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Determination of the effect of source intensity
profile on speckle contrast using
coherent spatial frequency domain imaging
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2 aser Microbeam and Medical Program (LAMMP), Beckman Laser Institute, 1002 Health Sciences Road, Irvine,
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Abstract: Laser Speckle Imaging (LSI) is fast, noninvasive technique to
image particle dynamics in scattering media such as biological tissue. While
LSI measurements are independent of the overall intensity of the laser
source, we find that spatial variations in the laser source profile can impact
measured flow rates. This occurs due to differences in average photon path
length across the profile, and is of significant concern because all lasers
have some degree of natural Gaussian profile in addition to artifacts
potentially caused by projecting optics. Two in vivo measurement are
performed to show that flow rates differ based on location with respect to
the beam profile. A guantitative analysis is then done through a speckle
contrast forward model generated within a coherent Spatial Frequency
Domain Imaging (cSFDI) formalism. The model predicts remitted speckle
contrast as a function of spatial frequency, optical properties, and scattering
dynamics. Comparison with experimental speckle contrast images were
done using liquid phantoms with known optical properties for three
common beam shapes. ¢cSFDI is found to accurately predict speckle contrast
for all beam shapes to within 5% root mean square error. Suggestions for
improving beam homogeneity are given, including a widening of the natural
beam Gaussian, proper diffusing glass spreading, and flat top shaping using
microlens arrays.

© 2012 Optical Society of America
OCIS codes: (110.6150) Speckle imaging; (170.3660) Light propagation in tissues.

2
®)
=
)
=
Q
R
O
@
o
Q
wn
m
>
g
0
m
)
”

References and links

1. B.J. Berne and R. Pecora, Dynamic Light Scattering: with Applications to Chemistry, Biology, and Physics
(Dover, Mineola, NY, 2000).

2. R. Pecora, Dynamic Light Scattering: Applications of Photon Correlation Spectroscopy (Plenum, New York,
1985).

3. A Wax and V. Backman, Biomedical Applications of Light Scattering, Biophotonics Series (McGraw-Hill, New
York, 2010).

4. G. E. Nilsson, T. Tenland, and P. A. Oberg, “Evaluation of a laser Doppler flowmeter for measurement of tissue
blood flow,” IEEE Trans. Biomed. Eng. BME-27(10), 597-604 (1980).

5. M. H. Koelink, F. F. M. de Mul, J. Greve, R. Graaff, A. C. M. Dassel, and J. G. Aarnoudse, “Laser Doppler
blood flowmetry using two wavelengths: Monte Carlo simulations and measurements,” Appl. Opt. 33(16), 3549-
3558 (1994).

6. P. A Oberg, “Laser-Doppler flowmetry,” Crit. Rev. Biomed. Eng. 18(2), 125-163 (1990).

7. D.J.Pine, D. A. Weitz, P. M. Chaikin, and E. Herbolzheimer, “Diffusing wave spectroscopy,” Phys. Rev. Lett.
60(12), 1134-1137 (1988).

8. D.J. Pine, D. A. Weitz, J. X. Zhu, and E. Herbolzheimer, “Diffusing-wave spectroscopy: dynamic light
scattering in the multiple scattering limit,” J. Phys. (Paris) 51(18), 2101-2127 (1990).

#162435 - $15.00 USD  Received 3 Feb 2012; revised 7 Apr 2012; accepted 23 Apr 2012; published 11 May 2012
(C) 2012 OSA 1 June 2012/ Vol. 3, No. 6 / BIOMEDICAL OPTICS EXPRESS 1340



9. D.J. Durian, “Accuracy of diffusing-wave spectroscopy theories,” Phys. Rev. E Stat. Phys. Plasmas Fluids Relat.
Interdiscip. Topics 51(4), 3350-3358 (1995).

10. D. A. Boas and A. G. Yodh, “Spatially varying dynamical properties of turbid media probed with diffusing
temporal light correlation,” J. Opt. Soc. Am. A 14(1), 192-215 (1997).

11. B. Choi, N. M. Kang, and J. S. Nelson, “Laser speckle imaging for monitoring blood flow dynamics in the in
vivo rodent dorsal skin fold model,” Microvasc. Res. 68(2), 143-146 (2004).

12. A. F. Fercher and J. D. Briers, “Flow visualization by means of single-exposure speckle photography,” Opt.
Commun. 37(5), 326-330 (1981).

