-illumination 

was used to optically access vessels below the tissue surface. The MvM was brought 

into gentle contact with the exposed vasculature of the skin flap for image collection. 

Linearly polarized light was delivered to the tissue by epi-illumination. Specular 

reflection was rejected by a polarizing beam splitter. Diffusely scattered depolarized 

light was imaged by a microscope objective (Newport, 60x), relayed through a series 

of lenses, and focused on a CCD sensor. A liquid lens (Varioptic, Caspian) was used 

to manipulate the working distance of the system such that vessels at varying 
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depths could be optically accessed without introducing motion artifact. A green-

wavelength LED (Thorlabs, λ = 530nm) was used to locate vessels and a red-

wavelength LED (Thorlabs, λ = 660nm) was used to detect Hz circulating within the 

superficial vessels. A block diagram of the MvM and representative images collected 

using a non-infected mouse are shown in Figure 4.2. Blood samples were acquired 

immediately following each in vivo imaging session samples for thin film 

preparation. The presence of only iRBCs or pWBCs was confirmed by traditional 

blood smear microscopy. Videos collected from non-infected mice were used as 

negative controls. 

Videos collected under red light illumination were analyzed in ImageJ. A 3x3 

neighborhood median filter was applied to each video to reduce noise. Hz particles 

were identified visually as dark structures against the light background within the 

vessel boundary. Only Hz particles that were easily discerned in a single frame 

without the aid of video playback and observed in at least five consecutive frames 

were analyzed. An ROI (15μm diameter) was centered on the Hz particle in a single 

frame. Each ROI represents a single cell. Background intensity was measured for 

two frames before and after the selected frame to be analyzed. Similar to blood 

smear microscopy analysis, the intensity threshold was selected as the average 

minimum background pixel intensity of the ROI over time. This threshold was 

applied to the ROI to isolate the hemozoin signal, as shown in the flow chart in 

Figure 4.3. Hemozoin area and pixel intensity were measured for each ROI to 

calculate Hz deff and RID respectively. Additionally, the particle velocity was 

measured over 5 frames and the vessel diameter was recorded. Measured Hz deff 
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and RID were plotted for all ROIs versus infection status- negative, acute, or post 

infection- as determined by blood smear analysis. A Mann-Whitney U-test was 

performed to test whether differences in the mean value of these parameters for 

iRBCs and pWBCs were statistically significant. ROC curves were generated using Hz 

deff and RID to discriminate between iRBCs and pWBCs and classify acute infection 

versus post infection. The area under the ROC curves was measured for comparison 

with classification performance in vitro of iRBCs and pWBCs.  
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Figure 4.2. MvM block diagram and representative images using epi-cross polarization illumination. 

(A) The Microvascular microscope (MvM) was used for in vivo investigations to detect hemozoin 
circulating in the superficial microvasculature. The MvM employs cross polarized epi-illumination to 

optically access vessels below the tissue surface. An example field of view from an uninfected subject is 
shown in the bottom row. Vessels were located under green light illumination (B) and hemozoin 

circulating through the vessel was detected under red light illumination (C).  

 
Figure 4.3.  Measurements of hemozoin detected by in vivo microscopy.  

An ROI is centered on the hemozoin particle (left). Time averaged background intensities were 
measured from the same ROI (middle) and used to generate a binary mask to isolate hemozoin signal 

(right).  
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4.4. Results 

4.4.1. Feature Identification Using Blood Smear Microscopy 

Conventional microscopy of thin prep P. yoelii-infected blood smears was 

used to identify Hz-based features to differentiate between iRBCs and pWBCs. This 

method allowed for the investigation of Hz signal without confounding attributes 

intrinsic to in vivo imaging, such as flowing blood and tissue optical scattering.  We 

chose DAPI fluorescence nuclear staining to confirm cell type through morphology 

rather than traditional Giemsa vital dye staining. The DAPI molecule is excited 

under ultraviolet illumination and therefore does not interfere with the cell’s 

absorbance in the visible range. Cells were selected from colocalized images 

collected under narrow-band (λ = 636-675nm) brightfield illumination and a DAPI 

fluorescence filter set.  

Hz deff and RID were measured for each cell and correlated with the 

morphologically determined cell type from the corresponding DAPI image. Scatter 

plots of Hz deff and RID grouped by cell type are shown in the left column of Figure 

4.4. The right column of Figure 4.4 shows box and whisker plots characterizing the 

median and range of these parameters for each cell type. Mean RID and Hz deff 

values of pWBCs were significantly different from immature iRBCs. Similarly, mean 

RID and Hz deff values of pWBCs were significantly different from mature iRBCs. 

Additionally, the RID and Hz deff mean values are significantly greater for mature 

iRBCs than immature iRBCs (p < 0.05), suggesting the potential to estimate parasite 

maturity using these features. The boxplots of both parameters show significant 
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separation between mean values of uninfected RBCs and the hemozoin-containing 

cells, iRBCs and pWBCs. Similar separation between mean values of pigment-free 

WBCs and the hemozoin containing cells was also observed. 

Figure 4.5 shows the ROC curves for an algorithm to discriminate between 

iRBCs and pWBCs using Hz deff, and RID, alone and in combination. The area under 

the curve (AUC) for RID was 0.85. Hz deff performed slightly better, with an AUC of 

0.89. The AUC for the combined parameters was 0.92. It is important to note that all 

levels of parasite maturity are readily observed during P. yoelii infection, however in 

P. falciparum infection sequestration of mature parasites decreases the number of 

mature iRBCs found in peripheral blood circulation. If mature iRBCs are removed 

from the data set to mimic P. falciparum infection, the AUC to increases to 0.93, 0.96, 

and 0.97, for each parameter respectively.  
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Figure 4.4. In vitro hemozoin feature analysis of P. yoelii samples.  

Scatterplots of Hz deff(A) and RID(C) are grouped by cell type. Box plots of the median, first, and third 
quartiles of the Hz deff(B) and RID(D) are shown. Significant separation between mean values of iRBCs 

from pWBCs were observed (****, p <0.0001). Additionally, some separation was observed between 
mean values of immature and mature iRBCs (p values indicated on graph). Significant difference (p < 

0.0001) compared with mean values of RBCs and WBCs are indicated by † and ‡, respectively. Note the 
median values of the RBC and WBC negative controls were zero; therefore box plot values were offset by 

0.01 on the y-axis for easier visualization. 

 
Figure 4.5. ROC curves for P. yoelii blood smear analysis 

Linear discriminant analysis was used to classify cells as iRBCs or pWBCs; corresponding ROC curves are 
shown for algorithms based on Hz deff (left), RID (middle), and the combined feature (right). When 

mature iRBCs were removed from the analysis (blue line) the AUC increased.  
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4.4.2. In vivo Discrimination of Hemozoin Signal 

The Hz signal features identified in blood smear microscopy were evaluated 

in a mouse model to classify cell type based on analysis of images of circulating cells 

acquired in vivo. Prior to imaging, subjects were categorized as current acute 

infection having iRBCs only or as post infection with pWBCs only, confirmed by 

blood smear microscopy. Circulating hemozoin was visually observed under red 

light illumination as small dark particles flowing through the blood vessel. The 

intensity and area of each particle was measured and used to calculate the Hz deff 

and RID. Randomly selected ROIs from uninfected subjects were used as negative 

controls. Hz deff and RID values measured in vivo are plotted in the left column of 

Figure 4.6. These data show a similar trend to the blood smear data, with larger Hz 

deff and RID values for pWBCs in post infected animals as compared to iRBCs in 

animals with acute infections. Box and whisker plots characterizing the median 

value and range of these parameters are shown in the middle column of Figure 4.6. 

The mean iRBC and pWBC values are significantly different for both parameters. 

The right side of Figure 4.6 shows the ROC curve for an algorithm to differentiate 

between iRBCs and pWBCs based on these parameters. In vivo, RID performed 

better than Hz deff as a classifying feature, with an AUC of 0.91 and 0.73 respectively. 

Combination of the features resulted in an AUC of 0.83 (data not shown). Variability 

in the Hz deff measurements may arise from cells coming in and out of the focal 

plane as they translate through the vessel. Additionally, only pWBCs occurring post-

infection were investigated in vivo; the Hz deff may be larger in pWBCs present 

during an active infection when more Hz is available to be phagocytized. 
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Figure 4.6. In vivo hemozoin feature analysis of P. yoelii samples.  

