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Near-Infrared Brain Volumetric Imaging
Method: A Monte Carlo Study
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Abstract—The symptom of brain volumetric changes may pro-
vide significant biomarker to predict progressive dementia. The
brain volumetric changes of prefrontal cortex are highly associated
with many neurodegenerative diseases. Besides, brain atrophy re-
veals the expanded interhemispheric fissure and the concomitant
increasing cerebrospinal fluid volume. Thus, the quantitative as-
sessment of brain volumetric changes is an important consideration
for clinical studies of neurodegenerative diseases. In this study, we
first proposed an approach that uses near-infrared brain volumet-
ric imaging to detect brain volumetric changes. The healthy, aged,
and typical Alzheimer’s disease (AD) brains were modeled with dif-
ferent characterization of brain volumetric changes from in vivo
MRI data based on time-resolved 3-D Monte Carlo simulation. In
the results, the significant difference of prefrontal cortex structure
can be observed among healthy, aged, and AD brain with vari-
ous source–detector separations in sagittal view. Our study shows
that the near-infrared brain volumetric imaging can be an indica-
tor of brain atrophy for clinical application of neurodegenerative
diseases with patient-oriented measurement.

Index Terms—Brain atrophy, brain volumetric imaging (BVI),
diffuse optical imaging (DOI), Monte Carlo simulation, near-
infrared spectroscopy (NIRS), prefrontal cortex.

I. INTRODUCTION

BRAIN atrophy is an irreversible brain disease that causes
problems with cognitive and memory functions in many
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diseases, such as mild cognitive impairment (MCI), Alzheimer
disease (AD), multiple sclerosis, schizophrenia, alcoholism, de-
mentia, etc. [1]–[6]. The neuropathological process of brain at-
rophy involves progressive biochemical and structural changes
that begin at the cellular and synaptic level, and ultimately cul-
minate in neuronal death, white matter (WM) and gray matter
(GM) degeneration [2]. The loss of neurons and synapses in the
cerebral cortex and subcortical regions results in gross atrophy
of the affected regions, including degeneration in the hippocam-
pus, temporal lobe, parietal lobe, and frontal cortex [7]–[12].

The quantitative assessment of brain volumetric changes is
becoming an important consideration in monitoring the clinical
outcome and treatment effects. The reason is that recent con-
siderable advances in neuroimaging and computer technology
have allowed the study of brain volumetric changes in vivo,
which could provide an accurate, reproducible, and quantita-
tive measure for assessing brain volumetric changes. Several
neuroimaging modalities, such as MRI, computed tomography
(CT), and positron emission tomography (PET), could be used
to provide the noninvasive investigation for human brain imag-
ing and then to identify regional atrophy characteristics with
their particular advantages [2], [3], [6], [13], [14]. However, the
limitation of a large size of instruments cannot provide diagno-
sis with patient-oriented measurement. Contrarily, near-infrared
spectroscopy (NIRS) or diffuse optical imaging (DOI) has sev-
eral benefits such as noninvasive, less expensive, nonionizing
radiation imaging, real-time measurement, compact implemen-
tation, long-time monitoring, and easy operation with high tem-
poral resolution (∼ms) and adequate spatial resolution (∼cm)
for continuously recording oxy- and deoxyhemoglobin changes
of brain. Furthermore, the optical method offers completely
patient-oriented measurement. Recently, the NIRS technique
has been shown to be a noninvasive functional neuroimaging
technique for measuring local changes in concentrations of oxy-
hemoglobin and deoxyhemoglobin with dual-wavelength near-
infrared illumination [15]–[19].

The most significant symptom of neurodegenerative dis-
eases that can be imaged by MRI is the volumetric changes
with brain atrophy, especially for early diagnosis of brain atro-
phy [20], [21]. Brain atrophy causes the volume of cerebrospinal
fluid (CSF) layer to expand. The previous studies show that the
light-guiding effect occurs in the CSF layer of human brain
with near-infrared light illumination [22]–[24]. For investiga-
tion of individual difference in brain volumetric changes with
NIRS, three brain models from different stages of brain atro-
phy were modeled to implement Monte Carlo simulated with
various source–detector separations. As mentioned earlier, the
light-guiding effect occurred in the CSF layer of human brain.
The presence of a relatively clear layer such as CSF that has both
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low scattering and absorption coefficients has been shown espe-
cially to alter the light propagation in the head. This phenomenon
cannot be portrayed by diffusion approximation method because
the CSF reveals low scattering property but it can be observed
in the Monte Carlo simulation [24], [25].

