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Abstract. We analyze the erythrocyte aggregation by the biospeckle laser phenomenon and
calculate characteristic parameters to develop non-invasive hemorheological techniques.
Biospeckle is more complex than other light-based techniques, such as light transmission, pro-
viding information about the dynamics of the scatterers, their size, and morphology. Dextran 500
kDa combined with plasma and phosphate-buffered saline was used to induce controlled in vitro
erythrocyte aggregation. Red blood cell aggregation was studied using an objective speckle setup
in a microchip sample chamber. The speckle grain sizes were determined, and parameters to
characterize the morphology of the erythrocyte aggregates were proposed. The inertia moment
and the correlation coefficient were determined to assess the cells aggregation dynamics. © 2022
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.61.XX.XXXXXX]
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1 Introduction

The erythrocyte aggregation phenomenon has been of interest for many years. Most studies
involve various scientific areas, such as blood rheology (or hemorheology), biomechanics,
clinical medicine, and in vivo observations.

During blood circulation, the erythrocytes or red blood cells (RBCs) interact with other blood
cells and with those of the vessels. These interactions are usually mediated by adhesion mol-
ecules, being of particular interest the erythrocyte–erythrocyte interactions.1 Normally, human
RBCs form aggregates of face-to-face linear structures, resembling a stack of coins called rou-
leaux.2,3 Following this behavior, rouleaux suspended in plasma contain a variable cell number,
and they aggregate in branched three-dimensional (3D) structures.

The study of the role of plasma proteins and macromolecules in RBC aggregation continues
to be of interest. The linking of fibrinogen to the RBC has been experimentally demonstrated.4

Other studies have been conducted on the effects of macromolecules in such systems.5,6

The polysaccharide dextran of 500 kDa of molecular weight (dex500) is frequently used as
an RBC aggregation promoter for in vitro experimentation.7 There are two coexisting models
to explain the origin of the RBC aggregation. On the one hand, the “bridging” model considers
the absorption of macromolecules on the erythrocyte membrane and therefore a possible adhe-
sion between two cells as the origin of the rouleaux.8,9 On the other hand, the theory of
“depletion” involves a colloidal osmotic pressure caused by macromolecules as the main reason
for the rouleaux formation.10,11 These models have been experimentally tested and discussed,
giving a new combined theory derived from colloid physics.12
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Research based on computational simulation relied on experimental results and has explored
the individual RBC rheology,13,14 and its collective behavior under different types of flow.15 In
vascular diseases (diabetes and hypertension), the shape of the RBC aggregates is altered, which
may lead to obstructions in blood microcirculation. The lower content of sialic acid disturbs the
rheological properties of the membrane, and more adhesion disorderly occurs. Moreover, it has
been observed that in pathologies with deficiency of membrane sialic acid, the erythrocyte adhe-
sion force is greater, and large spheroidal aggregates called “clusters” appear.16,17

Micrometric-scale circulation is of interest, since hemodynamic difficulties related to path-
ologies frequently occur due to the formation of clusters of RBCs, which difficult passage
through the blood microvessels.18,19 More general studies made it possible to extend the field
of research and apply the effects of erythrocyte adhesion to the analysis of more complex proc-
esses, such as coagulation,20 and to delve into more specific aspects of biology, such as the
agglutination by antibodies that interact with the erythrocyte.21–23

Blood vessel obstructions reduce disaggregation forces increasing RBC aggregate sizes,
which amplify the flowing difficulty, causing a feedback situation.24 The erythrocyte aggregation
characterization through sensitive parameters is a valuable aid to analyze possible alterations in
the microcirculation observed in vascular pathologies.16,25,26

In this work, we investigate the application of the biospeckle laser (BSL) technique to char-
acterize the aggregation of RBCs as light-based technologies have great potential to develop
non-invasive tools for human healthcare.

2 BSL Theory

It is usual to study the kinetics of erythrocyte aggregation by light transmission,27 but the BSL
technique could provide more information about the phenomenon, having a more complex
approach. This method records the variation of scattered light intensity in two dimensions
through time, obtaining sequences of “images” to extract information of the physical
phenomenon.

The speckle effect occurs when an optically rough surface is illuminated by coherent light. At
a distant point of observation, an optical field is obtained from the light scattered by each illu-
minated surface point. Due to the random nature of the distribution of scattering elements on the
surface, the initial values of the complex field of these elementary waves will also take random
values. Therefore, the value of the optical field will vary randomly for different observation
points.28 In this way, a spatial distribution of light and dark points is obtained as a consequence
of constructive or destructive interference (see Fig. 1).