13. J. D. Briers, G. Richards, and X. W. He, “Capillary blood flow monitoring using Laser Speckle Contrast
Analysis (LASCA),” J. Biomed. Opt. 4(1), 164-175 (1999).

14. R. Bandyopadhyay, A. S. Gittings, S. S. Suh, P. K. Dixon, and D. J. Durian, “Speckle-visibility spectroscopy: A
tool to study time-varying dynamics,” Rev. Sci. Instrum. 76(9), 093110-093111 (2005).

15. D. A. Boas and A. K. Dunn, “Laser speckle contrast imaging in biomedical optics,” J. Biomed. Opt. 15(1),
011109-011112 (2010).

16. R. L. Dougherty, B. J. Ackerson, N. M. Reguigui, F. Dorri-Nowkoorani, and U. Nobbmann, “Correlation
transfer: Development and application,” J. Quant. Spectrosc. Radiat. Transf. 52(6), 713-727 (1994).

17. D. Cuccia, B. Tromberg, R. Frostig, and D. Abookasis, “Quantitative in vivo imaging of tissue absorption,
scattering, and hemoglobin concentration in rat cortex using spatially modulated structured light,” in In vivo
Optical Imaging of Brain Function, 2nd ed. (CRC Press, 2009).

18. D.J. Cuccia, F. Bevilacqua, A. J. Durkin, F. R. Ayers, and B. J. Tromberg, “Quantitation and mapping of tissue
optical properties using modulated imaging,” J. Biomed. Opt. 14(2), 024012 (2009).

19. D.J. Cuccia, F. Bevilacqua, A. J. Durkin, and B. J. Tromberg, “Modulated imaging: quantitative analysis and
tomography of turbid media in the spatial-frequency domain,” Opt. Lett. 30(11), 1354-1356 (2005).

20. S. D. Konecky, A. Mazhar, D. Cuccia, A. J. Durkin, J. C. Schotland, and B. J. Tromberg, “Quantitative optical
tomography of sub-surface heterogeneities using spatially modulated structured light,” Opt. Express 17(17),
14780-14790 (2009).

21. A. Mazhar, D. J. Cuccia, S. Gioux, A. J. Durkin, J. V. Frangioni, and B. J. Tromberg, “Structured illumination
enhances resolution and contrast in thick tissue fluorescence imaging,” J. Biomed. Opt. 15(1), 010506 (2010).

22. J. R. Weber, D. J. Cuccia, A. J. Durkin, and B. J. Tromberg, “Noncontact imaging of absorption and scattering in
layered tissue using spatially modulated structured light,” J. Appl. Phys. 105(10), 102028 (2009).

23. J. R. Weber, D. J. Cuccia, W. R. Johnson, G. H. Bearman, A. J. Durkin, M. Hsu, A. Lin, D. K. Binder, D.
Wilson, and B. J. Tromberg, “Multispectral imaging of tissue absorption and scattering using spatial frequency
domain imaging and a computed-tomography imaging spectrometer,” J. Biomed. Opt. 16(1), 011015-011017
(2011).

24. T.B.Rice, S. D. Konecky, A. Mazhar, D. J. Cuccia, A. J. Durkin, B. Choi, and B. J. Tromberg, “Quantitative
determination of dynamical properties using coherent spatial frequency domain imaging,” J. Opt. Soc. Am. A
28(10), 2108-2114 (2011).

25. A. Mazhar, D. J. Cuccia, T. B. Rice, S. A. Carp, A. J. Durkin, D. A. Boas, B. Choi, and B. J. Tromberg, “Laser
speckle imaging in the spatial frequency domain,” Biomed. Opt. Express 2(6), 1553-1563 (2011).

26. J. W. Goodman, Speckle Phenomena in Optics: Theory and Applications (Roberts & Co., Englewood, Colo.,
2007).

27. P. Zakharov, A. Volker, A. Buck, B. Weber, and F. Scheffold, “Quantitative modeling of laser speckle imaging,”
Opt. Lett. 31(23), 3465-3467 (2006).

28. A. A. Middleton and D. S. Fisher, “Discrete scatterers and autocorrelations of multiply scattered light,” Phys.
Rev. B Condens. Matter 43(7), 5934-5938 (1991).

29. G. Maret and P. E. Wolf, “Multiple light scattering from disordered media. The effect of brownian motion of
scatterers,” Z. Phys. B Condens. Matter 65(4), 409-413 (1987).

30. D.D. Duncan, S. J. Kirkpatrick, and R. K. Wang, “Statistics of local speckle contrast,” J. Opt. Soc. Am. A 25(1),
9-15 (2008).

