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1. Introduction

Laser speckle imaging (LSI) is a real-time, wide-field optical technique that can be used to visualize and monitor dynamic
of blood flow changes in tissue. Since Fercher and Briers [1] extracted blood-flow information from the imaged speckle
patterns in 1981, researchers have rapidly integrated LSI in their studies, which cover a wide range of applications, includ-
ing ophthalmology, dermatology, dentistry, and neurobiology, among others [2]. In general imaging algorithms are either
respectively based on temporal or spatial integration. The spatial algorithms are limited by its low resolution [3,4]. Although
a higher spatial resolution can be obtained by means of the temporal algorithm, it can be only achieved under the pre-
condition of high system complexity [4]. Thus, disadvantages of these algorithms limited applicability of the LSI technique.
In order to solve this problem, Rege et al. have performed the experiment of LSI using a combination of the temporal and
spatial algorithms [4]. This algorithm has a great advantage against others, except for background noise which is a big issue
in the experiment. The same problem was encountered in Parthasarathy’s research [5]. It is important to minimize or even
completely reduce the noise, since the background noise makes a great impact on image contrast. On the other hand, due
to the heavy computation burden of the image processing, some algorithms have been provided to improve the efficiency
without any approximations such as Sums, FFT, and Roll Algorithm [6], and different irregular slide windows [7]. However,
these irregular windows algorithms simply can be used only to certain shape of flow region [8]. Therefore, this algorithm
cannot be applied to the whole flow region.

In this paper, we present a new algorithm expression for integrated speckle contrast which takes spatial and temporal
variation into consideration. By decreasing the complexity of computational formula, high efficiency and short processing
time can be achieved. Additionally, the system static contrast can be calculated using this new algorithm. This part of image
contrast was conduct by background noise, and our target is to normalize and eliminate it for different systems. Finally, we
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demonstrate its potential advantage in relative flow speed evaluation. The experiment results show that our new algorithm
has a great accuracy for wide band of flow speed.

2. Theoretical background and experimentation
2.1. Laser speckle imaging

Laser speckle is a random interference pattern produced by the coherent addition of scattered laser light with slightly
different path lengths [9,10]. Motion of these scattering particles causes spatial and temporal modifications of the speckle
pattern, either of which can be used to detect the speed of the scatterers. In the spatial domain, these modifications manifest
themselves as localized blurring of the image. Laser speckle contrast imaging quantifies the extent of this localized spatial
blurring by calculating a quantity called speckle contrast (K) over a small window (usually 7 x 7 pixels) of the image.

o)
K m (1)
where ¢ is the standard deviation and I is the average intensity of the pixels of the window. For slower speeds, the pixels
decorrelate less and hence K is large and vice versa.
The temporal fluctuations of speckles can be quantified using the electric field autocorrelation function g (7).
Typicallyg; (7)is difficult to measure and the intensity autocorrelation function g (7) is recorded. The field and intensity
autocorrelation functions are related through the so-called Siegert relation.

& (0)=1+plgi (1) (2)

where f$ is a normalization factor which accounts for speckle averaging due to mismatch of speckle size and detector size,
polarization and coherence effects. This effect has to be estimated by experiments. Recently, Bandyopadhyay et al. [11,12]
used triangular weighting of the autocorrelation function to develop a more rigorous model relating speckle contrast to the
correlation time, t.:

1
1le = 42x—11]2
K(T, 1) = B2 {2)@] (3)

where x=T/t¢, T is the exposure duration of the camera. One disadvantage of these models is that they breakdown in the
presence of scattered light. This can be corrected by modeling the scattered field, E,(t), as

Ep(t) = E(t)+ Ese™ot (4)

whereE (t) is the Gaussian fluctuation, Es is the static field amplitude and wyis the source frequency. Eq. (2) can now be
modified as:

B
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where A = [? /s + 15)2, and B = 2Iks /(Iy + Is )2. Is = EsE represents contribution from the static scattered light, Iy = EE* rep-
resents contribution from the dynamically scattered light. The second moment of intensity can be written using the modified
Siegert relation as [11]:
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The reduced second moment of intensity or the variance is hence
T
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Since gq (t) is an even function, the double integral simplifies to

