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Abstract

Context: Digital image processing is an efficient and suitable computational tool for the automatic
quantification of human pathogens in images, providing analysis in less time, greater number of sam-
ples, and result reproducibility. We propose the development and validation of an image processing
algorithm, for the recognition and automatic quantification of T. gondii tachyzoites.

Method: We developed an algorithm based on image processing. This workflow allows identifying the
morphology of each parasite in the image by determining the number of parasites distinguishing them
from those with a similar morphology, but not corresponding to the parasite in question. Images were
obtained through Giemsa staining protocols.

Results: The original images were analyzed by experts. The results showed correlation with those
obtained by the automatic count. Additionally, a processing time of 5 seconds per image was obtained
with the algorithm. This automated quantification tool allowed count of tachyzoites in tens of images.

Conclusions: This automatic image analysis tool can extend its implementation to any laboratory that
is involved in the quantification of extracellular Toxoplasma gondii tachyzoites, as well as other aspects
of research on its tachyzoites that require the count of this form of development of the parasite.
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INGENIERÍA • VOL. 26 • NO. 1 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS 93
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Resumen

Contexto: El procesamiento digital de imágenes es una herramienta computacional eficiente y ade-
cuada para la cuantificación automática de patógenos humanos en imágenes, proporcionando análisis
en menos tiempo, mayor número de muestras y reproducibilidad en los resultados. Proponemos el
desarrollo y validación de un algoritmo de procesamiento de imágenes, para el reconocimiento y cuan-
tificación automática de taquizoitos de T. gondii.
Método: Desarrollamos un algoritmo basado en el procesamiento de imágenes. Este flujo de trabajo
permite identificar la morfologı́a de cada parásito en la imagen, determinando el número de parásitos
presentes y diferenciando aquellas estructuras que presentan una morfologı́a similar pero que no cor-
responden al parásito en cuestión. Las imágenes originales fueron obtenidas mediante protocolos de
tinción Giemsa.
Resultados: Las imágenes originales fueron analizadas por expertos. Los resultados mostraron cor-
relación con los obtenidos por el conteo automático. Además, se obtuvo un tiempo de procesamiento
de 5 segundos por imagen con el algoritmo. Esta herramienta de cuantificación automática permitió el
recuento de taquizoitos en decenas de imágenes.
Conclusiones: Esta herramienta de análisis automático de imágenes puede extender su implementación
a cualquier laboratorio que esté involucrado en la cuantificación de taquizoitos extracelulares de Toxo-
plasma gondii, ası́ como otros aspectos de la investigación sobre sus taquizoitos que requieran el conteo
de este estado de desarrollo del parásito.
Palabras clave: Toxoplasma gondii, tachizoitos, procesamiento digital de imágenes, cuantificación
automática.
Idioma: Inglés.

1. Introduction
Toxoplasmosis is a parasitic disease caused by the protozoan known as Toxoplasma gondii (T.
gondii). This microorganism, like other parasites such as Leishmania, responsible for Leishma-
niasis disease, and Trypanosoma cruzi for Chagas disease, are all obligate intracellular parasites
and have the ability to infect humans cells [1]. It is estimated that there is high seroprevalence in
humans due to T. gondii. Between 10,0 and 97,4% of adults have been exposed to the parasite
depending on the different geographical areas [2]. Some studies indicate that this pathogen affects
over one third of the global human population [3]. In Colombia, a seroprevalence of T. gondii is
reported for an average of 41,7% of the human population without significant differences between
men and women. It is also considered that there is an increased risk of infection in women in ges-
tation [4].

It is known that in humans, T. gondii strongly affects the fetus, generating Congenital Toxoplas-
mosis [5]. Furthermore, for people immunocompromised with HIV, the reactivation of the chronic
infection by T. gondii may be associated in most cases with encephalitis, focal neurological ab-
normalities, alterations in the functionality of the cerebellum, chorioretinitis, and the possibility of
pulmonary symptoms [6]. Some studies report the relationship of T. gondii and the presence of
neuropsychiatric symptoms such as schizophrenia [7]. An important feature of this parasite is its
ability to use various means of transmission to cause infection. The presence of T. gondii oocysts
and tachyzoites in water, vegetables [8], milk [9], among others, becomes a highly efficient mech-
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anism to invade host cells. The consumption of undercooked meats with the presence of parasite
tissue cysts is a focus of infection [10]. In Colombia, some studies report the presence of T. gondii
and other protozoan parasites in drinkable water samples [11], as well as the detection of T. gondii
in different types of meat distributed for human consumption [12].