31. S. Prahl, “Drop-dead simple Monte Carlo codes,” retrieved May 1, 2010, http://omlc.ogi.edu/software/mc/.

32. R. Voelkel and K. J. Weible, “Laser beam homogenizing: limitations and constraints,” Proc. SPIE 7102, 71020J,
71020J-12 (2008).

1. Introduction

Dynamic Light Scattering (DLS) is a method which utilizes the decorrelation of coherent light
to estimate the motion of particles in scattering media. DLS is used across scientific
disciplines to characterize samples in physical, chemical, and biological settings [1-3]. In
biomedical applications, several DLS methods are used, including: Laser Doppler flowmetry
[4-6], Diffusing Wave Spectroscopy (DWS) [7-10], and Laser Speckle Imaging (LSI) [11-
15]. Common to all techniques is that decay of the autocorrelation function of coherent light
is related to the degree of scattering particle motion.
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It has been shown that in highly scattering media, the electric-field temporal
autocorrelation function Gy(r) = (E(0)E*(z)) obeys a transport equation [16]. Using this
model, the autocorrelation function can be calculated and compared to experimental
measurements in order to determine the dynamics of the light scattering structures. This
approach has been used with simple, point like sources extensively for fiber based techniques
such as DWS, in which the distance between the light source and detector is clearly defined.
In contrast, for imaging based measurements such as LSI, source-detector separations are ill
defined. However, by taking advantage of the spatial filtering characteristics that turbid media
enact onto structured light, one can model correlation transport as a function of the spatial
frequencies in the structured light projected on to the sample.

This concept has been applied to the transport of light radiance as the foundation for a
reflectance imaging technique called Spatial Frequency Domain Imaging (SFDI), which has
been well established and used to determine the absorption, scattering, and fluorescent
properties in turbid media [17-23]. Recently, we applied experimental methods and modeling
precedent from SFDI to the transport of correlation by projecting structured coherent light on
dynamic turbid samples, and measuring the speckle contrast as a function of projected spatial
frequency [24]. We showed that the speckle contrast follows expected behavior as a function
of spatial frequency [25], and that correctly modeling the effect using correlation transport
allows one to fit quantitatively for the dynamical properties of light scattering particles [24].

The dependence of speckle contrast on spatial frequency shows that despite the fact LSI
may be independent of overall intensity of the laser source, spatial variations across the beam
spot itself can cause the speckle contrast to change. In typical LSI experiments the beam has a
naturally Gaussian intensity profile, is projected over a finite extent, and may have additional
artifacts from traveling through a beam spreader such as a lens or glass diffuser. Thus, to
increase the quality of speckle imaging experiments, it is important to study the nature and
magnitude of the phenomenon more in-depth. This manuscript first demonstrates effects of
the beam profile qualitatively using in vivo experiments, then performs quantitative
predictions and analysis using coherent Spatial Frequency Domain Imaging (cSFDI) of
controlled liquid phantoms.

2. Theory
The speckle contrast parameter is defined as
K=— (1)

(n

where K is the speckle contrast, o is the intensity standard deviation, and (I) is the mean
intensity. When imaging the speckle pattern with some finite integration time T, K is related
to the electric field autocorrelation function G (z) through the expression [14,26]

G, (r)
G,(0)

2

K2=2

ﬁz T 7
= £(1—T) dr. )

Here f represents a multiplicative reduction in contrast not associated with the dynamics of
the scatterers, such as depolarization, coherence length, or mismatch between the image pixel
and speckle size. If the scattering objects are static, the field does not change and K reduces to
B. Assuming the scatterers are in motion, a correlation diffusion equation can be used to find
G, analytically as a function of optical properties and the mean square displacement (Ar?(z))
[10]. However, we and others have found that when imaging speckle over a wide field, the
diffusion approximation breaks down more readily because of shorter average photon path
lengths and relatively long camera exposure times [24,27]. Therefore, we utilize Monte Carlo
(MC) simulation techniques to determine the autocorrelation function. As proposed in
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[9,10,28], the autocorrelation can be found as a function of separation from a point light
source, p, by tracking the momentum transfer distribution at discrete p bins and numerically
integrating over the single scattering decorrelation exponential [29]:

G,(r.p)= [P(Y )exp{w} av. @)

0

Here P(Y) is the distribution of dimensionless momentum transfer, Y = 1 — cos(#), and kg is
the wave number inside the medium.

