Investigation of diffuse correlation
spectroscopy in multi-layered media
including the human head
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Abstract:
In this work, diffuse correlation spectroscopy (DCS) is
explored in multi-layered geometries. A quantitative comparison of an
homogeneous versus a two-layered model efficiencies to recover flow
changes is presented. By simulating a realistic human head with MRI
anatomical data, we show that the two-layered model allows distinction
between changes in superficial layers and brain. We also show that the
two-layered model provides a better estimate of the flow change than
the homogeneous one. Experimental measurements with a two-layered
dynamical phantom confirm the ability of the two-layered analytical model
to distinguish flow increase in each layer.
© 2008 Optical Society of America
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1. Introduction
The diffusion of near-infrared photons in biological tissue [1, 2, 3, 4, 5] provides a powerful
tool to study brain activity [6, 7, 8, 9, 10, 11]. Diffuse correlation spectroscopy (DCS) [12,
13] is an optical imaging technique that enables noninvasive measurements of cerebral blood
flow (CBF) in tissue with a relatively high temporal resolution (0.1 s). Its major drawback is
a low spatial resolution (1 cm) due to the diffusive nature of photon propagation in tissue. In
particular, hemodynamic responses [14, 15, 16, 17, 18], photodynamic therapy [19, 20], blood
flow monitoring in tumors [21, 22] and muscle flow responses [23, 24] have been studied in the
past with this technique.
The theory behind DCS is based on the correlation transport [12, 25, 26], which can be ap#98838 - $15.00 USD
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proximated by a diffusion equation under certain conditions [5, 13, 27, 28, 29]. By assuming
that light propagates in an homogeneous medium, the solution of the diffusion equation is simple and as been widely used in the litterature [5, 30]. For in vivo studies applied to the human
brain, this assumption does not hold due to the layered structure of the head having different
optical properties for each layer [31, 32, 33]. To overcome this problem, depth-sensitive reconstruction and regularization techniques have been developed [18] and tested for the localization
of brain activation in the rat. Although this technique is adequate, it requires a large number of
measurements (25 sources and 16 detectors in [18]) in order to reconstruct the activation in the
tridimensionnal volume.
Another approach is to take into account the layered structure of the head in the model.
Solutions of the diffusion equation for layered geometries [34, 35, 36] have been developed
and used to fit experimental data in time resolved spectroscopy [37, 38]. Significant differences
between properties of the superficial layers of the head and the brain [31, 39] have been obtained
by using a two-layered solution to analyze in vivo measurements. In DCS, similar solutions
have been developed and validated with Monte Carlo (MC) simulations [5, 17, 30, 40]. A
two-layered solution has been used to analyze experimental measurements done on a phantom
[30] representing the human head. Also, a three-layered solution has been tested with MC
simulations and used to analyse in vivo measurements during brain activity [17]. Both of these
studies reported good agreement between the real and the recovered flow parameters. However,
the sensitivity of the recovery procedure to the assumed parameters of the model has not been
reported in a quantitative way, neither has a quantitative comparison of the efficiencies of the
homogeneous versus the multi-layered model to recover flow.
Since errors on the assumed properties of the medium could introduce systematic errors on
the recovered flow, we propose in this paper to work with flow changes, which is the quantity
of interest in DCS, rather than the absolute flows. We first study the sensitivity of the twolayered recovery procedure to the optical properties of the medium and the thickness of the first
layer which are assumed parameters in the model. We then present a quantitative comparison
between the ability of the homogeneous and the two-layered model to recover flow changes in
DCS, which has not been reported previously.
The derived solution is first validated with MC simulations for two-layered geometries. Then
realistic MC simulations done on a segmented MRI anatomical data set and analyzed with
the two-layered model are presented. Finally, experimental results obtained using a dynamic
double-layer phantom containing a solution of Liposin are analyzed with the two-layered solution.
2. Theory
2.1. Analytical solution
In DCS, the quantity of interest is the electric field temporal autocorrelation function
G1 (r, τ ) = E (r,t) E ∗ (r,t + τ ) .

