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In this paper, we present the progress made in developing multimodal and multispectral light microscopy for label-free malaria diagnosis. Our 

previously developed light emitting diode (LED) illumination system was replaced by laser diodes as light sources in order to narrow the spectral 

bands and improve the effectiveness of the contrast function for infected blood cell detection. The acquisition system is now equipped with an 

algorithm for automatic field scanning and best in-focus determination. We demonstrate the potential of this platform to provide multiple inves-

tigation modalities like transmission, reflection, scattering, fluorescence, excitation, emission and polarisation. The application of this platform on 

malaria-infected samples has shown the effectiveness of such a system in label-free and all-optical malaria detection by allowing the possibility of 

using a different type of imaging set-up for the samples analysed. Also, fewer illumination sources are used to characterise malaria-infected red 

blood cells compared to our previous works on malaria detection using LEDs illumination sources.
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Introduction
The use of hyperspectral and multispectral imaging 
techniques in remote sensing imagery, cultural heritage 
conservation, biomedical and agriculture studies have 
been demonstrated to be powerful investigation 
methods. An increasing number of studies are related to 
the development of analytical tools based on the combi-
nation of imaging and spectroscopy techniques.1–3 New 
types of optical microscopes have thus been developed 

including multispectral optical microscopes based on 
light emitting diodes (LEDs)4–6 which were widely used 
for their simplicity.

The development of optical and electronic compo-
nents such as complementary metal-oxide-semicon-
ductor (CMOS) imagers, light-emitting diodes, lasers 
etc. has enabled the construction of affordable tools for 
scientific research.7–9 From a modified Brunel Compound 
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microscope,10,11 we built a low-cost multispectral optical 
microscope. It was designed to enable image acquisition 
with more than three spectral bands. Equipped with 13 
LEDs ranging from 370 nm to 940 nm, it has three imaging 
modalities (transmission, reflection and scattering). 
On the same scene of the sample and for each LED, 
an image is captured using a 12-bit pixel depth mono-
chrome CMOS camera of 5 MP (2592 × 1944, Guppy-
503B, Allied Vision Technology containing a MT9P031 
sensor from Micron/Alpha). This system was utilised as 
an alternative tool for staining-free malaria diagnosis.12–14 
The same instrument was also used to study, analyse, 
predict and build statistical models of infected tropical 
plant leaves15–17 to enhance agricultural production. The 
potential of this optical microscope to spectrally differ-
entiate and classify the samples’ content also made it 
a valuable tool for biological diagnostic approaches.18 
Multispectral imagery provides more meaningful infor-
mation than a single image for biological cell analysis 
and has proven to be more effective for characterising 
complex samples.19,20

Despite the important results achieved over the past 
years using the multispectral and multimodal microscope 
utilising LEDs (375–940 nm) as previously presented,14 a 
number of limitations were found in the system perfor-
mance: the spectral bandwidth of a LED is not narrow 
enough to build an effective contrast function using spec-
troscopic markers for biomedical diagnostics; quantitative 
characterisation and classification of biological samples 
require more accuracy when using spectral fingerprints. A 
number of studies require the storage of the image acqui-
sition parameters for their reuse; this was not possible 
using a manual positioning system, which is in addition 
time consuming for non-expert users. Furthermore, 
routine examination of thick and thin blood films for 
accurate malaria detection requires the scanning of at 
least 100 good fields.21 Since the LED microscope was 
built using a commercial metallurgical system designed 
for transmission, reflection and scattering modes, the 
implementation of additional modalities or illumination 
sources was limited.

The construction of this new multispectral and multi-
modal microscope aims to address the limitations cited 
above and allows investigation involving several micro-
scope configurations such as transmission, reflection, 
excitation, fluorescence, polarisation, defocus, diffrac-
tion, interference and super resolution,22–24 in addition to 
being cost-effective with the ability to evolve in space and 
time according to the needs of the user by adding new 
optical components (such as optical densities, polarisers, 

optical filters, new illuminations sources and optical lens) 
without modifying the default system path.

The paper is structured as follows: the Introduction 
presents the motivation and objectives of this work. 
Materials and methods presents the optical and elec-
tronic components used to build the microscope and the 
algorithm discussion for focal plane settings. Results and 
discussion shows how the proposed new optical system 
has improved label-free malaria detection.

