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Abstract—We describe a four-layered model for near infrared light
propagation in a human head based on the Monte Carlo method.
With the use of three-dimensional voxel-based media discretization,
photon migration in the brain is analyzed by both the time-of-flight
measurement and the spatial sensitivity profile. In the measurement
of brain activity, the selection of light wavelength and the distance
between the source and the detector have a great influence on the
detected signal. In this study, we compare the detected signals from
the detectors with different source-detector spacing at wavelengths
of 690 nm, 800 nm and 1300 nm, and find that in our model, the
wavelength of 1300 nm is more appropriate for the measurement of
brain activity because the signals at 1300 nm get better detection
sensitivity and spatial resolution. Source-detector spacing is also
optimized.
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1. INTRODUCTION

Since near infrared spectroscopy (NIRS) was first proposed for the
noninvasive monitoring of oxygen sufficiency in human brain tissue by
F. F. Jobsis [1] in 1977, more and more near infrared spectroscopy
and imaging models and techniques have been introduced to the area
of noninvasive measurement of brain activity [2–4]. For example, E.
Okada proposed several different human brain models in [2]. D. A.
Boas simulated the photon migration through the human head based
on a 3D Monte Carlo method [3].

In NIRS, the selection of light wavelength is clinically very
important because the optical parameters of tissue vary quite much
at different wavelengths, which will lead to a great influence on the
detected result (the detection sensitivity and the spatial resolution).
However, there have been few investigations to compare light
propagation in the human head at different wavelengths.

In this study, light propagation in a three-dimensional, four-
layered model of the human brain at wavelengths of 690 nm, 800 nm
and 1300 nm are simulated based on the Monte Carlo method. The
results are analyzed by both the backward scattering time-of-flight
profile of detectors (with different source-detector spacing) and the
spatial sensitivity profile. The effect of different source-detector
spacing and different wavelength selection is also discussed.

Brain activity is measured by recording the backward scattering
profile in this study. The change in the detected signal between
different states of the brain (peaceful or active) is mainly derived
from the absorption change in the grey matter in the brain [5]. When
the brain becomes more active, the blood supply of brain tissue will
increase, which will lead to a change in the absorption coefficient of
grey matter. Then we can use the modified Beer-Lambert law to obtain
the absorption change in the brain from the change of intensity and
profile of the detected signal to indicate the state of the brain [6].

The distance between the source and detector also has a great
influence on the detected signal in the brain activity monitoring system.
If the source-detector spacing is too small, the change in the optical
parameters of grey matter can not be reflected in the detected signal,
meaning that the result is not sensitive to the optical parameter change
of grey matter. However, if the source-detector spacing is too large,
the detected signal will be very weak, leading to a low signal-to-noise
ratio. Therefore, we need to find a proper source-detector spacing to
measure the absorption coefficient change of the grey matter in the
human brain.
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2. METHOD

2.1. Human Head Model

The three-dimensional human head model used in this study is
an inhomogeneous slab that consists of four different homogeneous
layers [2, 7]. The geometry of the model is shown in Fig. 1. The brain
tissue is segmented into five types of tissue, which include the scalp,
skull, CSF (Cerebral Spinal Fluid), grey matter, and white matter.
The scalp and skull are treated as one layer. Based on the three-
dimensional voxel-based discretization, the brain model is gridded into
120×120×41 cubic elements with side lengths of 0.1 cm. According to
the layer that the element belongs to, every element is specified by its
scattering coefficient and absorption coefficient. The optical properties
of each layer in the human head model for the near infrared light of
wavelengths of 690 nm, 800 nm and 1300 nm are shown in Table 1.
There are two grey matter absorption coefficient values in Table 1,
because the absorption coefficient of grey matter varies in different
brain states. The first one is the absorption coefficient of grey matter
when the brain is in peace while the second is that value when the brain
is active. The optical properties for these layers have been chosen from
the reported data on the optical properties of tissue [8–10]. Since there
are no experimental results about the optical properties of grey matter
and white matter at the wavelength of 1300 nm, we estimate them
according to their 300–1100 nm profile in [8].

