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The fundamental limitations of most vascular-based functional neuroimaging techniques
are placed by the fact how fine the brain regulates the blood supply system. In vivo map-
ping of the cerebral microcirculation with high resolution and sensitivity hence becomes
unprecedentedly compelling. This paper reviews the theoretical background of the laser
speckle contrast imaging (LSCI) technique and attempts to present a complete frame-
work stemming from a simple biophysical model. Through the sensitivity analysis, more
insights into the tool optimization are attained for in vivo applications. Open questions
of the technical aspects are discussed within this unified framework. Finally, it concludes
with a brief perspective of future research in a way analogous to the magnetic resonance
imaging (MRI) technique. Such exploration could catalyze their development and ini-
tiate a technological fusion for precise assessment of blood flow across various spatial
scales.

Keywords: Laser speckle contrast imaging; brain microcirculation; functional neuroimag-
ing; magnetic resonance imaging.

1. Introduction

It has been well known that the brain requires extremely sensitive and efficient
control of blood flow because there is no local energy reserve in the cortical tissue.
Local increases in blood flow result from the rapid dilation of arterioles and cap-
illaries of a restricted area in response to an episode of high neuronal activity.1,2

Thus, variations in local cerebral blood flow (CBF) evoked by functional activa-
tion is often regarded as an indirect indicator of the changes in cortical neuronal
activities.3 This is the fundamental assumption that forms the basis of modern
functional brain imaging. However, the coupling relationship between neuronal
activity, oxygen/glucose metabolism, and hemodynamic responses has not been
completely understood at various spatial scales.4,5 Recently, it is known that the
spatial distribution of the vascular-based hemodynamic signal was closely affected
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by the anatomic geometry of the activated cerebrovascular network.6 For example,
both the arterial supply and the capillary network in the cortex contain various
flow-control structures to measure up to the fluctuation of the energy demands.
Therefore, it is necessary to image spatial distribution of CBF from single capil-
lary to local vascular network (namely, achieving both high resolution and large
field-of-view). Moreover, studies on the regulation mechanisms of cerebral perfu-
sion at the local, cellular, and molecular levels will shed more light on the accurate
interpretation of functional imaging results.

To address these scientific questions, one has to count on the technological devel-
opment of flow measurements. After the leading work done by Kety and Schmidt
in 1945,7 there has been an explosion of techniques to study cerebral circulation
across diversified spatial or temporal scales. In functional imaging field, the advances
of the measurements in CBF are too many to be cited here completely, such as
computerized tomography (CT), positron emission tomography (PET), functional
magnetic resonance imaging (fMRI) including arterial spin labeling, phase-contrast
and other derivative methods, ultrasound, laser Doppler, laser speckle, and two-
photon microscopy. And, it is certain that newer techniques will be developed in the
future.

Among these available techniques, optical methods are the perfect candidates
that possess such capability of imaging blood flow with superior spatial/temporal
resolution. However, their in vivo applications are largely bounded by the head,
skull, and skin since the visible light cannot penetrate through it. To circumvent
this problem, the cranial window technique, which has first invented in the 19th cen-
tury to examine the morphology of pial vessels, is often applied. Basically, it opens
a transparent window on the brain and, meanwhile, maintains an environment for
the pial vessels as close to the normal one as possible with respect to intracra-
nial pressure, composition of the surrounding fluid, and prevailing gas tensions.8

Moreover, this transparent window allows us to make better use of optical imaging
techniques because the penetration depth of optical detection was greatly improved.
Besides this, it offers a sufficiently large field-of-view to visualize highly heteroge-
neous microcirculation network. This method provides us a great opportunity in
combination with optical methods to directly observe and study the cerebral micro-
circulation in both acute and chronic experiments.

Laser speckle contrast imaging (LSCI) is one kind of optical imaging techniques
that enables us to map real-time changes of blood flow over a relatively large
area with sub-millimeter spatial resolution. It can ideally bridge the research gap
between single capillary level and local cerebrovasculature network. This method
has absorbed an increasing interest as an alternative approach to investigate CBF
activities with regard to neural mechanisms of brain events.9–13 This review starts
from the theoretical background of this technique, and describes a biophysical model
of the flow-detection process. A complete framework of LSCI is presented. Then,
the sensitivity analysis of this model is derived to give more insights into its advan-
tages and limitations. Some current technical issues are discussed in this unified
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framework, particularly as an analog of magnetic resonance imaging (MRI). Finally,
this paper concludes with a brief perspective of future research.