The tachyzoite of T. gondii is considered a state of development with rapid proliferation and dis-
semination, associated with acute infection in humans [13]. In response to the host cell’s immune
system, the tachyzoite becomes a bradyzoite, which has the ability to stay within tissue cysts in
the brain of its host [14]. Tachyzoite replication within the host cell is associated with intracellular
processes induced by its protein machinery, which manipulates regulation processes regarding gene
expression of the host cell to ensure and promote proliferation at the expense of the host [15]. One
of the important events for the parasite to proliferate successfully is its multiplication within the
host cell. The amount of parasites that replicate show their mitotic capacity and ensures parasitic
virulence [16].

Within the in vitro processes that are carried out for studies of infection with T. gondii, previous
counts of tachyzoites are performed to monitor the intracellular proliferation of the parasite. In
several laboratories in Colombia, Neubauer chamber counting is used, due to its low cost and ver-
satility. However, this method depends on the analysis capacity to recognize the different attributes
of each cell and differentiate them from those particles that are also present in the sample but that
do not correspond to a cell. Therefore, this count is susceptible to variations between users, which
depends on their experience in the management of the biological model [17].

Another important consideration with respect to counting is that it requires more time for the
analysis of each sample. Currently, automated tools have contributed in applications focused on the
quantification of microorganisms, providing the possibility of counting a large number of samples
in a short time, as well as, reducing the variability of the results associated with human error [17].
Image processing has emerged as an alternative for the automatic quantification of protozoan para-
sites. These automated quantification methods have allowed elucidating processes of cell growth,
infection rates, parasitic load, among others [18].

In Leishmania, a protozoan parasite that is pathogenic for humans, fluorescence microscopy
image processing algorithms have been developed to allow detecting Leishmania macrophages,
amastigotes, and promastigotes resulting in the automatic counting of infected and uninfected
macrophages, as well as parasite counts inside and outside the host cell. Based on these results,
infection rates and parasitic loads were determined. These values that indicate the parasite’s infec-
tion capacity in the host cell [19].

This paper presents the development of a computer vision algorithm as an alternative tool for
quantification of T. gondii tachyzoites in images from biological samples, thus improving the ac-
curacy and specificity of the count and also reducing the time in which the analysis can be per-
formed. The availability of this computational strategy from engineering can provide a useful tool
for measuring T. gondii tachyzoites, contributing with an advance in precision and reproducibility
of results in the experimental processes of biological research.

INGENIERÍA • VOL. 26 • NO. 1 • ISSN 0121-750X • E-ISSN 2344-8393 • UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS 95
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2. Materials and methods

2.1. Biological Material
Tachyzoites of the RH strain of T. gondii were used in our study, and they were donated by Dr.
Barbara Zimmermann from the Parasite Biochemistry and Molecular Biology research group of
Universidad de los Andes. A PFHM-II culture medium of tachyzoites was removed by washing
twice with PBS 1X (phosphate buffered saline) before carrying out chemical staining processes
(1.000 g of centrifuge cells for 10 minutes at 4 ºC). The tachyzoites were resuspended in PBS 1X
and identified through microscopic observation.

2.2. Chemical Staining
The adequate chemical staining of a biological sample is important in microscopy processes be-
cause the analysis of an image with computational tools depends on its quality. An adequate pro-
cess of preparation and assembly of the sample facilitates the acquisition of data and reduces the
duration of analyses. Therefore, it is often desirable to have a standardized protocol that allows
imaging with minimal impurities to avoid uninterpretable results.