Scatterplots are shown for (A) the size-based feature Hz deff and (D) the intensity-based feature RID. The 
box plots of the median, first, and third quartile data are shown for each feature (B, E). Significant 
difference between the mean iRBC and pWBC values are indicated by *** (p < 0.001) and **** (p < 

0.0001). Significant difference (p < 0.0001) between the mean values of the experimental group and 
negative control is indicated by †. The classification performance of each feature is shown using ROC 

curves (C,F).  

The particle velocity is another feature of the Hz signal which is readily 

measured in vivo. This is illustrated in an overlay of successive frames from a video 

captured under red-light illumination in Figure 4.7. Here, a single Hz particle is 

tracked as it travels through the bottom vessel. In the vessel at the top of the frame, 

a static cell does not move over the period of 0.7s, suggesting cytoadhesion to the 

endothelial wall. The same FOV imaged under green-light illumination is shown to 

clarify vessel location in the red illumination overlay. Average velocities were 

measured over 5 consecutive frames for each ROI; results are shown in the 

scatterplot in Figure 4.7.  There is a distinct separation between the slow moving 

pWBCs and faster circulating iRBCs. This information could be helpful to indicate 
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cases of cytoadhesion and sequestration in vivo and shows promise as a potential 

classification feature to be validated in human subjects.   

 
Figure 4.7. In vivo measurement of cell velocity. 

Blood flow detected under green light illumination (left). Successive frames collected under red light 
illumination are overlaid (middle) to show a single hemozoin particle tracked through the vessel over 
time. Average velocities of iRBCs detected during acute infection are higher than velocities of pWBCs 

measured post infection. Scale bars = 20 μm. 

4.4.3. Evaluation of P. falciparum Hemozoin Signal 

Patient-derived P. falciparum-infected blood smears were used to evaluate 

the Hz signal discriminating features in a human infecting strain of malaria. 

Although these samples provided iRBCs for analysis, pWBCs were not readily 

detected in the smears. The lack of pWBC observation may be due to the timing of 

infection or very low concentrations of pWBC. Hz is only phagocytized by 

neutrophils and monocytes, which account for less than 1% of the total blood 

volume. Also, the fraction of pWBCs observed in malaria infected individuals varies 

widely31. To investigate the Hz signal in pWBCs, phagocytosis of Hz isolated from P. 

falciparum cultured samples was induced in whole blood collected from healthy 

human donors. After exposure to Hz, thin smears were prepared from the blood 
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samples and examined by conventional microscopy. DAPI signal was again used to 

differentiate cell type by nuclear morphology.  

The Hz deff and RID measured in P. falciparum blood smears are plotted by 

cell type in the top row of Figure 4.8. Only immature iRBCs were detected in these 

patient-derived smears, consistent with sequestration of mature iRBCs in P. 

falciparum pathology. Box and whisker plots characterizing the median and range of 

these parameters are shown in the bottom row of Figure 4.8. The difference in the 

mean values of RID and deff for iRBC and pWBC were statistically significant (p < 

0.0001). The mean values of the cells without hemozoin, RBCs and WBCs, were also 

significantly different from all other groups for both parameters.  

These features were used to discriminate between iRBCs and pWBCs; 

resulting ROC curves are shown in Figure 4.9. The AUC for Hz RID and deff were 0.94 

and 0.93 respectively. When these features are combined the AUC is 0.94. These 

values are similar to those obtained using these features to discriminate between 

immature iRBCs and pWBCs from the P. yoelii blood smear data.  
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Figure 4.8. In vitro hemozoin feature analysis of P. falciparum samples.  

Scatterplots for the Hz deff feature (A) and RID (C) are shown. Corresponding box plots are shown for 
each feature (B,D). Significant separation (p <0.0001, indicated by ****) was observed between mean 

values of iRBCs and pWBCs. Significant difference (p < 0.0001) compared with mean values of RBCs and 
WBCs are indicated by † and ‡, respectively. 

 
Figure 4.9. ROC curves for the classification of iRBCs and pWBCs in P. falciparum blood smears. 

Hz deff (left), RID (middle), and the combination of the two features (right). 

4.5. Discussion 

Diagnosis of malaria based on symptoms alone suffers from poor specificity, 

leading to overtreatment with antimalarial drugs and ultimately drug resistance. 



 55 

The advent of rapid diagnostic tests has assisted clinicians in making accurate 

diagnosis, but for these tests to be impactful, it is critical that they be cost effective, 

easy to use, and ultimately improve the specificity of clinical diagnosis4. We recently 

reported the use of in vivo microscopy to rapidly detect malaria in vivo without the 

need for a blood sample or associated consumables81. This method relies on the 

endogenous malaria biomarker hemozoin (Hz) for detection of malaria, making the 

test simple but presenting the potential for false positives with the presence of 

phagocytized hemozoin in white blood cells that persist after an infection has 

cleared. Differentiating iRBCs and pWBCs is especially important in endemic 

populations that are reported to have observed baseline pWBC presence in the 

blood of healthy subjects87,94. 

In this study, we further the clinical utility of in vivo Hz detection by 

identifying a simple metric to discriminate iRBCs from pWBCs. P. yoelii-infected 

mouse blood smears were analyzed to assess Hz size and intensity-based features, 

Hz deff and RID respectively, for the potential to classify iRBCs from pWBCs. When 

combined, these features yielded an algorithm with an AUC of 0.92. These features 

were then assessed in vivo in a mouse model of malaria. Investigations in vivo add 

complexity to the measurement of Hz signal detected within moving cells found in 

vessels at varying depths below the tissue surface. The potential for image 

distortion is increased with the addition of motion artifacts and tissue scattering. 

Despite the added complexity of in vivo detection, RID demonstrated similar 

classification potential as seen in the blood smear analysis, suggesting that the 
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features identified using blood smear microscopy can be implemented to classify 

cell type by Hz signal detected in vivo.  

P. falciparum blood samples were used to evaluate the Hz deff and RID 

classification features in hemozoin generated by human infecting strains of 

Plasmodium. Only immature parasites were observed in these samples, likely due to 

sequestration of mature iRBCs. Physical attributes, such size and optical absorbance, 

are expected to be smaller for hemozoin in immature iRBCs as the parasite has had 

less time to generate hemozoin. The absence of mature iRBCs and therefore larger 

hemozoin structures allows for even greater differences between the measured 

hemozoin features of iRBCs and pWBCs.  This effect may be seen in the classification 

performance of the P. falciparum samples, achieving an AUC of 0.94 and 0.93 for Hz 

deff and RID respectively. These results confirm the potential to discriminate by cell 

type in human infecting strains using hemozoin absorbance signal.  

The ability to identify cell type reduces the potential for false positive 

hemozoin-based malaria diagnosis. Other techniques that use hemozoin as a 

biomarker are limited by the lack of a method to discriminate iRBCs from pWBCs. 

Here, we demonstrate for the first time that simple features of the Hz absorbance 

signal, such as size and intensity, may be used to discriminate between iRBCs and 

pWBCs. Our classification approach could be extended to other hemozoin detection 

methods that measure similar physical parameters, such as photoacoustic or 

polarization based approaches. For example, other studies suggest that there is a 

positive correlation between the depolarization signal intensity and parasite 
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maturity36. Another method using photo-induced acoustic signals to detect Hz 

reported an increased acoustic trace amplitude of schizonts compared to ring form 

parasites35.  

We assessed the approach of in vivo hemozoin detection using a very simple 

and low cost microscope platform. One potential obstacle to the implementation of 

an image analysis-based classification algorithm is the need for an electronic 

computational platform such as computer or cell phone to measure the features. 

Another consideration for future implementation of hemozoin based cell 

discrimination is the addition of other metrics that are discernable in vivo, such as 

cytoadhesion and velocity. These measurable and readily observable features could 

give valuable information about disease severity and host immune response14.  

