





Figure 2.14: Babesia parasites in a 90% infected RAG knockout M. musculus mouse.
A. Optical density channel showing similar morphological characteristics to Plasmodium
infections. B. Fluorescence of the Babesia parasite.

Figure 2.15: Green fluorescence of debris on the chamber surface (shown as grayscale).

malaria. Conversely, if the patient lives in, or has visited, a babesiosis-endemic region such
as New England, then the disease is likely to be babesiosis. A Giemsa-stained peripheral

smear should be reviewed to confirm the type of infection prior to drug administration.

2.2.8.3 Debris

Debris on the surface of the chamber, such as dust, also has the potential to interfere
with malarial diagnosis. The anisotropic nature of such particles resulted in a significant
reflection of the 470 nm light and high fluorescent intensity (FIG. 2.15). Under the right
circumstances, this fluorescence could resemble a malaria parasite and generate one or

more false positives.

In the same manner as debris, the edges of air bubbles within the chamber also

fluoresce and have the potential to generate false positives (FIG. 2.16).
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Figure 2.16: Green fluorescence of an air bubble (shown as grayscale).

2.3 Algorithm Development
2.3.1 Overview

The images obtained by the ALIP offer a plethora of information to enable a malaria
diagnosis. The algorithm used to interpret these images to detect intraerythrocytic par-
asites and perform auxiliary functions using these images will be described. First, the
structure and process of the algorithm will be described, followed by additional informa-
tion that is particularly important for diagnosis.

MATLAB (ver. R2010b; Mathworks, Natick, MA) was used to process the micro-
graphs of the ALIP because of its ease of implementation and expedient features. In fu-
ture embodiments of the proposed system, other programming languages, such as C++,
may be used to improve processing time.

FIG. 2.17 illustrates the variations between the CBC analysis and the malaria diag-
nosis + CBC analysis in the initial stages of image processing. In the case of the existing
CBC analysis algorithm, the images were processed to determine the quantitative and
qualitative parameters of the CBC. The Malaria Diagnosis + CBC Analysis utilized the
same CBC algorithm, but also processed the images further to classify the malaria infec-
tion status of the specimen.

Masking is the first process used to determine the RBC locations within the images as
well as remove or flag (i.e. alert the user) interfering substances. A total of three masks

were created, including the RBC mask, debris mask, and NRBC mask. An exemplary
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Figure 2.17: Analysis comparison following consumable processing and image capture.
The malaria diagnosis actually occurs in series with the original CBC analysis algorithm.

Figure 2.18: Mask combination and generation of intraerythrocytic parasite mask from
RBC fluorescence characteristics.

RBC mask is shown in FIG. 2.21.

Next, all three masks were combined into one mask, ensuring that only the appropri-
ate RBC regions were analyzed without any extraneous interference (FIG. 2.18). This
combination mask may then be multiplied by the fluorescence or optical density images
to obtain only fluorescence and optical density information for all masked RBCs, respec-
tively. For example, if the mask is multiplied by the green fluorescence image, then only
the green fluorescence of the RBCs was selected as a subset of the entire green fluorescence
image, which also included fluorescence of WBCs, PLTs, and other cellular components.

The average RBC fluorescence intensity was calculated from the RBC-fluorescence-
only image and was used to determine the appropriate threshold information to create
the intraerythrocytic parasite mask. This mask may then be multiplied by the original
green fluorescence image to obtain only the intraerythrocytic parasite green fluorescence.

The next stage of the algorithm was the decision as to whether or not a particular
cell was infected with malaria (FIG. 2.19). Each cell within the RBC green fluorescence

image was analyzed in series according to three decision criteria, including intensity, area
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Individual Cell
Decision Criteria

Figure 2.19: Individual cell decision criteria.

Specimen Augxiliary functions
Decision Criteria A

Yes, sampleis
infected with malaria

Figure 2.20: Sample decision criteria.

and circularity, which refer to the pixel values of the parasitic fluorescence. If a particular
cell met all of the specified criteria, it was classified as infected, otherwise, it was classified
as healthy.

Once all cells within the intraerythrocytic parasite green fluorescence image were
analyzed, the next process was to finally classify the sample, as a whole, as infected
or healthy (FIG. 2.20). The discrimination threshold was set so that if the calculated
parasitemia of the sample was equal to or exceeded 0.025%, the sample was classified as
infected, otherwise, the sample was classified as healthy. If the sample was classified as
malarial infected, the algorithm continued to perform auxiliary functions on the images

in series.

2.3.2 RBC Mask

Masking is a segmentation method used to identify particular objects within an image.
A mask to identify sphered RBCs was required first because it defines the RBC’s region
of interest (ROI) in which all other analyses are performed.

Using MATLAB’s inherent segmentation functions, a binary mask was constructed to

identify red blood cells in each individual frame. There were 86 image frames in total, but
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only 21 frames at the leading edge were sufficient for diagnosis. This is because red blood
cells at the leading edge are mostly sphered by the zwittergent located in this region
of the chamber. There are approximately five thousand RBCs per frame, depending on
the patient’s hematocrit, so an approximate total of 105,000 cells are capable of being
analyzed. Therefore, this system is theoretically be capable of detecting one parasite in
105,000 RBCs (i.e., 0.00095% parasitemia), although this claim will need to be validated
in human clinical trials with more developed algorithms that reduce the false positive
rate. This is approximately the same LLOD as Giemsa thick smear review with an
average microscopist. For comparison, the expected sensitivity of thick smears is 0.001%
parasitemia (i.e., 50 parasites/uL, assuming a 5 x 10° RBC count), but most routine
diagnostic tests typically achieve a sensitivity as low as 0.01% (i.e., 500 parasites/uL)
(Tangpukdee et al., 2009; Moody, 2002).

It was important to only analyze RBCs that are spherical in nature and, therefore,
an algorithm was developed to identify sphered RBCs. The RBC mask (FIG. 2.21) was
created from a multistep process, including thresholding, watershed transform, erosion,
circularity, and artifact removal. First, a preliminary mask was generated from the optical
density image using an empirically-determined threshold based on collected statistics of
RBC optical density. This mask correctly identified RBCs but was processed further in
order to improve segmentation. A major issue was that an RBC in close proximity to
another RBC (i.e., direct contact) would have overlapping optical density regions and the
two RBCs may be considered as one object. To prevent this phenomenon from occurring,
MATLAB’s watershed transform using Fernard Meyer’s flooding algorithm (Meyer, 1994)

was applied to further segment the RBCs.

On occasion, the edges of RBCs that were proximal to a fluorescent object (e.g.,
WBC, platelet, debris, etc.) exhibited faint fluorescent illumination that could poten-
tially interfere with diagnosis. To prevent this from occurring, the watershed mask was
morphologically eroded to eliminate edge pixels that may contain fluorescence and ex-
tracellular artifact. Next, non-spherical objects were removed from the mask, as these

objects were frequently RBCs in their natural biconcave shape. Each object’s circularity,
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Figure 2.21: A. RBC image of optical density at 413 nm. B. Binary RBC mask.

or roundness, is given by

4 x A
Clircularity = mEATea

(6)

Perimeter?’

wherein MATLAB’s regionprops function was used to obtain the pixel area and perime-
ter of each object in the RBC mask. Objects with a circularity below an empirically-
determined threshold were removed from the mask. Finally, any objects that were too
large or small were removed from consideration.