We standardized an experimental protocol for chemical staining of tachyzoites with conditions
that allowed obtaining the images that were later used in the development and validation of the
algorithm. In this work, all safety precautions were taken when working with T. gondii tachyzoites
as an experimental model. A biosafety protocol used for the management of T. gondii was fol-
lowed [20].

Conditions such as dilution factor, Giemsa reagent concentration, and final sample volume were
taken into account. Giemsa staining is a standard method used for clinical diagnosis in some
pathogenic microorganisms. It was initially designed for the demonstration of parasites such as
plasmodium in malaria [21]. However, it is also currently used in field research for the study of
cysts and tachyzoites of T. gondii. The slides were pre-washed with HCl 37% v/v for 24 hours.
Several dilutions of the T. gondii tachyzoite samples were made (data not shown). Finally, the 1:5
dilution was found to be the most accurate to clearly show the shape and size of the parasites that
were captured in each visual field.

Various concentrations of the Giemsa reagent were evaluated (data not shown). The concentra-
tion of 20% v/v allowed the characteristic morphology of the T. gondii tachyzoite to be stained
with the appropriate color intensity. Various volumes of the sample to be fixed were also evaluated.
Finally, 100 µl were considered to be the indicated sample volume to fix on each slide. The sample
was fixed with 70% v/v methanol, covered with 20% v/v Giemsa reagent for 15 minutes, and the
excess staining was removed. Then, they were washed once in H2O and dried at room temperature.
Images were captured on a CX31 RTSF Olympus microscope with an EOS RbelT3i Canon camera
using a 1000X magnification.
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2.3. Image Processing
The digital image processing algorithm was designed using the Toolbox Image Processing from
MATLAB 2014b. On a computer with 4 GB RAM, an Intel core i5 - 5200U, and Windows 8. 25
images (18 MP) were selected for algorithm calibration.

2.3.1. Image acquisition

The images used for manual counting and automatic counting were acquired with an Olympus Cx31
microscope, a 1000x magnification, and Canon EOS REbelT3i camera with an RGB CMOS 18 MP
sensor. All analyzed samples followed the same laboratory protocol. Original images were used
for manual counting without other processes, but automatic counting required additional processes
in order to get a satisfactory result.

2.3.2. Pre-processing

Once the images were acquired, it was necessary to perform a series of steps to eliminate irrelevant
information in the image. The blue and red channels were removed, since the green channel has a
better contrast between the background of the image and the tachyzoites. This channel was passed
to a gray scale. The threshold value was determined from the histograms of 25 images, and it was
selected in such a way that tachyzoites were not removed from the image. Finally, the binarized
image was obtained.

2.3.3. Segmentation

Morphological filters were applied to the images to reduce noise and highlight certain characteris-
tics. This is done using an ellipsoid geometry, which is similar to the tachyzoites. In order to round
the edges, an opening operation was performed, which consisted of erosion and dilation. In order to
increase sharpness, a filling function was applied to fill the holes in the image and reduce noise, an
opening operation was applied to eliminate any objects with a smaller number of connected pixels.
Finally, each connected region was labeled.

2.3.4. Features extraction and classification

The characteristics used to classify segmented regions as tachyzoite and non-tachyzoite were: area,
eccentricity, and major axis.

The major axis is the line that passes through the center of the image and is perpendicular to the
minor axis, taking into account that the tachyzoites have an elongated morphology, it is possible to
determine from this length if something is not a tachyzoite. However, this feature only considers
one dimension. On the contrary, the area considers the two dimensions of each element. Finally,
knowing that eccentricity is the relationship between the distance of the foci of the ellipse, and its
main axis is the length, the eccentricity allows discriminating elements that do not meet the elon-
gated morphology of tachyzoites.
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The ranges for each of the characteristics were determined from 25 calibration images. In the
images to be analyzed, if an element was outside the established ranges, it was classified as non-
tachyzoite. Finally, the elements classified as tachyzoites were quantified, that is, elements within
the ranges of the characteristics found.