Speckle laser-based techniques have recently been transferred to the field of biomedicine
from the area of optical metrology. In particular, the biospeckle is the product of a speckle pattern
that varies over time due to an ongoing biological process. Several recent works have explored
the BSL technique to characterize the dynamics of biological systems, determination of func-
tional vascular density, chemotaxis, and motility of microorganisms, detection of fungi, and the
study of microvascular blood circulation.29–32 The biological process of interest in this work is
the RBC aggregation. In particular, the characterization of the rouleaux formation process under
different RBC aggregation conditions. Previously, we worked with subjective BSL and found
indexes of interest for characterizing the erythrocyte dynamics and parameters indicators of the
ratio of the volume of RBCs to the total volume of blood known as hematocrit.33

The size of the speckle grain observed in the light scattered by an optically rough surface
depends on the illuminated area and the position of the observation plane, but not on the optical
system used to visualize it. For this reason, this type of speckle is referred to as objective speckle.
Consequently, as stated by Jones and Wykes,28 the mean speckle grain size reduced to one
dimension dsp is

EQ-TARGET;temp:intralink-;e001;116;128dsp ¼
λz
l0
; (1)

where the illuminated area is considered to have dimensions l0 × l0, λ is the wavelength
of the incident light, and z is the distance to the scattering surface. This work is focused on
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an objective biospeckle setup, allowing the recording of changes in the grain size of the BSL
pattern.

3 Materials and Methods

3.1 Sample Preparation

Peripheral blood samples from five healthy donors were used. Blood was drawn by venipuncture
and anticoagulated with EDTA. RBCs were obtained from whole blood by centrifugation at
1500g for 5 min at 24°C. The plasma phase was separated, buffy-coat was discarded, and the
RBCs were washed three times with saline, following the international recommendations for
hemorheological studies.34 In parallel, the morphological integrity of the cells was verified
by microscopy.

Suspensions of RBC in different media with dex500 were prepared to evaluate the character-
istic parameters of the BSL technique. RBC suspensions were obtained by mixing plasma or a
solution of phosphate-buffered saline (PBS) with dex500 solutions. For the latter, preparation of
the suspension media was carried out by replacing autologous plasma with PBS, EDTA
(0.056%), and albumin (Sigma, A9511-10G Lot# 107K7560V) at 0.5%. Albumin is necessary
to prevent the glass effect on RBCs and to maintain the integrity of the cells. Dex500 (500 kDa
molecular weight) was added to induce the formation of erythrocyte aggregates.7 To achieve this,
a 10% dex500 stock solution in PBS was prepared and mixed with the suspension medium to
obtain 0.2, 0.4, 0.6, 0.8, and 1.2 g∕dL dex500 solutions. Hematocrit was fixed to 40%, similarly
to the average physiological range.

3.2 Experimental Setup

The sample chamber was a previously developed optical chip with a circular test cavity of 15 μL
of volume, as described by Toderi et al.27 The objective BSL experimental setup, schematized in
Fig. 2, employed a He-Ne laser (λ ¼ 632.8 nm, 60 mW, Melles Griot) to illuminate the blood
sample. A dimmer was used to adjust the intensity of the laser beam, the area of illumination was
controlled by a 10× expansion lens (EL), and a pinhole was utilized to obtain uniform

Fig. 1 Speckle distribution obtained from a fresh blood sample.
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illumination of the sample. The optical chip was placed in the beam path between two mirrors,
M1 and M2. Mirror M2 allowed the observation of the forward scattered light, obtaining an
image of forward scattering BSL (FSC-BSL). Data were recorded by a video camera (Dalsa
model CA-D6, 256 × 256 pixels, 10 × 10 μmpixel) externally controlled by a frame grabber
(Coreco Imaging PC-DIG) and a CPU. The experiments were performed at controlled room
temperature of 24°C, and the system was mounted on an optical table (Melles Griot) to avoid
interference from external mechanical vibrations. It is worth mentioning that the average light
intensity increases throughout the experiment as the aggregation process occurs. Consequently,
the light intensity was adjusted to obtain the best BSL image quality for each experiment. In this
way, the average intensity is not determined by the specific characteristics of each sample, and its
variation in time would not affect the data processing.