FIG 2.21 demonstrates that RBCs were successfully masked by these techniques. Note

that the non-sphered cells were not selected during this process.

2.3.3 RBC Mask as a Binary Filter

The final RBC mask acted as a binary filter when multiplied by the red blood cell
green fluorescence image so that fluorescence measurements could be performed within
the defined regions of interest (i.e., only the intraerythrocytic fluorescence). Each object
in the mask contained binary true values (i.e, 1 = true, RBC region; 0 = false, non-RBC
region), so that when the mask was multiplied by the fluorescence image, the fluorescence
pixel values of the RBCs were retained (FIG. 2.22).

This method defined only the RBCs as the ROI, thereby eliminating all plasma mate-
rial including white blood cells and platelets from consideration. As previously discussed,
it was impractical to differentiate between extracellular parasites and platelets using the

proposed system due to their similar morphological appearance. This was not of much
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Figure 2.22: Binary mask filtration illustrated example. A. Identified RBC showing
true values (logical 1) for the RBC region and false values (logical 0) that represent the
extracellular region (e.g. plasma). B. Fluorescence image wherein each “x” represents
some pixel value between 0 and 4095, representing the fluorescence intensity of that pixel.
C. Binary mask applied from the multiplication of A and B. Each x multiplied by a true
value results in a value of x, whereas each x multiplied by a false value results in a false
value.
concern from a clinical standpoint because parasitemia calculations using standard mi-
croscopic review do not consider extracellular parasites. WBCs did not interfere with
diagnosis due to their large pixel area and saturation of fluorescence illumination. The
large size of WBCs (diameter often >10 ym, depending on type) also prevented them
from migrating to the frames at the leading edge and restricted their locality proximal
to the inlet port of the chamber. This acts as a natural filtration mechanism to further
prevent WBCs from being considered in the analysis.

RBC fluorescence is shown in FIG. 2.23 after binary filtration, illustrating that the

intraerythrocytic fluorescence information for each RBC was retained. The RBC mask

can likewise be applied to the optical density image to obtain only RBC optical density.

2.3.4 Intraerythrocytic Parasite Mask in Cell Culture Specimen

Once the RBC mask was optimized and provided a suitable filtration means within the
green fluorescence image, an algorithm was developed based on the information available
in the various images. To classify a particular cell from a cell culture specimen as infected
or uninfected, both the fluorescence and optical density images in the ROI were examined.
To classify a cell from human specimen as infected or uninfected, only the RBC green
fluorescence image (after binary filtration) was examined.

To determine the infectivity of an individual RBC in a cell culture specimen, the
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Figure 2.23: Intraerythrocytic fluorescence with binary filter applied, shown as a grayscale
image with a dynamic range between 0 and 2500. All black regions are logical false values

(0).

Figure 2.24: Interpretation of green fluorescence to determine infection status. A. Green
fluorescence (grayscale image). B. Resulting mask due to green fluorescence exceeding
the set threshold value.

green fluorescence and optical density were examined according to a set of predefined
criteria. Each cell obtained from the RBC mask was analyzed one at a time within a
for loop capable of analyzing 5,000 cells in approximately five seconds. The methods for
intraerythrocytic parasite detection are described in U.S. Patent 13/630,934 (Levine et
al., 2012a).

First, a threshold was applied to the green fluorescence of the RBC (FIG. 2.24A). All

values exceeding this threshold were converted to logical true (FIG. 2.24B).

Next, the optical density of the cell was examined (FIG. 2.25). To determine if there
was a localized decrement, the optical density of the parasite region (as determined by
the mask of FIG. 2.24B) was compared to the optical density of the region that did

not contain the parasite. If the average optical density of the parasite region was three
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Figure 2.25: Interpretation of optical density to determine infection status (same cell as
FIG. 2.24). Cell shown in center exhibits a localized decrement of optical density in the
same location as its fluorescent illumination.

Figure 2.26: Comparison of localized decrement of optical density in cell culture and
human specimen. A. Cell culture P. falciparum specimen showing schizont with three
distinct intraerythrocytic merozoites each with a profound localized decrement of optical
density. B. Human P. falciparum specimen showing single ring-stage parasite with a
barely perceptible localized decrement
standard deviations below the average optical density of the non-parasite region, the cell
was considered infected.

Because the cell of FIG. 2.25 exceeded the three standard deviation optical density

threshold, it was classified as infected because it satisfied both the fluorescence and optical

density criteria.

2.3.5 Intraerythrocytic Parasite Mask in Human Specimen

The human malarial sample only consisted of ring stage parasites, which exhibited a
localized decrement that was significantly less pronounced compared to the cell culture
specimen of FIG. 2.25.

It was determined that the localized decrement of ring stage parasites in human
specimen did not contain enough information to be used as a criterion for infection (FIG.
2.26). For infection classification of human malaria specimen, the green fluorescence
must therefore be further refined to distinguish malarial parasites from other interfering

substances. To account for abnormal cells and artifact, the intraerythrocytic parasitic
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fluorescence was further classified to consider the pixel area, circularity, and fluorescent
intensity. Threshold values were determined from the typical parasitic characteristics

shown in Table 1.

Fluorescence Intensity Area Circularity

Average 1013.7 9.4 1.59
o 140.9 24 0.21

Table 1: Parasite pixel value measurements (n=>5,898 parasites) for green fluorescence

intensity, area, and circularity.

Note that the average calculated parasitic circularity was greater than one. Theoret-
ically, this is not possible because a perfect circle has a circularity equal to one. Circu-
larities greater than one are resultant from regionprops’ perimeter calculation as the line
through the object’s center. This erroneous phenomenon occurs on small objects, such

as parasites. To correct for this, 1 may be added to the perimeter in the denominator,

47 % Area

(m + Perimeter)?’

(7)

Circularity =

which forces all small objects to have a circularity less than one; however, circularity
measurements greater than one were still useful for differentiation because the relatively
circular parasitic fluorescence exhibited a circularity much greater than the circularity of

other interfering substances.

2.3.6 Detection of Hemozoin in Cell Culture Specimen

Hemozoin is produced throughout the entire malaria parasitic lifecycle but is only
readily detectable in the later trophozoite and schizont stages. There are three methods
to identify intraerythrocytic hemozoin using the ALIP (FIG. 2.27). These methods are
described in detail by Levine et al. in U.S. Patent Application No. 13/630,934.