Both neutrophils and monocytes of the host’s white blood cell population 

phagocytize Hz. There is differing clinical significance and meaning associated with 

the presence of each of these pWBCs. For example, the presence of pigment 

containing neutrophils could indicate a severe infection whereas pigment 

containing monocytes could signal severe anemia83,87. Additionally, the lifetimes of 

these two cell types differ greatly, on the order of days for neutrophils compared to 

over a week for monocytes. Due to their long lifespans, monocytes persist in the 

blood stream longer and pose a greater risk for generating a false positive in a Hz 

based test. Therefore, future investigations into further classifying cell type to 

distinguish between granulocytes and agranulocytes should be considered.  
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We presented a method to discriminate between hemozoin originating from 

iRBCs or pWBCs in a needle-free malaria diagnostic test. This approach addresses 

one of the key potential shortcomings of a hemozoin-based diagnostic by reducing 

the potential for false positives due to the persistence of hemozoin found in pWBCs. 

Two intrinsic hemozoin signal properties, pixel intensity and diameter, were 

identified by blood smear microscopy as classification features for cell type 

differentiation. Using blood smear microscopy of two strains of Plasmodium, the 

pixel intensity and area of the Hz signal were identified as measurable features to 

distinguish iRBC from pWBC. Further analysis showed that Hz RID specifically 

showed greatest potential for the differentiation of iRBC and pWBC in vivo. 

Ultimately, the addition of cell-type discrimination makes this hemozoin-based 

malaria diagnostic technique more robust, increasing its clinical utility.  
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Chapter 5 

Automated Detection of Hemozoin Using In vivo 

Microscopy for the Rapid Assessment of Malaria 

Infection 

5.1. Abstract 

In vivo detection of the malaria byproduct, hemozoin, has been explored as a 

needle-free approach to diagnose malaria; however, current approaches require a 

trained observer to evaluate videos of circulating blood cells collected in vivo to 

identify and quantify hemozoin. We developed an automated image processing 

algorithm to rapid detect and quantify hemozoin, reducing the time to diagnosis and 

the potential for observer bias. Hemozoin is segmented from the background using 

local adaptive thresholding and quantified using peak trace analysis of the hemozoin 

particle area and signal intensity. The algorithm was used to quantify hemozoin 

from a set of videos measured in uninfected and P. yoelii-infected mice, and results 

were compared to manual segmentation by visual observers and to the gold 
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standard of blood smear analysis. The diagnostic accuracy of the automated 

detection algorithm is equivalent to blood smear microscopy as the gold standard 

and more consistent than visual assessment of videos.  

5.2. Background 

Chapter 3 reported the ability to detect malaria infection and quantify 

parasitemia using in vivo microscopy of circulating blood cells to identify the 

malaria byproduct, hemozoin81. Hemozoin is produced when the malaria parasite 

consumes hemoglobin and has a strong absorbance peak in the visible range, 

serving as an ideal endogenous optical biomarker for non-invasive detection of 

malaria33,57. However, previous reports to analyze circulating hemozoin require 

careful frame by frame visual analysis by a trained observer to identify hemozoin 

from videos collected in vivo. In this letter, we describe an automated image 

processing algorithm to rapidly detect and quantify hemozoin, reducing the time to 

diagnosis and the potential for observer bias. The algorithm uses local adaptive 

thresholding to isolate potential hemozoin particles from the tissue background. We 

define two parameters to characterize potential hemozoin particles, area and 

relative intensity. Potential hemozoin particles are classified as true positive or false 

positive using these parameters to remove background noise and avoid 

misidentification of non-hemozoin particles. This algorithm is applied to a set of 

videos of circulating cells collected from malaria-infected and non-infected mice. 

Results of the automated analysis are compared to visual assessment and to the gold 

standard of blood smear microscopy.   
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5.3. Methods 

Videos of circulating blood cells were acquired using a mouse model of 

malaria. All animal procedures were performed in accordance with a protocol 

approved by the Institutional Animal Care and Use Committee at Rice University. 

Circulating blood cells were imaged in the highly vascularized reflected skin flap 

tissue of female B6-albino mice (Jackson Laboratory). Malaria-infected mice were 

inoculated by i.p. injection with P. yoelii (BEI Resources, Strain 17XNL 1.1) and 

imaged 2-4 days post inoculation. A Microvascular Microscope (MvM) was used for 

all in vivo data collection81,95. Linearly polarized illumination was delivered to the 

skin flap tissue in reflectance geometry. Depolarized light was collected by a 

microscope objective and passed through a polarizing beam splitter orthogonal to 

the illumination polarization. The collected light was relayed through a liquid lens 

(Varioptic, Caspian) and focused on a CCD camera (Point Grey, Chameleon). The 

working distance below the tissue surface was varied by altering the focal length of 

the liquid lens, resulting in a magnification range of 20-25x with lateral pixel 

resolution of 0.16-0.18 µm per pixel. Green light illumination (λ= 530nm) was first 

used to locate vessels in the tissue by targeting hemoglobin absorbance; typical 

images are shown in the left column of Figure 5.1. We imaged post-capillary venules 

to take advantage of slower blood flow velocities compared to arterioles to reduce 

motion artifact96. Additionally, cytoadhesion of malaria infected red blood cells 

(iRBCs) to the endothelial wall of the post capillary venules has been observed in 

several Plasmodium strains 20–23, presenting the potential enhance sensitivity to 
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detect iRBCs. Once post-capillary venules were identified, videos were then 

collected under red light illumination (λ= 660nm), chosen to align with the 

hemozoin absorbance peak and avoid hemoglobin absorbance65.  Typical images are 

shown in the middle column of Figure 5.1; hemozoin is clearly observed as small 

dark structures translating across the FOV. An overlay of five successive frames is 

shown in the middle column of Fig. 5.1 corresponding to the same FOV shown in the 

green light images. 

Videos collected under red light illumination were processed using an image 

analysis algorithm to automate detection of circulating hemozoin. Image processing 

was performed using custom software written in Matlab (Mathworks, R2010b) with 

the use of the Image Processing Toolbox. Videos were partitioned into short 

intervals (<5s) to avoid temporal variation in illumination due to movement 

associated with live subject imaging. A median filter was applied to reduce noise. To 

separate signal associated with hemozoin absorbance from the background, a low 

frequency minimum filter was first applied to each frame to determine the localized 

background intensity. Due to spatial heterogeneity in the background signal, a 

regional threshold was determined to remove background structures. The intensity 

threshold at each pixel was defined as the average minimum pixel intensity across 

all frames in the filtered video, generating a 640 x 480 pixel intensity threshold 

matrix for each video segment. The intensity threshold matrix was applied to each 

frame; pixels with intensities above the threshold were set to zero. The intensity of 

the remaining pixels were set to the relative intensity difference (RID) between the 

raw image (IR) and threshold matrix (IT), where RID = (IT-IR)/IT. Finally, a 
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morphologic opening operation was applied to remove small structures (area < 

0.6µm2). The video corresponding to the frames shown in Fig. 5.1(b) was processed 

in this manner; frames from the resulting processed video in Figure 5.1(c) show 

structures isolated from the tissue background. The size and intensity of a single 

hemozoin particle vary as it translates the FOV. The heterogeneous background is 

completely removed, and only the hemozoin structure remains. A challenge with 

epi-cross polarized illumination is the potential to collect signal from birefringent or 

strongly reflecting objects in the tissue, such as adipose cells. These objects increase 

the heterogeneity of the overall tissue background; however, the algorithm was 

successful in isolating hemozoin from without the need to segment vessels from the 

background even in these heterogeneous environments. This alleviates the need to 

co-register images collected under green and red light illumination, simplifying the 

instrumentation and reducing computational time of the algorithm. 

This algorithm was applied to a set of 19 videos of circulating cells obtained 

from malaria-infected mice (n=4) and uninfected mice (n=3). Each video represents 

a unique FOV. Blood smear analysis was used as the gold standard to confirm 

malaria infection. The area and mean intensity difference of structures detected by 

the algorithm were measured in every frame from the entire data set. Results are 

shown in Figure 5.2, grouped by whether the animal was positive or negative for 

malaria infection as determined by blood smear analysis. Structures were detected 

in videos from both infected and uninfected animals; however, the mean intensity 

difference and average area were greater for structures detected in videos collected 

from infected mice compared to those from uninfected mice. To reduce the potential 
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for false positive results, we defined a threshold below which structures were not 

considered to be hemozoin but rather to be background noise. Threshold values for 

both intensity difference and area were defined as the mean value plus three 

standard deviations for structures detected in videos from uninfected animals. 

