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Abstract

In this study we investigated the human red blood cell (RBC) dynamics by

means of biospeckle laser analysis. Blood samples from healthy donors were

introduced in a 0.8 mm internal diameter capillary tube, and illuminated with

a He-Ne laser in order to obtain the biospeckle pattern from both side and for-

ward scattered light. Experiments were carried out for different concentrations

of red blood cells in plasma, from 25% to 50%. Biospeckle parameters such as

Correlation Coefficient and Inertia Moment, were calculated for different fre-

quency bandwidths in order to assess their sensitivity and versatility. A filter

based on the Discrete Wavelet Transform was used to decompose the registered

sample activity. A relation between Inertia Moment and the RBCs to plasma

volume ratio was observed. The Correlation Index that measures the level of

correlation of biospeckle images was defined and analyzed. This work inquires

in a technique that is suitable for the development of novel non-invasive optical

tools for clinical diagnosis in vascular pathologies.
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1. Introduction

Human red blood cell (RBC) interaction dynamics has a wide spectrum of

interest, involving research on RBC mechanical properties [1, 2, 3], theoretical

approaches [4, 5, 6, 7], optical and image processing techniques [8, 9, 10, 11]

and immediate application in Biomedicine [12, 13]. Consequently, it is of great5

importance to develop techniques as well as equipment which allow the evalua-

tion and characterization of blood dynamics due to its implications in vascular

pathologies such as diabetes and hypertension [14, 15, 16]. In particular, one

of the main goals of these investigations is to contribute to the development of

non-invasive techniques in order to early detect and monitor vascular diseases.10

In vivo, RBC adhesion phenomena have a determinant role in blood flow

and vascular resistance. One of the main consequences of the RBC interaction

in stasis, i.e. without shear stress, is the formation of structures that normally

consist of face-to-face linear assembles called rouleaux [17]. Also, this phe-

nomenon occurs simultaneously with the sedimentation of the structures due15

to gravity [18]. RBC dynamics can be analyzed by several methods and tech-

niques [19, 20, 21, 22, 23, 24] involving different sample volumes and previous

preparation steps.

In the last few years, coherent light-based techniques have aroused attention

due to their neglectable perturbation in the studied samples [25, 26]. When20

a scattering medium, e.g. a red blood cell suspension, is illuminated with a

coherent light source, an interference pattern is observed at the image plane

as shown in Fig. 1. This interferometric phenomenon carries information of

the morphology of the illuminated sample. The final optical field is presented

as a distribution of speckles, and when the distribution is time dependent, the25

phenomenon is called dynamic speckle. Moreover, if this variation in time is the

consequence of a biological process, it is presented as biospeckle laser (BSL) [27],

which has been observed as a sensitive way to study the dynamic behavior of

blood [28, 29, 30, 31]. Processes such as cell interaction, cytoplasmic fluctuations

and biomechanical reactions related to water activity can be responsible for the30
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Figure 1: Typical speckle pattern obtained from a human blood sample.

variation of intensity of each speckle pattern.

In this work, BSL analysis was applied to study the dynamic behavior of

different concentrations of RBCs inside a capillary tube, as a first approxima-

tion to the geometry of blood vessels. Determinations were performed obtaining

speckle patterns created by side and forward light scattering (SSC and FSC). In35

this way, we took into account that the interference phenomena develop differ-

ently due to the RBC motion and the different points of observation involved. In

order to better identify the cell behavior, we applied a Discrete Wavelet Trans-

form (DWT), which makes it possible to represent a signal through a reduced

number of factors [32]. The fact that BSL is a non-destructive technique, to-40

gether with the relatively simple experimental setup, could make it a relevant

tool for biological applications.

2. Materials and Methods

2.1. Blood Sample Preparation

Whole blood samples were obtained from healthy donors (n=5) by venous45

puncture and anticoagulated with EDTA. Donor age range was from 25 to 30

years old (two women and three men), did not have any pre-existing health

problems (e.g. cardiovascular disease, respiratory disease, endocrine disease,
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haematological disorders or neoplasm etc.) and had normal hepatic, and renal

function, coagulation and complete blood count. The samples were used within50

4 hours after their extraction, according to the recommendations of Ref. [33].

RBCs were obtained from whole blood centrifuged for 5 minutes at 2000 rpm

(Paralwall Model PWL 12T). Buffy coat was discarded and plasma was sepa-

rated and reserved for further use. RBCs were washed two times with saline

solution. Samples were prepared with different ratios of RBCs to plasma vol-55

ume (from 25% to 50% with steps of 5%) mixing the washed RBCs with the

autologous plasma. The RBCs concentration was checked by a Microhematocrit

centrifuge (Rolco CH 24).

