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Because the brain edema has a crucial impact on morbidity and mortality, it is important to
develop a noninvasive method to monitor the process of the brain edema effectively. When the
brain edema occurs, the optical properties of the brain will change. The goal of this study is to
access the feasibility and reliability of using noninvasive near-infrared spectroscopy (NIRS)
monitoring method to measure the brain edema. Specifically, three models, including the water
content changes in the cerebrospinal fluid (CSF), gray matter and white matter, were explored.
Moreover, these models were numerically simulated by the Monte Carlo studies. Then, the
phantom experiments were performed to investigate the light intensity which was measured at
different detecting radius on the tissue surface. The results indicated that the light intensity
correlated well with the conditions of the brain edema and the detecting radius. Briefly, at the
detecting radius of 3.0 cm and 4.0 cm, the light intensity has a high response to the change of tissue
parameters and optical properties. Thus, it is possible to monitor the brain edema noninvasively by
NIRS method and the light intensity is a reliable and simple parameter to assess the brain edema.

Keywords: Cerebrospinal fluid; gray matter; white matter; reduced scattering coefficient; light intensity.

1. Introduction cerebrovascular diseases, encephalitides and brain

Patients usually suffer from the brain edema when  tumors.' Brain edema is defined as the increase of
they sustain the brain damage and diseases, such as  the water content in brain parenchyma, which has a
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vital impact on morbidity and mortality.>* More-
over, brain edema may lead to the expansion of
brain volume, the increase of intracranial pressure
(ICP) and the decrease of cerebral perfusion or ox-
ygenation.* Recently, several invasive and nonin-
vasive methods have been used to monitor the
process of the brain edema. Among them, ICP,>°
measured by invasive method, is regarded as the
golden standard procedure for the diagnosis of the
brain edema. However, the invasive method is pos-
sible to cause intracranial infection and bleeding.
Although CT” and MRI® are available for nonin-
vasive diagnosis of the brain edema, the high cost
and specific operating environment make them dif-
ficult to be utilized in the bedside and to monitor
the brain edema for a long time. Furthermore,
transcranial Doppler ultrasonography (TCD),’
flash visual evoked potentials (-VEP)! and elec-
trical impedance tomography (EIT)!' are also
applied in the noninvasive diagnosis of the brain
edema. However, the sensitivity of these methods is
still needed to be improved.

Among the noninvasive methods, the near-in-
frared spectroscopy (NIRS) method has received
more attention due to its safety and high sensitivity.
NIRS method has been extensively carried out in
the noninvasive measurement of biological tissue,
including tissue type identification,'? cancer diag-
nosis'? and drug delivery process monitoring.'* The
reflected light intensity carries the information
about tissue structure and composition. One of the
information is absorption which reflects the con-
centration of biological chromospheres, such as
hemoglobin, myoglobin, fat and water. The other is
the scattering property, which indicates the tissue
information on the size of scatters and density.'>'”
It is known that the near-infrared light in the 700-850
nm wavelength range is special to biological tissues,
because the scattering property of the measuring
tissue is more prominent than light absorption
property at this wavelength range.'®

When patients suffer from brain edema, the
water content will increase inside or outside the
brain cells.? If the water content increases inside of
the cells, the size of the cells will expand. While the
water content increases outside the cells, the density
of the cells will decrease. Therefore, the scattering
property of brain tissue will be different due to the
change of the size and density of brain cells. More-
over, the thickness of cerebrospinal fluid (CSF) also
increases during brain edema. Hence, it is necessary

to consider the change of the brain substance and
CSF of the patients with brain edema.

Xie et al.'®?" and Dai et al.”! have investigated
traumatic brain edema (TBE) of rats in vivo. They
reported that the reduced scattering coefficient (')
of rats’ cortex obtained using NIRS method related
to brain edema. However, u’, is hardly and com-
plexly obtained in patient in wivo. Besides, the
parameter is easily affected by the environmental
light and is variable.

If the tissue scattering property changes, the
reflectance light on the tissue surface will change.
That is, the difference of light intensity indicates the
change of brain physiological environment, which
may be consistent with brain edema. This study
aimed at investigating the feasibility and reliability
of the noninvasively NIRS monitoring method of
the brain edema.