2. Theoretical Framework of LSCI

Laser speckle forms when laser light falls on an optical rough surface such as paper
or the wall of a laboratory. It is of high-contrast, fine-scale granular (salt-and-
peppery) pattern, which is caused by random phases interferences.14 Speckle is also
observed when laser light is transmitted through stationary diffusers or when light
is scattered from particle suspensions (like erythrocytes in the perfused tissue).
In fact, the speckle phenomena have analog in other fields as well, such as radar
detection and ultrasonic imaging.

Whenever there is any relative movement of the surface and the observer, the
speckle pattern appears to scintillate. Such randomly fluctuating speckle patterns
have been studied extensively as “time-varying speckle” or “dynamic speckle”,15

which is frequently observed when biological samples are illuminated under laser
light. Various aspects of properties of dynamic speckles have been exploited to
measure the velocity of a moving object ever since the laser speckle theory was
introduced more than 40 years ago.14 Based on statistical definition, they are sim-
ply classified into 4 categories: the time-sequential intensity detection method (for
example, zero-crossing technique16); the autocorrelation detection method (auto-
correlation function of speckle intensity itself); the cross-correlation method (corre-
lation function of speckle intensity at two distinct points) and the variance method,
which detects the second-order moment of temporally integrated speckle-intensity
distribution.

The imaging technique discussed in this paper belongs to the last category, which
was first proposed by Fercher and Briers to non-contact image of the skin blood
flow in 1981.17 Among the fundamental quantities characterizing the statistics of
integrated intensity variations of speckles, the LSCI method uses only their mean
and standard deviation in order to determine the velocity of the moving subject.
Goodman has coined an extremely important parameter — speckle contrast — as
the ratio of the standard deviation to the mean intensity,18 which was later found
to be modulated by the motion of scattering particles. Therefore, we start from the
speckle contrast which is of fundamental importance in relating the statistics of the
detected intensity and relative change in blood flow. Note that the complete laser
speckle theory can fill books by itself.19,20 Here, only the facts that are relevant to
the derivation of LSCI are re-capitulated.

Based on Goodman’s results on mean and variance of integrated intensity,19 we
have the first moment IT and variance σ2

IT
of the integrated intensity IT measured

within finite-time integral interval, T , as follows:

IT =
∫ −T/2

−T/2

Idξ = I · T (1)
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σ2
IT

=
∫∫ −T/2

−T/2

I(ξ)I(η)dξdη − (IT )2

=
∫∫ −T/2

−T/2

ΓI(ξ − η)dξdη − (IT )2 (2)

where I is the mean intensity of the speckle pattern, and the function ΓI is the
statistical autocorrelation function of the instantaneous intensity. Assuming the
finite-time integral as a statistical stationary process, Eq. (2) then becomes:

σ2
IT

= T

∫ ∞

−∞

(
1 − |τ |

T

)
ΓI(τ)dτ − (IT )2 (3)

where the function
(
1 − |τ |

T

)
is the deterministic autocorrelation function of the

integration window. Actually, the correlation function ΓI is equivalent to a fourth-
order coherence function of the underlying fields. Since the measured speckle data
in LSCI is in terms of intensity, it is necessary to convert the autocorrelation of the
electric field in the above equation to the autocovariance function of the intensity
speckle pattern. Thus, the Siegert’s relation can be applied here to conveniently
relate them together21:

ΓI(τ) = (I)2[1 + |µA(τ)|2] (4)

where µA(τ) is the normalized autocovariance of the temporal fluctuations in the
intensity of a single speckle. The Siegert’s relation results from many statistically
independent contributions to the field at a point in space due to the scattering
from a rough surface. Within a speckle pattern, many independent correlation-
scattered wavefields contribute to the random walk that generates speckle. It results
in the summed intensity varying from completely dark or intensely bright, which
is determined by the relative phases of the various components of the sum.18 The
extreme situation is that the pattern appears completely bright or dark when either
constructive or destructive inference dominates the sum.

