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Summary

Malaria remains an important cause of high morbidity and mortality worldwide. Accord-
ing to World Health Organisation (WHO) malaria report for 2017, malaria accounted
for the death of 435,000 people. It is the leading cause of death among pregnant
women and little children. 11% of maternal and 20% of under��ve deaths are at-
tributed to malaria every year. Malaria transmission is currently active in 95 countries
putting the lives of 3.2 billion people at risk. 40% of the malaria related deaths are
linked to Nigeria and the Democratic republic of the Congo.
Since malaria symptoms are generally non-speci�c and usually overlap with the symp-
toms of other febrile illnesses, clinical diagnosis are typically presumptive and often
results into high number of false positives which potentially lead to the abuse of an-
timalarial drugs. The consistent abuse of antimalarial drugs has produced the conse-
quent e�ect of drug resistance which is a major concern in the current global malaria
control and elimination e�orts. The WHO therefore recommends that an e�ective
malaria case management plan must be predicated on a standard parasite-based con-
�rmatory diagnostic test. Conventional Light Microscopy is the recommended refer-
ence diagnostic standard prescribed by the World Health Organisation. This method is
particularly of interest because it allows parasite specie di�erentiation, quanti�cation
of the parasite density in a given blood smear, high accuracy (although this depends on
the expertise of the microscopist), low direct cost, visualization of di�erent stages of
the parasite development etc. While well-equipped laboratories for malaria diagnosis
are commonly available in developed urban and peri-urban areas, low-resource settings
of malaria endemicity usually have very limited options.
The recommended standard microscopy is less accessible in resource-limited settings
because of the following: lack of required technical skills, incessant power outages,
lack of e�cient maintenance capability, delayed diagnosis due to intense workload,
inaccuracies due to manual counting of the parasites detected in the blood �lm etc.
The inaccuracies of parasite density estimation eventually a�ects the accuracy and
e�ciency of the prescribed treatment which could have fatal consequences. A diag-
nostic process is termed inconclusive by the WHO until and unless a minimum of 100
measurement (microscopy examination of 100 high powered-�elds) has been done on
a prepared thick blood �lm. For a thin blood �lm which provides more details about
the morphology of the parasite, an average of 800 measurement is required. This is an
easy task for laboratory technologist in malaria non-endemic countries where an aver-
age of 120 malaria cases occur yearly. But for malaria endemic country where several
thousand cases are reported daily, this is by no means a mean task as it demands full
concentration, time, high expertise and experience.
To realize current global e�ort to reduce the heavy malaria burden, the need for a
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Samenvatting

Malaria blijft een belangrijke oorzaak van een wereldwijd hoge morbiditeit en morta-
liteit. Volgens een rapport van de Wereldgezondheidsorganisatie (WHO), werden er
in 2017 alleen al 435.000 sterfgevallen aan malaria toegeschreven. Het is een van de
voornaamste doodsoorzaken onder zwangere vrouwen en jonge kinderen. Malaria is
jaarlijks verantwoordelijk voor 11% van de moedersterfte en 20% van de sterfgevallen
van kinderen jonger dan 5 jaar. Momenteel is Malaria in 95 landen actief, wat het
leven van 3.2 miljoen mensen in gevaar brengt. 40% van de aan malaria gerelateerde
sterfgevallen vindt plaats in Nigeria en de Democratische Republiek Congo.
Aangezien malariasymptomen over het algemeen niet speci�ek zijn, en regelmatig over-
lap vertonen met de symptomen van andere febriele ziekten, is de klinische diagnose
meestal vermoedelijk. En resulteert dit vaak in een groot aantal fout-positieve resul-
taten die potentieel leiden tot onnodig gebruik van malaria medicatie. Om deze reden
schrijft de WHO voor dat een e�ectief malaria behandelplan moet worden gebaseerd op
een bevestigende, standaard, op parasieten gebaseerde diagnostische test. Conventio-
nele lichtmicroscopie is de aanbevolen diagnostische referentiestandaard, voorgeschre-
ven door de World Health Organisation. Deze methode is met name interessant, omdat
het de mogelijkheid geeft tot de di�erentiatie van parasitaire soorten, de kwanti�ce-
ring van de parasitaire dichtheid in een gegeven bloeduitstrijkje, een grote accuratesse
(hoewel dit afhankelijk is van de expertise van de microscopist), lage directe kosten,
visualisatie van verschillende stadia van de ontwikkeling van de parasiet, enzovoort.
Hoewel goed uitgeruste laboratoria voor malariadiagnostiek algemeen beschikbaar zijn
in ontwikkelde stedelijke en peri urbane gebieden, zijn de opties in low-resource settings
van malaria endemische landen meestal zeer beperkt.
De aanbevolen standaard microscopie is minder toegankelijk in low-resource settings
vanwege onder andere: tekort aan de vereiste technische vaardigheden, onbereken-
bare stroomuitval, gebrek aan e�ciºnte onderhoudsmogelijkheden, vertraagde dia-
gnose vanwege hoge werkdruk, onnauwkeurigheden door handmatige telling van de
gedetecteerde parasieten in de bloed�lm. De onnauwkeurigheden bij de schatting van
de parasitaire dichtheid zijn van invloed op de juistheid en e�ciºntie van de voor-
geschreven behandeling en kunnen fatale gevolgen hebben. Een diagnostisch proces
wordt door de WHO pas als overtuigend beschouwd wanneer een minimum van 100
metingen (microscopisch onderzoek van 100 high powered-�elds) is uitgevoerd op een
geprepareerde dikke bloed�lm. Voor een dunne bloed�lm, die meer details geeft over
de morfologie van de parasiet, is een gemiddelde van 800 metingen vereist. Dit is een
gemakkelijke taak voor laboranten in niet endemische landen waar jaarlijks gemiddeld
120 gevallen van malaria voorkomen. Maar voor malaria endemische landen, waar
dagelijks duizenden gevallen worden gemeld, is dit geenszins een haalbare taak, aange-
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1
Introduction

There is a spirit in man the inspiration of the Almighty giveth him understanding.

Job 32:8

Chapter Abstract
This chapter provides a quick overview of two main parasitic disease - Malaria & Urogenital
Schistosomiasis considered in this research work. Malaria is a life threatening parasitic dis-
ease with high mortality rate and signi�cant economic loss. The parasite is smart, constantly
adapting to di�erent environmental conditions thereby developing resistance to drugs. Lim-
ited access to quick and reliable diagnoses further ampli�es its devastating impact on the
populations at risk. We discuss the World Health Organisation reference diagnostic standard
with speci�c focus on the advantages and limitations of the methods using Malaria as a case
study. The objective, motivation and goals of this thesis concludes this chapter.
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Figure 1.3: Represents the standard malaria microscopy. The sample is manually observed by
an expert who examines hundreds of �elds by intermitently focusing and refocusing the optical
system. Amount of visualize parasites is manually counted using a manual counter shown in
the image. Aligned to the right of the image are the di�erent stages of the malaria parasite
as visualized by the microscopist in a thin smear. These stages consist of the trophozoites
(early ring), the Schizonts (sexual stage) and the Gametocytes (assexual stage) respectively.

blood cell or per microscope �eld. To �nally derive the parasites per given volume of
blood, certain standard approximations of the the amount of red & white blood cells
in a microlitre of blood are required. In this case, we use 5 � 106 erythrocytes or
8000 white blood cells per microlitre of blood. In the case where microscope �eld is
used, 400 microscope �elds is a standard number for calculation. Using the de�ned
values, the estimated parasitemia is based on the number of white blood cells counted
and typically expressed as ‘parasites per microliter of blood’ with the following simple
mathematical formula:

Parasite/�“ =
Number of parasites � 8000

Number of WBC
(1.1)

Parasite quaniti�cation based on thin �lm however takes into consideration, the
estimated number of infected red blood cells and expresses it as a percentage of the
parasitemia based on the equation:
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Parasites =
Infected RBC
Total RBCs

� 100 (1.2)

1.3.4. Advantages of light microscopy
The following features makes malaria microscopy an invaluable tool in the global
malaria control and elimination e�ort.

� Cost e�ectiveness � has low direct cost

� High sensitivity for clinical malaria

� Easy di�erentiation of malaria species and parasite stages

� Easy quanti�cation of parasite infection load in a blood sample

� High accuracy of diagnostic outcomes which determines the e�ectiveness of the
recommended treatment.

1.3.5. Limitations of light microscopy
Despite the above listed advantages, the reliability of diagnostic results by light mi-
croscopy at the primary health care level is limited by many practical challenges. The
most relevant limiations which motivates this research work are summarized below:

� Required technical skills: Primary health care facilities in resource limited set-
tings su�er from the absence of e�ective, quali�ed and properly trained technical
experts that will provide required expertise for sample analysis. This is mostly
due to the lack of resources and su�cient quality assurance goverment pro-
grams that coordinates the recruitment, training and continuous assesment of
the competence of microscopist. The accuracy and reliability of the result ob-
tained through this diagnostic approach is highly dependent on the expertise of
the microscopist [11, 12]. Therefore the accuracy and reliability of diagnosis is
severely impacted particularly in rural areas .

� Lack of maintainance capability: The microscopes used in diagnostic cen-
tres in malaria endemic countries are designed, produced mostly in non-malaria
infected countries and this reduces the available maintenance capabilities in en-
demic countries. Aside the low technical maintenance capacity available, lack
of availability of required spare parts which also leads to signi�cant amount of
machine downtime is a common problem.

� Power outages: It is quite unfortunate that most of the rural areas of endemic
countries lack consistent supply of electricity, which is critical for the opera-
tion of the microscope. This causes sudden interruptions during the diagnostic
process resulting to long time delays in result interpretation, prescriptions and
treatments.
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2
Overview of Malaria &

Schistosomiasis

You light a lamp for me. The LORD, my God,
lights up my darkness.

Psalm 18:28

Development of robust, a�ordable, �eld-compatible and functional optical diagnostic instru-
ment to combat the impact of two devastating parasitic diseases in low-income countries is
the primary objective of this research. This chapter provides a quick overview and general
background information on the history, transmission and parasitic life-cycle of the parasites
under consideration. This chapter also serves as a quick review of the existing state-of-the
art diagnostic techniques. The gains, limitations and diagnostic gaps of this methods are
brie�y described.