3.3 Data Acquisition and Analysis

The blood sample was gently mixed several times and then injected into the optical chip.
Immediately after, the chip was positioned, and the sample was left unperturbed. At a sampling
rate of 8 frames per second (fps), 2000 images were registered during 250 s. The BSL distri-
butions were processed by custom software, creating a 3D matrix composed by the intensity map
of the pixels for each frame along time. To improve the identification of the information cor-
responding to the dynamic behavior of the RBCs, a software-implemented quadrature mirror
filter based on the discrete wavelet transform was applied to the recorded data.35,36 In previous
work, we proposed that the lower coefficients of this decomposition allowed us to better isolate
the signal from mechanical fluctuations of the suspension medium.33

3.3.1 Biospeckle parameters

Through computational algorithms, it is possible to acquire information on the kinetics of RBC
aggregation, aggregate morphology, and other characteristics of interest from the analysis of
BSL distributions. For this purpose, the following parameters based on numerical calculation
were obtained.

The correlation coefficient (CC) between the first image and the following ones is defined
as33

EQ-TARGET;temp:intralink-;e002;116;153CCðkÞ ¼
D
Ið0ÞIðkÞ

E
−
D
Ið0Þ

ED
IðkÞ

E
½ðhI2ð0Þi − hIð0Þi2ÞðhI2ðkÞi − hIðkÞi2Þ�1∕2 ; (2)

where k is the frame number that assumes values from 0; 1; : : : ; ðK − 1Þ with K the total number
of images from the sequence recorded during the experiment; IðkÞ is a two-dimensional matrix
composed by the gray levels of each pixel corresponding to frame k; and hi denotes the mean

Fig. 2 Schematic representation of the objective BSL experimental setup, side view. EL, expan-
sion lens; PH, pinhole; M, mirror.
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value operator. The operations between matrices, such as product and square, are performed on
an element-to-element basis. The operator hi is the arithmetic mean of the matrix elements.
This coefficient provides a quantitative comparison of the similarity of each biospeckle pattern
IðkÞ of the sequence of images with respect to the first one Ið0Þ chosen as the reference state.

The inertia moment (IM) is defined as33,37

EQ-TARGET;temp:intralink-;e003;116;675IM ¼
X
i

X
j

COMði; jÞ
Norm

ji − jj2; (3)

where i and j are the matrix coordinates, Norm is the normalization of the co-occurrence matrix
(COM),38 and COM is calculated from the time history speckle pattern (THSP).39 The THSP was
constructed from a random Gaussian distribution selection of points around the central pixel of
the first frame for each calculation. The COM evaluates the dispersion of consecutive pixel val-
ues in the THSP, representing a transition histogram of intensity. The higher the activity is, the
wider the spreading around the main diagonal results is.33 Then, the spreading around the main
diagonal can be quantified by the IM.

When evaluating the CC, fast loss of correlation was observed for the high-frequency band
regardless of the RBC sample and the initial time considered for the CC. By contrast, the CC
showed variations in time for the low-frequency band, implying different decorrelation evolu-
tion. These results suggest that data from the low-frequency bandwidth are related to the aggre-
gation conditions, which are the experiments’ changing factors. The high-frequency bandwidth
would mainly contain information about the suspension medium fluctuations, where the
mechanical characteristics of the fluid remain unchanged. Similar observations were reported
by Braga et al.40,41 for plants, seeds, and sperm. These medium fluctuations would not be attrib-
uted to external mechanical vibrations, but to local internal turbulence inherent to the system.
Regarding the IM, the discrimination of the signal only globally shifted the values and did not
change the trends observed over different sample conditions. Consequently, we used the full
signal for IM calculations.

The normalized autocovariance function was calculated for each frame from the intensity
distribution recorded in the 3D matrix to study the time evolution of the grain size of the
BSL pattern. This method uses the intensity autocorrelation function that measures the average
radius of a speckle grain.42 Considering the autocorrelation function for the frame Iðx; yÞ, as
RIðx; yÞ, where x and y are the spatial coordinates, the normalized autocovariance function
of the intensity ACIðx; yÞ is

EQ-TARGET;temp:intralink-;e004;116;327ACIðx; yÞ ¼
RIðx; yÞ − hIðx; yÞi2

hIðx; yÞ2i −
�
Iðx; yÞi

2
: (4)

RIðx; yÞ is obtained from applying the inverse Fourier transform ðFT−1Þ to the power spectral
density (PSD) of the intensity written as

