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Abstract. Unlike laser Doppler flowmetry, there has yet to be presented a clear description of the physical var-
iables that laser speckle contrast imaging (LSCI) is sensitive to. Herein, we present a theoretical basis for dem-
onstrating that LSCI is sensitive to total flux and, in particular, the summation of diffusive flux and advective flux.
We view LSCI from the perspective of mass transport and briefly derive the diffusion with drift equation in terms of
an LSCI experiment. This equation reveals the relative sensitivity of LSCI to both diffusive flux and advective flux
and, thereby, to both concentration and the ordered velocity of the scattering particles. We demonstrate this
dependence through a short series of flow experiments that yield relationships between the calculated speckle
contrast and the concentration of the scatterers (manifesting as changes in scattering coefficient), between
speckle contrast and the velocity of the scattering fluid, and ultimately between speckle contrast and advective
flux. Finally, we argue that the diffusion with drift equation can be used to support both Lorentzian and Gaussian
correlation models that relate observed contrast to the movement of the scattering particles and that a weighted
linear combination of these two models is likely the most appropriate model for relating speckle contrast to par-
ticle motion. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this

work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.21.7.076001]
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1 Introduction
Laser speckle contrast imaging (LSCI) is a noninvasive (or min-
imally invasive) imaging modality used primarily for the relative
and qualitative imaging of blood flow and perfusion.1–3 This
method has a wide field of view, and it is efficient and simple
for full-field monitoring. The simplicity of LSCI along with its
high spatial and temporal resolution allows it to be used as a
powerful tool to measure, monitor, and investigate living proc-
esses in near real-time. The fundamental concept behind this
method is the quantification of the relationship between moving
particles (scatterers) in the object space (i.e., the living organ or
blood vessel) and the moving speckles in the image plane. When
there is motion in the object space, the intensity of speckles in the
image space fluctuates in time. It is these time-varying speckles in
the image space that encode the motion in the scattering object. In
time-varying, or dynamic, speckle patterns, the speckle is blurred
during the finite camera integration time and the spatial variation,
or contrast, in intensity is thereby decreased.

A clear relationship between LSCI and laser Doppler flow-
metry (LDF) has been established in the literature.2

Furthermore, a clear relationship between LDF and both the
concentration of scattering particles and the velocity of the par-
ticle-containing fluid has been established.4 As noted by Boas
and Dunn,2 the theoretical basis of LSCI seems to imply that
LSCI is sensitive to variations in speed, yet several authors
have observed that LSCI is sensitive to particle concentration
as well.2,5 This implies that LSCI is truly a measure of flux.

However, a clear demonstration of this has yet to be presented,
which is the purpose of this paper.

1.1 Blood Perfusion, Flow, Speed, Velocity, and
Flux

In order to more clearly understand exactly what LSCI is sen-
sitive to, it is important to have clear definitions of the various
terms used in the literature to describe the movement of blood.
Many of these terms have been used interchangeably in the
LSCI literature, even though these terms possess different
units and physical dimensions.2,3

Clinical units for blood perfusion are typically milliliters (of
blood) per milliliters (of tissue) per second (ml∕ml∕s) and is a
measure of blood volume flow through a given volume or
mass of tissue. Blood perfusion clearly indicates a rate,
ϕb ¼ ðVb∕V tÞ∕s, where Vb is the volume of whole blood, V t

is the volume of tissue, and s is seconds. Alternatively, blood
perfusion may be reported in units of ml∕100 mg/min. Either
way, clinical blood perfusion is a measure of capillary and inter-
stitial blood flow and is meant as a means of quantifying the
delivery of oxygen and nutrients to the tissue as well as the
removal rate of metabolic waste from the tissue by the blood.
Regardless of units, blood perfusion has physical dimensions
of [quantity] T−1 (because M ∝ L3). It should be noted that
Vb refers to the volume of whole blood, not just the components
of blood that scatter light. The units of blood perfusion imply a
concentration rate.

The term flow is usually expressed in terms of volume per
time, e.g., ml∕s, and has physical dimensions of L3∕T. The fre-
quency shift observed in LDF of blood has been convincingly
demonstrated to be sensitive to bulk blood flow and to particle
density.4 Flow, when discussing the movement of a fluid with
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suspended particles, such as blood, is often thought of as the
number of particles per volume per time,2 or a concentration
rate, [_c], where the dot explicitly indicates the time derivative
and [c] is the number concentration, ½c� ¼ ðnp∕VbÞ, where np
is the number of particles. In this case, flow is more properly
referred to as flux density (below).

Speed and velocity are often used interchangeably, although
they are two very different quantities.3 Speed is a scalar quantity
with units of distance per time (e.g., ms−1, while velocity is a
vector quantity with the same units. The magnitude of the veloc-
ity vector is speed. Both speed and velocity have physical
dimensions of LT−1.

