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Laser speckle imaging (LSI) is a fast, noninvasive method to obtain relative particle dynamics in highly light
scattering media, such as biological tissue. To make quantitative measurements, we combine LSI with spatial
frequency domain imaging, a technique where samples are illuminated with sinusoidal intensity patterns of light
that control the characteristic path lengths of photons in the sample. We use both diffusion and radiative transport
to predict the speckle contrast of coherent light remitted from turbid media. We validate our technique by mea-
suring known Brownian diffusion coefficients (D,) of scattering liquid phantoms. Monte Carlo (MC) simulations of
radiative transport were found to provide the most accurate contrast predictions. For polystyrene microspheres of
radius 800 nm in water, the expected and fit D, using radiative transport were 6.10E-07 and 7.10E-07 mm?/s, re-
spectively. For polystyrene microspheres of radius 1026 nm in water, the expected and fit D, were 4.7E-07 and
5.35 mm?/s, respectively. For scattering particles in water—glycerin solutions, the fit fractional changes in D, with

changes in viscosity were all found to be within 3% of the expected value. © 2011 Optical Society of America

OCIS codes:  110.6150, 170.6480.

1. INTRODUCTION

Dynamic light scattering (DLS) is a method that utilizes coher-
ent light to estimate the motion of particles in scattering
media. DLS methodology is used across scientific disciplines
to characterize samples in physical, chemical, and biological
settings [1-3]. In biomedical applications, several DLS meth-
ods are used, including: laser Doppler flowmetry [4], diffusing
wave spectroscopy (DWS) [5], and laser speckle imaging
(LSD) [6-8]. In all of these, the decay of the autocorrelation
function of coherent light is related to the degree of scatterer
motion.

LSI is a particularly attractive method because of its ability
to image wide fields of view quickly in a simple and inexpen-
sive manner. However, quantitative measurements using the
backscattering geometry of LSI have remained elusive be-
cause the decay of the autocorrelation function depends on
photon path length and is thus dependent on the absorption
and scattering coefficients of the medium. DWS overcomes
this difficulty via use of fixed source-detector separations
and diffusion-based models of photon propagation [9]. How-
ever, due to the limited number of detectors used with DWS,
high-resolution images of blood flow are not possible, in con-
trast to the megapixel spatial sampling commonly used with
CCD-based LSI. In addition, LSI is used to image tissue near
boundaries and measure blood flow in highly absorbing blood
vessels, conditions for which the diffusion approximation
breaks down. In order to overcome these limitations, we make
the following modifications to LSI. First, we model LSI using
MC simulations of the correlation transport equation. Second,
we introduce a technique, coherent spatial frequency domain
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imaging (cSFDI), that allows us to control the characteristic
path lengths of photons in our LSI experiments.

Conventional spatial frequency domain imaging (SFDI)
uses incoherent light. SFDI is a fast, noncontact optical tech-
nique that projects sinusoidal patterns of light on a sample
surface. By modeling the propagation of the patterned light
through the medium and measuring the backscattered reflec-
tance at specific spatial frequencies, one can image the ab-
sorption and scattering properties of the sample using a
CCD camera. The technique is described in detail in [9], and
has since expanded its scope in terms of application and the-
ory [9-15]. Briefly, the low-pass filter characteristics of a tur-
bid medium are determined by measuring the modulated
transfer function (MTF) of the diffusing light. The attenuation
is isolated on a pixel-by-pixel basis as a function of spatial fre-
quency using a multiphase demodulation scheme, discussed
in Subsection 3.B. Once the MTF is found, it can be fit to a
light-propagation model to determine a unique pair of absorp-
tion and scattering coefficients.