In this paper, we offer an approach of 3-D brain modeling with
image segmentation processes from in vivo MRI T1 data, in or-
der for a comparison of diffuse optical signal among normal,
aged, and AD subjects with different characterization of brain
volumetric changes. To our knowledge, this is the first study to
show the structural monitoring for brain volumetric change de-
tection by using near-infrared DOI via various source–detector
separations. Although the penetration depth of near-infrared
light is limited by strong scattering in human brain, our simula-
tion result indicates that the optical method still allows detecting
the volumetric changes of cerebral cortex with brain atrophy
that caused the concomitant expanded CSF volume with the
WM and GM degeneration, especially in interhemispheric fis-
sure of prefrontal cortex. Because the expanded CSF volume
offers light-guiding channels, our optical measurement could
be a great tool to detect brain volumetric changes for patient-
oriented neurodegenerative diseases diagnosis.

II. DOI FOR STRUCTURAL CHARACTERIZATION OF BRAIN

In our study, three brain models with different atrophy sta-
tuses are used for Monte Carlo simulation. The subjects include
a healthy control (male, age: 40), an elder volunteer (female,
age: 62), and a typical AD patient (female, age: 80). All sub-
jects were recruited and MRI imaged in Taipei Veterans General
Hospital. In clinical protocol, the severity of dementia was eval-
uated with clinical dementia rating (CDR) scale, and the AD
patient was mild AD with a CDR score of 1. The healthy and
aged controls were cognitively normal. However, the aged case
was evaluated with normal age-related brain atrophy. In this
paper, the simulation was achieved by four steps: 1) realistic
optical modeling of human brain based on image segmentation
processes by utilizing in vivo MRI T1 data; 2) the healthy, aged,
and typical AD brains were modeled for Monte Carlo simula-
tions and all the photon paths were traced for photon migration
analysis; 3) 1-D images were obtained via source–detector sepa-
rations with three different views for structural characterization
of brain; 4) the normalization process is utilized to reduce the
individual factor.

Fig. 1 shows the modeling process of 3-D human brain from
in vivo MRI images. First, the clinical MRI T1 scan offers
92 axial slices as in Fig. 1(a). The images were segmented
into five layers of brain tissue as scalp, skull, CSF, GM, and
WM. The 3-D brain image contains 256×256×92 voxels and
each voxel size is 1×1×1 mm3 that corresponds to the resolu-
tion of 3-D MRI image. First, the scalp and skull layers were
segmented by means of edge detection and region growing as
shown in Fig. 2(b) [26]–[28]. Then, the probabilistic framework
was applied to classify CSF, GM, and WM layers with uni-
fied segmentation, which was performed by fitting a mixture of
Gaussians (MOG) model with prior information of deformable
tissue probability maps [29] (as shown in Fig. 1(c), (d), and
(e), respectively). Fig. 1(f) demonstrates a 2-D five-layer brain
structure after segmentation processes. Finally, Fig. 1(g) and
(h) shows the 3-D MRI image and the corresponding optical

Fig. 1. Modeling process of 3-D human brain from in vivo MRI T1 images.
(a) 2-D anatomical MRI slice. (b) Segmentation of scalp and skull. (c) Seg-
mentation of CSF layer. (d) Segmentation of GM. (e) Segmentation of WM.
(f) 2-D optical brain model in a five-layer brain structure. (g) 3-D MRI T1 image.
(h) 3-D optical brain model.

brain model that was performed in Monte Carlo simulation. In
the simulations, an 800-nm wavelength light source was ap-
plied for illumination of healthy, aged, and typical AD brains.
The reduced scattering coefficient μ′

s , absorption coefficient μa ,
scatters’ radius, refractive indices of background, and scatters
of brain tissues are presented in Table I [30]–[32].