15
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Figure 2.2: The visualized parasite stages in thin blood �lms is shown. Di�erent developmental
stages of the parasite ranging from early trophozoites through the schizonts in infected red
blood cells is presented. The blood �lm is examined using standard light microscope with an
high numerical aperture oil immersion objective lens at 1000� magni�cation.

used to characterize the e�cacy of these techniques are sensitivity, speci�city and limit
of detection (LOD). Sensitivity is the probability of an infected patient to actually test
positive when the result is compared to the reference standard test. Increase in sen-
sitivity results into a consequent decrease in false negatives which is quite important
in malaria diagnosis as low sensitivity could result into missed diagnosis. Speci�city
of the test refers to the probability that an uninfected patient actually tests negative
accordingly. The amount of false positives decreases as the speci�city increases. A
lot of emphasis is now laid on the speci�city of the test particularly because of the
general concerns of the increasing drug resistance and the absolute desire to improve
the quality of care of malaria patients. The detectable parasite threshold in a given
blood sample is expressed as the limit of detection. The standard sensitivity perfor-
mance threshold de�ned by the WHO guidelines for malaria diagnostics is 95% at 100
parasites/�l of blood.
A quick overview of the existing state-of-the-art malaria diagnostic techniques is dis-
cussed below:

� Conventional Light Microscopy: A quick overview of conventional light mi-
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Figure 2.3: Technology platforms for malaria diagnosis depicting existing diagnostic methods
and their usage.

croscopy has been discussed in chapter one, this section provides additional
information on this diagnostic method. It is interesting to note that Giemsa
staining protocol for malaria microscopy has been in existence for over 130 years
[2, 11, 12] yet it remains the WHO approved reference standard for malaria di-
agnosis.
The diagnostic method a�ords the thorough examination of a thick or thin blood
�lm by an expert microscopist who detects, quanti�es and ascertains the various
stages of the parasites. The variation in parasite developmental stages deter-
mines the severity of the infection. Accuracy of the results depends on the
experience of the microscopist.
In optimal laboratory conditions for instance, microscopic diagnosis is highly sen-
sitive and speci�c with a parasite detection limit as low as 12 parasites/1�l of
blood. In �eld settings however, the performance of microscopy could be limited
as a result of points highlighted in the chapter 1 of this thesis [13, 14]. Other
limitations could be due to erratic power outages, insu�cient time to stain &
examine slides, lack of e�ective quality assurance and regulation system [15, 16].
Furthermore, staining and result analysis are very labour intensive (approximately
35 minutes per slide) as already highlighted in chapter 1. Although the tech-
nology is quite simple, sustained �nancial and human resource investment to
upgrade skills of microscopist through participation in accredited quality assur-
ance and skills upgrade training program is lacking. As a result, the reliability of
the test result vary from one operator to another.

� Fluorescence Microscopy: The use of �uorochrome as a diagnostic method be-
came popular with Hagemann’s technique for detecting mycobacterium tubercu-
losis [17]. Application of this technique for avian and human malaria detection
was reported by Patton & Metcalf [18, 19]. Rapid malaria detection in thick
blood �lms from patient with low density infection using acridine orange (AO)
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stains with Fluorescence microscopy has been reported in [20�22].
The complexity of detection is minimized by the use of �uorochrome staining
which creates su�cient contrast and enhances easy identi�cation of the parasite
in stained blood �lms. Reduced diagnostic time is also an advantage derived from
this staining method because the parasites appears like bright stars in the sky at
night. The quanti�ed bu�y coat method is also applied to �uorescence malaria
microscopy. The method employs the use of speci�c capillary tubes which are
pre-coated with acridine orange. About 50�l of blood is centrifuged at 14,400�
g (12,000RPM) for 5 minutes [23]. The separated blood constituents is exam-
ined and parasite which are present appear green at emission wavelength of about
410-415�m. Although this method is more sensitive and speci�c for malaria di-
agnosis, it has however not been widely adopted because of the cost, complexity
(need for extra equipment) and technical skills required for accurate diagnosis.
Species di�erentiation is also di�cult to ascertain. Microscopy quality control
which relies on storing slides for re-reading by a supervisor is a challenge with the
�uorescent method with acridine orange as prepared samples must be instantly
analysed since the AO stains can fade with time.

� Antigen Detection (Rapid Diagnostic Tests): Antigen based tests uses an-
tibodies to detect antigens produced by the pathogen through lateral �ow im-
munochromatograph. Malaria rapid diagnostic test kits detect malaria speci�c
antigens present in infected blood samples. Typical test procedures involves the
capillary di�usion of a sample through a membrane to which reagents are at-
tached. The blood sample interacts with reagents and produces reactions that
can be observed with the human eye in 10-30 minutes. The rapid diagnostic test
kits are generally available in various formats such as dipstick [24], card or cas-
sette. In optimal conditions, some of the RDT products can attain a sensitivity
performance limit similar to good �eld microscopy.
Malaria RDTs are relatively inexpensive and the most basic P. falciparum tests
cost approximately $0.40 � $ 0.60. They are of speci�c interest in the �ght
against malaria because they require no laboratory infrastructure, power supply,
or special equipment [25]. With minimal training, they are useable by community
health workers in rural areas.

Although widely adopted for quick screening and detection of malaria, antigen
based detection methods are limited due to the following [26]:

1. Quality Control: The quality of the test performed with RDT is di�cult
to validate on the �eld since there are no existing practical technologies to
measure the quality of the test results.

2. Robustness of Rapid Diagnostic Test: No su�ciently concrete data has
been provided to show the robustness of RDTs against harsh environmental
conditions such as temperature and humidity. Field results have shown that
overexposure of the RDTs to heat and humidity deteriorates the sensitivity
of the test kits.
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Figure 2.4: A commonly available RDT cassette which consist of a sample well through which
the blood is added and a bu�er well by which drops of bu�er are added.

3. Limit of Detection: RDTs have shown high sensitivity for malaria patient
with intense clinical symptoms. In many cases however, the detection limit
may not be su�cient to detect low infection loads. For e�ective control
and elimination programs, high sensitivity is a critical requirement.

4. Di�erentiating between Current and Previous Infections: RDTs which de-
tect Histidine rich protein-II may �nd it di�cult to distinguish between active
and previous infection since the HRP-II antigens continues to circulate in
the blood for approximately six weeks after successful treatment [27�29].
This is a current challenge and it seriously reduces the speci�city of RDTs.

� Nucleic Acid Detection: Polymerase Chain Reaction (PCR): Nucleic acid
detection is based on the detection of parasite genes (DNA/RNA). It provides
rapid diagnosis with high sensitivity [30�32]. Polymerase Chain Reaction � based
technique detects malaria parasites by a process called ampli�cation. The nucleic
acid present in the blood is multiplied and analysed for the presence of malaria.
PCR can detect low level of parasitemia and this makes it more sensitive and
speci�c than microscopy and other antigen or antibody based test. The limit of
detection is typically in the range of 1-5 parasite per �l of blood [33].
Although this specialised intricate process is time consuming, the development
of Real-Time PCR (RT-PCR) however allows real-time parasite gene ampli�-
cation and detection. RT-PCR has been reported to provide semi-quantitiave
result, di�erentiates between species [34�36] and can be done in 90 minutes as
compared to � 6 hours required for conventional PCR. RT-PCR is less prone to
contamination error and the automation process reduces human labour require-
ments.
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Figure 2.5: Figure, depicts the life cycle of the human schistosome parasite.

the advantages and drawbacks of each method discussed.

� The ‘Gold Standard’ Microscopy: Microscopy which is the reference standard
for the diagnosis of urogenital schistosomiasis involves the �ltration of 10ml of
patient urine with a recommended polycarbonate membrane of 12�m pore size
[54]. The �ltered residue is stained with lugoz iodine and examined under a stan-
dard light microscope by an expert for the presence of eggs. The simplicity of the
diagnostic procedure makes it widely acceptable. Also the low personnel training
requirements, minimal equipment need, minimal laboratory space requirement,
quanti�cation of secreted eggs for morbidity assessment and reuse & recycling
of �lter materials makes it more attractive and suitable for �eld use. A major
limitation to the accuracy of the test results however is the variation in the day
to day secretion of eggs in the infected patients [55]. Increasing sensitivity of di-
agnostic technique therefore will require repeated collection, pooling and analysis
of larger samples which is time, labour and cost intensive.
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3
Light Microscopy With

Extended Depth

Darkness covered the earth and;
God said ‘Let light be!’ and all was light.

Genesis 1:1

In diagnostic applications where sample scanning is cogent, improving the axial resoloving
power of the imaging system is crucial. In this chapter, we explore practical methodologies
that potentially extends the Depth of Field of a microscope for potential use in label free
imaging of parasitic disease. Such a system will alleviate the cost and complexity of sample
preparation techniques and allows for easy �eld use. We have also shown in this chapter
that the maximum achievable resolution of in-line lensless holographic microscope is limited
by aliasing and, for collimated illumination, can not exceed the camera pixel size. This limit
can be achieved only when the optimal conditions on spatial and temporal coherence state of
the illumination are satis�ed. The expressions de�ning the con�guration, delivering maximum
resolution with given spatial and temporal coherence of the illumination are obtained. The
validity of these conditions is con�rmed experimentally.

Parts of this chapter have been published in Aliasing, coherence, and resolution in a lensless holographic
microscope, Optics Letters 42,12 (2017) [1] & in Wavefront coding with adaptive optics," Proc.
SPIE 9335, Adaptive Optics and Wavefront Control for Biological Systems, 93350Q (2015); 324,
289 (1906) [2]
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3.1. Fundamental principle of optical microscopy

Fourier series provides useful insight into how well an optical system can reproduce an
object in its image space by decomposing the object and considering it as a summation
of spatial sinusoidal waves at unique frequencies [3]. The smallest feature of an object
that can be resolved by an optical microscope is de�ned by its spatial resolution. The
smaller the value of the spatial resolution the more the resolvable details of the object.
Ernst Abbe in 1873 de�ned the spatial resolution of a microscope by considering
the observed object as a periodic di�raction element [4, 5]. Based on quantitative
mathematical analysis, he showed that a minimum of two orders of a di�raction grating
should be collected by the objective lens in order to resolve the smallest features of
the grating. He described in words, the �rst de�nition of the spatial resolution �x;y of
an optical microscope which is mathematically expressed as :

�x;y =
�

nsin�
=

�
NA

(3.1)

� is the wavelength of the light source, n the refractive index, � is the di�raction angle
and NA the numerical aperture [6]. Based on Abbe theory, the maximum resolvable
features of an object under examination is de�ned by the numerical aperture of the
microscope objective used. Only di�racted features of the object with a spatial period
higher than �x;y are intercepted by the �nite pupil of the objective lens. Taking into
consideration the illumination design where the NA of the condenser lens is matched
with the NA of the objective lens, Equation 3.1 can be written as:

�x;y =
�

2NA
(3.2)

The result of a more rigorous mathematical work of Hermann von Helmholtz shows that
equation 3.1 is not only valid for coherent illumination but for incoherent illumination
also [7, 8].

