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Abstract: Functional near infrared spectroscopy (fNIRS) is a valuable tool for assessing oxy- and
deoxyhemoglobin concentration changes (A[HbO] and A[HbR], respectively) in the human brain.
To this end, photon pathlengths in tissue are needed to convert from light attenuation to A[HbO]
and A[HbR]. Current techniques describe the human head as a homogeneous medium, in which
case these pathlengths are easily computed. However, the head is more appropriately described
as a layered medium; hence, the partial pathlengths in each layer are required. The current
way to do this is by means of Monte Carlo (MC) simulations, which are time-consuming and
computationally expensive. In this work, we introduce an approach to theoretically calculate these
partial pathlengths, which are computed several times faster than MC simulations. Comparison
of our approach with MC simulations show very good agreement. Results also suggest that these
analytical expressions give much more specific information about light absorption in each layer
than in the homogeneous case.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In the past few decades, functional Near Infrared Spectroscopy (fNIRS) has achieved increasing
attention in the fields of Neurology and Neuroscience, due to its ability to noninvasively measure
brain hemodynamics in the human head [1]. Nowadays, fNIRS covers a wide range of clinical
applications, such as the study of neurological disorders [2]; speech development in newborns
and children [3]; movement science [4]; and sports and high-performance physical exercise [5],
among others. By placing NIR light sources and detectors (usually called optodes) on a subject’s
scalp and measuring how light is attenuated, it is possible to infer changes in the concentration of
blood chromophores, such as oxyhemoglobin (HbO) and deoxyhemoglobin (HbR), and hence
detect cortical activation and correlate it with external stimuli or tasks performance [6].

The great majority of the commercially available fNIRS devices, which work in the continuous
wave (CW) mode, rely on measuring the attenuation, A, of light signals at different wavelengths,
A, and at a given interoptode distance, p [6]. If the human head is to be modelled as a medium
formed by a number of layers —such as scalp, skull, cerebrospinal fluid (CSF), gray matter, white
matter—, the relationship between A and the absorption change in each layer is expressed as
[7,8]:

N
A, p) = )" Ataj(DL(A, p), (1

J=1

where Ay, ; represents the absorption change in layer j (of N) and L; is the mean partial pathlength
(MPPL) of photons in the same layer. If the absorption process during a measurement at
wavelength A is supposed to be ruled only by HbO and HbR concentration changes, then for layer
J itis possible to write [9]:

Apa j(A) = €upo(V)A[HDO]; + enpr(A)A[HBRY;, 2
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where €(2)gpo (€(A)mpr) is the molar extinction coefficient of HbO (HbR) at that wavelength and
A[HDbO]; (A[HbRY];) is the concentration change of HbO (HbR) in that layer. Thus, given these
two equations and applying appropriate inversion techniques, one can retrieve HbO and HbR
concentration changes from attenuation measurements. To this end, understanding the role of the
MPPLs is crucial, since the measured attenuation will depend on the path traveled by light in
each layer.

At this point it is important to remark that the MPPLs cannot be directly measured, neither
in phantoms, nor in living tissue, and thus some kind of assumptions must be made in order
to compute them. The simplest approach assumes a homogeneous model of the human head,
i.e., N = 1 in Eq. (1). In that case, the MPPL is expressed as the product between p and the
differential pathlength factor (DPF), which takes into account the geometry of the head and the
multiple scattering processes involved [10]. However, this is a rather strong assumption, since in
a real situation absorption changes do not take place uniformly throughout the whole head. Some
authors apply a partial volume correction (PVC) to compute the so-called partial pathlength
factor (PPF), in order to discard the contribution of the extracerebral tissue volume and consider
only the brain cortex [11]. Nevertheless, all these quantities are usually set to constant values for
all types of subjects and measurement configurations [11-14], which is an unrealistic premise.
Hence, more complex models accounting for multiple layers are required.