2.4. Performance analysis of the computational algorithm

To evaluate the performance of the algorithm, 75 images were used. The count of tachyzoites in
each original image was carried out by three experts. The average of this count experts was selected
as a gold standard to quantify the performance of the developed automatic counting algorithm. A
confusion matrix was performed by identifying the number of true positives (Tp), true negatives
(Tn), false positives (Fp), and false negatives (Fn). Accuracy, precision, specifity, sensitivity (re-
call), and F-score metrics were calculated with the following formulas [22]:

accuracy =
Tp+ Tn

Tp+ Tn+ Fp+ Fn
(1)

precision =
Tp

Tp+ Fp
(2)

recall =
Tp

Tp+ Fn
(3)

specificity =
Tn

Fp+ Tn
(4)

F − score = 2 ∗ precision ∗ recall
precision+ recall

(5)

3. Results

3.1. Experimental Results

We obtained images with tachyzoites of stained T. gondii to develop the automatic quantification
computational algorithm. Initially, images were obtained with the maximum concentration of the
T. gondii tachyzoites (Fig. 1a). Different dilutions of the tachyzoites were made, which finally
allowed obtaining the ideal concentration for the development of the algorithm (Fig. 1b). Giemsa
staining allowed to observe the structure and morphology of the tachyzoites (Fig. 1c). The tachy-
zoite of T. gondii has a crescent shape, with a size of approximately 2 x 6 µm (Fig. 1d). This stage
has a slightly more pointed anterior end, which is defined by the direction of motility [23]. The
parasite phenotype associated with shape and size is a relevant feature in image processing, so they
are considered evaluation attributes in segmentation processes (Fig. 2).
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a) b)

c)

d)

Figure 1. Stained T. gondii images with Giemsa. a) Maximum tachyzoite concentration b) 1,5 dilution factor of the
tachyzoites c) Tachyzoite morphology d) Size of different tachyzoites

3.2. Samples and image digitalization

An experimental protocol was standardized, which included the conditions for the preparation of
the sheets, the dilution factor, the concentration of the Giemsa reagent, and the volume of the sam-
ple fixed in the sheets. This protocol guaranteed to obtain images with the requirements established
for the computational algorithm.

This process was necessary because there is no standardized experimental protocol for obtaining
these images in the literature. As a final result, the experimental conditions were obtained (Table
I), under which the images that were analyzed by the computational algorithm were obtained.

Figures 2 and 3 represent two out of 100 images in total that were obtained under the final condi-
tions mentioned in Table I, and which were subjected to digital processing using the computational
algorithm. During sample treatment, which involves the elimination of the culture medium, wash-
ing, and corresponding chemical staining, particles or impurities with similar morphology to the
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tachyzoite of the parasite may appear in the final sample. These impurities appear as a product of
the same experimental process of pretreatment of the biological sample, given that the cell forms
are in suspension with a medium that provides them with the conditions required to maintain their
cellular functionality. These particles are presented randomly in each obtained image. Fig. 3 shows
tachyzoites and some similar impurities. These elements must be discarded by the counting algo-
rithm. It should be noted that 25 images were used for algorithm calibration, and the remaining 75
were used for the validation process.

Figure 2. Application of staining protocol

Table I. Protocol parameters

Sample volumen 100 µL

Dilution factor 1:5

Giemsa concentration 20% v/v

Magnification 1000x

Figure 3. Differences between tachyzoites and non-tachyzoites
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3.3. Image processing

Once the image was loaded into the computational algorithm, it was necessary to perform a pre-
processing of the images. The image had to be converted from RGB to gray scale. It is important
to highlight that it was taken on the green channel, which was exclusively selected because we
observed that the tachyzoites in the background of the image stood out there (Fig. 4). The contrast
was 180 in the original image, 201 in the green channel, 185 in the red channel, and 142 in the
blue channel. This is very important because it allowed to perform thresholding and subsequent
binarization.

a) b)

c) d)

Figure 4. Channel comparison. a) RGB image. b) channel G. c) channel R. d) channel B.

The image was binarized by selecting a threshold value of 0,346. This value was determined
from the histograms by calibrating the algorithm (trial and error) to easily identify the tachyzoites
and guarantee that it did not eliminate any tachyzoites in the image. Next, morphology filters were
executed to reduce image noise as described in section 2.3.3.