Materials and methods
Materials
The proposed optical microscope can be divided in four 
main parts: the optical and mechanical components, 
the illumination sources, the automated stage and the 
electronic system. We chose to assemble the proposed 
instrument from both commercial and home-built parts 
in order to make it more flexible and ease the integra-
tion of new components and/or configurations. The 
default system configuration consists of an arrange-
ment of optical, mechanical and electronic components 
presented in Figure 1.

The system is equipped with a Lumenera lt225M 
camera that has 5.5 × 5.5 µm pixel size. It utilises USB 
3.0 technology with selectable 12- or 16-bit pixel 
data with a high-resolution 2/3" CMOSIS CMV2000 
sensor and a fully electronic global shutter. This is a fast 
camera using a sensor with a resolution up to 2.2 MP 
(1088 × 2048) and a maximum frame of 170 fps (frame 
per second). Its exposure time ranged from 0 s to 4 s and 
gain from 1 to 40, revealing its high sensitivity. The size 
of imaged objects depends on replaceable optical objec-
tives, including Olympus Nikon NEOFLUAR 6.3/0.2, 
40/0.7 and 100/1.25. A cassegrain objective is alterna-
tively used11 in order to overcome the chromatic aber-
ration. This reflective objective has a numerical aper-
ture of 0.28, a focal length of 13.3 mm and a working 
distance of 23.75 mm. The set of laser sources consists 
of six wavelengths (405 nm, 450 nm, 532 nm, 638 nm, 
660 nm and 850 nm). It can be alternatively replaced 
by a set of LEDs. The default geometrical configuration 
of the system consists of transmission and reflection 
modes. The number of illumination sources can be modi-
fied without changing the optical path of the experi-
mental setup. Switching automatically from one mode to 
another and one wavelength to another is made possible 
by the use of a data acquisition card (DAQ) from National 
Instruments (USB 6008). Optical fibres are used to direct 
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light beams toward the main optical system which pass 
through a speckle reducer (Optotune Laser speckle 
reducer, Edmund Optics) to lower the speckle noise, 
followed by various neutral density filters25 to control the 
light intensity.

Thanks to the versatility of the optical design, the 
system can be used for various applications as both a 
malaria diagnosis tool26,27 and an investigation platform 
for plant leaf health.28 New experimentation is achieved 
by inserting extra components corresponding to the 
desired set-up. For example, fluorescence experiments 
were performed by inserting a set of spectral filters 
(FEL405 to FEL700, Thorlabs) between the camera and 
the optical objective. Polarisation microscopy was imple-
mented by using two mounted polarisers from Thorlabs 
(LPV series).

Images from optical microscopy may suffer from 
various limitations such as blurring, over or under 
exposure, non-uniform illumination and out-of-focus 
effects.29 To address the risk of potential defocus 
blur, the system is equipped with three motors from 
Thorlabs. These motors are controlled using TDC001 
servo-controllers. The motors used are characterised by 
a shaft-distance dimension of 25 mm (0–25 mm) and a 

minimum step length of 0.5 µm. The servo-controllers 
are used to move the sample in three directions, namely 
x, y and z-axes.

Several regions of interest (ROI) of the sample can 
be explored using the x- and y-axis automatic control 
capability, adding interest to experiments such malaria 
diagnosis for which, the accuracy of parasite detection 
increases with the number of scanned ROIs. The capa-
bility of analysing different ROIs increases the system 
effectiveness because it allows the user search infec-
tion on different areas of the sample. This increases the 
probability of infection detection. The whole system 
is controlled by Matlab (2014a release) code with a 
Graphical User Interface (GUI).

The GUI controls the exposure time, gain, automatic 
switching between illumination sources and the best-in-
focus image finding. The image backup files contain the 
factors outlined above. The graphical interface shows a 
live preview picture of the sample, the pixels’ standard 
deviation value, the number of saturated pixels and the 
histogram of the current displayed frame.

Focus setting is done along the z-axis and depends 
on the images content. Several authors have proposed 
methods for the best in-focus point image from a set 

Figure 1. Schematic of the proposed system where OD and SR represent, respectively, the opti-
cal density and speckle reducer. L, P and A are the lens, polariser and the analyser. The sample 
holder, beam splitter and set of filters ranging from 405 nm to 700 nm are described as SH, BS 
and SoF. X-M, Y-M and Z-M stand for the motor control following x-axis, y-axis and z-axis. X SC 
for the servo-controller controlling x-motor, Y SC for the servo-controller managing y-motor and 
Z SC means the servo-controller monitoring the z-motor.
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of captured microscopic images.29 In what follows, we 
summarise one of these autofocus algorithms. The best 
algorithm performance in terms of speed corresponds to 
the one-dimensional Fourier transform defined by:
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After applying the above formula, a correlation coeffi-
cient defined by Pearson is used to get the likeness rate 
of a couple of images. It is computed as follows:
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The paper29 also includes Tenenbaum’s Algorithm (SOB-
TEN), Boddeke’s Algorithm (BOD), Laplacian gradient 
Magnitude variance (SOB VAR) etc. These algorithms 
perform very well but still have a long execution time.