Flux is a term used to describe transport phenomena, i.e., the
flow of some physical property (mass, energy, momentum, and
so on) in space. It is typically thought of as a rate of flow of a
physical property per unit area. Flux has the physical dimen-
sions of [quantity] T−1L−2. Of particular relevance to LSCI
is the diffusive flux [the rate of movement of particles across
a unit area (e.g., molm−2 · s−1)], which describes Fick’s first
law of diffusion and advective flux ([particles] m−2 s−1),
where the square brackets indicate the number concentration.6

1.2 Relationship to Laser Doppler Flowmetry

In addressing the issue of what LSCI is sensitive to, the usual
approach is to observe that LSCI and LDF essentially measure
the same quantity, although through very different means.3

Goodman7 established a relationship between the speckle con-
trast, K ¼ σs∕hIi, and the autocovariance of the intensity fluc-
tuations, CtðτÞ, of an individual speckle3

EQ-TARGET;temp:intralink-;e001;63;425K2 ∝ σ2s ðTÞ ¼
1

T

Z
T

0

CtðτÞdτ; (1)

where T is the detector integration time, τ is the characteristic
correlation time, and σ2 is the speckle intensity variance over
time T. The autocovariance of the intensity fluctuations,
CtðτÞ, was assumed to follow a Lorentzian distribution, although
this assumption is not a necessity for Eq. (1) to hold. By assum-
ing a Lorentzian line shape for CtðτÞ, it is implicit that the under-
lying particle motions giving rise to the intensity fluctuations is
random (Brownian for larger particles). If ordered motion is
assumed, then CtðτÞ follows a Gaussian line shape.8 LDF
directly evaluates the integrand on the right-hand side (RHS)
of Eq. (1), while LSCI indirectly assesses the left-hand side
of the equation. 3

Bonner and Nossal4 clearly demonstrated a quantitative rela-
tionship between the mean Doppler shift, hωi, particle density,
and velocity of the fluid in a moving fluid, i.e., a dependence of
hωi on particle flux. Yet, such a clear demonstration has not yet
been provided for LSCI. The remainder of this paper considers
LSCI from the perspective of mass transport and aims to dem-
onstrate a theoretical and experimental dependence of LSCI on
particle flux.

2 Theory

2.1 Diffusion with Drift Equations

We begin by viewing the problem in terms of a three-
dimensional (3-D) mass-transport problem governed by the con-
vection-diffusion equations. 6 In the most general 3-D form, the
convection-diffusion equation is frequently given as

EQ-TARGET;temp:intralink-;e002;326;752

∂½c�
∂t

¼ Rþ ∇ · ½D∇ðcÞ� − ∇ · ½~vðcÞ�; (2)

where [c] is the concentration of scatterers (e.g., red blood cells),
D is the mass diffusivity for the scattering particle motion and is
simply diffusion coefficient of the scatterers, R is a factor that
accounts for a change in the number of scatterers due to creation
or destruction (also referred to as a “source” or “sink” of [c]),
and ~v is the average velocity of the moving scatterers, which in
our case we will assume is the average blood flow velocity
(ms−1). As usual, ∇ · represents the divergence and ∇ is the
gradient in the dimensions [x; y, and z].

Several simplifying assumptions can be made for our
situation.6 We assume a steady-state situation such that
ð∂½c�∕∂tÞ ¼ 0, over the camera integration time, i.e., the concen-
tration of scatterers remains constant over the imaging time.
Second, we assume that the overall number of scatterers remains
constant in our imaging volume over the imaging time, i.e.,
R ¼ 0. Given these assumptions, then, Eq. (2) becomes the sta-
tionary convection-diffusion equation

EQ-TARGET;temp:intralink-;e003;326;5320 ¼ ∇ · ðD∇½c�Þ − ∇ · ð~v½c�Þ: (3)

The first term on the RHS of the equation, ∇ · ðD∇½c�Þ,
describes the flux JL due to random motion of the scatterers
and in mass-transport theory is usually attributed to diffusion.
The local motion of the scatterers is random and in
spectroscopic or laser physics terminology is described by a
Lorentzian spectral line shape.8 Employing an analogy from
laser physics, all of the scatterers in the imaging volume will
have identical behaviors. In laser physics, this results in the phe-
nomenon of homogeneous line broadening and is one of the two
possible limiting behaviors of moving particles. The second
term on the RHS of the equation ∇ · ð~v½c�Þ describes the flux
JG due to both the concentration of the scatterers and the veloc-
ity of the fluid (blood serum). This term is referred to as advec-
tive flux. Advection is defined here as the transport mechanism
by which the scatterers (e.g., red blood cells) are transported due
to the bulk motion of the fluid, the blood serum. The advection
operator in Cartesian coordinates can be given as6