Fig. 5 shows the result of the preprocessing and segmentation described in the methodology.
Table II shows the results of the discriminant characteristics of the morphology of the T. gondii

tachyzoites. The algorithm recognizes the tachyzoites present in the image with the characteristics
of area, eccentricity, and major axis. These characteristics are discriminant and sufficient thanks to
the specific morphology of the tachyzoites in question. These characteristics allow distinguishing
the tachyzoites from the non-tachyzoites present in the obtained images (Fig. 6). The intervals of
the characteristics were evaluated several times by means of a calibration done with 25 images of
the tachyzoite sheet.
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a) b)

c) d)

e)

Figure 5. Image processing results: a) original image, b) channel G, c) threshold result, d) applying morphological
filter, e) classified tachyzoites

Table II. Discriminatory characteristics

Characteristic Interval
Area 16.000, 45.000 px

Eccentricity 0,89, 0,98

Mayor axis 270, 290 px

3.4. Validation

75 images were used for the validation of the algorithm. Three experts counted the tachyzoites
independently in each image. The histogram (Fig. 7) shows the frequency of the number of tachy-
zoites per image obtained by each of the experts.

Our algorithm also performed the tachyzoite count in all 75 images. Fig. 8 compares the results
obtained by the algorithm and the experts in some of the images used for validation. With the indi-
vidual tachyzoite count per image, it was possible to determine the total tachyzoites in the images
(Fig. 9).

The average of the count of the 3 experts (manual count) in each image was used as the true value
to be compared with the result of the algorithm (Fig. 10). With this data, the correlation between
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Figure 6. Tachyzoite classification by algorithm

Figure 7. Histogram of tachyzoites counted by experts (per image)
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Pattern Recognition Algorithm for Automatic Quantification of Toxoplasma gondii Tachyzoites

Figure 8. Comparison between average manual count and automatic count

Figure 9. Total tachyzoites counted

the manual count and the one made automatically by the algorithm was determined with a Pearson
correlation coefficient r = 0, 91. This indicates that the correlation is statistically significant (p-
value = 0,00001), and the model (computational algorithm) could be used to estimate the number
of tachyzoites automatically.

With the data provided by the experts, it was possible to determine the number of true positives
(Tp), true negatives (Tn), false positives (Fp), and false negatives (Fn) (Table III). False positives
refer to elements in the that are misclassified as tachyzoites, that is, tachyzoites that do not exist in
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the image but are recognized and counted by the algorithm. False negatives are tachyzoites that are
not recognized or classified as non-tachyzoites by the algorithm; they are therefore not counted.

Figure 10. Scatter plot between manual count and automatic count

Table III. Confusion matrix
Actual

Positive Negative
Predicted Positive 490 40

Negative 29 332

Table IV. Algorithm validation

Accuracy 92,25%

Precision 92,45%

Sensitivity 94,41%

Specificity 89,24%

F-score 0,93
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Using the Eqs. (1 - 5) the performance of the algorithm was determined, obtaining the results in
Table IV.

4. Discussion

Nowadays, different types of software and algorithms dedicated to the identification and automatic
quantification of parasites have been developed. However, due to the biological development of
each microorganism, there are phenotypical variations, which implies considering particular char-
acteristics in the identification of each species. For this reason it, is important to develop of com-
putational tools that respond to the needs of the diagnosis and detection of each type of pathogen.

We developed and validated an algorithm for the automatic quantification of T. gondii tachyzoites
in images. The validation of the algorithm was carried out by comparing the results obtained from
manual counting.

Fig. 7 shows that there are differences between the counts made by the different experts. This dif-
ference in the number of tachyzoites per image is usually greater when there are more tachyzoites
in the image. Some bars in Fig. 8 show a greater dispersion due to the large number of tachyzoites,
which proves that human experts can make mistakes of a certain tolerance.

The accuracy of the algorithm was 92,25% (Table IV), which indicates that the quantification
obtained by the computational algorithm is close to the average value of the quantification obtained
by the experts (Fig. 9).