(1)

The brackets used here denote an average over time t for an ergodic system and τ is the correlation time. Boas et al. [13] have shown that using the standard diffusion approximation, the
correlation transport equation is reduced to the correlation diffusion equation


1  2 2 
2
(2)
D∇ − μa − μs k0 Δr (τ ) G1 (x, y, z, τ ) = −S (x, y, z)
3
where D = 1/3 (μa + μs ) is the diffusion coefficient, c is the velocity of light in the medium, μ s
and μa are respectively the reduced scattering and the absorption coefficient, k 0 is the light wave
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vector in the medium, S is the source and Δr2 (τ ) = 6DB τ is the mean-squared displacement
of the scattering particle in time t, where D B is the Brownian diffusion coefficient. We assumed
that the movement of the particles in the turbid medium is Brownian since it has been reported
to provide better fits than gaussian flows on in vivo measurements [30].
We derive the steady-state solution of Eq. (2) for a two-layer medium based on the solution
of the time domain diffusion equation developed by Kienle et al. [35, 36, 37]. We assume an
infinitely thin beam incident onto the turbid two-layer medium. This beam is scattered isotrop + μ ). Denote X and Gi (τ )
ically in the upper layer at a depth of z = z 0 where z0 = 1/ (μs1
i
a1
1
respectively the optical property X and the unnormalized electric field autocorrelation function
for layer i. We further assume that the Brownian movement is independent in the first and in the
second layer which means that particles can not pass from one layer to the other in the medium.
Eq. (2) becomes


 2
k0 DB1 τ G11 (x, y, z, τ ) = −δ (x, y, z − z0 )
0 ≤ z ≤ ,
(3)
D1 ∇2 − μa1 − 2μs1



 2
D2 ∇2 − μa2 − 2μs2
k0 DB2 τ G21 (x, y, z, τ ) = 0

≤z

(4)

where  is the thickness of the upper layer. D B1 and DB2 is the Brownian diffusion coefficient
for the first and second layer respectively.
Following the procedure of Kienle et al. [35, 36, 37] and by assuming cylindrical symmetry,
the solution of these equations in the first layer is given in the Fourier domain by
G̃11 (s, z, τ )

=

sinh [α1 (zb + z0 )]
D1 α1 cosh [α1 ( − z)] + D2 α2 sinh [α1 ( − z)]
×
D1 α1
D1 α1 cosh[α1 ( + zb)] + D2 α2 sinh [α1 ( + zb )]
sinh [α1 (z0 − z)]
−
(5)
D1 α1


where α 2j = D j s2 + μa j + 2cμs j k02 DB j /D j , s is the radial spatial frequency and
zb =

1 + Reff
2D1 .
1 − Reff

(6)

Reff represents the fraction of photons that is internally diffusely reflected at the boundary. It
has been calculated in the literature and is about 0.493 for a refractive index of 1.4 [41].
The spatial Fourier inversions, over s, have to be done numerically since no analytical solutions are available. To avoid numerical errors, hyperbolic functions in Eq. (5) are expanded
to their exponential form. The two-dimensional Fourier inversion of the previous expression is
given by
G11 (ρ , z, τ ) =

1
2π

∞
0

G̃11 (s, z, τ )1 sJ0 (sρ ) ds

(7)

where J0 is the Bessel function of zeroth order. The Hankel transform in Eq. (7) is done numerically by using a Gauss-Laguerre quadrature of 5000 points. The nodes and the weights are
calculated with M ATLAB using the algorithm presented in [42].
2.2. Monte Carlo simulations
The method behind MC simulations for DCS is exactly the same as the one described in [5, 13].
Only the most salient points are described here. It is based on the fact that the normalized
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correlation function of a field that scatters once from a dilute suspension of noninteracting
uncorrelated particles is given by