EQ-TARGET;temp:intralink-;e004;326;314∇ · v ¼ ~vx
∂
∂x

þ ~vy
∂
∂y

þ ~vz
∂
∂z

; (4)

where v is a velocity field. If the flow is assumed to be incom-
pressible then v is solenoidal (i.e., ∇ · v ¼ 0) and the advection
equation may be written as

EQ-TARGET;temp:intralink-;e005;326;237

∂φ
∂t

þ v · ∇φ ¼ 0; (5)

where φ is a scalar field that describes the location of the scatter-
ing particles. If the flow of the blood serum is steady then
v · ∇φ ¼ 0, φ is steady along a streamline and the flow is organ-
ized. As above, in the terminology of laser physics, this can be
viewed as an inhomogeneous line broadening phenomenon and
the dynamic behavior is particular to individual scatterers. The
line shape for the population of scatterers in this case is
Gaussian8 and represents the other possible limiting behavior
(as opposed to the Lorentzian description, above).

Thus, Eq. (3) describes ordered and unordered flow, along
with both the diffusion-dependent and velocity-dependent com-
ponents of the total flux JKK ¼ JL þ JG. In the case where the
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motion is entirely due to random motion (Brownian), then
JG ¼ 0. In the other limiting case where the motion is purely
organized flow, JL ¼ 0. Of course, these two limiting situations
are rare, and in most cases of practical interests, there will be
components of both types of motion.

For the sake of thoroughness, it is worth noting that the aver-
age velocity ~v is in some fashion proportional to the applied
pressure (i.e., the blood pressure). In this case, we can write
the stationary drift-diffusion equation 6

EQ-TARGET;temp:intralink-;e006;63;6530 ¼ ∇ · ðD∇½c�Þ − ∇ ·

�~Fc
ξ

�
; (6)

where ~F is the applied force and ξ describes the viscous drag on
the particles (e.g., the red blood cells).

In the case of perfusion imaging using LSCI, the dimension-
ality of the problem can be reduced to two dimensions, x and y
(assuming the optical imaging axis is in the z-direction). The
situation becomes planar when one realizes that LSCI is a coher-
ent imaging technique and that the light scattered from all scat-
terers within the depth of field (DOF) of the imaging lens will
coherently sum in the imaging plane to create a single speckle
pattern. The underlying assumption is that the temporal coher-
ence length of the laser, lc ≥ DOF. In the planar assumption,
the convection-diffusion equation [Eq. (3)] is recognized as
Fick’s first equation with drift9

EQ-TARGET;temp:intralink-;e007;63;463Jx ¼ −D
∂½c�
∂x

þ ~vx½c�; Jy ¼ −D
∂½c�
∂y

þ ~vy½c�; (7)

which describes the situation in which all of the scatterers trans-
late in theþx ðor þ yÞ direction at a velocity ~v. Thus, the flux at
any point x increases by amount ~vx½c�ðxÞ (and similarly for any
point y).

Equation (7) may also be written in a form that incorporates
the applied force ~F, such as blood pressure, that is responsible
for the “drift” [i.e., the second term on the RHS of Eq. (7)]. In
this case, Eq. (7) becomes

EQ-TARGET;temp:intralink-;e008;63;331Jx ¼ −D
∂½c�
∂x

þ
~Fx

ξ
½c�; Jy ¼ −D

∂½c�
∂y

þ
~Fy

ξ
½c�: (8)

In many LSCI applications where the motion along a vessel
is of interest, Eq. (7) can be further reduced in dimensionality to
a one-dimensional (1-D) problem. As with the discussion of
Eq. (3), Eq. (7) describes ordered and unordered flow, along
with both the diffusion-dependent (first term on the RHS)
and velocity-dependent (second term on the RHS) components
of the total flux.

We now focus on a situation in which the movement of scat-
tering particles is entirely random (Brownian motion). Such a
situation may be envisioned when using LSCI to image a
semi-infinite medium with scattering particles (e.g., micro-
spheres) in random motion. Thus,

EQ-TARGET;temp:intralink-;e009;63;152JKK ∝
∂½c�
∂x

: (9)

Therefore, in this implementation, LSCI is sensitive to diffu-
sional flux resulting from a concentration gradient or from
the Brownian motion of particles.

In the case of primarily ordered flow (i.e., steady flow in a
vessel or tube), it is seen that

EQ-TARGET;temp:intralink-;e010;326;730JKK ≅ ~v½c�; (10)

which describes the condition in which the total flux is due
entirely to advective flux. Advective flux is a flux that is depen-
dent upon both velocity ~v and concentration of scattering par-
ticles [c].6 Thus in this implementation, LSCI is sensitive to flux
resulting from both velocity and concentration of scatterers. An
increase in either velocity or concentration will result in an
increase in the number of dynamic scattering events during a
given time interval (camera integration time, T), resulting in
a decrease in contrast, K.