These threshold values are shown as dashed lines in Figure 5.2.  

 

  

Figure 5.1. Automated isolation of hemozoin structures from the tissue background. 
A) Vessels are located under green light illumination. B) Videos are collected under red light 

illumination to detect hemozoin absorbance. An overlay of 5 successive frames shows a single hemozoin 
particle translating the FOV. C) Automated segmentation of potential hemozoin structures. Intensity 

values of the output video reflect the percent difference between the raw image and an automated 
intensity threshold measured by the algorithm. Scale bars = 10 µm. 

 



 65 

 
Figure 5.2. Measurement of threshold values to remove background noise.  

The area and mean intensity difference for each structure detected by the algorithm was measured for 
each frame of the data set. Thresholds (dashed lines) were defined for each parameter; structures with 

intensity difference or area below the threshold were not counted as hemozoin particles while those 
above the threshold were counted as hemozoin particles.   

 

The process to quantify hemozoin particles is shown for a single FOV from a 

smear positive subject in Figure 5.3. In the top row, particle area is charted as a 

function of time. All structures with area values below the area cutoff (red line) are 

removed from further analysis. The mean intensity difference for the remaining 

structures is shown in the bottom chart of Figure 5.3. The mean intensity difference 

cutoff was then applied to the remaining structures and structures with mean 

intensity differences below the threshold are removed from further analysis. Finally, 

peak amplitude trace analysis was used to quantify the number of unique hemozoin 
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particles by avoiding repetitive counting of the same hemozoin particle detected in 

multiple successive frames. This technique has been demonstrated for the 

quantification of fluorescently labeled cells using in vivo cytometry 96–98. Each peak 

above the threshold in the signal trace is counted as an individual particle. A peak 

separation condition (peak to peak distance > 0.2s) was applied to avoid localized 

minima. For the example shown in Figure 5.3, four hemozoin particles were 

detected, indicated by the blue arrows. Peak amplitude trace analysis can also be 

used to directly measure information about the cell velocity from the peak width; 

broader peaks indicate of slow moving structures and may reflect cytoadhesion. 
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Figure 5.3. Removal of background noise and enumeration of hemozoin particles. 

The threshold values were applied in a two-step process to remove background noise and non-hemozoin 
structures detected by the automated segmentation algorithm. Area of structures detected in an 

example FOV are charted frame by frame over time (top). All structure with areas below the cutoff (red 
line) are removed from further analysis, Mean intensity values for the remaining pixels are subjected to 

a second threshold (bottom). Peak amplitude trace analysis is used was used to count the number of 
unique hemozoin particles, indicated by the blue arrows. 

5.4. Results and Discussion 

The number of hemozoin particles identified by the algorithm was compared 

to the number detected by visual observation of the same set of videos. Hemozoin 

was counted manually by a set of observers instructed to count only particles that 

were discernable in a single frame without the aid of video playback. Only particles 

detected in at least three consecutive frames were counted. The number of 

hemozoin particles detected by the algorithm is plotted versus the number detected 

by visual observation in Figure 5.4, grouped as malaria positive or negative as 

determined by the gold standard, blood smear microscopy. For each FOV, visual 

observation values represent the mean count from three observers. Error bars 

represent the standard deviation. Results using the algorithm are linearly correlated 

to those measured with visual observation (R2 = 0.94). Hemozoin was identified in 
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all FOVs measured from smear positive animals using the algorithm. Hemozoin was 

also detected in two FOVs from smear negative animals; however a single hemozoin 

structure was detected in the same FOVs by visual observation. For the remaining 

eight FOVs from smear negative animals, no hemozoin was detected by the 

algorithm. Table 5.1 shows the diagnostic performance of visual observation and the 

automated algorithm compared to the gold standard blood smear microscopy. Each 

FOV was determined to be positive if one or more hemozoin particles were 

detected. For this data set, the algorithm performed equivalently to visual 

observation, with 100% sensitivity, 80% specificity, and an overall accuracy of 89%.  

Specificity and accuracy could be improved if a minimum number of hemozoin 

particles were required to call a FOV positive. For example, if the threshold to 

positive (T.T.P.) was increased to a minimum of three hemozoin particles required 

to call a FOV positive, accuracy and specificity could be improved, to 95% and 100% 

respectively, while sensitivity would decrease to 89%. Visual observers took an 

average 45 minutes to process 60 seconds worth of video. By comparison, the same 

amount of data took under five minutes to process using the algorithm.  

In conclusion, we have presented an automated algorithm to rapidly detect 

and quantify hemozoin without the need for additional image registration or user 

input. This method performed similarly to visual observation when compared to 

blood smear microscopy, with an overall accuracy of 89%. Automated detection of 

hemozoin significantly decreases the time and training needed to perform this 

diagnostic test, allowing for implementation at the point-of-care. 
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Figure 5.4. Quantification of hemozoin by automated image processing compared to visual observation. 

The number of hemozoin particles detected from videos of circulating blood cells by the automated 
algorithm compared to visual observation. Blood smear microscopy was used as the gold standard to 

determine if each FOV was positive or negative.  

 

 

Table 5.1. Diagnostic Performance of Automated Algorithm Compared to Visual Observation 

 
Visual Observation Algorithm Algorithm (T.T.P. =3) 

 

positive negative positive negative positive negative 

Blood smear 
positive 

9 0 9 0 8 1 

Blood smear 
negative 

2 8 2 8 0 10 

 

Sensitivity 1.00 Sensitivity 1.00 Sensitivity 0.89 

 

Specificity 0.80 Specificity 0.80 Specificity 1.00 

 

Accuracy 0.89 Accuracy 0.89 Accuracy 0.95 
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R² = 0.94 
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Chapter 6 

Quantitative Measurement of Hemoglobin 

Concentration Using In vivo Microscopy 

6.1. Abstract 

In the previous chapters, I described a method to detect malaria parasites 

circulating in the microvasculature in vivo using a microscopy-based technique. In 

this chapter, I investigate the potential to measure hemoglobin absorbance using in 

vivo microscopy as a noninvasive method to detect anemia, which is highly common 

in malaria-endemic regions.  This approach was assessed in optical tissue phantoms 

and in vivo in a mouse model, showing positive linear correlation with the gold 

standard method of detection. A semi-quantitative approach showed the potential 

to correctly identify anemic and non-anemic hemoglobin concentrations using this 

method.  
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6.2. Background 

Anemia is a condition in which the blood has a lower than normal number of 

red blood cells, and therefore insufficient capacity to carry oxygen to the body’s 

tissue and organs. Symptoms of anemia range from lightheadedness to skin pallor, 

an unhealthy paleness of skin. Anemia is associated with increased mortality rates 

for immune-compromised populations, pregnant women, and young children16,42,43. 

Anemia is highly prevalent among children in developing countries, with reported 

prevalence ranging from 21% to 68% in preschool-aged children43–45. Anemia is 

commonly diagnosed by clinical assessment for symptoms such as pallor, however 

accuracy is limited using this method46. Hemoglobin concentration in the blood is 

also used to diagnose anemia. The point-of-care diagnostic test Hemocue is 

commonly used for measuring hemoglobin concentration from a fingerprick blood 

sample. This method is rapid, using a portable device amenable for the point-of-

care; however, it requires single-use consumables, such as cuvettes, that make the 

test cost prohibitive in resource limited regions where anemia is common. In vivo 

hemoglobin concentration measurements could reduce the per-test cost by 

illuminating the need to acquire and process a blood sample.  

We recently reported a needle-free method to diagnose malaria using in vivo 

microscopy. This method avoids the need for a fingerprick blood sample by directly 

detecting malaria infection in the circulating peripheral blood stream. Malaria is 

major cause of anemia due to the infection of red blood cells and subsequent 

hemolysis occurring during the blood stage of the malaria parasite lifecycle46,47; 
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therefore, the addition of hemoglobin concentration measurements would be 

complementary and clinically relevant to a malaria diagnostic platform. Here, we 

investigate the potential of this non-invasive approach to quantify hemoglobin 

concentration. In vivo measurement of the hematocrit, the percentage of red blood 

cells in the blood volume, has been previously demonstrated using a near infrared 

spectroscopic method. Measurements were collected through the skin above the 

arterial access line of the subject’s forearm. Variability in probe placement due skin 

tissue heterogeneity contributed to intra and inter-subject variability. In our 

approach, subject to subject variability is avoided by targeting the highly 

vascularized tissue of the oral mucosa, alleviating heterogeneities caused by 

melanin or hair content.   