In this paper we demonstrate that, by modulating coherent
light in a similar fashion, one may also measure speckle con-
trast as a function of spatial frequency. We demonstrate a
distinct advantage to this over standard LSI because, by chan-
ging the spatial frequency of the projected patterns, we are
able to control the characteristic photon path lengths, and
thus the speckle contrast. We can then fit the measured
speckle contrast, as a function of projection frequency, to a
light-propagation model and quantitatively determine the rate
of motion for scattering particles. The approach is validated
with experiments on liquid phantoms of polystyrene spheres
and fatty emulsions in glycerin—-water solutions. Light

© 2011 Optical Society of America
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propagation is modeled with both analytic solutions to the
standard diffusion approximation (SDA) and MC simulations
of radiative transport. We show that MC modeling of radiative
transport gives much more accurate predictions of speckle
contrast than the diffusion approximation.

2. METHODS

A. Laser Speckle Imaging

For an ergodic system, one measure of the correlation man-
ifests itself in the speckle contrast of an image. Speckle refers
to the granular intensity pattern, caused by interference, that
appears when coherent light illuminates a scattering object.
The contrast of this pattern is defined as

K= M

where K is the contrast,s is the intensity standard deviation,
and (I) is the mean. In the case of static scatterers or rough
reflecting surfaces, the probability distribution of the intensity
follows a negative exponential shape, and the contrast be-
comes unity [16]. If the scattering objects are in motion,
the contrast will be reduced by a quantity dependent on the
rate of motion and magnitude of momentum transfer at each
photon collision. In LSI, this contrast analysis is performed in
small sampling windows several pixels wide to preserve spa-
tial resolution of blood vessels and other structures.

Goodman, Bandyopadhyay, and others have derived the
contrast of integrated speckle intensity given a uniform inte-
gration window as [16,17]

=2 [(1-2)orar @)

where K is the contrast, T is the integration time, and g, is
the normalized electric field autocorrelation function defined
as g,(z) = (E(0)E*(7))/{|E(0)|?). Here the Siegert relation has
been employed to transition from field statistics to intensity
[18]. Maret and Wolf then derived the electric field autocorre-
lation of a single photon as it travels through a scattering
medium [19]:

n_ a2 ,',2 T
61(6) = B () = P exp (-3 )

i=1

where each 7 is a scattering event, k is the wavenumber inside
the medium, ky = 2zn/4, (Ar?) is the mean square displace-
ment, and ¢ is the momentum transfer |q| = 2k, sin(0/2). The
particle rate of motion information is contained in (Ar?), and
depends on the nature of the dynamics in question. For diffu-
sive dynamics, such as Brownian motion, (Ar?) = 6Dz,
where D, is the diffusion coefficient. For directed motion,
(Ar?) = (V1)? where V is the velocity. In LSI, (Ar?) is fit
or solved for, and typically the dynamics are assumed a
priori. Because the pixel intensity will be a summed contri-
bution of multiple photons, the amount of momentum transfer
follows a probability distribution dependent on the optical
properties. For such distributions, there are several ways
to derive G; depending on the manner in which it is assumed
light propagates through the medium. The autocorrelation
function, which depends on the dynamics of the scattering
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particles, can then be related to the measured quantity,
speckle contrast, using Eq. (2).

One method for obtaining the autocorrelation function G, is
to assume that speckle is a single scattering phenomenon at
known angle of incidence, in which case the value of |g| can be
found, reducing Eq. (3) to a simple exponential. For relative
changes in flow, fitting to this expression often suffices, and
has the advantage of being simple enough to be performed in
real time [8]. However, it is well known that speckle patterns
produced from a turbid medium is a multiple scattering phe-
nomena [20]. To achieve quantification, we instead focus on a
model for the correlation that assumes multiple scattering.

In DWS, a sufficiently large number of scattering events is
assumed such that the sine of each scattering angle can be
replaced by the average. The total momentum transferred
is then just the total number of scattering events multiplied
by this average. For a single photon, this reduces the auto-
correlation function to

13 (£)(Ar(2))
% , (4)

where s and [* are the total path length and mean free path
of photon propagation, respectively, and their ratio gives the
total number of scattering events. The breakdown of this
assumption for short path length photons has been explored
in some detail [21].

