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Modeling Light propagation within human head to deduce spatial sensitivity distribution (SSD)
is important for Near-infrared spectroscopy (NIRS)/imaging (NIRI) and di®use correlation to-
mography. Lots of head models have been used on this issue, including layered head model,
arti¯cial simpli¯ed head model, MRI slices described head model, and visible human head model.
Hereinto, visible Chinese human (VCH) head model is considered to be a most faithful presen-
tation of anatomical structure, and has been highlighted to be employed in modeling light
propagation. However, it is not practical for all researchers to use VCH head models and actually
increasing number of people are using magnet resonance imaging (MRI) head models. Here, all
the above head models were simulated and compared, and we focused on the e®ect of using
di®erent head models on predictions of SSD. Our results were in line with the previous reports on
the e®ect of cerebral cortex folding geometry. Moreover, the in°uence on SSD increases with the
¯delity of head models. And surprisingly, the SSD percentages in scalp and gray matter (region of
interest) in MRI head model were found to be 80% and 125% higher than in VCH head model.
MRI head models induced nonignorable discrepancy in SSD estimation when compared with
VCH head model. This study, as we believe, is the ¯rst to focus on comparison among full serials
of head model on estimating SSD, and provided quantitative evidence for MRI head model users
to calibrate their SSD estimation.

Keywords: Visible chinese human; functional near-infrared spectroscopy; Monte Carlo simula-
tion; head model; spatial sensitivity distribution.
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1. Introduction

Characterization of human tissue blood oxygenation,
blood volume, and blood °ow in brain is important
for diagnosis and therapeutic assessment of brain
function and vascular/cellular diseases.1–4 Near-in-
frared spectroscopy (NIRS) and imaging (NIRI) have
been applied to measure changes of blood oxygen-
ation and volume of the brain tissue, which are
caused by functional brain activity.1,2,5 These tradi-
tional NIRS has been already widely accepted
by research and clinics as a simple, fast, portable,
low-cost, and nonionizing technique for noninvasive
quanti¯cation of blood oxygenation-represented
brain functional activities. An emerging dynamic
NIR methodology, di®use correlation spectroscopy
(DCS),3,4 has been developed to measure blood °ow
in brain microvasculature. Recently, DCS has been
combined with NIRS in hybrid instruments and truly
portable models.4 Challenge remains for all these
techniques in the precision or spatial resolution.
Precise modeling of light propagation in the head to
deduce the spatial sensitivity pro¯le is crucial to
improve precision/spatial resolution of all the above
NIR technologies.3,4,6,7

The heterogeneity of the tissues in human head,
especially the space ¯lled with cerebrospinal °uid
(CSF) has been found to strongly a®ect light
propagation in the brain.8–10 Moreover, since the
brain surface is folded and ¯lled with CSF, It is
straightforward to question if and how the complex
geometry of the brain surface a®ects the light
propagation in human head. Some researchers have
published studies on this issue, by using arti¯cial
head models7,8 generated from MRI scan,8–15 and
visible chinese human (VCH) head model.10 Some
studies concluded that the cerebral cortex folding
geometry has little e®ect, if any, on light propaga-
tion,8–12 while Ref. 16 reported substantial e®ect of
cerebral cortex folding geometry on light propaga-
tion. The volume of tissue contributing to the
change in the intensity of the detected light was
obtained as the spatial sensitivity pro¯le/distribu-
tion (SSD), which is calculated from the accumu-
lated trajectories of the detected light.7 Accordingly,
it is reasonable for us to question if the ¯delity of
those head models biased the estimation of light
propagation, especially e.g., SSD.

In particular, with the spread of MRI in both
clinical and research usages, it became easier for
us to get MRI datasets for head modeling. On the

other side, the VCH head model is the most faithful
representation of human head structure,17 however,
it is not easy or straightforward to obtain the
VCH dataset, as well as to construct the head model
with the dataset. As a consequence, more and more
studies employed the MRI slices to obtain the head
model in their light propagation simulation and
computation of SSD. With these facts, the deviation
of MRI-based head model from the faithful head
model (e.g., VCH head model) in light propagation
simulation, which makes us more cautious of cal-
culations of SSD based on MRI-based head model
for our NIRS and DCS uses, is taken into account.
A quanti¯cation of the deviation in estimates of
SSD based on head models between MRI slices and
VCH datasets is essential.

