Near-Infrared Light Propagation in an
Adult Head Model with Refractive Index Mismatch

We investigate near-infrared light (NIR) propagation in
a model of an adult head using an extensive Monte Carlo
(MC) simulation. The adult head model is a four-layered
slab which consists of a surface layer, a cerebrospinal fluid
layer, a gray-matter layer, and a white-matter layer. We
study the effects of a refractive index mismatch on the
model, calculating the intensity of detected light, mean
flight time, and partial mean flight time of each layer for
various refractive indices of the cerebrospinal fluid layer
as functions of source-detector spacing. The Monte Carlo
simulation shows that the refractive index mismatch
presents very rich results including rapidly decaying
intensity of detected light and a peak and cross-over in the
partial mean flight time with source-detector spacing. We
also investigate spatial sensitivity profiles at various
source-detector spacings, discussing the index mismatch
effect on the model.
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[. Introduction

In the last decade, the study of light propagation through
strongly scattering media has received increasing attention as a
result of the application of a near-infrared (NIR) diffusing-light
probe to biomedical investigations such as blood oximetry [1]-
[3], the noninvasive measurement of tissue oxygenation in the
brain [4]-[8], and direct imaging of breast tumors [9]-[11].
Biological tissues are classified as turbid media because their
absorption coefficients are negligible compared with their
scattering coefficients [12]. Since most propagating photons in
biological tissues experience a large number of scattering
events before they finally are absorbed or emerge from tissues
through interfaces, the NIR light propagation in biological
tissues is described very well by diffusion approximation [13]-
[15]. Many studies [16]-[20] have been performed using
diffusion approximation.

Specifically, a great deal of research has been motivated by
the ability of optical radiation to diagnose brain tumors.
However, a problem arises in studying complex systems such
as the brain, in which not all regions diffuse light. In the brain,
there is a clear region composed with cerebrospinal fluid (CSF),
in which both of the scattering and absorption coefficients are
negligible. The diffusion approximation no longer holds in the
clear region. To solve the problem, some approximations such
as a hybrid radiosity-diffusion theory have been suggested
[21]-[23].

Recently, in a variety of models of the adult head, the effects
of both the presence of the surface tissues including a clear
CSF layer around the brain and the brain anatomy itself have
been investigated [24]. By the experiment and the Monte Carlo
MC) and finite-element calculations in [24], the authors
concluded that the clear CSF layer significantly affects light
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propagation in the adult head once the spacing between the
source and detector is large. Although many studies on light
propagation in a head model have been published, the effects
of the refractive index (RI) mismatch in a head model have not
been considered. The RI is an optical property which leads to
important effects on light propagation at interfaces [25].

In this paper, we investigate NIR light propagation in a
model of the adult head by extensive MC simulation
considering the RI mismatch. The adult head model is a four-
layered slab which consists of a surface layer, a CSF layer, a
gray-matter (GM) layer, and a white-matter (WM) layer. The
model was also considered by Okada and others in [24]. We
study the effect of an RI mismatch on a model, calculating the
intensity of detected light, mean flight time (MFT), and partial
mean flight time (PMFT) of each layer for various RlIs of the
CSF layer as functions of source-detector (SD) spacing. The
PMEFT calculated in this paper is the MFT that the detected
light has spent in a particular layer. The MC simulation shows
that the RI mismatch presents very rich results including
rapidly decaying intensity of detected light and a peak and
cross-over of the PMFT as a function of SD spacing. We also
investigate spatial sensitivity profiles (SSPs) deduced from the
accumulated optical path histories of the photons reaching the
detector, and discuss the RI mismatch effect on the model at
various spacings.

In sections II and III, we introduce the adult head model and
MC simulation method considered, respectively. Section IV
shows the results of the extensive MC simulation for the model
with various Rls of CSF. We conclude in section V with our
summarized results.

1. Adult Head Model

Many adult head models ranging from a three-layered slab
[24] to a circular four-layered model with a block intrusion [26]
have been studied. Okada and others [24] studied NIR light
propagation in various models such as a three-layered slab
without a CSF layer, four-layered slab with a CSF layer, four-
layered slab with uneven boundary between the GM and the
WM, and four-layered slab with slots imitating the sulci filled
with CSE. They concluded that a CSF layer significantly
affects light propagation in an adult head, but the geometries of
the sulci and the boundary between the GM layer and the WM
layer scarcely affect the optical path.

