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Abstract

Accurate malaria diagnosis is necessary to prevent unnecessary deaths and curb malaria drug resistance related
to unnecessary treatment. While numerous diagnostic assays exist, the need for a low-cost, rapid and highly
accurate malaria test remains. Here we evaluate the diagnostic performance of a computer vision platform, the Sight
Diagnostic P2 device for malaria diagnosis, speciation and parasite quantification. The trial was conducted at two
centers on Plasmodium falciparum and Plasmodium vivax samples, using different testing protocols: 374 samples
were collected at City Hospital Mangalore India and 167 samples were collected at Lancet Laboratories
Johannesburg South Africa. At City Hospital, the device diagnoses were compared to RT-PCR results while at
Lancet Laboratories the device diagnoses were compared to a panel of tests provided by the clinic. For identification
of malaria, the device demonstrated a sensitivity of 97% and a specificity of 99.5% at City Hospital India, and a
sensitivity of 97.8% and a specificity of 97.5% at Lancet Laboratories Johannesburg. For speciation, the device
correctly identified 87.5% for Plasmodium Vivax and 93.5% for Plasmodium Falciparum at City Hospital India. Lastly,
comparing the device parasite count with that of trained microscopes, produced an average pearsons correlation of

0.87.
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Abbreviations:

Pf.  Plasmodium falciparum; Pv: Plasmodium vivax, Po:

Plasmodium ovale, Pm: Plasmodium malarie

Introduction

Accurate diagnosis of malaria is imperative to reduce morbidity,
prevent resistance to anti-malarials, and limit the number of adverse
treatment effects from unnecessary use [1]. Furthermore, many studies
show that infectious malaria carriers maintain a very low parasitemia,
making sensitive detection technologies imperative for treatment
targeted at epidemiologic control [2,3]. Many governmental health
organizations now require patients to undergo malaria testing before
receiving any anti-malarial medicine. As a result, the WHO forecasts
an increase in global demand for malaria tests from 500 million in
2012 to nearly 1 billion tests by 2020 [1,4].

Due to increased demand for malaria tests, reliable, simple and
highly accurate malaria diagnostic is needed. Globally, only 77% of
suspected cases in the public sector are tested, while in Africa only 47%
of cases are assayed [5]. A recent report showed that in some regions
81% of people taking ACT therapy are not infected, while only 31% of
the positive cases received the treatment [6]. This glaring disparity not
only leaves the needy untreated but encourages the further
development of drug resistant malaria strains.

While new diagnostic modalities for malaria have emerged in recent
years, none have the ideal set of test characteristics. According to the
World Health Organization, an ideal test would be inexpensive,

consistent, highly-sensitive, adequately specific, quantitative, and
species-differentiating. Microscopy remains the gold standard malaria
test worldwide [7,8], as it supports direct parasite identification and
also provides monitoring of systemic inflammation and its response to
therapy [9]. However, microscopy can be very inaccurate, needs
extensive analysis, and requires highly trained staff [10,11]. Notably,
malaria is associated with systemic spiraling of innate inflammation
and additional blood abnormalities, further complicating microscopy
examination [12]. Numerous reports have also shown inconsistent
sensitivity of microscopist due to the high volume of tests and varied
level of skill among malaria technicians [13,14]. Rapid diagnostics tests
(RDTs) continue to increase in popularity and market share as they
have significantly improved the diagnosis of malaria in remote,
inaccessible areas [15]. However, RDTs have significant limitations that
make many practitioners wary of their use, including decreased
sensitivity at low parasitemia, inability to quantitate parasite burden,
and inconsistencies between brands in their ability to detect and
differentiate different malaria species [16,17]. Recent improvements to
malaria diagnostic technologies include Polymerase Chain Reaction
(PCR) and loop-mediated isothermal amplification (LAMP), which
offer superior sensitivity, speciation and parasitemia but are
impractical for the vast majority malaria-endemic areas [18,19].

