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In this work, we investigate the CW transmitted light profiles when an inhomogeneity is immersed in
highly scattering media slabs. These profiles show an interesting effect whenever the absorption coef-
ficient, uq, of the inclusion happens to be higher than that of the bulk whereas its reduced scattering
coefficient, u;, is lower than that of the surrounding medium. For this combination of optical properties,
the transmitted light displays a peak of higher intensity at scan positions where the inclusion is located,
producing a distinctive “W” profile. We have investigated this effect by analyzing the temporal windows
of the distribution of times of flight at each scan position. In this way we found that the origin of the “W”
profile is due to the contribution of the late photons. Experiments are compared with a theoretical model
and with Monte Carlo simulations showing good agreement.

© 2014 Elsevier GmbH. All rights reserved.

1. Introduction

The study of light propagation in turbid media such as biologi-
cal tissue has achieved significant prominence. In the last decade,
the use of red and near-infrared radiation (NIR) has been proposed
as a tool for a possible noninvasive imaging modality to detect
pathological processes leading to changes in optical properties of
biological tissues [1-3]. The interest in this novel noninvasive tool
relies on its capability to optically characterize the inhomogeneities
and to obtain functional information of the tissues (composition,
oxygenation, vascularization, etc.), thus complementing the estab-
lished techniques used for localization.

The optical properties of interest to diagnose biological tissues
are the absorption coefficient 144, and the reduced scattering coeffi-
cientdefinedas u; = wus(1 — g), whichis the inverse of the transport
mean free path. The parameter u; is the scattering coefficient and
g is the anisotropy factor.

However, the high number of scattering events in diffusive
media, limits the clinical application of the methods based on
image formation. To overcome this problem, several studies, both
theoretical and experimental, have been performed in CW transil-
lumination [4,5], in time domain [6,7], and in frequency domain
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[8-10], and proved to be valuable tools for improving contrast and
spatial resolution in the imaging process [11,12].

From data reported by several authors [13-17], it can be
concluded that for wavelengths in the NIR range, tumors are char-
acterized by weaker scattering and significantly higher absorption
with respect to the surrounding healthy tissue. On the contrary,
accordingly with the measurements of Ghosh et al. [ 18], both opti-
cal parameters for malignant human breast tissue were found
to be larger than the corresponding ones for the normal tissue.
Other researchers have focused their attention on the study of
the spatial resolution of the images in relation to the optical
properties of tissue [19,20]. However, the problem of detecting
inhomogeneities presents, in some particular cases, a combination
of the optical properties that results in a difficult discrimination
between absorbing and scattering inclusions. Grosenick et al. [21]
carried out a detailed study in solid phantoms containing a cubi-
cal inhomogeneity which is more absorbing (factor 4) and less
scattering (factor 0.3) than a background medium with optical
properties similar to the human breast tissue showing “W”-like pro-
files. Similar structures have been reported by Danlewski [22] using
Photon Density Waves (PDW) at modulation frequencies >250 MHz
in experiments with absorbing inhomogeneities and have been
explained by diffraction of PDW at them. Others similar dips have
been observed and reported previously by diffuse photon den-
sity waves [23,24] Additionally, even though CW transillumination
experiments exist for extracting the weakly scattered light (WKL)
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[5], time-integrated techniques based on a narrow time-window
provides significant improvement in contrast, and spatial resolu-
tions, when compared to CW techniques, as it is shown in [25].

In this work, we report a particular transmitted intensity pro-
file in CW experiments when the inhomogeneity is more absorbing
and less scattering than the background turbid medium, which is
similar to that observed in Ref. [22]. This transmitted integrated
intensity at positions where the inclusion is located shows a peak
instead of the expected dip due to higher absorption, displaying a
W-like structure [26]. To address this point, we compare the data
obtained from experiments in CW to those using a Time Resolved
(TR) technique. This last approach allows to separate photons that
have experienced a relatively small number of scattering interac-
tions, from late diffusive photons. We thus analyze the different
behavior of early and late photons to separate the contributions of
the fast and slow photons in the integrated intensity profiles, which
in turns allows to explain the “W”-like structures observed in CW
(i.e. w=0) transillumination experiments.

Experimentally, we used jelly cylindrical inclusions immersed
in liquid phantoms slabs, and the free surfaces of the phantoms
were scanned along a line using a NIR laser in a TR transillumi-
nation mode. Analyzing the different deciles in the Distributions
of Times of Flight (DTOF) of photons in the turbid media we give
an interpretation about the origin of the “W” structure mentioned
above.