In this study, we designed Monte Carlo simula-
tions and phantom experiments to investigate the
reflectance light intensity on the tissue surface
during the process of brain edema. The water con-
tent will increase in different positions in the brain
of patients with brain edema. Therefore, three
models based on different positions were con-
structed. In each model, the reflectance light
intensity was measured at different detecting radius
on the tissue surface. Then, several phantom
experiments were used to verify the accuracy of the
Monte Carlo simulation results. Moreover, a series
of combined models of the brain edema were simu-
lated using the Monte Carlo method. By analyzing
the reflectance light intensity on the tissue surface,
it can be proved that the NIRS method has an
acceptable sensitivity and specificity in monitoring
the process of the brain edema.

2. Materials and Methods
2.1.

A homemade photoelectric monitoring system was
designed to detect the reflectance light intensity.
The schematic diagram of the system is illustrated
in Fig. 1. A beam of 760 nm light is emitted from a
LED source, and two photoelectric detectors
(OPT101, B&B) are settled at the distance of
3.0cm and 4.0cm, which is defined as detecting
radius. The light source and detectors are fixed on a
piece of rubber which could reduce the interference
of environmental light. The signal is transported to

Experimental design
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Fig. 1.
system.

The schematic diagram of the photoelectric monitoring

the processing module and is amplified and filtered.
Then, the data is sent to a computer and displayed
in the software programmed by Labview (National
Instrument, USA).

2.2. Monte Carlo simulations of brain
edema

The Monte Carlo code used in this study is written
by Lihong Wang.?>?? The programs consist of
Mcml program and Conv program. Mcml program
simulates the single photon transmission in the tis-
sue and Conv program is used to convolute the data
from Mcml program. In the simulation, a human
brain model was simplified to simulate the propa-
gation path of light, as shown in Fig. 2. This brain
model was simple and representative, which was
also easy to be constructed in the phantom experi-
ment. The tissue’s optical properties of each layer
are shown in Table 1,”* which are measured in the
same experimental condition and representative of
the healthy people.

Previous studies have indicated that in the
patients of brain edema, the water content will

Incident light ~ Detectors

Detecting radius — © @ @

Scalp
Skull

Cerebrospinal fluid

Gray matter

White matter

Fig. 2. The simplified Monte Carlo simulation model of
human brain.

Monte Carlo and phantom study

mainly increase in the brain substance, including
gray matter, white matter and CSF.? Different
water content will have different influence on the
tissue’s optical parameters of CSF, gray matter and
white matter.?S In addition, the CSF, gray matter
and white matter have different scattering response
to the incident light. Thus, it is necessary to explore
the change of reflectance light intensity for different
situations of brain edema.

The absorption coefficient and the reduced scat-
tering coefficient of biological tissue are the major
parameters in the light field simulation. In the high
scattering media, where 1, is largely bigger than p,,
1% is more stable and more sensitive to the change
of tissue.”! When brain edema occurs in the brain
substance, the cells will become swelling and p/, of
brain tissue can reflect the change of the water
content.’’ Here, we mainly explored three varia-
tions, including CSF thickness, p; of gray matter
and p'; of white matter.

We defined three simplified models (Fig. 2) of the
specific parameters to simulate the brain edema, as
shown in Fig. 3. In Model 1, different thicknesses of
CSF were utilized to mimic the water content
change in CSF. In Model 2, different pu/, values of
gray matter were set to mimic the water content
change in gray matter. In Model 3, different u/
values of white matter were set to mimic the water
content change in white matter.

The thickness of CSF of clinical patients of brain
edema will be up to 1.0cm. Thus, in Model 1, the
thickness of CSF was varying from 0 cm to 1.0 cm at
0.2 cm increments. Previous studies’” have intro-
duced that the varying cell size of swelling tissue
will cause different change of the scattering coeffi-
cient. Here, we used p; value of the healthy person,
because nobody has measured the exact p/, value of
gray matter and the white matter in vivo who is
suffering brain edema. Then we referred to the rat
experiment results whose change region of p/, is up
to 5ecm~!, and extended the range of u' of gray
matter into 30cm~! at 5cm~! increments and
extended that of the white matter into 120 cm ! at
20 cm ! increments. Specifically, Model 2 simulated
seven samples and the p values of gray matter
[5, 10, 15, 20, 25, 30, 35] cm~!. Model 3 simulated
seven samples and 1/, values of white matter [20, 40,
60, 80, 100, 120, 140] cm .