A generalized de�nition of spatial resolution is based on Rayleigh criterion. Lord
Rayleigh, considered microscopic objects as a sum of point sources [9] and proposed
that two close-lying points are considered resolved if the �rst intensity maximum of
one di�raction pattern coincides with the �rst intensity minimum of the other [10].
His de�nition leads to a spatial resolution which is mathematically expressed as

�x;y = 0:61
f�
R

(3.3)

where f is the focal lenght and R, the radius of the �nite pupil of the lens. Although
Abbe’s resolution criterion is more rigorous, Rayleigh criterion is a more commonly
known formulation of the resolution for imaging instruments.

3.1.1. Theoretical principle
In an imaging system, the light intensity distribution in the object plane is collected
by an optical system and propagated through the system to produce its conjugate in
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a di�erent plane along the optical axis [11, 12]. Fig.3.1 is a simple optical system. It
consists of an illumination source, the optical train and an image plane.

Figure 3.1: A schematic diagram of a simple optical train of a microscope. The object is
placed at the focal distance F0 of the objective lens. Collected and collimated light from the
lens is focused by the tube lens which is place at its focal distance Ft from the image plane.
The magni�cation of the optical system is the ratio of the focal lengths expressed as Ft

F0
.

The object is placed at a distance fo from the objective lens and the image plane is at
a distance ft from the exit pupil of the tube lens. The circular pupil function P (x; y) of
the imaging system has a diameter D which is unity inside and zero outside the de�ned
aperture. Asumming that the imaging system is di�raction-limited, the location of the
ideal image point is related to the location of the original object through a scaling
factor M (magni�cation of the optical system) [12]. The propagated 2-D distribution
of the complex amplitude impinging at the image plane can therefore be expressed as:

ZZ 1

1
h(u; v ; �; �)� Uo(�; �) d� d� (3.4)

where Uo(�; �) is the complex �eld of the source, u and v are the coordinates at the
object space. Equation 3.4 can be rewritten using the convolution theorem as:

Ui(u; v) = h(u; v ; �; �) ~ Uo(�; �) (3.5)

where h(u; v ; �; �) is the amplitude point spread function of the imaging system de�ned
by the Fourier transform of the pupil function (P (x; y)) as:

h(u; v ; �; �) =
A
�zi

ZZ 1

1
P (x; y)� e

n
�j 2�

�zi

�
(u�M�)x+(v�M�)y

�o
dxdy (3.6)

The irradiaance Ii(u; v) registered by a CCD sensor placed at the image plane is
determined by estimating the square of the time-averaged image amplitude and it’s
mathematically expressed as:
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Ii(u; v) =


jUi(u; v)j2

�
(3.7)

3.1.2. Coherent imaging
A coherent imaging system is linear in complex amplitude [13, 14]. Combining equation
3.5 and 3.7, the expression of the image intensity can therefore be de�ned by convolving
the object amplitude Uo(�; �) with the point spread function h(u; v ; �; �).

Ii(u; v) =


jh(u; v ; �; �) ~ Uo(�; �)j2

�
(3.8)

Using convolution theorem and equation 3.5, the electric �eld in the image plane in
the frequency-space is given as:

FfUi(u; v)g = Ffh(u; v ; �; �)g �FfUo(�; �)g (3.9)

Then the frequency-domain irradiance is mathematically de�ned as:

Ii(fx ; fy ) / jP (x; y)�FfUo(�; �)gj2 (3.10)

For a coherent imaging system, the cut-o� frequency fc is calculated using the expres-
sion:

fc =
D
�zi

=
NA
�

(3.11)

3.1.3. Incoherent imaging
For a spatially incoherent light source, the registered intensity distribution at the image
plane is the convolution of the square amplitude spread function h(u; v ; �; �) with the
object irradiance and it is mathematically expressed as:

Ii = jjh(u; v ; �; �) ~ Uo(�; �)j2j2 (3.12)

The intensity point spread function (IPSF) is derived from the amplitude spread func-
tion (h(u; v ; �; �)) and commonly referred to as the Airy disk. Applying the convolution
theorem as previously done in the coherent case, we obtain:

FfIi(u; v)g = Ffjh(u; v ; �; �)j2g �FfjIo(�; �)j2g (3.13)

Using equation 3.13, the optical transfer fucntion OTF (fx ; fy ) can be derived as:

OTF (fx ; fy ) = Ffjh(u; v ; �; �)j2g / FfjFfP (x; y)j2g (3.14)

From the Optical transfer function, the modulation transfer function and phase trans-
fer function are derived from the real and imaginary parts of the fourier transform
operation. The modulation transfer function represents the contrast distribution ratio
between the image Mimage and the object Mobject at a given spatial frequency fx ; fy .
The phase transfer function provides useful information for the transversal shift of the
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image.

MTF (fx ; fy ) =
Mimage

Mobject
(fx ; fy ) (3.15)

The contrast M(fx ; fy ) expresses the intensity modulation depth of the signal and it’s
expressed as:

M(fx ; fy ) =
Imax � Imin
Imax + Imin

(fx ; fy ) (3.16)

In an incoherent imaging system, the cut-o� frequency fc of the transfer function is
de�ned as:

fc = 2
NA
�0

(3.17)

3.1.4. Depth of �eld
Equation 3.17 provides an estimate of point-to-point lateral resolution and ofcourse
a lot of emphasis is placed on the lateral resolution in optical microscopy particularly
in the examination of parasites in prepared thin or thick blood �lm. In diagnostic
application where samples scanning (e.g scanning through volume of urine samples for
detection of Schistosomia haematobium eggs) is required however, lateral resolution
is not enough, axial resolving power of the imaging system must also be taken into
consideration. The axial resolution is measured parallel to the optical axis and often
referred to as the depth of �eld.
Aside spatial resolution, depth of �eld also de�nes the performance of an optical imag-
ing system. Depth of �eld determines the amount of information obtainable from a
single registered image and it is dependent on the numerical aperture of the optical
system. A greater depth of �eld is observed as the numerical aperture of the optical
system decreases [15]. Hence, high resolution microscopes usually have limited DOF
[16, 17].
Low-cost optical system with increased depth of �eld and su�cient resolution is con-
sidered in this research particularly because of its application for the development of
point-of-care diagnostic instruments. An optical system with extended DOF is of in-
terest for the development of label-free imaging of Schistosomia haematobium eggs in
a urine sample. Such a robust system will alleviate the cost and complexity of sample
preparation and enable ease-of-use in remote areas where standard laboratory facilities
are not readily available.
A mathematical expression for the total depth of �eld of an imaging system is given
as:

Dtot =
�� n
NA2 +

n
M:NA

e (3.18)

It is the summation of both the wave and geometrical optical depths of �eld shown in
equation 3.18. Dtot is the depth of �eld, � the wavelength, n is the refractive index,
NA is the numerical aperture of the objective lens and e is the smallest resolvable
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3.2. Extending depth of �eld by wavefront coding

Control of the DOF of optical imaging system has been an active research topic for
many years. A conventional method of extending the DOF involves stopping the lens,
and � in a more sophisticated approach � manipulating the pupil function by insert-
ing shade masks or apodizers in the pupil [18, 19]. This method increases DOF at
the expense of light power at the image plane, lower resolution and reduced SNR. The
use of axicons is another technique used for increasing the DOF [20]. This technique
is usable mostly for on-axis images, as a wider �eld of view su�ers from strong aber-
rations. Hausler et al [21] proposed a method which involves a continuous change in
focus during the exposure time, superimposing the modulation transfer function for
di�erent foci in a single image. This technique produces a depth invariant point spread
function (PSF), but it requires the use of quick controllable focus change, which can
be cumbersome. Spectral focal sweep [22] alleviates the problem of moving parts by
exploiting the chromatic aberration. The e�ciency of this approach however depends
on the illumination and re�ection spectra of objects being imaged. Objects that are
not su�ciently broadband cannot produce a large spectral focus range. Taking mul-
tiple images at di�erent focus level and synthesizing them via image processing was
also proposed for DOF extension [23].

Finally, a distinct method for extending the DOF was proposed by Dowski and
Cathey [24�26]. This technique called ’Wavefront coding’ involves the use of cubic
phase plate at the pupil plane, to form and store intermediate coded images. Digital
processing of inverse �ltration is then used to restore the coded images. It is an
hybrid optical/digital technique that reduces the system complexity, improves imaging
capabilities and provides a good performance [27].

3.2.1. Basics of wavefront coding
A family of cubic phase pupil functions produce defocus-invariant PSFs [24, 28�30].
Usually these functions are implemented with cubic phase plates. The cubic phase
plates have a two-dimensional phase delay [29, 30] as a function of spatial coordinates,
described by:

P (x; y) = a3;0x3 + a2;1x2y + a1;2xy2 + a0;3y3 (3.19)

where the coe�cients ai ;j de�ne the form and the amplitude of the pupil function. The
DOF achievable by the coded imaging system is directly proportional to the strength of
the phase element. Since the implementation of the optical system could be based on
diverse application and di�erent circumstances, the requirements to the wavelengths,
NA, required DOF and the resolution of the imaging system could also vary. With this
variation in application, it is extremely useful to �nd a dynamic method to control the
cubic phase in real time. In this section, we investigate wavefront coding with adaptive
optics.

Adaptive optics allows for quick switching between zero pupil modulation, corre-
sponding to an ideal optical system, to dynamically controlled extended DOF system
with cubic element in the pupil. This approach provides a �exible ad hoc DOF exten-
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sion.

The intensity pattern ui(x; y) in an image plane at distance z from the pupil can
be described as a convolution of the object intensity uo(x; y) and the corresponding
incoherent point spread function [11, 12] h(x; y ; z):

ui(x; y) = uo(x; y) � h(x; y): (3.20)

For a mis-focused optical system, the shape of PSF depends on the defocus amount
W2;0:

h(x; y) /

������

Z

A 6=0

eikA(�;�) eikW2;0(�2+�2) ei kz (x�+y�) d�d�

������

2

; (3.21)

A(�; �) is the pupil function, �; � are the coordinates in the exit pupil, W2;0 is the
defocus parameter, and k is the wave number.

Implementing wavefront coding techniques implies adding a phase element with a
cubic phase function to the exit pupil of the optical system.

