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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 Tobimatsu4 ~ 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. Our 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; [, 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 Il 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 Il and

spiny stellate neuron in layer IV in cadaver brain.
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Application of digital imaging technique for the construction
of stereotactic human brain atlas
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Abstract: 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 7cm x 7 cm x 1c¢m), 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

Keywords:
Human brain

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.

Atlas © 2010 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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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.ac.jp (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.
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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 12 h, 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 wm 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.