In the Monte Carlo simulation, the input number
of photons was 1000000, the index of refraction (n)
for all layers was chosen to be 1.4 and the mean
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Table 1.

The thickness and optical properties of the human adult brain.

Absorption coefficient p,

Reduced scattering coefficient p/,

Tissue Thickness (cm) g 840 nm (cm 1) 840 nm (cm 1)
Scalp 0.3 0.9 0.21 18.1
Skull 0.7 0.9 0.19 15.2
CSF 0.2 0.9 0.05 2.3
Gray matter 0.4 0.9 0.42 20.9
White matter 3.4 0.9 0.17 86.5

Detectors

Incident light
—

Detecting radius —

Model 1:

l change the thickness of CSF

Model 2:

Fig. 3.

cosine of scattering angle (g) was 0.9. The power of
input light was 1 J and the radius of light beam was
0.01 cm. The horizontal and vertical size of grid unit
were 0.05cm and 0.01cm, and the numbers of
horizontal and vertical grid unit were 100 and 500.
And we finally obtained the reflectance light in-
tensity at the detecting radius of [1.0, 2.0, 3.0, 4.0,
5.0] cm on the tissue surface by Matlab routines.

2.3.

In the human brain model, the thickness of scalp is
0.3 cm. When brain edema develops, scalp has little
contribution to the change of the light intensity.
Thus, in the phantom experiment, only four-layer
phantoms are constructed, including a porcine
spealbone, water layer and a two-layer phantom.
The porcine spealbone which was 0.3cm thick
mimic the human brain skull. The water layer was
used as the CSF and a two-layer phantom was
constructed as the gray matter and the white
matter.

The phantom consists of gelatin powder (Sigma,
St Louis, MO, USA) and pure milk. The specific
concentrations of gelatin powder and milk result in

Phantom preparation

change the p; of gray matter

Model 3:
change the ', of white matter

Simulation model of brain edema.

different scattering properties of phantoms.”® In
each phantom, p' values of each layer were cali-
brated by the ISS oximeter (96208, ISS, Cham-
paign, IL). Figure 4 shows the process of
constructing a two-layer phantom. In Fig. 4, process
A and B represent the main steps of constructing
the one-layer phantom and the two-layer phantom,
respectively. When constructing the single layer
phantom, the specific weight of the gelatin powder
was added into 200 mL of boiling water and dis-
solved completely by stirring for 10 min. After the
solution cooled down, 30mL of milk was poured
into it and stirred for 5 min. Next, the solution was
placed in a refrigerator for 5h. After two one-layer
phantoms were made, the top phantom was melted
into solution and it was poured on the solid bottom
phantom, the thickness of top solution was set to
0.4cm. Then the phantom was put in the refriger-
ator for another 5 h. Finally, the phantom with two
layers was completed.

According to the Monte Carlo simulations, the
thicknesses of the water layer in Model 1 were
specified in the range [0.2, 0.4, 0.6, 0.8, 1.0] cm. In
Model 2, 11’ values of top phantom were specified in
the range [5, 10, 15, 20, 25, 30, 35] cm ~!. In Model 3,
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Fig. 4. The flow chart of constructing the two-layer phantom.

w’ values of bottom phantom were specified in the
range [20, 40, 60, 80, 100, 120, 140] cm~!.

Subsequently, the photoelectric monitoring sys-
tem was used in the phantom experiments. The
probe was settled on the surface of phantom model,
and the reflectance light intensity was transferred
into voltage by photon sensor. Then the electric
signal was delivered to the computer. The data was
stored in the memory.

3. Results
3.1.

The light intensity was obtained at the specific
detecting radius of [1.0, 2.0, 3.0, 4.0, 5.0] cm on the
tissue surface. In each model, the light intensity was
normalized to the first sample.