When considering more layers, the DPF approach is no longer valid, since it is impossible to
know a priori the proportion of photons that would travel in the different layers. Here a vast
amount of the available literature makes use of Monte Carlo (MC) simulations to compute the
MPPLs [7,8,15—18]. In the field of Optics of Turbid Media, MC simulations are used as an
stochastic method for solving the Radiative Transfer Equation (RTE), which governs photon
migration in the most general case where light can be not only absorbed, but also scattered in an
anisotropically manner [19]. MC simulations stand, then, as the gold standard for mimicking real
experiments, due to their capability to precisely control all the parameters involved in the process
of photon migration in turbid media [19,20], which are (besides ) the scattering coefficient
(us), the anisotropy factor (g) and the refractive index (n) . By means of this tool, it is possible to
keep track of each photon’s history (when it leaves the detector, where and when it hits a specific
point of the medium, where and when it undergoes a scattering event, whether it reaches the
detector or is absorbed before doing it, and so on). In CW-based MC simulations, the MPPL in
layer j can be obtained by deriving the total diffuse reflectance R(p) with respect to p,; [17]:

10k
R(p) alla,]'(/l) .

Hence, using MC simulations it would be possible to perform an exhaustive and detailed study
of the MPPLs as a function of the different optical and geometrical parameters in a medium with
an arbitrary number of layers, a task that turns out to be unattainable in an experimental setup.
However, the main drawbacks of MC simulations are their high computational cost and time
consumption, which are consequently associated with the need of high performance computing
servers. Therefore, although MPPLs analyses such as the one mentioned before would result
interesting and even necessary, it would become highly impracticable.

These problems can be overcome by replacing the simulated R(p) in Eq. (3) by equivalent
analytical expressions. In most cases, light propagation in biological tissue achieves a diffusive
regime, where scattering processes dominate over absorption processes; under this condition, the
RTE can be approximated by the diffusion equation (DE), which provides analytical solutions
for layered media that require less hardware resources [21,22]. In this way, the MPPLs can be
correctly described by all the optical and geometrical parameters of the medium of interest, at low
computational and time costs and without further assumptions. Despite the advantages provided

Li(4, p) = 3
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by analytical solutions of the DE when focused on the MPPLs, the few studies that have been
reported only deal with homogeneous media [22,23].

In this work we use previously obtained analytical solutions of the DE in layered turbid media
[24] to compute theoretical expressions for each of the MPPLs. This way of modeling the human
head —as a stack of layers with different optical properties and thicknesses— results in a set of
partial pathlengths inside the different layers, which is much closer to reality than what can be
obtained by a purely homogeneous model, and is also fast enough as to allow its incorporation in
real time fitting routines. Another advantage of this approach is that it allows to independently
resolve the activity on both, the extracerebral and the cerebral tissue. Thus (and contrary to
what happens with the current methods) it is higly unlikely that the retrieved cerebral activity is
polluted with the more superficial signal.

The present paper is structured as follows: in Section 2 we first introduce the method that
is used to calculate the MPPLs; in Section 3 we provide details on the MC simulations used
to validate our approach; Section 4 presents the results of this validation as well as a detailed
analysis of how the MPPLs are affected by the different optical and geometrical parameters that
characterize the media under study; and finally, in Section 5 we summarize the main conclusions
of the paper.

2. Theory
2.1.  Solution of the diffusion equation in multi-layered media

Light propagation in the human head can be modelled by assuming that the source-detector pair
is positioned on top of a bounded cylindrical geometry of radius R consisting of N — 1 layers,
each of them with thickness /;, plus a last, infinitely thick layer placed at the bottom (Fig. 1). The
diffusion equation that models this system has the form [24]:

2 2
(aa—pz + g—zz) ~ B @1(p,2) = ~556(0)6(z — 20), 0 < z<ly

. )
2 2 »

((’—2+§—Zz)—%] D;(p,z) =0, I} <7<

being @1(p, z) (P;(p, z)) the fluence in layer 1 (j) detected at the radial position p and at depth

z, and D; = # the diffusion coefficient, where u; ;= Hs (1 = g;) is the reduced scattering

coefficient in layer j. In this equation we have assumed a beam-like source that impinges the
medium at the cylindrical coordinates (p, ¢,z) = (0,0, 0), so that light propagation becomes
completely isotropic at the point ry = (0,0, zp), with zo = 1/ :“;,1' Note that, due to the azimuthal
symmetry of the problem, there is no angular dependence in ®(p, z).