To relate this discussion to our assertion at the top of this
section that our problem is one of mass transport, we note
that advective flux as defined by Eq. (10) is related to the
total mass flux _m across a plane perpendicular to the direction
of flow via

EQ-TARGET;temp:intralink-;e011;326;545 _m ¼ JKKS; (11)

where S is the internal cross-sectional area of the tube or vessel
containing the flow and the dot over the variable explicitly indi-
cates the time derivative. Thus, the dependence of flux on vessel
diameter is clearly indicated.

2.2 Relationship of the Diffusion with Drift Equation
to Contrast: Random Motion and the Lorentzian
Cumulative Distribution Function

Consider the 1-D case9

EQ-TARGET;temp:intralink-;e012;326;407JKK ¼ −D
∂½c�
∂x

þ ~vx½c�: (12)

From the above equation, it is seen that the total flux, JKK , is
dependent upon the concentration (gradient) of scatterers, [c],
and the velocity, ~v, of the surrounding fluid that is causing a
lateral translation of the scatterers. Note that changes in [c]
manifest as changes in the scattering coefficient, μs, of the
fluid solution under observation.

The first term on the RHS of Eq. (12) is recognized as Fick’s
first law of diffusion.9 Particle motion described by this term is
random (Brownian). Fercher and Briers1 invoked this
assumption about the particle motion in their initial description
LSCI. Under this assumption, a relationship between speckle
contrast, K, (in the imaging plane) and the exponential (de)cor-
relation function associated with Brownian motion has been
developed by several authors2,3 and serves as one possible limit-
ing behavior8

EQ-TARGET;temp:intralink-;e013;326;200Kðr̄Þ ¼
�
τc
2T

�
2 −

τc
T

�
1 − e−2T∕τc

���1
2

; (13)

where τc is the characteristic decorrelation time of the observed
speckle pattern in the imaging plane and T is the camera inte-
gration time. It is important to note that Eq. (13) is actually the
cumulative distribution function of a Lorentzian probability dis-
tribution function.8
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2.3 Ordered Flow and the Gaussian Cumulative
Distribution Function

Equation (13) is technically only correct for purely random par-
ticle motion described by the first term on the RHS of Eq. (13).
This term, −Dð∂½c�∕∂xÞ, describes the diffusional flux, JL, com-
ponent of JKK . In this motion, the individual behaviors of the
particles are representative of the population as a whole.

The second term on the RHS of Eq. (13) describes the advec-
tive flux, JG, component of JKK . This term, ~v½c�, describes
ordered motion of the particles and the dynamic behavior of
the individual particles is unique to the individual scatterers.
That is, the behavior of individual particles is not representative
of the behavior of the population. This behavior forms the other
possible limiting behavior of dynamic particles. As above, sev-
eral authors have presented a relationship between the observed
speckle contrast and the Gaussian correlation function associ-
ated with ordered motion2,3

EQ-TARGET;temp:intralink-;e014;63;558Kðr̄Þ ¼
�
τc
2T

� ffiffiffiffiffi
2π

p
erf

� ffiffiffi
2

p
T

τc

�
−
τc
T

�
1 − e−2ðT∕τcÞ2

���1
2

:

(14)

Again, it is worth noting that the above equation is in actuality a
cumulative distribution function of a Gaussian probability dis-
tribution function. Also worth noting is that Eq. (14) is techni-
cally only accurate for purely ordered flow.8

2.4 Combination of Ordered and Unordered Flow

It is becoming clear that LSCI is sensitive to flux, J. The pre-
vious two sections have discussed the two contributions to JKK ,
diffusional flux, JL, and advective flux, JG. In most practical
situations involving LSCI, it is most likely that both forms of
motion are present in some proportion and the actual behavior
is a mixture of these two statistically independent processes. In
this case, the model relating K to the characteristic correlation
behavior of the scatterers would be a convolution of the two
previous models. Note that by the convolution theorem,8 the
net correlation function for the combined behavior is simply
the product of the exponential correlation behavior associated
with randommotion and the Gaussian correlation behavior asso-
ciated with ordered motion. Such a model is referred to as a
Voigt model.8 This model has been discussed by Duncan and
Kirkpatrick8 and has been shown to have physical relevance
with regards to relating speckle correlation times to scatterer
velocity in the object plane. A clear association between flux
and decorrelation time has yet to be presented in the literature
and is beyond the scope of this paper. This is a topic for further
development.

Thus, depending upon the implementation of LSCI, LSCI is
sensitive to diffusional flux [Eq. (9)], advective flux [Eq. (10)],
or some combination of the two [Eq. (12)]. In most practical
scenarios of interest, LSCI depends upon both velocity and
concentration.