In this work, we evaluate the ability to quantify hemoglobin concentration by 

measuring the hemoglobin absorbance at an isosbestic point in the deoxy and oxy 

hemoglobin absorbance spectra. This approach was evaluated in tissue simulating 

optical phantoms over a range of hemoglobin concentrations, showing a positive 

linear correlation compared with the Hemocue as gold standard. This approach was 

further tested in a mouse model, demonstrating the potential to acquire hemoglobin 

measurements in vivo. These results warrant the further investigation of this 

approach in vivo in anemic subjects.  
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6.3. Methods 

6.3.1. Ethics Statement 

All animal procedures were carried out in accordance with a protocol 

approved by the Rice University Institutional Animal Care and Use Committee. 

Blood samples were acquired from healthy volunteers under a protocol approved by 

the Rice University Institutional Review Board.  

6.3.2. Imaging device 

Videos of blood flow were collected using the Microvascular Microscope 

(MvM), previously described elsewhere. In brief, linearly polarized light was 

delivered by epi illumination to the tissue. Light was collected by a microscope 

objective and translated through a polarizing beam splitter. Specular reflections 

were rejected by the polarizing beam splitter and diffusely scattered light was 

relayed to a CCD camera by a series of biconvex lenses. A liquid lens with variable 

focal length was used to manipulate the working distance of the system to access 

vessels at varying depths in the tissue.  

Green light LED illumination (λ= 530 nm) was selected to align with an 

isosbestic point in the Hemoglobin absorbance spectrum. This wavelength is 

insensitive to blood oxygenation, allowing for both venules and arterioles to be used 

in quantifying hemoglobin. Additionally, inexpensive illumination sources at this 

wavelength are readily available both in LED and laser formats.  
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6.3.3. Tissue simulating optical phantom 

A multi-layer optical phantom was used to simulate tissue of the human oral 

mucosa for in vitro investigations. An Intralipid-doped agarose gelatin base was 

used to mimic the tissue stroma. Thin-walled capillary tubes with a typical inner 

diameter of 80 µm were secured on top of the stromal layer. The epithelium was 

modeled using an Intralipid doped aqueous solution drop cast on top of the capillary 

tube. Intralipid concentrations were chosen based on previously reported reduced 

scattering coefficient values of the human oral mucosa68,69. The stroma and the 

epithelium layers were doped with Intralipid at concentrations of 1.5% and 0.15% 

respectively, yielding reduced scattering coefficients of 22.8 cm-1 and 2.28 cm-1 

respectively at 532 nm illumination.  

Venous blood from healthy normal volunteers was collected into 

anticoagulant coated tubes (BD, acid citrate dextrose coated vacutainer). Whole 

blood was diluted with isolated plasma to create a range of hemoglobin 

concentrations spanning 6.2 – 15.4 g/dL. Hemoglobin concentrations measured 

using the Hemocue point-of-care hemoglobin testing system (Hemocue, Hb 201) 

were used as a gold standard. Blood was loaded into the capillary tube using 

capillary action. Videos of flowing blood were acquired for 10s. Each sample was 

run in duplicate or triplicate in a separate capillary tube.    
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6.3.4. In vivo Video Collection 

A mouse model was used to assess the ability to measure hemoglobin 

concentration in vivo from circulating blood flow. Female B6 albino mice (n=4) 

acquired from Jackson Laboratories were used for these experiments. The highly 

vascularized reflected skin flap was used to model the oral mucosa of a human 

subject. Saline solution was applied to the tissue to provide lubrication and reduce 

the index of refraction mismatch. The MvM was brought into gentle contact with the 

tissue and videos of blood flow were acquired from a minimum of three fields of 

view (FOV). Videos were collected for a maximum of five seconds to reduce motion 

artifact.   

6.3.5. Measurement of Hemoglobin Concentration 

Image analysis was performed using the ImageJ software platform (NIH). 

Hemoglobin absorbance was measured from videos collected in vitro and in vivo. 

This approach mimics absorbance measurements collected using a standard 

spectrophotometer, where the vessel was treated as a cuvette and the intensity of 

the surrounding tissue background was used as a reference. Hemoglobin 

concentration was estimated using the Beer Lambert law, OD = C*ε*l, where OD is 

the optical density, C is the hemoglobin concentration, ε is the extinction coefficient, 

and l is the pathlength. The optical density of the blood sample was measured using 

the average pixel intensity within the vessel (I) versus the background tissue 

intensity (I0), where OD = -log (I/ I0). This value was normalized to the diameter of 

the tube, representative of the pathlength of the light.  
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Due to the cylindrical shape of the capillaries, the absorbance and thus the 

pixel intensity vary across the diameter of the vessel. For in vitro measurements, an 

ROI was selected such that only intensity values within the center of the vessel were 

measured. The tissue background was manually segmented and the average global 

intensity was set as the reference intensity. For in vivo measurements, motion 

artifact inhibits the selection of an ROI that will remain stationary in the center of 

the vessel. Additionally, a localized reference background is preferred to a global 

constant due to spatial heterogeneities in the tissue background. Therefore, an 

intensity line profile was used to measure OD/d in vivo. The line extended 

approximately 10 µm on either side of the vessel. The ratio of the maximum and 

minimum pixel intensities from the line profile were used to measure the OD.  

Leave one out cross validation of the in vitro data was used to generate a 

standard curve, using Hemocue measurements as the gold standard. A Bland-

Altman plot was used measure the difference between the MvM measured 

hemoglobin concentration and the gold standard. The standard curve generated 

using the in vitro data was used estimate the hemoglobin concentration of from the 

in vivo MvM measurements. This data was plotted against the gold standard 

Hemocue measurements.   



 77 

6.4. Results 

6.4.1. Hemoglobin Concentration Measurements in an Optical Phantom 

Tissue simulating optical phantoms were used to assess in vivo microscopy 

as a method to measure hemoglobin concentration from microvasculature. 

Intralipid doped gelatin and aqueous layers were used to mimic the scattering 

environment of tissue. Blood samples were loaded into thin walled-glass capillary 

tubes using capillary action to model blood flow in microvasculature. Videos of 

flowing blood were acquired for 10s intervals. Figure 6.1(a) shows a single frame 

from a typical video. Due to the cylindrical shape of the vessel, the pathlength and 

absorbance vary across the diameter of the vessel; therefore, intensity of the blood 

sample was measured from an ROI selected from the center of the vessel, outlined in 

green. The optical density of the blood sample was measured using the average 

background intensity as a reference, outlined in yellow in Figure 6.1(a). The OD was 

normalized by the vessel diameter and plotted against the gold standard 

hemoglobin concentration measured using the Hemocue, shown in Figure 6.1(b). 

This process was performed over a serial dilution over ten hemoglobin 

concentrations. Replicate measurements were made for each blood sample using 

separate capillary tube tissue phantoms for each measurement to estimate spatial 

variability. The error bars represent the standard deviation over the 10s interval. 

From this graph, it may be observed that the temporal variability is smaller than the 

spatial variability for each sample. The absorbance measured by the MvM has a 

positive linear correlation with the gold standard hemoglobin concentration with 
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and R2 value of 0.90. This relationship is improved to an R2 value of 0.92 by spatially 

averaging the measured values for each sample, shown in Figure 6.1(c). This 

suggests that multiple fields of view (FOV) are required in vivo to obtain a 

quantitative linear relationship between the measured hemoglobin absorbance and 

gold standard hemoglobin concentration.  

Figure 6.2(a) shows the standard curve generated using leave one out cross 

validation of the spatially averaged OD/d values. Hemoglobin concentration 

measured by the MvM is within ±1.5 g/dL of the gold standard measurement, 

outlined by the dashed lines. A Bland-Altman plot was used to further analyze the 

agreement between these two methods of measurement, shown in Figure 6.2(b). In 

this chart, the difference between the measured hemoglobin concentration and the 

gold standard are plotted against the gold standard determined concentration. No 

distinct correlation between the difference values and hemoglobin concentration 

was observed. 
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Figure 6.1. In vitro measurement of hemoglobin absorbance in an optical tissue phantom. 