Following the steps shown in Ref. [24], the diffuse reflectance at the surface z = O for an
arbitrary number of layers can be obtained from Eq. (4) in terms of the fluence (we omit the
dependence with the optical properties and the layers’ thicknesses):

O(p,z = 0) 1 = Jo(snp)
R(p) = = Gi(a,z = 0)——2 5
O = = = AR Zl SR v &)

where A, is a factor that depends on the mismatch in refractive indices between the media
and the environment; Rgg = R + z51 is the extrapolated radius for which R(Rgg) = 0, with
2p1 = 2A,D1 [25]; and Jp and J; the spherical Bessel functions of the first species and orders 0
and 1, respectively. In this equation, G(e, z = 0) represents the Green’s function for layer 1 at
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Fig. 1. Scheme of light propagation in a semiinfinite multilayered turbid cylinder. The radial
extension can be considered large enough as to avoid the influence of the lateral bounds.
z =0, given by:

e M0 — gmmG+Zn1) - sinh [@4(z0 + 2p,1)] sinh (@125.1)

Gi(a,z=0) = 2a1D, Dlalea1(11+2b,1)

(6)

2 2
Dian{B3 — Draznyys

DyainiBs cosh [ (I + 2p,1)] + Daaanyys sinh [a (I + 2p,1)]

being @ = (a1, @, ..., ay), with @ = \/a;/Dj + s2 and s, a factor that satisfies the relationship
Jo(spRes) = 0. The quantities 83 and 3 are obtained by the following recurrence relations:

Br = Diaag—ong_, cosh (au—alk—2)Bx + Di—ir—1ni_, sinh (@x—ole—2) ¥, (7

Yk = Dy—pax—on_, sinh (@x—alk—2)Bx + Dy-1x-1n¢_; cosh (ax—alk—2) k. (®)

for which the starting values By and yy:
B = Dy_1ay-1ny_, cosh (ay-1ly-1) + Dyayny sinh (ay—1ly-1), (&)

yn = Dy—1ay-1n%_, sinh (ay-1ly-1) + Dyayni cosh (an—1ly-1), (10)

are needed. In particular, for two-layered media, 83 = y3 = 1.

2.2. Theoretical approach for the mean partial pathlengths

For the sake of brevity, here we will only show the calculations for the MPPLs in two-layered
media. The reader can find the corresponding expressions for three and four-layered media in the
Supplement 1.


https://doi.org/10.6084/m9.figshare.19121702
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As expressed by Eq. (3), derivatives of the reflectance R (with respect to the different absorption
coeflicients u, ;) are needed in order to compute the MPPLs. From Eq. (5) if follows that only
the Green’s function depends on py;; then:

OR _ OR doj _ 1 i 0Gi(@) da;  Jo(sup) (11
Opaj  Oa;Opa;  4A,m°RL, | 0aj Opaj Ji(suRes) |

A closer inspection to Eq. (6) suggests that the Green’s function can be rewritten as:
Gi(ay, ) = Alay) + B(a))C(ay, ay), (12)

where A, B and C are
e~ _ p=1(20+22,1) 3
A = s 1
(CE]) 2a1D1 ( )
sinh [ (z0 + 2p,1)] sinh (@125,1)
D e®iUi+a)

B(ay) = , (14)