3 Materials and Methods
A small flow system, an LSCI system, and a series of fluid phan-
toms with known optical properties were developed so as to
examine the effects of velocity, ~v, and scatterer concentration,
[c]. Because the direction of the flow was known a priori, veloc-
ity, not speed was evaluated. A polarized 660-nm diode laser

(B&W Tek, Newark, Delaware) illuminated a piece of glass tub-
ing with an outer diameter of 2 mm and an inner diameter of
1.5 mm on top of a grooved plastic base. The size of the
tube is somewhat large in comparison to the smaller vessels usu-
ally imaged with LSCI. However, this does not change the
results of this paper. The illuminated region was ∼20 mm in
length. The glass tube, which served as our imaging window,
rested in the groove. Thus, there was a layer of static scatterers
below the flow tube and along both sides. The static scattering
regions adjacent to the flow tube served as reference regions to
normalize the contrast values from the flow region (see below).
A section of rubber tubing was attached to the glass tubing that
connected the tubing system to a mini peristaltic pump (Instech
Laboratories, Plymouth Meeting, Pennsylvania, model P625).
The fluid phantom material flowed into the tubing using this
mini peristaltic pump, which was controlled by an Arduino
microcontroller. A MATLAB® graphical user interface (GUI)
controlled the CCD camera (Point Grey, Dragonfly,
Vancouver, BC, Canada) and the pump, and also calculated
and saved contrast images in near real-time (Fig. 1).

Scattering flow phantoms were made by mixing aluminum
borosilicate glass microspheres (Luxil Cosmetic Microspheres,
Potters Industries, Inc., Malvern, Pennsylvania) with deionized
water (DI) water. The microspheres were polydispersed in terms
of size and the diameters nominally ranged between 9 and
13 μm with a mean diameter of 11.7 μm according to the manu-
facturer. The sphere diameters were slightly larger than typical
red blood cells, which have a diameter in the range of 6 and
8 μm. This difference in scattering properties, however, between
the spheres we employed and spheres with diameters in the 6- to
8-μm range is relatively insignificant at the wavelength we used.
The number distribution of the sizes was not known to us. The
microspheres had a mass density of 1.1 g∕cc. Using Mie theory,
we calculated the appropriate concentrations to create scattering
solutions with reduced scattering coefficients, μ 0

s , that approxi-
mated that of whole blood with various hematocrit levels.10

Once the solutions were mixed, ballistic transmission measure-
ments were used to verify the scattering coefficient, μs and ulti-
mately, μ 0

s . The concentration of microspheres used was lower
than the normal concentration of blood cells, however, the scat-
tering properties of our phantom fluids and that of whole blood
at different hematocrit levels were similar.

A modified version of the Lambert–Beer law was used to
calculate the scattering coefficient from the ballistic transmis-
sion data. Since only scatterers were added to the DI water,

Fig. 1 Diagram of the LSCI and flow systems.
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we assumed that the scattering coefficient was much greater than
the absorption coefficient, μa, and that μa ¼ 0. Thus

EQ-TARGET;temp:intralink-;e015;63;730IðzÞ ¼ I0½exp−ðμs þ μaÞz�; μa ¼ 0; (15)

EQ-TARGET;temp:intralink-;e016;63;700μs ¼
ln
h
IðzÞ
I0

i
z

; (16)

where z is the thickness of the samples (1.0 cm) and I0 was the
measured intensity of the ballistically transmitted beam when
pure DI water was used as the sample. Since the ballistic inten-
sity of the DI water and the scattering samples was measured in
the same cuvette and the ratio between the intensities, IðzÞ∕I0,
the intensity loss due to the cuvette wall was eliminated from the
calculations.

Assuming scattering anisotropy g ¼ 0.9 based on the Mie
calculations, μ 0

s was calculated for the phantoms as

EQ-TARGET;temp:intralink-;e017;63;556μ 0
s ¼ μsð1 − gÞ: (17)

In this fashion, 10 liquid phantom samples were made. The
number concentration, [c], of microspheres ranged from
1×10−5 to 1×10−4 microspheres∕μm3 and the reduced scatter-
ing coefficients of the samples ranged from 0.48 to 4.84 mm−1.
Pure DI water was also used as a flow sample.