Dehghani and Delpy [26] studied the effects of obstruction in
a CSF layer on light distribution in tissue with a circular four-
layered model. They concluded that the sensitivity of the NIR
light signal to the deeper tissues is not greatly improved even
with the introduction of intrusions that completely span the
CSF layer. However, the sensitivity of the signal to absorption
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Fig. 1. Schematic design of an adult head model.

changes in the intrusion itself is considerably increased together
with that of the tissues immediately adjacent to the intrusion.

In this paper, we investigate the effects of an RI mismatch
between the tissues on NIR light propagation in an adult head.
To focus on the effects of the RI mismatch, we chose a simple
adult head model consisting of four different homogeneous
media including a surface layer, a CSF layer, a GM layer, and a
WM layer. The surface layer imitates the scalp and skull. The
thickness of each layer is 10 mm, 2 mm, 4 mm, and semi-
infinite, respectively. To study the effects of the RI mismatch
between the tissues, we considered a model with various RIs of
CSF ranging from 1.0 to 1.8 and RIs of the other tissues at 1.4.
The geometries and optical properties for each layer of the
model are shown in Fig. 1 and Table 1, respectively. The
geometries and optical properties have been chosen from the
reported data on the optical properties of the tissues [12], [27],
and [28].

Table 1. Optical properties of the tissues in the adult head model
given by Fig. 1.

Tissue type ps (mm™) | pa (mm™) n g

scalp & skull 20 0.04 1.4 0.9
CSF 0 0 1.0-1.8 0
GM 25 0.025 1.4 0.9
WM 60 0.005 1.4 0.9

ps: scattering coefficients, p,: absorption coefficient, n: refractive index,
g: scattering anisotropy factor.

[I1. Monte Carlo Simulation

In this study, we used the MC algorithm for light transport in
the multi-layered tissues described in [29] and [30]. The MC
algorithm describes the local rules of photon propagation,
which are expressed as probability distributions describing the
step size of photon movement between sites of photon-tissue
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interaction and the angles of deflection in a photon’s trajectory
when a scattering event occurs. In the simulation, we calculated
the intensity, MFT, and PMFT in each layer of detected light as
functions of SD spacing. In the simulation, the number of
photons ranges from a half billion to one billion.

Figure 2 shows a flowchart of the MC algorithm for the
multi-layered tissues. The flowchart begins with a question that
asks whether or not the photon is in the CSF layer. Since there
is no scattering in the CSF layer, the photon in the layer moves
to the boundary of the layer without a scattering event.

The RI mismatch at the boundaries of the CSF layer affects
the transmission angle and the internal reflectance at the
boundaries leading to the rich behaviors of the MFT of
detected light as a function of SD spacing. The transmission
angle and the internal reflectance at the boundary are
determined by Snell’s law (1) and Fresnel’s formula (2),
respectively. Snell’s law (1) indicates the relationship between
the angle of incidence, &, the angle of transmission, 6, and the
Rls of the media that the photon is incident from, »;, and
transmitted to, 7, Fresnel’s formula (2) presents the internal
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Fig. 2. Flowchart of MC simulation for multi-layered tissues. s:
the step size of photon movement between sites of
photon-tissue interaction.
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reflectance R as an average of the reflectances for the two
orthogonal polarization directions.

n,sin@, =n, sinf, (D)
R _1 s¥n2(6’, -0) . tanz(Hi -0) o)
2|sin"(0,+6,) tan”(6,+0,)

The internal reflection is used for describing the reflection of
the beam impinging from a higher RI medium. In the case of a
higher CSF’s RI than that of other regions, the internal
reflection has to be considered for the beam impinging from
the CSF to other regions. In the case of a lower CSF’s RI than
that of other regions, the internal reflection has to be considered
for the beam impinging from other regions to the CSF.

In the simulation, the RI mismatch between the surface layer
and air surrounding it, as well as the RI mismatch between the
CSF layer and the other tissues, are considered.