2 2
Diainip3 — Drarnyys

Clar,a) = > — . (15)
Diayni Bz cosh [ai (! + zp1)] + Daaangys sinh [ (5 + 2p,1)]
The derivatives of G(ay, ay) are, thus:
G 0 0B 0 oa;
@) _ (9 08, g9C) 09 (16)
6uaJ (3&’1' aaj 6a'j 6ﬂaJ
with: p |
aj
= , 17
6/1” 2Dj(lj
Let
8 = Dyayn} — Dyaon (18)
A =Day n% coshla (I} + zp1)] + Dzozgn% sinh[a(l] + zp.1)] (19)
, 6aj (20)
a = .
! aﬂa,/‘
For the MPPL in layer 1, we need the following quantities:
OA e~ @120 5
—=——— a1 (20 +2zp1) e —ayz9— 1 21
b1~ 2D 1 (20 b1) 120 — 1] 21
0B e~ a(li+z.1)
Yo - Do ({(zo + z,1) cosh [a@1(z0 + zp,1)] sinh (@12p,1)
aq Dlaq (22)
+25,1 sinh [@1(z0 + zp,1)] cosh (@125,1) } @1—
—sinh [@1(z0 + zp,1)] sinh (@125,1)[1 + a1 (1) + 25,1)])
ac _ b _
6&’1 B A
o {D]n% cosh [a (I} + b1 )] + D](lln%(l] + Zb,]) sinh [a(]; + b1 )] (23)

+(I1 + 2p,1)Drazn} cosh [a (1) + zp,1)]1}
A2
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On the other hand, for the MPPL in the second layer we only need:

/o DgngA +0 {Dzn% sinh [a; (I} + Zb,l)]}
6a2 B A2

. (24)

Once we obtain the MPPLs in each layer, we can compute the mean total pathlength (MTPL)
in any N-layered medium by summing up all the MPPLs:

Ly = Z L. (25)

As a last remark, it is worth mentioning that a typical calculation for four-layered media takes
about a few milliseconds to be completed on an Intel Core i5 with 16GB RAM, without any
parallel implementation.

3. Monte Carlo simulations

In order to validate our theoretical approach, continuous wave MC simulations, based on the
variance reduction technique, were performed using MCX, a free voxel based Monte Carlo
toolkit integrated with MATLAB and implemented under CUDA architecture [26,27]. For each
parameters combination, twenty simulations were run in order to compute the mean partial
pathlengths with their associated standard deviations. Each run consisted in launching 10% photon
packets with a unitary initial weight, from an isotropic source placed at ro = (0,0, 1/ p;,l) at time
tp = 0 s; although a more realistic implementation would require the use of a pencil beam source,
we chose the isotropic source type to better compare with our approach, which is based on the DE
[22]. After propagation in tissue, photons are collected by detectors of radius ry = 1.2 mm placed
at the surface of two, three and four-layered media. For every detected photon, its trajectory,
number of collisions and total weight loss are recorded. A single simulation, running on the
same CPU as the one used for the theoretical calculations, and with an NVIDIA GeForce Titan
Xp GPU, takes approximately 15 seconds, depending on the optical properties of the different
layers, the total number of voxels and their size. Two, three and four-layered media consisting in
stacks of cylinders of 200 mm in diameter, and with voxel size of 1 mm? were considered. This
choice ensures that there is negligible light intensity reaching the lateral faces of the cylinders,
while keeping a reasonable spatial resolution. Eight source-detector distances (o), with values
between 5 mm and 40 mm in 5 mm steps, were used.

4. Results and discussion

4.1. Validation with MC simulations and dependence with p and layers thicknesses

Due to the fact that the MPPLs (hereinafter directly referred to as L;) depend on a large number
of parameters —being this number increased with the amount of layers as 3N — 1—, together
with the high computation times of all MC simulations, we limit the comparison to variations
of only a certain set of parameters that represent situations of clinical interest. In fNIRS, this
means that the absorption coefficient of the upper layer and that of the one mimicking the cortex
are varied, while the u, of the other layers remains fixed. Besides, the thicknesses of the layers
associated to the extracerebral tissue are also modified; this accounts for variations not only
within the same subject (depending on the area of the head to be studied [28]), but also between
subjects. Regarding the reduced scattering coefficient and the refractive index, we set the same
values (¢, = 1 mm~! and n = 1.33) for every layer.