It is worthy to mention that there are two issues to be considered. One is that
the speckle pattern observed in many practical situations is effectively spatially and
temporally stationary in the statistical sense.20 The above relationship is, therefore,
valid for temporal integration too. Another is that an assumption of fully developed
speckle is granted when the Siegert’s relation is applied in Eq. (4). It might be
compromised under some circumstances.22,23 Essentially, laser speckle is a random
phenomenon that is the result of many additive and independent random events.
With regard to the central limit theorem, Gaussian statistics play a fundamental
role in the statistical analysis of this type of physical observation. In LSCI, we are
interested in studying the statistical properties of the time-varying speckle-intensity
variation caused by the complex behavior of the red blood cells (RBCs) in the
vasculature network.24 Hence, we restrict our attention to Gaussian speckle patterns
for the sake of simplicity.
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In LSCI, a temporal-integrated speckle pattern with respect to the exposure
time, T , of the CCD detector can be obtained by substituting Eq. (4) in Eq. (3):

σ2
IT

(T ) =
I
2
(T )
T

∫ T

−T

(
1 − |τ |

T

)
|µA(τ)|2dτ (5)

Re-call the definition of speckle contrast,

C =

√
σ2

IT
(T )

I
2
(T )

=

√
2
T

∫ T

0

(
1 − τ

T

)
|µA(τ)|2dτ (6)

Obviously, this expression of the speckle contrast is different from the one originally
used by Fercher and Briers (see Eq. (8)).17 Consequences of this discrepancy have
been further explored elsewhere.13

Still there is no straightforward connection between the velocity we desired
to know and the parameters we measured in the experiments. In principle, it is
somehow possible to recover the cell-speed distribution from the measured contrast
of the speckle pattern if the specific profile of |µA(τ)|2 is known.25 Concerning
the complicacy of the biological system, we begin with a simple biophysical model
in which the red blood cells move in the vessels to one direction with a uniform
velocity distribution. The laser light shines on the stationary tissue at right angle.
In this way, we can adopt Goodman’s result on the expression of µA(τ) as follows
(the detailed derivation can be found):

µA(τ) =

∫∫ ∞

−∞

[
exp

(
σ2e

−∆x2+∆y2

r2
o

)
− 1

] [
exp

(
σ2e

− (∆x−vτ)2+∆y2

r2
o

)
− 1

]
d∆xd∆y

∫∫ ∞

−∞

[
exp

(
σ2e

−∆x2+∆y2

r2
o

)
− 1

]2

d∆xd∆y

(7)

where σ2 is the variance of the phase process; r2
o is the coherent radius; v is the

speed of moving object and ∆x, ∆y is spatial locations.20 In Eq. (7), σ2 is the
dominating parameter that determines the decaying slope of µA(τ). It thereby
is critical to appropriately estimate the variance of the phase process. It has been
known that there is a family of phase functions such as the Henyey–Greenstein (HG)
function that can be well suited to describe single-scattering event in turbid media-
like tissue.26 If the deflection angle in the HG function were assumed to distribute
randomly within the range 0 and π, then the variance of the phase process in the
grey matter would approximate around 34π (anisotropy factor g = 0.94).

Then, a numerical integration in the above Eq. (7) can be obtained to get
an approximate expression for µA(τ) and it closely approximates to the Gaussian
function.13 When the standard deviation of phase process increases, µA(τ) will
abruptly converge to zero.20 In this case, any specific profile of µA(τ) such as
negative exponential or Gaussian function will not make a significant difference.19
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While the velocity v increases if assumed other parameters were fixed, the value of
µA(τ) will accordingly decrease such that the speckle contrast C reduces too. This
inverse relationship between the velocity and speckle contrast is in agreement with
previous studies,17,27,28 suggesting that the above model is a fair resort at current
stage. Nevertheless, it needs a lot of further refinements. The fact is that particles
(mainly as erythrocytes) move in the blood vessels with a variety of velocities, which
depends on the geometrical distribution of the cerebrovasculature and regulated by
many kinds of chemical and/or neurogenic factors.29

If the negative exponential function is used to approximate µA(τ), a simple
mathematical expression for the speckle contrast is obtained as a function of the
integral time T and the correlation time τc.