A capillary tube loaded with a blood sample in the multilayer tissue phantom (left). Hemoglobin 
absorbance is measured from a selected ROI in the center of the vessel, using the tissue background as 

the reference intensity. Values are normalized by the vessel diameter and plotted against the gold 
standard hemoglobin concentration (middle). Spatially averaging the absorbance measurements for 

each blood sample improves the linear relationship with the gold standard values. 

 
Figure 6.2. Comparison of hemoglobin concentration measured by the MvM to the gold standard. 

Leave one out cross validation was used to generate a standard curve from the hemoglobin absorbance 
measurements acquired from the optical phantom (left). The Bland Altman plot shows that the 

hemoglobin concentration measured by the MvM was within ±1.5 g/dL of the gold standard. 

6.4.2. In vivo Hemoglobin Concentration Measurements  

The ability to measure hemoglobin absorbance in vivo was assessed in a 

mouse model. In vivo investigations impart added complexity to the measurement of 

hemoglobin absorbance due to the potential for motion artifact and heterogeneous 

background. Videos were acquired from a minimum of three fields of view (FOV) for 
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each subject. A single frame from a representative video is shown in Figure 6.3. 

Here, two daughter vessels of a post capillary venule branch are observed. The 

direction of blood flow is indicated by the arrows. Normalized intensity line profiles 

across each vessel show the parabolic intensity profile associated with the 

cylindrical vessel architecture. As expected, the minimum pixel intensity for the 

smaller vessel is greater than for the larger vessel due to the difference in 

pathlength, yielding a lower OD for the smaller vessel as compared to the larger 

vessel. However, correcting for the diameter of the vessels results in similar OD/d 

values for both vessels. 

   
Figure 6.3. In vivo measurement of hemoglobin absorbance. 

In vivo image of two merging post capillary venules, V1 and V2 (top). Line intensity profiles across each 
vessel illustrate the increased absorbance observed in the larger vessel (bottom left). Correcting for the 

diameter yields equivalent absorbance measurements for the two vessels.  

The time-averaged OD/d was measured for each FOV from four subjects. 

Similar to the in vitro results, the temporal variation for each subject was less than 
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the spatial variation from FOV to FOV (data not shown).  To avoid intra-subject 

variability, the OD/d was spatially averaged over all FOV for a single subject. Using 

the standard curve generated by the in vitro data set, the hemoglobin concentration 

was calculated using the measured OD/d for each subject in vivo. The hemoglobin 

concentration measured in vivo by the MvM is plotted against the gold standard 

hemoglobin concentration in Figure 6.4. The in vitro measurements previously 

shown in Figure 6.2 are added for reference. The in vivo measured values are within 

±2 g/dL of the gold standard. The in vivo measured values are all less than the gold 

standard hemoglobin concentration. This negative bias could be the result of a y-

axis offset generated by the absorbance of the glass capillary tube in the in vitro data 

set used to generate the standard curve. The WHO suggested threshold for 

hemoglobin concentration as a diagnosis for anemia is 11 g/dL, represented as 

dashed lines on the chart. The blue box outlines the true negative samples, 

determined to be non-anemic by both the MvM and the gold standard. The red box 

outlines the true positive samples, determined to be anemic by both methods. Using 

this semi-quantitative approach, no false positives or false negatives were identified 

in this collective data set.  
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Figure 6.4. Combined diagnostic performance of in vitro and in vivo data sets compared to the gold 

standard for hemoglobin measurement. 
Samples which were positive for anemia by both the gold standard and the MvM are shaded in red. 

Samples that were negative by both tests are shaded in blue. 

6.5. Discussion 

In this work, we demonstrated the ability to measure hemoglobin 

concentration from videos collected using a Microvascular Microscope (MvM). 

Images of capillary blood flow were collected under green light illumination (λ= 530 

nm), focusing on an isosbestic point of the hemoglobin absorbance spectra. When 

assessed in vitro in tissue simulating optical phantoms, the MvM measured 

hemoglobin concentrations within 1.5 g/dL of the gold standard over a series of 

anemic and non-anemic hemoglobin concentrations. A cohort of non-anemic mice 

was imaged using the MvM to evaluate the ability to measure hemoglobin 

concentration in vivo. Hemoglobin absorbance measurements were spatially 

averaged over several FOVs and used to calculate the hemozoin concentration using 
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a standard curve generated by measurements collected in vitro. Collectively, all 

measurements made by the MvM agreed with the gold standard in the 

determination of anemic versus non-anemic samples.    

This in vivo microscopy approach is analogous to absorbance measurements 

made on a standard spectrophotometer. However, unlike absorbance measured on a 

spectrophotometer, the sample is not homogenous or lysed. Instead, hemoglobin is 

packaged in red blood cells and absorbance is expected to vary as cells and plasma 

gaps pass through the FOV; therefore, the time averaged OD was measured over 

several seconds of acquisition time. Temporal variation, however, was less variable 

than spatial variability measured from FOV to FOV. One potential source of this 

variability could be the small volume of blood sampled. Over a 10s long video, less 

than a microliter of blood passes through a capillary with a 50 μm diameter in the 

current FOV. To increase the sampling volume, a larger FOV could be employed and 

reduce the need to collect images from multiple FOV.  

The MvM was previously demonstrated to detect malaria infection in vivo. 

The ability to measure hemoglobin concentration increases the diagnostic utility of 

the MvM. Anemia is highly prevalent in regions where malaria is endemic, and 

malaria infection itself is a major source of anemia. The addition of anemia detection 

to this platform is both clinically relevant and easy to implement as green light 

illumination is already employed to locate vessels using hemoglobin absorbance.  

This approach was tested on a limited data set and should be further 

investigated in an animal model of anemia. The results described here demonstrate 
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the feasibility of measuring hemoglobin concentration in vivo, and show promise for 

a non-invasive method to detect anemia.   
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Chapter 7 

In vivo Microscopy for the Needle-Free Detection 

of Microfilariae
a
 

aThe contents of this chapter have been published in the following conference 
proceeding: Burnett, J. L. & Richards-Kortum, R. "In Vivo Microscopy for the Needle-Free 
Detection of Microfilariae," in Optics in the Life Sciences, OSA Technical Digest (online) (Optical 
Society of America, 2015), paper BT1A.5. 

 

7.1. Abstract 

In the previous chapters I described a method to detect malaria infection and 

measure hemoglobin concentration using in vivo microscopy. In this chapter, the 

feasibility to detect Loa loa microfilariae circulating in the superficial 

microvasculature using in vivo microscopy is investigated. This method is assessed 

using a multilayer optical phantom with microfilariae infected and spiked blood 

samples. 
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7.2. Introduction 

Lymphatic filariasis is a parasitic infection affecting the lymphatic system that 

can result in elephantiasis, severe pain, and disability. The WHO reports that over 

120 million people are currently infected with the disease, a quarter of who suffer 

from disfigurement. Onchocerciasis is another debilitating parasitic infection that 

can lead to vision impairment and in some cases blindness. Mass drug distribution 

programs to provide ivermectin treatment have been established in an effort to 

eliminate lymphatic filariasis and onchocerciasis from endemic areas51. 

Unfortunately, ivermectin treatment has been associated with severe adverse 

reactions (e.g. coma, stroke) when administered to individuals infected with Loa loa, 

a vector borne parasitic nematode52–54. As a result, mass drug administration has 

been halted in areas with possible L. loa co-endemicity. 

Severe adverse reactions are linked to high levels of L. loa microfilariae(Mf) , 

the early stage parasites found circulating in the peripheral blood stream53. Mf 

density may be measured by microscopic examination of a blood smear. Because 

this method requires a finger prick blood sample, it is not ideal for rapid screening 

of large populations in a mass drug administration initiative; rather, the prevalence 

of L. loa infection in a community is estimated through surveys conducted by health 

care workers55. There is a clear need for a rapid method of detection that does not 

require a blood sample and is appropriate for resource limited areas.  