Each prepared blood sample was introduced in a 0.8 mm internal diameter

capillary tube by means of a syringe just before conducting the experiment.60

RBCs interaction phenomenon occurrence was verified using a previously devel-

oped optical chip aggregometer [8], and the integrity of the cells was confirmed

by optical microscopy.

2.2. Experimental Setup

The experimental setup is shown in Fig. 2. The light of a He-Ne laser65

(λ=632.8 nm, 60 mW, Melles Griot) passed throughout an intensity dimmer

and a 10x microscope lens (LE), which was used to expand the laser beam in

order to uniformly illuminate the sample. Microscope lenses LS and LF, both

4x magnification, captured side and forward scattered beams. Two diaphragms

were positioned after the lenses in order to control the biospeckle grain size.70

The sample was tightly placed in the optical path of both lenses slightly out of

focus. Mirrors M1, M2 and M3 permitted the observation of the 90◦ scattered

beam that gives rise to the SSC biospeckle image. When M3 was removed, the

FSC biospeckle image was obtained. Finally, experimental data were recorded

by a video camera (Dalsa model CA-D6, 256 by 256 pixels, 10 µm per pixel)75

externally driven by a frame grabber (Coreco Imaging PC-DIG) and a CPU.

All experiments were conducted at controlled room temperature of 24◦C.

Setup was mounted on a Melles Griot optical table to avoid any vibrational
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Figure 2: Schematic representation of the setup from the lateral side and showing a frontal

view of the capillary tube containing the blood sample.

interference.

2.3. Data Acquisition and Analysis80

The laser was turned on and left 10 minutes for beam stabilization. Camera

and software were initialized and set to a frame rate of 8 frames per second. A 0.8

mm internal diameter capillary tube was previously filled with approximately 30

µL of blood and secured with syringes on both sides. After tightly positioning

the sample, RBCs were slowly disaggregated as proposed in Ref. [34]. The85

recording of the biospeckle signal started 10 seconds after the disaggregation

process ended, and the sample was left non perturbed throughout the entire

recording process and 1600 uncompressed images were registered corresponding

to a 200 s time lapse. By removing or repositioning mirror M3, two stacks

of images were recorded per sample corresponding to FSC biospeckle and SSC90

biospeckle. The procedure was reproduced for each studied sample.

Data were analyzed by custom software as follows. Firstly, a 3D matrix con-

taining the pixel intensity map for each frame was created. In order to better

identify the information corresponding to RBC dynamic behavior, a quadrature

mirror filter based on the Discrete Wavelet Transform (DWT) was applied to95
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the recorded data. After signal decomposition, low frequencies and high fre-

quencies were separated having the cut-off at 1/4 of the sampling frequency.

Subsequently, the inverse process was performed but neglecting the low coeffi-

cients and the high coefficients respectively for each reconstruction. The final

result consists of two 3D matrix containing the information from 0 to f/4 Hz100

and f/4 to f/2 Hz respectively, being f the sampling frequency.

2.4. Biospeckle parameters

Computational processing algorithms were applied to the original biospeckle

signal and the filtered ones. The biospeckle parameters Correlation Coefficient

(CC) and Inertia Moment (IM) were calculated in order to asses the RBC in-105

teraction phenomena.

The Correlation Coefficient CC(k) between the first image and the subse-

quent ones is defined as [35]

CC(k) =
〈I(0)I(k)〉 − 〈I(0)〉〈I(k)〉

[(〈I2(0)〉 − 〈I(0)〉2)(〈I2(k)〉 − 〈I(k)〉2)]1/2
, (1)

where k is the frame number that assumes values from 0, 1, ..., (K − 1) being

K the total number of images of the sequence recorded during the experiment.110

I(k) is the pixel intensity map, a 2D matrix composed by the gray levels of each

pixel corresponding to frame k, and 〈〉 denotes the mean value operator, i. e.

the mathematical average of the matrix elements. This coefficient provides a

quantitative comparison of the similarity of each biospeckle pattern I(k) of the

temporal series with respect to the first one I(0) chosen as the reference state.115

Moreover, the plot of the CC(k) as a function of the frame number k gives a

quantitative measurement of the dynamics of the process under analysis [35].

