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Abstract. Dynamic laser speckle phenomenon allows a contactless and nondestructive way to monitor biologi-
cal changes that are quantified by second-order statistics applied in the images in time using a secondary matrix
known as time history of the speckle pattern (THSP). To avoid being time consuming, the traditional way to build
the THSP restricts the data to a line or column. Our hypothesis is that the spatial restriction of the information
could compromise the results, particularly when undesirable and unexpected optical inhomogeneities occur,
such as in cell culture media. It tested a spatial random approach to collect the points to form a THSP.
Cells in a culture medium and in drying paint, representing homogeneous samples in different levels, were
tested, and a comparison with the traditional method was carried out. An alternative random selection
based on a Gaussian distribution around a desired position was also presented. The results showed that the
traditional protocol presented higher variation than the outcomes using the random method. The higher the
inhomogeneity of the activity map, the higher the efficiency of the proposed method using random points.
The Gaussian distribution proved to be useful when there was a well-defined area to monitor. © 2017 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.22.4.045010]
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1 Introduction

Dynamic laser speckle or biospeckle laser is an optical phe-
nomenon that can be used to monitor biological and nonbiolog-
ical activity in many areas.'™ There are many ways to provide
the monitoring. In some, the observed area is considered homo-
geneous; thus, the outcome can be summarized by a numerical
index, such as in maturation of fruits*> or in motility of sperm®
and parasites in liquid medium, among others.” Applications
monitoring the activity in meat,® in carrot’s respiration,’ in para-
sites,!” or even in cell’s culture!! are examples of the hypothesis
of the homogeneity when the numerical index is adopted to
quantify the activity of a material.

Despite that, most phenomena, including those cited, present
a level of inhomogeneity that can compromise the outcome,
adopted as indirect information of a biological, chemical, or
physical phenomenon. The application in cells, for instance,
can be a case where the aleatory distribution of isolated cells
creates clusters of different activities in the illuminated
samples.'>'*

The same phenomenon, linked to random movements, can be
observed in microbial populations'>™'7 and in the transition from
random to coordinated directional migration'® or even in cell
division.!® Thus, despite that the study of cells and microbial
population considers them homogeneous environments, reduc-
ing their complexity,?® the assumption of homogeneity cannot
be applied directly to biospeckle laser monitoring of cells and
microbial distribution in a medium.

The main hypothesis of this work assumed that the tradi-
tional methods to analyze the dynamic laser speckle, building
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the time history of the speckle pattern (THSP),>'** are compro-
mised by the variation of homogeneity in the illuminated
sample, particularly cells in a medium. Thus, the THSP, usually
built by a line or a column, may not represent the sample regard-
ing the homogeneity. This work evaluated the quality of the
traditional sampling regarding the construction of the THSP and
proposed a random sampling to overcome the variation of
homogeneity during the dynamic laser speckle analysis.

2 Materials and Methods

2.1 Preparation of Samples
211 Culture of RAW 264.7 cells

For dynamic speckle analysis, 8 x 105 RAW cells in four
wells of multiwell cell culture plates, 2 X 10° RAW cells per
well, with clear-bottom polystyrene treated with CellBIND®
(Corning Life Sciences, Hazebrouck Cedex, France), were left
to adhere for at least 2 h at 37°C and 5% CO,. The room temper-
ature was ~30°C and 56% relative humidity, measured before
and after the imaging.?

Four wells with the same number of cells were used, with 10
replications, resulting in a set of 40 samples.

2.1.2 Paint drying

A surface of 4.5 cm? was painted with acrylic white ink, form-
ing a homogeneous layer. The room had 22°C to 23°C and
51% to 53% of humidity. The 10 replications were tested for
each hour.
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2.1.3 Coffee seed and cancer tissue

The raw data of a coffee seed** and of a cat’s cancer tissue®

were used to evaluate the feasibility of Gaussian distribution
of the selected points around an interested area. In the case
of the coffee seed, the interested area was the endosperm of
the seed, while the interested area in the cat’s tissue was the
normal tissue surrounding the cancer tissue.