The PSF of a wavefront-coded aberration free optical system can be written as:

hc(x; y) /

������

Z

A 6=0

eikA(�;�) eikW2;0(�2+�2) eikP (�;�) ei kz (x�+y�) d�d�

������

2

; (3.22)

where P (�; �) is given by Eq. (3.19). With a careful choice of coe�cients ai ;j , the
obtained PSF hc is approximately invariant for a range of defocus values W2;0 (with
accuracy to shifts in the image plane) [24, 28, 29]. Thus the coded images

uc(x; y) = uo(x; y) � hc(x; y) (3.23)

are also little dependent on the defocus value, and can be deconvolved using defocus-
independent Wiener �lter [31, 32]:

W (�; �) =
H�c(�; �)

jHc(�; �)j2 + C
; (3.24)

where Hc = F hc is the Fourier transform of the coded PSF and C is a parameter
related to the image SNR, which is interactively adjusted to provide a good recon-
struction result. To obtain the di�raction limited quality image, an inverse Fourier
transform operation F�1 must be performed on the �ltered image:

F�1[Uc(�; �) �W (�; �)] (3.25)

where Uc(�; �) is the Fourier transform of uc(x; y).
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3.2.2. Experimental set-up and results
An experimental setup shown in Fig. 3.2 has been developed to verify our proposed
methodology. Low-cost 15-mm 19-ch (17 deformable modes plus tip-tilt) Microma-
chined Membrane Deformable Mirror (MMDM) from OKO Tech, Delft, the Nether-
lands was used as the adaptive phase element. This device can be used for fast dynamic
correction of low-order optical aberrations such as defocus, astigmatism, coma, trefoil
etc. [33].

Figure 3.2: The con�guration of the optical arrangement of the proposed system.

Light from a single-mode �ber (� = 632nm) is collimated by lens L1. The telescope
formed by lenses L2 and L3 reimages the system pupil, scaling it to the diameter of
10mm centered on the MMDM. The beam re�ected from the MMDM is split into two
arms: one towards the imaging camera and the other to the wavefront sensor. Relay
optics formed with L5 and L6 conjugates the Shack Hartmaan WFS with the system
pupil and the deformable mirror, while the lens L4 focuses the beam to the CCD.
The control includes two closed loop system:

1. to enable the adaptive compensation of the aberrations in the optical system,
including the non-common path abberation;

2. to control the deformable mirror, for extended DOF WF coding.

The adaptive system was calibrated in the following order:

� At the �rst stage the Nelder-Mead simplex optimisation algorithm was used to
control the MMDM shape, to minimize the spot size of the focused image of the
single-mode �ber tip on the CCD. As a result of this optimization, with the help
of a deformable mirror, we obtained a virtually aberration free optical system
that imaged the �ber tip plane to the CCD plane.

� A reference pattern was registered in the Shack-Hartmann sensor, that cor-
responds to the aberration free system. Starting from this system state, the
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FrontSurfer software (OKO Tech, Delft, the Netherlands) was used for the
calibration of the MMDM. The FrontSurfer uses a set of measured in�uence
functions of the mirror for �tting of the desired phase aberration [33]. This
aberration is de�ned as a combination of Zernike polynomials [34] which can be
manually controlled. To create a cubic phase function, a combination of two
3rd-order Zernike terms (coma+trefoil) was formed by the DM in the system
pupil. The strength of this target function can be dynamically controlled, how-
ever we found that the maximum amplitude of the cubic function is limited by
the DM.

� After the desired PSF was obtained, it was registered by the CCD. A special
care was taken to register the PSF at the linear shoulder of the CCD response,
avoiding oversaturation that would cause information loss at the reconstruction
phase.

� In the calibrated system with coded pupil, a transparency showing a house tower
was used as an object. The object was illuminated with extended incoherent
white LED source.

� A number of images of both the PSF and the object have been registered for
di�erent in and out of focus positions for ideal optical system and for coded
system. Fig. 3.3 shows the recorded experimental PSF of our conventional and
coded imaging system.

Figure 3.3: Experimental PSFs. The cubic function formed by the MMDM has maximum
amplitude of 1�.

The MTFs, estimated from the measured PSFs are depicted in Fig. 3.4 and 3.5
respectively. Fig. 3.4 shows that as the conventional system becomes more and more
defocused, the size of the PSF increases causing loss of the high frequency terms
in the image. With the coded system, the invariance of the MTFs at higher spatial
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frequencies decreases only slightly, and digital restoration of the image with simple
�ltering is possible. The restoration process operates on the coded MTF with the goal
to retrieve the di�raction limited features of the image. Comparing the conventional
system to the coded system, it can be observed that defocus alleviation by the coded
system results in increase of DOF. When the defocus is increased beyond a certain
limit however, coding cannot provide su�cient invariance.This drops the performance
of the coded MTF resulting to loss of spatial resolution on the restored image. For
visual illustration, our object was imaged with the conventional and coded imaging
systems respectively. Fig. 3.6-(top) shows the recorded image of the object in focus
as shown in (a). Moving the object through a defocus range of 4mm in steps of
2mm produced blurry images as shown in (b) and (c) respectively. Coded images
recorded under similar conditions are depicted in Fig.3.6-(bottom). All coded images
are restored using the in-focus cubic PSF and Wiener Filtering and the restored images
are presented in Fig.3.7. The DOF extension is clearly visible, in spite of limited range
of cubic function that could be created with MMDM.

Figure 3.4: Modulation Transfer Functions for three focus positions in aberration-free optical
system.

Figure 3.5: Modulation Transfer Function from a dynamic cubic phase element focus-invariant
sytem

In summary, the experimental veri�cation proves that the deformable mirror in an
imaging optical system is not only e�cient in improving the dynamic image quality
and correcting the system aberrations, but can also be used for static and dynamic
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Figure 3.6: Recorded Images with conventional imaging system depicting image registered
with object infocus and at two di�erent defocus plane is shown at the top. The intermediate
coded images at the bottom are registered with the object in-focus and also at defocused
defocused range of 2 mm and 4 mm from ideal focal positions respectively.

Figure 3.7: Restored images with signal processing. Restored coded images demonstrates
visible increase in depth of �eld.

wavefront coding by forming a pre-de�ned phase mask in the system pupil. Although
this method is not cost e�ective and as such may not �nd relevant application for
low-cost point of care diagnostic devices, the experimental results obtained for ex-
tended DOF clearly demonstrate the applicability and the usability of the method for
laboratory based diagnostic instruments. The extended DOF range can be further
improved by using a deformable mirror with larger number of actuators and larger
range of deformations, compared to the 19-ch MMDM. For this particular DM, the
maximum amplitude of the cubic function was limited to about 1�, which is su�cient
to demonstrate the positive e�ect, but not enough for a wide practical application.
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Figure 3.8: Schematic of a holographic microscope. The sample is illuminated with a plane
wave with wavelength �, having spatial coherence size of �s and the temporal coherence
length of �t . The di�raction pattern is registered by a sensor with pitch p at a distance L .

with the illumination to form a hologram at the distance L on the detector with pixel
pitch p [51, 52].

For alias-free imaging, the minimum period of the fringe pattern, created by the
interference between the illumination and the scattered waves, should be at least twice
larger than the pitch of the sensor p. To satisfy to this condition, using the notations
of Fig. 3.8, we state:

a =
�L
2p

(3.26)

This relation sets the resolution limit for the microscope. Indeed, since the resolution
r = �=(2A) depends on the numerical aperture A = a=L, combining these expressions
with 3.26 we obtain the expression for the resolution, as limited by aliasing:

r = p: (3.27)

Consider an object with a circular cross section of radius r . As shown by [48, 53],
the intensity distribution of the interferogram, obtained with spatially and temporally
coherent light, measured at the detector at a distance L from the object is given by:

I(a) � 1�
kr2

L
sin
�ka2

2L
�2J1(kar=L)

(kar=L)
(3.28)

where k = 2�=�. Using the asymptotic approximation for Bessel function J1(x) �q
2
�x cos(x � 0:75�) and neglecting the fast oscillating term sin

� ka2

2L

�
, we obtain the

expression for the asymptotic envelope of the fringe intensity:
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I(a)env1 � 1�
2
�

r
�Lr
a3 cos(

kar
L
� 0:75�): (3.29)

By neglecting the cos oscillation term in Eq. 3.29, we obtain the smoothly decaying
envelope of the fringe intensity:

Imin � 1�
2
�

r
�Lr
a3 ; Imax � 1 +

2
�

r
�Lr
a3 ; (3.30)

Then the fringe visibility as de�ned in [53, 54], can be estimated with a formula:

V (a) =
Imax � Imin
Imax + Imin

�
2
�

r
�Lr
a3 : (3.31)

Since we are interested in the fringe visibility at the edges of our �eld, the condition
of validity of Eq. 3.31, kar

L > 1, is satis�ed. Fig. 3.9 illustrates the fringe intensity
calculated for r = 25 �m, L = 0:05 m and � = 0:65 �m according to the exact
formula Eq. 3.28, and using asymptotic approximations 3.29 and 3.30.

Figure 3.9: Fringe intensity calculated for r = 25 �m, L = 0:05 m and � = 0:65 �m
according to the exact formula Eq. 3.28, and using the asymptotic approximations 3.29 and
3.30.

To avoid aliasing, the fringe visibility should decay to zero at a distance de�ned
by expression 3.26. In practice, we can consider the fringe to be invisible, when its
visibility equals to the inverse of the signal-to noise ratio of the camera:

V (a) = S�1: (3.32)

The solution of this equation produces the estimate for the distance providing aliasing-
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free hologram registration with spatially and temporally coherent illumination:

L =
4S
�

r
2p3rmax
�2 : (3.33)

According to 3.31 the fringe visibility is proportional to the square root of the feature
size r , therefore, if the object has a range of features, the maximum feature size rmax
should be used in 3.33, as then all fringes created by features with r < rmax will have
lower visibility at a = �L

2p . This secures alias-free fringe registration, but causes loss of
the fringe patterns created by smaller features, leading to resolution loss.

If the parameters of the sample are unknown, we can require the condition 3.26 to
be satis�ed for any place in the sensor, setting the aliasing cuto� size a equal to the
sensor size a = amax as shown in Fig. 3.8, to obtain a condition:

L =
2pamax
�

: (3.34)

If Eq. 3.34 is satis�ed, then the optimal resolution is not achieved for all features of
the sample. From the coherent case we can draw conclusions, that will be useful in
the further analysis:

� The best achievable resolution of an in-line holographic microscope, limited by
aliasing, is in the order of its pixel size. Con�guration described by Eq. 3.34
provides an alias-free compromise with the resolution loss for all feature sizes.

� It is impossible to derive a con�guration that provides the optimal fringe visibility
for all feature sizes with a coherent illumination. If the smallest feature is op-
timally resolved without aliasing or loss of fringes due to low visibility, then the
larger features will cause aliasing due to higher visibility of high-frequency fringes.
If the largest features are imaged free of aliasing, then the smaller features will
be imaged with loss of resolution, as the fringe visibility is lost far below the
aliasing limit.

So it is of a great interest to control the fringe aliasing by tuning the coherent properties
of the illumination.