I'V. Results and Discussion

1. Detected Light Intensity and Mean Flight Time

Figure 3 shows the intensity of detected light, 7, normalized
by the source intensity as a function of SD spacing, r, for
various Rls of the CSF layer, ncsp. When there is no RI
mismatch, that is, ncsp = 1.4, the results shown in Fig. 3 are
similar to those in [24]. Intensity /(») decreases as r increases.
For > r,, equal to approximately 20 mm, the rate of decline in
I(r) with r diminishes, which comes from the role of the CSF
layer discussed in [24]. Since there is no scattering and
absorption in the CSF layer, the light can propagate farther
through the CSF layer than in other tissues. Thus, the CSF
layer plays the role of a light conduit. However, since the
transmission from the CSF layer to other layers occurs, and
vice versa, the CSF layer is not a waveguide. In the presence of
the CSF layer, most of the light propagates through the CSF
layer when the light meets it. Thus, the light penetrating into
the brain is very small compared with that in the case of no
CSF layer. Therefore, the head models with and without CSF
layer give different results regardless of the early arriving
strong signal.

When there is an RI mismatch, that is, ncsr # 1.4, the results
shown in Fig. 3 indicate that /(r) is independent of rcsr for r <r..
For r > r, the rate of decline in /() with r increases as the
amount of the RI mismatch |ncse — 1.4 increases. The
increase of the rate of decline in /() for ncgp < 1.4 is smaller
than that for ncsp > 1.4. This implies that the RI mismatch
affects the light propagation, reducing the role of the CSF layer
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Fig. 3. Intensity of detected light, /, as a function of SD spacing,
r, for various Rls of the CSF layer, ncgf.
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Fig. 4. MFT of detected light, 7, as a function of SD spacing, r,
for various RlIs of the CSF layer, ncg.

as the conduit in the light propagation. The effect of the RI
mismatch for ncsp > 1.4 is larger than that for ncsp < 1.4. For
ncsg > 1.4 the transmission angle is smaller than the incidence
angle by Snell’s law (1) when the light impinges from other
regions to the CSF layer; thus, light cannot go farther through
the CSF, enhancing the RI mismatch effect. For ncge < 1.4 the
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behavior reverses, reducing the RI mismatch effect.

Figure 4 shows the MFT of detected light, 7, as a function of
r for various ncsg. When ncsg = 1.4, the results shown in Fig. 4.
are similar to those in [24]. The MFT of detected light 7{r)
increases as 7 increases. For > 7, equal to approximately 20 mm,
the rate of increase in 7{r) with » diminishes, which comes
from the role of the CSF layer as the conduit of light
propagation. When #ncsr # 1.4, the results in Fig. 4 show that
T(r) is independent of ncgr for r < r.. As r increases for r > r,,
the rate of increase in 7(r) with » diminishes quickly for the
model with ncsg < 1.4 and slowly for the model with ncsg > 1.4.
This implies that the larger ncsy is, the more time it takes for a
photon to go by a distance larger than 7.. This behavior comes
from the fact that the velocity of a photon in the CSF layer
slows down by c-ngy’ for nese > 1, with light velocity c at a
vacuum.

2. Partial Mean Flight Time

Figure 5 shows the PMFT of detected light at the surface
layer, T, as a function of 7, for various rncsp. When ncsr = 1.4,
the results in Fig. 5 are similar to those in [24]. As r increases,
T(r) peaks at r = r,,, where r, is approximately 30 mm, beyond
which 7{(r) decreases very slowly. The peak did not appear in
[24] because the simulation in [24] was not performed with
enough photons to show the peak. The peak comes from the
fact that the CSF layer plays a role as a conduit of light
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Fig. 5. PMFT of detected light at the surface layer, 7}, as a
function of SD spacing, r, for various Rls of the CSF
layer, ncsr.
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propagation. Since more resident time at the surface layer is
needed to go farther, 7i(r) increases as r increases for a small 7.
Beyond 7, at which the photon begins to enter the CSF layer,
the photon goes farther through the CSF layer, leading to a
decrease of Ty(r). When ncsr # 1.4, the results in Fig, 5 show
that », and T(r,) increase as the amount of the RI mismatch
increases. Since the internal reflection R given by (2) due to the
RI mismatch reduces the role of the CSF layer as a conduit of
light propagation, the behavior appears.