The flowchart of the simulation process is shown in Fig. 2.
As mentioned earlier, the volume of CSF was increased with
the atrophy of GM and WM. The penetrated photons could
be guided along the CSF layer because of its low scattering
property. This phenomenon can be used for structural charac-
terization of brain with NIRS/DOI measurement. Monte Carlo
modeling is a method that can be used to simulate photon inter-
action in turbid tissue [30], [33], [34]. The Monte Carlo algo-
rithm we used is represented as the dashed line area in Fig. 2. In
this study, the point source was used, which means that all the
photons start to emit at the same direction. If the photon propa-
gates through a voxel boundary, the step size would be modified
as s = −ln(ξ)/μt , where ξ is a sampled value of a uniform ran-
dom variable within the interval [0,1] and μt is an extinction
coefficient. If the refractive indices are different between two
adjacent voxels, the transmission or reflection then occurs alter-
natively. In addition, Snell’s law and Fresnel reflection formulas
were applied at each boundary. A scattering event, a new step
size, deflection angle, and azimuthal angle were calculated for
each photon. Generally, the behavior of photon migration in
brain can be decided by two steps: 1) the mean free path of a
scattering/absorption event and 2) the probability density func-
tion of scattering angle. The absorption and scattering properties
of a sphere can be described by the Mie theory that has been
available in previous studies [35]. All of the photons are traced
and recorded for photon migration analysis and imaging.

In the simulation, the light source and detectors were placed
on the surface with three cross-sectional arrangements as trans-
verse, sagittal, and coronal views (as shown in Fig. 3). The
source–detector separations of the transverse and sagittal views
were 1– 5 cm with 1-cm intervals. In the coronal view, the source
was put on the top of the middle head and the detectors were
located on right sides of the source. The source–detector sepa-
rations were also placed from 1 to 5 cm with 1-cm intervals. In
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Fig. 2. Flowchart of the brain modeling process by means of the Monte Carlo algorithm with MRI data.

TABLE I
OPTICAL PROPERTIES OF BRAIN TISSUES IN MONTE CARLO SIMULATION

Fig. 3. Source–detector separations on human head arranged as (a) transverse
and sagittal views, and (b) coronal view.

Fig. 3, the red point indicates the light source positions and the
yellow stars represent the positions of detectors.

III. RESULTS

Fig. 4 shows the transverse, sagittal, and coronal cross sec-
tions of healthy, aged, and AD brain models.

In Fig. 4, different atrophy statuses can be seen, especially in
the region of interhemispheric fissure. Besides, the atrophy of
aged and AD brains and the expanded CSF volume can be obvi-
ously observed in all cross-sectional views. The characteristics
are strongly correlated with the behavior of photon migration,
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Fig. 4. Source–detector separations on human head arranged as (a) transverse
and sagittal views, and (b) coronal view.

Fig. 5. Ratios of tissue volume in healthy, aged, and AD brains.

implying that the structural information related to brain atrophy
could be detected by brain volumetric imaging (BVI).

For quantitative analysis, the ratios of tissue volume in three
brain models are presented in Fig. 5. Apparently, the AD brain
reveals the largest volume of CSF and the smallest volume
of GM and WM in the group. The comparison illustrates the
structural difference of atrophy status among healthy, aged, and
AD brains.

Fig. 6 demonstrates the trajectories of all 2×107 penetrated
diffuse photons in the transverse, sagittal, and coronal cases of
both brain structures. In the healthy brain, the light can reach to
WM layer (∼3 cm depth) after 100 ps in transverse and coronal
views. The deeper penetration can be seen in aged and AD brains
because of the atrophy structure. The result implies that the
traveling channel of CSF volume guides photon, and therefore,
the BVI can catch the structural information of brain atrophy.

In our simulation, all photon-passed voxels were recorded for
photon migration analysis. The CSF light-guiding effect can be
easily observed in the supplementary movie file, which shows

the dynamic photon migration with 800-nm light-pulse illumi-
nation through the healthy, aged, and AD brain models. Three
cross-sectional views are demonstrated as transverse, sagittal,
and coronal. The supplementary material is of 4.16 MB and is
available online at www.ieeexplore.ieee.org.

Fig. 7(a)–(c) shows the intensity mapping of the detected
photon with various source–detector separations in transverse,
sagittal, and coronal views. Fig. 7(d)–(f) shows the intensity
curves via source–detector separations. The received intensi-
ties decrease while source–detector separations increase in all
cross sections. In the result, we can see that the 1-D images
of sagittal views are significantly different among three brains.
In Fig. 7(e), the discontinuous intensity decay results from the
interhemispheric fissure in aged and AD brains. The CSF ex-
pansion of aged and AD brains causes the slow and smooth
intensity to decrease, as in Fig. 7(f).