FIG. 2.27A depicts two distinct regions of a trophozoite that have an increased optical
density at 413 nm relative to the rest of the cell. This is due to the fact that hemozoin

is a dense, brown pigment that readily absorbs blue light. Since the parasite does not
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Figure 2.27: Detection of intraerythrocytic hemozoin in a P. falciparum infected cell
culture. A. Optical density at 413 nm. Red arrows indicate the presence of hemozoin,
manifesting as an increased optical density at 413 nm. B. Optical density at 660 nm.
Green arrows show that the optical density of hemozoin at 660 nm is decreased relative
to the other regions of the cell. C. Fluorescence illumination with 470 nm excitation.
Blue arrows show that the hemozoin does not fluoresce.

absorb light at this wavelength, a localized decrement of increased optical density by the
hemozoin (relative to the parasite’s optical density) is readily visible.

FIG. 2.27B demonstrates that hemozoin absorbs less light at 660 nm than the re-
maining regions of the cell. Additionally, at this wavelength there is no observed local-
ized decrement of optical density due to the parasite’s displacement of hemoglobin; the
absorption of 660 nm light by the parasite is therefore roughly equivalent to the optical
density of hemoglobin at 660 nm.

Finally, FIG. 2.27C shows that hemozoin does not fluoresce when excited with a 470
nm LED. This is because hemozoin is comprised of crystallized heme and does not contain
either DNA or RNA. Acridine orange will not accumulate in hemozoin.

Hemozoin can be readily detected by using a combination of all three images. This is
especially important for Plasmodium stage differentiation and differentiation from other
non-hematophagus intraerythrocytic parasites such as Babesia, which do not produce

hemozoin.

2.3.7 Display Infection Message to User

Because the ALIP is primarily meant as a screening method, a message was only
generated and displayed to the user in the event that malaria was actually detected.
However, the system can be configured to present the information of a negative infection

if desired. An example message is shown in FIG. 2.28 displaying the infection classification
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Figure 2.28: Dialog box indicating the sample is infected with malaria.

and corresponding parasitemia magnitude.
Other diagnostic information is reported to the user but the most important param-
eters, namely the classification of infection and the parasitemia magnitude, is reported

first in this alert message.

2.3.8 Auxiliary Functions

The flexible imaging technology of the prototype allows for many auxiliary functions
to be performed that drastically improve the instrument’s utility for malaria diagnostics.
Some of the features developed during the course of this research will now be discussed

in further detail.

2.3.8.1 Parasitemia Magnitude

The parasitemia magnitude, reported as a percentage, is given by

, , Number of infected cells
P t = 100. 8
arasiena Number of analyzed cells i (®)

This value was calculated from the cell-by-cell analysis and is subsequently displayed to
the clinician for all samples that are considered to be infected with malaria. The ALIP is
the first instrument capable of automatically calculating parasitemia magnitude; all other
methods require time-intensive manual interpretation that can take up to 60 minutes or
more.

The parasitemia magnitude is a vitally important parameter to know when treating
a malaria patient because it indicates the disease severity of the infection. For example,

a patient with 1% infected cells must be treated more aggressively than a patent with
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0.01% infected cells.

2.3.8.2 Calculation of Infected-RBC Indices

The RBC indices include mean cell hemoglobin (MCH), mean cell hemoglobin con-
centration (MCHC), and mean cell volume (MCV). MCH is a measure of the average
mass of hemoglobin in RBCs, MCHC is a measure of the concentration of hemoglobin in
a given volume of packed RBCs, and MCV is a measure of the average cellular volume of
RBCs. These parameters, reported in a standard CBC, are often useful in differentiating

types of anemia.

The ALIP also allows the RBC indices to be calculated for each infected RBC. This
feature is unavailable in any current technology and can be utilized to evaluate in vitro
or in vivo drug efficacy, monitor a patient’s progress with drug treatment, evaluate a
patient’s response and resistance to a particular drug, aid researchers in developing novel

candidate drugs, and other clinically-beneficial applications.

Once a particular cell is classified as infected, its hemoglobin content, hemoglobin
concentration, and cell volume may be computed according to the methods discussed in
U.S. Patent 2009/0238438 (Wardlaw et al., 2011). Briefly, the hemoglobin concentration
is determined by examining the optical density of a portion of the RBC in accordance

with the Beer-Lambert Law,

OD = ecL 9)

where € is the hemoglobin molar extinction coefficient, ¢ is the hemoglobin concentration,
and L is the distance traveled through the RBC. Since € and the pathlength are known
quantities and the OD may be computed from the particular region of the cell, Equation 9
can be rearranged to solve for the hemoglobin concentration, c. With a known hemoglobin
concentration, all RBC indices may be computed by averaging the plurality of cell-by-cell

data.
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Figure 2.29: P. falciparum cell culture showing four distinct merozoites. High resolution
413 nm transmission image using a 100X objective and immersion oil.

2.3.8.3 Improvements to Resolution and Parasitic Visualization

The optical resolution of the prototype system was sufficient to determine CBC param-
eters, identify malarial infection, and enable auxiliary malarial functions to be performed,
but it was intentionally kept relatively low to reduce the overall cost of the optical com-
ponents. Although acridine orange fluorescence is limited in its ability to morphologically
distinguish parasites, higher resolution optics would improve parasitic visualization and
possibly allow for Plasmodium species differentiation. This would need to be verified
with alternative hardware integration, but it may not be necessary because clinicians
will likely prefer to examine peripheral smears with a microscope if any detailed parasite
morphology information is required. An exemplary high resolution transmission image

obtained by the prototype system is shown in FIG. 2.29.

2.3.8.4 Transmission of infected RBC images via Simple Mail Transfer Pro-

tocol

MATLAB'’s sendmail function allows messages and attachments to be sent to a list
of recipients using Simple Mail Transfer Protocol (SMTP). If the user requests that
the images are to be reviewed by an expert malariologist somewhere in the world, the
prototype system can manually or automatically (based on user preference) send data
with a wired or wireless internet connection. Transmitting patient information should
always comply with HIPAA, so patient identifiers can be omitted if necessary. If the
appropriate settings are selected, a dialog box will automatically be presented to the user

when an infected sample is detected (FIG. 2.30). The user may also manually select to
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Figure 2.30: Dialog box requesting recipient list to email data.

send data after the analysis has been performed.

A valid email address must be entered in order to send data via email. The program
currently uses the Gmail servers to send email with a Secured Sockets Layer (SSL) encryp-
tion. Depending on the email web host, other authentication and encrypted connections

may be required.

A cell variable is created to contain the images of infected cells stored in a portable
networks graphics (.png) file as well as diagnostic information stored in a comma sep-
arated values file (.csv). Testing of the SMTP feature resulted in the transmission and

reception of the email in less than ten seconds on average.

If the user wishes to recall data from a previous session, data may also be saved to a
local or external hard drive. This functionality is accomplished in a similar manner by
using the saveas MATLAB function. The user is prompted to select a destination folder
and all images and diagnostic data is saved to the specified directory with necessary

patient information.
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Figure 2.31: Graphical user interface for the MATLAB malaria diagnostics algorithm.