To avoid the need for the collection of a blood sample, we propose the use of 

in vivo microscopy for the rapid detection of Mf as they circulate through the 
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microvasculature. In this work we investigate the spectral signatures and optical 

characteristics of isolated Mf. We further assess the feasibility of in vivo microscopy 

for the detection of motile Mf in an optical phantom mimicking the architecture and 

scattering conditions of the superficial microvasculature network in tissue, using a 

low-cost, simple microscope platform. The successful proof on concept 

demonstration of this method will lead to further evaluation and optimization of 

this approach in an animal model. 

7.3. Methods 

Mf (B. malayi) from the peritoneal cavity of a Mongolian Gerbil were 

provided by the NIH/NIAID Filariasis Research Reagent Resource Center for 

distribution by BEI Resources under a university approved IACUC protocol. The 

optical signatures of the Mf suspended in phosphate buffered saline at clinically 

relevant concentrations (10,000 Mf/ml) were assessed using standard absorbance 

(Varian, Cary 500) and auto-fluorescence (Horiba, Fluorolog) measurements. Wet 

mount blood smears of Mf infected blood and Mf suspended in phosphate buffered 

saline were examined by microscopy (Zeiss, Z1) to assess these signatures further in 

a blood volume.  

We developed the Microvascular Microscope (MvM) for imaging blood flow 

in vivo , and is described elsewhere81. This device was used to investigate the optical 

signatures of live Mf in optical phantoms mimicking tissue. In transmission mode 

shown in Figure 7.1, light from an LED (LedSupply) illumination source is launched 
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through a condenser lens and transmitted through the sample. A modified 

microscope objective (Newport, 60x) captures the transmitted light and a series of 

biconvex lenses (f = 25 mm) focus the light onto a CCD sensor (Point Grey, 

Chameleon). The translation of the final lens in the optical train allows for focal 

plane manipulation, giving variable working distance through the tissue. When 

green light illumination (λ=530nm) is employed, hemoglobin absorption provides 

sufficient contrast for the detection of blood flow in superficial vessels. Cross 

polarized epi-illumination was used for experiments where transmission 

illumination was not achievable. This illumination method has been previously 

demonstrated to access subsurface vasculature by rejecting specular linearly 

polarized reflection from the tissue surface99,100. Using the MvM, linearly polarized 

light is delivered to the sample in a reflected geometry. Light diffusely scatters 

through the tissue becoming depolarized. Light from the tissue is collected by the 

objective and only depolarized light is passed through a polarizing beam splitter 

before being relayed to the CCD.  

To assess the feasibility for detecting Mf in vivo, a multi-layer optical 

phantom was created to replicate the microvasculature architecture and the 

scattering conditions of the surrounding epithelial and stroma tissue, above and 

below the vessel respectively. A multiplayer phantom is shown in contact with the 

MvM objective in Figure 7.1(b). Blood samples used for these experiments were 

collected from healthy normal volunteers under a protocol approved by the Rice 

University Institutional Review Board. The optical phantom was prepared as 

follows. The stroma was mimicked using a gelatin base doped with Intralipid 
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(Sigma), a fat emulsion with optical scattering properties similar to tissue101. Known 

concentrations of Mf (0, 1, 5, 10, 20, and 100 Mf/µl) were spiked into whole blood 

and loaded into 80 μm diameter, thin-walled capillary tubes (Hamilton) to mimic 

microvasculature. The capillary tubes were secured to the stroma base. The 

epithelium was modeled using an aqueous solution of Intralipid (0.15% Intralipid) 

sandwiched between the capillary tube and the imaging device. The tubes were 

translated through the microscope field of view (FOV) manually using a micrometer 

controlled stage. Images were collected under transmission illumination using the 

MvM. Mf were detected and quantified by visual observation and compared to 

counts obtained by the gold standard, blood smear microscopy. 

The ability to detect Mf in circulating blood was evaluated using a 

microfluidic chip (Cole Parmer, ThinXXS) with channel widths (50 µm) similar to 

microvasculature diameters. A syringe pump was used to flow Mf-spiked (50 Mf/μl) 

blood samples through the microfluidic channels at a rate of 500 μm/s, A Teflon 

backing was applied to the back of microfluidic chip to mimic the scattering 

environment of stromal tissue102.  The epithelium was again modeled using an 

aqueous solution of Intralipid. 
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Figure 7.1. Device diagram and multilayer optical phantom overview 

A) Transmission microscope diagram. B) Multi-layer optical phantom brought into contact with 
microscope objective.  

7.4. Results 

The UV-VIS absorbance spectra of Mf suspended in 1x phosphate buffered 

saline (10,000 Mf/ml) was flat in the optically visible range as shown in Figure 

7.2(a). Similarly, no significant fluorescence was observed from the Mf suspension 

in an excitation emission matrix spanning the visible spectrum (data not shown). 

Individual Mf in phosphate buffered saline were found to be effectively optically 

transparent, as shown in the wet mount microscopy image in Fig.7.2 (b). B. malayi-

infected wet mount blood smears are shown in Figure 7.2(c-d). Mf are much larger 

than surrounding blood cells, measuring approximately 200 µm long. These images 

also illustrate the motility of a single Mf as it moves over time in each subsequent 

frame. Mf size and motility were further investigated as mechanisms for detection in 

a blood volume in vitro using a multi-layer optical phantom. 
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Figure 7.2. Characterization of microfilariae optical signature. 

A) UV-VIS absorbance spectrum of microfilariae suspended in 1x phosphate buffered saline. B) 
Brightfield microscopy image of microfilaria in phosphate buffered saline. C and D) Individual frames 

from video taken of motile microfilaria in wet mount blood sample. 

Blood samples were loaded into the capillary tube of an optical phantom and 

imaged using the MvM. Individual red blood cells can be discerned in the capillary 

when imaged at 530 nm (Fig.7.3a), taking advantage of the strong hemoglobin Q-

band absorption peak. A single Mf is outlined (dashed line) in the center of the field 

of view (FOV). Mf are much larger than individual blood cells, measuring hundreds 

of microns long. The size and motility of Mf are detectable by visual observation 

against the background of the red blood cell absorbance. A Matlab based image 

processing algorithm employing difference imaging was used to highlight the Mf 

movements over time. For this image processing method, the difference divided by 

the sum of two successive frames is used to show temporal contrast. The motility of 

an individual Mf as it uncoils within the capillary is shown in Fig. 7.3 (b-d). 
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Figure 7.3. Microfilaria detection in multilayer optical phantom 

A) Single frame from video of multilayer optical phantom. A microfilaria is outlined by the dashed box in 
the center of the blood filled capillary tube. B-D) Temporal differential imaging of Mf motility in the 

capillary tube phantom. 

Severe adverse effects (SAE) due to reactions with ivermectin treatment have 

been reported in subjects with L. loa Mf loads greater than 30Mf/µl and as high as 

150 Mf/µl52,54, with relative risk for adverse reactions increasing significantly at 

levels exceeding 8 Mf/µl53. It is important that a screening tool for Mf detect all 

three SAE risk levels: low (<8 Mf/ul), moderate (8-30Mf/μl), and high (>30 Mf/μl). 

Also, the development of a diagnostic that can detect low levels of Mf is of growing 

interest in domestic screening of travelers and mobile populations103,104; therefore 

the dynamic range and limit of detection were assessed with a serial dilution of 

known concentrations of Mf in blood from 1-100 Mf/µl, verified by blood smear 

microscopy. To mimic blood flow, the capillary tube was translated through the FOV 

using a micrometer controlled stage and Mf were detected by visual observation. 

The volume of blood observed was measured using the cross sectional area of the 

tube multiplied by the length of tube translated through the FOV.  Figure 7.4 shows 

the number of Mf observed/mm is plotted against the Mf concentration determined 

by the gold standard blood smear microscopy. Mf were detected over two orders of 

magnitude spanning all three SAE risk categories. In negative control samples, no Mf 

were detected. The number of Mf detected by in vivo microscopy is linearly 
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proportional to Mf concentration measured by blood smear microscopy. The slope 

of this relationship is less than one, suggesting that only a portion of the Mf in a 

sample were detected by in vivo microscopy.  