Figures 2, 3, 4 and 5 show comparisons between MC simulations and the analytical mean
partial pathlengths presented in Section 2, for a homogeneous medium and for two-, three- and
four-layer media, respectively. These comparisons are plotted against the source-detector distance
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p, for different values of the upper layers’ thicknesses (/; in Figs. 2 and 3; I, in Figs. 4, 5) and
for different combinations of the absorption coefficients in the scalp and the gray matter layers;
the details are listed in the corresponding captions. In general, it can be said that the analytical
model shows very good agreement with the MC simulations. Errors are bounded to <8% (in the
worst case), so error bars are barely seen in the Figures. A description of percentage errors is
given later on, in Section 4.1.4, for all the cases presented in this work.

20 30 40
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
p[mm] p[mm] p [mm]
|—I1=6mm i mMc—1,=12mm § mc —L =18mm | mc —cOnﬁni‘

Fig. 2. Comparison between the analytical two-layered model and MC simulations for L; (a,
d), Ly (b, e) and Lt (c, f) in a homogeneous medium, for three thicknesses of layer 1: [; =6
mm, /{ = 12 mm and /; = 18 mm. In the latter (c, ), the theoretical model for a completely
homogeneous medium (taken from Ref. [22]) is also shown. Upper row: p,| = pg2 =

0.0067 mm~!. Lower row: Ha,1 = Mg =0.018 mm™L,
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Fig. 3. L, L, and L7 in a two-layered medium vs. p for different thicknesses of layer 1. (a)
t0 (¢): Hg = 0.0067 mm~' <y, = 0.0125 mm~'; (d) to (f): g1 = 0.0125 mm™'>p,, =
0.0067 mm~!. u/ = 1 mm~! (for all layers).
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Fig. 4. L, L,, L3 and Ly in a three-layered medium vs. p for different thicknesses of
layer 2. (a) to (d): pg,1 = 0.0067 mm~'<p, 3 = 0.0125 mm~!; (e) to (h): g, = 0.0125
mm_1>ua,3 =0.0067 mm™~!. The rest of the parameters are: u,2 = 0.016 mm~!, wi=1
mm~! (for all layers), /{ = 7 mm.
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Fig. 5. Ly, Ly, L3, L4 and L7 in a four-layered medium vs. p for different thicknesses of
layer 2. (a) to (e): f1g,1 = 0.0067 mm~' <y, 3 = 0.0125 mm~!. () to (j): pg1 = 0.0125
mm_1>ua,3 = 0.0067 mm~'. The rest of the parameters are: f,o = pg4 = 0.016 mm~!,

ui=1 mm~! (for all layers), /; = 5 mm, /3 = 2 mm.

4.1.1. Two-layered media

The very first comparison consists in testing our two-layered theory in a homogeneous situation
(i.e., when the optical parameters in both layers are the same) against MC simulations. Figure 2
shows the plots corresponding to L; (Figs. 2(a), (d)), Ly (Figs. 2(b), (e)) and Ly (Figs. 2(c), (f)),
for three thicknesses of the upper layer and two different values of the absorption coefficient.
In the last subset of plots we also added the analytical Ly directly computed for homogeneous
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media (Eq. (47) in Ref. [22]). Here it is worth to note the following: although the medium itself
is homogeneous, using a two-layered model with the same set of optical properties between
layers (instead of a homogeneous one) provides additional information regarding the trajectory
of photons in upper and lower regions. This can be clearly seen, for example, as we increase
the thickness of the first layer. L; presents an asymptotic behavior as a function of p for /; = 6
mm, while L, tends to increase in an exponential fashion, and for p> 30 mm its contribution to
L7 becomes more important; however, both curves compensate with each other, resulting in a
curve for Ly that seems to behave in a linear way. On the other hand, when we increase /; up to
18 mm, L; provides all the contribution to Ly (now both of them behaving almost like linear
functions of p), while L,, although still growing exponentially with the interoptode distance,
barely contributes. Of course, this analysis can also be done for a higher number of layers, which
is equivalent to increasing the resolution of the stacked regions of the homogeneous medium
being studied; but, in the end, the partial pathlengths once again compensate to give the same
linear behavior already observed for Ly.