1 
gs1 (τ ) = exp − q2 Δr2 (τ )
(8)
6
with q the norm of the momentum transfer imparted by the scattering event and defined by q =
kout − kin = 2k0 sin (θ /2) with θ the angle between the incoming and the scattered direction.
For the case of multiple scattering events, Eq. (8) is summed over each event. By noting that
q2 = 2k0 (1 − cos θ ), it is easy to compute q 2 in the simulation using the normalized wave vector
and the definition of the scalar productfor twosuch vectors k xi kxo + kyi kyo + kzi kzo = cos θ . By
substituting the definitions of q 2 and Δr2 (τ ) for Brownian motion in Eq. (8) and summing
over each events, we finally come to the following expression for a single photon γ experiencing
multiple scattering events over its pathlength in a nonabsorbing medium:
γ

g1 (τ ) =

n

∑ exp[−2k02 (1 − cos θ j ) DB j τ ].

(9)

j=1

Here n denotes the number of individual scattering events j and D B j represents the Brownian
diffusion coefficient in the region where the event j occurred. In the case of an absorbing
medium such as biological tissue, another factor accounting for absorption needs to be added
to Eq. (9):
m

γ

n

g1 (τ ) = ∑ ∑ exp[−2k02 (1 − cos θ j ) DB j τ − μai Li ]

(10)

i=1 j=1

where m denotes the number of different tissue types i experienced by the photon over its
trajectory and L i is the pathlength in the tissue type i.
The MC simulation propagates and follows the trajectory of one photon at a time in a medium
containing different tissue types with each of them having its own optical properties (μ a , μs , n,
g) and its own dynamical property (D B ). The parameter g here refers to the anisotropy parameter used to compute the Henyey-Greenstein phase function [43] for a scattering event. When
a photon reaches a detector, Eq. (10) is computed and at the end of the simulations, all the
γ
g1 (τ ) functions for each photon are summed and normalized to obtain g 1 (τ ), the normalized
autocorrelation function. Such MC simulations have been done and validated with theory in
literature [44, 45, 46]. Many algorithms exist to propagate photons in diffuse media with MC
techniques [47, 48, 49, 50, 51] and the one used in this work is a modified version of [50] where
the algorithm is described in detail.
2.3. Experimental data
Experimentally, the autocorrelation function of the output of a light detector is the autocorrelation function of the intensity of the light
G2 (τ ) = I (t) I (t + τ ) .

(11)

For gaussian processes, G 2 (τ ) and G1 (τ ) defined previously are related by the Siegert
relation[52, 53, 54]
G2 (τ ) = I2 + β |G1 (τ )|2

(12)

where I is the ensemble-averaged intensity. The parameter β varies with the experimental
setup since it depends on the coherence length, the stability and the intensity of the laser [5, 55,
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56]. By normalizing to the intensity of light we get:
g2 (τ ) = 1 + β |g1 (τ )|2

(13)

where g1 (τ ) is the normalized electric field autocorrelation function given previously by Eq.
(1)
g1 (τ ) =

G1 ( τ )
.
I

(14)

3. Methodology
3.1. Simulations
As described previously, the code tMCimg [50] has been modified to take into account the dynamic properties of the turbid medium. We simulated 10 8 photons for each simulation. This
number has been reported to give good photon statistics in media with optical properties equivalent to biological tissue [50, 57, 58]. Simulations took about two hours on a 3 GHz dual-core
processor. The resolution of the three-dimensional volume was 1 mm x 1 mm x 1 mm for each
simulation performed for this work. M ATLAB with the function lsqcurvefit was used to fit the
simulated data with the theoretical model.
Simulations were run in a two-layered medium which consisted of a rectangular slab over
a semi-infinite medium. In order to test what factors cause errors on the recovery procedure,
we introduced errors in optical properties assumed by the fits. We studied the effect of a wrong
absorption and reduced scattering coefficients in one layer at a time and also that of a wrong
thickness for the first layer.
3.2. Human head
DCS is a technique which is mainly used to measure relative flow changes. We were interested
in measuring the efficiency of the two-layered model to extract relative cerebral blood flow
(CBF) changes. To build a medium representing the human head, a Siemens Trio 3T Magnetic
Resonance Imaging (MRI) scanner with a MPRage sequence was used to get an anatomical image. The exam was performed on a 26-year-old female volunteer and written consent from the
subject was obtained. This exam was approved by the ethic comity of the Institut Universitaire
de Gériatrie de Montréal. This anatomical data set was segmented into skin, skull, cerebrospinal
fluid (CSF) and finally, white and gray matter of brain tissue. The CSF, white and gray matter
were extracted from the whole image with SPM5 (UCL). The skin and the skull were then
extracted semi-automatically with a M ATLAB algorithm. Optical properties were then assigned
to each tissue type as done in refs. [57, 58]. The optical properties used in the simulation are
listed at Table 1. The optical source and detectors were located over the motor region as shown
in Fig. (1).
3.3. Experimental setup
The experimental setup is similar to the one built by Durduran et al. [30]. It consists of a 810
nm laser (CrystaLaser, Reno, NV, USA), a 300 microns core mutli-mode optical fiber to inject
light and four monomode fibers used to collect it. Four photon-counting avalanche photodiodes
were connected to an 8 channel autocorrelator (Correlator.com, Bridgewater, NJ ,USA).
3.4. Phantom
The dynamic phantom was built with acrylic glass and consisted of two compartments filled
with a solution containing 1 % of Liposin, as illustrated in Fig. (2). The division between the
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Detectors
Source