Monte Carlo stmulations

Figure 5 illustrates the normalized light intensity
changes with the increase of the CSF thickness at
different detecting radius. The curves of light in-
tensity at different detecting radius have the sig-
nificant difference. With the increase of CSF
thickness, the light intensity increases greatly at the
detecting radius of 4.0 cm, while the light intensity
decreases little at the detecting radius of 2.0 cm.

Figures 6(a) and 6(b) show the contour map of
the light intensity whose CSF thicknesses are 0.2 cm
and 0.8cm, respectively. In the CSF layer, the
contour map with 0.2 cm-thick CSF is more fluent
than that of the 0.8 cm-thick CSF, which means
that CSF will reduce the spatial resolution in the
optical measurement. Lin et al.? have reported that
with the help of CSF, the photons could travel
deeper and more widely in tissue, contributes to

Normalized Light Intensity

0 T

—&— |.0cm —— 2.0cm —A— 3.0cm —¥— 4.0cm —4— 5.0cm

T
0.0 0.2

T
0.4

T T T
0.6 0.8 1.0

Cerebrospinal Fluid Thickness (cm)

Fig. 5.

Normalized light intensity with the CSF thickness at different detecting radius.
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Depth of brain tissue (cm)

6 -4 2

Detecting radius (cm)

(a)

Fig. 6.
(b) is 0.8 cm.

broader photon traces. Thus, in the light transport
simulation, the CSF is an important substance that
cannot be ignored.

The trends of the light intensity vs. u/, of gray
matter and white matter are shown in Fig. 7. Initial
inspection of the data shows the increasing p/, of
gray matter in response to the increase of the light
intensities at the detecting radius of [2.0, 3.0, 4.0]
cm. At the detecting radius of 3.0 cm, the light in-
tensity has a little change with the increasing p/; of
gray matter. Figure 7(b) shows the change of light
intensity with the increasing u’, of white matter.
With the increasing p’, of white matter, the light
intensities at every detecting radius all increase.

According to the Monte Carlo simulations, the
light intensity on the tissue surface was associated
with the condition of brain edema and the detecting
radius. If the detecting radius was 3.0 cm or 4.0 cm,

1.3

1 —%— 1.0cm —@—2.0cm —&— 3.0cm —v— 4.0cm —— 5.0cm

0.9+
0.8+

0.7+

Normalized Light Intensity

0.6 T T T g T T T g T T T g T
5 10 15 20 25 30 35

Gray Matter u' (em™)

(a)

Depth of brain tissue (cm)

6 -4 -2 0 2 4 6

Detecting radius (cm)

(b)

Contour maps of the light intensity in the brain with different thicknesses of CSF. (a) The thickness of CSF is 0.2 cm and

the light intensity was more effectively and greatly
consistent with the change of tissue and optical
properties caused by brain edema. Likewise, previ-
ous studies have reported that at the detecting
radius of 3.0 cm and 4.0 cm, the incident light could
penetrate into the deep tissue in human brain and
be scattered to the surface.?’

In addition, the trends of the light intensity could
be totally reversed at different detecting radius
when the optical properties of tissue changed. In
Fig. 5, the light intensity increases in response to
the increase of CSF thickness at the detecting ra-
dius of 4.0 cm. On the other hand, the light intensity
decreases vs. CSF thickness at the detecting radius
of 2.0 cm. In Fig. 7(a), with the increasing p/, of gray
matter, the light intensity increases at the detecting
radius of 4.0 cm, while the light intensity decreases
at the detecting radius of 5.0 cm.

10 { —=—1.0cm —@—2.0cm —A— 3.0cm —v— 4.0cm —&— 5.0cm
1.25+4
1.20—-
1.15-
1.10:

1.05

1.00

Normalized Light Intensity

0.95 T T T T T T T
20 40 60 80 100 120 140

White Matter u" (cm™)

(b)

Fig. 7. Normalized light intensity with u’ of brain substance. (a) Curves of the light intensity and u) of gray matter and

(b) curves of the light intensity and p/, of white matter.
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In the phantom experiments, s and pu, of each
single layer phantom were calibrated by the ISS
oximeter. The light intensity on the tissue surface
was measured by the homemade photoelectric
monitoring system.