In the next section, we present our algorithmic 
approach to determine the best in-focus image using 
a simple formula. This algorithm is rapid and accurate 
for auto-focus. The proposed method is based on the 
standard deviation of the approximate derivative of the 
image.

Methods
This part describes the proposed method to set the best 
focus plane. We are interested in biological samples with 
flat edges. By default, the z-axis ranges from 0 mm to 
25 mm. The finding of the best in-focus image is based 
on the use of the standard deviation of the approximate 
derivative (STD_DER) applied to images acquired on the 
full range of z-axis (0–25 mm). Prior to this, the images 
are normalised and preprocessed to remove artefacts. 
Image normalisation is a process applied to the input 
images. After application, the output image pixels inten-
sity is between 0 and 1. The preprocessing step is useful 
in the case of blurred and noisy images. It improves the 
differentiation of the objects from the background. The 
software enables the user to choose the scanning range 
by fixing the desired extreme values to find the best 
in-focus image. Practically, an image is taken at each step. 
The step is defined as:
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with MaxV, MinV and NP, respectively, standing for 
maximum value, minimum value and number of planes to 

scan. By default, the number of planes to scan is 20 and 
can be edited by the user. To quickly find the in-focus 
range, we use the maximum of the difference between 
the standard deviation of the current image and the 
nearest one.

If xij is the pixel intensity of an image, its standard devi-
ation is defined by:
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with M the number of rows in the image and N the 
number of columns; i denotes the image rows index and 
j the columns index. Let us assume standard_deviation_1 
and standard_deviation_2, the standard deviations taken 
at two consecutive positions position1 and position2, 
respectively. Then, the in-focus point will be at:
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This method is applied to the full range. This process 
is fast because of the speed of standard deviation 
computation. To get the position at which the best 
in-focus image is, we use the following step which 
is applied to each acquired image in the reduced 
range. The approach based on the approximate image 
derivatives was inspired by the one named LAP_VAR, 
SOB-TEN, LAP, BOD.29 These methods perform first 
and second derivatives on the images. They work well, 
but are time consuming. Whilst we use the computa-
tion of the image second derivative, we also propose a 
much faster approximation. The derivative of an image 
tells us how smooth it is. Simply, this derivative esti-
mates the difference between a point and another 
along the rows or columns. Let X(i,j) be the matrix 
associated with an acquired image. After applying the 
approximate derivative to columns of this matrix, the 
pixel value located at (i,j) position will be replaced as 
follows:
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If M is the number of rows of the matrix and N the 
number of columns, the result matrix will have M rows 
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and (N – 2) columns. Nonetheless, this operation can be 
performed on the rows instead of columns. In that case, 
the pixel value located at (i j) position becomes:
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In that case, the result matrix will have (M – 2) rows and 
N columns. Then, to remove the dependence of rows or 
columns the final result is given as:

 2 2_ _ResultFinal Result Row Result Column= +  (10)

The algorithm used is summarised in Figure 2 and 
comprises four main steps: the preprocessing part to 
improve image quality, the retrieving of the in-focus 
range to reduce the algorithm processing time, the appli-
cation of standard deviation of approximate derivative on 
the in-focus range to get the best in-focus distance and 
the finding of the best in-focus plane using the third step.

The system using lasers as illumination sources, previ-
ously described, was applied to red blood samples. The 
ones used in our work were acquired from human red 
blood cells. Samples were collected from the fingers 
of malaria-infected patients. Next, these are spread on 
corrosion-resistant glasses from CITOPLUS REF 0303-
0004. Then, they are dried in a closed environment to 
avoid contamination, such as dust, for 7–15 min each. 
The samples were not stained to preserve the optical 
properties of the blood cells. Then, they were imaged 
using the multispectral and multimodal microscope.