Each fluid phantom was run through the LSCI system
described above. Figure 2 shows the cross-section of the sample
preparation we used in the LSCI setup. As can be seen in the
figure, both moving and static scatterers were within the DOF of
the imaging lens and thus the light scattering from these differ-
ent regions summed coherently into a single speckle pattern. In
this figure, the flow is coming out of the page, toward the reader.
The laser was set slightly off-axis to avoid specular reflection. A
video of 100 frames was recorded with a CCD camera for each
sample at 125 frames∕s. The custom MATLAB® GUI saved all
100 frames of the raw speckle patterns, generated contrast
images using a sliding 7 × 7 pixel window,11 and finally
saved the resulting contrast images. The experiment was
repeated three times for each sample. In order to more generalize
the results, we reported a value of Kratio ¼ Kflow∕Kstatic, where
Kflow is the contrast calculated from the 7 × 7 pixel window
cropped from the flow region of the speckle images and
Kstatic is an identically sized window from the surrounding static

region. Reporting Kratio as opposed to just reporting values of K
reduced the undesirable influences of ambient light and fluctua-
tions in incident laser intensity on the sample, as well as reduc-
ing the influence of the scattering properties of the background
static block on the results.

During the experiments to examine the sensitivity of LSCI to
changes in [c], all of the experimental variables were held con-
stant with the exception of μ 0

s , which varied by sample. The
velocity, ~v ¼ 5.0 mm∕s, the outer diameter of the glass tubing
was 3 mm and the inner diameter was 2 mm. The camera inte-
gration time, T, was 6 ms. The camera lens (55-mm telecentric
lens) was fixed at f∕32, which resulted in relatively large speck-
les and an extended DOF. The minimum speckle size on the
CCD chip in the camera was ∼3× the pixel pitch as determined
by examining the power spectrum of a speckle image. Kratio val-
ues were calculated as above and plotted as a function of particle
concentration.

Similarly, to examine the changes in ~v, fluid phantoms with a
single [c] were flowed through our fluids system at varying
velocities ranging from 1 to 8 mm s−1. The particle concentra-
tion of these samples was constant at 6×10−5 spheres∕μm3,
which resulted in a reduced scattering coefficient of 2.2 mm−1.
All other experimental variables were held constant at the same
values as above. Kratio values were calculated and plotted as a
function of velocity.

Thus our experiments individually assessed the sensitivity to
both [c] and ~v, i.e., to both components of advective flux.

4 Results
The experiments described above were designed specifically to
assess the sensitivity to the ~v½c� term of Eq. (12) and the results
clearly show a dependence of Kratio on this term, i.e., on advec-
tive flux, ~v½c�. Both individual changes in ~v and [c] result in
changes in Kratio. Figures 3(a) and 3(b) show the results of
the experiments aimed at assessing the sensitivity of LSCI to
scattering particle concentration, [c]. Figure 3(a) shows the
results in terms of changes in μ 0

s , while Fig. 3(b) shows the
results directly in terms of particle concentration. The velocity
of the fluid in these experiments was 5.0 mm s−1. The solid lines
represent the best-fit line in a least-squares sense. The linear
equations for these lines are, respectively,
EQ-TARGET;temp:intralink-;e018;326;300

Kratio ¼ −0.072μ 0
s þ 0.0965;

Kratio ¼ −3.3 × 10−3½c� þ 0.982: (18)

Correlation coefficients for the relationships were r2 ¼ 0.95 and
r2 ¼ 0.97, respectively. Thus there is a strong, linear negative
relationship between the concentration of scatterers and speckle
contrast. Of note in both plots are the points where ½c� ¼ 0, i.e.,
when contrast measurements were made using pure DI water.
The Kratio values in these cases were 0.9985, 0.9986, and
0.9984. These values indicate that the glass tubing used in
our experimental flow system had negligible influence on the
contrast values. That is, the contrast in the glass tube was the
same as the contrast in the surrounding static medium when
no dynamic scatterers were present. Thus, no correction for
background scatter from the tube was necessary.

The next set of experiments examined the relationship
between the velocity of the moving fluid and speckle contrast.
Recall from above, that these experiments were conducted with
samples having a μ 0

s ¼ 2.2 mm−1. This value was somewhat
arbitrarily chosen because it lies near the middle of the rangeFig. 2 Sample cross-section.
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of the scattering coefficients we examined. As above, a strong
negative linear correlation was found between Kratio and ~v. The
results are shown in Fig. (4). The linear least-squares regression
line was described by the following equation

EQ-TARGET;temp:intralink-;e019;63;275Kratio ¼ −0.065~vþ 0.934 ðr2 ¼ 0.96Þ: (19)

It is worth noting that the slope of this line is of the same order as
the slope of the Kratio versus μ 0

s line. This observation appears to
indicate that LSCI is equally sensitive to changes in velocity and
scatterer concentration.

Combining the above results allows for an investigation into
the sensitivity of LSCI to advective flux, ~v½c�. Because the
results thus far indicate equal sensitivity to both velocity and
scatterer concentration, ~v was held constant at ~v ¼ 5 mms−1

and [c] was varied from 0 ≤ ½c� ≤ 1 × 10−4 spheres∕μm3.
Figure 5 shows the dependency of Kratio on ~v½c�.