3.5. De�ning Optimal system con�guration
Without any loss of generality, we can assume that, in accordance with the de�nition
of the spatial coherence length �s all fringes with a > �s , as shown in Fig. 3.8, have
zero fringe visibility. Then, in the assumption of complete temporal coherence �t =1,
we can de�ne the optimal spatial coherence length for alias-free holographic imaging
in the setup shown in Fig. 3.8:

�s =
�L
2p

(3.35)

This condition provides optimal imaging: larger values of �s result in aliasing, while
smaller values cause resolution loss. Optimal imaging in this context refers to a system



3.5. De�ning Optimal system con�guration

3

49

con�guration that delivers maximum resolution which satis�es to Nyquist Shannon
criterion without aliasing.

Using the Van Cittert-Zernike theorem [55] to express the �s via the numerical
aperture of the illumination source As and the wavelength: �s = �=2As , we obtain
the expression for the numerical aperture of incoherent illumination, securing alias-free
imaging:

L =
p
As

(3.36)

For alias-free imaging with extended monochromatic source, the angular size of the
camera pixel, as observed from the sample plane, should be equal to the numerical
aperture of the illumination source.

In a similar way, in the assumption of absolute spatial coherence �s = 1 of the
illumination, expression 3.26 can be used to derive the limitation to temporal coher-
ence, securing alias-free imaging. The path di�erence between the illumination and
scattered waves should be equal to the coherence length: R� L = �t and accounting
for 3.26 and introducing practical approximation �t = �2

�� where �� is the illumination
linewidth, we solve equation

R � L =
p
a2 + L2 � L =

�2

��
; (3.37)

to obtain the expression for the illumination linewidth, securing the alias-free registra-
tion of interference fringes by the sensor:

�� = �2

0

@

s
L2 (�2 + 4 p2)

p2 � 2L

1

A
�1

�
4p2

L

L �
4p2

��
(3.38)

where the approximation in the right side of 3.38 is valid only for p � �

Expressions 3.33, 3.34, 3.36, 3.38 de�ne the optimum microscope con�guration for
di�erent coherence states of illumination. Obviously, these expressions represent rather
simpli�ed approximations, derived from physical considerations, that can not replace
an in-depth analysis, taking into account the exact distributions of spatio-temporal
coherence functions. On the other hand, in practice the coherence functions frequently
adhere to simple models, while in more complex practical cases these functions are
frequently unknown. Expressions 3.36 and 3.38 provide physical insight and guidance
for the designing of an optimally-con�gured instrument, avoiding resolution loss and
undersampling.

The con�guration with diverging illumination, shown in Fig. 3.10 is of a great
practical interest, as it allows to obtain magni�ed images with magni�cationM = L�+Z

Z
and resolution r = p in the plane of registration. The con�guration with plane wave
illumination, shown in Fig. 3.8 can be made equivalent to the con�guration Fig. 3.10
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Figure 3.10: Microscope con�guration with divergent beam, providing sample magni�cation.

by satisfying the condition L = ML�:

L� = 0:5(
p

4LZ + Z2 � Z): (3.39)

Formula 3.39 is obtained by geometrical analysis, in the paraxial approximation, similar
to described in [56]. It is easy to see that limZ!1 L� = L.

3.6. Experimental validation and results
We have conducted a simple experiment, that demonstrates the practical usefulness of
the derived models. We designed a microscope using Thorlabs light source S1FC635
Thorlabs with a central wavelenght of 635nm and �� = 0:8nm. Since a single-mode
�ber was used, a complete spatial coherence and limited temporal coherence was
assumed. A commercial CMOS sensor UI-1942LE (3840 � 2748), with pixel pitch
p = 1:67�m was used to register the hologram.

We have implemented both con�gurations: with plane wave, as shown in Fig. 3.8
and with divergent wave with Z = 16 mm, as shown in Fig. 3.10. Both con�gurations
were tested in three modes: - undersampling, causing strong aliasing, optimal mode
described by Eq. 3.38 and 3.39, and mode with a too large L, when the high-frequency
fringes are lost due to low temporal coherence of the source. The experimental results,
shown in Fig. 3.11, are in good agreement with our expectations, as we have observed
undersampling and resolution loss at the expected parameter ranges, with best res-
olution obtained in a good agreement with our theoretical predictions. Our digital
in-line microscope, based on the con�guration shown in Fig. 3.10, resolves element 5
of group 7, with feature width of 2:5�m.
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Figure 3.11: Test image of group 7 of the USAF resolution chart. Top row registered in
the con�guration as shown in Fig. 3.8 with L = 2 mm, corresponding to undersampling
(left), L = 13 mm, corresponding to optimal case described by Eq. 3.38 (middle), and
L=26 mm, corresponding to resolution loss due to low coherence (right). The bottom row is
registered in con�guration shown in Fig. 3.10 with Z = 16 mm, L� = 2 mm, corresponding
to undersampling (left), L� = 8:5 mm, corresponding to optimal case described by Eq. 3.38
and 3.39 (middle), and L� = 26 mm, corresponding to resolution loss due to low coherence
(right).

The optimized lensless digital microscope has been further tested with biological
samples. Schistomsomiasis haematobium eggs (120 � 40�m) in a saline solution
prepared on a wet glass slide was imaged using optimized lensless microscope. From
the hologram registered by the detector, a high �delity image showing the eggs with
their clearly visible terminal spine was reconstructed as shown in Fig. 3.12.

In this section, we have shown that the maximum achievable resolution of a coher-
ent in-line lensless holographic microscope is limited by aliasing and, for a plane-wave
illumination, can not exceed the camera pixel size. Moreover, illumination with coher-
ent light does not allow to achieve optimal aliasing-free imaging for a wide range of
feature scales, as the aliasing conditions are signi�cantly di�erent for waves scattered
by features with di�erent scales. However, alias-free imaging with resolution equal
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Figure 3.12: Reconstructed image of Schistosoma haematobium eggs in a saline solution
obtained with optimal con�guration of a lensless microscope.

to the di�raction limit, can be achieved, if we apply special requirements to spatial
and temporal coherence of the illumination. The expressions de�ning the con�gura-
tion delivering maximum resolution with given coherence state of the illumination are
obtained for spatially and temporally incoherent, or partly coherent, light. Matching
the microscope parameters to the coherence of illumination is similar to focusing the
imaging lens, though the physics and tolerances of these adjustments can not be com-
pared. Experiments, conducted by us, demonstrate clear advantage of instruments,
designed with parameters, matched to the coherence of illumination.

3.7. Smart Optical Diagnostic Of Schistosomiasis (SODOS)
S. haematobium, S.mansoni, and S.japonicum are three well-known species, in this
research work however, we focus on the rapid diagnosis of S. haematobium in urine
samples. The choice is due to the fact that a urine sample is a more simple material to
obtain and process [57]. Also, developing an algorithm for the detection of relatively
large structures that are typically not present in normal urine is easily achievable.
Compared to feaces in which the eggs from the other species can be detected, urine
is a more cleaner sample to work with.

Microscopic examination of S.haematobium eggs in urine sample using �ltration,
sedimentation or centrifugation techniques is the traditional method used for the diag-
nosis of an infected individual. The use of hand-held microscopes and cellphone-based
microscopes for the diagnosis of S. haematobium and other parasitic diseases in �eld
settings has been widely reported in literature [57�62]. The portability, ease-of-use
and relatively low cost make this diagnostic technique attractive for the application
in resource poor settings. The performance of these lens-based imaging techniques is
however limited by two critical factors : (i) robustness of the imaging system, (ii) the
required manual demand of sample preparation, analysis and documentation of test
results. Possible misalignment of the optics, system complexity and required technical
expertise for system repairs and maintenance constitute potential limitations to the
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Figure 3.13: Schematic of a lensless in-line holographic microscope. The sample is illuminated
with a plane wave with wavelength �, having spatial coherence size of �s and the temporal
coherence length of �t . The di�raction pattern is registered by a sensor with pitch p at a
distance L .

�eld at the plane where the reference and object light waves interact can be described
as the sum of the reference wave , ER; s , and the object wave EO; s as shown in
equation below,

Es = ER;s + EO;s =  R +  O(xs ; ys)e i�O(xs ;ys ); (3.40)

where  R is the amplitude of the reference wave,  O(xs ; ys) is the spatially vary-
ing amplitude (transmittance) of the object, and �O(xs ; ys) is the spatially varying
phase (optical thickness) of the object. The complex amplitude of the �eld in the
object plane is numerically reconstructed from the recorded hologram by solving the
inverse source problem, applying backpropagation from the sensor to the sample plane.
Mathematically expressed as,

 rec(x; y) = F�1fFf (x; y ; z)g �H(kx ; ky ;�z)g
Where

H = exp[�jk0z ]exp[
j(k2

x + k2
y )z

2k0
]

(3.41)

where  rec is the reconstructed optical �eld of the object,  (x; y ; z) is the captured
hologram , and H is the transfer function of free space. Our previous published
work [1], de�ned the optimal con�guration that delivers maximum resolution to a
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digital inline holographic microscope. These con�guration can be realized by tuning
the following controlling parameters : (i) pixel size (p) of the recording sensor, (ii)
linewidth �� of the coherent illumination cone (iii) distance L between the source and
the sensor plane represented by the equation below:

L =
4p2

��
(3.42)

Flow cytometry
Flow cytometry is a technique that employs an optical-electronic detection device to
analyze the physical and chemical properties of microscopic particles suspended in
a liquid medium [69]. Modern micromachining methods have allowed even low-cost
construction of micro�uidic devices and �ow channels that have had signi�cant e�ect
on the development of novel biomedical instrumentation in recent times. To avoid the
complexity and cost of sample preparation, we investigated the possibility of detecting
S. haematobium eggs by �owing infected patient urine without any staining protocol
directly through a microchannel �ow cell. Since micro�uid �ow is generally a low-
Reynolds-number we expect a simple laminar �ow and reduced system complexity.

In this work, we combine DIHM with �ow cytometry to capture and detect eggs
in the urine �ow with a good spatial resolution and a depth of �eld not achievable by
conventional optical microscopy. Because of its large depth of �eld, DIHM is ideally
suited for capturing the 3-D motion of the target S. haematobium eggs with spatial
resolution at micrometer level. To capture the stream lines of urine moving accross
the de�ned window (the recording area of the sensor), 10 ml of urine as required by
World Health Organisation diagnostic protocol, was calibrated and pumped through the
channel with an injection syringe. Holograms were precisely recorded by synchronizing
the urine �ow rate with the frame rate of the CMOS sensor. Using developed AI
models, the reconstructed images were automatically screened for the presence of S.
haematobium eggs.

