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Fractal geometry has provided a new range of concepts that could explain the non-linear behaviour of
seemingly unpredictable natural systems. The aim of this work is to apply nonlinear analysis to study
the in vitro erythrocyte aggregation produced by incubation of human red blood cells (RBCs) with Ascaris
lumbricoides and also Trichinella spirallis larvae extracts. The approach used was based on calculating the
fractal slope (D), through image processing of control and treated RBCs at different incubation times
(200 images). The results showed a decrease in the fractal dimension value of Ascaris lumbricoides treated
RBCs (up to10%) anda constant valueofD in the case of Thichinella spiralis treatedRBCs, in contrast to amore
disperse value showed in normal controls. Thismodification in the Dmight be correlatedwith the different
actions of each parasite over the erythrocyte membrane leading to abnormal RBCs aggregation.
� 2016 Ain Shams University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction der. Possible changes in the erythrocytes membrane, by in vitro
Trichinella spiralis is a pathogen parasite involved in the devel-
opment of trichinosis. Its infectious cyst form is the whipworm.
During muscular larvae encystment, an intense immune response
takes place, which can be avoided by the parasite to ensure its
presence in the host. Additionally, Ascaris lumbricoides parasites
produce ascariasis, one of the most widespread parasitic diseases
in the world. Its most characteristic effects are perforation of the
intestinal wall and pulmonary abscesses.

Red blood cells (RBCs) are the most abundant cells in the blood
and its primary function is transport of oxygen and carbon dioxide.
Due to its mechanical properties and abundance, RBCs are also
major determinants for the rheological behaviour of blood. It has
been shown that lower amount of surface sialic acid not only
increases cell aggregation but also blood viscosity and flow disor-
interaction with new borne larvae of the parasites, were evaluated
analysing the alterations in erythrocyte aggregation by image anal-
ysis [1]. Cellular mechanisms of many infectious processes are not
exactly known, but certain compounds found in the Ascaris lumbri-
coides parasite surface are proposed to cause a significant decrease
in the superficial sialic acid of RBCs, resulting in an increase in ery-
throcyte aggregation [2]. This phenomenon may be related to some
aspects of the pathology, such as thrombus formation and anae-
mia. Cellular mechanisms involved in this process are not clearly
known. Previous publications have reported that host and parasite
glyco-conjugates are involved in this response. Moreover, our
research group has demonstrated the capture of erythrocyte sialic
acid by muscle larvae, suggesting the possibility of interaction
between the parasite and muscle cells [3].

For a quantitative description of both phenomena various tech-
niques have been described [4–7] without conclusive results, as
the examined biological system has complex features. In this work
we develop a feasible alternative, based on fractal patterns mea-
sured at different portions of the samples. This method applies a
parameter that allows the discrimination of different groups
according to their nature. In general, we could define a fractal as
a geometric figure with very complex structure at any scale that
is impossible to define by the concepts and methods developed
since Euclides. Therefore, the measurement of fractal shapes
involves new concepts beyond the classical geometrical ones. Frac-
tal dimensions cannot be calculated accurately but might be
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estimated. There are different definitions for fractal dimension [8].
Simple methods for estimating fractal dimension are correlation
dimensions [9] and information dimension, which require specific
assumptions and are restricted to time series analysis [10]. The
most celebrated one is Hausdorff dimension [11], while the most
popular one is the box-counting dimension. Although in many
cases Hausdorff dimension equals the box-counting dimension,
in general the Hausdorff dimension is used only in theoretical set-
tings and is too subtle for practitioners [12]. A widespread strategy
to estimate the fractal dimension is box counting, which is the
method used in our work. Box counting method is undoubtedly
the most widespread in the scientific literature. It can be applied
to any distribution points, curves, surfaces, etc., and is the one cho-
sen in our work, especially because we are dealing with pictures,
not with time series.

This article details how the fractal slope was used to determine
possible changes due to in vitro contact of RBCs with Ascaris lumbri-
coides and Trichinella spiralis muscle larvae extracts, using image
processing free software FRACTALYSE [13].