AB/ (1-1) [ae?] +Bﬂ/ Do (8)
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Fig. 1. Laser speckle contrast imaging system.
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Assuming that the velocities of the scatterers have a Lorentzian distribution, which gives g; (t) = e — t/ 7. and recognizing
that the square root of the variance is the speckle contrast, Eq. (8) can be simplified to:

K(T, 7o) = ,327-1-4,3,0 0) o

1/2
e~ 4 2x e X4x—1
] (9)

where x =T/t., p = Ir/ (If + Is). is the fraction of total light that is dynamically scattered,

When there are no static scatterers present, o — 1 and Eq. (9) simplifies to Eq. (3). However, Eq. (9) is incomplete since
in the opposite limit of only static scattering occurs (p — 0), it does not reduce to a constant speckle contrast value as one
would expect for spatial speckle contrast. An additional factor that has been neglected is experimental noise, which can
have a significant impact on measured speckle contrast. Experimental noise can be broadly categorized into shot noise and
camera noise. Shot noise is the largest contributor of noise, and it is primarily determined by the signal level at the pixels.
In the light of these arguments, we can rewrite Eq. (9) as:

e X4+x—-1 172

+2x
+4:3:O(1 _p)T+Vnoise (10)

K(T, t¢) ﬂ,o

where Vi is the constant variance due to experimental background noise. We also recognize that while V,,,;;. makes the
model more complete, it does not add any new information about the dynamics of the system, all of which is held in .. The
static speckle is determined by V,,yis.. Experiment data show that the sensitivity of image contrast to the speed difference
seems to be inversely proportional to the power of the speckle contrast Ky. Based on this we make an improvement on LSI
algorithm, eventually, new algorithm give different laser speckle system the capability of free from the interference of noise.

2.2. Experiment setup

Fig. 1 shows that the LSI system consists of three basic parts: laser source, image capturing device and processing center.
Laser beam is expanded before illuminates on the sample. Then the backscattered light is collected by CCD camera after
passing through a lens and a polarizer assembly. Finally, raw images are stored on a PC for image processing.

In the system there are several parameters that may exert great influence on image contrast, such as those present in
the laser source, in the image processing part and in the image acquisition part. First, the decreasing of mono-chromaticity
and polarization ratio in laser device may cause the increasing of 8 value of system [12]. Therefore, their characteristics and
consequent influence should be taken into consideration for relative speed evaluation. Secondly, we can achieve different
size of laser speckle by varying optical magnification M and clear aperture D. In the context of Nyquist sampling criterion,
the increasing of speckle size may decrease accuracy of image contrast. Finally, random noise in image acquisition part
affects B value. Furthermore, the selection of exposure time has a great impact on image contrast. Appropriate adjustment
of exposure time can enlarge the range of linear speed response.

The laser device used was a He-Ne laser source (25-LHP-151-230, Melles Griot, USA). The monochrome camera is a
12 bit thermoelectrically cooled CCD camera (AlliedGE1050, GIGE, BC, Germany) equipped with a close-focus zoom lens
(18-108 mm, f/2.5-close, Edmund Optics #52-247, Barrington, NJ, USA). The resolution was 1600 x 1200 pixels. Image acqui-
sition from the monochrome camera was achieved with LabVIEW software and stored into PC (3.4 GHz i7 core, 4GB DDR2
memory). 30 raw images were subsequently converted in computer to contrast images.

Fig. 2 shows a flow phantom experiment which was proposed by J. C. Ramirez-San-Juan [11] to develop and validate our
new algorithm. We inject a flow of animal blood liquor which. The flow path is organized such that the flow speed at point
A is two times faster than at point B. Since high flow speed causes low image contrast, the difference of contrast between
two points can be used to evaluate relative speed. Raw images were converted using a 7 x 7 sliding window as usually used
in LSI image analysis. A comparison was made between our algorithm and other two algorithms, namely the temporal and
spatial ones. Our aim was to increase the efficiency of imaging and accuracy of relative speed evaluation.
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Fig. 2. Schematics of flow phantom experiment. A flow of animal blood liquor is injected in inlet port A, and then it flows to two equal branches B towards
the outlet.