When extending this result to many photons, one now only
needs to integrate over the distribution of path lengths P(s).
Using the standard diffusion approximation, this distribution
has been calculated as a function of source-detector separa-
tion |r - r| and the integral can be done analytically [22]:

S

gl(T)ZAmP(S)eXp W ds

= exp{—[Sual* +k%(AT2(r))}1/Z%}. (5)

It is important to note that this result has also been derived in
the context of correlation transport. If correlation is the trans-
porting quantity, one can use the SDA to reduce the equation
to [20]

V2G(r.7) = hest (7) G (r. 7) = S(r), (6)

where S(r) is the source, =y, +Hs, pe(7) =
(3/4a,dyn(7)”£r)1/2’ and Ma.dyn(r) = Mo + 1/3ﬂék%<A7ﬂz (z)). This
is identical to the diffusion of the photon density, but with
the absorption coefficient replaced by this new “dynamic” ab-
sorption term y, 4yn. If @ point source is assumed, this can be
solved to obtain the correlation in Eq. (5). The dynamic ab-
sorption is useful because it allows one to draw on precedents
with diffusing flux, but it also adds new restrictions on the
validity of the approximation. These issues will be discussed
below.

B. Correlation Diffusion in the Spatial Frequency
Domain

While obtaining flux and correlation as a function of separa-
tion from a pointlike light source is advantageous in optical
fiber methods such as DWS, LSI is performed with planar
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illumination where such a source does not exist. However, re-
cently, imaging techniques have been developed for sources
that are two-dimensional plane waves at varying spatial fre-
in the Fourier inverse domain of spatial separation, spatial fre-
quency, where the projection patterns are the Fourier basis
functions. Analogous to the way that DWS takes advantage
of correlation at multiple source-detector separations, we
use discrete spatial frequencies of projected light to increase
information content and help achieve true quantitative
measurements. In diffusion-based SFDI, the source term in
the diffusion equation [Eq. (6)] is replaced by a function of
spatial frequency. For a source S(k) = sin(kx + ¢), the solu-
tion for the correlation of remitted light is also sinusoidal, with
amplitude given by [9]

Hoge (k.7) Hoge (k) '
(talke 4 1) (a2 4 54 )

where A= (1-Rer)/[2(1 + Regr)] and pog(k,7) = (perr(7)+
k?). Here the mean square displacement appears inside the
effective absorption term, and can thus be fit using this
analytic expression.

Gi(k.7) =

C. Correlation Monte Carlo in the Spatial Frequency
Domain

As opposed to the analytic diffusion model, photon correla-
tion can also be found numerically with MC techniques. Using
well-developed MC algorithms for photon propagation
through a turbid medium [25,26], one can record the momen-
tum transfer of each photon-scatterer collision directly, and
create a numerical distribution. This avoids the DWS assump-
tion that total momentum transfer can be replaced by the
number of scattering events. The autocorrelation can then
be calculated as [21,27,28]

G (c) = /) " P(Y) exp {W} av, (8)

where P(Y) is the distribution of dimensionless momentum
transfer ¥ =1 -cos(f). This integral must be evaluated
numerically and can be viewed as a weighted average of the
exponential function.

Rice et al.

By taking a Fourier transform of autocorrelation function
determined with Eq. (8), we find the correlation as a function
of spatial frequency. Since the problem is spherically sym-
metric, we calculate the spatial frequency components with
a Hankel transform:

Gi(r.k) =21 [ Gl oMol 9)

A simple time-resolved MC photon propagation algorithm
was obtained from the Oregon Medical Laser Center website
[29]. An additional feature was added to histogram the
weighted, dimensionless momentum transfer. One million
photons were propagated through a semi-infinite medium to
obtain P(Y) at 100 discrete radial bins, linearly spaced be-
tween 0 and 20 mm. The autocorrelation function was then
determined by using Egs. (8) and (9).

3. EXPERIMENT

A. Instrumentation

The experimental setup is illustrated in Fig. 1. Light from a
coherent 30 mW He—Ne laser source (Edmund Optics) was ex-
panded and reflected off a liquid-crystal-on-silicon (LCOS)
(Holoeye Inc) spatial light modulator (SLM) and directed onto
the sample. The remitted speckle pattern was recorded using
a 12bit thermoelectrically cooled CCD camera (Qimaging
Inc). The SLM was programmed to project light at 31 evenly
spaced spatial frequencies f between 0 and 0.4mm™! and
three phases each separated by 27/3.