Results and discussion
Our previous optical system10–11 was upgraded from LED 
illumination to laser sources to narrow the light spec-
tral bandwidth. Figure 3 compares both LEDs and laser 
illumination sources spectral bands. The spectra were 

recorded using an Ocean Optics USB4000-FL spectrom-
eter (2008 series) and show narrower half bandwidths 
for laser illumination. The choice of wavelengths from 
lasers sources in this work has been made according to 
the need to undertake malaria diagnosis. When infected, 
haemoglobin, being the main constituent of red blood 
cells, presents absorption peaks around 405 nm, 532 nm 
and 660 nm. Infected as well as uninfected red blood 
cells show the highest absorption around 405 nm.10–14 
The absorbance of infected red blood cells in the spec-
tral range 625–700 nm is higher than that in the range 
470–590 nm.30 This reduction can be explained by the 
presence of malaria infection. The knowledge of this 
information is relevant to propose a contrast function as 
described below.

As mentioned, this study comprises two major parts. 
First, we describe the design and performance of a new 
laser-based multispectral and versatile optical micro-
scope, with the proposed autofocus algorithm, followed 
by some results. The automatic focal plane detection is 
obtained thanks to the algorithm described above. We 
evaluate the performance of the code by acquiring a set 

9 
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Figure 2. Diagram of the proposed algorithm.

Figure 3. Plot of LEDs and lasers spectra.
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of images along the z-axis, and using both visual inspec-
tion and standard deviation as references to estimate 
in-focus sample accuracy.

We also compare the execution time and the focal 
plane setting factors of the proposed algorithm to a set of 
existing algorithms.29 Of the many existing codes tested, 
“One Dimensional Fourier Transform and Pearson Correlation 
(P.CORR)” gives a comparative performance in terms of 
execution time. The run-time efficiency similarity of both 
P.CORR and the proposed new algorithm (STD_DER) can 
be seen in Table 1. However, for large images our code 
achieves better results. The other tested algorithms result 
in longer run-times.

Next, the focal plane setting indices are compared for 
both P.CORR and STD_DER. Different images of regions 
of interest were screened.

The number of images to scan depends on many 
parameters that must be set by the user: the number 
of images to scan or the resolution step, meaning the 
distance between two images taken at different positions, 
the maximum and the minimum distance of the Z-motor. 
The maximum and the minimum distance denote the 
autofocus range finding. Mathematically, the number 
of images can be calculated using Equation (3). In that 
equation, the number of plans to scan denoted by NP 
corresponds to the number of images.

The results in Table 2 proves that the proposed new 
algorithm is faster. Figure 4 shows some of the best 
in-focus images obtained with the various algorithms. It 

presents the best in-focus images for various condenser 
positions. Some contrast variations can be seen from one 
position to another. The parameter for finding the best 
in-focus image is based on a simple equation: standard 
deviation of the approximate derivative of the image 
(STD_DER). Figure 4 shows images which can be seen 
as best in-focus images. They are very similar in terms of 
border sharpness except the first which is a little blurred.

The system has been used for different types of 
modalities like transmission, reflection, fluorescence and 
polarisation. For fluorescence, the excitation line was at 
405 nm and the emission was filtered using a long-pass 
edge filter with a cut-off at 450 nm. First, the focal plane 
was located, then a long-pass filter (SoF in Figure 1) was 
used.

The four following Malaria Infection Indices (MII), 
expressed by Equations (11) to (14), have been proposed 
and tested on four spectral images captured using 
532 nm, 638 nm, 532 nm and 650 nm from red blood 
samples:

MII1 = [log(R532nm) – log(T638nm)] / 
 [log(R532nm) + log(T638nm)] (11)

 MII2 = (R532nm – T638nm) / (R532nm + T638nm) (12)

MII3 = [log(T405nm) – log(R650nm)] / 
 [log(T405nm) + log(R650nm)] (13)

 MII4 = (T405nm – R650nm) / (T405nm + R650nm) (14)

Image size 544 × 664 677 × 1115 1069 × 1662 1088 × 2048

Algorithms
Image 
index

Execution 
time (s)

Image 
index

Execution 
time (s)

Image 
index

Execution 
time (s)

Image 
index

Execution 
time (s)

SOB-TEN 22 271.469 22 660.623 22 1084.971 22 1565.853
LAP 22 107.423 22 228.273 22 523.744 22 983.820
LAP-VAR 22 190.699 22 372.166 22 1062.523 22 1836.500
P.CORR 22 06.387 22 08.87 22 21.064 22 26.34
STD_DER 
(this study)

22 06.156 22 08.51 22 16.855 22 22.0733

Table 1. Autofocus time of tested algorithms.