C =
σs

〈I〉 =

[
2
T

∫ T

0

(
1 − τ

T

)
exp(−2τ/τc)dτ

]1/2

=
{

τc

T
+

1
2

(τc

T

)2

[exp(−2T/τc) − 1]
}1/2

(8)

From Bonner and Nossal’s theory,30 the correlation time (i.e., the decay time of
the photon autocorrelation function) is inversely related to the mean translational
speed of the moving blood cells. At this point, a complete theoretical framework of
LSCI is constructed, as illustrated in the following flow chart (Fig. 1). Needless to
say, it readily demonstrates how to decode the velocity information hidden in the
statistics of the speckle images recorded by the CCD sensor.

Fig. 1. Illustration of theoretical framework of LSCI.

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

00
8.

01
:2

39
-2

56
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/2
5/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



November 11, 2008 13:36 SPI-J095/WSPC/248-JIOHS 00023

A Magnetic Resonance Perspective of LSCI Theoretical Framework 245

3. Sensitivity Analysis

For the biological applications, the decay time of photon autocorrelation func-
tions measured for capillary flow typically is of the order of 0.1millisecond∼
1millisecond.30 A plot of Eq. (8) shows the relationship among these three param-
eters (C, T, τc) while the integral time, T , was set in a range from 1.0millisecond∼
100milliseconds in most of LSCI applications (as shown in Fig. 2). As we know
about the dynamic systems, it is important to characterize the variation in the solu-
tion with respect to the variation in the values of the system parameters. Therefore,
the sensitivity function of a parameter τc or T can be calculated from Eq. (8):

S(T ) =
∣∣∣∣∂C(τc, T )

∂T

∣∣∣∣ =

∣∣∣∣∣−
√

2τc

2T 2

[T − τc + (T + τc) exp(−2T/τc)]
[τ2

c exp(−2T/τc) + 2Tτc − τ2
c ]1/2

∣∣∣∣∣ (9)

S(τc) =
∣∣∣∣∂C(τc, T )

∂τc

∣∣∣∣ =
√

2
2T

[T − τc + (T + τc) exp(−2T/τc)]
[τ2

c exp(−2T/τc) + 2Tτc − τ2
c ]1/2

(10)
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Fig. 2. A 3D plot of Eq. (8) was applied to illustrate the relationship between the correlation
time τc, exposure time T , and speckle contrast C for theoretical model. The determination of each
parameter was based on previous studies (see details in text).
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Fig. 3. Theoretical sensitivity function of parameter τc. At a fixed exposure time, different corre-
lation times almost have the same sensitivity in contributing to the changes of the speckle contrast.
This characteristic is kept constant while the range of exposure time is set between 1.0millisecond
and 100 milliseconds.

With the ranges of τc and T set same as above, Figs. 3 and 4 can be conveniently
produced from Eqs. (9) and (10), respectively. Figure 3 demonstrates the feasibility
of speckle imaging over a relatively large region. As mentioned above, regional CBF
exhibits a significant degree of spatial heterogeneity, not only at the microscopic
but also at the gross anatomical level.29 Moreover, the regulation of local CBF
across markedly different levels of functional neural units could independently vary
with time in altered functional states.31 Within the large field-of-view provided
by LSCI, it is most likely to contain different correlation times at discrete levels
of cerebrovascular network. From Fig. 3, different correlation times almost do not
impose any significant difference on sensitivity to the speckle contrast when a certain
exposure time of CCD camera is set. There exists a slight difference at the maximal
peaks though, when the exposure time is extremely short. It theoretically affirms
that the 2D distribution maps of the changes in blood flow from LSCI during a
fixed exposure time will not be affected by the intrinsic correlation time of arteries,
veins, or capillaries. However, if we choose different exposure times in LSCI to
visualize the changes of CBF on the same imaged area, the resultant speckle contrast
shows a strong dependence of the intrinsic correlation time of a single vascular
unit as shown in Fig. 4. A shorter exposure time (less than 10 milliseconds) is
more sensitive to the shorter correlation time. But, if the correlation time is long
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Fig. 4. Theoretical sensitivity function of parameter T . At a certain correlation time (suppose
the imaged object is a single blood vessel with a stable correlation time), different exposure times
clearly demonstrated distinct sensitivity to the changes in the speckle contrast.