The paper is organized as follows: In the following section we
describe the problem in detail; in Section3 the main theoretical
considerations are explained; in Section 4 we present the different
experimental aspects of the work, and in Section 5 the most impor-
tant results are discussed. Finally, we summarize in Section 6 the
most relevant conclusions.

2. Description of the problem

As briefly stated in the Section 1, there are some experimen-
tal situations for which the interpretation of the results may be
ambiguous. This can be the case for experiments in transillumina-
tion modality in which the integrated intensity is considered. In
these set-ups (Fig. 1) the source and detector are facing each other
defining the optical axis and they are scanned along a transversal
direction of the surface of a turbid medium slab containing inhomo-
geneities. At each scan position, the transmitted diffuse intensity is
registered, giving rise to a transillumination profile. When the inho-
mogeneities embedded are more absorbing than the background
medium (that is, (ame > apck ), Keeping all other parameters fixed,
the expected transilluminance profiles are similar to the one shown
in Fig. 1a. On the contrary, if the inclusion is less absorbing than the
background, (faince < apek)» the transillumination profile of Fig. 1b
is expected. However, in some experimental situations in which
Mainc > Uapck and simultaneously uy, - < uip ., the resulting profile
shows a behavior similar as the one displayed in Fig. 1c. This figure
presents an increase in the transmitted intensity when light goes
through the absorbing inclusion, in apparent contradiction with the
regular result of Fig. 1a.

Taking into account the above arguments, and considering that
the special situation of Fig. 1c, we designed and carried out a
series of controlled experiments to determine under which con-
ditions it is possible to observe this kind of transilluminance
“W-like profile. In doing so, the inclusion was an absorbing cylin-
der made of a mixture of distilled water, milk, India ink and
agarose, used as a jellying agent. It was immersed in a slab filled
also with a water, milk and India Ink solution. Details about
the experimental setup and phantom preparation are given in
Section 4.
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Fig. 1. Experimental transillumination profiles for agarose cylindrical inclusions
embedded in a liquid phantom for different optical properties combinations: (a)

Haine > [LaBcks (D) [ainc < [Lapekr (C) [aine ~2fAapek and g, - < M’;Bck' In all cases, the
horizontal axis represents the source-detector pair position relative to center of
the inclusion.

The transmittance profiles were compared to a theoretical
model for turbid media with cylindrical inclusions, [10,27], which
will be described thoroughly in the next section.

3. Theoretical considerations

In order to theoretically describe our results, we use here the
expressions from the diffusion approximation (DA) of the radiative
transfer equation (RTE). Closed theoretical solutions exist only for
a few simple systems, such as homogeneous media (without inclu-
sions) in infinite, semi-infinite and slab configurations [28]. There
are also a number of solutions for the inhomogeneous problem con-
taining a sphere [29] or an infinitely long cylinder [30] immersed in
a infinite medium; the last situation has also been recently revised
by some of the authors in [27]. For semi-infinite and slabs geome-
tries, it is known that the solutions require to take into account a
series of image sources charges adequately positioned.

The fundamental solution of the diffusion equation is the flu-
ence in infinite media. For a point-like source in space and time,
S(r,rs, t) =6 (r —rs)d(t), this solution reads:

2
— S —
Xp ( ADvt Mth) (1)

where rs is the source position, 1y is the distance between the
source and detector, D is the diffusion coefficient (D =1/(3u} +
a) ~ 1/3u; forDA),v = ¢/nis the speed of light inside the diffusing
medium and zp = 1/ .

From this equation, the transmittance T(r, t) [28] can be found.
Besides, after time integration, the time independent transmittance
T(r) is obtained; this is the value measured using CW techniques.

If a sphere of optical parameters (i4;;,., Kamc) is embedded in
a homogeneous medium with coefficients (i}p,, [Lapcr ), the total

20
Fegs )= ————e
Pl = v
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Fig. 2. Experimental set-up for the time-resolved transillumination experiments
and schematic representation of the phantom.

fluence in steady state can be found as the sum of the source fluence,
@ (1), and the perturbation, ®¢qt (1), as [29]

@ (r) = Po (1) + Pscare (1) = Po (1) + Y _Bukm (<) Py (c0s6) , (2)

m=0

being ki, the modified Bessel functions of orderm,and « = /3 s Lq
the effective attenuation coefficient. The By, coefficients are found
by applying the adequate boundary conditions.