Figure 8 shows the relationships between voltage
(light intensity) and water layer thickness at the
detecting radius of 3.0 cm and 4.0 cm. With the in-
creasing thickness of water layer, the voltages at the
detecting radius of 3.0cm and 4.0cm increase,
which are consistent with the results of Monte Carlo
simulation. Initial inspection of the data illustrated
that at the detecting radius of 3.0cm and 4.0 cm,
the detectors could acquire the scattered photons
(voltage).

Figure 9 shows the relationships between the
voltage (light intensity) and u; of top phantom and
bottom phantom at the detecting radius of 3.0 cm
and 4.0 cm. In Fig. 9(a), with the increasing p’; of
the top phantom, the voltage at the detecting ra-
dius of 3.0 cm has no obvious increase. The voltage
at the detecting radius of 4.0 cm increases little,
which is associated with the results in Fig. 7(a). In
Fig. 9(b), the voltage at the detecting radius of
3.0cm increases larger than that at the detecting
radius of 4.0 cm, which also matches the simulation
results in Fig. 7(b).

The phantom experiments indicated that the
voltage at the detecting radius of 3.0 cm was always
larger than that at the detecting radius of 4.0 cm. In
each phantom model, the voltage shows the same

Phantom experiments

2.5

Monte Carlo and phantom study

trend with the corresponding to the simulation
results. It indicated that the Monte Carlo simula-
tion results were closed to the fact that the light
traveled in the brain tissue and the results were
reliable.

4. The Combined Situations in Monte
Carlo Simulation

In clinical, different types of brain edema usually
appear simultaneously,” which means the abnor-
malities may occur in the CSF, gray matter and
white matter simultaneously. Subsequently, we ex-
plored the combined situations of brain edema.
Here, four models were presented to estimate the
brain edema. Model 1’, Model 2/, Model 3’ and
Model 4’ represented brain edema that occurred in
the CSF and gray matter, in the CSF and white
matter, in the gray matter and white matter, and in
the whole brain including the CSF, gray matter and
white matter.

Similar to the single situations, we obtained the
same values in the combined situations. The simu-
lation results are shown in Tables 2-5. Among
them, Tcsp) means the thickness of the CSF,

! means the p’ of gray matter, and
I s(white matter) T0€anS of the s of white matter.

In Table 2, with the increase of CSF thickness
and p', of gray matter, the light intensity decreases
little at the detecting radius of 1.0cm and 2.0 cm,
whereas it increases little at the detecting radius of
[3.0, 4.0, 5.0] cm. These change trends are similar in

K f(gray matter)

—o—3.0cm

204 —4—4.0cm

—_
(9]
1

Voltage (V)
=

g
D
1

0.0 T

T T
0.0 0.2

T T T T
0.6 0.8 1.0

Water Layer Thickness (cm'l)

Fig. 8. Voltage with the different water layer thickness.
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Fig. 9. Relationships of the voltage and p/, of phantom layer. (a) Curves of the voltage and 1, of top phantom layer and (b) curves

of the voltage and ) of bottom phantom layer.

Tables 3 and 5. Among the detecting radiuses, the
light intensity at the detecting radius of 5.0cm
increases most largely. In Table 4, the change trend
of the light intensity is smaller than that in
the other models. The light intensities, at the
detecting radius of [1.0, 2.0, 3.0, 4.0] cm, increase
with the deterioration of brain edema. Instead, the
light intensity at the detecting radius of 5.0 cm
decreases obviously. In Model 4/, the light intensity
at the detecting radius of 3.0 cm increases most
largely.

When brain edema occurs in more than two
layers of brain tissues, the biggest change is no
longer at the detecting radius of 3.0 cm and 4.0 cm.
However, the light intensity still has a good rela-
tionship with optical properties at the detecting
radius of 3.0cm and 4.0cm. Taking the single
situations and combined situations into consider-
ation, the light intensity at the detecting radius of

Table 2. The normalized light intensity in Model 1.

3.0cm and 4.0cm has the ability to indicate the
change of optical properties in the brain tissue,
which represent the situations of brain edema.