Image Frames

Laser Speckle

Fig. 3. Contrast imaging based on spatial and temporal algorithm. Few raw images were collected per condition, then converted to speckle contrast image
using a Ns x Ns pixel sliding window. The contrast of each pixel is computed from its neighborhood pixels.

3. New algorithm and principles
3.1. Improvement of efficiency

As seen from Eq. (1), in Ng x Ng window, the power of standard deviation is

N5 <=Ns 1 Ns s 2
) {Zx=1 y=1 (ley — N_§Zx=1 y=11x,y) }

[ea
2
NZ -1

(11)

where x and y denote the position of contrast pixel in the observing window and NZis the size of the window. Iy is the
signal intensity of pixel at coordinate (x,y) in processing unit.
We introduce the improved standard deviation ¢’ as:

Ns <N
B D o1y Ury = To.s(Ng+1),0.50N5+1)
= Nz 1

/

(12)

which is the average of the differences between the intensity in the central pixel and the surrounding pixels (Fig. 3), which
has less complexity than o of Eq. (11), hence short time consumption [13-16].

Our main objective is to simplify the process of computation to improve efficiency. According to Nyquist sampling
criterion, a larger size of the observing window for certain size of laser speckle can increase the accuracy of contrast.
Consequently, we have a conflict between efficiency and accuracy. Improvements in accuracy and efficiency are the essential
elements for wider application of laser speckle contrast imaging in medical diagnostics. The new algorithm we present aims
at efficiency and accuracy in contrast image processing. Due to the complexity of Eq. (11), the size of the observing window
affects the efficiency of processing, hence time consumption [13-16].

The new efficient approach can be described as follow:

N Ns 2
_r Do y=1IXJ}/N5 (13)

= N N.
o’ O a o1y = To.sng1),0.50N,+1))}/(Ns? — 1)

A bigger Cvalue in Eq. (13) accounts for high flow speed, equal to lower K value in LSI algorithm. Here high speed region
show as brightness in speckle contrast image.
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Fig. 4. Relation between the averaged C value and the speed difference as a function of the speckle contrastKjy at point A.
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Fig. 5. Relation between the C value and the inverse power ofKy.

Then, experimental data show the relationship between contrast and background noise. The sensitivity of the C value
was inversely proportional to the power of Ky value, Ky being defined as the speckle contrast value under the condition of
zero flow speed through Eq. (1).

3.2. Reduction of background noise

From the laser speckle contrast imaging theory, the relationship of flow speed between two different points can be
derived from the relationship of image contrast between two different points. In Fig. 2, the speed at point A is twice faster
as that at point B. Then, the proportional relationship between these two points was around two for all range of flow speed.

A similar trend was found for contrast in LSI, for this time C value increased as the flow speed goes high. It can also be
seen from the results shown in Fig. 4 that C has a corresponding value Cy for all cases of Kowhere, K is defined as the speckle
contrast value under the condition of zero flow speed. The K value can be changed by varying camera’s photosensitivity
(IS0).

This Ky value was considered as the background noise V,,,;s. [Eq. (10)] conducted by static speckle, which was neglected
in the previous experiment [18]. The Ky value is various in different LSI system, we must eliminate static part from dynamic
for laser speckle. Furthermore, as seen from data in Fig. 5, the sensitivity of the C value seems to be inversely proportional
to the power of Ky (Eq. (1)) in the range of 0.2-0.6. Once ISO was fixed, Ky value can be achieved by Eq. (1). Thus, the new
algorithm which normalizes and eliminates the background noise for different systems, can be defined as:

Crew = (C— Co) Ko? (14)

In comparison with results shown in Fig. 4, the Cyey value was free from the effects of the background noise for cases of
1/Ko? up to 25 (Kgvalue is 0.2 up to 0.6) which meet contrast requirements of human skin tissue range of 0.2-0.6, displayed
in Fig. 5 and Fig. 6.