The sagittal view presents significant differences among three
brains. In our previous study, the source–detector separation is
usually optimally set as ∼3 cm for NIRS measurement [30].
Fig. 8 shows the normalized intensity curves via source–detector
separations from 1 to 3 cm in sagittal view. Id1 , Id2 , and Id3 are
the detected intensities with separations of 1, 2, and 3 cm, re-
spectively. Because detector 1 (with separation 1 cm) receives
the major backscattered intensity from scalp and skull layers, Id1
is treated as the baseline signal for individual variation reduc-
tion. Fig. 8 shows the normalized attenuation in all brain models.
The significant difference can be seen among three brains. Fur-
thermore, we define an index of attenuation to quantitatively
classify the atrophy degree in Fig. 9. The index strongly corre-
sponds to the volume ratio of the CSF layer in Fig. 5. In this
result, the index of attenuation can be used for characterization
of brain atrophy.

IV. DISCUSSION AND CONCLUSION

Optical brain imaging continues to provide new and remark-
able insights on how diseases cause impact on the human brain.
Although the medical imaging systems such as MRI and PET
can provide the diagnosis with structural imaging of human
brain, the techniques have the main drawback of requiring large
apparatus with space constraint of operation that caused difficul-
ties for patient-oriented and bedside diagnosis and treatment. In
addition, MRI chamber causes it difficult or impossible to apply
to neonates, children, old persons, and claustrophobia patients.
Our result indicates that the BVI technique may offer a solu-
tion for brain structure detection. In previous studies, the optical
techniques were all used to measure the cortex oxygenation for
functional brain imaging. Our result points out that the brain
atrophy can be structurally detected by using BVI.

In Fig. 4, the 3-D geometries show the structural character-
istics in all cross sections among healthy, aged, and AD brains,
especially in the region of the interhemispheric fissure and the
CSF volume. The result indicated that this optical measurement
offers a good potential to detect the structural change of brain
atrophy in clinical applications. In video 1, we can observe that
the diffuse photons are partially guided along the CSF layer, es-
pecially in interhemispheric fissure of prefrontal cortex. Thus,
the mean free path of a diffuse photon in atrophy brains is deeper
than in healthy brains. However, the mean free path of photon
propagation in the tissue depends on source–detector separa-
tions in diffuse optics. Although the geometries of brain vary
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Fig. 6. Dynamics of photon migration in Transverse (T), Sagittal (S), and Coronal (C) views with 800-nm light illumination: (a) at time = 0 ps, (b) at time =
104 ps, (c) at time = 161 ps, (d) at time = 312 ps, (e) at time = 611 ps, and (f) at time = 1000 ps.

Fig. 7. Detected intensities via various source–detector separations in healthy, aged, and AD brains. (a) 1-D imaging of healthy brain in transverse, sagittal, and
coronal cross sections. (b) 1-D imaging of aged brain in transverse, sagittal, and coronal cross sections; (c) 1-D imaging of AD brain in transverse, sagittal, and
coronal cross sections. (d) Detected intensity via source–detector separation in transverse view. (e) Detected intensity via source–detector separation in sagittal
view. (f) Detected intensity via source–detector separation in coronal view.

considerably, the source–detector separations were fixed as 1–
5 cm with 1-cm interval on all heads in this study. The results
indicated that the geometries of brain bring little effect on the
light propagation in brains. In the previous studies, the source–
detector separation was usually optimized between 2 and 3 cm
with optical measurement because the range of distance allows
more photons to pass through the scalp and skull and then carry

more information from the cortex. The individual variation of
brain geometry could be ignored with the distance. To elimi-
nate the individual difference and standardize the protocol, the
intensity via source–detector separations in sagittal view was
normalized for data calibration.

The brain atrophy is usually asymmetric and reveals the ex-
panded CSF volume [36]–[38]. Fig. 5 shows the ratio of brain



CHUANG et al.: NEAR-INFRARED BRAIN VOLUMETRIC IMAGING METHOD: A MONTE CARLO STUDY 1127

Fig. 8. Curves of normalized intensity via source–detector separations from
1 to 3 cm in sagittal view of healthy, aged, and AD brains.