2.2 Dynamic Laser Speckle Setup

Figure 1 presents the experimental setup to acquire the speckle
patterns generated in time by the illumination of the samples
using a linearly polarized He-Ne laser beam (632.8 nm,
30 mW). The beam size of the expanded laser light was
110 mm in diameter, presenting a monitored area of a square
edge with 38 mm. The images were acquired by a compact
macrolens (SIGMA) with a focal length of 50 mm, numerical
aperture of f/16 (speckle size was 12.35 ym), connected to
an Allied Vision Technologies charge-coupled diode (CCD)
camera (AVT Marlin F-145B), pixel size of 4.65 ym.

2.3 Methodology to Speckle Patterns Acquisition

In the case of raw cells, at the beginning of each hour, during
8 h, a collection of 120 images (8 bits, 640 x 480 pixels, and
shutter speed 1/125 s) was acquired at a rate of one frame
per second. While in the case of paint drying, at the beginning
of each minute, during 10 min, a collection of 96 images was
acquired at a rate of 15 frames per second.

2.4 Image Processing

The speckle patterns were analyzed by graphical and numerical
indexes. The graphical index adopted was the generalized
differences (GDs)*® addressed by Eq. (1). The outcomes were
used to evaluate the level of homogeneity in the map of activity
that can be presented in colors, with blue meaning low activity
and red meaning high activity (or in gray levels, with dark gray
meaning low activity and light gray meaning high activity).

GD = "> |l = Il e
k !

The numerical index adopted was the average value of the
differences (AVD)?® presented as

Mirror He-ne laser

CCD camera
1 —— Computer
-

Sample

Beam
splitter

Fig. 1 Experimental configuration adopted to get the dynamic laser
speckle of cells and of drying paint.
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AVD = ZCOM,-j|i —Jl, )
ij

where COM is the co-occurrence matrix related to the THSP and

i and j variables represent the line i and the column j of each

point of the COM matrix, respectively.

The construction of the THSP using the traditional selection
of a line (Fig. 2) and the alternative proposal using random
points in the first image (Fig. 3) was done before the adoption
of Eq. (2).

000 THSP
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Fig. 2 THSP methodology: (a) using the traditional selection of a row
in a collection of speckle patterns in time, (b) random points in the first
image (ROI) and fixed in the other images in time, and (c) of random
points in the SROIs.

Well

Random number
ROI of pixels

Line of pixels
to make THSP

(a)

Well

Random number of pixels in
each subregion of interest (SROI)

Line of pixels to make THSP in
each subregion of interest (SROI)

(b)

Fig. 3 ROI treatment: (a) detail of the data used to construct the
THSP using the random points and the selection of pixels in a line
within the ROI and (b) detail of the division of subregions within
the main ROI (SROI), using random points and a line within each
SROI.

SROI

April 2017 « Vol. 22(4)



Braga et al.: Dynamic laser speckle analyzed considering inhomogeneities in the biological sample

2.41 Time history of the speckle pattern by finite number
pixels

Biospeckle activity in the analyzed regions of interest (ROIs)
was quantified by descriptors based on temporal analysis,
using the AVD method,?® after the creation of a THSP?’ matrix
as can be seen in Fig. 2(a).

In Fig. 2(b), it is possible to see the new proposal where the
THSP was created using a random number of pixels spread in
the well instead of using a row, as presented in Fig. 2(a). The
comparison of the traditional usage and the random points was
conducted in the whole image (ROI), dividing the ROI in nine
pieces [sub-ROIs (SROD)]!! as presented in Fig. 2(c).

A row was also used to create a THSP in each of the nine
squares, and their AVD could be compared to the proposed
method based on the random assembling in the first image in
time, with fixed points during the construction of THSP.

In Fig. 2(d), one can see the two methods in the main ROI
(whole area), and in Fig. 2(e), one can see the way the two meth-
ods were applied in the nine SROIL.

The size of the line in the main ROI had 244 pixels, creating a
THSP of 244 % 120, where the value 120 represents the images
collected in time, at a rate of 0.08 s. In the same way, the THSP
was also constructed using the random values with 244 x 120,
where the value 244 represents the random pixels in 120 images
in time. The 244 random points selected in the first image stood
still in all the images in time. The possibility of using the column
instead of the line was tested, where the size of the column in the
main ROI was 250 pixels. It used five lines and five columns as
replications to test the variability of the traditional method. The
proposed method adopted five collections of different random
points to test the variability of the data.

