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Application of digital imaging technique for the construction of stereotactic human brain atlas

Yasushi Miyagi'2 /" Takaichi Fukuda®.” Ken-ichi Morooka'! /” Xian Chen' ./ Taketo Hayami' .~ Tsuyoshi Okamoto’

Kenji Sunagawa'.” Shozo Tobimatsu?.” Takashi Yoshiuras,” Tomio Sasaki?
An ideal human brain atlas must provide the universal coordinates of standard healthy brain. Morpholoy of human brain
contains considerable inter-individual variety; however, the classical human brain atlases have been made from a limited
number of materials. A large organ such as human brain is subject to mechanical deformation and the production of
stereotactic human brain atlases is still time-consuming and needs special instruments, environments and skills. To achieve
both the spatial consistency and high histological quality for stereotactic human brain atlases, we have established a novel
technique for constructing the stereotactic brain atlas using a formalin-fixed cadaver brain of the Japanese, blade-oscilla-
tion microslicing and digital imaging techniques. Qur method enabled the accurate reconstruction of human brain histo-
logical slices with the three-dimensional consistency necessary for the stereotactic atlases of human brain, as well as the

Abstract:

successful preservation of original macroscopic shape and cytoarchitecture.

Keywords:

Human brain atlas; Histological section; Stereotactic functional neurosurgery
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Fig.1  The contours of serial histological microslices were successfully
reconstructed {A). The blocks could be put side by side and assembled
into large block without any correction or revision (B). Contours of ante-
rior basal ganglia could be clearly demonstrated according to cytoarchitec-
ture (C). (LV, lateral ventrcle; Cd, caudate nucleus; lc, internal capsule;
Pu, putamen; Fx fornix; Ac, anterior commissure; BST, bed nucleus of
stria terminalis; GP, globus pallidus; VP, ventral pallidum; NAc, nucleus
accumbens; SA, subcallosal area; Ot, olfactory tract; Cl, claustrum; PMOI,
posteromedial orbital lobule)
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Fig.2 Nissl-staining of the section used for brain atlas reconstruction.
Histological sections included in this partially reconstructed brain atlas
provided the excellent preservation of area-specific cytoarchitecture of
cerebral cortex; Brodmann area 32 was discriminated by the presence of
large pyramidal neurons in deep layer Hll and spiny stellate neuron in layer
1V in cadaver brain.
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Fig.1 Digital recording of the surface data of human brain. (A) After removing the arachnoid membrane, the whole surface of the brain was
scanned by a non-contact 3D digitizer (VIVID910, Konica, Minolta, Sakai, Japan). (B) The multiple range images acquired from different views
were registered to convert them into a unified coordinate system. The Iterative Closest Point (ICP) algorithm was used to find the relationship
between two different coordinates. (C) The mesh surface of the integrated brain model was reproduced with considerably high resolution and

precision.
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Fig.2 The contours of serial histological microslices were successfully reconstructed (A). The blocks could be put side by side and assembled
into large block without any correction or revision (B). Contours of anterior basal ganglia could be clearly demonstrated according to cyto-
architecture (C). (LV, lateral ventricle; Cd, caudate nucleus; Ic, internal capsule; Pu, putamen; Fx fornix; Ac, anterior commissure; BST, bed
nucleus of stria terminalis; GP, globus pallidus; VP, ventral pallidum; NAc, nucleus accumbens; SA, subcallosal area; Ot, olfactory tract; Cl,
claustrum; PMOI, posteromedial orbital lobule)
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Fig.3 Nissl-staining of the section used for brain atlas reconstruc-

tion.