EQ-TARGET;temp:intralink-;e005;116;243PSDIðvx; vyÞ ¼ jFT½Iðx; yÞ�j2; (5)

where FT is the Fourier transform.
Therefore, combining Eqs. (4) and (5), the normalized autocovariance function of the inten-

sity results

EQ-TARGET;temp:intralink-;e006;116;174ACIðx; yÞ ¼
FT−1½jFT½Iðx; yÞ�j2� − hIðx; yÞi2

hIðx; yÞ2i − hIðx; yÞi2 : (6)

Then, the full width at half maximum (FWHM) of the function ACI is defined as ah and av
for the horizontal profile ACIðx; 0Þ and the vertical profile ACIð0; yÞ as depicted in Fig. 3.

These parameters provide information representative of the dimensions of the BSL grain.
Moreover, Sg ¼ ah × av was defined as an approximation of the area occupied by the BSL grain.
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In our experiments, the calculation of each BSL parameter includes a normalization process
so that the variation of the average intensity over time does not significantly affect the final
result.

In addition, parallel determinations were performed with a previously developed optical chip
aggregometer based on light transmission.27 This device registers the intensity of light transmit-
ted through a blood sample, which changes in time due to the aggregation process, giving curves
called syllectograms. The same test chamber geometry and sample management make it possible
to compare the two methods.

4 Results

As previously introduced, it is known that dex500 alters the adhesion mechanism of the eryth-
rocytes, and depending on its concentration in the suspension medium, different degrees of RBC
aggregation occur.7 As the blood sample shows activity over time due to RBCs dynamics, the
“illuminated area” varies according to the formation of structures by cell adhesion. In the case of
increased erythrocyte aggregation resulting in large rouleaux or clusters, a decrease in the illu-
minated area is expected due to the smaller number of isolated cells.

The studied case is composed of a discontinuous group of scatterers that dynamically change.
In this way, the area that produces the scattering phenomenon (the illuminated area) is different
from the area that the incident beam occupies, which is defined as the area of illumination. This

Fig. 3 3D reconstruction of the autocovariance function for a particular frame of the BSL collection
obtained from (a) blood sample, (b) horizontal profile and FWHM, ah, and (c) vertical profile and
FWHM, av .
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terminology refers to the idea that the change in the scattering area influences the grain size of the
speckle. The denominator in Eq. (1) is the area conformed by the scatterers that, in this case, is
not the same as the area that the beam occupies. Recalling Eq. (1), reducing the illuminated area
(l0 × l0) increases the BSL grain size. Figure 4 shows visual confirmation of the aggregates for a
hematocrit suitable for microscopic observation. All other microscopic images of RBC aggre-
gation that follow the same consideration as a physiological range hematocrit are not suitable for
imaging. Aggregates formation occurs in the same way for higher hematocrits, such as 40%,
which was used in all experiments.

The BSL grain size presented variations according to different dex500 concentrations in the
sample, reinforcing the hypothesis of the feasibility of using the objective BSL as a descriptor of
the erythrocyte aggregation phenomenon. In addition, the behavior of the CC and IM parameters
showed sensibility to these RBC aggregation alterations. Sections 4.1 and 4.2 present the results
for RBC suspended in autologous plasma and in PBS, both mixed with several concentrations of
dex500.

4.1 RBCs Suspended in Plasma with dex500

In these experiments, RBCs are in contact with proteins, electrolytes, and other plasma elements.
The fibrinogen is one of those plasmatic proteins favoring the binding of the cells and conse-
quently promoting the formation of rouleaux. Dex500 is added to this medium, so the aggre-
gation studied is due to the superposition of the two factors. The BSL parameters previously
described were evaluated, and the following results were obtained.

The CC presented different variations according to the concentration of dex500 present in the
sample (see Fig. 5). The decay of the CC is less pronounced as the erythrocyte aggregation
increases due to the effect of the polysaccharide in the formation of the bonds between
RBCs [see Figs. 5(a)–5(c)]. Curves are shown for different initial reference times, 60, 120, and
180 s. Considering the evolution of CC as an exponential function, the dependency of CC was
linearized by applying the natural logarithm. From the linear fitting slope, the correlation index
(CI) was obtained. In this way, a single value of CI is obtained for each sample and every CC
initial reference time. Figure 5(d) shows that the CI presents minimal variations with the refer-
ence time in media with dex500. In contrast, the control sample has a noticeable increment of the
CI. Overall, the CI exhibits higher values when dex500 is present in the media.