(b)(a)

Figure 1. Schematic design for the human head model. (a) is the
xz section profile and, (b) is the xy section profile of the model. The
brain model consists of 120×120×41 cubic elements with side lengths
of 0.1 cm. Different elements get different scattering and absorption
coefficient according to the layer that the element belongs to.
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Table 1. Optical properties of the human head model.

Tissue Type
690 nm 800 nm 1300 nm

µs/cm−1 µa/cm−1 µs/cm−1 µa/cm−1 µs/cm−1 µa/cm−1

Scalp & Skull 94.5 0.12 86 0.1 66.5 0.6

CSF 0.10 0.02 0.09 0.04 0.01 1.0

Grey matter 100 0.18/0.30 90 0.2/0.35 66.5 0.6/1.0

White matter 365 0.9 350 1.0 100 0.6

In Table 1, µs and µa is the scattering and absorption coefficient
of tissue respectively.

2.2. Monte Carlo Simulation

In many bio-photonics applications, the Monte Carlo method [11, 12]
is often used to model photon migration in biological tissue. It is a
very versatile method in solving numerical computing problems [13–
15]. The principles of the Monte Carlo algorithm based on the variance
reduction technique have already been described in [16]. The photon
migration trajectory is determined by the scattering coefficient µs, the
scattering anisotropy factor g and the random number. In this study,
the anisotropy, g, is assumed to be 0.8 and the refractive index of all
the layers in the brain is assumed to be 1.37. The scattering step size is
corrected when the photon crosses the boundary of the elements that
have different optical properties. Only when the photon is scattered out
of the superficial layer of the head model will the reflection due to the
refractive-index mismatch be taken into consideration. The survival
weight w and total path length L of the detected photons are both
recorded for each detection position. The photon weight is reduced by
the Beer-Lambert law. Different wavelengths lead to different detected
intensities due to the different optical properties of the human head
model (see Table 1). By using Steady-State Monte Carlo simulation,
at the wavelength of 690 nm, the normalized detected intensities of a
peaceful brain with a source-detector spacing of 0.1 cm, 0.5 cm and
1.0 cm are 1.763 × 10−2, 4.691 × 10−4 and 3.048 × 10−5, respectively,
while at the wavelength of 800 nm, the detected intensities of those
detectors are 6.546×10−3, 2.085×10−4 and 1.536×10−5, respectively.
The detected intensities at the wavelength of 1300 nm are 1.575×10−3,
3.214× 10−5 and 8.142× 10−7, respectively.

To find the proper source-detector spacing to measure the
absorption coefficient change of the grey matter, 40 detectors with
source-detector spacing from 1 mm to 40 mm are placed on the head.
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The trajectories of the detected photons weighted by the detected
intensity are accumulated in every element in order to get the spatial
sensitivity profile.

2.3. Time-resolved Photon Migration

Here we study time-resolved photon migration using a similar
approach as in [3], which has already been validated by experiments
elsewhere [17]. As we have recorded the total path length L of all
the detected photons, we can calculate how long time the photon has
travelled in the brain before it is detected:

t =
L

c/n
(1)

We set some time gates in each detection position and assign an
array for each detector to record the photon weight whose propagation
time matches these time gates. For every detected photon, we keep
track of the elapsed time of propagation according to Equation (1)
and accumulate the survival weight of the photon to the array of the
matched time gate. In this study, the time gate is set from 1.827 ps to
913.333 ps.

In our simulation, we take the following 3 steps to find the proper
source-detector spacing:

1. 50 billion photons are injected one by one from the source
position at 690 nm and 800 nm (130 billion at 1300 nm) with the optical
parameters of a peaceful brain, and the backward scattering time-of-
flight profiles of different detectors are recorded;

2. 50 billion photons are injected one by one from the source
position at 690 nm and 800 nm (130 billion at 1300 nm) with the optical
parameters of an active brain and the backward scattering time-of-
flight profiles of different detectors are recorded;

3. We compare the backward scattering time-of-flight profiles
obtained from step 1 and step 2 and see whether the profiles differ.
If the detector can distinguish this kind of change, then it is a proper
detection position.

A proper detection position with high signal-to-noise ratio would
be an ideal detection position for the measurement of brain activity.

2.4. Spatial Sensitivity in Near-infrared Spectroscopy

The spatial sensitivity profile has often been used to indicate the
contribution/sensitivity of some property (e.g., attenuation) change
in a particular small area to the total detected signal [18]. In this
study, we use the spatial sensitivity profile to compare the different
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contribution of different areas in the grey matter layer to the total
detected signal.