Histological sections included in this partially reconstructed

brain atlas provided the excellent preservation of area-specific cyto-
architecture of cerebral cortex; Brodmann area 32 was discriminated
by the presence of large pyramidal neurons in deep layer lll and

spiny stellate neuron in layer 1V in cadaver brain.
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of stereotactic human brain atlas
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An ideal human brain atlas must provide the universal coordinates of standard healthy brain. Morphology of human
brain contains considerable inter-individual variety; however, the classical human brain atlases have been made from a
limited number of materials. A large organ such as human brain is subject to mechanical deformation and the produc-
tion of stereotactic human brain atlases is still time-consuming and needs special instruments, environments and skills.
To achieve both the spatial consistency and high histological quality for stereotactic human brain atlases, we have estab-
lished a novel technique for constructing the stereotactic brain atlas using a formalin-fixed cadaver brain of the Japanese,
blade-oscillation microslicing and digital imaging techniques. Our method enabled the accurate reconstruction of human
brain histological slices with the three-dimensional consistency necessary for the stereotactic atlases of human brain, as
well as the successful preservation of original macroscopic shape and cytoarchitecture.

Keywords: Human brain atlas; Histological section; Stereotactic functional neurosurgery
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Research on the human brain has undoubted significance, but our knowledge on its detailed morphology
is still limited. We have developed a simple method for reconstruction of large-sized brain tissues of
the human. Fixed brains were cut into blocks (maximum size 7 cm x 7 cm x 1cm), embedded and post-
fixed in gelatin just one overnight before obtaining complete serial sections with a vibrating microtome.
Quality of stained materials was sufficient to create three-dimensional histological maps, where digital
reconstructions from adjoining blocks could be accurately combined. The present method will facilitate
both direct examination of the human brain and construction of its histological database.

© 2010 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

1. Introduction

Most neuroscientists in any research field would agree that one
of the ultimate goals of our study is to know the human brain even
though we do not directly handle it. Animal experiments are thus
designed to address various issues through the sophisticated meth-
ods that are difficult to conduct in humans, and the obtained results
are expected to be applied to the human nervous system. However,
structures of the brain show substantial interspecies differences
such that even non-human primates have the brains that are differ-
ent from ours (Foxman et al., 1986; Caminiti et al., 2009). Therefore
some cautiousness is necessary when one interprets animal data
in relation to human brain functions in either normal or patho-
logical condition. In this context there is a critical problem that
quantity of our knowledge about brain anatomy shows profound
differences between humans and experimental animals. The vast
majority of modern neuroanatomical studies have been executed
in animals, whereas structural details in many anatomical regions
of the human brain still remain in the range of what were described
in classical studies. Therefore more investigations are necessary to
illuminate the internal architecture of the human brain in light of
the recent findings in other fields. The rapid progress in functional

* Corresponding author. Tel.: +81 92 642 6053; fax: +81 92 642 6059.
E-mail address: fukuda@a3rd.med.kyushu-u.acjp (T. Fukuda).

imaging studies particularly requires updating our knowledge on
human brain anatomy.

One practical reason for the difficulty in investigating human
brains would be their extraordinary large size. For an in-depth
analysis of a particular anatomical region, observations of serial
sections covering its entire field as well as its surround are essen-
tial. However, for that purpose a huge microtome and exceptionally
large slides must be prepared, an extremely long period is nec-
essary for dehydrating and embedding large brain blocks, and
the proficiency in craft works of a rather old-fashioned style is
another requirement. All these conditions are incompatible with
modern laboratories where mouse brains are most frequently used.
Although a few big projects aiming at preparing serial frozen sec-
tions from the whole cadaver such as Visible Human Project are
in progress, a large amount of funds as well as specially made
machineries are prerequisite. These circumstances would lead to
few opportunities of detailed examination of human brain struc-
tures despite the availability of the materials; most traditional
medical schools would have the donation program for cadavers
used in their education of gross anatomy. We therefore intended to
develop a simple method that enables researchers in conventional
anatomical laboratories to prepare and analyze complete serial sec-
tions of the human brain covering large region of the brain. The
obtained histological specimens had sufficient quality to construct
image database of the human brain at the light microscopic level
that cannot be prepared by radiological methods.