Since the new algorithm possesses lower complexity, data from an efficiency evaluation experiment of raw images pro-
cessing demonstrate the potential of this new algorithm, displayed in Fig. 7. Fig. 7 shows a comparison of time consumption
for four imaging algorithms in LSI analysis. As expected, increasing size of sliding window increased processing time. Spatial
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Fig. 6. Relation between the averaged Cy.\ value and the speed difference as a function of the speckle contrastKy. Compared to Fig. 5, after eliminate static
part form dynamic, CpewVvalue was free from effects of Ky(0.2-0.6). Thus, for different Ko(0.2-0.6) value, the result is the same corresponding to different
flow speed.

o]
o

1|—=— Spatial
0'_ —e— Temporal
—a— Spatial&Temporal

{]|—v— New algorithm

A O o N
o o o
I 1

1 1

N W

o O

[
1

Processing Time Consuming(s)

10- ]
0 T T T T T T T T T T
3*3 5*5 ™7 9*9 1111 13*13
Sliding window size(Ns)

Fig. 7. Plot of time consumption in process of contrast imaging by three imaging algorithms for routinely cases of N;. The lower complexity of the new
algorithm reduces the consumption of processing time to a great extent.

and temporal algorithms exhibited higher sensitivity to the change of sliding window in comparison with our new algorithm.
Due to the lower complexity of the new algorithm, almost 20.1% and 34.5% reduction in processing time can be achieved in
comparison with spatial and temporal algorithms, respectively, when sliding window size is 11 x 11 pixels.

Furthermore, this new algorithm has an excellent performance versus other two algorithms at assessing the relative
changes for all ranges of flow speed. From Parthasarathy’s work [5] we know that the spatial algorithm is more sensitive to
the static component of the scattered light, while the temporal algorithm is more sensitive to the dynamic component of
the scattered light [17-19]. In clinical trials, the flow speed of blood in human skin tissue was full of variety, and so does LSI
system. But our algorithm can adapt itself through eliminate static part from laser speckle based on Kyvalue.

In the skin phantom experiments, we selected two standard vessels for which the flow speed of vessel A was twice as
that of vessel B [13]. The size of laser speckle was set to 12 pixels per speckle by Eq. (5), to satisfy the Nyquist sampling
criterion [19-22].

Ds = 2.44\ (1 + M) fy (15)

where M is the optical magnification, f the f-stop of the imaging optics, and iE the wavelength of the laser source.
The relative flow speed V,,; between vessel A and B is:

Vrel = Cnewﬁ/cnewﬁ (16)

As seen from Fig. 8, for all range of flow speed in vessel A, results from the spatial algorithm have a decline as flow speed
increase. When flow speed was low, the new algorithm and the spatial algorithm have a better accuracy due to its sensitivity
to static components of scattered light. At higher speeds, the temporal and the new algorithms achieved a higher accuracy
than the spatial algorithm, which is consistent with previous works [13].
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Fig. 8. The relative change of flow speed, for the spatial, temporal and new algorithm analysis, for routinely cases of flow speed. The new algorithm has a
precise evaluation against others for wide range of flow speed.

4. Conclusion

We presented a new speckle imaging algorithm that has the capability to obtain speckle images over a wide range of
flow speeds. We also theoretically analyzed the static part of laser speckle which was conducted by background noise.Ky
value was conducted by static speckle, this value various in different LSI system. Once system fixed, this new algorithm can
eliminate static noise from laser speckle image based on Kyvalue. System can totally free from the interference of static noise,
especially in blood flow speed evaluation experiment. Meanwhile, due to the less complexity of computation, we achieved
high efficiency in laser speckle imaging. Additionally, our new algorithm has a high sensitivity to the motion of particles for
all cases of flow speed. In clinical areas, the flow speed of blood in human skin tissue was full of variety, this new algorithm
can adapt itself to different LSI system by eliminate static background noise. High accuracy of evaluation and high efficacy
of processing can be achieved by the combination of temporal and spatial algorithm.

In conclusion, the new algorithm presented here takes temporal integration and spatial integration into consideration,
normalizes and eliminates background noise for imaging systems and has a higher efficiency and wider applicability.
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