In this study, light propagations in a series of
head models were predicted and compared. The
head models included a layered head model, an ar-
ti¯cial layered head model with slots mimicking
sulci, a three-dimensional (3D) MRI-based head
model, and the VCH head model18,20 whose ¯delity
is signi¯cantly higher than MRI-based models.17–20

The ¯rst three models were originated from the
previous reports. The spatial sensitivity pro¯les in
the previous three head models were initially com-
pared with previous studies to validate simulation
results. Then, the spatial sensitivity pro¯les or dis-
tributions in the 3D MRI-based head model and the
VCH head model were compared with the above
data, exploring if the ¯delity of head model has a
strong e®ect on predicting the SSD. Especially, the
distinction in SSD computed based on di®erences
between 3D MRI-based head model and VCH head
model were addressed/quanti¯ed, by comparison on
3D color maps and pie plot for percentages of SSD
within di®erent types of tissue. Finally, the e®ects of
the ¯delity of head model were discussed.

2. Method

2.1. Head models

Figure 1 showed the head models used in this study,
including a widely used layered head model (1D),
two di®erent-scale arti¯cial head models containing
slots simulating the brain surface and gray-white
matter interface (2D), Zubal head model (3D), and
VCH head model (3D). Thereinto, Zubal model is
a widely used voxel-based anthropomorphic phan-
tom generated from MRI scans.21,22 The spatial
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resolution of Zubal MRI model equaled 0:11�
0:11� 0:14 cm3.21–23

The VCH dataset was newly developed accord-
ing to high-resolution cryosectional color photo-
graphs of a reference adult male.16–19 Brie°y, the
VCH specimen, a male adult, was frozen in the
standing posture, and horizontally sectioned at
0.02-cm interval. Digital color photographs of the
top surface after each sectioning were obtained with
the resolution of 0.01-cm per pixel (shown Fig. 1(a)
as an example), which is higher than CT or MRI
data (such as Zubal model21–23). Following a ¯ne
segmentation supervised by anatomists, a voxelized
model (voxel size: 0:01� 0:01� 0:02 cm3) that most
faithfully represented the human anatomical struc-
tures was established10–12,16 (shown Fig. 1(b) as an
example). The segmentation of VCH, unlike CT or
MRI data, was performed based on these color
photographs, with little dependence on pixel gray
values. The advantages, including high resolution
and precise segmentation, make the VCH the most
faithful representation of human anatomical struc-
tures. Particularly, the upstanding posture of VCH,
instead of lying down in MRI or CT, was able to
present verisimilar geometry of brain surface ge-
ometry/CSF layers for light propagation prediction.
Comparatively, the approximate thickness of the
CSF layer in the region of interest were distinct as
shown in Fig. 1, although highly-varied, roughly
�3mm for Zubal and �5mm for VCH head model.

The optical properties for each tissue in head
models above were listed in Table 1.7–10,24–26 The
optical properties for those tissues, including scalp,
skull, CSF, gray matter, and white matter, were the
same as those used by most references.

2.2. Monte Carlo simulations

Monte Carlo simulation was utilized to calculate
light propagation in the head models. Here, we used
the Monte Carlo simulation software targeted for
voxelized media (MCVM), the algorithm of which
has been described in Ref. 27. To simulate NIRS/
NIRI, the light source (\S") and detector (\D")
were located on the surface of the forehead of head
models at 1 cm above the eyebrows with a 3.7-cm

Table 1. Optical properties of head tissues for 800-nm light.

Tissue type �a (cm�1) �s (cm
�1) g n

Scalp 0.18 190 0.9 1.37
Skull 0.16 160 0.9 1.43
Muscle 1.40 500 0.9 1.4
CSFa 0.04 24 0.9 1.33
Arterial blood 2.33 500 0.99 1.4
Venous blood 2.38 522 0.99 1.4
Gray matter 0.36 220 0.9 1.37
White matter 0.14 910 0.9 1.37

Note: aCerebrospinal °uid.