In the nine SROI, the size of the rows inside them was
80 pixels, and the THSP resulted in a size of 80X 120,
where the value 120 represents the number of images collected
in time. The THSP was also constructed using the random val-
ues with 80 x 120, where the value 80 represents the random
pixels in 120 images in time. The random points since selected
in the first image were fixed during time.

2.4.2 Influence of the number of points in the time history
of the speckle pattern construction

The THSPs built using random points selected in the first image
and fixed during time were 250 x 120, 500 x 120, 1000 x 120,
10,000 x 120, and 40,000 x 120, with 120 meaning the number
of images in time and the other dimension of the THSP related to
the number of points adopted.

2.4.3 Analysis in homogenous samples—Drying paint

The test of the proposed method was conducted in samples
considered with high homogeneity, in this case, of drying paint.
A thin layer of ink was painted in a surface and illuminated by a
He—Ne laser using a backscattering configuration as presented
in Fig. 1.

2.4.4 Alternative to collect the random points—Gaussian
functions

An alternative way to create a collection of random points
around a desired area is presented and named Gaussian
THSP, where a circular area is defined by the radius of a
Gaussian distribution. The samples elected to be analyzed
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were highly heterogeneous with distinct areas of activity in
delimited portions of the illuminated area. A bean coffee seed
and a tissue with cancer were the samples used with the selection
of a point within a desired area, in this case, in a normal tissue.
The Gaussian distribution of the random pixels was then around
the selected point.

3 Results and Discussion

3.1 Analysis of the Distribution of Cells

In Fig. 4, it is possible to see the maps of activity in wells with
200,000 cells dispersed without a defined cluster and without a
homogeneous activity of the cells. The outcomes are the GDs of
128 images in time, in nine different hours. In the DGs, the
activities address from blue (dark gray), representing the low
activity, to red (light gray), representing the high activity of the
cells. The inhomogeneity in the maps of activities presents a
challenge in the numerical analysis of the biospeckle laser,
when usually a line in the ROI within the wells is the source
of data. For example, if you choose lines to get the pixels in
the center of the wells (ROI), those lines would not always
pass in the same area where the cells are expressing their activ-
ities. During 8 hours, the number of cells grew without a pattern
covering the area of the wells.

In Fig. 5, one can see the THSP images related to the cells
samples for the traditional and proposed methods.

3.2 Numerical Analysis Using a Line and Random
Points

In Fig. 6, the AVD outcomes of the biospeckle patterns related to
the wells are presented using lines of 244 pixels, columns of
250 pixels, and the same number of random points within
the ROI. The adoption of lines or columns with close sizes pre-
sented significant differences in the traditional method or even
when the random points were used. This reinforces the hypoth-
esis that the set of a line of a column to get the desired infor-
mation from a whole image can be done by chance and, thus,
can compromise the results when inhomogeneities occur.
Therefore, the outcome of the evolution of the biospeckle
activity in the cells during time, using the AVD, is addressed
in the same graphic (Fig. 7) in which the difference between
them regarding the variance is clear. The random points pre-
sented a smaller variance than the traditional method using

the line.
! High activity

4h 7h Low activity

8h

Fig. 4 Results of the GDs in the main ROI with cells alive during 8 h.
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Fig. 5 THSP images of cells using (a) random points and (b) traditional method.
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Fig. 6 Evolution of the biospeckle activity measured by the AVD index using (a) lines of 250 and 244 and
(b) random points.
' " ' ) ! ) ' " T Using Table 1, it is possible to see the values of the standard
Main ROI —e— Simple THSP deviations (SDs) related to the graphics presented in Fig. 7. The
10 —#—Random THSP SDs of the proposed method using the random points are smaller
than the traditional method with the line, in accordance with
the whiskers in the variance graphics (Fig. 7). The reduction
= \ of the variance, if compared to the traditional method, proves
3 \ the viability of the random method of selection proposed to
o 08F \ T build the THSP and thus to analyze the assay of cells.
> T~
< ~_ Sl
EANPE 3.3 Influence of the Number of Points in the Time
History of the Speckle Pattern Construction
0.6 T In Table 2, the mean values of AVD index and the random points
in the main ROI to construct the THSP are increased. All the
I I I I I values of AVD index were done, and the mean values were
0 2 4 6 8