Image size 44 × 52 52 × 62 111 × 165 152 × 380

Algorithms
Image 
index

Execution 
time (s)

Image 
index

Execution 
time (s)

Image 
index

Execution 
time (s)

Image 
index

Execution 
time(s)

P.CORR 23 2.441 23 2.486 23 2.727 21 2.97
STD_DER 
(this study)

22 1.511 22 1.666 24 1.703 22 2.21

Table 2. Accuracy and execution time of P.CORR and STD_DER.



Y.T. Alvarez Kossonou and J.T. Zoueu, J. Spectral Imaging 9, a17 (2020) 7

where R532nm, T638nm, T405nm and R650nm stand 
for, respectively, spectral images in reflection mode at 
532 nm, transmission mode at 638 nm, transmission 
mode at 405 nm and reflection mode at 650 nm.

Figure 5 shows the image acquired using the trans-
mission mode with a laser at 405 nm as an example to 
illustrate the full field of view. The same region of interest 
is acquired for transmission mode with a laser at 638 nm, 
and reflection mode with lasers at 532 nm and 650 nm. 
In order to better compare the effectiveness of the MIIs 
relative to the various spectral modes and laser wave-
lengths, we applied the proposed contrast functions to a 
cropped region of interest and the same area (Figure 8b) 
has been selected for the four images. The four corre-
sponding selected areas are shown in Figure 8.

The histogram shows two separated Gaussian-like 
peaks. The first represents the red blood cells and the 
second for the image background which is the blood 
plasma. Both are mainly composed of haemoglobin. 
However, because of the packed and higher concen-
tration of haemoglobin within erythrocytes and their 
thickness, the transmittance is weaker. The narrow-band 
histogram and separated peak shapes is explained by the 
use of a narrower illumination bandwidth, and enables 
a more effective image segmentation approach for red 
blood cell selection and counting. Figure 7 shows the 

result using a simple threshold operation technique with 
a value of 0.48 located between the two peaks of the 
histogram plot.

Figures 8a, 8b, 8c and 8d correspond, respectively, to 
the Malaria Infection Indices MII1, MII2, MII3 and MII4.

The selected area shows, from a visual inspection, at 
least three possible infected red blood cells. The image 
in Figure 8a shows no evidence of parasitised erythro-
cyte. Unlike Figure 8a, Figures 8b, 8c and 8d confirm the 
presence of three infected red blood cells; Figures 8b 
and 8d show three dark spots within three erythrocytes 
and Figure 8c displays three bright spots (shown with 
red arrows). These spots show that the homogeneity of 
the erythrocytes is affected by a local reduction of the 
haemoglobin concentration due to their ingestion by the 
parasite.12,31

The blood smear is mainly composed of haemoglobin 
and the highest absorption peak is at about 405 nm. In 
addition, the absorption band of hemozoin,32 which is 
the malaria parasite digestion by-product, is expected 
around 650 nm. The parasite activities are character-
ised by the ingestion of haemoglobin in the parasite 
food vacuole and its digestion, leading to a reduction 
of the haemoglobin concentration within the eryth-
rocytes. The second malaria detection target is more 
sensitive because it can be seen at the very early 12 

Image 21  Image 22  Image 23 

Image 24  Image 26  Image 27 

Figure 4. Images obtained when testing the autofocus algorithms in table 1. The algorithms 

indicated in table 1 were applied to a set of images whose obtained ones are exhibit on figure 4 

The number of images to scan depends on many parameters that must be set by the user: the 

number of images to scan or the resolution step meaning the distance between two images taken 

at different position, the maximum and the minimum distance of the Z-motor. The maximum 

and the minimum distance denote the autofocus range finding. Mathematically, the number of 

images can be calculated using equation (3). In that equation, the number of plans to scan 

denoted by 𝑁𝑁� corresponds to the number of images. 

The results in Table 2 proves that the proposed new algorithm is faster. Figure 4 shows some 

of the best-in focus images obtained with the various algorithms. It presents the best in-focus 

images for various condenser positions. Some contrast variations can be seen from one position 

1 µm

1 µm

1 µm

1 µm

1 µm

1 µm

Figure 4. Images obtained when testing the autofocus algorithms in Table 1. The algorithms indicated in Table 
1 were applied to a set of images and the results can be seen Figure 4.