5. Discussion

In this study, we aimed at investigating the possi-
bility of noninvasive optical monitoring of brain
edema by NIRS. Several models were performed
according to the different positions of increasing
water content, such as the CSF thickness, u’, of gray
matter and white matter. The models included the
single situations and combined situations. The
Monte Carlo simulations and phantom experiments
were designed to explore the changes of light in-
tensity on the tissue surface. As a result, it revealed
that the light intensity was related to the conditions
of the brain edema as well as the detecting radius
on the tissue surface. In these models, the light

Table 3. The normalized light intensity in Model 2'.

Brain edema Detecting radius (cm)

Brain edema Detecting radius (cm)

/
T(CSF) K s(gray matter)

’
T(CSF) rus(white matter)

(cm) (em™1) 1.0 2.0 3.0 4.0 5.0 (cm) (cm™1) 1.0 2.0 3.0 4.0 5.0
0 5 1 1 1 1 1 0 20 1 1 1 1 1
0.2 10 0.9889 0.9957 1.1762 1.3458 1.6564 0.2 40 0.9859 1.0515 1.2490 1.6845 1.9081
0.4 15 0.9656 0.9937 1.2750 1.6088 2.5457 0.4 60 0.9635 1.0635 1.3735 2.0440 3.6364
0.5 20 0.9633 0.9715 1.259 1.9149 3.0352 0.5 80 0.9644 1.0370 1.4703 2.3761 4.3877
0.6 25 0.9506 0.9506 1.4075 2.0481 3.6023 0.6 100 0.9495 1.0162 1.4651 2.7205 4.9786
0.8 30 0.9506 0.9976 1.4402 2.3660 4.5463 0.8 120 0.9467 1.0187 1.4777 2.9057 5.9310
1.0 35 0.9281 0.9283 1.5555 2.5702 4.9364 1.0 140 0.9110 0.9435 1.4624 3.1529 6.8566
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Table 4. The normalized light intensity in Model 3’.

Brain edema

Detecting radius (cm)

p’;(gray matter) (cmil) u’;(white matter) (Cmil) 1.0 2.0 3.0 4.0 5.0
5 20 1 1 1 1 1
10 40 1.0410 1.0777 1.1136 1.0593 0.8043
15 60 1.0325 1.1223 1.2020 1.1057 0.8023
20 80 1.0832 1.1468 1.1938 1.1258 0.8238
25 100 1.0710 1.1831 1.2629 1.1554 0.7396
30 120 1.0936 1.2065 1.2878 1.2036 0.6942
35 140 1.1162 1.1953 1.3338 1.2400 0.7470
Table 5. The normalized light intensity in Model 4'.

Brain edema

Detecting radius (cm)

Tiese) (€M) 1 gray matter) () Mi(white matter) (€ 1.0 2.0 3.0 4.0 5.0

0 5 20 1 1 1 1 1

0.2 10 40 0.9992 1.0255 1.1784 1.3594 1.3503
0.4 15 60 1.0245 1.0938 1.2546 1.7096 2.0431
0.5 20 80 1.0059 1.1024 1.3499 1.9512 2.5089
0.6 25 100 1.0091 1.0551 1.4705 2.1561 3.1480
0.8 30 120 1.0160 1.0487 1.4267 2.3640 3.4245
1.0 35 140 0.9792 1.0149 1.5365 2.5902 4.2819

intensities at the detecting radius of 3.0cm and
4.0 cm could effectively and greatly respond to the
change of tissue parameters and optical parameters
in the deep human brain tissue. With the deterio-
ration of brain edema, the light intensities at the
detecting radius of 3.0cm and 4.0cm show the
trends of great increase. That was, no matter where
the brain edema occurs, the light intensities at the
detecting radius of 3.0 cm and 4.0 cm will increase.
By monitoring the light intensity on the surface
noninvasively, we could have a good knowledge of
brain edema. However, the light intensity at the
other detecting radius did not have the coincident
tendency with brain edema.

The trends of the reflected light intensity will be
reversed at different detecting radius when the tis-
sue properties changes. In Fig. 7(a), with the in-
creasing u’ of gray matter, the light intensity
increases at the detecting radius of 4.0 cm, while the
light intensity dropped at the detecting radius of
5.0cm. It is presumably due to the fact that with
the increase of detecting radius, the transmission
depth and transmission path of the incident light in
the tissue has changed. Scattered by CSF and other
brain tissues in different degrees, the reflectance light
intensity on the tissue surface differs from each other.