Analogously, when the inhomogeneity is a cylinder, following
the same procedure as for the sphere, the solutions obtained are
[27,30]

Dicatt (s, Tq)

= / dp {Boko( P? + K2, 0d) + ZZ cos(pyq) cos(mm)km(+/ p? + Kﬁu[pd)} .
0

m=1

3)

4. Experiments

All experiments were performed using the TR technique. This
has the advantage that the desired CW information is obtained by
time integration of the resulting DTOF's while still preserving all
information characteristic for time-domain analysis.

4.1. Phantoms preparation

Phantoms used in this work are build up from two components:
(a) aliquid part which constitutes the background medium, and (b)
a cylindrical inclusion of agarose. See Fig. 2.

The liquid part used was prepared by filling a fish tank of dimen-
sions 24 cm x 24 cm x 3 cm with a solution of distilled water, milk,
and 1:1000 diluted India Ink. Milk and India Ink proportions were
conveniently varied for each individual experiment. The inclusions
were made with a similar mixture of distilled water, milk and
India Ink, in a block of dimension 16 cm x 24 cm x 3 cm, adding
2% of agarose to make it jellify. The optical properties of these
inhomogeneities were measured using this block. The cylinders
constituting the actual inclusions were extracted from it by cut-
ting them out with the help of a plastic cylindrical hollow cutter,
which was pushed into the block. The resulting inclusion was thus
a cylinder of diameter ¢, =1.3 cm and length [=16 cm. Note that
this procedure requires good homogeneity in the optical proper-
ties of the block. They were thus measured at several positions

and the cylinders were cut out from those regions presenting more
uniformity.

4.2. Measurements of the optical properties

In the experiments presented in this work, previous measure-
ment of optical properties of the two components of the phantom
are mandatory. For determining the optical properties of both, the
liquid and the jellyfied block, we used the time-resolved approach,
by fitting the DTOF's to the theoretical model developed for slabs
in the work by Contini et al. [28].

The expression for the diffuse transmittance (s, p, t) per unit
time and unit area, for a slab of reduced scattering coefficient 1}
and absorption coefficient pq, results [28]:

T(s, p,t) = . (4)

2
Z1m €Xp (— 1m )
> 4Dvt
exp(—ptavt = (p?/4DVt)) 3 Y

2(47Dv)*/2t5/2 22

where z1;, =s(1 —2m) —4mze — zg, Zy; =S(1 —2m) — (4m — 2)z, +zg,
and, for a refractive index n=1.42, z, ~ 2.05/ u} is the extrapolated
distance where the diffuse intensity, U(r) vanishes.

The measured DTOFs, together with the corresponding
Instrument Response Function (IRF) are given as inputs in a
Levenberg-Marquardt routine, which in turn gives the set of optical
parameters that minimizes errors.

m=-o0

4.3. Transilluminance controlled experiments

The experimental set up for the time-resolved transillumination
experiments can be seen in Fig. 2. A diode laser emits 70 ps pulses
at A=785nm and at 50 MHz repetition rate, with an average power
of 1.6 mW. The light pulses are injected into the turbid medium via
a400 pm diameter optical fiber emulating a point source. Photons
are collected at the exit by an optical fiber bundle (¢ =4 mm) fac-
ing the first one. Both fibers are scanned together using a rigid “U”
device driven by a motorized linear translation stage with microm-
eter resolution (Zaber Technologies) along a 12cm long line in
2.5mm steps. At each position, the corresponding transmittance
DTOF, was registered by sending the diffuse light exiting the phan-
tom to a high sensitivity detector (PMT) in single-photon collection
mode, connected to a Time-Correlated Single Photon Counting
(TCSPC) electronics (SPC 130, Becker & Hickl GmbH, Germany) and
displayed on a PC monitor.

The turbid medium used for this experiment was a fish tank
of dimensions 24 cm x 24 cm and thickness S=3 cm, initially filled
with the solution explained above, in proportions 3:0.8:0.019
(distilled water: whole milk: diluted India Ink). The cylindrical
inclusion, constructed as described above, was placed inside the
tank at z=1.5cm depth, equidistant from the light input and out-
put faces. Its horizontal position is taken as x=0, and thus scanning
is performed in the interval -6 cm <x <+6cm.