In NIRS measurements, source and detection fibers are used. The
photons are collected by the detection fiber in the following 2 steps:

1. Injected from the source to the tissue. The optical intensity
distribution within the tissue Ps(r) is determined by accumulating
the photon weight in every voxel (120 × 120 × 41 voxels in total are
used in our model). A matrix containing 120 × 120 × 41 elements is
assigned in the model. The accumulated photon weight in every voxel
is recorded as the corresponding value in this matrix. Every time a
photon crosses the boundaries of the voxels and get into another voxel,
the current photon weight w is accumulated to the corresponding value
of the entering voxel in this matrix. After all photons are injected, the
photon intensity distribution in the tissue Ps(r) is obtained based on
the matrix. Ps(r) is also proportional to the probability a photon
emitted by the source fiber propagates to a given position r;

2. Collected by the detection fiber (on the tissue surface) from
the tissue. To get the spatial sensitivity profile, we need to obtain
the collection probability distribution in the tissue first. However, it
takes a long time to directly calculate the probability of collecting
a photon from every position in the tissue to the detector (on the
tissue surface). According to the reciprocity, we can improve the
computational efficiency by the reverse Monte Carlo method [19]. By
setting a source at the position of the detector, we can get the optical
intensity distribution Ps2(r) in the tissue. This, according to the
reciprocity, is equal to probability Pc(r) of collecting light from position
r to the detection fiber, which is set at the original position on the
tissue surface, i.e.,

Pc(r) = Ps2(r) (2)

Ps(r) represents the probability that a photon emitted at the
source location propagates to a given position r, and Pc(r) represents
the probability that a photon at a given position r is collected by
the detection fiber. Therefore, by multiplying Ps(r) and Pc(r), we
can get the probability that a photon emitted at the source location
propagates to the position r and then collected by the detection fiber,
which is just the contribution of the element at position r to the final
detected signal. Thus, we can get the spatial sensitivity distribution
in the tissue by calculating the value of Ps(r) ·Pc(r) in all the elements
of the tissue.

Figure 2(a) is the schematic design of the brain activity monitoring
system. The grey matter layer is the target layer of interest. We
take the following 2 steps to compare the contribution/sensitivity of
different areas in the grey matter layer to the total detected signal:
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(a) (b)

Figure 2. (a) Schematic design of the brain activity monitoring
system. (b) Illustration diagram of the zone chosen to calculate the
spatial sensitivity proportion of this area with respect to the whole
grey matter layer. Position of the zone: x: 5.5–7.5 cm, y: 5.0–7.0 cm.

1. Record the spatial sensitivity distribution in the whole grey
matter layer and get the summation of the spatial sensitivity in the
whole layer as the value Msum. The source is set at the position of
[6.05 cm, 6.05 cm, 0] and the detector is set at [7.05 cm, 6.05 cm, 0];

2. Get the summation of the spatial sensitivity in the zone chosen
in Fig. 2(b) as the value Mzone;

With the value of Msum and Mzone, we can assess the spatial
detection resolution of this system.

3. RESULTS AND DISCUSSION

3.1. Backward Scattering Time-of-flight Profile

Simulation results of the backward scattering time-of-flight profiles for
the detector 0.1 cm away from the source at wavelengths of 690 nm,
800 nm and 1300 nm are shown in Fig. 3. It compares the time-of-
flight profiles in different brain states (peaceful and active). We can
see that at each of the three wavelengths, the time-of-flight profiles
in different brain states almost overlap. The detector cannot tell the
difference between different brain states, meaning that the detected
signal is not sensitive to the grey matter absorption change. Therefore,
this detection position is not proper to monitor brain activity in this
system. The source-detector spacing of 0.1 cm is too small at any of
the three wavelengths to reflect the absorption change of grey matter.