0168-0102/$ - see front matter © 2010 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

doi:10.1016/j.neures.2010.03.005
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Fig. 1. Embedding of the brain block into gelatin. (A) The block is soaked in gelatin solution and lightly depressurized to replace the air trapped in the deep part of the tissue
with gelatin. (B) The brain block is laid on a 3 mm-thick layer of gelatin that was hardened and immobilized beforehand through the MAGICTAPE® (arrow) stuck on the metal
stage, then gelatin solution is poured over the whole block. (C) The reference tracks are made into the surrounding gelatin by applying India ink through the vertical needle.

2. Materials and methods
2.1. Subject

A brain of a cadaver, 89-year-old male Japanese, was used in the present study.
The cadaver was donated to Kyushu University Faculty of Medicine by the donation
scheme of cadavers, ‘Shiragiku-Kai (White Chrysanthemum Society)’, that includes
the understanding and written consent of each member of the Society. The doc-
umented acceptance of the storage of histological materials was further obtained
from the bereaved family. The conventional procedures of preparing materials for
gross anatomy practical course were performed. Thus 5 litters of 10% formalin were
injected through the femoral artery, the body was left untouched for 12h, then
immersed in an alcohol solution (Solmix H-11) for several weeks. Thereafter the
body was stored at 4 °C before use in the practical course for medical students. The
brain was removed during the course and stored at 4°C in phosphate-buffered saline
containing 0.1% sodium azide. After removing the arachnoid membrane the whole
surface of the brain was scanned by a non-contact 3D digitizer (VIVID910, Konica
Minolta, Sakai, Japan). By this method the shape of the brain was accurately mea-
sured and digitally stored before histological preparations. Subsequently the brain
was sagittally cut into two halves and each hemisphere was embedded in 10% agar.
Using the specially designed brain-cutting tool (Visceracut VC-600, Meiko Medical,
Munakata, Japan), the brain embedded in agar was cut into serial coronal slices, each
1 cm in thickness.

2.2. Embedding procedures

The surrounding agar and the remaining membranous tissues and blood ves-
sels on the surface of the slice were carefully removed under operation microscope.
As the maximum size of histological sections available in the present method was
7 cm x 7 cm, each slice was further divided into 2 or 3 blocks when necessary. The
block was soaked in 10% gelatin (~40°C) and lightly depressurized to replace the air
trapped in the deep part of the tissue with gelatin (Fig. 1A). In order to cut complete
serial sections from the whole block, tissues were embedded in gelatin as follows
(Fig. 1B): adhesive tapes with hook and loop fasteners (MAGICTAPE®; Kuraray,
Osaka, Japan) were applied on the metal surface of the sample stage (7 cm x 7 cm)
of the microtome, a 3 mm-thick layer of gelatin was poured and hardened on the
MAGICTAPE®, tissue block was laid on it, then gelatin solution was again poured
over the tissue block. The entire tissue was thus put inside the gelatin that was made
immobile on the sample stage, and the serial sectioning was continued until tissues
at the bottom surface of the block were collected. To make reference tracks for recon-
structions a 23G needle attached to a tuberculin syringe was vertically penetrated
into the surrounding gelatin (but not inside the tissue) at 4 points using stereo-
taxis manipulator (Narishige, Tokyo, Japan) and applying India ink. The gelatin block
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was further hardened by fixation with 4% paraformaldehyde in phosphate-buffered
saline overnight before sectioning.

2.3. Histology

Serial sections were cut with a vibrating microtome (DTK-3000W, Dosaka,
Kyoto, Japan) at 100 pm thickness. Each fourth section was mounted on a slide
coated with gelatin and chromium alum, dried and processed for Nissl staining
using thionin. To improve staining quality, the following procedure that removes
lipid by mimicking paraffin embedding was effective (Fukuda et al., 1993): sections
were dehydrated with ascending ethanol, cleared in xylene, then rehydrated before
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Fig. 2. Deformity-free preparation of the serial sections. The distance between
the reference tracks was measured in individual sections and compared along the
rostral-caudal position of the sections. Both the distances between each pair of the
4 tracks (bottom) and the sum (perimeter of the square; top) are kept constant
throughout the serial sections.
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use in Nissl staining. Neighboring sections were treated with 0.2% osmium tetrox-
ide to visualize myelinated structures that facilitated identification of the tissue
architecture.