Fig. 1. Localisation of the optical probe on the MRI anatomical data. The human head
was segmented in skin, skull, CSF, white matter and gray matter. Source and detectors are
illustrated by red and green arrows respectively.

Compartments filled
with the Liposin solution
optical fibers

mobile division

Fig. 2. Schematic view of the dynamical phantom. The division which separates the two
compartments is mobile allowing different thicknesses for the first layer. The two compartments are filled with a 1 % Liposin solution. The optical fibers are fixed to the phantom by
a rubber band glued to its side.
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Table 1. Optical properties used in the MC simulations of the segmented human head. [57]

layer
skin
skull
CSF
white matter
gray matter

μs
(mm−1)
0.74
0.81
0.01
1.16
1.16

μa
(mm−1)
0.0164
0.0115
0.0017
0.017
0.017

two compartments was built with a thin plastic membrane to avoid back-reflections and was
removable so we were able to adjust the width of the first compartment. The source and detector
optical fibers were fixed to the phantom with a piece of rubber that was glued to the acrylic glass
with silicone. To validate the acquisition system, a small magnet stalk was placed in the second
compartment and the whole phantom was positioned over a magnetic agitator plate to modify
the flow as desired in the second compartment. In order to introduce realistic flow changes, we
removed the phantom from the agitator and introduced glycerol in the Liposin solution of the
second compartment to raise its viscosity and reduce its Brownian diffusion coefficient [14].
4. Results
4.1. Monte Carlo simulations
A comparison between Monte Carlo simulations and the analytical model was first done to validate the analytical solution. The comparison is shown on Fig. (3). MC simulations were done
on a two-layered medium. The thickness of the first layer was 10 mm while source-detector
(S-D) distances ranged from 10 to 30 mm. The absorption coefficient μ a and the effective
scattering coefficient μ s were respectively 0.0074 and 1.28 mm −1 for both layers while the
Brownian diffusion coefficient D B was 10−8 mm2 /s in the first layer and 10 −6 mm2 /s for the
other semi-infinite part of the medium.
Having validated the analytical model, we then moved to the problem of parameter estimation. The recovery procedure has been tested on two separate MC data sets and computed at two
distances. Table 2 shows the Brownian diffusion coefficient simulated and the recovered values
using the two-layered analytical model in the fitting procedure. In these fits, the thickness of the
first layer and the optical properties were assumed to be known. The S-D distances were chosen to be 15 and 20 mm given that these represent realistic distances for in vivo measurements
[16, 30]. For comparison, results recovered using a homogeneous fit are also provided.
Since absolute flow recovery is hard to achieve experimentally, we tested the efficency of
the two-layered model to recover relative flow changes. We simulated an increase in the dynamic properties of the second layer by performing two different simulations. In the first one
(baseline), we set the Brownian diffusion coefficient to 10 −8 in the first layer and 10 −7 in the
second one. In the second simulation (increased flow), we kept the D B to 10−8 in the first layer
but we set it to 1.5 X 10 −7 in the second layer which corresponds to a flow increase of 50 %.
We estimated the flow change by comparing the D B recovered from the fits of the baseline and
the increased flow simulations. We applied the procedure both with the two-layered and the
homogeneous model. The recovered flow changes are presented in Fig. (4).
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Fig. 3. Comparison of MC simulations with the analytical model of Eqs. (5) and (7) on a
two-layered medium. The simulations are represented by points while the analytical model
by solid lines. The thickness of the first layer was 10 mm and the source-detector (S-D)
distances varied from 10 to 30 mm. The optical properties (μa = 0.0074 mm−1 and μs =
1.28 mm−1 ) were constant for the two layers while the Brownian diffusion coefficient DB
was 10−8 mm2 /s and 10−6 mm2 /s for the first and second layer respectively.