Figure 4 directly shows the relative variation ratio of the backward
time-of-flight profiles in different brain states (peaceful and active) at
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Figure 3. Backward scattering time-of-flight profile of a detector
0.1 cm from the source at the wavelength of (a) 690 nm,(b) 800 nm,
and (c) 1300 nm. The red line is the profile when the brain is in peace
while the green line is the profile of the active brain. The inset in (a),
(b), (c) is the enlarged image of the profile in the black box zone.
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(a)  (b) (c)

Figure 4. The relative variation ratio of the backward scattering time-
of-flight profile (in different brain states) of a detector 0.1 cm from the
source at the wavelength of (a) 690 nm, (b) 800 nm and (c) 1300 nm.
S1 is the backward scattering intensity in the peaceful brain. S2 is
the backward scattering intensity in the active brain. (S2-S1)/S1 is a
dimensionless value to indicate the relative change of the response for
different brain states.

a detector 0.1 cm from the source at 690 nm, 800 nm and 1300 nm. (S2-
S1)/S1 is a dimensionless value to represent the relative variation of
the backward scattering intensity in different brain states. It can be
further used to indicate whether the detection position is proper for
our system. With a source-detector spacing of 0.1 cm, the variation
of the intensity is as small as 0.01. The fluctuation of the variation
around 0 indicates that this kind of variation maybe results more from
the random noise rather than the grey matter absorption change. It
further proves that the source-detector spacing of 0.1 cm is too small
at the three wavelengths in this system.

Figure 5 shows the results of backward scattering time-of-flight
profile for a detector 0.5 cm away from the source at wavelengths of
690 nm, 800 nm and 1300 nm. It compares the profile in different brain
states (peaceful and active). We can find that the profile are still
smooth, and the difference of profile between different brain states is
still not apparent, but can be observed after enlarged in the inset of
Fig. 5 at the three wavelengths.

In Figs. 5(a) and (b), the two profile have some intersecting points
in the inset indicating that the result is greatly influenced by the noise.
The signal-to-noise ratio is low at 690 nm and 800 nm. The source-
detector spacing of 0.5 cm is still not proper for the measurement of
brain activity at the wavelength of 690 nm and 800 nm.

In Fig. 5(c), the two profiles are almost parallel without any
intersection points and the profile in the active brain (green line) is
lower than in the peaceful brain (red line). This conforms to our
theoretical prediction. Active brain activity leads to a higher grey
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Figure 5. Backward scattering time-of-flight profile of a detector
0.5 cm from the source at the wavelength of (a) 690 nm, (b) 800 nm
and (c) 1300 nm.

matter absorption coefficient [5]. According to the Beer-Lambert
law, the photon weight is reduced by exp(−µaL) where µa is the
absorption coefficient and L is the total path length traveled by the
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(a)   (b) (c)

Figure 6. The relative variation ratio of the backward scattering time-
of-flight profile in different brain states of a detector 0.5 cm from the
source at the wavelength of (a) 690 nm, (b) 800 nm, and (c) 1300 nm.

photon. A larger absorption coefficient indicates a bigger weight loss
during propagation, which will lead to a smaller detected intensity.
Therefore, theoretically, the backward scattering intensity in the active
brain should be smaller than in the peaceful brain without considering
the influence of noise, and this is consistent with our results. The
two parallel smooth profiles also indicate a high signal-to-noise ratio.
Therefore, if the detector is sensitive enough to notice the difference in
Fig. 5(c), this detection position with source-detector spacing of 0.5 cm
will be an ideal position to monitor brain activity at the wavelength
of 1300 nm.

Figure 6 directly shows the relative variation ratio of the backward
scattering time-of-flight profile in different brain states (peaceful and
active) of a detector 0.5 cm from the source at wavelengths of 690 nm,
800 nm and 1300 nm. It compares the relative variation between
different brain states more intuitively. We find a larger relative
variation at 1300 nm than 690 nm and 800 nm, indicating that the
result at wavelength of 1300 nm is more sensitive to the grey matter
absorption change than it at 690 nm and 800 nm. The value of the
variation at 1300 nm no longer fluctuates around 0 but turns out to be
always negative. In addition, the absolute value becomes larger and
larger. This indicates a higher signal-to-noise ratio at 1300 nm than
690 nm and 800 nm which conforms to the conclusion drawn by Fig. 5.

Compared with a detector 0.1 cm from the source, the change in
detected signal of a detector with source-detector spacing of 0.5 cm is
more apparent while the profile are still very smooth. Thus, a source-
detector spacing of 0.5 cm is more proper to monitor the brain activity
in this system.