2.4. Analysis

Images of stained materials were digitized by a scanner (GT-X970, SEIKO EPSON,
Nagano, Japan) attached to a personal computer (NetVista, IBM Japan, Tokyo, Japan)
and stored in TIFF format. The distance between the reference tracks in each sec-
tion was measured by an application Image] (NIH). The tissue architecture was
reconstructed three-dimensionally by tracing the contours of different anatomical
structures inside individual sections with a computer-assisted neuron tracing sys-
tem (Neurolucida, MicroBrightField, Williston, USA). Reference tracks were used to
align consecutive sections. Three-dimensional view of the reconstructed materials
was made possible by the Neuroexplorer Solid modeling module (MicroBrightField).

3. Results

3.1. Preparation of complete serial sections in a short period with
the least deformity

Embedding tissues in gelatin and cutting them with a vibrating
microtome obviated several difficulties in preparation of histolog-
ical materials from the human brain. It took just one overnight to
embed a large block before cutting, and complete serial sections
could be obtained on the following day. This is contrasted with the
conventional paraffin or celloidin preparations that require long
dehydration procedures lasting weeks to months for large blocks.

The combination of gelatin embedding and use of a vibrating
microtome also had advantage in accurate sectioning. Dehydra-

Fig. 3. Light micrographs showing the quality of the staining. (A) Low-power view of the cortical area 4 of Brodmann located in the dorsal part of the precentral gyrus. The
position of the tissue inside the original brain is shown by a yellow triangle in Fig. 6. Giant pyramidal cells of Betz (arrows) are seen in layer V, some of which are enlarged
in C. The more superficial region around the border to layer Il (left box) is shown in D. (B) The postcentral gyrus characterized by the presence of well-developed layer IV,
part of which is enlarged in E. (C) Enlargement of the giant pyramidal cells of Betz shown in (A). Lipofuscin granules (arrowhead) are highly accumulated inside the cells.
(D) Pyramidal cells of medium to relatively large size are shown by arrows. (E) Enlargement of the upper part of layer IV in B. Arrowheads indicate small, presumptive spiny
stellate cells. A pyramidal cell of a large size is located at the bottom of layer IIl (arrow). (F) The border between area 4 and area 6. Giant pyramidal cells of Betz (arrows) in
area 4 disappear abruptly at the border toward the neighboring area6 where agranular laminar pattern is similar to that in area 4. (G) Enlargement of giant pyramidal cells
(arrows) in a boxed region in F. Scale bars: 1 mm (A, B, F); 50 wm (C-E, G) (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.).
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Fig. 4. Light micrographs showing the staining quality in subcortical structures. (A) Low-power view of the region around the accumbens nucleus (NAc). Other structures are:
iCj, islands of Calleja; RMS, rostratory migratory stream that could be traced in serial sections to the olfactory tract; LV, lateral ventricle; Ic, internal capsule; Pu, putamen; SA,
subcallosal area; EC, external capsule. The arrow at the left side indicates the nucleus of diagonal band that is enlarged in C and D. (B) Myeloarchitecture in the neighboring
section stained with osmium tetroxide. Arrow indicates the diagonal band (db). (C and D) The nucleus of diagonal band contains numerous large cells. (E and F) Enlargement
of the putamen characterized by medium-sized neurons (small arrows in F) and a much larger, presumptive cholinergic giant aspiny cell (large arrows). Scale bars=5mm (A

and B); 500 pm (C); 50 pm (D and E); 100 wm (F).

tion before the conventional embedding procedures unavoidably
causes shrinkage of the block and the resultant deformity due to the
anisotropy in shrinkage. Gelatin embedding in the present method
could skip this process. Moreover, as shown in Fig. 2 it also mini-
mized the deformity after cutting. The distances between reference
tracks were measured in each section, and the coefficient of varia-
tion (standard deviation/mean) was calculated in individual blocks.
The distances were found to be kept constant throughout the series;
the coefficient was at quite low levels (0.005-0.01, mean 0.008;
n=10 blocks).