We turn now to the two-layered heterogeneous situation. We consider thickness variations in
the layer mimicking the extracerebral tissue (in this case only /;). Figure 3 shows L, L, and
Lz for p,1 = 0.0067 mm~! <., = 0.0125 mm~! (Fig. 3(a), (b), (c)), and pg; = 0.0125 mm™!
> a2 = 0.0067 mm™~! (Fig. 3(d), (e), (f)). Once again, we observe that L; increases linearly and
L, presents an exponential behavior for small values of p, while for larger values, the behaviors
tend to become horizontally asymptotic and linear, respectively. The resulting Ly is an almost
linear function of p, due to the compensation between both partial pathlengths. An interesting
fact can be observed here when we switch the absorption coefficients between layers: although
L, always increases and L, always decreases with /1, Ly increases as [; is increased for 1141 <p42,
while it decreases with [; for p, 1>p,». This is related to the size of the region with the higher
absorption coeflicient: independently of which the layer with the higher y, is, the thicker this
layer, the smaller becomes Ly.

4.1.2. Three-layered media

For this configuration we consider variations in the absorption coefficient of the third layer, that
mimics cerebral tissue, as well as in the first layer, here representing the scalp. Also variations
in the thickness of the second layer (representing the skull) are included to take into account
possible differences between areas of the head and/or variations among subjects.

In Fig. 4, the asymptotic behavior of L; (for large p) and the exponential behavior of L3 (for
small p) are also present. However, in the case of L; and p, 1<u,» (Fig. 4(a)) the curves for
different thicknesses of the second layer are practically identical; on the other hand, for L; and
Ha1> a2 (Fig. 4(e)), these curves become distinguishable for p>25 mm. Hence, in the first
situation it would be impossible to infer the thickness of the first layer just by means of L;, while
in the second situation this could be done, but large interoptode distances are required, something
which is not recommended if high photon counts are needed to keep an acceptable signal-to-noise
ratio.

Regarding L,, the situation in which p, 1>y, for the lowest value of /; (Fig. 4(f)) shows a
curve with a sigmoidal shape. This means there are few photons in the second layer, and also that
these photons barely spend time in this region, when the source-detector distance is less than 10
mm; then, the increase in the traveled path becomes steeper, until p ~ 30 mm, when the curve
tends to flatten. At this point, it does not matter how large p becomes, since most photons will go
directly to the deepest layer. Conversely, when [, is increased, this plateau is moved toward larger
p values, meaning that a high proportion of the detected photons can still travel long distances in
layer 2, while layer 1 remains relatively unexplored.

The overall contribution of each L; on the total pathlength is again compensated, giving as
a result a quasi-linear behavior with p. Contrary to the two-layered case, here the relationship
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between u,; and p,o does not affect the fact that, the thinner /, is, the larger becomes L.
Nevertheless, when p,2<uq.1, Ly (Fig. 4(h)) reaches higher values than on the other situation;
this also helps to better discriminate between the different thicknesses of layer 2.

4.1.3. Four-layered media

For the case of four-layered media we consider variations in the absorption coefficient of the
third layer (mimicking the gray matter), as well as that of the first layer, representing the scalp;
the deepest layer is now associated to white matter and its optical properties remain constant.
The thickness of the second layer, acting as the skull, is also varied.

In the case of four layered media (Fig. 5), the behaviors already described for the partial
pathlengths in the first and the last layers are not only repeated, but somehow accentuated.
Actually, in the case of L (Fig. 5(a),(f))), it is impossible to tell the differences among curves
corresponding to different values of /.

In the case of L, with [, = 1 mm (Fig. 5(b), (g)), we still observe a sigmoidal behavior, which
quickly disappears for larger thicknesses of the second layer. As for L3 (Fig. 5(c), (h)), this
behavior (a quick increase for small p and a slower one for high p) can be observed for /; it
disappears once again for higher values of /; but, contrary to the case of Ly, this time L3 decreases
with l,. L4 presents the same tendency with I, as L3, although it reaches higher values, which is
to be expected if we consider that the last layer is semiinfinite.