4.2. Sensitivity of the fitting procedure
Since the absorption and the reduced scattering coefficients are usually unknowns and have
to be measured experimentally, we tested the errors introduced by assuming wrong absorption or scattering in the medium. The upper part of Fig. (5) shows the error on the recovered
flow changes assuming different absorption coefficients μ a ranging from 0.005 to 0.015 while
the real value was 0.01 mm −1 . The procedure has been tested assuming wrong absorption in
each layer independently. For these simulations, the effective scattering coefficient μ s was 1.28
mm−1 for both layers and the thickness of the first layer was 10 mm. The S-D distance was
15 mm. The same procedure has been applied for the reduced scattering coefficient μ s and the
resulting errors are presented in the lower part of Fig. (5). In these last simulations, μ a was set
to 0.01 mm −1 in both layers.
The sensitivity to the error on the thickness of the first layer was also tested. Flow changes
have been recovered on a MC data set assuming different thicknesses for the first layer, ranging
from 9 to 11 mm while the real thickness was 10 mm. In this simulation, μ a = 0.01 mm−1 and
μs = 1.28 mm−1 for both layers while the S-D distance was 15 mm. Results are presented in
Fig. (6).
4.3. Human head simulations
In order to test the efficiency of the two-layered model to extract changes in cerebral blood
flow (CBF) in vivo, simulations on a segmented human head have been performed. For these
simulations, the skin, skull, cerebrospinal fluid (CSF), the white and the gray matter have been
segmented from the anatomical MRI data set. Simulations have been performed over the motor
#98838 - $15.00 USD

(C) 2008 OSA

Received 15 Jul 2008; revised 10 Sep 2008; accepted 12 Sep 2008; published 17 Sep 2008

29 September 2008 / Vol. 16, No. 20 / OPTICS EXPRESS 15523

Table 2. Brownian diffusion coefficients recovered using the two-layered analytical model
in the fitting procedure. In these fits, the thickness of the first layer and the optical properties
was assumed to be known. In these simulations, μs = 1.28 mm−1 for both layers and μa
was respectively 0.008 and 0.0176 mm−1 for the first and second layers. The thickness of
the first layer was 10 mm. Results obtained using a homogeneous model are also shown for
comparison.

S-D
(mm)

layer

real DB
(mm 2 /s)

recovered D B
(mm2 /s)

error
(%)

homogeneous D B
(mm2 /s)