3.2. 3D reconstruction from serial sections

Thickness of sections was optimized to 100 um in order to
obtain serial preparations. This relatively large thickness did not
affect observations of the cytoarchitecture that is unique to and
indispensable for the identification of each anatomical region. For
example, specific laminar patterns of various neocortical areas
could be distinguished (Fig. 3), and the presence of character-
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istic neuron populations was recognizable in different nuclei
(Fig. 4).

Based on the accuracy and quality of the tissue prepara-
tion, structures contained in serial sections were traced for
3D-reconstructions by using the computer-assisted system (Fig. 5).
As seen in Fig. 5A, the reconstructions had smooth surfaces with-
out any corrections of the traced data. When 1 cm-thick slice had
been cut into 2-3 blocks before microtome sectioning, recon-
structions from these blocks could be put together to recover the
original 1-cm thick slice without the necessity of scaling (Fig. 5B,
Supplementary Fig. 1). As the data were stored in a digital for-
mat, the complicated 3D morphology of the internal structures
such as basal ganglia (Fig. 5C) was observable in different view-
ing angles (Fig. 6). The 3D view of the recovered slice was then
compared with both the non-contact 3D digitizer model and the
photograph of the hemisphere to know its original position within
the brain. Correspondence of gyri and sulci between the recon-
structions and the original brain was recognizable as in Fig. 6.
As the digital files for reconstructions are composed of numer-
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Fig. 5. Reconstruction from the serial sections. (A) Computer-assisted tracings of a brain block near the central sulcus are reconstructed and viewed from different angles.
Note smooth surfaces of the reconstructed images that are free from correction of the original tracing data. (B) A composite image of the three reconstructions (Supplementary
Fig. 1) that are put together without scaling. (C) Enlargement of a part of (B), indicating various internal architecture: AC, anterior commissure; BST, bed nucleus of stria
terminalis; Cd, caudate nucleus; Cl, claustrum; Fx, fornix; GP, globus pallidus; Ot, olfactory tract; PMOI, posteromedial orbital lobule; VP, ventral pallidum. Other abbreviations

as Fig. 4. Scale bars: 1 cm.

ous spatial points having 3D coordinates, calculation of the best
fit between these data and the coordinates within the 3D digi-
tizer model is possible, which is now in progress (Morooka et al.,
2009).

4. Discussion

The present study has established a simple method for prepar-
ing serial sections of large-sized brain tissues of the human.

Combination of gelatin embedding and use of a vibrating micro-
tome has led to both shortening of time for tissue preparation
and minimizing the deformity of the specimens. The obtained
sections were processed for Nissl staining that is the standard
method for identifying tissue structure of the brain, for which
the present materials had enough quality. Moreover, even such a
simple staining method has revealed unique tissue architectures in
the basal forebrain that was quite different from those in rodents
(our unpublished observations).
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3D digitizer

original brain

Fig. 6. Correspondence of the reconstructions and 3D digitizer model with the original brain. The same sulci and gyri are shown by the same arrows and symbols, respectively.
Yellow large arrows indicate the central sulcus. Reconstructions shown on both sides of the figure are the images viewed from different angles. Yellow triangles on top of
the reconstructions are located in the dorsal part of the precentral gyrus and correspond to the site of light micrograph in Fig. 3A. Scale bar: 1 cm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

The material used was not processed systematically for
immunohistochemistry, as the conventional procedures for gross
anatomy course at our institute are not necessarily appropriate for
it. However, specific immunostaining was obtained for methionin-
enkephalin in our preliminary study on a large specimen containing
both the dorsal and ventral striatum. The present method will be
applicable to immunohistochemical examinations of various neu-
roactive substances as far as the condition of the tissue is well
preserved, and in that case immunohistochemistry will be possible
over the large-sized nuclei of the human brain.