Recently, Toderi et al.33 proposed that IM varies with hematocrit, using a BSL subjective
experimental setup. Here, Fig. 6(a) shows that IM remains constant within the uncertainty for

Fig. 4 RBC aggregates suspended in plasma (a) and plasma with dex500 at 0.8 g∕dL (b). RBCs
aggregate in branched 3D structures reshaping the scatterers’ morphology and overall character-
istics of the illuminated surface, changing how light gets transmitted and scattered. Images from
the optical microscope with 40× objective lens, hematocrit 2.5%.
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different dex500 concentrations, supporting the previous hypothesis. Thus, we propose that
IM would not depend on the bonds favored by molecules that activate aggregation but on the
RBC concentration for the case of presence of plasma proteins. Figure 6(b) presents transmitted
light intensity as a function of time (syllectogram) registered with the optical chip aggregometer.
Curves of faster growth and greater amplitude are observed for increasing dex500
concentrations.

Variations in the BSL grain size were observed over time and between different samples.
Figure 7(a) depicts the grain size for each dex500 concentration. Also, the figure shows the
percentage variation obtained from the beginning to the end of the measurement (Δ%).
Experimental data were fitted with a cubic polynomial: Int0þ B1xþ B2x2 þ B3x3, giving three

(a) (b)

Fig. 6 (a) BSL parameter IM as a function of dex500 concentration in plasma, the error bars re-
present the standard deviation. (b) Syllectograms registered with the optical chip aggregometer for
RBCs suspended in plasma with dex500 at 0.2, 0.4, and 0.8 g∕dL.

(a) (b)

(c) (d)

Fig. 5 CC for RBCs suspended in plasma with dex500 at 0.2, 0.4, and 0.8 g∕dL for different initial
reference times: (a) 60 s, (b) 120 s, and (c) 180 s, respectively. CI for RBCs suspended in plasma
with dex500 at 0.2, 0.4, and 0.8 g∕dL, c is the control without dex500. (d) Horizontal axis repre-
sents the initial reference time at with the respective CC is calculated.
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adjustment coefficients. In addition, the intersections of the polynomials with the vertical axes
corresponding to 0 and 250 s were defined as parameters. Figures 7(b)–7(f) show the variation of
these parameters for the dex500 concentration. Monotonous behaviors are observed, mostly with
increasing tendencies as more dex500 is present in the sample except for B2 that decreased.

A gap in the initial value of the grain size is observed for the 0.8 g∕dL dex500 concentration.
However, the grain size time evolution is similar to the case of the other dex500 concentrations,
but with a more pronounced growth after 200 s. This result could be attributed to the presence of
clusters that were not initially disaggregated due to the combined aggregating effect fibrinogen
and dex500 at 0.8 g∕dL.

4.2 RBCs Suspended in PBS with dex500

Similarly to Neu et al.,7 the suspension of RBCs in PBS with dex500 solution allowed to control
the erythrocyte aggregation process. Therefore, only isolated cells were present in the suspension
medium without dex500 [see Fig. 8(a)]. As dex500 concentration increases, more complex
aggregates were obtained, and large branched rouleaux were observed [see Figs. 8(c)–8(f)].

The calculated CC showed slower decorrelation for higher concentrations of dex500.
Figure 9(a) shows an example of the CC corresponding to the samples for the initial reference
time of 120 s. The presence of more complex structures changes the dynamics of the scatterers,
and CC decorrelates more slowly. The linearization of this exponential decay using the natural
logarithm and further calculation of the corresponding slope allow us to obtain a single character-
istic value (CI), related to the sample behavior. The CI was calculated for each dex500 concen-
tration and every initial reference time (0, 60, 120, and 180 s), as shown in Fig. 9(b). The
absolute value of CI diminishes for each initial reference time, indicating a less steep decorre-
lation. The CI variations decrease at a longer initial reference time because the aggregation proc-
ess eventually reaches a plateau in activity. Moreover, the final values of CI are different for each
dex500 concentration which may be related to the final morphology of the aggregates.