Malaria diagnosis using computer vision offers a potential solution
to the shortcomings of other technologies. An automated microscopist
maintains the advantages of a microscopist with significant
improvements in speed, cost, and consistency. Previous attempts at a
creating a computer microscopist have not surpassed the development
stage [20,21]. A recent report from our group, described a clinically
available automated microscopist which was tested with the National
Institute of Malaria Research India [22]. The device, the SightDx P1
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malaria platform, was tested on 431 patients and demonstrated a
sensitivity of 97.05%, and a specificity of 96.33% when compared with
PCR. Furthermore, the device was able to accurately speciate 73.3% of
the PCR Plasmodium falciparum and 91.4% of the PCR Plasmodium
vivax samples, and showed a parasitemia correlation with
microscopists of 0.89.

Here, we present an enhanced version of the Sight Diagnostic
malaria device, the SightDx P2 platform for malaria detection. The
device is intended for laboratories performing high volumes of malaria
tests as it is capable of scanning a sample in 4 minutes and can hold up
to 30 tests. The system has dimensions of 45 x 50 x 58 cm (DxWxH)
and can easily fit onto a standard laboratory bench top with minimal
installation requirements.

In the following report, we describe the results of clinical studies
performed in Mangalore India, and Johannesburg South Africa to
evaluate the sensitivity, specificity, speciation and parasite count
calculation as compared to standard diagnostic procedures.

Methods

Study design

The study was a double center, prospective, non-randomized, non-
blinded study conducted at City Hospital, Mangalore India with 374
blood samples from clinically-suspected malaria patients, and at
Lancet Laboratories Johannesburg South Africa on 167 clinically
suspected malaria patients.

Study Procedures

City Hospital, Mangalore India: Determination of eligibility for
malaria treatment was solely based on the clinic’s standard diagnosis
protocol and the patients course of treatment and was not altered due
to the study or the SightDx diagnostic device.

In most cases blood was scanned by the device within 24 hours of
sampling. Samples more than 48 hours old were not included in the
study. In addition, 100 pL of blood was collected on GE Healthcare
FTA Whatman filter paper spots for RT-PCR evaluation. RT-PCR
results were considered the standard of comparison for determining
the sensitivity, specificity and speciation of the various methods.

Lancet Laboratories, Johannesburg South Africa: Samples were
provided from malaria tests performed at Lancet Laboratories
Johannesburg and at surrounding Lancet Laboratory clinics in South
Africa. Samples were tested on the Sight Diagnostic device within 1
week of drawing. RDT and microscopy were performed on all samples.
Discrepancies between these tests were evaluated by PCR. Positive
samples which were not Plasmodium falciparum or had a parasitemia
under 1000 parasites/pL also underwent PCR. All negative samples
were reviewed with QBC.

Laboratory Methods

Sight Diagnostic Device Analysis

In all locations digital imaging scanning was carried out onsite. To
begin sample diagnosis, 5 uL of patient blood was mixed with a
fluorescent dye solution that stained intracellular DNA and RNA. The
sample was then loaded into a plastic cartridge and incubated for 5
minutes, during which time the cells formed a monolayer. The stained

cells were then excited using 3 different LED light sources (370 nm,
475 nm and 530 nm) after which the imaging system recorded 600
images analyzing ~1.8 million cells. The total scan time per sample was
4 minutes and the device held up to 30 samples which can be loaded in
batch. Samples which registered an error on the device due to incorrect
user preparation were repeated. Computer vision and statistical
models were used to detect the malaria parasites. Using statistical
models, the device determined infection status, parasitemia levels, and
species.

Parasitemia

Parasitemia counts were performed on 24 positive samples at Lancet
laboratories Johannesburg. An expert microscopist analyzed 10 fields
at 100X with approximately 100 RBCs counted per field. Parasitemia
was calculated as a ratio of infected RBCs to total RBCs.