15

1st
2nd

1e-008
1e-006

9.34e-009
1.05e-006

6.56
5.43

1.43e-008

20

1st
2nd

1e-008
1e-006

9.46e-009
1.08e-006

5.39
8.40

1.94e-008

region of the brain and S-D distances ranged from 10 to 30 mm. Optical properties used in the
simulations (taken from [57]) are shown in Table 1.
We performed two different simulations. In the first one (baseline), we set the Brownian
diffusion coefficient to 10 −8 in the superficial layers (skin, skull and CSF) and to 10 −7 in the
brain. In the second one (increased flow), we let it to 10 −8 in the superficial layers but we
increase it to 1.5 X 10 −7 in the brain which corresponds to a 50 % increase. We fitted both
the baseline and the increased flow simulated data with the two-layered and the homogeneous
model and compared the increase in the recovered parameters between the two simulations.
The changes in the fitted D B for each layer of the two-layered model and for the homogeneous
DB are reported in Fig. (7).
4.4. Phantom validation
Experimental data were taken on the two-layered dynamical phantom at rest and during induced
agitation in the second layer. For these measurements, the liquid located in the first layer was
at rest while one in the second layer was agitated with a magnetic agitator. The obtained curves
are presented in Fig. (8). The thickness of the first layer of the phantom was 10 mm and the
S-D distances were 10 and 20 mm.
To provide realistic flow changes, we used glycerol to increase the viscosity of the Liposin
solution [14]. We first removed the mobile division of the phantom in order to work with an
homogeneous medium. We then introduced glycerol and monitored the D B variations with DCS
measurements and analyzed them with the homogeneous model. We measured that a glycerol
concentration of 6 % decreases the D B value by 37 %. After putting back the mobile division,
we took two measurements: one with the Liposin solution in both compartments and the other
one with the second compartment filled with the Liposin solution containing 6 % of glycerol.
Those measurements were analyzed both with the homogeneous and the two-layered model.
The recovered flow changes are presented in Fig. (9).
5. Discussion
In this study, our aim was to quantify the efficiency of DCS applied to brain imaging when
the layered geometry of the human head is taken into account. We wanted to evaluate whether
using a two-layered model could improve the efficiency to recover changes in CBF, by reducing
partial volume error.
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Fig. 4. Changes in DB recovered from MC simulations both with the two-layered and the
homogeneous model. These changes were estimated by recovering the DB of two simulations. In the first one (baseline), we set the Brownian diffusion coefficient to 10−8 in the
10 mm thick first layer and to 10−7 in the second one. In the second simulation (increased
flow) we kept the DB to 10−8 in the first layer but increased it to 1.5 X 10−7 in the second
layer which corresponds to an increase of 50 %. The source-detector (S-D) distances varied
from 10 to 30 mm and the optical properties (μa = 0.01 mm−1 and μs = 1.28 mm−1 ) were
constant for the two layers in both simulations (baseline and increased flow).

5.1. Simulations and fits
As seen in Fig. (3), the MC simulations agree well with the analytical solution of the model. The
presence of the second layer introduces a change in the early decay of the correlation function.
This change is small for short S-D distances (10 mm) but increases as it becomes larger. This
was expected due to the weak contribution of the second layer for short S-D distances since
most of the photons that reach the detector have traveled mainly in the first layer. A similar
increase in contribution of the second layer has been observed by reducing the thickness of the
first layer while keeping the S-D distance constant.
We also observe in Fig. (3) that the agreement between the MC simulations and the analytical
model is better for long S-D distances. This was expected since the diffusion approximation,
which the analytical model is based on, is not as accurate for short S-D distances. Our MC
code has also been tested with an homogenous medium and compared with an homogeneous
analytical model [30]. The agreement was as good as for the two-layered model. All these
results validate our MC code with the two-layered analytical model.
5.2. Recovery procedure
In simulations, the errors on the recovered D B with the two-layered model presented in Table
2 are less than 9 % which is comparable to errors on the recovered optical parameters in TD
spectroscopy [37, 38, 31]. A fit with an homogeneous model is also shown for comparison in the
last column. In this case, the Brownian diffusion coefficients recovered with the homogeneous
fit are closer to the first layer values even for S-D distances of 20 mm. This suggests that an
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Fig. 5. Error on the recovered flow change due to the estimation of the absorption μa and
reduced scattering μs coefficient for each layer. The thickness of the first layer was 10 mm
and the S-D distance was 15 mm. Top) Error on the assumed absorption. Bottom) Error on
the assumed scattering.
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Fig. 6. Error on the recovered flow changes due to a wrong estimation of the thickness of
the first layer. For this simulation, the real absorption coefficient was 0.01 mm−1 and the
effective scattering coefficient μs was 1.28 mm−1 for both layers. The thickness of the first
layer was 10 mm and the S-D distance was 15 mm.