2.3.9 MATLAB Graphical User Interface

The graphical user interface (GUI), shown in FIG. 2.31, allows the user to select a
"Data Folder’ with imaged samples and output all diagnostic data to a specified 'Result
Folder’ in the same parent directory. Once the appropriate folders are selected, the user
simply selects the capital "A” in the upper left-hand corner to start the program. The
most recent update date and time is shown to indicate the current program version.

In the final commercialized product, this GUI will not be available to the user. In-
stead, the system would analyze the samples automatically following a completed imaging
sequence. It was created for research purposes only using MATLARB'’s interactive GUIDE

tool.

2.4 Receiver Operator Characteristic Curves

The Receiver Operator Character (ROC) curve provides a useful means to assess the
diagnostic accuracy of a test. This signal detection statistical measure was originally
developed during World War II to interpret radar signals for the differentiation between
flocks of birds and enemy aircraft. Today, it is commonly applied to medical diagnostics
for the binary classification of disease positives or negatives within a bimodal distribution
(FIG. 2.32) (Fawcett, 2006). It was useful to generate a ROC curve to aid in determining
the optimal threshold for infection classification; a threshold was selected due to its
balance of sensitivity, specificity, and LLOD.

FIG. 2.32 displays a theoretical distribution of two populations that either have the
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Figure 2.32: Bimodal distribution of a population with the disease (D*) and a population
without the disease (D). (Wikipedia, 2006; modified and reproduced under the terms of
the GNU Free Documentation License)

disease (e.g. malaria) (D) or do not have the disease (D7). The abscissa of FIG. 2.32 in
general represents some test value. In this case, the test value is the calculated parasitemia
value.

An empirically-derived threshold represented in the figure by a black vertical line
defines the true positive (TP), true negative (TN), false positive (FP), and false nega-
tive (FN) rates. Moving the threshold to the right along the abscissa, for example, would
increase the specificity but decrease the sensitivity. The dichotomic tradeoff between sen-
sitivity and specificity depends on the particular application, specifically which criterion
contributes more to a positive outcome. Airport security, for example, favors sensitivity
over specificity to ensure that all potentially hazardous material is detected. Malaria
diagnostics requires a balance between sensitivity and specificity. Higher levels of detec-
tion (i.e. sensitivity) allows for early detection and ultimately contributes to decreased
mortality rates (Rafael et al., 2006). Highly-specific tests contribute to a decreased con-
sumption of antimalarial drugs in resource-poor regions for patients that do not have

malaria, thereby decreasing unnecessary treatments and resource waste.
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3 Results

3.1 Sensitivity and Specificity Analysis

In order to determine the diagnostic efficacy of the proposed algorithm, the sensitivity,
specificity, PPV, and NPV were determined after analysis on human blood specimen. It
is important to note that sensitivity and specificity of the ALIP were initially measured
on a cell-by-cell basis (i.e., each individual cell was examined and the algorithm interprets
whether or not that cell was infected with malaria). This was referred to as the “Cell-
by-Cell sensitivity/specificity”. The final measure of sensitivity and specificity was the
binary classification as to whether or not each sample (i.e., patient) was infected with

malaria. This was referred to as the “Sample-by-Sample sensitivity /specificity”.

For human negative control specimen, the algorithm flagged an average of five false
positives per sample, typically resultant from the interfering substances discussed in Sec-
tion 2.2.8. To account for this, the lower cutoff of detection was set to a parasitemia of
0.025%, which provided a balance of sensitivity, specificity, and LLOD. Therefore, any
sample with a calculated parasitemia magnitude less than 0.025% would be automatically
classified as negative for malaria. Any sample with a calculated parasitemia magnitude
greater than 0.025% would be classified as malarial-infected, and a message would be
displayed to the clinician. Assuming an RBC count of 5 x 10°/uL, a cutoff of 0.025%
allows detection of 1,250 parasites/uL. This is comparable to the LLOD of gold-standard
Giesma thick film review, which is routinely able to detect as low as 0.01% parasitemia, or
500 parasites/uL. Subtracting the background “noise parasitemia” (i.e., false positives)
reduces the overall sensitivity and LLOD of the system but allows for some flexibility
in regards to specificity. Because malaria parasitemia typically ranges from 0.001% to
0.1% or greater (Moody, 2002), a cutoff of 0.025% will sufficiently identify higher para-
sitemia infections. Of course, future improvements can be made to the algorithm that

will decrease the occurrence of false positives and enable an even lower detection limit.
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3.1.1 Cell-by-Cell Specificity

To determine the cell-by-cell specificity of the system, a total of 44 human negative
control samples from 22 patients were analyzed by the prototype algorithm. All samples
were confirmed negative by peripheral smear review of at least 10,000 RBCs (approxi-
mately 40 monolayer cell fields using a 100X objective with oil immersion). As a result,
each time the algorithm classified a particular cell as being infected with malaria, it was
known to be a false positive. This made for a straightforward analysis of specificity, the

data of which is shown in Table 2.

Samples Analyzed Cells Analyzed True Negatives False Positives Specificity

44 2,360,701 2,360,470 231 99.99%

Table 2: Cell-by-Cell specificity data for human negative control samples.

3.1.2 Sample-by-Sample Specificity

The average “noise parasitemia” per sample was calculated as 0.00978% =+ 0.0065%
(i.e. on average, a sample’s parasitemia was less than 0.01%). Only one of the 44 negative
control samples had a calculated parasitemia greater than 0.025%, making it falsely
classified as malaria-infected. The specificity of the algorithm on a sample-by-sample
basis was therefore 97.7%, making it one of the more specific test methods currently

available for malaria diagnostics.

3.1.3 Cell-by-Cell Sensitivity

To determine the cell-by-cell sensitivity of the algorithm, each cell had to be manually
classified as infected or uninfected and then verified with the results of the algorithm.
Both the green fluorescence and the optical density were viewed to manually determine
the infection status. Cells were analyzed in sets of 100, as shown in FIG. 3.1. Due to the
time-intensive nature of this evaluation, 5 human malarial-positive samples from the 1
infected patient were analyzed, with over 50,000 cells examined during the manual review.

To ensure that the manual analysis was sufficiently blinded, an unlabeled set of all
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Figure 3.1: Labeled green fluorescence (grayscale image) of 100 cells to manually deter-
mine cell infection status. A white border around the cell indicates that the algorithm
classified that particular cell as infected. In this set of 100 cells, for example, there were
2 true positives, 0 false positives, 98 true negatives, and 0 false negatives.

100 cells was displayed for analysis. FEach cell was denoted as infected or uninfected and
then subsequently verified with the labeled set of 100 cells shown in FIG. 3.1, which
represents the algorithm’s interpretation of the specimen. True positives, false positives,
true negatives, and false positives were noted for each set. Data was compiled for a total

of five samples of the fifteen total available samples(Table 3).