Fig. 1. Head models. VCH head model: (a) Digital color photograph of one head slice in the VCH dataset; (b) Segmentation of the
slice in (a).
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separation (see Figs. 2 and 3). Based on our previ-
ous study for SSD simulations at di®erent separa-
tions in the range of (1.5, 51) cm,16 we found that
for large separations (e.g., 5.1 cm) and for small
separations (e.g., <2.4 cm) SSD simulations were
not as strong as those in the range of (3.3, 4.2) cm
a®ected by geometry details of cerebral cortex. We
got to know that the separation in the range of
(3.3, 4.2) cm showed the strongest e®ect of cerebral
cortex geometry on SSD and thus we choose the
intermediate separation of 3.7 cm in this simulation
study. For the realistic models, the light sources
and detectors were placed on the frontal head,
located in the slice (Fig. 1) about 1 cm above the
eyebrows. Ten million photons were injected on
each head model. Each simulation was performed
10 times and ¯nally the simulation results were
averaged for data analysis. The spatial sensitivity
pro¯les in each head model were accumulated for
comparisons. Here SSD is de¯ned and calculated as
the transport from the source to an x; y; z position
times the transport from the same x; y; z position to
the detector. MCVM enabled simulation of light
propagation in both time-resolved and stable-state.
Here, we only performed the stable-state simula-
tion since there are more continuous-wave modal-
ities of NIRS than time- or frequency- domain
NIRS.

3. Results

Simpli¯ed head models employed by Okada et al.7,8

were ¯rstly tested by our Monte Carlo simulation
[Fig. 2(b1) and 2(b2)]. The gray lines in Fig. 2(b1)
denoted the interface between di®erent tissues in the
layered head model including the outer layer, CSF,
white matter, and gray matter. Figure 2 displays the
SSD in a transverse section at z equal to 1 cm above
the eyebrows, for the placements of the source and
detector. In the ¯gures, the contours are drawn for
10%, 1% and 0.1% of the maximum S of each image.
The maximum S values for Figs. 1(b) and 1(c) are
8:4� 10�4 cm�4 and 9:7� 10�4 cm�4, respectively.

Figures 2(b1) and 2(b2) show the results of the
Monte Carlo simulation using the simpli¯ed head
models of Okada.8,10 The same contours for 10%,
1%, and 0.1% of maximum S are drawn for Fig. 2
(b1) no sulci, and for (b2) a thin 1-mm sulci, which
repeated the calculations of Okada. To consider
larger sulci, a third simulation in Fig. 2(b3) used a
thick 3-mm sulci. The maximum S values for Figs. 2
(b1)–2(b3) are 2:9� 10�4 cm�4, 2:1� 10�4 cm�4,
and 1:7� 10�4 cm�4, respectively.

Note that the 1% contour in Fig. 2(a2) manages
to penetrate the 3-mm sulci, but fails to penetrate
the 1-mm sulci of Fig. 2(b3). The depth of the 0.1%
contour is �3.3-mm greater for the 3-mm sulci
(�2.23 cm) than for the 1-mm sulci (�1.90 cm) or

Fig. 2. Spatial sensitivity pro¯les in the Zubal MRI head model (a1) and VCH head model (a2), layered head model (b1) and
arti¯cial head models (b2), (b3) derived from the paper of Okada.10 The separation between light source and detector in each model
equaled 3.7 cm. The width of slots in (b3) is triple of that in (b2).
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no sulci (�1.90 cm). The sulci in the Zubal MRI
head model [Fig. 2(a1)] are similar or a little bit
larger than the 0.3-cm sulci of the simpli¯ed model.
The penetration of the 0.1% contour into the cen-
tral sulcus was not that signi¯cant. As for VCH
head model, most sulci are larger than the 0.3-cm
sulci of the simpli¯ed model, especially the central
sulcus at the midline. The penetration of the 1%
and 0.1% contour into the sulci (especially the
central sulci) are dramatic [Fig. 2(a2)]. The depth
of the 0.1% contour is around �3.5 cm in Zubal
head model, while around 4 cm in VCH head
model. The distortion of the SSD around the brain
surface on the VCH head model is much stronger

than both simpli¯ed head models and Zubal MRI
head model.

For further comparison between Zubal MRI head
model and VCH head model in°uencing the SSD
estimates, we ¯rst visualized the 3D SSD for both
head models. Figure 3 shows the transverse sections
of SSD through the head at di®erential height
marked on the sub¯gures for comparison between
MRI-based and VCH-based head model. The spa-
tial sensitivity pro¯les on Zubal head model (Fig. 3)
did repeat the previous ¯ndings on MRI-based head
models8,9,11,12 as well. The SSD were a little dis-
torted for MRI-based head model by the brain
structure, while for VCH head model, the SSD

Fig. 3. SSD in VCH and Zubal head models, respectively. The separation of light source and detector is 3.7 cm.
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distorted substantially by the brain structure. The
penetration depth °uctuated signi¯cantly along the
brain surface, and was shown to be larger in
the region through deeper brain surface under the
source–detector pair.