8 Development of a Multispectral Microscopy Platform for Detection of Malaria Infection

infection stage. The hemozoin target is appropriate for 
later stages. Both 405 nm and 650 nm are, therefore, 
ideal wavelengths to derive a contrast function which 
can be described as a MII. The best contrast images 
resulting from the proposed MII are thus expected 
to be obtained from equations related to these two 
wavelengths, as opposed to the lasers at 532 nm and 
638 nm. MII1 and MII3 exploit the contrast given by 
the absorption, and MII2 and MII4 are related to trans-
mittance as the absorbance is obtained by applying log 
function to the transmittance. Since the transmittance 
and absorbance coefficients are inversely related, 
the resulting images exhibit inverse contrasts. The 

transmittance contrast is higher than the absorbance 
one because of the application of the log function. The 
spots within the red blood cells account for the reduc-
tion of the haemoglobin presence due to its digestion 
by the parasites in these regions.

Figure 9 is a comparison of the same ROI for MII4 and 
fluorescence images. The fluorescence image is acquired 
with a laser at 405 nm with a high pass band edge filter 
at 450 nm.

The low contrast of Figure 9b is due to lower fluores-
cence efficiency compared to the transmittance image. 
The fluorescence image is shifted to the left due to 
chromatic aberration. The haemoglobin concentration 
decreasing within the erythrocyte is seen as lighter pixels.

We were not able to distinguish the infected and 
healthy erythrocytes with polarisation microscopy with 
this specific ROI because of the early infection stage of 
these cells. Therefore, we selected another ROI with a 
later stage of infection in order to detect the parasite 
by-product which is capable of exhibiting birefringence 
properties. Results are shown in Figure 10.

Figure 10a is a greyscale representation of the blood 
smear ROI with the parasite by-product hemozoin 
within the cell. For a better visual inspection, we have 
also presented the same image with another colour map 
representation. In Figure 10b the yellow spot, which 
appears white in Figure 10a, accounts for hemozoin. The 
parasite by-product commonly suggests a late stage of 
the infection and exhibits birefringent properties which 
can be detected under polarisation configuration. 8 

 

 

 

Figure 5: Spectral image acquired in transmission mode with a laser at 405nm (a) and the 

selected area (b) 

 

 

 

 

 

Figure 6: Histogram plot of the transmission mode image for the 405 nm laser  

The histogram shows two separated gaussian-like peaks. The first provides an account for the 

red blood cells and second one for the image background which is the blood plasma. Both are 

mainly composed of hemoglobin. However, because of the packed and higher concentration of 

hemoglobin within erythrocyte and its thickness, the transmittance is weaker. The narrow-band 

histogram and separated peaks shape is explained by the use of thinner illumination bandwidth, 

and enables a more effective image segmentation approach for red blood cells selection and 

counting. Figure 7 shows the result using a simple threshold operation technique with a value 

of 0.48 located in between the two peaks of the histogram plot.  

(a) 

(b) 

Figure 5. Spectral image acquired in transmission mode with a laser at 405 nm (a) and the selected area 
(b).
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Figure 6. Histogram plot of the transmission mode image 
for the 405 nm laser.
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Conclusion
We have designed and built a new and versatile research 
optical microscope based on laser illumination. Despite 
its flexibility and multi-purpose design, the initial objec-
tive of this microscope is to improve the detection and 
differentiation of healthy and infected blood cells. The 

use of a narrower illumination bandwidth has permitted 
us to propose an efficient Malaria Infection Index which 
has shown the capability to detect malaria infection 
earlier. Fluorescence and polarisation modalities have 
also demonstrated that both earlier and later malaria 
infection detection can be improved using the upgraded 
system.24,32–38 We have equipped the system with an 

Figure 7. Segmented red blood cells image.

15 

(a)  (b) 

(c)  (d) 

Figure 8. Selected areas of Malaria Infection Indices MII1 (a), MII2 (b), MII3 (c) and MII4 (d).
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autofocus algorithm for finding the best in-focus. The 
capability of the system to accept new microscope 
configurations has improved the robustness and effec-
tiveness of the malaria detection procedure. This has 
been possible by using fewer illumination sources than 
in our previous work10–14 to highlight malaria-infected red 
blood cells.

Moreover, the developed system is an improvement 
on standard microscopes, including the multispectral 
microscope-based LEDs, with the use of laser lights as 
illumination sources. Compared to LEDs, laser illumina-
tion presents many advantages, such as improved image 
brightness, power efficiency, sample content-specific 
spectral footprints and image contrast which is very useful 
in differentiating the objects in an image.25,26 However, it 
does have limitations such as speckle noise. The built 
system is capable of performing defocus, autofocus, field 
scanning and coordinates backup. It is fully controlled by 
an application through which the focal plane setting is 
performed using a second-derivative-based algorithm.
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