In the end, the mean total pathlength (Fig. 5(e),(j)) is exactly the same, no matter the relation
between u, 1 and y,3 or the thickness of layer 2. In opposition to the previous cases, this
quantity cannot tell anything about the optical and geometrical details of the medium, hence this
information can be obtained only by means of the partial pathlengths.

4.1.4. Error considerations

Figure 6 shows the relative errors (absolute values) resulting from the comparison between
theory and the MC simulations for the three situations described above. Figures 6(a) and (d)
correspond to the two-layered medium, (b) and (e) to the three-layered medium, and (c) and (f) to
the four-layered medium. In the upper row, the extracerebral absorption coefficient is lower than
the cerebral one and in the lower row the reciprocal situation is shown. In all cases, errors are
bounded to <8%. Two main sources can be identified for these discrepancies, namely: i) Both the
analytical reflectance and its derivatives are obtained by computing the finite Hankel transform,
which needs the use of enough Bessel zeroes in order to achieve the desired accuracy; the use of
high precision arithmetic can lead to greater accuracy [29], but increasing computational costs.
ii) A larger amount of Bessel zeroes could be used (in our computations, the first 5000 Bessel
zeroes were employed); this seems to be more important when considering short distances, where
the relative differences tend to be larger than for higher interoptode distances. Once again, doing
this would increase the computation times.

A third source of error could be the medium discretization. Indeed, for domains of arbitrary
geometries, reducing the voxel size will help increasing the accuracy with which the pathlengths
are considered to belong to a specific layer. However, in our case the geometry of the medium is
relatively simple, while the amount of voxels included in every layer is an integer number; hence,
here a higher discretization would not imply a significant improvement.

4.2. Dependence of the mean partial and total pathlengths in two-layered media with
Ha,l and Ha2

Modeling the human head as a two-layered medium is a fairly desirable practice, because it
is complex enough to discriminate between systemic and cerebral signals but also sufficiently
simple to avoid dealing with higher number of layers, which unnecessarily increases computation
times. In two-layered media, the absorption coefficients of both the superficial and the deepest
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Fig. 6. Percentage relative errors for theoretical mean partial pathlengths compared with
MC-simulated ones, as a function of p, for the two-layered medium (left column), three-
layered medium (middle column) and four-layered medium (right column). (a) to (¢): g1 =
0.0067 mm™" <, 3 = 0.0125 mm~". (d) to (f): g =0.0125 mm~! >, 3 = 0.0067 mm~'.

layers may change independently from each other; thus, it is interesting to pay some attention to
what happens with the mean partial and total pathlengths when these changes take place.

Figure 7 presents surface plots of Ly, L, and Ly in a two layered medium vs. u, 1 and y, 2, for
four combinations of p and /;: p = 10 mm and /; = 5 mm (Fig. 7(a)); p = 10 mm and /; = 15
mm (Fig. 7(b)); p =30 mm and /; =5 mm (Fig. 7(c)) and p = 30 mm and /; = 15 mm (Fig. 7(d)).
Except for the third case, L; and Ly show a stronger dependence with p, rather than with p, .
This behavior is to be expected if we consider that, for the corresponding combinations of p and
[1, photons tend to travel larger distances in the first layer. In the case of the shortest interoptode
distance and the thicker first layer (Fig. 7(b)), L, is almost negligible and barely contributes to Ly.
The remaining case, with p = 30 mm and /; = 5 mm, shows a strong decrease of L, (together
with L7) for 0.002 mm~!<u,>< 0.015 mm™', while L; increases in an approximately linear way.
This behavior takes place since, for this combination of p and /;, photons can easily reach the
second layer, something that does not happen in the other situations. Note that, for low absorption
values in the second layer, L, is greater than L, in all the y, range.