Samples Cells True False True False
Analyzed Analyzed Positives Positives Negatives  Negatives
5 54,000 142 1 53,831 26
Sensitivity  Specificity PPV NPV
84.5% 99.998% 99.3% 99.9%

Table 3: Subset of cell-by-cell sensitivity data for human malarial-positive samples.
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3.1.4 Sample-by-Sample Sensitivity

The parasitemia of all 15 samples was calculated by the algorithm as 0.32%, and
therefore all samples were correctly classified as infected (sensitivity = 100%), since
0.32%>>0.025%. The actual parasitemia of this sample determined by Giemsa peripheral

smear review was 0.45%.

3.1.5 Sensitivity/Specificity Summary

In summary, the patient specificity (sample-by-sample basis, n=22 subjects, 44 sam-
ples) was 97.7%. The patient sensitivity (n=1 subject, 15 samples) was 100%. The PPV
and NPV were 93.8% and 100%, respectively. If a baseline 0.025% cutoff is used, the
ALIP will not be able to detect malarial specimen with a parasitemia that is less than this
threshold. This can be adjusted depending on sensitivity and specificity requirements.
Receiver Operator Characteristic curves aid in the determination of discrimination thresh-

olds.

3.2 Generation of the Receiver Operator Characteristic Curve

The discrimination threshold of the ALIP, or final decision criterion, for whether or
not a sample is infected with malaria, depends on the calculated parasitemia. FIG. 3.2
displays the ROC curve for various parasitemia threshold levels ranging from 0.005% to
0.35%. Each data point (black squares) represents a specific threshold level. The data of
FIG. 3.2 is modeled from the set of 15 malaria-infected samples and 44 negative control
samples. In this graph, the abscissa represents the false positive rate (FPR), or one minus
the specificity, and the ordinate represents the true positive rate (TPR), or sensitivity.

The area under the curve (AUC) of an ROC provides a summary measure of the
diagnostic accuracy of a binary classification test (i.e., the greater the AUC, the more
accurate the test is). Since random guessing produces a diagonal line from (0,0) to (1,1)
(shown as a green line in FIG. 3.2), all diagnostic tests should have an AUC greater
than 0.5. The AUC of this particular method of using parasitemia as the discrimination

threshold gave an AUC of 1.0. Based on the ROC curve, a lower level threshold of 0.025%
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Figure 3.2: Receiver Operating Characteristic Curve (red line) of the image analysis
algorithm using parasitemia as the discrimination threshold for sample infection. For
reference, the green line shows a theoretical test using random guessing and the blue line
shows the shape of a typical ROC curve for a diagnostic test
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was chosen. This cutoff provided a balanced LLOD, sensitivity (100%), and specificity
(97.7%), satisfying the goals of this thesis set forth in Section 1.9.1.

As discussed in the “Future Research” section of this thesis (Section 4.9.4), additional
malaria-infected samples, particularly those with low parasitemia, should be analyzed to

increase the statistical power of this analysis.

3.3 Calculation of Infected RBC Indices

The MCH, MCHC, and MCV were calculated from the plurality of 48,100 healthy,
uninfected cells and the plurality of 145 infected cells (Table 4) in a human malaria

infected specimen.

MCH (pg) MCHC (g/dL) MCV (fL)

Infected (n=145 cells) 30.4 35.2 86.4
Healthy (n=48,100 cells) 29.3 35.7 83.6
p-value 0.0015 0.0049 0.0138

Table 4: RBC indices calculation for a malarial-infected human sample. p-values were

calculated assuming a paired two-tailed distribution («=0.05).

Notably, the MCH of infected RBCs was actually slightly higher than that of healthy,
uninfected RBCs. The MCHC was slightly lower in infected RBCs, and the MCV was
slightly higher in infected RBCs. All mean differences were significant (p <0.05 for each
index).

It should be noted that the analyzed sample was only comprised of ring-stage para-
sites. This early intraerythrocytic stage did not contribute to a significant decrement of
hemoglobin and therefore a substantial decrease in hemoglobin content was not expected.
Late stage trophozoites and schizonts are expected to contribute to a significantly lower
MCH and MCHC. The increase in cell volume is expected due to the inclusion of the

single ring-stage merozoite.
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4 Discussion

The overall goal of this thesis was to develop an interpretive algorithm for the ALIP to
diagnose malaria in vitro. High sensitivity and specificity was desired, in additional to the

inclusion of auxiliary functions that offer novel information to clinicians and researchers.

4.1 Sensitivity and Specificity

The overall sensitivity and specificity of the ALIP was 100% and 97.7%, respectively.
The PPV and NPV were 93.8% and 100%, respectively. These values are in reference to
the calculated parasitemia as a discrimination threshold. A cutoff of 0.025% was decided
upon because it provided the optimal balance of sensitivity, specificity, and lower limit of
detection. These values exceed the performance characteristics of the primary field-use
diagnostic methods (i.e., microscopy, QBC, and RDT) as reported by various clinical
trials and investigations. The accuracy of the image analysis algorithm, as it currently
stands, will facilitate early diagnosis of malaria and subsequently contribute to reduced
disease transmission in endemic regions. Improved algorithm calculations, as well as the
inclusion of new fluorescent fluorophores, could further decrease the false positive rate

and subsequently improve the accuracy and lower limit of detection.

4.2 Automatic Calculation of Parasitemia Magnitude

The ability of the system to calculate the magnitude of parasitemia is of critical
importance to the clinician because malaria complicacy and severity can be inferred
from this parameter (Moody, 2002). There is currently no diagnostic available method
capable of automatically calculating the parasitemia of a sample. Performing image
analysis techniques on a cell-by-cell basis provides a means for this system to calculate
parasitemia magnitude. The described image analysis algorithm is able to perform this
task at a much faster rate than a trained microscopist, thereby improving the throughput
of clinical laboratories. The current time computation for 100,000 cells is approximately

100 seconds. Assuming an 83% improvement in processing time by conversion from

29



MATLAB to C++, this could be reduced to 17 seconds or less. For comparison, it takes
approximately 60 minutes or more to analyze just 10,000 cells by traditional microscopy
methods. Additionally, automation removes the counting error and fatigue of human

bias, enabling a more accurate parasitemia calculation to be obtained.

4.3 Sequential CBC and Malaria Diagnosis

A major advantage of the ALIP is the ability to simultaneously obtain a CBC (Ward-
law, 2010a) and diagnose malaria (Levine et al., 2012a; Levine et al. 2012b). Current
practice recommends that when a suspect patient is diagnosed for a parasitic disease, a
CBC should be performed if a hematology analyzer is readily available (Castelli et al.,
1997). Anemia and thrombocytopenia are common in malarial infection and especially
so with the falciparum species (Giles, 2002; Patel et al., 2004). Hemoglobin (HGB) and
platelet count (PLT) are therefore important parameters of the CBC that can improve
sensitivity and specificity when used in conjunction with a malarial diagnostic method
(Patel et al., 2004). The ability to simultaneously determine HGB and PLT will pro-
vide confirmatory information to the clinician and will only improve the sensitivity and

specificity of detection by the ALIP.