Several experimental factors independent of the dynamics
of the scattering particles can also effect the speckle contrast.
These include speckle and pixel size, sampling window size,
and shot noise [30]. In addition, finite source coherence length
and polarization reduce the speckle contrast, which adds to
the difficulty of obtaining quantitative measurements [31].
The total effect appears as a multiplicative correction factor
for the contrast . We adjust for this factor by first maximizing
p to be as close as possible to unity. This was done by using a
long coherence length (~1m) light source, and setting the
speckle to pixel size at two pixels per speckle in order to meet
Nyquist criteria. g was then found empirically by calculating
the contrast from a rough metal object and found to be
B = 0.8. An additional reduction of 1/,/2 was also incorpo-
rated because of polarization loss [16].

LCOS Microdisplay

Coherent Source

Beam Expander or
Diverging Lens

Sample

Near Infrared CCD Camera
and High f# lens.

Optical Table

Fig. 1. (Color online) Experimental setup, where light from a coherent source reflects off an LCOS display that projects patterns onto the sample

surface. Remitted speckle signal is captured by the CCD camera.
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B. Data Acquisition
The projected sinusoidal pattern through the LCOS can be
written as

IN; = apc + asc cos(2afx + @), (10)

where apc and a,c are the weight of the planar offset and
amplitude, respectively, of the projected wave. Next, we take
advantage of the demodulation scheme proposed in [9]. This
technique allows one to isolate the amplitude of a single
frequency component by combining images at three equally
separated phases ¢;23 = (0,27/3,4x/3) such that

IN; = apc + axc cos(2afx + @;) = axc

= \/?é[(INl —IN,)? + (IN3 - IN3)? + (INy - IN3)?]'/2,

(11)
Next, we write the contrast remitted from the sample as

0; _ Apconc + oaclac cos(2zfx + @;)
(I);  apclpc + Ixcaac cos(2afx + ¢;)

i =

(12)

where o; and I; refer to the standard deviation and mean
filtered image, respectively. K ¢ can then be extracted using
the demodulation technique [9,32]:

[(61 = 62)% + (01 — 63)% + (02 — 63)*]V/*
(D1 = (D2)* + (1)1 = (1)3)* + (D)5 - (I)3)*]"/?

OAC
— 2AC 13

Kyc =

A summary of this data flow process can be seen in Fig. 2.

C. Liquid Phantoms

We measured three experimental systems. In the first, to help
illustrate the necessity of incorporating optical properties into
the speckle contrast model, three wells were filled with liquid
phantoms using Intralipid fatty emulsions (Fresenius Kabi) as
the scattering medium. Different concentrations of Intralipid
and absorbing dye were added to achieve unique sets of

Raw Speckle Image

Window Standard
Deviation Filter

Window Mean Filter

I\
l/

| I
Demodulation Demodulation

Demodulated
Standard Deviation

Demodulated
Contrast

Fig. 2. Data flow for collecting AC speckle contrast amplitude. An
image of actual data recorded at each step is provided for reference.
The raw sinusoidal speckle image is collected at three equal phases
with a CCD chip. Window mean and standard deviation filters of size
7 x 7 are then run over the images. The AC amplitude is extracted
for each using the demodulation scheme. Finally, the contrast is
determined by taking the ratio of the standard deviation to mean.

Demodulated Mean

\.

o
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scattering and absorption coefficients [33,34]: 44 = 1.00mm1,
Uy = 0.00033mm!; g = 1.70mm™1, u, = 0.00033 mm™!; and
s =1.00mm™", y, =0.0lmm!. In this case, the Brownian
diffusion of the scattering particles is constant, but the
speckle contrast will be different in each well due to the
change in optical properties.