Time (h)
Fig. 7 Evolution of the biospeckle activity measured by the AVD index

using line with size of 244 and 244 random points in an ROI using a
square inscribed in a circle, named main ROI.
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obtained with the respective SDs representing their evolution
with respect to the number of random points.

The stabilization of the SD can be better seen in Table 2,
particularly after 20,000 random points. This means that the
number of points is relevant for reducing the variation of the

April 2017 « Vol. 22(4)
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Table1 Outcomes of AVD related to cells inside the main ROl using a line and random points to build a THSP. The outcomes are represented by
the mean values of AVD and their SD with the respective percentages regarding the mean value.

Simple THSP Random THSP

Time (h) Mean (a.u) SD (a.u) % Time (h) Mean (a.u) SD (a.u) %

0 0.7558 0.1024 13.55 0 0.7247 0.0441 6.08
1 0.7212 0.0560 7.77 1 0.6753 0.0421 6.24
2 0.7756 0.0732 9.43 2 0.7263 0.0452 6.23
3 0.9211 0.1233 13.38 3 0.8589 0.0804 9.36
4 0.8361 0.0978 11.70 4 0.7848 0.0506 6.44
5 0.7235 0.0681 9.41 5 0.7093 0.0670 9.45
6 0.8839 0.0832 9.41 6 0.8106 0.0432 5.33
7 0.7797 0.0680 8.72 7 0.7531 0.0191 2.54
8 0.7572 0.0863 11.40 8 0.7341 0.0321 4.37

Table 2 Results of the AVD of the cells in all times representing the
SD with respect to the number of points.

Random THSP

Pixels numbers Mean (a.u) SD (a.u) %

250 0.7509 0.0567 7.56
500 0.7552 0.0501 6.65
1000 0.7559 0.0454 6.00
10,000 0.7559 0.0437 5.78
20,000 0.7558 0.0431 5.69
40,000 0.7559 0.0429 5.68

High activity

Low activity

Fig. 8 Results of the GDs in cells alive within the nine SROI.
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AVD values but with a saturation after one third of the total
points are chosen. In this case, the main ROI has 244 x
250 pixels, and thus the number of possible points is 61,000.

3.4 Analysis in Subregion of Interests

An alternative way to use the random points to build the THSP
was the division of the main ROI in SROIs, as presented in
Fig. 8, where the GD applied in the separated SROI presented
different maps of activity, which proved the inhomogeneity of
the sample.”®

In Fig. 9, the differences observed were tested using the
numerical approach (AVD), using the line and random points
to construct the THSP before the AVD outcome.

In Table 3, the values of the SD, representing the average of
the nine SROL, are presented, and they are higher than the case
of the main ROI (Table 1), particularly when the random points

1,6 T T T T T T T T T
9ROIls _ —e— Simple THSP
—m— Random THSP
141+ -
12+ — E

‘/
\
N
A
\
\/

06 .

0’4 1 L 1 " 1 " 1 L 1

Time (h)

Fig. 9 Average of the variations of the AVD of illuminated cells with
the construction of the THSP, using one line and random points.
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Table 3 Outcomes of the mean values of the AVD related to cells inside the nine SROI using a line and random points to build a THSP. The

outcomes are represented by the mean values of AVD and their SDs.