Since varying the optical properties of the jellyfied cylinder is
cumbersome, we vary the optical properties of the liquid back-
ground relative to those of the inclusion. We carried out then a
series of transilluminance experiments, modifying the milk con-
centration of the liquid solution and keeping constant the ratio
between the absorption coefficients of both, the background and
the inclusion, around ftgjnc = 2 qpek- The proportion of added milk
at each experiment was 1.7% of the total volume of the solution,
giving rise to increments in the reduced scattering coefficient of
Apl,, ~0.7cm™!/step.

!
sBck
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Fig. 3. Sequence of integrated intensity profiles of the DTOF's (normalized to the
transmitted intensity far from the inclusion) obtained at the different scan positions
and for different concentrations of milk in the liquid solution. Optical properties used
are listed in Table 1.

Table 1
Composition of the liquid part of the phantom and the resulting fitted optical prop-
erties corresponding to the experiments shown in Fig. 3.

Liquid part composition Iapek (cm™1) Hipe (ecm™1)
distilled water:whole
milk:diluted India Ink
3:0.8:0.019 (Fig. 3a) 0.0757 +£0.0044 5.094+0.3
3:0.9:0.0195 (Fig. 3b) 0.0826 +£0.0015 6.15+0.15
3:1:0.02 (Fig. 3¢c) 0.0838 +0.0015 6.93+0.15
3:1.1:0.0205 (Fig. 3d) 0.0856 4+ 0.0022 7.48+0.18
3:1.2:0.021 (Fig. 3e) 0.0867 +£0.0017 8.26+0.3
3:1.3:0.0215 (Fig. 3f) 0.0889+0.0013 9.01+0.09

5. Results and discussion

The results of the experiments described above are shown in
Fig. 3. Each curve in this figure represents the normalized inte-
grated intensity of the DTOFs obtained at the different scanned
positions for different concentrations of milk in the liquid solution.
The optical parameters of the cylinder were previously measured
by fitting the DTOF to the model of Eq. (4) and they resulted to
be painc=0.12£0.02cm™" and pu,, . = 5.12 £ 0.7 cm~!. They were
kept unchanged for all situations depicted in Fig. 3. The optical
properties of the background are listed in Table 1.

Fig. 3a, shows the transilluminance profile for the case
Magek=0.0757 cm~! and ., =5.09cm~!. The absorbing nature
of the inclusion results evident. Subsequent profiles, were obtained
by adding more milk and the respective proportion of absorber as
to keep constant the ratio fgjnc/apck- Fig. 3b and ¢ shows a similar
behavior as Fig. 3a. The modulation is reduced due to the increasing
scattering coefficient of the background. Fig. 3d-f shows a central

peak, which becomes more and more prominent as 4, increases

4
Position (cm

Fig. 4. Retrieved effective optical properties by fitting the DTOF's at each horizontal
scan position: (a1) and (b1) are the transillumination profiles given in Fig. 3a and f
respectively. (a2) and (b2) represent the effective absorption coefficient and in (a3)
and (b3) give the effective scattering coefficient. Note that from Figures (a2) and
(a3) the profile in (a1) cannot be inferred. Similarly, from (b2) and (b3) the profile
(b1) cannot be fully understood.

from p/, , = 7.48 cm™! (Fig. 3d), to u/,, = 9.01 cm~! (Fig. 3f). The
occurrence of this peak makes the integrated intensity profiles to
look as if there were two absorbing inclusions embedded in the
liquid solution. Thus, this ambiguity in the interpretation in the
profile arises due only to the lower reduced scattering coefficient
of the inclusion relative to that of the background, even for the case
of an absorbing inclusion.

In the following, we use the results shown in Fig. 3a and f for
a deeper analysis of the situation involving the study of the opti-
cal properties obtained by two different approaches: the fitting of
the DTOF's using a Levenberg-Marquardt routine, and a statistical
method based on dividing the DTOF's in ten time-intervals, called
deciles, as we shall clarify later.

5.1. Effective coefficients

In certain cases, in order to detect and characterize hidden
objects inside a diffusive medium, the system is approximated as
a homogeneous slab or as a homogeneous semi-infinite medium.
This assumption drives the analysis to bring effective local values
(background +inclusion) at those scan positions where the inclu-
sion is present. In our geometry these positions are within the
interval —0.65 cm <x <+0.65 cm, accordingly with the 1.3cm of
the cylinder diameter. We will call these effective local parame-
ters (ju5) and (juq). This approximation has been already used by
other authors specially in the cases involving multilayer analysis
and photon density waves [21,31].