To further validate our technique, liquid phantoms were
created using 800 and 1026nm polystyrene microspheres
(Spherotech Inc.). The 800 nm spheres were diluted to 0.3%
weight/volume (w/v) to achieve a reduced scattering coeffi-
cient y. = 1.00mm-! at 633nm wavelength, and Nigrosin
dye was added to achieve an absorption coefficient y, =
0.005mm~!. Measurements of this phantom were done at
exposures of 7= 10ms. The 1026 nm spheres were diluted
to a concentration of 1.1%w/v with corresponding u; =
2.50mm™!, no absorber was added besides water, u, =
0.00033mm™!, and here T = 1 ms. Microspheres are assumed
to undergo diffusive dynamics, and the theoretical values of
D, can be calculated using the Stokes—Einstein formula for
a diffusing particle in a solution:

kT
D, = — 14
" 6y’ (14)

where T is the temperature, 7 is the viscosity of the solvent,
and r is the particle radius. The solution of microbeads is
assumed to follow three-dimensional Brownian motion ran-
dom walk statistics, where (Ar?(z) = 6D,7), and D, is fit as
the free parameter.

Finally, liquid phantoms were also created using Intralipid
and glycerin solutions, which allows one to adjust and control
the viscosity of the solution. Intralipid was mixed with a
water—glycerin solution at 1% concentration to achieve
u. = 1.00mm™!, and absorbing Nigrosin was added to achieve
Ug = 0.006mm!. The glycerin to water ratios were then
adjusted from 0%—43%.

4. RESULTS AND DISCUSSION

A. Monte Carlo Simulations

Using our MC algorithm, P(Y) was obtained for optical prop-
erties set at 4, = 1.00mm™! and y, = 0.005mm~'. The result-
ing distributions are plotted in Fig. 3 and were generated using
1 million photons, which took approximately 3 min on an Intel
Core i7 processor. The distributions at short and long radial
distance, p, illustrate the general shift of the mean momentum
transfer quantity as one gets closer to the source. DWS begins
to break down in this regime, as p—0 [21].

Inserting the above distribution into Egs. (8) and (9) gives
the autocorrelation as a function of radius and spatial fre-
quency, respectively. This is compared to the correlation dif-
fusion model from Eq. (7) for several moments in time r,
shown in Fig. 4. The autocorrelation has been normalized
to unity at z = 0. As expected, the diffusion and MC models
agree for short integration times and small k. For = < 100 ys,
the two models agree reasonably well for all simulated values
of k. This is in agreement with the literature, which predicts
the maximum valid time to be of the order of hundreds of
microseconds [20]. However, LSI is usually performed with
integration times of milliseconds, where the plots show
significant divergence between the two models Thus MC
modeling is necessary for quantitative analysis of LSI data.



2112 J. Opt. Soc. Am. A / Vol. 28, No. 10 / October 2011

4x104

1500 T T T T T

Number of Photons

5 10 15 20 25 30
Dimensionless Momentum Transfer
Fig. 3. (Color online) Dimensionless momentum transfer distribu-
tion at short (0.3 mm) and long (1.1 mm) source—detector separations.
Note the increasing shift in mean momentum transfer with longer
separation.

B. Optical Contrast

Intensity and speckle contrast maps for the three wells is
shown in Figs. 5(a)-5(d) for T' = 10 ms. Increased absorption
and scattering contrast can be seen in the top wells in the
images. This is also shown in the plot of speckle contrast
in Fig. 5(e). With a single scattering model that does not in-
corporate optical properties, the fitted D, varies between
wells by up to 27% and are 1 order of magnitude greater than
expected from the particle radius [34]. This is contrasted with
the fit D,, using our MC model, which has variation of less than
4% and agrees with literature values.

C. Polystyrene Beads

The resulting speckle contrast values are plotted as a function
of spatial frequency alongside the MC and diffusion model fits
in Fig. 6. The mean percentage error on the contrast fits for
both particle radii are found to be approximately 4.55% and
0.86% for the diffusion and MC fit, respectively, showing better
agreement with the MC model at this 7" value. This is due to
the breakdown of the diffusion approximation assumption
Hs > pfgam N Eq. (7). In fact, for a 633nm light source,
T=1ms, and D,~5.35x107"mm?/s, pg4gm ~0.6mm=.
The dynamic absorption here is actually of the order of the
reduced scattering!