To take advantage of the cSFDI technique, the autocorrelation is then calculated as a
function of spatial frequency by applying a numerical Hankel Transform to G, [24]

0

G, (z.f)=27[G,(z,p)J, (271 p) pid p. (4)

0

Finally, the speckle contrast modulation transfer function Kyre(f), can be found by inserting
G; into Eq. (2). Kyre(f) is a spatial filter that the sample enacts onto the speckle contrast
image when the coherent source has spatial structure.

3. Methods

Unless otherwise noted all experiments were performed using a 30 mw 633 nm HeNe Laser
(JDS Uniphase, Inc) coherent light source, and images were captured with a Retiga EXI
cooled 12-bit CCD camera (Qimaging, Inc) at an integration time of T = 15 ms. The optical
projection axis was angled slightly (10 degrees) to avoid specular reflection. A cross polarizer
was also placed in the camera lens to help further reject specular light. Speckle contrast was
calculated using a sliding window mean and standard deviation filter, calculated over small
sampling neighborhoods of 7x7 pixels. Border areas within 7 pixels of the edge were
discarded. Speckle flow index was defined as the reciprocal contrast FI = 1/K. All
measurements were carefully designed to meet or exceed Nyquist criteria to minimize
sampling errors [30]. The value of g was found empirically using a static diffusive target and
calculated to be 5 = 0.8. Note that finding £ in this manner may also incorporate shot, readout,
and other types of noise which can inflate the value. However, with adequate signal and
cooling this effect should be small, and any error in calculating S will appear as a
multiplicative factor in images of speckle contrast and not alter the conclusions of the paper at
large.

Two in vivo speckle contrast measurements were performed. In one experiment, images
were acquired through the skin on a human radial artery, near the superficial palmar branch,
with a Gaussian illumination profile of FWHM 10 mm. To track location, opaque fiducial
markers approximately 2 mm in diameter were placed near the artery using adhesive. The
branch point of the artery was first centered under the peak of the Gaussian, then moved
diagonally outward towards the tail edge of the beam. A second in vivo measurement was
taken on a mouse cortex, where Gaussian and flat-top laser beam profiles were used to image
a 17-month old C57/B16 male mouse under 1% isoflurane anesthesia. A bilaterial craniectomy
was performed to expose the brain.

Experiments were also performed with liquid scattering phantoms of known optical and
dynamical properties composed of a microbead solution. Phantoms were mixed to a
concentration of 0.48% w/v with 800 nm Polystyrene beads (Spherotech Inc.) and distilled
water. The optical properties, calculated using standard Mie Theory and known water spectra
Motion diffusion characteristics, where the mean square displacement (Ar’(z)) = 6Dyz, and Dy,
can be calculated using the Stokes-Einstein formula; in this case D, = 6.1x10"" mm?s.
Speckle contrast data was taken using the following beam shapes: standard Gaussian profile, a
flat-top profile shaped using a fly’s eye lens array pulled from a digital projector unit (Epson,
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Inc), and the output through a frosted glass diffusing plate (Thorlabs, Inc). Note that for
coherent light the intensity pattern formed through a diffuser is speckle in nature and depends
on the radius of the beam waist and the distance between the diffuser and object [26]. The
beam width used here was typical for a HeNe output, with 0.5 mm FWHM, and the diffuser
placed at a distance of 10 cm from the sample. Control measurements were taken with each
beam shape on a Spectralon reflectance standard. This was done to confirm that variation in
speckle contrast is not caused by systematic errors such as low light intensity, noise, or
vignetting. Spectralon is composed of static highly scattering material where no change in
speckle contrast is expected with respect to beam shape.

To numerically simulate cSFDI data, a simple time resolved Monte Carlo photon
propagation algorithm was obtained from the Oregon Medical Laser Center Website [31], and
a new feature was added to track the weighted dimensionless momentum transfer. Ten million
photons were propagated through a semi-infinite medium with optical parameters matching
our liquid phantom above, and P(Y) found at 200 discrete radial bins linearly spaced between
0 mm and 40 mm. G4(f) was then calculated using Eq. (3) and Eq. (4), and finally the transfer
function of the contrast image Kyre(f) calculated with Eq. (2). A plot of Kyre(f) is shown in
Fig. 1 for a typical reduced scattering coefficient in tissue u” = 1.7 mm™. Note that the
scattering medium acts as a high pass filter on the speckle contrast.
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Fig. 1. Plot of speckle contrast as a function of spatial frequency using Monte Carlo
simulations. This is the “speckle contrast modulation transfer function” Kure(f), which is
applied as a spectral filter on beam profile images to predict remitted speckle contrast.