Based on the 3D SSD data from both head
models, we accumulated the SSD in each voxel by
each type of tissue and showed the percentage values
by pie plots. Figure 4 shows the pie plots of SSD
within each type of tissue in total for the two head
models, respectively in terms of percentages. The
percentages of SSD in scalp and gray matters are
signi¯cantly overestimated in Zubal MRI head
model compared to those in VCH head model (by
> 80% in scalp; by 125% in gray matter). While the
percentage of SSD in CSF layer is extremely
underestimated in Zubal MRI head model compared
to that in VCH head model (by 96%). The results
mean, surprisingly, that researchers may have to

take care of the deviation if they used MRI head
model in their SSD calculation. And the above
quanti¯cation of the deviation can be used as ref-
erence to calibrate the SSD calculation based on
MRI head model. For example, since that the Zubal
MRI head model based calculation of SSD in gray
matter doubled that in VCH head as shown in
Fig. 4, we may cut the results based on Zubal MRI
head model in half.

By comparison on the distortion of SSD in the
geometry of the brain among all head models, we
could observe that the distortion strengthened with
the enhancement of ¯delity of the head models.
Accordingly, the e®ect of cerebral cortex folding
geometry on light propagation was underestimated
by previous researches on those head models with
lower ¯delity. The Zubal head model, which was a
3D MRI-based head model with much higher ¯del-
ity than the arti¯cial head models or 2D head model
based on a single MRI scan, was still not realistic
enough for studying the e®ect of cerebral cortex
folding geometry on light propagation.

4. Conclusion and Discussion

The light propagation in a layered head model, an
arti¯cial head model with sulci slots, Zubal MRI
head model, and VCH head model was computed by
Monte Carlo method, the ¯delity of which increased
successively. Among these models, MRI-based 3D
head model has been in use more and more often,
while the VCH is known as the most realistic head
model. The SSD in layered, arti¯cial simpli¯ed 2D
head model, and Zubal MRI head model agreed
with the previous reports5–9 that the complex ge-
ometry of the brain surface has no or small e®ect on
light propagation into the human head. However,
we observed that the distortion of the brain struc-
ture enhanced with the ¯delity of the head model
while the spatial sensitivity pro¯le in VCH head
model showed strong e®ects on the complex brain
structure. This ¯nding indicated that the ¯delity of
head model produces signi¯cant in°uence on SSD
estimation for NIRS and DCS.

Further, this study is the ¯rst to attempt to
provide a quantitative comparison between SSD
estimates from MRI-based head model and VCH
head model. MRI-based head model is not precise as
VCH head model. However, MRI-based head model
has achieved increasing use nowadays, which might

(a)

(b)

Fig. 4. Pie of SSD in each tissue layers in VCH (a) and Zubal
MRI (b) head models, respectively.
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be due to the spreading of MRI equipments in both
hospitals and research labs all over the world and
thus the easier acquisition of MRI datasets. While
VCH dataset is neither easy to obtain nor straight-
forward to follow and establish the head model using
the huge VCH datasets. The deviation between SSD
estimates from the two head models was not quan-
titatively clear. Our study targeted this issue and
provided quantitative comparison on SSD estimates
from the standard Zubal MRI head model and VCH
head model. Our results show that the percentages
of SSD are highly overestimated in Zubal MRI head
model compared to those in VCH head model in
scalp and NIRS/DCS-interested gray matters (by
> 80% in scalp; by 125% in gray matter), while the
percentage of SSD in the CSF layer is extremely
underestimated in Zubal MRI head model (by 96%).
We therefore remind that researchers may have to
take care of the deviation if they employed MRI
head model in SSD estimation. Moreover, our
quanti¯cation of the deviation in SSD estimates
between Zubal MRI head model and the most-
faithful human structure represented VCH head
model provides a reference for the SSD calibration
based on MRI head model.