This index is related to the motion of the scatterers, in particular the RBCs,

whose dynamics is expected to be conditioned by the number of cells present in

the sample.120

The computation of IM requires the previous calculation of the Time His-

tory Speckle Pattern (THSP) [36] and subsequently the Co-occurrence Matrix

(COM) [37]. The THSP shows the time evolution of a pixel intensity. In this
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Figure 3: Gaussian distribution for 256 randomly chosen points around the center of the

image (white circles), used to construct the THSP.

work, analyzed points were randomly selected based on a Gaussian distribution

around the central pixel of the image (see Fig. 3) for each calculation, giving a125

better statistical approach. Figure 4 shows a THSP used to calculate the corre-

sponding COM. The COM evaluates the dispersion of consecutive pixels in the

THSP, representing a transition histogram of intensity. The element COM(i, j)

is the number of occurrences of a certain intensity value i that is immediately

followed by an intensity value j. Points are spreaded along the principal diag-130

onal of the matrix as seen in Fig. 5, indicating the activity of the sample. The

aforementioned activity would be attributed to the Brownian motion of single

cells, the formation of linear structures and the sedimentation process. Briefly,

the higher the activity is, the wider the spread around the principal diagonal

results.135

The spread around the principal diagonal can be quantified by IM, which is

defined as

IM =
∑
i

∑
j

COM(i, j)

Norm
|i− j|2, (2)

where i and j are the matrix coordinates and Norm is the normalization of the

co-occurrence matrix [38].
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Figure 4: Time History Speckle Pattern (THSP) constructed from a Gaussian distribution

of points for a 50% RBCs to plasma volume sample dynamics. Each row represents the time

evolution of the intensity of the corresponding pixel.

Figure 5: Co-occurrence Matrix (COM) calculated from the THSP presented in Fig.4.
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3. Results140

RBC interactions were studied by BSL analysis in samples of different ratios

of RBCs to plasma volume. Variations of the parameters were observed and

their sensitivity was evaluated obtaining the following results.

3.1. Correlation Coefficient

The CC was calculated for data obtained by DWT filtering. Determina-145

tions were focused on the images obtained by FSC biospeckle because the SSC

biospeckle data showed loss of correlation in the first 0.5 s for every sample, with

the CC rapidly dropping to a minimum value. The CC was calculated setting

the first reference frame after 60 s, 120 s and 180 s to study the evolution in

different moments of the RBC interaction process. Fast loss of correlation was150

observed for the high frequency band regardless the ratio of RBCs to plasma

volume and the initial time considered for the CC. On the other hand, the CC

showed variations in time for the low frequency band, implying different decor-

relation evolution (see Fig 6 (a)). In addition, variations were observed with

respect to the ratio of RBCs to plasma volume. In every studied sample, CC155

values rapidly dropped to a minimum when using the first acquired image as

the reference state. Therefore, these particular results were not reported for

the sake of clarity. Considering the CC decay as an exponential function, it

is possible to linearize the CC dependency by applying the natural logarithm.

The natural logarithm of the CC was linearly fitted (see Fig. 6 (b)), and the160

slope obtained was defined as the Correlation Index (CI). The Coefficient of

Determination R-Squared for every linear fitting took values from 0.95 to 0.99.

Figure 7 shows the mean values of the CI for the experiments performed by

forward scattering, which shows that the CI stabilizes in approximately -2 at

40% of RCBs to plasma volume.165

3.2. Inertia Moment

IM was calculated for different quantities of analyzed points, starting from

500 up to 10000 points with steps of 500 points as previously described. The
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computing time was less than 2 minutes for the whole process per concentration

per sample. Calculations were performed using the original signal. The IM170

values obtained from iterations with more than 4000 points of analysis showed

insignificant variations for every RBC concentration. Consequently, this number

of analyzed points was proposed for future calculations. Figure 8 (a) shows the

IM value variation versus the number of analyzed points for the particular case

of a 35% of RBCs to plasma volume sample. It can be noticed that after 4000175

analyzed points the IM values tend to their mean value.

As the ratio of RBCs to plasma volume increases, light intensity is dimin-

ished due to a higher number of cells present in the sample. To address this

issue, light intensity was adjusted to achieve the best contrast conditions regard-

ing the compatibility speed between the camera and the phenomenon. Figure 8180

(b) shows the mean light intensity versus time for four different ratios of RBCs

to plasma volume. It can be noticed that the mean light intensity is approxi-

mately the same for every experiment and remains roughly constant with time

throughout each measurement.