Brain edema means the increase of the water con-
tent in the brain. The water content may increase in
different positions, such as in the CSF, gray matter
and white matter, according to different pathologies of
brain edema. When the water content increases in the
CSF, the increasing thickness of the CSF is the major
indicator in the light transmission. When the water
content increases in the gray matter and white mat-
ter, brain cells become swelling and the optical prop-
erties of brain tissue will correspondingly change, such
as the reduced scattering coefficient (p).20-7

Because brain edema is caused by different rea-
sons, the water content may increase in different
positions, leading to different change of tissue
parameters and optical properties. According to the
main types of brain edema, three single situation
models were established in this study. In each
model, the light intensity on the tissue surface was
collected to investigate the relationships between
the light intensity, the detecting radius and tissue/
optical properties. Furthermore, three kinds of
brain edema usually mix up in clinical. Therefore, in
the Monte Carlo simulation, some combined situa-
tion models were carried out.

Based on the single situation models, the light
intensity was obtained at different detecting radius
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by the Monte Carlo simulation and phantom
experiments. The phantom experiment results are
consistent with the Monte Carlo simulation results.
Based on the combined situation models, the light
intensity was explored at different detecting radius
by the Monte Carlo method. Considering the diffi-
culties of constructing all phantoms of the combined
situations, as well as the verification of phantom
experiments has ever affirmed in the single situation
models, only the Monte Carlo simulations were
performed in the combined situations.

Considering the individual differences and the
difficulties of system calibration, the photoelectric
monitoring system is only available to monitor
the changes of brain edema, and has no access to the
absolute value for assessing brain edema. When the
brain edema develops, the light intensity will
respond to the changes. On the other hand, if the
condition of brain edema keeps stable, the light
intensity also has little or no change. By observing
the light intensity, we could have a good knowledge
of the brain edema condition.

In this study, we did not focus on the effects of
the blooding during brain edema. When patients
suffer from brain edema or neurosurgical, the in-
tracranial hemorrhage probably happens. With the
bigger absorption ability than brain tissue, the
massive bleeding may absorb most of incident light,
which will lead to the large decrease of light inten-
sity. The increase of the absorption of light due to
blood may offset the decrease of scattering property
resulting from brain edema. Thus, the change of the
light intensity at the detecting radius of 3.0 cm and
4.0cm will not be sure when the brain edema
develops with the intracranial hemorrhage. In the
further research, we will explore the light intensity
under the intracranial hemorrhage. Meanwhile, the
Monte Carlo simulations and phantom experiments
are both conducted. In the Monte Carlo simula-
tions, different positions and different areas of blood
will be estimated in single situation and combined
situation models. Then, an ink-mixed phantom will
be constructed to estimate the blood in the phan-
tom experiments which optical parameter is the
same as human blood. The ink-mixed phantom will
be also simulated in the phantom experiments.

This study only investigated the possibility of
optical monitoring of the brain edema using the
Monte Carlo simulations and phantom experi-
ments. We did not conduct the animal experiments,
because the research is based on the human brain

and the results in the study may not be suitable for
animals. Recently, we have ever produced brain
edema models by injecting lipopolysaccharide
(LPS) in rats.*® The optical parameters of brain
tissue were detected by a homemade NIRS experi-
mental system. It found that the p/, of brain tissue
in the edema rats could decrease by 2.5 cm ~!. There
were significant differences in brain edema groups
(injecting 0.05mL/100g LPS (1mg/mL)) com-
pared to the blank group (no injecting) and the
control group (injecting equal saline). In the future,
some Monte Carlo simulations, phantom experi-
ments as well as animal experiments may be laun-
ched based on !, values in the rat experiments.

6. Conclusions

The possibility of noninvasively monitoring of brain
edema by NIRS method was explored by the Monte
Carlo simulations and phantom experiments. Fur-
thermore, many combined situations of the brain
edema were also studied in this paper. It can be
concluded that the light intensity was a reliable
parameter to assess the brain edema, which is also
influenced by the detecting radius. This paper has a
potential in the medical equipment development
and provides reference for medical diagnosis and
treatment of the brain edema.
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