The results of the backward scattering time-of-flight profile for a
detector 1.0 cm away from the source at the wavelength of 690 nm,
800 nm and 1300 nm are shown in Fig. 7. The difference of the profile
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(a)
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(c)

Figure 7. Backward scattering time-of-flight profile of a detector
1.0 cm from the source at the wavelength of (a) 690 nm, (b) 800 nm,
and (c) 1300 nm.
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between different brain states is more apparent but the profile are not
as smooth as in the cases of 0.1 and 0.5 cm source-detector spacing,
which indicates a greater influence from the random noise.

Figure 8 directly compares the relative variation ratio of the profile
(in different brain states) of a detector 1.0 cm from the source at
690 nm, 800 nm and 1300 nm. The absolute value of relative variation
is bigger at 1300 nm than 690 nm and 800 nm, indicating the profile is
more sensitive to the grey matter absorption change at the wavelength
of 1300 nm.

(a)  (b) (c)

Figure 8. The relative variation ratio of the backward scattering time-
of-flight profile (in different brain states) of a detector 1.0 cm from the
source at the wavelength of (a) 690 nm, (b) 800 nm, and (c) 1300 nm.

Compared with a detector 0.5 cm from the source, despite
improved detection sensitivity, the detected intensity gets weaker. It
is necessary to take overall consideration of the two aspects when
evaluating the appropriateness of this detection position.

According to the above discussions, it is found that the wavelength
of 1300 nm gets better detection sensitivity than the wavelength of
690 nm and 800 nm. As we have discussed before, if the source-detector
spacing is too small, we can not distinguish the grey matter absorption
coefficient change by the detected signal. In this study, we found that
with the same detector, we can use a smaller source-detector spacing
at the wavelength of 1300 nm compared with 690 nm and 800 nm as
discussed before in this section. The main drawback of the wavelength
of 1300 nm in this system is its higher absorption than 690 nm and
800 nm, leading to a weaker signal. However, it can be overcome by a
smaller source-detector spacing. Smaller source-detector spacing leads
to stronger detected signal and better spatial resolution in this system.
Therefore, we can conclude that the wavelength of 1300 nm is a better
choice in this system.
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M        /M       = 0.937984zone sum

M        /M       = 0.940179zone sum

M        /M       = 0.9945308zone sum

(b)

(a)

Figure 9. Spatial sensitivity profile in the grey matter layer for a
source-detector of 1.0 cm at the wavelength of (a) 690 nm, (b) 800 nm,
and (c) 1300 nm. Msum is the summation of the spatial sensitivity in
the whole layer while Mzone is the summation of the spatial sensitivity
in the black box zone. Position of the zone: x: 5.5–7.5 cm, y: 5.0–
7.0 cm.
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3.2. Spatial Sensitivity Profile

Figure 9 shows the spatial sensitivity profile in the whole grey matter
layer at the wavelength of 690 nm, 800 nm and 1300 nm with the system
described in Section 2.4. The source-detector spacing is set to be
1.0 cm. The black box zone is the zone as shown in Fig. 2(b). It is found
that the contribution to the detected signal is not homogeneous in the
layer. The area between the source and detector contribute more to
the final detected signal while the other areas make little contribution.
The value of Mzone/Msum is the spatial sensitivity proportion of this
area with respect to the whole layer. We have made similar studies
with different source-detector spacing in this system.

Comparing Fig. 9(a), Fig. 9(b) with Fig. 9(c), it can be seen
that the chosen 4 cm2 area accounts for 93.8% and 94.0% contribution
in the whole grey matter layer (144 cm2) to the final detected signal
at the wavelength of 690 nm and 800 nm respectively, while at the
wavelength of 1300 nm, the proportion increases to 99.5%. Therefore,
we can conclude that the wavelength of 1300 nm achieves better spatial
precision.

Figure 10. Spatial sensitivity profile in xz section with a detection
fiber 1.0 cm from the source at the wavelength of 800 nm.