The Fourier spectral coefficients of the reflectance image for each beam shape were
determined by implementing a Discrete Fourier Transform algorithm. For finite exposures,
the recorded speckle is a stochastic process and thus the mean-filtered image (I) has nonzero
variance which depends inversely on the number of sampled pixels, determined by window
size, according to the central limit theorem. This variance manifests itself in the high spatial
frequencies when using DFT. To decouple the intensity profile’s spatial frequencies from this
natural statistical variance, over 100 independent images of (I) were averaged together,
effectively increasing the sample number by two orders of magnitude. The diffuse intensity
image was then represented with a Fourier series,

(I )= 22 (1), 7270, (5)

n=0 m=0
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Fig. 2. a) Human radial artery illuminated with a Gaussian beam. b) Arterial branch placed
directly beneath the peak (left), then moved diagonally and placed underneath the Gaussian tail
(right). Dark ellipses represent fiducial markers. ¢) Visual differences in flow index are seen
between the two locations. These depend on region of interest, but can reach 13% in the high
flow arterial sections. d) A profile plot taken horizontally across the image starting at the
vertical center further illustrates differences.
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The same spectral representation was then applied to the standard deviation filtered
images, except the speckle contrast MTF served to reduce each component. Rearranging Eq.

@,

O-nm = KMTF <| fnm|)< > |mage ZZ KMTF (| fnm|)< > e 27” X+2”fy y) (6)

n=0 m=0

The predicted speckle contrast image is then just the ratio: Kyreq = image/{limage)-

4, Results

Figure 2(a) shows a human radial artery illuminated under different sections of a Gaussian
beam. Raw images and generated flow maps are shown in Figs. 2(b) and 2(c).
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Fig. 3. (a) Intensity image for three distinct beam shapes, a Gaussian shape, output through a
frosted glass diffuser, and flat top. (b) Experimental speckle contrast images computed using
7x7 neighborhoods. (c) Predicted speckle contrast using the forward cSFDI model based on the
spatial frequencies of the beam shape. Note that artifacts within the beam shape are amplified
due to the high pass nature of the speckle MTF. (d) (e) Effects from systematic variables such
as vignetting, sliding window filter response, or low counts are shown to be negligible by
direct comparison with a static object, where the speckle contrast is seen to be constant and
approximately equal to S, as expected.
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One observes a bulk increase in calculated flow index of approximately 15% as the vessel
branch is moved radially outward, away from the peak of the beam profile, as the photons
exiting the tissue here have travelled longer average path lengths. This occurs because the
measurement point is made further from the illumination peak at the center of the beam.

This effect was studied more closely using homogenous liquid phantoms, where DFT’s
could be used to generate a forward contrast image using Monte Carlo simulations of cSFDI.
Results are showed in Fig. 3 for three common beam profiles, a standard Gaussian shape,
output through a diffusing glass plate, and a flat homogenous profile. The reflectance
averaged over 500 exposures is shown in Fig. 3(a). Figure 3(b) show the experimental speckle
contrast calculated with the usual sliding window standard deviation and mean filters. These
are to be compared with the predicted values using cSFDI (Eqg. (5) and Eq. (6)) shown in Fig.
3(c).

It is clear from the images that cSFDI is able to reasonably predict the behavior of the
speckle contrast. The root mean square error (RMSE) was calculated at each pixel and

Flow Index

% Difference

Fig. 4. Images of mouse brain with a Gaussian beam shape (left) and flattened beam shape
(right). (a) Raw images are shown where the shape of the beam is evident. (b) Flow index maps
and (c) a specific ROI of super saggital sinus vessel illustrate a difference in perceived venous
flow that depends on the beam shape. (d) The percentage difference between flow maps show
significant variation across the field.
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normalized by the theoretical value predicted by cSFDI to obtain a percent error. The average
percent error over all pixels was less than 5% for all three shapes.

To act as a control, speckle images were also taken of static scattering objects using a
Spectralon reflectance standard. The raw images and calculated contrast are shown in Figs.
3(d) and 3(e). As expected, the calculated contrast is effectively uniform across the image
space regardless of beam shape and approximately equal to A.