#98838 - $15.00 USD

(C) 2008 OSA

Received 15 Jul 2008; revised 10 Sep 2008; accepted 12 Sep 2008; published 17 Sep 2008

29 September 2008 / Vol. 16, No. 20 / OPTICS EXPRESS 15526

55
st

50

Relative changes in CBF (%)

45

1 layer
nd

2 layer
Homogeneous
Real change

40
35
30
25
20
15
10
5
0

10 mm

20 mm
S−D distances

30 mm

Fig. 7. Recovered CBF changes in each layer with the two-layered model following an
increase of 50 % of the Brownian diffusion coefficient in the brain tissue (white and gray
matter). Again, the source and the detectors were located over the motor region (Fig. (1)).
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Fig. 8. Experimental DCS measurements done on a two-layered dynamical phantom. The
set up consisted in two detectors located at 10 mm from the source and two others at 20
mm. The blue curves were obtained while the liquid was at rest in the phantom and the
red ones when agitation was induced in the second layer by the magnetic agitator. The
thickness of the first layer of the phantom was 10 mm while the S-D distances were 10 and
20 mm.
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Fig. 9. Decreases in recovered DB measured on the phantom after the introduction of the
Liposin solution containing 6 % of glycerol in the second compartment. The data was
analyzed both with the homogeneous and the two layered model. The thickness of the first
layer of the phantom was 10 mm while the S-D distances were 10 and 20 mm. The real DB
decrease of 37 % has been measured experimentally on an homogeneous phantom using
the homogeneous model to analyze the data.