Experimental set-up

Ethics Statement
Eggs were obtained from gut tissue of hamsters infected with S. haematobium in ac-
cordance with the project license that was approved by the Dutch Central Authority for
Scienti�c Procedures on Animals (CCD) (animal license number AVD116002017106).
Hamsters were sacri�ced prior and eggs were obtained after ON digestion of the gut
tissue with collagenase B followed by extensive washing. The morphology and size
of these gut-derived eggs represent those normally seen in urine of infected humans.
Anonymized urine samples provided by willing donors who gave informed oral consent
were collected and spiked with approximately 200 S. haematobium eggs per 10 ml
of urine. Although the eggs were harboured from the gut of infected hamsters, they
adequately represents the eggs normally seen in the urine of infected humans both in
size and in morphology. This makes them suitable for the experimental validation of
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our proposed method.
The experimental setup for DIHM is designed based on the con�gurations presented
in [1], following the schematic diagram of Fig. 1, A spherical wave of wavelength � =
635 nm from a coherent point source (A S1FC635 Fiber-Coupled Laser Source from
Thorlabs) illuminates the de�ned area of interest (AOI) of the microchannel �ow. A
geometrically magni�ed di�raction pattern at the sensor plane placed at distance L
from the source is formed on a CMOS sensor with resolution of 3840� 2748 pixels at
a framerate of 3.2 fps.

To e�ciently record objects moving through the de�ned trajectory, the sensor
recording area of dimension (6:119 mm�4:589 mm) was aligned and matched with the
de�ned AOI of the microchannel cell. The micro�ow cells used in this experiment were
obtained from Ibidi (a microchannel cell manufacturing company) and has a channel
width of 5 mm with a depth of 0:2 mm. The channel width of 5 mm was deliberately
chosen to be of smaller dimension than the recording area of the sensor. Channel
depth is not a concern in this case since DIHM allows for the digital sectioning of
the microchannel through image reconstruction at di�erent planes. Given the channel
depth d(mm), examined volume V, and the imaging area A and neglecting the e�ects
of viscosity and friction for simplicity, urine �ow time Tf can be approximated as:

Tf =
V

A� d � f ps
=

10�5

7:3424� 105 � d
(3.43)

Since the hologram video recording of the urine �ow is memory intensive, we cap-
tured singular frames based on the exact measurement of the �ow across the de�ned
sensor window. To achieve this, we ensured a controlled �ow of urine by the system-
atic control of the piston of the syringe with a stepper motor. This was done in such a
way that the kinematics of the targets in the urine sample for example the egg (parti-
cle) motion and position can be followed at the capture rate of the image-acquisition
system. Synchronizing the �ow and the sensor’s frame rate allows automated �ow of
0.016 ml per frame. This allows the recording of 669 holographic images per urine
sample of 10.7 ml, reducing the error of multiple measurements and intensive memory
requirements as compared to the memory demand of video recording. The acquired
holographic image frames are pre-processed and backpropagated into di�erent planes
to ensure sectioning and visualization of the whole depth of the microchannel.
Below is the summary of the procedures to obtain high-resolution DIHM reconstruction
images of the target S. haematobium injected through the microchannels:

� Recording of holograms using a CMOS sensor. A frame rate of 0.8 frames per
second which includes syringe movement, image compression and storage using
the Pi 3B+ was used in the designed system.

� Recording of the micro�ow channel without �owing urine. The recorded image
is stored as the reference image href . The reference image contains possible
manufacturing defects, dents, stains or damages on the microchannel and it is
removed from subsequent hologram recordings by pixel-wise subtraction i.e., h1
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� href , etc. Resultant image contains only object-related information (�owing
eggs and other urine contaminants) required for processing.

� Foreground object detection by using simple algorithm to detect all moving ob-
jects recorded in the �ow.The algorithm aims at detecting moving S. haemato-
bium eggs and other fringe particles in the �ow. The blob detection algorithm
identi�es potential areas of interest and thus reduces the dimension of recon-
structed image.

� Backpropagation of the pre-processed hologram from the sensor to the sample
plane. Di�erent focusing distances are sampled to scan the entire microchannel
depth.

� Reconstructed cropped region of interest is fed into a trained classi�er for clas-
si�cation as S. haematobium eggs or not.

The complex amplitude of the �eld in the object plane is numerically reconstructed by
backpropagating the recorded hologram from the sensor to the sample plane through
a propagation distance of 3 mm. As a result of the depth of the microchannel �ow
cell of (800�m), egg �ow is observed at di�erent depths making reconstruction at
di�erent planes a critical factor to realize a sharp image. Since the dimensions of
the S. haematobium eggs varies between 110� 170 �m in length and 40� 70 �m in
width, we scanned the entire depth of the micro-channel using de�ned reconstruction
distances of 400,200,100 and 50 �m. Acquired images are shown in Fig.(3.14 & 3.15).

Figure 3.14: Registered hologram of the microchannel cell with �owing cultured sample shown
on the left. The registered hologram consists of S. haematobium eggs �owing through the
channel. The inset on the image on the left shows the registered fringe patterns of two eggs.
The image at the right shows the reconstructed holographic image with the inset depicting
the reconstructed images shown in the left image.
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Figure 3.15: (a) Is the recorded hologram, (b) shows a reconstructed S. haematobium egg,
(c) is the reconstruction image of an egg shell and (d) is the phase reconstruction of the egg
shell.

Image analysis and detection of eggs

The developed algorithm utilizes machine learning-based methods to create AI models
for detection, analysis and classi�cation of egg image features in the reconstructed im-
age. The training set used for the development of our classi�cation algorithm consisted
of 3,000 randomly selected reconstructed images of S. haematobium eggs registered
from urine spiked with eggs. The second class consists of patches or sub-images of
background noise, and other particles presents in urine. The images in this class are
classi�ed as "Noise". To train the classi�cation algorithm, we performed data augmen-
tation to create synthetic variations of the images in the training data. Speci�cally, we
used rotations (by 90� 180� and 270� ) and �ips of all the four orientations. By this
intermediate steps, we increased the dataset size by four times, from 3000 images to
12,208 images in each class. To reduce the variation in illumination, we normalized all
the pixel values from [0, 255] to [0, 1]. The dataset was split into a training set and
a test set, with 70% and 30% of the images respectively. While the S. haematobium
eggs are assigned a class label of 1, the background noise and particles were assigned
a class label of 0. For the classi�er, we speci�cally chose to implement and report on
the Support Vector Machine classi�er for it’s less computational demand. Speci�cally,
we used the C -Support Vector Classi�cation (C -SVC) [70, 71] with a linear kernel.
The normalized pixel data are the features’ input for the classi�cation model. The
used training functionality for the SVM classi�er is from the Scikit-learn [72]. On a
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desktop machine with an Intel Intel i7 7700HQ (@ 2.80 GHz) processor and 16GB
memory, the average training time is 4:5 seconds. The trained model demonstrated
a validation accuracy of 94% after only 10 epochs. In the detection pipeline, after
obtaining the coordinates of the potential ova from the localisation step, the proce-
dure is programmed to vectorise the 64 � 64 sized blobs detected in the reconstructed
image. The vectorized 64 � 64 matrices are transformed to a 4096 � 1 vector by
concatentating the rows and therefore fed into the SVM classi�cation model. The
output of the classi�er is either a zero (0) or a one (1) which represents the classes
of S.H egg or not an S.H egg respectively.
The SVM classi�er outperforms the 2D-DWT coupled with LDA procedure. The SVM
classi�er was used to demonstrate a simple classi�cation model for the system. Con-
volutional neural networks (CNN) is an alternative model that can be used to replace
the SVM. Also, the entire detection pipeline can be replaced with a deep-learning
based object detectors but this will consequently increase the computational time as
well.This work report on the proof-of-concept study and the SVM model that was used
to verify the methodology, further details of the image processing algorithm and the
Convolutional Neural Network models developed and tested for the classi�cation of S.
haemtobium eggs can be found in the master thesis report [73].

Performance metrics of algorithm & result
For quantitative evaluation of our classi�cation models, we calculated the sensitivity
for S. haematobium egg detection at the object level as the percentage of true positive
(TP) divided by true positives and false negatives (FN). The speci�city on an object
level was estimated as the percentage of true negatives (TN) divided by the summation
of true negatives and false positives (FP). In the case of true positives, the egg detected
by the algorithm is con�rmed as egg after comparison with a ground truth. The ground
truth corresponds to eggs manually identi�ed in the acquired image by a medical expert.
For true negatives, a non-egg detected, is actually con�rmed not an egg. For false
positives, what is predicted as an egg by the algorithm is actually not an egg and false
negatives occurs when a detected egg is reported as a non-egg by the algorithm.

� Sensitivity provides the proportion of actual positives (eggs) that were identi�ed
correctly as eggs in a reconstructed image by the algorithm,

Sensitivity =
TP

TP + FN
(3.44)

� Speci�city measures the proportion of non-eggs that are correctly identi�ed by
the algorithm as non-eggs in the reconstructed image,

Speci�city =
TN

TN + FP
(3.45)

� The accuracy is the measure of the number of correct predictions made by the
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model and is de�ned as:

Accuracy =
TP + TN

TP + FP + FN + TN
(3.46)

According to WHO recommendation, the required competence levels for peripheral-
level malaria microscopist is a sensitivity of 90%, speci�city of 80% and an accuracy
of 95% [74]. These standard values will be used as the benchmark in this work. Based
on the de�ned performance metrics, the trained model demonstrated a sensitivity of
50:6%, a speci�city of 98:6% and an accuracy of 96:8%. The sensitivity and speci�city
tests were measured by comparing the output of our detection algorithm with the
result obtained from direct expert visualization and manual counting of eggs in the
reconstructed images. The sensitivity and spec�city of the detection algorithm can be
signi�cantly improved with a larger training data set. This proof-of-principle study was
designed to validate this methodology and estimate the performance of the detectiton
algorithm. Diagnostic sensitivity and speci�city of this technique will be measured and
validated with both cultured and human samples in subsequent planned study.

Figure 3.16: (a) Is the assembled parts of the imaging sensor & the micro-channel �ow
cell, and (b) the placement tool designed to allow for easy mounting and de-mounting of the
micro-channel �ow cells without damage. The prototypes were created using 3D printed laser
cut parts in combination with standard o�-the-shelf components.

System fabrication and assembly
Design challenges to realize the �rst prototype of the envisioned diagnostic device
include designing an appropriate embodiment of the diagnostic system and providing
a suitable enclosure to mount the imaging sensor, microchannel �ow cell and the
monochromatic source. The three main components were aligned on the same optical
axis and mounted on 3D printed enclosures as shown in Fig 3.16(a). This assembly
prevents stray lights and therefore reduces noise in the recorded hologram. To �ow the
urine sample through the microchannel �ow cell, we designed an automated sample
injection system shown in Fig. 3.17(b). The sample injection system uses a syringe to
systematically discharge the urine sample through the cells and the out�owing urine is
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4
Smart Optical Diagnosis of
Urogenital Schistosomiasis

In Him was life, and the life was the light of men.