Real Time PCR Analysis

For PCR experiments performed on samples from City Hospital
India, a whole punch was removed from the blood spot on the GE FTA
Whatman paper and eluted as previously reported [23]. Real time PCR
was performed with Fast Syber Green Master Mix at a volume of 10 uL
(Applied Biosystems) using previously published primer sequences
[24] for identifying falciparum, vivax and for general Plasmodium
(Plu). All reactions were performed in 384 well qPCR plates (Bio-Rad)
on a CFX384 real time PCR machine from Bio-rad.

Results

The Sight Diagnostic P2 malaria scanning device is a desktop system
for computerized malaria diagnostics (Figures 1A and 1B). The stained
blood is loaded into a cartridge which holds five patients samples. To
evaluate device performance in a clinical setting, 374 samples were
collected and scanned at City Hospital Mangalore and 167 samples
were collected and scanned at Lancet Laboratories Johannesburg.

Figure 1: The SightDx Malaria Platform. (A) The P2 malaria
scanning device. (B) The loading cartridge holds 5 patient samples.

Sensitivity and specificity

Sensitivity and specificity were analyzed for all trials (Table 1). For
samples scanned at City Hospital India device results were compared
to qPCR while for samples scanned at Lancet Johannesburg device
results were compared to a final diagnosis based on a combination of
several malaria diagnostic assays (Table 1). At City Hospital Mangalore
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sensitivity was calculated as 97% (167/172) and specificity was
calculated as 99.5% (201/202). For samples scanned at Lancet
Laboratories Johannesburg sensitivity was 97.8% (46/47) while
specificity was 97.5% (117/120). Positive predictive values (PPV) were

99.4% at City Hospital and 93.8% at Lancet Laboratories, and negative
predictive values (NPV) were 97.5% at City Hospital and 99.1% at
Lancet Laboratories.

Sensitivity Specificity
Percent Ratio 95% CI Percent Ratio 95% CI
City Hospital India 97% 167/172 0.934-0.988 99.50% 201/202 0.972-0.999
Lancet Labs South Africa 97.80% 46/47 0.843-0.994 97.50% 117/120 0.929-0.991

Table 1: Sensitivity and specificity of device vs. ground truth. Sensitivity and specificity are presented as individual numbers for both trial sites.

Speciation

Speciation studies were conducted on samples provided at City
Hospital Mangalore (Table 2). At City Hospital, the device
distinguished between P.v (Plasmodium vivax) and Pf (Plasmodium
falciparum) and results were compared to qPCR analysis. A total of
167 samples were identified as positive by the device and were analyzed
for species type. The device correctly identified samples with
Plasmodium vivax at 87.5% sensitivity (119/136) and Plasmodium
falciparum at 93.5% sensitivity (29/31).

City Hospital (India)

Percent Ratio 95% CI
Plasmodium Vivax 87.50% 119/136 0.809-0.92
Plasmodium Falciparum 93.50% 29/31 0.793-0.982

Table 2: Speciation accuracy divided according to treatment groups.
Speciation percentages of the trials from City Hospital India are
presented in the table, as well as the specific number of patients and
confidence Index.

Parasitemia

For cases diagnosed at Lancet Laboratories with thin smear
microscopy, parasitemia was provided and compared to values from
the device (Figure 2).

% of Infected RBCs (Slighted)

9% Infected RBCs (Microscopes)

Figure 2: Micrscopist compared to the device. At Lancet
Laboratories a trained microscopist analyzed 24 slides and the
results were compared to the parasitemia reported by the device.
The correlation between the two produced a Pearsons correlation
coefficient of 0.87.

A comparison of the percentage of infected RBC determined by the
microscopist and the device yields a Pearsons correlation coefficient of

0.87. The microscopist calculated parasitemia by analyzing the number
of infected red blood cells out of the total number of blood cells.