2. Materials and methods

2.1. Parasites and red blood cells (RBCs)

2.1.1. Parasite extracts (PE)
Firstly, five PE of adult Ascaris lumbricoides at concentrations of

5100 ± 200 larvae/mL were obtained by surgical removal of the
cuticle and refrigerated mechanical rupture, following the protocol
described in Ref. [3].

Secondly, infective larvae of Trichinella spiralis obtained from
muscle of infected mice were released by artificial digestion using
pepsin and hydrochloric acid. The larvae were concentrated by cen-
trifugation and counted by duplicate. Five concentrates of PE were
preparedwith an amount of muscle larvae of 4300 ± 200 larvae/mL.

2.1.2. Red blood cell suspensions
All human beings involved in this work sign a medical informed

consent form for participating in this research work. The ethics
committee of the Rosario National University approved this project
(Resolution number: 033/2015).
Figure 1. Box counting method, using an example: D is the value of the slope of the lin
spaces in that level (N (L)).
Fresh group O blood samples were collected from a healthy
donor into a container holding EDTA as anticoagulant, stored at
4 �C and analysed within 24 h. After removing autologous plasma,
RBCs were washed three times with phosphate-buffered saline
(PBS) (pH = 7.4, 295 ± 8 mOsmol/kg).

2.1.3. Treatment of RBCs
The erythrocyte pellet was incubated with equal volume of PE

for 0, 60 and 90 min at 37 �C (treated RBCs). The RBCs used as con-
trol (control RBCs), were incubated only with PBS. After the incuba-
tion, the treated and control RBCs were washed with PBS.

2.2. Data analysis

In this work, we provide an easy-going explanation to the box
counting dimension concept. To calculate this dimension, imagine
the fractal lying on an evenly spaced grid, and count how many
boxes are required to cover the set. The Box counting dimension
is calculated by seeing how this number changes as we make the
grid finer by applying a Box-counting algorithm. Suppose that
NðLÞ represents the number of boxes of side L required to cover
the set. Then the box counting dimension is defined as:

DimðXÞ ¼ lim
L!0

logNðLÞ
log 1

L

� � ð1Þ

Rigorously defined Box counting dimension of the set X � Rn,
n ¼ 2, is defined as follows:

The lower Box counting dimension:

DimðXÞ ¼ lim
L!0

inf
logNðLÞ
log 1

L

� � ð2Þ

Similarly the upper Box counting dimension:

DimðXÞ ¼ lim
L!0

sup
logNðLÞ
log 1

L

� � ð3Þ

If DimðXÞ ¼ DimðXÞ, then the common value is called the box
counting dimension. Thus, the box counting dimension is defined
by:
e resulting from the level ratio of each graph (1/L) versus the number of occupied



Figure 2. Images of control RBCs (A), Ascaris treated RBCs (B), control RBCs (C) and Trichina treated RBCs (D) taken at different times of test, all at 40� magnification. The
white line as a scale bar represents 10 lm in each figure.
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DimðXÞ ¼ lim
L!0

logNðLÞ
log 1

L

� � ð4Þ

if such limit exist.
As working with experimental time series the process itself

defined the minimum number of boxes of side L required to cover
the set, then:

DimðXÞ ¼ logNðLÞ
log 1

L

� � ð5Þ
2.3. Digital image analysis

Treated and control RBCs were suspended in 0.13% autologous
plasma and maintained at rest for 5 min to allow aggregation. Five
RBCs control samples containing equal amount of parasite extracts
were examined in a concave optical inverted microscope slide
(Union Optical, Japan). Images for each sample (60 images
analysed) were obtained by duplicate (objective: 40X, Canon
Powershot A640 digital camera). Images were then processed with
the software FRACTALYSE. Fractal dimension (D) was calculated
according to an iterative principle based on the box counting
method.

Fig. 1 shows an example of the analysis strategy. On each fractal
image (automatically transformed into black and white, to avoid
impurities) FRACTALYZE overlays a grid of squares or boxes of side
L. Then, filled boxes are counted (N) and procedure is repeated for
different values of L, in this work we used L = 16. Finally, results
are showed on a graph where abscissas represent the absolute
values of the logarithms of reciprocal L, (Ln 1/L), and ordinates
correspond to logarithm of N. Therefore, the slope of the resulting
line is the fractal dimension according to Eq. (5). If the obtained
relationship does not fit a power law, the object is not self-similar
or fractal.