Figure 10(a) shows a decrease of the IM as dex500 concentration increases in PBS. In this
way, this index would indicate the lowest accumulated activity of the intensity of the pixels
during the recording for 1.2 g∕dL of dex500. Moreover, all values were higher than those
obtained from RBCs suspended in plasma with dex500. The syllectogram for RBCs in PBS
indicates that the transmitted light intensity remains approximately constant as expected.
Samples in PBS with dex500 give syllectograms with higher amplitudes of transmitted light
and faster initial growths, as shown in Fig. 10(b).

The calculations for the BSL grain size Sg showed more differentiated behaviors than for the
samples with plasma. Figure 11(a) depicts Sg for each RBC sample and the corresponding fitted

(a)

(b) (c)

(e) (f)

(d)

Fig. 7 (a) Time evolution of the BSL grain size for RBCs in plasma with dex500, fitted by a
polynomial: Int0þ B1x þ B2x2 þ B3x3. Variation of polynomial fitting coefficients with dex500
concentration: (b) Int0, (c) B1, (d) B2, and (e) B3. (f) The value of the grain size at the end of
the measurement.
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curves. Also, Fig. 11(a) shows Δ% values whose amplitude is higher than the obtained for RBCs
suspended in plasma. A marked upward trend is observed in the variation of Sg as erythrocyte
aggregation increases due to the presence of dex500. Analogously to the case of RBCs in
plasma, the experimental data were adjusted through a cubic relationship giving three coeffi-
cients (B1, B2, and B3). In addition to the intersections of the polynomials with the axes cor-
responding to 0 and 250 s, Figs. 11(b)–11(f) show how these coefficients evolve according to the
analyzed sample. Throughout the recordings, the coefficients had monotonous behaviors with

Fig. 8 Visual confirmation of RBC aggregation, a low hematocrit was used to allow observation.
RBCs suspended in: (a) PBS, (b) plasma, PBS with dex500 at (c) 0.2 g∕dL, (d) 0:4 g∕dL,
(e) 0.6 g∕dL, and (f) 1.2 g∕dL. Microscopy images with 40× objective lens, hematocrit 1.5%.

(a) (b)

Fig. 9 Results for (a) CC at reference time 120 s and (b) CI as a function of reference time,
obtained from RBCs suspended in PBS with dex500 at 0.2, 0.4, 0.6, and 1.2 g∕dL; c is the control
corresponding to PBS without dex500. Horizontal axis represents the initial reference time at with
the respective CC is calculated.
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growing tendencies as dex500 concentration increased, except for the B2 that decreased. Spread
values between 2400 and 3000 μm2 were observed in the initial Sg, which is depicted by Int0
increasing with the concentration of dex500.

5 Discussion

The experiments designed to study the erythrocyte aggregation were performed under a BSL
objective configuration with EL to maximize and homogenize the area of illumination. The
observations during the BSL experiments allow us to propose the differentiation of the concept
of area of illumination, i.e., the area occupied by the incident beam in the sample and the illu-
minated area. The illuminated area is the effective surface on which the light encounters an
obstacle and is deflected or absorbed, giving rise to the BSL pattern. From the basis of the objec-
tive speckle, the grain size of BSL is inversely proportional to the illuminated area if the other
variables of the experiment remain constant.

It is important to note that Eq. (1) was used only to introduce the concept of objective speckle
formation and the speckle grain size to the experimental case studied. In this case, the speckle
grain size was evaluated using the autocovariance function. Other authors studied the grain size

(a)

(b)

(e) (f)

(c) (d)

Fig. 11 (a) Time evolution of the BSL grain size for samples with PBS and dex500, fitted by a
polynomial of the third degree: Int0þ B1x þ B2x2 þ B3x3. Variation with dex500 concentration of
polynomial fitting coefficients: (b) Int0, (c) B1, (d) B2, and (e) B3. (f) The value of the grain size at
the end of the measurement.

(a) (b)

Fig. 10 (a) BSL parameter IM as a function of dex500 concentration in PBS, the error bars re-
present the standard deviation. (b) Syllectograms registered with the optical chip aggregometer for
RBCs samples in PBS with dex500 at 0.2, 0.4, 0.6, and 1.2 g∕dL.
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variations in objective speckle. For example, Piederriere et al.43 observed variations in speckle
size related to the change of scatterers’ morphology while maintaining the invariance of the area
of illumination. In our experiments, the RBCs are the only factor that introduces variables since
the beam expansion is fixed throughout the entire measurement. Thus, the variations in grain size
are associated with variations of the illuminated area attributed to changes in the 3D morphology
and distribution of the scattering elements. Given this, it is possible to formulate indirect mon-
itoring of the formation of different structures, such as rouleaux or clusters. The syllectograms
[Figs. 6(b) and 10(b)] show an increase of the light intensity over time as there is less interaction
with larger and more spaced apart structures. The bigger the scattering particle is, the more
forward-oriented is the scattered light intensity.44 This observation is consistent with a decrease
in the illuminated area as the number of scatterers is reduced, and their size increases. The latter
approach would be a simplification because the rouleaux are complex branched 3D structures
and not spherical particles.