The precision of the computational algorithm was one of the measurement parameters selected
for the validation of the algorithm. It indicates the dispersion between the data obtained during the
automatic count, and it is represented as a function of the standard deviation (Table IV). The result
obtained for precision was 92,45%, which representing a significant value for the computational
algorithm and a large confidence interval.

Although Fig. 8 shows some differences between and manual counting per image, these data are
within a close range. These differences decrease if a larger number of samples is taken (Fig. 9).
Our computational algorithm allows to have fixed criteria for the identification and quantification
of tachyzoites, making it possible for different studies to be compared if the same counting tool is
used, thus eliminating the possible bias that may be due to human error. All this statistical analysis
allows inferring that the computational algorithm is a reliable and precise tool for the quantification
of T. gondii tachyzoites.

In our algorithm, images obtained with specific parameters and generated from a standardized
experimental protocol were used. Therefore, we can infer that similar results are expected when
replicating the parameters described both for the treatment of the biological sample and for obtain-
ing the images.

Furthermore, the running time of the algorithm is not susceptible to the number of tachyzoites
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in image, which is approximately 5 seconds per image. However, manual counting has a stronger
effect on the time; more tachyzoites in the image require more time to count, and the error can be
greater.

[24] reported a new method for the identification of T. gondii tachyzoites by recognizing the
specific morphology of the banana or crescent-shaped parasite, with results comparable to those
obtained by our algorithm. Our computational tool allows identifying the shape of the tachyzoite
and exclude those objects present in the image that do not correspond to the morphology of the
parasite. Furthermore, our images were obtained using a simple and practical chemical staining
method, which is implemented as a detection method in laboratories in developing countries.

Other studies report images analysis methods of T. gondii by determining host-pathogen interac-
tion [25]. Likewise, automatic quantification studies are reported for other parasitic pathogens, [1]
reported a computational tool called INsPECT, a versatile and open source software for the auto-
mated quantification of intracellular parasites (Leishmania), which is proposed as a new, fast, and
easy alternative to the classical intracellular quantification methods. [18] also reported an automated
image analysis protocol for the quantification of intracellular forms of Leishmania spp, by means
of the IN Cell Investigator Developer Toolbox, a program that identifies individual macrophages
and amastigote forms of the parasite within the host cell.

Another work related to image processing reports the characterization of biological forms for the
automatic recognition of images and diagnosis of protozoan parasites of the Eimeria genus; a math-
ematical model was developed to characterize the morphology of the oocysts of this parasite [26].

Our method for the analysis of images of T. gondii tachyzoites can become a low-cost diagnostic
tool. Additionally, our automatic counting model can be extended in its use to be potentially used
in the identification of the bradyzoite state of the same parasite, considering that the morphology is
similar to that of the tachyzoite, which the algorithm more versatile.

5. Conclusions

In this work, we have developed and validated an algorithm for the automated count of tachyzoites
of T. gondii in images. This method is based on the attributes of tachyzoites regarding morphology
and size. We demostrated that the image processing method has a good correlation with manual
counting by experts. Moreover, we showed that the execution time of the algorithm improved
in comparison with by human observation. It also demonstrated its suitability to recognize the
structure of tachyzoite and differentiate them from those particles that were present in the image
but were not tachyzoites. This automated quantification tool allowed counting tachyzoites in tens
of images. Additionally, the manual microscopic count of tachyzoites depends on the expert and
requires time to analyze the images. This can be replaced by the use of this image processing algo-
rithm, which analyzes conventional optical microscopy images generated with high quality, cheap,
and easy-to-perform staining.

In summary, we have developed a specific and quantitative tool that can become an automatic
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quantification strategy for T. gondii tachyzoites in images. It is important to consider that the
algorithm that we have developed was validated for the identification of the tachyzoite state of the
T. gondii parasite, which has a specific morphology that was applied in the development of the
computational tool. This algorithm was not validated in other stages of the biological development
of the parasite. Furthermore, it is important to consider that the validation of the algorithm has been
carried out on images obtained from culture samples with extracellular forms of the parasite.
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