Simple THSP Random THSP

Time (h) Mean (a.u.) SD (a.u.) % Time (h) Mean (a.u.) SD (a.u.) %
0 0.8248 0.3029 36.7 0 0.7918 0.2526 31.9
1 0.7898 0.2349 29.7 1 0.7253 0.1825 25.2
2 0.9091 0.3412 37.5 2 0.7250 0.1942 26.8
3 0.9080 0.3795 41.8 3 0.8632 0.2922 33.9
4 1.0293 0.4528 44.0 4 0.7852 0.2269 28.9
5 0.8354 0.2718 325 5 0.7453 0.2121 28.5
6 0.8948 0.3641 40.7 6 0.8249 0.2399 29.1
7 0.8157 0.2106 25.8 7 0.7283 0.1686 23.1
8 0.7870 0.2009 255 8 0.7386 0.2190 29.7

1’6 T T T T T T T T T 1’6 T T T T T T T T T

Random THSP —e— Main RO Simple THSP - —e—Main ROl ]

14 —m—9ROls . 14 —m—9ROIs —
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08| ~ N - \ - 08| — — .

06} 1 . 06} 1 1 -

0’4 1 1 1 " 1 ' 1 n 1 0’4 1 " 1 " | L 1 n 1

0 2 4 6 8 0 2 4 6 8
Time (h) Time (h)

Fig. 10 Variations of the AVD when the THSP was constructed using
random points selected in the main ROI or in the nine SROIs.

were used. The tendency of the random selection of points to
reduce the variability was reinforced in the small SROI, despite
the increase of the SD. Additionally, that increase was expected
since the reduction of points (to 80 pixels) reduced the ability of
the proposed technique to provide a dilution of the outliers.

In Figs. 10 and 11, the comparison of the results of Tables 1
and 3 is presented. The comparison of the results of the AVD
using the main ROI and the nine SROIs presents the higher SDs
in the approach using SROIs than the main ROI when the ran-
dom points were used. The comparison can be also seen when
the THSP is constructed using a line in the middle of the
ROI (Fig. 11).

Thus, when one has samples with a level of inhomogeneity,
the adoption of random points to build the THSP is the best
option, and it will be better if the ROI is large enough to
cover the observed sample. This method can be efficient for bac-
terial activity rather than the graphical methods used to monitor
activities regarding the inhomogeneity of the sample.?’
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Fig. 11 Variations of the AVD when the THSP was constructed using
a line of points in the main ROI or in the nine SROIs.

3.5 Analysis in a Homogenous Sample—Drying
Paint

The adoption of a sample with high homogeneity than the cells
was tested using the two distinct ways to build the THSP.
The drying paint is usually considered homogeneous, and in
Fig. 12, it is possible to see the maps of activity after the
GD processing, where the magnitudes of the levels of activity
in the drying paint are closer than the levels in the case of
cells assay.

In Fig. 13, one can see the THSP images related to the drying
paint samples, related to the traditional and proposed method.

The results of the adoption of the two ways to construct the
THSP are presented in Fig. 14, where it is possible to see the
small differences between the mean values and the variances,
proving the limited efficiency of the random points to construct
the THSP and to reduce the influence of nonhomogeneous areas
in the monitored samples.
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Fig. 12 Results of the GDs in the main ROI with drying paint.
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Fig. 13 THSP images of paint drying using (a) random points and (b) traditional method.
300 : . : . : . : . : . : (in this case, an ROI information from the pixels with intensity
light values varying in time), the digitalized regions (code-
250 Paint drying —=— Simple THSP book) should be based on the probability density function of
i —®—Random THSP 7 the information in the ROL
- In Fig. 15, the black dots represent the selection of analyzed
200 - B points in an ROI and gray dots represent the interested informa-
tion to be measured. In Fig. 15(a), a set of randomly selected
sok L i points with a nonuniform quantization of information was
used, while using a uniform probability distribution to choose
the points. In Fig. 15(b), an example of uniform quantization in
100l ] which the points analyzed (black points) are regularly distrib-
uted is shown. In Fig. 15(c), the classic case with a selection
sof 4 of points in a line is presented. Finally, in Fig. 15(d), a set of
\i\i ] randomly selected points in a nonuniform quantization of infor-
b 5 .\1§1§1‘I—£—E - mation with the particularity that the probability density func-
0 2 4 6 8 10 tion of the spatial distribution of information is known, so the
Time (min)

probability density function of chosen points is influenced by it
is presented.

Fig. 14 Variations of the AVD when the THSP was constructed using a
line of points in the main ROI and using random points in drying paint.