Figure 6 shows the PMFT of detected light at the CSF layer,
Tcsr, as a function of 7, for various ncse. When negr = 1.4, the
results shown in Fig. 6 are similar to those in [24]. The PMFT
of detected light T'cse(r) is negligible for » < r, of
approximately 15 mm. Beyond r,, 7cse(r) increases as r
increases. This implies that photons begin to enter the CSF
layer at » = r,. Since photons go farther through the CSF layer,
Tcs(r) increases as 7 increases. When ncse # 1.4, the results in
Fig. 6 show a similar behavior of 7¢sp(r) with 7 to that for the
case of ncsp = 1.4. Detected light Tcsp(7) is negligible for 7 <7,.
Beyond r,, Tcse(7) increases as 7 increases. The rate of increase
of Tese(r) with r decreases as ncsy decreases from 1.4, leading
to a smaller Tcsp(r) for negp < 1.4 than for nesp = 1.4. This
behavior comes from the facts that the velocity of light in the
CSF layer increases as ncsr decreases, leading to the decrease
of Tcsp(r), and that the internal reflectance R increases as #csy
decreases from 1.4, reducing the role of the CSF layer as the
conduit of light propagation and thus reducing Tcsr(r). At an
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Fig. 6. PMFT of detected light at the CSF layer, 7csr, as a
function of SD spacing, r, for various Rls of the CSF
layer, ncg.
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intermediate 7, the rate of increase of Tcse(7) with nesg >1.4
decreases as r increases, leading to Tese(r) with nesg >1.4,
which is less than Tcgp(r) with nesp =1.4. At a large r, the rate of
increase of Tcsp(r) with nesp >1.4 increases as 7 increases
leading to Tsp(r) with ncsg >1.4, which is greater than Tcsp(r)
with ncgg =1.4. The crossing of Tcsp(r) with r for negp > 1.4
comes from two competing factors: that the velocity of light in
the CSF layer decreases as ncsp increases, leading to an
increase of Tcgr(r), and that the internal reflectance R increases
as ncgr increases from 1.4, reducing the role of the CSF layer as
the conduit of light propagation and thus reducing 7csy(r).
Since the effect of the former increases as r increases and the
effect of the latter is uniform regardless of r, the latter
dominates the former at an intermediate », and the former
dominates the latter at a large 7.

Figure 7 shows the PMFT of detected light at the GM layer, 7,
as a function of 7, for various values of ncgr. When niegr = 1.4, the
results in Fig. 7 are similar to those in [24]. The detected light
Ty(r) is negligible for » <r, of approximately 15 mm. Beyond 7,
Ty(r) increases abruptly as 7 increases up to #, of approximately
30 mm. Beyond 7, T,(r) is saturated as a constant value. This
implies that the photons begin to enter the GM at r of
approximately 7,, and go to the WM through the GM at » of
approximately 7, leading to a uniform T,(r) for » > r,. For
ncse < 1.4, the results in Fig. 7 show a similar behavior of T(r)
with 7 to that for the case of ncsr = 1.4. Detected light T,(r) is
negligible for » < r, of approximately 15 mm. Beyond r,, T,(r)
increases abruptly as 7 increases up to 7 = 30 mm. Beyond r;,
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Fig. 7. PMFT of detected light at the GM layer, T, as a function
of SD spacing, r, for various Rls of the CSF layer, ncg-
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Ty(r) is saturated as a constant value. For ncge > 1.4, the results
in Fig. 7 show a different behavior of 7(r) with r as that for the
case of ncgr = 1.4. Detected light 7(r) is negligible for » < r,.
Beyond r,, Ty(r) increases abruptly as 7 increases up to » = 37
mm. Beyond 7, Ty(r) decreases as r increases, leading to a peak
at » = r,. The existence of the peak implies that there is an
appropriate SD spacing to investigate the change of optical
properties of the GM provided ncgr is greater than 1.4.