approaching to 1 millisecond, a better sensitivity can be obtained theoretically
around ∼10 milliseconds exposure time. This is in accordance with the previous
conclusions since the smaller blood vessels have much better visibility in the speckle
contrast images when using longer exposure time (20 milliseconds). (see Fig. 4 in
Yuan et al.’s work32) This concept has been pushed forward to remove static speckle
background and increase the sensitivity of the flow measurement by using a multi-
exposure scheme.33

In most of the in vivo applications, relative changes of blood flow, usually, are
used as one of the vital signs to assess the physiological status of the subjects.
Following the approach of Yuan et al.,32 the sensitivity analysis can also be done
by making explicit the dependence of the speckle contrast on the change of blood
flow with respect to the ratio, r = τc/T , while the correlation time is believed to
hold an inverse relationship with the blood velocity (τc ∝ A/v)30:

S(r) =

∣∣∣∣∣
dC
C
dv
v

∣∣∣∣∣ =
∣∣∣∣− r

C
· dC

d(r)

∣∣∣∣ =
(r + 1) exp(−2/r) − r + 1

r exp(−2/r) + 2 − r
(11)

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

00
8.

01
:2

39
-2

56
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/2
5/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



November 11, 2008 13:36 SPI-J095/WSPC/248-JIOHS 00023

248 Z. Wang

10
2

10
1

10
0

10
1

10
2

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

r = τ
c
 / T 

S
(r

)

Without assumption

With assumption

Fig. 5. Theoretical sensitivity function of relative velocity of blood flow against r, with/without

the assumption (1 − |τ |
T

) ≈ 1.

As shown in Fig. 5, the sensitivity curve shares very similar characteristics with
the result from previous work.32 Evidently, S(r) almost reaches the maximal value
when T > 10τc (i.e., r < 10−1). Basically, one can choose an optimal exposure
time based on the correlation time of the targeted blood flow. It is coherent with
the conclusion that sub-millimeter functional-resolution imaging of blood flow in
the neocortex can be achieved at relatively longer exposure time (20 milliseconds
or slightly longer) in LSCI.13 In other words, longer an exposure time is helpful to
reveal more detailed microvascular structures. However, it should be borne in mind
that too long an exposure time would cause temporal averaging to suppress speckle
and also lose the advantages on temporal resolution.

4. Open Questions

In spite of its recent introduction to brain imaging,10,11 the LSCI technique has
inspired a rising wave of biomedical applications of monitoring changes in blood
flow both under normal brain functional and diseased states. However, there
remain many technical issues with regard to the performance of the tool, practical
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considerations of working on animal model, and the interpretation of speckle con-
trast images.

4.1. Static scattering

Undoubtedly, the interference effect will form when the coherent light is scattered
off a stationary surface as long as the surface is rough enough to create path-length
difference exceeding a wavelength of the light. According to the diffraction theory,
each point on an illuminated surface acts as a source of secondary spherical waves
that have their own phases and amplitudes. The difference in optical path length
induces phase changes greater than 2π, resulting in the random changes in the
intensity of the scattered light. Due to this kind of static scattering, it roughly adds
on a static speckle background to the dynamic speckle images acquired by using a
LSCI setup. In 1997, Boas and Yodh developed a formalism to deal with the effect of
static scattering that contaminates the dynamic scattering measurements,34 which
is recently applied by two other groups.33,35 The basic idea assumes that the electric
field reaching the detector consists of two components: photons that do not scatter
with moving particles at all and photons that experience at least an interaction
once with a moving particle. This treatment can be easily incorporated into the
framework we advance by modifying the Siegert relation with two appropriate terms
(see Eq. (15)34). More recently, Parthasarathy et al. took one step further to apply
multi-exposure scheme to provide more robust detection on the flow.33 However, this
analytical formula introduces some complicating factors into the LSCI model and
data acquisition. Future work needs to simplify this procedure in order to facilitate
its application.36 From this point of view, some sort of image post-processing may be
a good candidate for solving this problem while preserving the technical simplicity
of LSCI.37 Another option is to combine two orthogonal polarization filters into the
LSCI system. This arrangement can filter out specularly reflected photons, as the
initial polarization state of these photons remains unchanged due to the very few
times of scattering.38