Figure 8 (c) and (d) depict the dependence of the IM on the RBC concen-185

tration present in each test. In the case of FSC biospeckle, the IM values are

lower for higher number of cells but the tendency is reversed for SSC biospeckle.

The reported IM values correspond to the mean obtained from five samples for

each ratio of RBCs to plasma volume.
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4. Discussion190

In this work a DWT based filter was applied to better distinguish RBC

interactions, where blood samples were introduced in a capillary tube and il-

luminated with a He-Ne laser to obtain biospeckle images. Two arrangements

were applied, SSC and FSC, obtaining the corresponding correlation coefficients

for the high and low frequency bandwidth data.195

This technique is based on collecting the random scattered light from the

sample. Therefore, no geometrical reference is associated with the observed

speckle pattern. The recorded information is the result of the contribution

of all the particles that constitute the analyzed volume. The speckle grains

are consequence of constructive and destructive interference of the scattered200

light, thus there is no actual visualization of the RBCs. Consequently, this

technique does not distinguish inhomogeneities in the particle density inside

the capillar related to geometrical aspects. In addition, eventual fluctuations of
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the hematocrit inside the tube would be masked by the global behavior of the

blood sample.205

Results for the high frequency data showed the same behavior disregarding

the blood sample analyzed. The suspension medium, i.e. the plasma, is the

variable which stays the same for every test. On the other hand, the CC evolu-

tion calculated from the low pass filtering shows variations with respect to the

ratio of RBCs to plasma volume, meaning differences in the dynamics of the210

cells. These results suggest that the data from the high frequency bandwidth

mainly contain information about the suspension medium fluctuations as simi-

larly stated in Refs. [39, 40]. Even though the initial and acquisition conditions

were the same for every test, the CC calculated from SSC biospeckle rapidly

drops to zero, this not being the case of the calculations for FSC biospeckle.215

Consequently, the plasma fluctuations and RBC interaction could have a greater

influence on SSC biospeckle.

It was observed that IM values follow an inverted tendency for data collected

from each experimental setup. IM values obtained by SSC biospeckle increase

as the ratio of RBCs to plasma volume increases, but those obtained by FSC220

present an inverse behavior. It is important to take into account that the con-

sequences of RBC interaction and plasma characteristics, such as the formation

of 3D structure aggregates known as rouleaux, could have a major influence on

the sedimentation process of the scatterers. Through the experiments, sedimen-

tation dynamics is observed from different points of view, which may possibly225

influence the final result of the IM values, e. g. the aforementioned inverted ten-

dency, adding the fact that the volume of RBCs tweaks the amount of activity

present in the sample.

The variations of the IM with respect to the RBCs to plasma volume encour-

ages the use of this index as an hematocrit identifier. For each test, the light230

intensity was set so as to have the best biospeckle image quality, and therefore

the mean intensity is not determined by each specific sample characteristics.

This fact would make it possible to use the obtained IM vs. hematocrit curves

without the requirement of initial calibration while preserving the biospeckle
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image quality, as long as the experimental setup is conserved.235

5. Conclusion

In the present work we studied the human RBC dynamics by means of

biospeckle laser analysis, emulating the geometry of a vessel with a capillary

tube. It was possible to obtain two kinds of biospeckle images from one ex-

perimental setup corresponding to the SSC and FSC by simply repositioning240

one mirror. It is presumable that the RBC interaction activity information is

mainly contained in the low frequency bandwidth determined by DWT filtering

of the data obtained by forward scattering biospeckle. The IM parameter could

be used as a RBCs to plasma volume identifier.

It should be noticed that no alterations on the RBCs or the suspension245

medium were performed. Therefore, further studies would involve the alter-

ation of the aggregation properties of the RBCs and the protein content of the

plasma, both determinant factors in blood viscosity and microcirculation. The

simplicity of the experimental arrangement together with the low-cost compo-

nents required and its potential non-invasive attribute makes the biospeckle250

method stand out among the coherent light-based techniques. These character-

istics make it suitable for assessing erythrocyte dynamics to improve diagnosis

and further treatment of vascular pathologies, in particular because of the statis-

tical nature and time dependency of the results. Short term objectives concern

evaluating additional biospeckle descriptors in order to obtain as much infor-255

mation as possible from one measurement. This mainly relies on the biospeckle

image quality.

These investigations represent the first steps towards the achievement of

innovative optical techniques related to blood characterization and diagnosis.
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