Figure 4(a) shows the raw speckle image of a mouse brain for two intensity profiles, a
Gaussian and flat shape. Speckle flow maps were generated and are shown in Fig. 4(b).
Although the large variations within the image between vessels and tissue conceal the effect,
inspection of a single section of the superior sagittal sinus vessel in Fig. 4(c) shows a bulk
change of approximately 10% in calculated flow index between the two images. Finally, the
percent difference image between the two flow maps is calculated across the cortical surface
and shown in Fig. 4(d).

Here, the differences in flow caused by the beam shape are clear, showing changes in
some parts by as much as —25% near the peak of the Gaussian, due to shorter average path
lengths, and + 25% looking further out along the tail. This agrees with predictions made by
cSFDI and the in vivo human artery experiment presented above.

5. Discussion and conclusion

Our results show that the source intensity profile can have a significant effect on the speckle
contrast and thus on the resulting speckle flow index. This phenomenon occurs because of
variations in the average path length of photons across the beam profile. When measuring
near a local intensity maximum, photons generally need to travel shorter path lengths to reach
the detector, and thus transfer less overall momentum, as compared to lower intensity regions.
The effect causes changes in the measured flow index across the field of view, and if not
accounted for or minimized, would confound any attempt to determine absolute rates of blood
flow.

Under controlled conditions, the close agreement between the forward model predicted by
cSFDI and experimental results suggest this technique is an accurate method for predicting
the effect of light structure on speckle contrast. The relative ease with which the speckle
contrast filter Kyre(f) can be applied to any complicated structure using DFT’s, such as the
“diffuser shape” in Fig. 3, illustrate the utility of the method in an imaging geometry. In
principle cSFDI could be used to generate a multiplicative “correction” factor to account for
beam shape. However, this creates a number of extra complications when imaging a
heterogeneous sample. First, diffuse beam shape can no longer be analyzed using DFTSs, as
heterogeneities would affect the Fourier spectrum. In addition, the optical properties must be
known at each location in the image and the speckle MTF and forward model must generated
for each set. If the beam shape and bulk optical properties were assumed a priori, a simple
correction factor could be generated, but this approach would contain errors that scale with
the magnitude of the heterogeneities. Perhaps the ideal solution is to remove structure from
the beam shape before measurements in the interest of quality data collection. Applying this
philosophy to an in vivo experiment in a mouse brain shows major differences when taking
steps to appropriately homogenize the beam.

There are several methods to help reduce variation in the beam profile. The simplest is to
expand the beam to a larger radius, effectively increasing the width of the natural Gaussian
profile. The disadvantage to this method is a significant decrease in the intensity per unit area,
and that the addition of optical elements can create more artifacts and aberrations. Another
possibility is expanding the beam radius before entering a diffuser plate and decreasing the
distance to the object. It is known that coherent light through a diffuser will project an
intensity speckle pattern on an object some distance away, where the speckle size is governed
by the incident spot radius and the projection distance. If this secondary intensity speckle
pattern is fine enough such that the Nyquist criterion is not met, the path length distribution
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will be uniform across the pixel array due to under sampling. For a circular spot of diameter D
incident on a diffuser and projected a distance z away, the power spectral density is defined
[26] to be a bandwidth limited function with maximum frequency fy:

D

Thus, to avoid sampling the intensity speckle pattern with the camera array, the pixel
width x, must be larger than the Nyquist limit:

f,

X, > L = E (8)
2f, 2D
Note this under sampling serves to blur the projected secondary speckle in conjunction with
standard light diffusion through tissue, creating a very smooth profile. However, while the
Gaussian profile of the beam is broadened when passing through a diffuser, it is not
eliminated.

A third option is to use a flat top beam shaper with a homogenizing element. Commercial
ones are typically manufactured using a fly’s eye micro-lens array, and these optical systems
are also used in commercial projectors to form a homogenous rectangular beam. Differences
in path length between elements of the lens array can cause a secondary interference speckle-
like pattern [32], but our experience has been that these have been under sampled and blurred,
as in Eq. (8), to create the homogenous flat shape seen in Fig. 3.

In conclusion, the shape of the source beam causes a significant effect on the speckle
contrast and speckle flow index measured in LSI. We demonstrated this effect using two types
of in vivo measurements: small animal brain, and human radial artery. Using controlled
microsphere phantoms, the effect was quantified and predicted using cSFDI framework. This
was done both for a Gaussian beam and for the more complicated intensity profile from a
diffusing glass plate. We showed that spatial frequency domain analysis provides a means to
predict the effect of any beam shape on the speckle contrast by calculating a speckle contrast
MTF. We also investigated and reported methods for increasing the beam homogeneity in LSI
experiments.
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