—Monte Carlo
-= Diffusion

0,

2 ns 1 ‘_-l_l)_ﬂ_ps

1 0,5/’———
o
S 0
=2 0 01 02 03 04 05 0 01 02 03 04 05
=) 200ps 300ps
o I Izt
§ [ o [
505 y—————— 0.5 .-~
I 0 c—’
§ 0 01 02 03 04 05 ©0 01 02 03 04 05
g . doows___ . sOEs
N e e

0.5 - 0.5f -
0 0

0 01 02 03 04 05 0 01 02 03 04 05
Spatial Frequency (mm-')
Fig. 4. (Color online) Photon autocorrelation as a function of spatial
frequency at multiple time points. Note diffusion and MC agree at
short time points (<200 us) and low frequency (<0.1mm™"), but dis-
agree for higher spatial frequencies and integration times.
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Fig. 5. (Color online) Intensity images in arbitrary units for wells
with increased (a) absorption and (b) scattering coefficients going
from the bottom well to the top. Speckle contrast is shown for the
same wells in (c) and (d). The speckle contrast is then plotted as a
function of spatial frequency for three regions of interest along with
the MC D, fit (solid curve). Using a single scattering fit, in mm?/s,
Dy =1.96x107°, Dy = 1.73x10°, D5 = 2.2 x 107, whereas the
MC fit that incorporates optical properties finds D,; = 2.07 x 1076,
Dy, = 1.99 x 1075, D3 = 2.01 x 1075, Note the high variation in per-
ceived motion caused by a change in the optical properties.

0.6
+ 800nm Microspheres
05 —MCModel Fit | e
---Diffusion Model Fit | 7
0.4 =
0.3
0.2
-
72}
<
£ ol
=]
O o9
ﬁ - 1026nm Microspheres| ]
3 —MCModel Fit |
2 08 ---Diffusion Model Fit | ="~
w |
0.7
0.6
osf
04
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Spatial Frequency (mm-")

Fig. 6. (Color online) Diffusion and MC diffusion coefficient fits
for 800 nm (top) and 1026 nm (bottom) microspheres. MC modeling
provides a clearly superior fit. Note the decrease in fit agreement
at low spatial frequencies, likely due to the spatial frequencies intro-
duced by the intensity profile. Error bars indicate the standard devia-
tion between successive measurements.
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Table 1. Expected and Fit Diffusion Coefficients for
Microspheres of Two Different Radii Using Correlation
Diffusion and Monte Carlo Models

Particle Expected D, MC Model Fit D, Diffusion Model Fit

Diameter (nm)  (mm?/s) (mm?/s) Dy, (mm?/s)
800 6.10 x 1077 7.10 x 1077 1.61x 1076
1026 4.70 x 1077 5.38 x 1077 8.70 x 1077

At room temperature T' = 298K, = 9 x 104 Pa-s, the pre-
dicted and fit diffusion coefficients for d; = 800 nm and ds =
1026 nm microspheres are shown in Table 1. The MC fits agree
well with the theoretical values, and notice that the particle
size ratios are preserved, in that

r; 800nm g oD _54x10Tmd/s (15)

7, 1026nm Dy 7.1x 107 mm?®/s

This suggests the method has potential to provide accurate,
quantitative assessments of particle motion in an imaging
modality.

D. Glycerine Intralipid Titration

The viscosity 5 for glycerine and water solutions [35] are pre-
sented in Table 2. The expected fractional increase in diffu-
sion coefficient is also shown, and is proportional to 1/7.
These values are compared with the fit using MC modeling.
Here D, is the diffusion coefficient of Intralipid in pure water.
The fitted contrast is plotted as a function of spatial frequency
in terms of D, in Fig. 7, and is found to fit well with a mean
percentage error of 1.9%. Note that the predicted values with
increasing viscosity are observed.