Speckle contrast was found to decrease monotonically with
increasing advective flux following the linear relationship

EQ-TARGET;temp:intralink-;e020;63;116Kratio ¼ −0.66~v½c� þ 0.982 ðr2 ¼ 0.97Þ: (20)

This result clearly demonstrates that LSCI is sensitive to
advective flux.

It is certainly worth noting that the y-intercept is ∼1.0. It
was demonstrated above that the glass tube had essentially
no influence on the contrast values, so a y-intercept of 1.0
should be expected, assuming, as we did, that the first term
on the RHS of Eq. (12), that is the diffusive flux term,
ð∂½c�∕∂xÞ ¼ 0. That the y-intercept is ∼1.0, then, confirms
the assertion that these experiments explicitly examined the in-
fluence of advective flux on LSCI.

5 Discussion
The results clearly demonstrate a negative linear dependence of
K on both [c] and ~v for our experimental arrangement. It is
worth noting that the experimental results presented herein indi-
cate that LSCI is approximately equally sensitive to both
changes in velocity and changes in scatterer concentration.
This is significant in that a change in scatterer concentration
may be mistaken for a change in velocity when using LSCI.
This implies that to properly interpret LSCI data, which is typ-
ically used to assess a change in blood flow (or speed, or veloc-
ity), a change in scatterer concentration must be either logically
or experimentally ruled out. Such a change may arise from a
change in hematocrit level. In most studies, a change in hemato-
crit can be ruled out physiologically. However, one could envi-
sion LSCI being used in time-course studies where a change in

Fig. 3 (a) K ratio versus reduced scattering coefficient. A strong negative correlation (r 2 ¼ 0.95) was
found between the two variables. The slope of the best-fit line was −0.072. (b) K ratio versus scatterer
concentration. A strong negative correlation (r 2 ¼ 0.97) was found between the two variables. The slope
of the best-fit line was −3.3×10−3.

Fig. 4 Relationship between speckle contrast and the velocity of the
moving fluid. The fluid phantom had a reduced scattering coefficient of
2.2 mms−1. The correlation coefficient, r 2 ¼ 0:96.

Fig. 5 Relationship between K ratio and advective flux. A strong neg-
ative linear relationship was found (r 2 ¼ 0.97).
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hematocrit is possible or when comparing LSCI results between
individuals, who may have different hematocrit. In these cases,
the results presented here indicate that [c] must be considered in
the interpretation of those results. A more detailed analysis of
this is needed.

It should be noted that our results indicate a negative linear
relationship between speckle contrast and velocity (the term
velocity is known because we know the full vector a priori).
Other researchers have reported a negative exponential relation-
ship between speckle contrast and velocity when employing
temporal speckle contrast imaging.12 It is obvious that contrast
values will approach zero at some velocity that is dependent
upon the flow and imaging geometries. Through the range of
velocities explored herein, however, contrast remained linearly
related to velocity. Had higher, very nonphysiological velocities
been explored, it is likely that this relationship would have
become nonlinear and asymptotically approached zero, perhaps
following a negative exponential relationship described by Li
et al.12 It is worth noting that other authors have suggested a
linear relationship between contrast and velocity when using
spatial speckle contrast imaging.13,14 It is expected that speckle
contrast imaging will exhibit the same dependence on advective
flux, regardless of whether the speckle data are processed in the
spatial or temporal sense.

Our experiments were intentionally devised so as to focus on
the second term on the RHS of Eq. (12), i.e., our experimental
arrangement focused on the sensitivity of LSCI to advective
flux, ~v½c�. An underlying assumption is that the diffusional
flux term of Eq. (12) is small, i.e., −D ∂½c�

∂x ≪ ~vx½c�. Other studies
have focused more on the diffusional flux term, and although not
couched in mass-transport terms, demonstrated a clear depend-
ence of LSCI on ∂½c�∕∂x.15

It is worth asking the question of how to interpret the y-inter-
cept of Fig. (5) had it not been unity and was something >1.0.
The theoretical development and the experimental results appear
to indicate that any reduction in Kratio when ~v½c� ¼ 0 must be
due to random diffusional flux [i.e., the first term on the RHS of
Eq. (12)] in the absence of absorption. Thus, the theory and
experiments in this paper suggest an approach to determining
the relative contributions of diffusional flux (unordered motion)
and advective flux (ordered motion) to the reduction in speckle
contrast, if absorption is negligibly small or otherwise known.
This is discussed in more detail below with regards to choosing a
proper statistical model to relate speckle contrast to particle
motion.