The results of fitting the DTOF's using the homogeneous model
of Eq. (4) for each scan position are shown in Fig. 4. Fig. 4al and
b1 represents a duplicate of the transilluminance profiles shown
in Fig. 3a and f, respectively. Fig. 4a2 and b2 are the results of the
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evaluation of the effective local absorption coefficient for these spe-
cial cases, and Fig. 4a3 and b3 shows the corresponding effective
local reduced scattering coefficients.

An inspection of these parameters neither explains the appear-
ance of the central dip in Fig. 4a1 nor the “W” profile in Fig. 4b1. In
fact, for the case of the profile of Fig. 4a1, both, the local reduced
scattering coefficient and the local absorption coefficient (Fig. 4a2
and a3) does not present any variations at the inclusion beyond the
experimental fluctuations. In the case of Fig. 4b, only a reduction in
the reduced scattering coefficient is observed (Fig. 4b3), which is
compatible with an intensity rise at the centre but cannot account
for the intensity drop at both sides of the peak.

Note that even a simplified and naive calculation using the
weighted average values of the optical properties, for example for
the case of Fig. 4a2 at the position coincident with the centre of the
inclusion (x=0), gives (see Fig. 2):

- (S—=dimc)lapck + Pinclhar
MHa = S .

Using in this last equation S =3 cm, ¢, = 1.3 cm, and the optical
properties given in Table 1, we obtain:

g =0.094cm™ !,

a value of the average absorption coefficient which is clearly dif-
ferent from the value of 4 far from the inclusion (~0.075cm™1)
and well beyond the experimental fluctuations. Thus, it only could
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explain the drop in the intensity transilluminance profile near the
inclusion.

Similar results are obtained for the cases of Fig. 4a3, b2, and b3.

As a consequence, we conclude that using a homogeneous
model to determine the effective optical properties of a turbid
medium with an inclusion constitutes an oversimplification which
bring erroneous values, at least for cases in which the optical prop-
erties of the background are not quite different from those of the
inclusion.

5.2. Analysis of the origin of the “W” profiles

Similar “W”-like transillumination profiles as reported here
have been observed before in frequency domain experiments and
have been explained by diffraction [21,22] of strongly damped
photon density waves (PDW) at inhomogeneities in otherwise
homogeneous scattering media. However, the physical picture of
PDW diffraction phenomena is not really helpful in case of CW
experiments since for zero frequency there is no PDW at all, and
hence no diffraction. Another possible approach to this problem is
to study the number of photons present in different portions of the
DTOF as we describe below.

It is a well established fact, that for a given DTOF, its rising edge
(early photons) is more sensitive to changes in p§, while the behav-
ior of its tail (late photons) is dominated by .

We have used this property to analyze changes in the optical
parameters relative to a reference value, using the deciles of the
DTOFs. This method divides each DTOF in ten time - sections, each
containing an equal number of photons, called “decile”. A refer-
ence DTOF (far from the inclusion) is used to determine the time
points t; that define the deciles. As stated, the number of photons in
the first decile (ty < t<ty) of the DTOF is more sensitive to changes
in the reduced scattering coefficient, u;, while the eighth decile
(t; <t<tg) follows the variations of the absorption coefficient, (g,
of the medium.

We analyze here the temporal pulses for all cases presented in
Fig. 3, using the statistical criteria of the deciles. Results for the first
and eighth decile are shown in Figs. 5 and 6, respectively. From the
analysis of the first decile (Fig. 5) an increment of its value is noticed
at positions where the input beam coincides with those where the

4 6
Position (cm)

Fig. 5. Analysis of the sequential experiments of Fig. 3 displaying the number of
photonsin the first decile of the corresponding DTOF at each horizontal scan position.
Fig. 5a-f correspond to Fig. 3a-f, respectively. Note the increment in the number of
photons at the inclusion as the ratio u,, ./ ,u;Bkg decreases. Each curve is normalized
to its value at positions far from the inclusion.
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Fig. 6. Analysis of the sequential experiments of Fig. 3 displaying the number of
photons in the eighth decile of the corresponding DTOF at each horizontal scan
position. Fig. 6a—f correspond to Fig. 3a-f, respectively. Note the reduced number of
photons at the inclusion due to the ratio (itamc/[taskg) > 1. Each curve is normalized
to its value at positions far from the inclusion.
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scattering coefficient. Moreover, the width of this first decile curve,
measured at the baseline, coincides very well with the diameter of
the inclusion. In other words, in some cases (Fig. 5¢c-f) it is possible
to identify the presence of the (less scattering) inclusion following
the behavior of the population of the first decile.