John 1:4

We present a simple o�ine method for the diagnosis of urinary schistosomiasis using a
cellphone-based microscope and an inexpensive urine �ltration procedure for sample prepa-
ration. Microscopic examination of the �ltered urine residue is done in a single �eld of view
(FOV), over an area of 4 mm � 4 mm, as compared to the manual examination of multiple
�elds performed using the standard diagnostic method. Using simple image processing in the
spatial and spectral domains and a binary image classi�er, we have shown that Schistosoma
haematobium eggs in a registered digital image are detectable and quanti�able. We have
tested the algorithm on a simple cellphone and a Raspberry Pi and achieved processing times
of 5 s and 6.2 s respectively. The resulting system is robust, inexpensive and can be used for
the point-of-care diagnosis of urinary schistosomiasis in low-resource settings.

Parts of this chapter is under review in Discrete wavelet transform detection of Schistosoma haema-
tobium using a cellphone microscope.
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Egg detection, localization and estimation
Edge detection using simple mathematical morphological operations as reported in
literature is a powerful tool for object detection in medical images [15�18]. However,
these methods work well only in situations where the background of the image is plain
and consistent.

Figure 4.2: (A) shows a registered egg with the con�icting periodic sieve background, (B) is
the processed image. Scale bar in (A) represents a width of 50 �m.

Figure 4.2(A) is a cropped sub-image of an egg trapped by the chi�on sieve. The
periodic pattern of the sieve is observed as spikes with high amplitude in frequency
domain and was removed. The denoised sub-image is shown in Figure 4.2(B). Low
contrast edges of the eggs as shown in Figure 4.2(B) makes accurate object segmen-
tation and classi�cation more di�cult. We refer interested readers to the work of
Sur et al as presented in [19] for a detailed discussion on the theory of the algorithm.
Another valid alternative solution is to extract sub-image patches of size 64�64 pixels
using the sliding window technique from the original gray-scale image. The extracted
patches are fed to a trained classi�er which predicts if the object of interest is con-
tained in the patch. A patch without the egg is classi�ed as a not an egg patch and
discarded accordingly. However, the sliding window procedure will result in redundant
detections and will require an additional overhead to resolve all the redundancies.

4.3. The proposed method
Given an acquired digital image f (x; y), of size M � N, it’s 2-D discrete Fourier
transform (DFT), F(u; v) - where u and v are the coordinates in the spectral domain
- is computed using:

F (u; v) =
M�1X

x=0

N�1X

y=0

f (x; y) e�j2�(ux=M+vy=N) (4.1)

The magnitude spectrum and phase images of the DFT computed on the original
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test set, with 70% and 30% of the images respectively. The assigned class labels are
1 for eggs and 0 for not eggs.
The SVM formulation used is the C -Support Vector Classi�cation (C -SVC) [21, 22]
with a linear kernel. The normalised pixel values of the images are the features for
training the classi�er, and since the images have a resolution of 64� 64, the number
of inputs to the classi�er is 4096. The output of the classi�er block is either a 0
(not an egg) or a 1 (an egg). On feeding the images extracted from the contour and
centre detection step to the trained classi�er, the procedure separates the eggs from
the other objects.

We used the Scikit-learn [23] machine learning library for the SVM functionality.
On a desktop machine with an Intel i7 7700HQ (@ 2.80 GHz) processor and 16GB
memory, the average training time is 4:5 seconds. The trained model demonstrates
an average accuracy of 96% on the test set.
The SVM classi�er outperforms the 2D-DWT coupled with LDA procedure. The
SVM classi�er was used to demonstrate a simple classi�cation model for the system.
Convolutional neural networks (CNN) is an alternative model that can be used to
replace the SVM. Also, the entire detection pipeline can be replaced with a deep-
learning based object detectors but this will consequently increase the computational
time as well.

4.6. Statistical analysis
For quantitative evaluation of our classi�cation models, we calcualted the sensitivity
for S.haematobium egg detection at the object level as the percentage of true positive
TP divided by true positives and false negatives (FN). The positive predictive value
(precision) on an object level was estimated as the percentage of true positives (TP)
divided by true positives and false positives (FP).

� Sensitivity provides the proportion of actual positives that were identi�ed cor-
rectly,

Sensitivity =
TP

TP + FN
(4.2)

� Speci�city measures the proportion of non-eggs that are correctly identi�ed by
the algorithm as non-eggs in the reconstructed image,

Speci�city =
TN

TN + FP
(4.3)

� Positive predictive value estimates the proportion of positive predictions that was
actually correct,

PPV =
TP

TP + FP
(4.4)

.

The Null hypothesis applied in this case can be stated as: oval shaped blob detected
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Figure 4.14: The �nal iteration of the point-of-care diagnostics device. It can be carried in a
simple, light-weight hand-held bag and can be locally produced at low-cost.
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5
Optimizing The Resolution of
Cell-Phone Based Microscope

And the light shineth in darkness; and the darkness comprehended it not.

John 1:5

We have optimized the design and imaging procedures, to clearly resolve the malaria parasite
in Giemsa-stained thin blood smears, using simple low-cost cellphone-based microscopy with
oil immersion. The microscope uses a glass ball as the objective and the phone camera as
the tube lens. Our optimization includes the optimal choice of the ball lens diameter, the size
and the position of the aperture diaphragm, and proper application of immersion, to achieve
diagnostic capacity in a wide �eld of view. The resulting system is potentially applicable to
low-cost in-the-�eld optical diagnostics of malaria as it clearly resolves micron-sized features
and allows for analysis of parasite morphology in the �eld of 50�50 �m, and parasite detection
in the �eld of at least 150�150 �m.

Parts of this chapter have been published in Imaging & identi�cation of malaria parasites using cell-
phone microscope with a ball lens, PloS one 13,10 (2018) [1].
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The camera of a standard mobile phone has focal length in the range F � 3 : : : 5 mm,
back numerical aperture of NA � 0:25, and the pixel pitch in the image sensor of
p � 1:25 : : : 2 �m. According to the sampling theorem, one period of the maximum
spatial frequency should cover at least two camera pixels:

p <
�M
4NA

; (5.1)

where NA is the numerical aperture. According to Rayleigh criterion, the resolution is
given by:

r �
0:61�
NA

: (5.2)

So the minimum magni�cation M between the sample and the sensor of the phone
should be at least:

M > 2
p
r
; (5.3)

where p is the pixel pitch, and r is the required resolution. Assuming p in the range
1.25 . . . 2 �m, and r � 1 �m, we obtain the condition:

M > 2:5 : : : 4: (5.4)

Since the focal length of the phone objective � 4 mm is much smaller than the
standard focal length of a tube lens, which is of the order of 200 mm, the maximum
achievable magni�cation would be � 50 times smaller than with the standard tube
lens. The focal length of the objective lens, according to 5.3 should be rather short:

Fo < F=M � 1:33 mm: (5.5)

Even 100� standard microscope objective has a longer focal length, therefore glass
ball lens, allowing for a very short focal lengths, is the natural choice.

References [9�11, 20, 21] mention cellphone as a promising diagnostic tool for
malaria detection and exploit glass ball lenses as a cheap objective for the cell-phone
based microscope. However up to date we are not aware of any practical imaging of
malaria parasite with a ball-lens microscope, that allows for analysis of its morphology.
It is of a great interest to perform the optimization of the optical design of the ball lens
cell-phone microscope to its ultimate performance. The optimization should de�ne the
parameters, such as the material of the ball lens, the ball lens diameter, the distance
from the ball lens to the phone objective, and the size and position of the aperture
stop, that de�nes the numerical aperture and sets the di�raction limit to the achievable
resolution. Optimized setup should provide the highest image quality in the widest �eld,
with white light illumination.

For preliminary ray tracing we approximated the cellphone lens with a paraxial
model. To obtain a better estimate, we used the raytracing model of a cellphone
micro-objective, described by the US patent 20070024958, with focal length of F �
4 mm and the image space numerical aperture A = 0:2. The realistic model of
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6
Smart Optical Detection of

Malaria Parasites

I am the light of the world whoever follows me
will never walk in darkness

John 8:12

In this chapter we report on the novel implementation of computer-assisted dry �uorescent mi-
croscopy, optimized for e�cient discovery of malaria parasite in the human blood. Computer
analysis of an image containing a large number of blood cells establishes a robust statistics,
resulting in the diagnostic recommendation, supplemented with the estimate of sensitivity and
speci�city, providing a foundation for making educated diagnostic recommendation. In our
experimental implementation, the algorithm automatically identi�es � 106 red blood cells on
a thin blood smear in � 60 optical measurements, achieving reproducible and accurate detec-
tion of �10 parasites per microliter of human blood. This performance is superior to the limit
of �50 parasites=�l by WHO-recommended expert microscopy and 100-200 parasites=�l by
rapid diagnostic test. The technique, tested with in vitro and in vivio samples demonstrated
its suitability for highly sensitive, robust and automated diagnosis of malaria. The method
requires minimal human intervention, uses simple sample preparation, provides high degree of
independence of expert judgement, and has a potential for massive community screening for
malaria control and elimination programs.
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with reliable statistical data derived from the composition of the blood sample,
to help health workers make educated diagnostic decision.

The method described in this chapter addresses these issues. It is based on optical de-
tection of stained �uorescent parasite in a smear containing large number of red blood
cells using automated machine learning-based image processing algorithms integrated
into a potentially low-cost multi-spectral imaging platform.

6.1. Statistics of the optical test

In the medical practice, the sensitivity, speci�city and other statistical parameters of the
test are determined by running statistical studies on population groups [11, 12]. Since
optical analysis of blood samples operates with statistical probability of detecting the
parasite in a large number of cells, it should be possible to derive statistical parameters
such as sensitivity and speci�city purely from the internal parameters of the test itself.
Such an approach would result in individual estimates for robustness of the test for
each patient, which is important, especially for automated diagnostic procedures, when
the human expertise is not readily available.

Microscopic test for malaria relies on discovery and counting of the parasite in the
image of blood smear. In practice, the total number of cells in the sample is limited to
N. The parasitemia p is de�ned as the ratio of infected to the total number of blood
cells in an in�nitely large sample. The probability to discover even a single parasite is
limited by the size of the sample. The smaller the sample, the higher the probability
to miss the infected cell.

The sensitivity of the test S is de�ned as the probability to obtain positive diagnosis
with diseased patient. The speci�city 
 is de�ned as the probability to obtain a
negative diagnosis with a healthy patient. Apparently, the ideal test correctly identi�es
all diseased and healthy cases: S = 
 = 1. The probability of false identi�cation 
 is
de�ned as the probability of a randomly chosen healthy cell to be falsely identi�ed as
infected. Accounting for the false positives, the expected number �m of positive counts
in the test is given by �m = N(p + 
).