Here the following remark (which may seem obvious at first sight but implies profound
consequences) must be noted: the dependence of L; and L, with p, 1 and p, is anything but
constant, i.e., L1 = Lj (a1, Ha2) and Ly = Ly(pq,1, Ha2)- This means that the attenuation, when
computed with the help of Eq. (1), requires the knowledge of the absolute absorption coefficients
of the first and the second layer (actually, that is the meaning of A in the argument of L;(4, p)).
However, current data processing methods for CW fNIRS rely on absorption changes (Ay, in
Eq. (1)) with respect to a baseline situation, rather than on absolute absorption values, and in fact
they ignore any dependence with y,, either for homogeneous or layered media. Hence, this is a
rather strong assumption that does not represent reality.

This problem may be overcome in two ways. First, we could fall into the temptation of
assuming that Ay, 1 and Ay, are sufficiently small, so that L; and L, are approximately constant.
Although many works assume this [8], we must be careful with the meaning of "small". Taking
as example Fig. 7(c), the variation of 1, in the whole range [0.002,0.03] mm™! is negligible
compared to the variation of y, in the same range. Hence, before assuming smallness in Ay, |
and Ay, 2, we need to be aware about the way L and L, depends on the absorption coefficients.
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Second, solutions to the RTE and the DE in media without absorption can be rescaled to cases
with nonzero absorption properties [30]; these rescaling factors appear both in the numerator
and the denominator of Eq. (3), and hence cancel out, meaning that one could, in principle,
assume any pair of absorption coefficients for each layer. In any case, since we are interested in
absorption changes relative to a baseline situation, the result of not setting the precise absorption
coefficients to compute L; and L, might be, in the end, just a multiplication factor, which is not a
defining component when deciding whether there is activation or not in an specific brain region.
This argument is also valid for models with a higher number of layers.

5. Conclusions

In this work, analytical expressions for the mean partial and total pathlenghts in multilayered
media were introduced. These expressions allow to easily and rapidly (within milliseconds)
discriminate the path traveled by photons in layered media such as the human head, something
which has direct impact on fNIRS applications. Comparisons with Monte Carlo simulations
show very good agreement. Differences between MC and theory for the mean partial pathlengths
of the first layer remain rather low, while discrepancies of less than 8% were found for the other
layers; these discrepancies could be further reduced in two ways: by using higher precision
arithmetic in the theoretical computations, and by using a larger number of Bessel zeroes in order
to achieve a better accuracy.

The dependence of the mean partial pathlengths with the source-detector separation p shows
that the distances traveled by photons depend on the position of the layer relative to the surface.
For example, in all the studied cases (two-, three- and four-layered media), the deepest layer
shows no limit for the reached value of the corresponding partial pathlength. On the other hand,
the most superficial layer and the intermediate ones present an asymptotic behavior close to
saturation for large values of p. Nevertheless, p > 40 mm is not practical in real situations, since
the amount of detected photons, together with the signal-to-noise ratio, is highly reduced.

The particular case of two-layered media shows that L; and L, depend on each layer’s
absorption coefficient in a non-constant manner. This may be counterproductive for processing
CW {NIRS data, since this means that y,; and u,» are needed to compute the mean partial
pathlengths, while current methods only require relative absorption changes; however, certain
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measures could be taken to overcome this issue, such as assuming that Ay, and Ay, are
sufficiently small, so that L; and L, take constant values (at least for those specific ranges of Ay, 1
and Ay, »); and also the rescaling properties of the solutions to the RTE and the DE might reduce
this problem to a scaling factor in the overall retrieved HbO and HbR concentration changes.

This paper describes results obtained for up to four-layered media in planar geometries.
However, the human head may be better described as a layered sphere. Therefore, mean and
total partial pathlengths could also be computed for the corresponding analytical solutions by
replacing the resulting diffuse reflectance in Eq. (3). This method may be also applicable to
situations where the DE does not hold; a very well known example of this is the presence of the
CSF, for which y, and ug are very low [15,31]; here, higher order solutions to the RTE must be
used [32-35].

Extra information from the pathlengths might be also obtained when taking into account the
distributions of times of flight (DTOFs) of photons in turbid media [8,17]. Although CW fNIRS
devices cannot provide temporal information about photon migration in living tissue, a proper
analysis considering the time as a factor may contribute with useful details. We will address
some of these points in future works under development.
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