At this point, it is relevant to discuss the results involving
the random points. The criteria for choosing random points
instead of a simple line of points in the ROI are based on
the study of nonuniform quantization of a signal.”*~*' Thus,
to quantize efficiently an information from a signal source
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Analyzing the case in Fig. 15(c), it is easy to see that the
chosen points (black) are far from the points with the interested
information (gray); even if we select a different line, digitalized
regions where the distance between selected and desired points
will be bigger will exist, and consequently the result of process-
ing this information will not be representative. By other side,
the case presented in Fig. 15(d) has a proximity between the
chosen points and the desired points; thus, these values are
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Fig. 15 Alternatives to analyze the biospeckle data using (a) points
(codebook) selected randomly (uniform distribution) in the ROI,
(b) points selected uniformly in the ROI, (c) points selected con-
forming a line, and (d) points selected randomly (any known
distribution).

representatives. In this method, we need to have the information
about the probability density function of the spatial distribution
of the information, which is not always easy to obtain, but it is
possible to make an approximation assuming that the informa-
tion is distributed fulfilling a Gaussian distribution around a
central point in a desired area. The alternative presented in
Fig. 15(a) is the best option when the probability density func-
tion of the spatial distribution is not known (such as the case of
cells monitoring) because the chosen points (black) have a good
proximity to the desired points (gray) and the selection of points
varies between repetitions.

In this work, we presented the alternatives shown in
Figs. 15(a) and 15(c). The alternative presented in Fig. 15(d)
is the Gaussian distribution around a desired point, and it is use-
ful in cases where we would like to know the activity addressed
by the biospeckle laser in a well-defined area. In Sec. 3.6, one
can see the case of Gaussian distribution applied in a seed and in
a tissue with cancer cells.

Number of pixels in y-axis

255

Number of random pixels

20 40 60 80 100 120
Number of images in time

Fig. 17 THSP of 200 points selected in the coffee seed using random
points.

3.6 Alternative to Collect the Random
Points—Gaussian Distribution

An alternative way to select points to construct a THSP using a
random distribution around a central point (pixel) is presented in
Fig. 16, where the spatial probability distribution of the selected
points (dots) around the chosen central pixel is defined by
a Gaussian distribution, for example, if we define x and y as
two aleatory coordinates of a random point, with probability
density functions f(X) and f(Y) of the variables X and Y,
respectively. In the below equation, one can have a probability
density function

L (=) 3)

where o, is the SD and u, is the mean value of the random
variable analyzed (aka a); then, given a chosen central point
(ux, py), the points (x,y) will be chosen following the proba-
bility density functions of Eq. (3), so the greater number of
points are inside the ellipse %4—% =1, that is, within
the ellipse with semiaxes similar to the SD.

In the case of Fig. 16, 200 points were chosen with a 6y =
oy = 25 around the central pixel (uy,py) = (300,200). Thus,
with the points selected in Fig. 16, the THSP presented in
Fig. 17 was formed, where it is expressed as a matrix of 200

High activity

Low activity

N ¥ (PR Tl
200 300 400

Number of pixels in x-axis

Fig. 16 Coffee seed with the endosperm selected by the random points in a Gaussian distribution

expressed by the dots.
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Fig. 18 Cancer cells aside normal tissue where the random points were collected in a Gaussian

distribution expressed by the circles.

255

Number of random pixels
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Fig. 19 THSP of 100 points selected in the tissue using random
points.

lines and 128 columns, representing both the quantity of points
and analyzed images, respectively.

Finally, in Fig. 18, a Gaussian distribution in a sample where
we can see that the interest region is in a specific point of the
image, in this case, the normal tissue aside an area of cancer
tissue is presented.

In Fig. 19, one can see the THSP image related to the tissue
sample for the proposed method to illustrate the Gaussian dis-
tribution of the random points selected.

4 Conclusions

The complex metabolism of cells was better monitored using the
random points to build the THSP than the traditional case using
the line of points.

In the cases analyzed, the higher the inhomogeneity of the
map of activity, the higher the efficiency of the proposed method
using random points. Additionally, we expect that it will be
the same in other nonhomogeneous samples.

The proposed method can be used in different ways, such as
the proposed Gaussian function around a desired area.
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