4.2. Biological zero

It has long been recognized that there exists some kind of residual signal in the Laser
Doppler Flowmetry (LDF) measurement from the tissue in the absence of vascular
flow, called biological zero (BZ).39 This “problem” is shared by LSCI measurement
as well since it is inherent in photon-tissue interaction. Until now, however, it is not
much appreciated by the investigators in the laser speckle field. The physiological
sources of the BZ signal are fairly complicated. There are many factors such as
changes in blood volume, hematocrit, temperature, and residual vasomotion that
will exert significant influences on the BZ values obtained in experiments. It is com-
monly believed that BZ signal is considered primarily originating from Brownian
motion — the random wandering movement of the moving blood cells.39–42 Zhong
et al. put forward an elegant mathematical treatment for solving this BZ problem in
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LDF measurement.42 They presumed that the speed composition of the moving red
blood cells had two components: a random fluctuation caused by Brownian motion
and a net global translational velocity. The speed distribution of the red blood
cells in random movement can be described by the Maxwell–Boltzmann probability
density distribution. As a matter of fact, what the classic Bonner–Nossal model
has established is the linear relationship between the output of the LDF and the
square root of the averaged squared speed, 〈v2〉1/2, that is defined by the Maxwell–
Boltzmann speed distribution (as plotted in Fig. 6).30

Based on the above assumption, 〈v2〉1/2, to some extent, represents the desired
translational speed with the shifted baseline due to the BZ component. Thus, a
modified speed distribution function can take into account of these two components.
As for the framework discussed in the paper, the strategy could be adopted by
modifying the expression of µA(τ), i.e., in Eq. (7). However, it is not a trivial work
since characterization of µA(τ) is empirically hard to accomplish. It depends on
too many complicating factors such as the experimental setup (e.g. illumination
condition), the cranial window created on the animal’s head, and the physiological
status of the animal. The current biophysical model is far from the settled position
and needs further improvements.

Besides this, the functional significance of Brownian motion in perfused tis-
sue is not clear. Consequently, it is premature to conclude whether the BZ signal

Fig. 6. A 3D plot of Maxwell–Boltzmann speed probability density distribution.

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

00
8.

01
:2

39
-2

56
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/2
5/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



November 11, 2008 13:36 SPI-J095/WSPC/248-JIOHS 00023

A Magnetic Resonance Perspective of LSCI Theoretical Framework 251

should be subtracted from the normal perfusion measurement unless the behavior
of this Brownian motion is fully understood. Although the BZ’s contribution to the
LDF or LSCI output is small in most cases, this issue deserves more attention in
terms of interpreting properly the underlying physiological responses reflected by
the speckle images. Even for LDF technique that is considered as a gold-standard
measurement of blood flow in clinical diagnostics, the BZ problem, somehow, is one
of the major obstacles for a better performance.40 More substantial work is required
to be addressed in the future.

4.3. Motion artifact

Since LSCI exploits the spatial statistics properties of laser speckle to obtain the
2D velocity distribution through analyzing the spatial blurring of the raw speckle
images, any other blurring effects due to unwanted movement artifacts could cause
bias in estimating the relative changes of blood flow in experiments. This is really
a problematic issue for animal imaging, in particular when the subjects are awake.
In spite of the fact that the animal is anesthetized, the tissue or head motion
generated by respiratory and cardiac systems of the body could completely change
the speckle pattern from time to time. In the authors’ laboratory, lots of efforts
have been devoted to overcome this difficulty in order to implement LSCI on the
awake primates. Since the range of such body motion is usually much larger than
the coherent radius of a speckle, it is rather challenging to assess its influences and
correct it from the resultant speckle images. If only the surface speckle pattern is
affected by the body movement, it seems reasonable to count on the polarization
state of the scattered light to eliminate it.38 But, we will lose some photons that
might encode the superficial flow information and then suffer a decreased signal-to-
noise ratio (SNR).

4.4. Phase noise

Speckle is the resultant sum of a type of signal that consists of a multitude of
independently-phased additive complex vectorial components.20 The relative phases
among these components will decide whether the final sum (speckle intensity) may
be small or large. Obviously, any factors other than variations of blood flow that
cause the transmitted photons in the tissue dephasing will confound the LSCI
results. Broadly speaking, the aforementioned problems can all attribute to the
concept of phase noise.