With an ideal error-free method with 
 = 0, the statistical probability Pm to detect
m parasites in a sample with cell count N with parasitemia p is described by the Poisson
statistics. For p << 1 (in medical practice p = 10�7 : : : 10�2), the probability Pm can
be approximated as:

Pm =
(Np)me�(Np)

m!
: (6.1)

Equation 6.1 describes the statistics of test outcomes, therefore it can be used to
predict the test sensitivity and speci�city without conducting statistical studies involv-
ing large groups of human patients. The probability to obtain a negative result with
infected sample can be obtained by substituting m = 0 in 6.1:

P0 = e�N(p+
): (6.2)
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Then, the sensitivity S0 of the method with cell count N and 
 = 0 is limited by,

S0 = 1� P0 = 1� e�Np: (6.3)

Figure 6.1 illustrates the dependence of S0 on the sample parasitemia p for di�erent
sample volumes N. To satisfy the condition S0 > T , where T is the required threshold
sensitivity, the test parameters p and N should satisfy the condition:

p > �
ln(1� T )

N
; or N > �

ln(1� T )
p

: (6.4)

To achieve S0 > 0:9 the test parameters should be: p > 4:6 � 10�5 for the WHO
gold standard test with N = 50 � 103, p > 2:3 � 10�6 for a test with N = 106, and
p > 2:3 � 10�7 for a test with N = 107.

Figure 6.1: Theoretical sensitivity S0 for di�erent sample counts

If the probability 
 of false positive identi�cation is equal to zero, the test speci�city

 is equal to 1. However, if the false identi�cation is possible, which is the case in
optical diagnostics, then, similar to equation 6.3, the speci�city 
 is given by


 = e�N
 : (6.5)

Based on the preceeding analysis, we have drawn the following conclusions:

� The maximum sensitivity is limited by the total cell count N in good agreement
with Eq. 6.2, higher cell count N secures higher sensitivity.

� The test speci�city is high at lower rate of false counts 
, however the number
of false counts grows with N, so large values of N can be disadvantageous for
high speci�city.

� The statistics of healthy and infected blood cells in the blood smear can be used
to make the estimate of the test robustness without addressing large groups of
patients.
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Figure 6.2: Diagram of trans-illumination �uorescense microscopy set-up. An ultraviolet
LED excitation source (EX = 370�m) is placed beneath the sample. Excitation �lter (EXF)
enhances the spectral purity of the LED. The beam is focused to the sample (S) by a focusing
condenser lens (FL). Emitted signals are collected by the objective lens (O) and �ltered by
the emission �lter (cuto� = 490 �m). Filtered signal is focused to the CMOS sensor at the
focal plane by the tube lens (TL).

(A) (B)

Figure 6.3: Dark �eld (A) and the sum of dark �eld and bright �eld images (B) of infected
thin blood smear with �uorescent parasite clearly visible.

Diagnosis, Nigeria in January 2018. The samples were collected by the ANDI Malaria
Diagnostic centre with an ethical approval by the Health Research Ethics committee of
College of Medicine of the University of Lagos with the Number: CMUL/HREC/11/17/261.
Written informed consent was sought from all participants.

Dilution analysis was done using the infected blood sample with the highest par-
asitemia (70,307 parasites/�l of blood). The parasitemia was estimated by experts
using WHO recommended standard Giemsa stained microscopy technique.

The blood sample was serially diluted with blood from an uninfected donor to realize
parasitemia levels in the range p = 1:4 � 10�2 : : : 1:7 � 10�6. To ensure the uniform
parasite distribution, the diluted blood was mixed for one hour after each dilution.
The result of the experiment is reported in Fig. 6.4. The experimentally measured
parasitemia �ts the curve

p = exp(�C1D � C2); (6.6)
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p � exp(�C1D � C2); C1 = 1:002; C2 = 4:27

Figure 6.4: Detected parasitemia p as a function of dilution D.

where D is the dilution rate, corrected for the RBC concentration in the healthy
donor blood, (D = 1 : : : 22400), C1 = 1:002, and C2 = �4:27. The good quality of
logarithmic �t with C1 � 1 preliminary con�rms the validity of the method for samples
containing as low as �10 parasites per �l of blood. In this measurement, detection of
the parasitemia at levels of �10 parasites per �l of blood, required computer processing
of more than 60 wide �eld images of thin blood smear, accounting for the total of
� 106 RBCs.

6.4. Malaria detection in fresh patient samples
Forty fresh patient samples were collected from a secondary health facility in Lagos,
Nigeria. The samples were labelled, and screened for malaria parasite using malaria
microscopy, Rapid diagnostic tests, �uorescent diagnostic method and Polymerase
chain reaction. The four di�erent diagnostic techniques were implemented independent
of each other to enable unbias analysis as outlined below:

1. SD Bioline malaria Ag PF Rapid Diagnostic Test (RDT) kits were independently
used to detect malaria infection in the patient samples.

2. Expert level malaria microscopy based on the WHO approved standard protocol.
Each blood smear was made in duplicate and read independently at �1000 mag-
ni�cation by two experienced WHO certi�ed microscopists. Malaria parasites
were counted simultaneously with the white blood cells in every observed �eld of
view.

3. Fluorescent diagnostic method (FDM) proposed in this work. The blood samples
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were prepared and tested using computer-assisted analysis of �uorescent parasite
signatures. The parasitemia was estimated according to the standard described
by WHO in reference [14].

4. Real-time Polymerase Chain Reaction (PCR) analysis based on the method by
[15] was performed at the Erasmus MC University Medical Center, Rotterdam
The Netherlands. To realize the test in Rotterdam, forty 5 �l dried blood spots
of patient samples prepared at the ANDI Malaria research centre were stored
and transported to Rotterdam.

Due to its high sensitivity, speci�city and accuracy, PCR analysis of the collected
sample was used as our reference standard in this study. One of the 40 samples
analyzed tested positive after sample analysis with standard microscopy. RDT detected
three malaria positive samples, however one turned out to be a false positive when
the results were compared with the outcome of PCR analyses. FDM detected 5
malaria infected samples. When compared to the standard reference PCR results,
FDM realized a sensitivity of 100% and speci�city of 97%. Malaria microscopy provides
a sensitivity of 20% and a speci�city of 100%. A sensitivity of 40% and speci�city of
94% was reached by RDT respectively.

For high sensitivity S, a large number of �elds has to be analyzed to reach the
su�cient RBC count N. With multispectral �uorescent imaging and computer image
processing of a thin smear, the procedure is much easier than the WHO gold standard
method. However, to further e�ciently reduce the diagnostic time keeping the com-
putational complexity at minimum, a simpli�ed method which uses a single thick smear
with a large number of RBC in many layers was used. The image structure of a thick
smear is more complicated, however the number of cells in one �eld can be very high,
providing obvious practical advantages for quick screening. In the thick smear method
only one dark �eld �uorescent image is registered. This image is �ltered for white
blood cells and all bright spots with deviating morphology. The remaining bright spots
are designated as infection. Figure 6.5 illustrates the e�ciency of �ltering algorithm
on the images of thick smears of infected and healthy blood.
Quite obviously, the probability of false detection 
 is expected to be higher for this
method, compared to the method that takes into account the parasite localization in
a thin smear. To obtain S > 0:9 & 
 > 0:9 for p > 5 � 10�5, the number of RBC in
the single �eld of view thick smear should satisfy to the condition N > 5 �104, which is
easily achievable. Based on these preliminary estimates, the thick smear method o�ers
a great promise for quick screening, however its practical applicability requires further
investigation. Tab. 6.1 compares the outcome of the �eld diagnostic test performed in
Lagos Nigeria. The performance output of the current standard diagnostic techniques
is compared with our proposed diagnostic technique as shown in the table.

6.5. Discussion
We have developed a numerical model for a malaria test that takes into account
total cell count N, the probability of false identi�cation 
, and the count of infected
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7
From The Lab To The Field

There will be no more night.

Revelation 2:5

In this chapter, we describe the design process of a low-cost smartphone-based microscope
for rapid diagnosis of urinary Schistosomiasis. Field research conducted in Nigeria with the
active involvement of key stakeholders in the research and development (R&D) process vali-
dated our assumptions and enabled the development of our proof-of-concept into a working
prototype in three iterative designs steps. Through this design process, we investigated the
local development of technical optics for good quality imaging and explored the simpli�cation
of sample preparation techniques using commonly available materials. Starting from the �rst
iteration, the output of each design step was used as the input to the subsequent iterations
to optimize our system design. Insightful results and input from the �eld demonstrated that
an adaptive design approach was needed to facilitate the rapid development and deployment
of point-of-care diagnostic devices for use in low-resource settings. It is our goal that these
devices will be locally manufactured and supported in Nigeria to expand access to quick and
reliable diagnosis given her huge population and high disease burden.

Parts of this chapter have been published in Schistoscope: Towards a locally producible smart diag-
nostic device for Schistosomiasis in Nigeria, IEEE GHTC 42,(2019) [1].
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8
Conclusion

The leaves of the tree shall be for the
healing of the nations.

Rev.22 vs.2

According to the World Health Organisation, microscopy still remains the reference
diagnostic method for most parasitic diseases. As outlined in the introduction of this
thesis, microscopy allows for parasite detection, quanti�cation, species identi�cation
and morphological analysis. Realizing e�ective malarial microscopy in low-resource
settings is however di�cult due to the need for highly skilled human operators, intensive
manual labour, high cost of equipment and training of sta�. Furthermore, considering
the large amount of red blood cells to be screened in the case of malarial microscopy,
the constraint of spatial resolution and achievable �eld of view increases the amount
of manual measurement required for conclusive diagnosis.
This poses a major limitation in realizing point-of-care devices that will alleviate the
complexity of standard optical diagnostic procedure. To address these problems, this
thesis explored distinct methods which combines data driven algorithms wtih optical
imaging techniques to realise reliable and robust detection of parasites in infected
samples.

In this work we have examined, analysed and optimised both coherent and inco-
herent optical imaging techniques to develop potential solutions towards point-of-care
diagnosis of parasitic diseases.
The following steps have been taken towards the realisation of our research goals:
The �rst step covered in Chapter 3 was to de�ne the resolution limit of a lensless
microscope and its practical application to the detection of S.haemtobium eggs in urine
sample; the second step was the combination of cellphone based microscope & data
driven algorithm to realize automated smart detection of S. hametobium as reported
in Chapter 4. The resolution limit of cellphone-based microscope for the imaging of
malaria parasite was de�ned and reported in Chapters 5 & Chapter 6, reports on our
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