The particle size of Intralipid has a large variance and
depends on concentration and manufacturer [34,36], making
it difficult to accurately predict the self-diffusion. It also con-
tains various amounts of other solvents, which alter the inher-
ent viscosity of the solution. Here D is fit to ~2 x 10~ mm?/s.
This agrees with the general observation that the Intralipid par-
ticle radii are of the order of hundreds of nanometers [34], and
smaller than the polystyrene beads from Subsection 4.C.

We believe the discrepancies in the fits, specifically around
low frequencies, are likely due to the shape of the intensity
profile. For most lasers, the beam profile is a Gaussian, which
introduces additional frequency components into the image.
In preliminary testing, we found that this can have a large ef-
fect, up to 15%, on the expected speckle contrast for planar
illumination. We plan to conduct a more extensive study
regarding the effect of the laser intensity profile on speckle
contrast in the future, using concepts of cSFDIL

Table 2. Viscosity and Fractional Expected
Diffusion Coefficient Change with Monte Carlo
Correlation Model Fit

% Viscosity Expected Fit D,
Glycerine (Pa-s) D, (mm?/s) (mm?/s)
0 0.90 1.00-D, 1.00-D,

20 1.55 0.58-Dy 0.55-D,

28 2.10 0.43-D, 0.41-D,

36 2.75 0.33-D, 0.33-D,

43 3.6 0.25-D, 0.24-D,
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% L 0% Glycerine
" | =28% Glycerine -

+43% Glycerine

0.5

Speckle Contrast

0.1

0 0.05 0.1 0.15 02 025 03 035
Spatial Frequency (mm'")

Fig. 7. (Color online) Speckle contrast as a function of spatial
frequency with increasing viscosity. The baseline (0% glycerine) solu-
tion was set to the fit value D,. The corresponding expected and
fit diffusion coefficients are plotted for three glycerine concentra-
tions. Error bars indicate the standard deviation between successive
measurements.

5. CONCLUSION

We have shown the capability for doing quantitative measure-
ments of particle motion using the imaging technique LSI. MC
simulations were carried out to obtain the photon autocorre-
lation as a function of spatial frequency, and compared to dif-
fusion. Data were shown to agree with the values predicted
using MC over the diffusion approximation. The Brownian dif-
fusion coefficient was determined for polystyrene micro-
spheres and shown to match theoretical values predicted
by the Stokes—Einstein diffusion equation. Finally, by varying
the viscosity of the scattering solution, the correct fractional
increase in particle diffusion was observed.

In ongoing research, we aim to test this technique using a
combined measurement system for reflectance and coherent
SFDI that is currently being developed. We also wish to incor-
porate additional particle flow models and phantoms to
simulate laminar dynamics. Static scattering components
can cause measurements to become nonergodic, and we plan
to employ multiple exposure techniques to separate static
components from the image, if necessary [37,38]. We find that
running a MC fit for each pixel individually is not feasible in
terms of processing time, and we plan to use other developed
methods, such as rapid-find lookup tables. Finally, we note
that there are additional effects that spatial frequencies have
on light propagation that may be advantageous. In particular,
it has been shown that penetration depth is also a function of
spatial frequency [9,23]. Thus, tomography may be performed
using SFDI [11] to reconstruct three-dimensional maps of
speckle contrast.

ACKNOWLEDGMENTS

This work was made possible by National Institutes of
Health (NIH) grants P41-RR01192 and R21-RR024411. Beck-
man Laser Institute programmatic support from the Beckman
Foundation and U.S. Air Force Office of Scientific Research
(USAFOSR) grant FA9550-08-1-0384 are acknowledged.
S. D. Konecky acknowledges generous support from the
Hewitt Foundation for Medical Research.

REFERENCES

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



2114

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

J. Opt. Soc. Am. A / Vol. 28, No. 10 / October 2011

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

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

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, 597-604 (1980).

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

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, 143-146 (2004).

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

J. D. Briers, G. Richards, and X. W. He, “Capillary blood flow
monitoring using laser speckle contrast analysis (LASCA),”
J. Biomed. Opt. 4, 164-175 (1999).

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,
024012 (2009).

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,
1354-1356 (2005).