Figure 8 shows the PMFT of detected light at the WM layer,
Ty, as a function of r, for various ncsr. The behavior of Ti(7)
with 7 is similar to that of Ty(r) with » shown in Fig. 7. Detected
light T,(v) is negligible for » <r, = 15 mm. Beyond r,, T,(r)
increases abruptly as r increases up to » = 30 mm for
n.e <1.4 and up to =37 mm for ncsp > 14. For n., <1.4,
T(r) is saturated to a constant value as 7 increases beyond 7,.
For ncsp > 1.4, T,(r) decreases as r increases beyond r, leading
to a peak at » = r,. The existence of the peak implies that there
is an appropriate SD spacing to investigate the change of
optical properties of the WM provided rcsr is greater than 1.4.
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Fig. 8. PMFT of detected light at the WM layer, T, as a function
of SD spacing, r, for various RIs of the CSF layer, ncgr.

3. Spatial Sensitivity Profiles

Figure 9 shows the SSPs for the models with various RIs of
the CSF layer at SD spacing 7 ranging from 1.2 to 44.4 mm. In
Fig. 9, the SSPs are confined to the surface layer for a small r.
For an intermediate 7, the SSPs spread farther toward the clear
CSF and GM layers, and very little light reaches the WM layer.
For a large 7, the SSPs have shifted toward the deeper layers
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Fig. 9. The SSPs for the models with the Rls of the CSF layer: (a)
Nesp = 10, (b) Nesp = 1.1, (C) Nesp = 12, (d) Nesp = 13, (e)
Nesp = 14, (f) Nesp = 15, (g) Nesp = 16, (h) nesp = 17, and (l)
nesg = 1.8 at SD spacings, » = 1.2 mm, 15.6 mm, 30.0 mm,
and 44.4 mm, with (j) as a color map for the figures.

and an apparent light path can be seen around the clear CSF
layer. However, the detected light still does not tend to
penetrate into the WM layer. Figure 9 does not show the
dependence of the SSPs on the RIs of the CSF layer due to the
insufficient information of the SSPs on the RI mismatch effect.

V. Conclusion

In this study, we performed an extensive MC simulation of
light propagation for an adult head model investigating the
effects of an RI mismatch at the boundaries of the CSF layer.
The MC simulation shows that the RI mismatch presents a
very rich behavior of the detected light intensity, the MFT of
photons, and the PMFT of photons as functions of SD spacing.
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The rate of decline in the detected light intensity with the
spacing increases as the amount of the RI mismatch increases
for a large SD spacing. The rate of increase in the MFT with
the spacing diminishes quickly for the model with a small RI of
the CSF layer and slowly for the model with a large RI of the
CSF layer as the spacing increases. A peak appears in the
PMEFT of detected light at the surface layer with the spacing.
Both the position and value of the peak increase as the amount
of the RI mismatch increases. The rate of increase of the PMFT
at the CSF layer with the spacing decreases for a large spacing
as the RI of the CSF layer decreases from the matched RI of
the CSF layer. As the RI of the CSF layer increases from the
matched RI of the CSF layer, the rate of increase of the PMFT
at the CSF layer with the spacing decreases for the intermediate
spacing and increases for the large spacing, showing the
crossing of the PMFT at the CSF layer by the large and small
RIs of the CSF layer. A peak appears in the PMFT of the GM
layer and the WM layer for the large RI of the CSF layer.

The rich behavior of the detected light intensity, the MFT of
photons, and the PMFT of photons at each layer with the spacing
comes from the role of the CSF layer as a conduit of light
propagation and the effect of the RI mismatch at the boundaries
of the CSF layer. The RI mismatch affects light propagation,
reducing the role of the CSF layer as a conduit by the internal
reflection. The CSF layer with greater RI shows a larger RI
mismatch effect than that of the CSF layer with a smaller RI.

In conclusion, the RI mismatch of the CSF layer has to be
considered to investigate the change of the optical properties of
the brain. In particular, there is an appropriate SD spacing to
investigate the change of the optical properties of the brain
when the RI of the CSF layer is larger than the matched RI of
the CSF layer. The range of the CSF’s RI considered in this
study is broader than that of the real CSF’s RI. We extended the
range of the CSF’s RI to maximize the RI mismatch effect on
light propagation. Although the range of the CSF’s RI is
broader than the real CSF’s RI, the tendency of the RI
mismatch effect and the various behaviors of light propagation
may be preserved in a real head. For a more realistic study, we
have to research a more realistic head model considering the
shape of the skull and brain, the RI mismatch of the other
tissues, and so on.
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