The FRACTALYSE software was used as a tool for automatizing D
calculation by the box counting method in images obtained from
treated and controls RBCs, to develop a technique that might be
useful for detection of RBCs membrane modifications.



Figure 3. Comparison between the corresponding fractal slopes of all the samples analysed for both parasites: control RBCs (A), Trichina treated RBCs (B), control RBCs (C)
and Ascaris treated RBCs (D) taken at different times of test. The dotted lines are placed to aid the result interpretation.

Figure 4. Box plots corresponding to dispersion of fractal slopes over the samples
analysed for both parasites.
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3. Results and discussion

Fig. 2 shows representative images of control and treated RBCs
taken at different times. Differences in the distribution of red cell
aggregates between the groups are evident. Moreover, increase of
incubation time also generates visible differences in the treated
RBCs images. These are consistent with semi-quantitative results
reported previously, where it was shown that treated RBCs showed
an increase in aggregate with a marked decrease in the number of
the isolated cells [3].
Comparison between the corresponding fractal slopes of all the
samples analysed for both parasites, and comparison with their
respective controls is shown in Fig. 3. Control RBCs are never in
contact with the parasite while RBC incubated with the parasite
extract for 0 min are images obtained immediately after the para-
site extract was added to the sample. It can be seen that in both
cases the control samples have a highly disperse random variation
of fractal slopes, while in the case of treated RBCs exhibit minor
dispersions in each case. For Ascaris lumbricoides treatment, a
decreasing behaviour is observed on average fractal slopes com-
pared with the randomness observed in controls at the same times.
Regarding Trichinella spiralis, the fractal slopes remains nearly con-
stant over a certain value, nevertheless presenting greater random-
ness than control samples at the same times of study. Fisher test
was used to statistically empower our observations, demonstrating
a significant variance difference between control and parasite trea-
ted RBCs samples (p < 0.0001 for both parasites).

These results indicate that there would be an interaction
between red blood cells and larvae causing a change in the fractal
patterns, which may be associated with the desialization of ery-
throcyte membrane [4].

Fig. 4 shows in more emphatic form our analysis, which can be
clearer when displayed together; both parasites treated are com-
pared with a general control. Evidently there are no visible differ-
ences between both controls at the studied times. Moreover, a
lowest dispersion for the treated samples compared with controls
is undoubtable. In turn, A. lumbricoides treated RBCs have a more
rapid decrease in fractal slope, while in those treated with T. spiral-
lis a nearly constant variation in fractal slopes is observed. These
results might suggest a differential action undertaken by both par-
asites over RBCs.
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4. Conclusions

In this report, a novel method to determine the erythrocyte
aggregation when incubated with Ascaris lumbricoides and Trichi-
nella spiralis parasites was developed. The different results on D
when studying the samples population could help to establish
the type of functional coupling between the RBCs membrane and
the larvae parasites.

Little information exists to explain the erythrocytes aggregation
process when cells interact with the larvae parasites [14–16]. Pre-
sent 2D data suggest that the percentage of agglutinates or aggre-
gates shapes, are reflected in the corresponding D measurement
values in both Ascaris lumbricoides and Trichinella spiralis parasites.
In this context we considered that the box-counting method could
be very useful for developing new approaches as well as elucidat-
ing a number of aspects that had not been previously appreciated.

Results showed that Ascaris lumbricoides produces increased
erythrocyte aggregation, which might correlate with a decrease
in fractal dimensions of treated RBCs. In the case of Trichinella spi-
ralis there is a constant D value in contrast to a more disperse value
showed in controls. It is important to remark that this information
cannot be found by linear approach.

The hypothesis that normal samples are represented by more
random values (noise) than treated RBCs, where predictability is
increased, could be confirmed quantitatively by the estimation of
box counting dimension. These preliminary results will be comple-
mented by new experiences.

Certainly, the use of these fractal quantifiers is not intended to
replace conventional analysis, but to provide further insights into
the underlying aggregation mechanism.
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