Discussion

This study evaluated the SightDx P2 malaria detection platform, an
enhanced computer vision platform for rapid and automated malaria
diagnostics. Previous attempts to develop vision based malaria
detection devices have had varying levels of success [21,25-28]. While
a specific report showed high sensitivity and specificity [29], others
demonstrated relatively low performance numbers. Notably, these
papers describe development stage technologies showing initial device
construction or preliminary algorithm designs for malaria detection.

Previous studies showed problems in cartridge design and focus
mechanisms, yielding slow scanning times and poor results. While
these reports used complicated microfluidics systems, our study
presents an easy to use plastic cartridge which fills quickly upon
loading using capillary forces activated by mixing the blood with our
stain solution. Moreover, we have solved image focus difficulties, by
implementing unique algorithms which allow the scanning system to
quickly autofocus on each new field allowing for high quality images of
all cells scanned.

In a previous study [22] we presented the first clinically available
computer vision based reader for malaria diagnostics. The P1 device
showed a sensitivity of 97.05%, specificity of 96.33% and speciation of
73.3% Plasmodium falciparum and 91.4% for Plasmodium vivax. The
P2 device features many functional and performance based
improvements over the earlier system. While the P1 device holds only
5 patient samples, the P2 machine holds 30 samples and is capable of
asynchronous batch loading. Moreover, the P1 device requires 8
minutes to scan a sample while the P2 device requires only 4 minutes,
allowing for the rapid scanning of large volumes of specimens. On a
performance level, the device showed a similar sensitivity at an average
of 97.4% but a significantly improved specificity at an average of 98.5%.
Speciation of Plasmodium vivax was comparable to the previous study
at 87.5% while speciation of Plasmodium falciparum was significantly
improved at 93.5%.

Importantly, in contrast to the study on P1 which was performed
only in India, the current trial was conducted on samples from both
continental Africa and India. Numerous studies have shown the ability
of strains of malaria to develop mutations causing significant
difficulties in diagnosis [1,30,31]. In particular, it has been shown that
RDTs which identify HRP-2 from Plasmodium falciparum can yield
false negatives due to specific antigen mutations [32]. Specific regions
are known to develop unique genetic variants of even the most
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standard species of Plasmodium. Our results confirm the devices
ability to detect strains of malaria in variety of geographical regions.

In the current study, the device maintains a limit of detection of 50
parasites/ uL. While the system is capable of identifying as few as 5
parasites/ pL the current algorithm only identifies a positive sample if
it detects more than 50 objects identified as malaria parasites. This
limitation was evident from the six cases of false negatives where the
parasitemia was found to be under 50 parasites/ pL, explaining the
misdiagnoses. Decreasing the current limit of detection causes an
increase of false positives reported by the system. False positives have
been found to be caused by particles that have flourescence
morphology similar to the stained malaria within the RBC. The four
false positives found in our study were determined to result from
Howell Jolly bodies which are malaria-like DNA/RNA fragments
found in RBCs. By collecting larger libraries of samples, as well as
samples with Howell Jolly bodies, we will be able to apply machine
learning to improve the accuracy of the algorithm classification and
overall diagnosis. Additional data collection and algorithm design
work will be necessary to further improve the differentiation between
malaria and these objects to lower the limit of detection.

Several device improvements are currently under development to
strengthen diagnostic performance and provide additional clinical
information to assist in patient treatment. Speciation for Pv was
calculated at 87.5% and Pf at 93.5%, leaving room for increased
accuracy. As the device speciation is based on a machine learning
algorithm which improves with an increased database, the collection of
additional scanned samples of both Pv and Pf should significantly
improve speciation results. Moreover, to expand speciation capabilities
to Plasmodium ovale, Plasmodium malarie and mixed infection a large
library of Po and Pm and mixed infection samples will need to be
collected and analyzed. Additional studies will also be necessary which
feature completely blinded data collection as well as PCR ground truth
for all samples.
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