Another issue to consider is that in our experiments, a solid,
static scattering block was below and in the same DOF as the
dynamic, flowing scatterers. One could argue that our experi-
ments merely demonstrate that as [c] increases, the influence
of the static scatterers, which by themselves should result in
a high contrast value of K → 1.0 is reduced. The usual argument
explaining this phenomenon is that as more and more moving
scatterers are introduced to the imaged volume, the number of
speckle fluctuations will also be increased, diminishing the
overall influence of the static scatterers. If we were considering
LDF, we would make the argument that the fraction of Doppler-
shifted photons increases with an increase in the number of
scatterers.3 Indeed, these arguments are correct. However,
they do not diminish our results that indicate that LSCI is sen-
sitive to advective flux.

The one cautionary note regarding the influence of static
scatterers is that the proportionality constants that we report

relating Kratio to [c] may not be entirely generalizable and
may vary depending upon the experimental arrangement due
to the scattering properties of the background material.
However, by reporting Kratio values as opposed to purely values
of K, this influence of background scatterers is reduced and the
results should be fairly generalizable. Note that in living tissue,
there are no scattering volumes in which the speckle arising
from the volumes has a decorrelation time τc → ∞. That is,
there are no static scatterers and speckle from living tissue
will always have a finite τc. Thus, reporting values of Kratio

might not always be possible in actual applications of LSCI,
however, it should be noted that Kratio ∝ K.

Another consideration is that as red blood cells move through
vessels, they tumble. This tumbling motion may lead to addi-
tional speckle fluctuations that may reduce the contrast values.
This is a limitation to our flow phantom studies and an area that
requires further investigation. However, it does not alter our pri-
mary conclusion that LSCI is sensitive to advective flux.

The question of the proper statistical model for describing the
underlying motion of the scattering particles and ultimately
relating this model to the observed contrast arises frequently
in the LSCI literature where it is either directly addressed,2,3

or one statistical model or the other is implicit in the
analysis.5 The two limiting behaviors as discussed above in
Sec. 2 are random (Brownian) motion and ordered motion.
Ultimately, these two limiting behaviors give rise to
Lorentzian and Gaussian correlation functions, respectively,
that relate contrast K and the decorrelation time, τc, of the
observed speckle. Frequently, the discussion surrounding the
proper choice of the statistical model gives the appearance
that this is a binary choice. One has to either assume a
Gaussian or a Lorentzian model. Although it has been proposed
that a Voigt model might be a logical alternative and that this
Voigt model is a convolution of the Lorentzian and Gaussian
line shapes.8

The theoretical development, above, resulting in Eq. (7) for
the two-dimensional case and Eq. (12) for the 1-D case, along
with the experimental findings, lends credence to the choice of a
Voigt model. From these equations, it becomes apparent that this
model selection is not binary, but is actually points along a con-
tinuum, with the Lorentzian and Gaussian models serving only
as the outer limits to the continuum. Inspection of Eq. (12)
reveals that LSCI is sensitive to both diffusive flux, JL and
advective flux, JG, where the total flux, JKK ¼ JL þ JG. If
the particle motion is assumed to be entirely random
(Brownian), then LSCI is revealing JL and the Lorentzian
model should be adopted. Alternatively, if the particle motion
is assumed to be entirely ordered, then LSCI is revealing JG
and the Gaussian model should be adopted. However, in
most normal cases of interest both components of total flux
will be present and the appropriate statistical model is some
combination between the Lorentzian and Gaussian models.
As suggested above, one solution to this is to employ a
Voigt model,8 which is the convolution of the Lorentzian and
Gaussian models, or some other weighted linear combination
of the two, where the weights reflect the relative contributions
of diffusive flux and advective flux. Readers are referred to
Duncan and Kirkpatrick8 for more details on this model.
When viewed in terms of mass transport, then, it becomes ap-
parent that the oft cited binary decision between the Lorentzian
and Gaussian models is a false decision and that these two mod-
els are simply limiting behaviors governed by the diffusion with
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drift equation. 9 As noted in Sec. 2, a clear relationship between
flux, flow model, speckle contrast, and decorrelation time of the
speckle has not yet been fully developed and presented in the
literature. Some authors, notably Kazmi et al.13 have made
some progress in this area, however.

In summary, we have viewed LSCI from a mass-transport
perspective and demonstrated that by adopting the diffusion
with drift equation [Eq. (12) for the 1-D case], a theoretical
basis for understanding the sensitivity of LSCI to both
particle concentration and speed (or velocity) can be shown.
Furthermore, this same mass-transport approach, invoking the
diffusion with drift equation, draws a mathematical and physical
linkage between random and ordered motion of particles. This
single equation [e.g., Eq. (12)] adequately describes both behav-
iors as limiting conditions on contrast values. Finally, when dis-
cussing LSCI, we encourage the use of the term flux and, in
particular, diffusive flux and advective flux (as opposed to
terms such as perfusion, flow, velocity, and speed) to describe
the physical variable to which LSCI is sensitive.
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