homogeneous fitting procedure is more sensitive to the dynamic properties of the superficial
layers. For a two-layered medium with a larger flow in the second layer, one underestimates the
Brownian diffusion coefficient of the second layer when fitting the data with an homogeneous
model.
The errors on the recovered D B increase rapidly when the assumed optical properties are
wrongly estimated which makes absolute flow measurements hard to recover. To bypass this
difficulty, we focussed our study on the recovery of flow changes, which is the quantity of
interest in DCS. The recovered flow changes presented in Fig. (4) show that the two-layered
model performs better than the homogeneous one when estimating flow changes in the second
layer. The recovered values with the homogeneous model are 5 to 10 times lower than the real
simulated increase (50 %) while the changes recovered with the two-layered model are only
few percent below 50 %. This result raises questions about using an homogeneous model to
measure changes in CBF in the human brain given the layered structure of the tissue.
5.3. Sensitivity
The sensitivity of the relative flow change recovery procedure to the optical properties was
computed. The errors introduced on the recovered flow change in the first layer are illustrated
by circles in Fig. (5). Since absorption and scattering do not affect the shape of the correlation
function in regions where the first layer contributes the most (long correlation times), a smaller
error is introduced in the fitting procedure for this layer. Errors in the second layer are shown
in the same figure. An error in the absorption coefficient of either the first or the second layer
introduces a larger error in the recovered flow change in the second layer compared to the first
layer. Since the contribution of the second layer in the correlation function is low at those short
S-D distances, a small change in the absorption of the medium introduces large changes in
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the contribution of this layer. Separately, an error in the absorption of the second layer will
induce a larger error in the recovered flow change and again, due to the low contribution of this
layer in the correlation function. All recovered errors are below 5 % except for an error of 50
% in the absorption coefficient of the second layer. On the other hand, errors on the reduced
scattering coefficient induce only small errors in the recovered flow change. The scattering
coefficient multiplies the Brownian diffusion coefficient in the analytical solution and an error
on its assumption mainly rescales the recovered D B . Since we measured the relative change
between two curves, baseline and flow condition, a shift of both curves does not induce a large
error.
Finally, the flow change recovered in the second layer is more sensitive to the first layer
thickness than the one in the first layer as seen in Fig. (6). Again, this is due to the lower
contribution of the second layer in the correlation function. The errors are below 15 % for a ±
1 mm thickness error.
5.4. Human head simulations
Since DCS has been mainly used to measure relative CBF changes [30], we performed a simulation to measure the efficiency of the two-layered model to extract relative changes in dynamic
properties of the human brain. The results presented in Fig. (7) show that the changes in flow
recovered with the two-layered model are closer to the real simulated change (50 %). This
was expected since a two-layered model reduces the partial volume error. The homogeneous
model underestimates the flow change by assuming that the flow was constant everywhere in
the medium. A correction factor has been computed with simulations on a two-layered medium
in the literature [16, 30] to take into account this effect and the obtained value was 5. However,
our results with homogeneous fits in Fig. (7) show that this correction factor should be higher
(10-20). The two-layered model reduces this artefact by considering regions with different dynamic properties in the medium. We also see in Fig. (7) that flow changes recovered for the first
layer are small (about a few %) which is close to the simulated value (0 %). These results confirm that the two-layered model improves the quantification of DCS measurements and suggest
that it performs better than an homogeneous model to fit in vivo measurements when looking
at relative changes in CBF.
5.5. Experimental data
Experimental measurements shown in Fig. (8) agree with simulated ones of Fig. (3). For short
S-D distances, an increase in flow in the second layer makes the early part of the autocorrelation
function decrease faster. The long correlation time decays are not affected since the contribution
of photons from the second layer in the autocorrelation fonction is weak for long correlation
time. By increasing the S-D distance, a larger part of the autocorrelation function is affected
by the flow increase in the second layer, as predicted by the 30 mm simulation of Fig. (3). The
effect is observed to be larger for the experimental data since the absorption in the Liposin
solution was low which in turn increases the contribution of the second layer.
The flow changes recovered with the two-layered model for the two configurations (with and
without glycerol) presented in Fig. (9) are in good agreement with the real value. However,
the flow changes recovered with the homogeneous model are 7 to 15 times lower than the real
change. The recovered values for the first layer only show small changes. These experimental
results are in agreement with the ones obtained by MC simulations and suggest that a twolayered model should be used to measure CBF changes in the brain in order to reduce partial
volume errors.
Crosstalk between the two layers in the two-layered recovery seems larger for large S-D
distances. This is due to the lower contribution of the first layer in the 20 mm S-D measurement
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since most of the photons travel in the second layer. However, this crosstalk is small since the
flow changes recovered for the first layer are below 3 %.
In this study, we assumed that the optical properties (μ a , μs ) of the medium were not altered
by the introduction of glycerol as in [14]. In order to verify this assumption, a time resolved
system could be used to extract the absorption and the effective scattering coefficient of the
Liposin solution before and after the introduction of glycerol.
5.6. Comparison with DCT
Diffuse correlation tomography (DCT) has been used to reconstruct images of blood flow at
different depths from many S-D measurements [18]. The procedure relies on the Rytov approximation [59] and a depth-sensitive regularization technique [60]. The two-layered model
used in this work also allows depth-sensitive recovery. The main difference between the two
methods is the number of measurements needed which is lower with the two-layered approach.
Moreover, DCT provides a flow reconstruction in a thin slice while two-layered models assume
that the second layer is semi-infinite.
6. Conclusion
We have provided a quantitative comparison between an homogeneous and a two-layered model
to extract efficiently flow changes in layered geometries. We first tested the two-layered solution with MC simulations and showed good agreement between the analytical model and the
simulated data. A fit-based recovery procedure has been tested and errors of only few % have
been obtained for flow change measurements. Our work indicates that the homogeneous model
is more sensitive to superficial layers and that the two-layered model performs better at estimating flow changes in deep layers. We built a two-layered dynamical phantom and we took
experimental DCS measurements while changing the flow in the second layer. Clear distinctions between the change of flow in each of the two layers have been obtained by fitting the
experimental data with the two-layered analytical model.
We investigated the possibility of applying this model to in vivo measurements by performing MC simulation on a MRI human head anatomical data set. We showed that using a
two-layered model to analyze relative changes in CBF performs better than the homogeneous
case. The two-layered model improves the quantification of DCS measurements by reducing
partial volume errors. This study suggests that a two-layered model should be used to quantify
relative changes in flow measurements.
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