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

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

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, 011015 (2011).

F. R. Ayers, D. J. Cuccia, K. M. Kelly, and A. J. Durkin,
“Wide-field spatial mapping of in vivo tattoo skin optical proper-
ties using modulated imaging,” Lasers Surg. Med. 41, 442-453
(2009).

A. Lin, M. Koike, K. Green, J. Kim, A. Mazhar, T. Rice, F. LaFerla,
and B. Tromberg, “Spatial frequency domain imaging of intrinsic
optical property contrast in a mouse model of Alzheimer’s
disease,” Ann. Biomed. Eng. 39, 1349-1357 (2011).

J. W. Goodman, Speckle Phenomena in Optics: Theory and
Applications (Roberts, 2007).

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, 093110-093111 (2005).
P. A. Lemieux and D. J. Durian, “Investigating non-Gaussian
scattering processes by using nth-order intensity correlation
functions,” J. Opt. Soc. Am. A 16, 1651-1664 (1999).

G. Maret and P. E. Wolf, “Multiple light scattering from disor-
dered media. The effect of Brownian motion of scatterers,”
Z. Phys. B 65, 409-413 (1987).

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

31.

32.

33.

34.

35.

36.

37.

38.

Rice et al.

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, 192-215 (1997).

D. J. Durian, “Accuracy of diffusing-wave spectroscopy
theories,” Phys. Rev. E 51, 3350-3358 (1995).

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

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

D. Abookasis, C. C. Lay, M. S. Mathews, M. E. Linskey, R. D.
Frostig, and B. J. Tromberg, “Imaging cortical absorption, scat-
tering, and hemodynamic response during ischemic stroke using
spatially modulated near-infrared illumination,” J. Biomed. Opt.
14, 024033 (2009).

L. Wang, S. L. Jacques, and L. Zheng, “MCML—Monte Carlo
modeling of light transport in multi-layered tissues,” Comput.
Methods Programs Biomed. 47, 131-146 (1995).

S. A. Prahl, M. Keijzer, S. L. Jacques, and A. J. Welch, “A Monte
Carlo model of light propagation in tissue,” in Dosimetry of
Laser Radiation in Medicine and Biology, SPIE Conference
Proceedings (SPIE, 1989), Vol. IS 5, pp. 102-111.

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

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 measure-
ments,” Appl. Opt. 33, 3549-3558 (1994).

S. Prahl, http://omlc.ogi.edu/software/mc/, accessed 1 May 2010.
D. D. Duncan, S. J. Kirkpatrick, and R. K. Wang, “Statistics
of local speckle contrast,” J. Opt. Soc. Am. A 25, 9-15
(2008).

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

A. B. Carlson, Communication Systems: An Introduction to
Signals and Noise in Electrical Communication, 3rd ed.,
McGraw-Hill Series in Electrical Engineering, Communications
and Signal Processing (McGraw-Hill, 1986).

S. T. Flock, S. L. Jacques, B. C. Wilson, W. M. Star, and M. J. C.
van Gemert, “Optical properties of Intralipid: a phantom
medium for light propagation studies,” Lasers Surg. Med. 12,
510-519 (1992).

R. Michels, F. Foschum, and A. Kienle, “Optical properties of fat
emulsions,” Opt. Express 16, 5907-5925 (2008).

N. E. Dorsey, Properties of Ordinary Water-Substance in All its
Phases: Water Vapor, Water, and All the Ices (Reinhold, 1989),
pp. 2331-2336.

B. W. Pogue and M. S. Patterson, “Review of tissue simulating
phantoms for optical spectroscopy, imaging and dosimetry,”
J. Biomed. Opt. 11, 041102 (2006).

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

A. B. Parthasarathy, W. J. Tom, A. Gopal, X. Zhang, and A. K.
Dunn, “Robust flow measurement with multi-exposure speckle
imaging,” Opt. Express 16, 1975-1989 (2008).



http://omlc.ogi.edu/software/mc/
http://omlc.ogi.edu/software/mc/
http://omlc.ogi.edu/software/mc/