In the VCH head model, the SSD distorted ob-
viously around the curved brain surface, and the
penetration depth °uctuated signi¯cantly along the
brain surface. As you can clearly observe from our
data and our previous publication,16 the e®ect of
cerebral cortex geometry on light propagation is
enhanced by the e®ect of CSF layer which was ¯lled
in the crooked and various shades of cerebral cortex
sulcus. Moreover, the e®ect of cerebral cortex ge-
ometry on light propagation was seen as increasing
with the ¯delity of the head model. Hence, the e®ect
of complex brain structure on light propagation in
human head is greater than it was previously rec-
ognized. Accordingly, high-¯delity head models,
such as VCH head model, are recommended to be
utilized in the studies on light propagation in
human head, especially on the issues concerning the
complex brain geometry. Illustrated by the simula-
tion results with VCH head model, the sensitivity of
local brain activity to NIRS signal may be deter-
mined by not only the depth of the activated region
from the source–detector pair but also the depth of
the brain surface upon the local point.

The size of sulci proved to be an important factor
in complex geometry of the brain surface in a®ecting
the light propagation in human head. When the

sulci size was small (1mm), the cerebral cortex
folding geometry did not show obvious e®ect on the
light propagation [Fig. 2(b2)]; however, when the
sulci size increased to 3mm, the cerebral cortex
folding geometry did show signi¯cant e®ect on the
light propagation [Fig. 2(b3)]. Especially, on the
VCH head, when the sulci size increased to be larger
than 3mm in some region (like the central sulci),
the e®ect of the cerebral cortex folding geometry
strengthened [Figs. 2(a1) and 2(a2)]. Therefore, the
underestimation of sulci size caused underestimation
of the e®ect of head model on the light propagation.

The variation in the size, geometry, and 3D dis-
tribution of the sulcus in the whole human head also
had an e®ect on the light propagation. For Zubal
model, mainly because of its lower resolution than
the VCH head model, the size and geometry of its
sulcis were likely to be not as realistic as the VCH
head model. Moreover, because of the low resolution
in the Zubal head model, those sulcis with smaller
size than single voxel were possibly eliminated and
those sulcis at size of 1–2 voxels were reduced to one
voxel. Accordingly, the size of many sulcus was
underestimated in MRI head model. That would be
the reason for less e®ect by brain geometry on light
propagation in Zubal head model, compared with the
VCH head model. Of note, since the 3D distribution
of the sulci di®ered among individuals, and since the
Zubal model was in lying posture while the VCH
model was in standing posture in sample prepara-
tion, which introduced di®erence in cerebral geome-
try between them, it is reasonable that the SSD
di®ered between the Zubal and VCH head models.

This study represented a good advance that will
somewhat a®ect future studies on SSD estimation
by other investigators, but these theory results
performed by MC simulations shown in this work
should be supported and veri¯ed by careful experi-
mental measurements and/or with other methods of
simulation, e.g., numerical di®usion forward model.
In addition to this Monte Carlo simulation study,
the di®usion forward model based on the ¯nite el-
ement and volume methods is worthy of further
study to provide more reliable and quantitative
evidence to researchers for their better choice of
head model. Further quantitative analysis on the
light transport in realistic head models taking ad-
vantage of the low scattering and absorption coe±-
cients observed in CSF is also requisite. In addition,
considering that there were di®erent di®use optical
DOT systems, further studies expanding our scope

E®ect of head model on Monte Carlo modeling of SSD fNIRS
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of work all the time, CW and frequency techniques
could be intriguing.

In summary, this study computed SSD with
Monte Carlo simulation using a series of head
models employed in NIRS/DCS ¯eld. The compar-
ison among the results indicated that the ¯delity of
head models a®ected the SSD estimation signi¯-
cantly. VCH head model is quite recommended in
use. Since MRI-based head model is increasingly
used due to increased availability of MRI equipment
and it is easy to get and follow MRI data in
modeling head structure, we compared MRI-based
head model with VCH head model in SSD estimates
quantitatively, but it is a pity that there is no
subject with both VCH data and MRI data. We
therefore could not use an identical subject in this
study. However, considering that both Zubal MRI
model and VCH model are identi¯ed in tissue seg-
mentation, using Zubal head model and VCH head
model is the best way we can do at the current
stage. Surprisingly we found that MRI-based head
model could induce 125% overestimation in NIRS/
DCS targeted gray matter and 96% underestima-
tion in CSF layer. This quantitative deviation by
Zubal MRI-based head model reminds us to take
care whilst using MRI head model in calculating
SSD and guide us better to calibrate MRI head
model produced SSD.
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