In Fig. 6, the eighth decile in turns, displays a decrease in the
vicinity of the inclusion. This drop clearly means that less photons
are present in the DTOF's curves and could be explained by stat-
ing that an increase in the average local absorption coefficient has
occurred, in agreement with the optical properties measured for
the inclusion.

This analysis shows that using the deciles approach is more sen-
sitive to changes in local optical properties since, as it has been
shown in Fig. 4, fitting the DTOF's not necessarily indicates an incre-
ment in the average absorption coefficient when the inclusion lies
between the optodes.

With the help of Fig. 7 it is readily seen how the “W” struc-
ture originates. In fact, in Fig. 7 we show (squares), that the first
decile contributes to a build up at the central prominent portion in
the “W”. In this figure the open circles, indicate that the values of
the eighth decile account for the dip in the complete transillumi-
nance profile. From these last two it is straightforward to notice that
adding up both contributions, the “W” profile arises, a result that is
shownin Fig. 7 as the solid line. For completeness, the experimental
profile is also shown (triangles) corresponding to Fig. 3f.

In addition, we describe here the results of comparing Fig. 3 with
the corresponding profiles obtained using the theoretical model
presented in Section 3 and Monte Carlo (MC) simulations.

In Fig. 8a and b we reproduce the profiles shown in Fig. 3a and
f, respectively, together with the corresponding theoretical and
MC ones. They were calculated with the optical properties mea-
sured for both, the liquid part of the phantom and the inclusion
itself, as described in Section4.2, choosing the best combination
within the experimental error (estimated to be 10%). For the case of
Fig. 8a the optical properties used for the theoretical and MC calcu-
lations were ;. =5cm™!, ulp =5.1cm™!, pugpg=0.075cm,
Mainc=0.132 and for Fig. 8b the resulted uy, . = 5cm™!, Hiper =
8.2cm™ !, apek =0.083 cm1, pgme =0.132. It can be seen that, even
though the matching is not exact, in both cases the most impor-
tant characteristics of the profile are correctly reproduced, that is,
Fig. 8a shows no “W” profile while Fig. 8b does it.

-4 -2 0 2 4

2 0 2
Position (cm) Position (cm)

Fig. 8. Comparison of the experiment with Theory and Monte Carlo Simulations. (a)
The experimental profile of Fig. 3a (hollow circles) compared to the results obtained
by MC (diamond) and to the theory (solid line) if the measured optical properties of
both, background and inclusion, are used. (b) Idem (a) but using the experimental
profile as Fig. 3e with the optical properties shown in Table 1.

6. Conclusions

In this work we have investigated the behavior of the transillu-
minance profiles when absorbing inclusions are present in turbid
media slabs. This was motivated by the fact that, in some cases,
the transilluminance profiles show an increment in the integrated
transmitted intensity, at positions where the inclusion is present,
instead of a reduction of this intensity as could be expected for an
absorbing inclusion.

We have demonstrated that this apparent contradiction can
be explained if the reduced scattering coefficient of the inclu-
sion is also considered. In fact, if the reduced scattering of the
inhomogeneity is sufficiently smaller than that of the background,
it can compensate, or even reverse, the effect of increased local
absorption. Consequently, an intensity peak is observed at the cen-
ter of the inclusion (Fig. 3d-f).

Moreover, from the decile analysis we conclude that this method
allows to understand the origin of “W” profile. We showed that
this special transilluminance profile is not observed by taking into
account only the early photons, but it clearly arises if we consider
the contribution of the late photons, together with the early ones.

Additionally, the decile method has proven to be more robust
for the qualitative determination of the fluctuations in the opti-
cal properties with respect to some reference values, providing a
helpful tool for a quick analysis in transilluminance scanning exper-
iments. On the contrary, fitting of the DTOF's to the homogeneous
slab model fails to detect these fluctuations, since the model is
oversimplified.
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