To assess the ability to detect Mf in flowing blood, a microfluidic chip optical 

phantom model was used. Stromal tissue was modeled using a Teflon backing and 

the epithelium was modeled using an aqueous solution of Intralipid. Transmission 

illumination was not accessible using this model; therefore, light was delivered by 

cross polarized epi-illumination. Mf-spiked blood samples were driven through 50 

μm diameter channels by a syringe pump at blood flow rates observed in vivo. Mf 

were detected by visual observation via a combination of three key features: 1) the 

relative pixel intensity difference between the homogenously absorbing blood 

background and the optical clear Mf; 2) the size and shape of the Mf compared to the 

surrounding smaller, round blood cells; and 3) the motility of the Mf along the short 

axis of the vessel compared to the unidirectional blood flow. Two configurations of 

Mf, uncoiled and coiled, are shown in a single frame in the top row of Figure 7.5. 

Temporal difference imaging was not employed due to the frame to frame 

movements of the surrounding blood flow. Contrast enhancement using histogram 

stretching was used to allow for easier visualization of the worms in the bottom row 

of Fig. 7.5. These results give promise to the ability to detect Mf in vivo without the 

aid of exogenous contrast agents using a very simple and portable microscope 

system. 



 94 

  
Figure 7.4. Quantification of Mf in the multilayer phantom using the MvM.  

The gold standard for comparison is blood smear microscopy. Three severe adverse event risk levels are 
spanned: low (<8Mf/μl), moderate (8-30 Mf/μl), and high (>30Mf/μl). 

 
Figure 7.5. Microfilariae detected in flowing blood.  

Single frames from video of Mf-spiked flowing blood in microfluidic chip. Uncoiled and coiled Mf are 
outlined in yellow (top row). Histogram stretching was applied to allow for easier visualization of Mf 

from blood background (bottom row). 

7.5. Discussion 

Mass-drug administration for the treatment of lymphatic filariasis and 

onchocerciasis has been compromised due to severe adverse drug reactions in 
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loiasis infected individuals with high levels of Mf in the blood. In this work we 

investigated the potential for using in vivo microscopy to detect Mf as a means of 

needle-free diagnosis. We tested this approach in vitro in a multi-layer optical 

phantom replicating the optical background of superficial microvasculature. We 

found that Mf motility can be seen in a blood volume using a simple microscope 

system employing LED illumination at 530nm, taking advantage of hemoglobin 

absorbance. These rapid movements are striking when observed by eye, providing a 

mechanism for temporal contrast.  Movements were further enhanced using either 

difference imaging of consecutive frames or histogram stretching of the pixel 

intensity, allowing for easier visual detection of single frames and the potential for 

automation through very basic image processing algorithms. Mf motility may be 

detected spatially as well, as transverse movements of the motile Mf confined to a 

narrow capillary (<100µm in diameter) juxtaposed to the lateral flow of blood can 

allow for greater detection of the Mf in vivo .  

It should be noted that the Mf investigated in this work were of the species B. 

malayi, which is a parasite which causes lymphatic filariasis. Without the aid of a 

contrast agent, these Mf are indiscernible from L. loa Mf in shape and size. For in 

vivo investigations, periodicity of the Mf could be used to discriminate between the 

two parasites. Lymphatic filariasis Mf are nocturnal, with highest concentrations in 

the peripheral blood stream occurring at 2 a.m.105,106. Conversely, L. loa Mf are 

diurnal, with highest concentrations occurring from 10 am to 2 p.m.107. Fortunately, 

this allows for daytime screening of L. loa, with a reduced potential to misidentify Mf 

from Lymphatic filariasis.   



 96 

Using a simple, inexpensive microscope system, we have demonstrated the 

feasibility for detecting Mf in an optical phantom model of the microvasculature 

over a dynamic range spanning both clinically relevant and SEA associated Mf levels. 

The detection of Mf was made without the use of exogenous contrast agents; rather, 

the size and motility of the parasites are parameters used for detection. The 

preliminary results of this work warrant further investigation of this approach in 

vivo in an animal model.  
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Chapter 8 

Conclusions 

In summary, a microscope platform was developed to non-invasively detect 

malaria infection in vivo. Image processing algorithms were developed to assess and 

improve the diagnostic performance of this device. This method was further 

evaluated for the potential to non-invasively measure hemoglobin concentration 

and detect microfilarial infections.  

The Microvascular Microscope (MvM), a portable, battery-powered imaging 

device, was demonstrated to detect malaria infection in vivo using the endogenous 

malaria byproduct hemozoin as an optical biomarker. Two optical signatures of 

hemozoin, birefringence and absorbance, were investigated in tissue phantoms 

using P. yoelii-infected blood from a mouse model of malaria. The hemozoin 

birefringence signal to background ratio was attenuated under tissue scattering 
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conditions; however, hemozoin absorbance was detected in vivo in P. yoelii-infected 

mice over four orders of magnitude of clinically relevant levels of parasitemia.  

To reduce the potential for false positive diagnosis, an algorithm was 

developed to discriminate between infected red blood cells and hemozoin 

containing white blood cells that may persist in the bloodstream through leukocyte 

phagocytosis after infection has passed. Using a mouse model of malaria, features of 

the hemozoin signal yielded an algorithm with an area under the receiver operating 

characteristic curve of 0.92 and 0.91 when measured in vitro and in vivo 

respectively. Similarly, measurements of hemozoin from P. falciparum samples 

yielded an algorithm with an area under the curve of 0.93, confirming the potential 

to discriminate by cell type in human infecting strains using hemozoin absorbance 

signal.  

To reduce the time to diagnosis and the potential for observer bias, an 

automated image processing algorithm was developed to rapidly detect and 

quantify hemozoin circulating in vivo. The algorithm was applied to a set of videos 

acquired from uninfected and P. yoelii-infected mice; hemozoin was segmented from 

the heterogeneous tissue background using local adaptive thresholding and 

enumerated using peak trace analysis of the hemozoin particle area and signal 

intensity. The diagnostic performance of the automated algorithm was equivalent to 

manual segmentation by visual observers, with 100% sensitivity, 80% specificity, 

and an overall accuracy of 89% when compared to blood smear microscopy as a 

gold standard.  



 99 
 

The MvM was evaluated in an optical tissue phantom model for the ability to 

quantify hemoglobin concentration using hemoglobin absorbance. Spatially 

averaged optical density measurements yielded a positive linear correlation with 

hemoglobin concentration measured using the Hemocue as the gold standard.  

Using leave one out cross validation, hemoglobin concentrations measured using the 

MvM were within ±1.5 g/dL of the gold standard. A semi-quantitative approach 

showed the potential to correctly identify anemic and non-anemic hemoglobin 

concentrations using data collected in vitro and in vivo. These results show the 

potential to non-invasively detect anemia providing a valuable diagnostic tool in 

conjunction with malaria detection.  

Finally, the potential to rapidly screen for microfilariae infection using the 

MvM was assessed in two tissue phantom models. In a multi-layer phantom, 

microfilariae were detected using their size, motility, and optical contrast against 

the red blood cell background. Microfilariae were detected over a clinically relevant 

range, showing a positive linear correlation with the gold standard, blood smear 

microscopy. In a microfluidic model, microfilariae were detected in flowing blood, 

demonstrating the potential to extend this method to circulating blood flow in vivo.  

The work presented in this thesis warrants further investigations in human 

subjects. There are two important considerations to address prior to and in tandem 

with in vivo implementation in human subjects. First, the use of epi-illumination 

allows for easier access to multiple imaging sites than a transmission based device, 

however the interface between the tissue and microscope objective should be 
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carefully considered to avoid motion artifact and potential pressure effects that 

could reduce blood flow. The use of a chin rest, similar to those used in ophthalmic 

procedures, could be employed to maintain a stationary position between the device 

and patient. Second, an important step in the clinical utility of this diagnostic 

approach is the implementation of a user interface with a real-time display of 

diagnostic information. This component will need to be assessed and optimized in 

conjunction with clinician feedback during a pilot study of human subjects. 

Computational requirements needed to perform image processing will have to be 

considered during the design of this interface.  

In conclusion, I have presented a robust, non-invasive imaging system for the 

detection of malaria infection in vivo with potential utility as a diagnostic platform 

for other blood-borne illnesses. This needle-free approach eliminates the need for a 

blood draw and associated consumables, addressing one of the shortcomings of 

current malaria diagnostic tests. Additionally, the MvM employs a simple brightfield 

microscopy design without the use of expensive optical components or significant 

power requirements, providing a diagnostic platform amenable to implementation 

at the point-of-care.  
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