There might be some arguments on the possible postmortem
change in the gross morphology of the brain. Deformity of this type
will more or less happen in conventional autopsy cases, because in
pathological examinations the untreated, soft and fragile brain is
removed from the skull and is fixed thereafter by immersing itina
solution for a long period. By contrast, the postmortem deformity
in the present method is thought to be minimum, as the structure of
the whole body was preserved by perfusion of the fixative from the
femoral artery and tissues were thus hardened with formalin in situ.
As aresult the gross morphology of the whole cadaver including the
brain was well preserved when dissection.

Obtained materials can be scanned and stored as digital image
files at the light microscopic level that can never be provided by CT
or MRI data. The image database can be used for three-dimensional
reconstructions of the human brain and further for development
of histological reference maps applicable to modern neurosurgical
treatments. The deep brain stimulation in particular is now tar-
geting more confined regions for broader disease spectrum than
currently executed (Miyagi et al., 2009), thus requiring more pre-
cise knowledge on finer anatomy (Miyagi et al., 2007). The present
method will be able to provide the database for reconstructing the
digitized brain of the human that can be applied to brains of indi-
vidual patients by using the best algorism of non-rigid deformation
(Morooka et al., 2007).
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Abstract—The purpose of this paper is to construct a brain
simulator for the establishment of safe and accurate functional
neurosurgery. Classical human brain atlases lack in universality
and 3D-consistancy because of limited number of human brain
materials. Using the digital imaging technique and micro-slicing
technique, we have developed a novel method to construct the
stereotactic brain atlas of human with the successful preservation
of both histological quality and stereotactic accuracy. This
method enables the stereotactic brain atlas of the specific
populations, such as race and disease, and enables tailor-made
neurosurgery. Japanese specialized for functional neurosurgery.
In this project, we are going to extend the stereotactic brain atlas
into the universal and multipurpose brain simulator. The future
role of this brain simulator is to work as a knowledge database in
relation to the local structure of the human brain and as a core of
computational anatomy in neuroscience.

I. BACKGROUND

The increase in stereotactic and functional neurosurgery in
Japan has urged us to develop an ideal human brain atlas,
especially specified to the Japanese. An ideal brain atlas must
provide the universal coordinates of standard healthy brain,
however, the morphology of human brain inevitably contains
considerable inter-individual variety while the classical human
brain atlases have been made from limited number of brain
materials [1], [2]. Only a simple magnification in each axis is
a rationale to apply an atlas to individual patient (Fig.1), apart
from tailor-made surgery. Probabilistic functional atlas [3]
includes a postoperative surgical result of large population and
probable distributions of only three functional targets (internal
segment of globus pallidus, subthalamic nucleus and nucleus
ventrointermedius of thalamus), which may suggest a tentative
coordinates for stereotactic functional neurosurgery. Actually,
however, what we need is a clear boundary of functional
target structure but not probability in individual clinical
practice. The tailor-made neurosurgery can be achieved in a

true sense, only when the atlas could be deformed to fit to the
individual brain. Furthermore, stereotactic functional
neurosurgery is increasingly being introduced to wider range
of neural circuit disorders; therefore, all basal ganglia nuclei
or neural fibers can be a functional target in future and we
need to prepare the basis of further development of
stereotactic and functional neurosurgery. Lastly, not only
macroscopic, but also a microscopic histology is prerequisite
for the value of brain atlas in neuroscience research.