Generally speaking, imaging tissue with diffuse light (like NIRS)
produces images with poor spatial resolution compared with the other
imaging methods like MRI, CT and X-ray [20]. For example, the
spatial resolution for non-invasive measurements of the human cortex is
typically not better than 5–10mm. With such a poor spatial resolution,
it is difficult to provide enough structural details of the tissue, which
are clinically very important to the diagnosis of diseases and other bio-
optics applications. This is the main drawback of this kind of imaging
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tools (i.e., diffuse optical tomography). To incorporate a higher
spatial resolution into NIRS, it is necessary to have accurate forward
models for highly heterogeneous media with arbitrary boundaries. In
this study, the spatial resolution is improved in the brain activity
monitoring system at the wavelength of 1300 nm. This proves that
the selection of light wavelength is very important in order to get a
better spatial resolution in the brain activity monitoring system and
in NIRS.

Figure 10 shows the spatial sensitivity profile in xz section with
a detection fiber 1.0 cm from the source at the wavelength of 800 nm
and some similar result can be found in [2]. Different layers gives
different contributions to the final detection signal. The layers near the
superficial plane of the tissue give more contribution to the detected
signal.

3.3. Experimental Feasibility Analyze

Figure 2 is the schematic design of the brain activity monitoring
system. There are optical source and detectors in this system. A
TCSPC system is usually used to record the time-of-flight profile
in a brain activity monitoring system. To analyze the experimental
feasibility, the dark noise of the PMT detector, which is usually used
in TCSPC as a single-photon detector, need to be analyzed first.
Some important parameters of the PMT single-photon detector are
introduced in [21] and [22]. Generally speaking, the dark noise of a
PMT single-photon detector is about 100 Hz (or 100 photons/s) [21].

The detected photon number (signal) of a detection fiber during
one second can be calculated by

nd = n× ref × rep (3)

where n is the number of photons in one pulse; ref is the time-of-flight
reflection at the position of the detection fiber; rep is the repetition
rate of the input laser; nd is the detected photon number per second.

A 1300 nm pulsed fiber laser was introduced in [23]. The soliton
energy of the laser is 0.525 nJ, the repetition rate is 3.18MHz, and the
output optical power is 1.67mW.

The energy of a single photon with a wavelength of 1300 nm is:

E = hυ = h
c

λ
= 1.5277× 10−19J (4)

The number of photons in one pulse can be calculated by dividing
the soliton energy by the energy of a single photon:

n =
Ps

P0
=

0.525nJ

1.5277× 10−19J
= 3.4376× 1010 (5)
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The backward scattering time-of-flight reflection of a detector
0.5 cm away from the source at 1300 nm is between 10−11 and 10−6

as shown in Fig. 5(c). According to Equation (3), the corresponding
detected photon number per second in Fig. 5(c) is between 1.0932×106

and 1.0932×1011, which is much stronger than the dark noise of PMT.
Even the reflection decreases to 10−14, the signal is still one order
stronger than the dark noise. Therefore, the PMT-based TCSPC is
capable of recording the backward scattering time-of-flight profile in
this system and is sensitive enough to distinguish the change between
different brain states (active and peaceful).

In addition, a high-energy pulse laser at 1675 nm has been used
in imaging the mouse brain [24], indicating that our laser is safe to
be utilized in bio-imaging. The measured output soliton energy of the
source is 67 nJ at a repetition rate of 1 MHz. Both the soliton energy
and output power of the 1300 nm laser are much smaller than those of
the 1675 nm pulse laser. Also, the absorption coefficient of water at
1300 nm (1.1 cm−1) is much lower than that at 1675 nm (4.49 cm−1),
indicating that the optical thermal effect in 1300 nm is weaker than
it in 1675 nm. Therefore, our 1300 nm laser is biologically safe and is
proper for this brain activity monitoring system.

4. CONCLUSION

In this study, a four layered model of the human head has been
investigated by both time-of-flight measurement and spatial sensitivity
profile based on a three-dimensional Monte Carlo simulation. The
difference in light propagation at the wavelength of 690 nm, 800 nm
and 1300 nm has been discussed. We have found that the wavelength
of 1300 nm is more appropriate for the monitoring of human brain
activity. The profile is more sensitive to the grey matter absorption
change at 1300 nm than 690 nm and 800 nm, and the spatial resolution
is also improved at 1300 nm. The contribution to the final detected
signal is not homogeneous in the grey matter layer. The area between
the source and detector contributes the most to the final detected signal
while the other areas have almost no effect on the detected signal.
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