4.4 Stage Identification

The ability to identify all four stages of erythrocytic malaria infection (i.e., ring,
trophozoite, schizont, and gametocyte) can provide clinicians with important informa-
tion regarding the complicacy of a particular infection. Trophozoites and schizonts are
particularly dangerous when in circulation because they are large and abnormally shaped,
and can act as an embolus to reduce blood flow to the brain or heart, resulting in a sudden
stroke or heart attack. The amount and distribution of gametocytes, the sexual form of
malaria, can also provide information regarding the infectivity of a particular patient.

The ALIP is capable of detecting stages based on the presence and amount of hemo-
zoin. The collection of additional human malaria specimen with more advanced stages

present in the peripheral blood will allow an algorithm to be developed that categorizes
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each intraerythrocytic parasite into a particular stage, ultimately being able to report

the exact stage distribution of parasites.

4.5 Blood Transfusion Screening

The system may also find additional utility for blood banks, as there is no approved
screening test for blood donors (Mann, 2011). Asymptomatic patients with malaria
or babesiosis have the potential to donate blood without knowledge of their infection,
which presents potentially serious complications to the recipient. Transfusion-transmitted
babesiosis is often severe because the recipient is generally immunocompromised; approx-
imately 20% of such cases result in fatalities (Vannier et al., 2012). Similarly, transmit-
tance of malaria via blood transfusion to a non-immune patient can be rapidly fatal
(Owusu-Ofori et al., 2010). Although transfusion transmission of malaria is still rela-
tively rare, these cases are becoming more frequent due to increased worldwide travel in
combination with an increased demand for blood transfusion (Saeed et al., 2002). Blood
from donors in the sub-Saharan region of Africa is not tested for malaria (Tagny et al.,
2008) despite recommendations from the World Health Organization that all donated
blood should be tested for malaria where “appropriate and possible” (World Health Or-
ganization, 2012). If performed before a transfusion occurs, the diagnosis of malaria
using the ALIP will prevent infected blood from being transmitted to accepting patients.
Screening for parasitic diseases with this system before symptomatic development will
improve the clinical outcome for the patient when treated and contribute to improved

vector control by reducing the risk of disease transmission by transfusions.

4.6 Infected Red Blood Cell Indices Calculations

Since every infected RBC can be identified during the cell-by-cell analysis, RBC in-
dices can be computed for all infected RBCs. The mean cell hemoglobin (MCH), mean
cell hemoglobin concentration (MCHC) and mean cell volume (MCV) are three parame-
ters that can provide feedback for drug efficacy evaluation and the monitoring of patient

status during treatment. This will allow researchers to inoculate malaria cell culture or
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initiate a drug treatment in a human patient and then evaluate the MCH, MCHC, and
MCYV over time. For example, if a drug is designed to kill intraerythrocytic parasites and
limit parasitization of hemoglobin, MCH would reflect its ability to do so. This infor-
mation can help researchers evaluate the effectiveness of new drug candidates in clearing

the parasite and limiting the parasite’s ability to consume hemoglobin.

4.7 Transmission of Diagnostic Information

If either a wireless or hard-wired internet connection is available, images generated
by the ALIP may be instantly transmitted to any physician in the world. Other patient
information such as relevant diagnostic parameters, demographics, symptoms, drug treat-
ment, and follow up notes may be documented and stored locally or with the patient’s
electronic medical record. This feature, along with the ability to easily store data locally,

will improve documentation of patient information and reduce clerical errors.

4.8 Result Rapidity and Decreased Turnaround Time

The rapidity of this system is a considerable advantage, as it can produce results
in less time than any commercially-available instrument. A malaria diagnosis can be
obtained at the point-of-care in potentially less than 10 minutes compared to up to 60
minutes for Giemsa smear review, 20 minutes for RDT, 30 minutes for QBC, and 24
hours for PCR. Thus, the time-to-result of the ALIP is reduced by 83% compared to
the gold standard microscopy review (i.e., 60 minutes reduced to 10 minutes). The rapid
turnaround time of the ALIP helps to offset the relatively high initial equipment cost

because more patients can be screened for malaria with less operator intervention.

4.9 Future Research
4.9.1 Integration of Hemozoin Polarization Detection Method

Healthy human blood typically does not contain anisotropic crystals while in solution.

Examples of abnormal anisotropic substances that are rarely, but can potentially be found
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in non-dried whole blood, include phagocytized uric acid crystals (seen in acute gout),
phagocytized cholesterol crystals (seen in phagocytized intra-arterial plaque), phagocy-
tized Charcot-Leyden crystals (found in degenerating eosinophils), and hemozoin. The
examination of blood specimen or other bodily fluid for the presence of anisotropic crys-
tals requires dark field or polarizing microscopy, both of which are expensive and not

suitable for field use.

A method for detection of anisotropic crystals, such as hemozoin, is described by
Levine et al. in United States Patent No. 2012/0021456 (Levine et al., 2012b). This
method can be integrated into the prototype system with minimal cost and hardware
adaptations. It may be useful for future research to briefly discuss its practical ability to

enhance the diagnostic capability of this system.

In the apparatus and method described by Levine et al. (2012b), light emanating from
the light source passes through a polarizing filter and becomes polarized (FIG. 4.1). This
polarized light subsequently passes through an isotropic sample chamber to the analyzing

filter.

The analyzing and polarizing filters are capable of selective rotation such that they
may automatically be aligned in a cross-polarized (i.e., 90° orthogonal disposition) or
open orientation. When in an open orientation, all light is capable of passing through
the analyzing filter to the optics and detection apparatus. Conversely, when in a cross-
polarized configuration, polarized light emanating from the polarizing filter does not pass
through the analyzing filter; however, due to the anisotropic nature of hemozoin, light
that comes in contact with the hemozoin crystal is altered and allowed to pass through

the analyzing filter, manifesting as a single point of light (FIG. 4.2).

The most noteworthy advantage offered by the integration of a polarized method
of hemozoin detection is the potential to significantly improve specificity by searching
for points of light on a low noise, low interference background. This could be added
to the decision criteria and easily implemented into future diagnostic algorithms. This
method may also have utility in improved stage identification of malaria parasites and

differentiation of malaria from Babesia specimen, since Babesia is not hematophagous
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Figure 4.1: Sample chamber disposed between selectively rotating polarizing and analyz-
ing filters in a cross-polarized configuration (Levine et al., 2012b). In this orientation,
unpolarized light will become polarized by the polarizing filter and subsequently pass
through the sample chamber. Light that interacts with anisotropic malarial hemozoin
crystals will be modified and manifest as points of light to the optical detection system.

Figure 4.2: Light emanating from hemozoin crystals in a P. falciparum (lifecycle asyn-
chronous) infected 2% HCT RBC culture using a cross-polarized configuration (Levine
et al., 2012b). Image captured with a 10X objective lens (0.25 NA) using a 540 nm filter
over white light and a 1 second exposure time.
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and does not produce hemozoin.