On the one hand, the RBCs suspended in plasma showed less susceptibility to the effects of
dex500. However, differentiated behaviors were observed as the erythrocyte aggregation occurs.
The CIs approached the −1 to −2 value range as the sample decreases its activity with time and
reaches saturation in structure formation. On the other hand, the CIs for the RBCs suspended in
PBS with dex500 assumed a wide range of values (−2 to −8). It is important to note that eryth-
rocyte aggregation is analyzed in several degrees leading to different structure size distributions
since scenarios vary from isolated cells to the formation of clusters. As the reference time is
higher, the CIs tend to have a stabilized value for each sample. We can point out that the final
values of CIs are different for each concentration of dex500, being an indicator of the degree of
RBC aggregation at the end.

In the case of RBC in plasma, the IM values are within the 100 to 125 range for the dex500
concentration. Further, it remained constant within the uncertainty, which would support the
hypothesis of its dependency on hematocrit, as occurs for subjective FSC-BSL.33 An activity
decrease is observed in the sample of RBCs suspended in PBS with dex500 at 1.2 g∕dL.
This low activity can be related to a rapid formation of structures, less isolated cells, and the
early appearance of sedimentation. This parameter represents the sample dynamics for different
RBC aggregation states. Therefore, a “reference range” could be established for comparing dif-
ferent blood samples.

Variations in the BSL grain size were recorded for plasma with dex500 and PBS with dex500
suspension media. The index Sg presented a more marked time dependence for RBCs in PBS
with dex500. The growth of Sg is similar between the RBCs in plasma media, and the polynomial
fit coefficients follow the same trend as in the case of RBCs in PBS with dex500. In vitro
erythrocyte aggregation ranging from isolated RBCs to the formation of clusters results in traces
of Sg with a faster-increasing behavior as the dex500 concentration is higher in the sample.
This behavior is observed in the variation of the polynomial fit coefficients and the grain size
change.

The gap in the Sg initial value is reproduced in the PBS-dex500 media but in a more evenly
distributed fashion than the corresponding to plasma-dex500 media. These initial differences are
attributed to the presence of structures that have not been disaggregated before the recording, and
it is expected that they will be more abundant as the dex500 concentration increases in the sus-
pension medium. The formation of linear structures that require higher shear stresses to disag-
gregate occurs for dex500 concentrations close to- and greater than 1 g∕dL. In this sense, more
RBC aggregate morphologies can reach the condition of “cluster.”7

The Sg fitting was carried out, and characteristic coefficients of the erythrocyte aggregation
were obtained to help the identification of anomalies (for example, in vascular pathologies).
Particularly, the polynomial fit coefficients give information about the type of grain size growth
as they characterize the shape of the grain size versus time. The experimental data were fitted
using the best polynomial fit to characterize three stages: initial growth, slight plateau, and final
growth. The polynomial coefficients are related to each experimental sample and describe the
time evolution of Sg. In particular, the linear coefficient B1 is the most sensitive to the dex500
concentration. The B3 coefficient shows a steep growth of the grain size versus time after a slight
plateau in the Sg evolution. At that stage, RBC sedimentation occurs as commonly expected and
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described by Fabry.45 The presence of dextran in the suspension medium would induce early
sedimentation of erythrocyte aggregates Consequently, the B3 coefficient may be associated
with the sedimentation phenomenon.46 The BSL grain size monitoring contains information
on both the dynamics and the morphology of the scattering element. The development of this
technique is aimed to further contribute to non-invasive diagnostic technologies related to the
study of blood and the interaction of its components. It would be possible to describe particular
states of erythrocyte aggregation using the Sg parameter and differentiate pathological conditions
of the blood. In this way, by standardizing the measurement device, controlling variables, such as
the distance of the sample to the image plane, and compacting the experimental arrangement, it
would be possible to develop a portable device for the study of erythrocyte aggregation based
on BSL.
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