For a start, we considered the phase noise in laser source although this had not
been given much attention so far. Due to the quantum noise or other technical noises
(e.g. temperature fluctuation, vibration of the cavity mirrors) in the generation of
laser, the output of a single frequency laser is not perfectly monochromatic, but
rather exhibits some phase noise. Simply, it leads to a finite linewidth (mixture of
different frequencies) of the laser output. Such laser light already loses some degree
of coherence even before it enters into the tissue. It brings up several consequential
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effects. First, the polychromatic speckle may not follow the statistics of Gaussian
function and further violate the Siegert relation. Second, it was reported that geo-
metrical factors cause the polychromatic speckle pattern contrast to decrease when
the optical path-length differences are larger than the coherence length.23 This will
complicate the LSCI system setup including the size of the illuminated spot, the
distances between the light source, the object, and the observation plane. Therefore,
this is an important aspect of the technical issues when one begins to establish an
LSCI system.

Taken together, various kinds of phase noises seriously deteriorate the SNR of
the speckle images. Despite the fact that much efforts have been dedicated to the
denoise scheme,35,43 it will be helpful to present a unified view angle to reconsider
these open questions.

4.5. LSCI as analog of MRI

In MRI field, phase-contrast methods have been widely used to measure blood flow
for more than 20 years.44–46 With regard to theoretical basis, the phase-contrast
MRI shares many similar features with the LSCI. It is not surprising as they are
situated at neighboring parts of the electromagnetic spectrum (wavelength: ∼10m
vs. ∼800nm). The coherent spectroscopy began around 1950 with demonstration of
the spin echo in nuclear magnetic resonance (NMR),47 which used the well-defined
amplitude and phase modulation of radiation field to extract information about
atoms or molecules. At present, the spin echo has been popularly used to reverse the
unwanted dephasing effects due to the field inhomogeneity and acquire T2-weighted
(transverse relaxation) MRI images. Later in 1956, Feynman et al. demonstrated a
ground-breaking theory that all two-level systems are mathematically equivalent.
They had visions of optical version of spin echo that if coherent light fields were
created, it would be possible to implement the same methods on optical transition.48

Indeed, the photon echo was realized soon after the invention of laser.49

In most of phase-contrast MRI methods, one always looks for the phase dif-
ference between the moving spins in the presence of magnetic-field gradients and
the static spins. To achieve appropriate estimation of the phase contrast induced
by the flow phenomenon, the incidental fluctuations in phase associated with field
inhomogeneities or others irrelevant to flow have to be subtracted out. This com-
pensation strategy can be combined with the use of complex radio frequency (RF)
pulse and gradient sequences to gain more efficient phase-sensitive detection of the
moving and static spins evolution. If some phase-controlled optical pulse sequences
(e.g., femtosecond pulse-shaping technology50) can be generated thus allowing the
corresponding electric field measurements to be made, then the convoluted phase
processes of LSCI might be easily disentangled. It may also open a window for opti-
cal deep-tissue imaging with scattering effects suppressed. Conversely, bringing the
power of modern optics to the MRI methodology could greatly improve its image
resolution and sensitivity.51 These two techniques have developed separately over
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20 years or so. It is evident that not everyone in either field realizes that some
merits of these two methods can be taken advantage of to improve flow measure-
ments. This paper makes an initial attempt to build a conceptual link between LSCI
and MRI and this cross-modality development undoubtedly holds out a vision of
advancing both optical imaging and MRI technology in the future.

5. Conclusion

In summary, this paper has reviewed theoretical backgrounds of the LSCI technique,
and presented a complete framework based on a simple biophysical model, and
provided some instructive rules as to how to exercise this technique for practical
applications. The discussion indicates that there is considerable room for optimizing
this imaging technique. Some technical issues of immediate interest are raised for
next-step study. In short, LSCI is a very promising method for achieving in vivo
high-resolution (at tens of micrometer and millisecond level) visualization of changes
in blood flow for both research purposes and clinical diagnostics in the nearest
future. It can be anticipated as a complementary method to fill the gap between
the two-photon imaging and fMRI technique.
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