4.9.2 Translation to Other Imaging Modalities

Although the algorithm developed during the course of this research was specifically
designed to be used within the ALIP, it is possible to apply similar image processing
methods on other available malaria diagnostic methods. A fluorescent microscopy tech-
nique, such as the QBC Malaria test, must be used but the fluorophore is not necessarily
limited to acridine orange. DAPI or BCP could be alternatively be used, for example.
A major limitation of translation to other modalities is that the artifact and noise level
of the fluorescent images must be very low. This is possible within the ALIP due to the
structure of the chamber, the formation of a monolayer of blood cells, and the distribution

of various cells throughout the chamber.

4.9.3 Algorithm Improvements

Any alterations to the algorithm to reduce the false positive rate will enable the lower
limit of detection to be decreased and subsequently improve the functionality of the ALIP
at low parasitemia levels. Increasing the sensitivity and specificity of the sample will
enable malaria to be diagnosed more accurately at earlier stages of infection, ultimately
contributing to aversion of more malaria-related deaths and unnecessary antimalarial
treatments.

Additionally, the flexibility of the ALIP’s software will allow for other clinically-useful
functions to be added. For example, the ability to falsely color images to simulate Wright
or Giemsa stain could be incorporated into successive iterations to improve parasitic

visualization.

4.9.4 Outline for Future Clinical Trials

Equipment availability, insufficient funding, and timing issues unfortunately prevented
the conduction of a clinical trial on human subjects. It is important that in future re-

search, a clinical study is performed to comprehensively evaluate the diagnostic perfor-
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mance of the prototype system in comparison to current methods. The following outline
was developed for an actual clinical trial and will be described in detail to be used as a

model for future studies.

Parasitemia, sensitivity, specificity, PPV, NPV, false positive rate (FPR), and false
negative rate (FNR) in particular will be compared to the gold standard Giemsa thin
film (GTF), RDTs, QBC Malaria Test, PCR, and other available instrumentation (e.g.,
flow cytometry, etc.). Changes to parasitemia should be measured by each instrument

after an appropriate drug treatment protocol (advised by a physician) is distributed.

4.9.4.1 Study Design

The proposed study is a pretest-posttest correlational single-center study located in
a malaria endemic region, such as sub-Saharan Africa, due to the availability of infected
specimen. Experimental subjects (i.e., those infected with malaria) will be compared to
a group of control subjects (i.e., those not infected with malaria) for each diagnostics
instrument to evaluate each instruments diagnostic performance (defined as the sensi-
tivity, specificity, PPV, NPV, and parasitemia determination) and ability to determine
drug efficacy (defined as the reduction in parasitemia level). Subjects will be requested
to return for testing a total of four times following initiation of drug therapy to monitor

infection after drug treatment.

4.9.4.2 Subject Inclusion and Exclusion Criteria

The target population is the native population, particularly those that are suscepti-
ble to malarial infection and have no documented disease resistance. A total of n=100
subjects infected with malaria (i.e., the experimental group) and n=200 subjects not in-
fected with malaria (i.e., the control group) will provide sufficient statistical power for

conclusion validity.
Males and females of all ages will be encouraged to participate. Young children and

the elderly are particularly desirable, as these age groups are the most susceptible to
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severe complications and mortalities. For this same reason, pregnant woman are also
encouraged to participate as unborn children can become substantially debilitated by
malaria. Drug treatment protocol is considerably complicated in pregnant women, so
these subjects will be monitored closely for adverse events.

Experimental subjects must exhibit a confirmed malarial infection by GTF and cannot
be currently treated with an anti-malarial drug. Control subjects must be confirmed by
GTF to have no malarial infection. Ideally all species of Plasmodium should be included,
with a majority of cases being of the species that is most common in the region. Subjects
cannot have sickle cell anemia because this condition has been shown to offer resistance
to the malaria parasite. Subjects may also not be frequent users of recreational drugs or
alcohol, as the potential interference of these substances is unknown.

Subject attrition is expected during each subject’s four-week participation. The ben-
efit of a free, rapid diagnosis and treatment is a sensible justification for returning to the
clinic, but subjects will also be compensated with malaria insecticide-treated bed netting,
long-sleeved clothing, and DEET spray canisters following completion of the study. This
should help to further reduce attrition and help to prevent infection transmission on a

local scale.

4.9.4.3 Study Procedures

The ALIP will process blood at the same time as peripheral smears, three RDT
models, QBC, and ideally PCR as well as a flow cytometer (e.g., Abbott CELL-DYN
4000). Venous blood samples will be collected from the subjects by a trained phlebotomist
and transferred into Vacutainer brand blood collection tubes coated with KoEDTA to
prevent platelet aggregation. Tests will immediately be performed on each diagnostics
instrument in duplicate. To prevent sampling error, blood will be tested from only one
Vacutainer tube and will not be divided into aliquots.

To perform tests on the ALIP, blood thoroughly mixed by inversion ten to twelve times
will be collected into a disposable consumable and promptly inserted into the instrument

to run the diagnostic sequence. A transfer pipette or disposable septa-puncturing de-
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vice would be sufficient to transfer the blood to the consumable bowl. Due to current

computation time, data will be stored and processed at a later date.

Peripheral smears will be stained with 10% Giemsa and viewed by a trained technician
using a light microscope. Parasitemia levels will be calculated according to the CDC’s
DPDx standards as discussed in Section 2.2.2.4 and Equation 5 (Centers for Disease
Control and Prevention, 2010a). Samples will be considered negative when no parasite
is detected in a total of 40 observed fields. The species and stages present in the sample

will also be identified.

To perform tests on the QBC malaria system, blood will be collected from a finger stick
into the plastic QBC tube by a clinician. The clinician will invert the tube to ensure that
the sample is thoroughly mixed with the internally-coated acridine orange and potassium
oxalate reagents. A plastic float will be inserted into the capillary tube and the sample
will be centrifuged for at least five minutes. An operator with experience using the QBC
system will then examine the sample using a conventional light microscope equipped with
an ultraviolet adapter and an epi-illuminated microscope objective. A numerical scale
described by the manufacturers specifications and performed by Adeoye and Nga (2007)

will establish the guideline for parasitemia determination.

Three RDTs will be evaluated, including the Malaria Antigen Pf/Pan, Malaria Ag-
Pf, and Ag-Pv (Standard Diagnostics, Seoul, Republic of Korea). Chaijaroenkul et al.
(2011) compared these three models to Giemsa-stained peripheral smears and PCR, with
good results from each model. Samples will be withdrawn from the Vacutainer and
processed on the RDTs according to the manufacturer’s specifications. As indicated by
each product’s user manual, the presence of both the control and test lines will indicate
a positive result for P. falciparum or vivax, whereas the presence of only the control line

will indicate a negative result.