Fig. 1. A simple orthogonal magnification of classical brain atlas

Because a large and soft organ such as human brain is
subject to a mechanical deformation, the production of
stereotactic human brain atlases is still time-consuming and
needs special instruments, environments, manpower and skills.
To achieve both the 3D-consistency and high histological
quality for stereotactic human brain atlases, we have
established a novel method using a formalin-fixed cadaver
brain of the Japanese, blade-oscillation microslicer and
information engineering technique [4]. This method enabled
the reconstruction of histological sections of human brain with
the 3D-consistency excellent enough to make the stereotactic
atlases of human brain, as well as the successful preservation
of original macroscopic shape and microscopic features, such
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as cytoarchitecture [5]. We have extended this method in
order to construct a brain simulator for safe and accurate
functional neurosurgery. Neuroscience researches, such as
neural circuit simulator or computational modelling, will
further develop explosively when they have the organic link to
the neuroanatomical knowledge database made by Brain
simulator as a platform.

II. PURPOSE

Development of multimodal brain atlas is one of top agendas
in neuroscience research [6]. The purpose of this project is to
construct a brain simulator for the establishment of safe and
accurate functional neurosurgery. In this sense, the following
specific goals are raised in each step towards the construction
of brain simulator.
1. To promote efficiency in constructing histological atlas
from the whole brain from a Japanese
2. To develop non-rigid deformation of brain atlas tailored
to individual patient
3. To promote data collection form MR images and the
extraction of the deformation parameters
4. To register the functional data in each coordinate of the
atlas
5. To simulate the functional and mechanical response to
trauma, edema, surgical maneuver.

III. PLAN
A. Construction of Histological Brain Atlas

We have applied a digital imaging technique and blade-
oscillation microslicer to the construction of stereotactic
histological brain atlas of human. Namely, the surface of a
cadaver brain of a Japanese male was scanned by non-contact
3D-digitizer (VIVID910, Konica Minolta Inc., Japan) and
integrated in one surface model as a digital data [4].

3D-digitizer

verification 1

r

anual tracing ~ 3D-reconstruct

Fig. 2. A method of 3D-reconstruction of the histological sections of the
Japanese male brain

The brain was divided into coronal blocks perpendicular to
the intercommissural line by brain-cutting machine (VC-600,
Meiko Medical Ltd., Japan) and sliced into histological

sections using blade-oscillation microslicer (DTK-3000W,
Dosaka-EM, Japan).

Histological sections were stained with Nissl- and Myelin-
stain and they were scanned into bitmap format. After the four
fiducial markers in gelatin frame were used for coregistration
of section images slice to slice within a block, the surface
contours, ventricles and major subcortical neural structures in
the images were manually traced using 3D neuron
reconstruction software, Neurolucida (MicroBrightField, Inc.,
USA) (Fig.2) [4],[5].

B. Construction of Computational Brain Model

Multiple T1-weighted MR brain images of normal volunteers
of various ages (control) and movement disorders (dystonia or
Parkinson’s disease) are separately converted into brain
models and the boundaries of subcortical structures visible on
MR, such as white mater, ventricle, caudate and putamen, are
manually traced using Neurolucida and reconstructed into one
3D model. In control and disease group (dystonia and
Parkinson’s disease), the regional atrophy ratios are calculated
and registered to the coordinates of histological brain atlas.
The regional atrophy ratio will be later used for the parameters
of individual deformation of standard histological brain atlas.
Furthermore, the material data and functional data reported
elsewhere in the literatures will be registered to the
coordinates.

Integration of
multiple brain model

A A2
: Material Data o ?"'
Standard Histological from Literature Computational
Brain Atlas model

Fig. 3. A method of construction of computational brain model

C. Construction of Brain Simulator

Once a computational brain model is established, the model
can be extended to work in almost all fields of neuroscience.
To use a model as a simulator, the following 4 functions
should be prepared; 1) tailor-made deformation to fit
individual brain image, 2) anatomical platform for neural
circuit model to predict a therapy effect, 3) navigation system
for neurosurgery to overcome intraoperative deformation, 4)
registration of functional data as an updatable storage. These
functions enable us to use computational brain model directly
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