Fig. 9. Index of attenuation in healthy, aged, and AD brains’ modeling. Id 2 /Id 1
is the normalized intensity at 2-cm separation and Id 3 /Id 1 is the normalized
intensity at 3-cm separation.

volume of CSF, GM, and WM. In this result, the AD brain con-
tains larger CSF and smaller GM and WM than the other cases.
In Fig. 7, the brain atrophy reveals the expanded CSF volume for
light guiding, which also caused the light to decrease slowly via
source–detector separation in the coronal view. In other words,
the larger volume of GM and WM generates stronger absorption
and scattering that causes lower penetration in healthy brains. In
the case of the transverse view, there is no significant difference
among healthy, aged, and AD brains.

In the sagittal view, the attenuation via source–detector sep-
aration shows significant differences among healthy, aged, and
AD brains. The result suggests that the expanded CSF vol-
ume permits deeper penetration of light in atrophy brains. Also,
the deeper penetration of photon in the interhemispheric fis-
sure causes the fewer backscattered photons to be received. The
loss of neurons and synapses with age-related atrophy in the
cerebral cortex and subcortical regions leads to degeneration in
the cerebral hemispheres (0.23% annual decline), the temporal
lobe (0.28% annual decline), the frontal cortex (0.55% annual
decline), the parietal lobe (0.39% annual decline), and the hip-

pocampus (0.3% annual decline) [39]–[41]. The frontal cortex
reveals more degeneration than the other regions. The longitudi-
nal study of age-related brain volumetric change measurements
in healthy adults has also been the subject of great interest in
recent years, because the determinations of normal age-related
brain volumetric changes have a role in the evaluation of both
clinical-pathologic conditions and normal aging processes. Re-
cently, some studies have indicated that the brain atrophy is
identifiable in asymptomatic individuals nearly a decade be-
fore dementia. Thus, the longitudinal brain volumetric change
detection may provide an indicator of early neurodegeneration
for dementia diagnosis [20], [21]. Besides, some research re-
sults have shown that the prefrontal cortex atrophy is highly
associated with AD and is even a better predictor for dementia
than medial temporal lobe (hippocampus and parahippocampal
gyrus) atrophy. This finding suggests that in the search of diag-
nostic markers for dementia, prefrontal cortex atrophy deserves
more attention [42], [43]. Although the change of brain volume
is small, the brain atrophy can be observed by MRI structural
imaging. Hence, the optical BVI method can be a useful tool
for the prefrontal cortex atrophy detection, especially for the
expanded interhemispheric fissure and CSF volume estimation.
The expansion of interhemispheric fissure and the concomi-
tant expanded CSF volume cause stronger light-guiding effect
with optical illumination. This implies the feasibility of brain
atrophy detection based on diffuse optical measurement. The
simulation results show the structural information of brain such
as the expanded interhemispheric fissure of prefrontal cortex
and the concomitant expanded CSF volume that can be treated
as a significant factor for neurodegenerative diseases diagnosis
through DOI measurement.

The brain atrophy of frontal and temporal cortices occurs
in several neurodegenerative diseases. For clinical diagnosis of
neurodegenerative diseases, the medical imaging systems, such
as MRI, PET, and CT, even cannot provide enough specific infor-
mation. But, the structure imaging still offers useful information
for clinician in neurology and nerve internal medicine. In our
study, neurodegenerative diseases could not be diagnosed with
only brain structural monitoring by using near-infrared BVI.
However, the optical method has several benefits, as mentioned
earlier. Besides, the functional near-infrared optical topography
offers oxygenation imaging that can be combined for clinical
applications.

Although there are only three MRI brain images for healthy,
aged, and AD brains’ modeling, these results quite show vari-
ous atrophy statuses. This study demonstrates the feasibility of
structural detection by using BVI for clinical applications of
neurodegenerative disease. As aforementioned, brain atrophy
is identifiable in asymptomatic individuals nearly a decade be-
fore dementia. Thus, this optical method is a potiental tool for
preventive medicine. In future research, we will develop a near-
infrared BVI system as our simulation scheme for the clinical
study. More subjects will be recruited with different stages of
brain atrophy. Also, the functional near-infrared spectroscopic
imaging will be applied to both structural and functional imag-
ing simultaneously and it is expected in application to patient-
oriented diagnosis. We hope that the proposed method can be
applied to not only neurodegenerative diseases but also depres-
sion and schizophrenia diagnosis.
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