If PCR equipment and technicians are readily available, PCR diagnostics will be
processed according to the manufacturer’s instructions and the methodology described
by Fontecha et al. (2012). This will be performed by a laboratory technician familiar with

PCR and good laboratory practice (GLP). Nested or un-nested multiplex and single-tube
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species-specific PCR will be used depending on the malaria species present. Primer ID
and 5-3" primer sequence will be used to detect P. falciparum or P. vivax.

If a CELL-DYN 4000 flow cytometer is available, blood will be processed by a tech-
nician in accordance with the methods proposed by Wever et al. (2002), otherwise the
manufacturing specifications for another flow cytometer will be followed. The Abbott
CELL-DYN 4000 was selected because it has reported sensitivity up to 91% and speci-
ficity up to 100% (Wever et al., 2002); however, other flow-cytometer or impedance
analyzers can be used depending on their availability at the clinical site.

If a subject tests positive for malaria, they will be instructed to consult with an
attending physician on treatment options. Subjects will have the option to return for
additional testing or opt out of the study, regardless of their drug treatment protocol.
Control subjects will be given a placebo drug and instructed to ingest at identical intervals
as the infected group. It is considered unethical to deny malaria-positive patients

Subjects will return at days one, two, three, and five after treatment with anti-malaria
drugs. All diagnostics tests will be performed during each visit using the same protocol
discussed above. Changes to each subject’s symptoms, complete blood count (as deter-
mined by the prototype system and flow cytometer for reference) and RBC morphological
changes (as determined by Giemsa peripheral smears) will be noted. Vital signs such as
body temperature, blood pressure, blood oxygen saturation, and cardiac rhythmicity will

be monitored to ensure patient safety during the trial.

4.9.4.4 Data Analysis and Interpretation

The sensitivity, specificity, PPV, NPV, FPR, FNR, and parasitemia level will be
recorded for all reference instruments and compared to the prototype. Linear interpola-
tion of parasitemia level will be performed so that the coefficient of determination (R?)
may be calculated.

To evaluate drug efficacy, all parameters will again be computed after the subject has
been treated for malaria. Drug efficacy has been defined as the reduction in parasitemia

level. Therefore, the percent difference in parasitemia from before drug treatment to after
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drug treatment (at days one, two, three, and five) will be recorded for all instruments. The
ability for each instrument to detect morphological changes of both RBCs and parasites
will also be noted. If the instrument is capable of doing so, the quality of morphology
detection, in terms of resolution and contrast, will be a comparable parameter. Only the
imaging prototype, QBC, and GTF are capable of detecting cell morphology.

An ROC curve will be generated to evaluate the sensitivity and false positive rate of
the prototype using various parasitemia threshold levels. This analysis can be used to

improve the performance of the ALIP for future research and ultimately, clinical practice.

4.9.4.5 Clinical Trial Implementation

The method described herein is meant to be used as a model for future clinical tri-
als using the prototype instrument. It may need to be altered depending on resource
availability and other factors. As described, this outline should provide sufficient validity
and statistical power to evaluate the diagnostic performance and overall potential of the

ALIP.
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5 Conclusion

The image analysis methodology described in this thesis is capable of having a uniquely
positive clinical impact around the world by providing a rapid malarial screening method
that enables critical information to be automatically determined without the need for
review by a trained technician.

The overall goal of this research was to develop an image analysis algorithm with at
least 95% sensitivity and 95% specificity with the initial application using the Abbott
Laboratories Imaging Platform (ALIP). The image analysis algorithm exhibited a sensi-
tivity of 100% (n=1 positive malaria human subject) and a specificity of 97.7% (n=22
negative malaria human subjects). Although the sample size of this study was small,
the accuracy of this system and image processing methodology was actually superior to
the primary field-use malaria diagnostic instruments. Additional clinical testing should
be performed to comprehensively evaluate the diagnostic performance of the ALIP with
an increased statistical power; however, the detection ability of the current image anal-
ysis algorithm offers some distinct advantages for the early diagnosis of malaria and the
consequential prevention of disease transmission.

The primary objective of this research was to fully utilize the flexibility of the existing
imaging technology to integrate auxiliary features to generate clinically-useful information
that is not currently available with automated methods.

The image analysis algorithm was configured to automatically calculate parasitemia
magnitude and was able to accurately compute this parameter with an 83% reduction
in time compared to the gold standard microscopy review. This will allow clinicians to
determine the severity of a particular infection more rapidly and be able to treat the
patient earlier.

Hemoglobin and platelet parameters were simultaneously reported with the malaria
diagnosis in addition to other parameters of the CBC. Low hemoglobin and platelet
concentrations are indicative of malaria infection and can be used in conjunction with
the ALIP diagnosis to confirm or reject reported results. This will help to improve the

sensitivity and specificity of detection.
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All four erythrocytic stages from cell culture specimen were identifiable by the ALIP.
The collection of additional human specimen with more advanced stages will permit the
development of an automated algorithm to calculate the parasitic stage distribution. This
will give clinicians a perspective of the disease severity and the probability that the larger
stages (i.e., trophozoite and schizont) may act as emboli and disrupt blood flow to the

brain or heart.

Infected RBC indices (i.e., MCH, MCHC, and MCV) were calculated from a plurality
of 145 ring-stage infected RBCs. The data demonstrated minimal variation in the MCH
and MCHC compared to uninfected RBCs, but an increase of 2.8 fLL in the cell volume
of infected RBCs. This data indicates that hemoglobin was not substantially consumed
by the parasite, and that the infected RBC volume increased due to the inclusion of the
parasite. The ability to calculated infected RBC indices will provide useful information for
researchers in the development of new drug candidates, as well as monitoring a patient’s

reaction to a particular anti-malarial treatment.

Diagnostic information (i.e., infected cell images, parasitemia measurements, etc.)
was successfully transmitted using a SMTP. This will allow clinicians anywhere in the
world to be able to interpret images to confirm or reject diagnostic results. The ability
to save and recall images locally will also allow clinicians to interpret results at the point

of care for a more rapid confirmation.

The time-to-result using the current MATLAB image analysis algorithm was approx-
imately 60 minutes but, when the algorithm is ultimately converted to C++, the time
from sample acquisition to result can potentially be reduced to less than 10 minutes. This
time requirement is less than each of the primary field-used diagnostic instruments, al-
lowing more patients to be screened with minimal operator intervention. The application
of the algorithm using the ALIP demonstrates that much more information is possible

and in less time than any currently available technology.

In summary, the objectives of this research were accomplished and the result is the
production of an exceptionally useful diagnostics instrument. The information made

available to clinicians will allow them to make a more informed diagnosis and determine
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appropriate treatment methods on a patient-by-patient basis. This instrument will also
contribute in the early detection of malaria, thereby reducing the mortality rate due to
infectious transfusions, limit unnecessary exposure to antimalarial drugs, and improve
resource waste in endemic regions. The application of the image processing methodology
described in this thesis has the potential to have a significant impact on global health and,
with further research and development, this system could be introduced to the regions of

the world that need it most, so that its true potential may be realized.
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