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Preface

The field of stereotactic functional neurosurgery for the treatment of patients with chronic
therapy-resistant functional brain disorders has made significant progress due to better knowl-
edge of the anatomy and physiology of brain networks implicated in the different pathologies.
The surgical approaches, whether through chronic stimulations or therapeutic lesions, are directed
at retuning dysfunctional brain systems, with targets aimed mostly at pallidal, prethalamic,
or thalamic levels.

For all surgical interventions, the identification of the target and its precise anatomical
localization are most important to obtain durable and consistent results, with low risks for side-
effects. Accurate anatomical localization is even more mandatory in case of neuroradiologically
guided surgery where there is no physiological verification of the target (e.g., radiosurgery).

In spite of the progress in magnetic resonance image (MRI) resolution for guiding
stereotactic neurosurgery, the precision of the targeting, in particular in the thalamus and
subthalamic area, still depends on the quality of the anatomical atlas used to determine the
three-dimensional target coordinates. The necessity to develop a new atlas based on multi-
architectonic parcellation and integrating high spatial resolution and stereotactic precision
motivated our work for the last fifteen years.

The first atlas focused on the thalamus was published in 1997 and was the first step toward
our goal. The present book is an extension of the atlas to the basal ganglia, with complementary
information related to fiber tracts, interindividual variability and MRI correlations, which we
hope will contribute significantly to the establishment of the anatomical framework indispen-
sable for stereotactic neurosurgery and neuroimaging.

Anne Morel
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1 | A New Anatomical Framework for
Stereotactic Functional Neurosurgery
and Neuroimaging?

The importance of the thalamus, basal ganglia and related cortical networks in sensory, motor,
cognitive and emotional experiences is well recognized. The complexity of the circuitry is far from
being fully comprehended, although great progress has already been made through recent
developments in all fields of neuroscience, whether experimental or clinical. In the clinical
environment, the increasing number and accuracy of noninvasive methods for exploring the
human brain provide insights into normal as well as pathological conditions. Knowledge of the
location of the cerebral insult and/or the system affected is of prime importance not only to
determine the cause of the disorder, but also for surgical interventions aimed at removing or
modulating abnormally functioning brain structures. In surgical treatment of chronic functional
disorders [e.g., Parkinson’s disease (PD), neurogenic pain], deep brain structures such as the
thalamus and basal ganglia are reached stereotactically, with procedures allowing the surgeon
to selectively target an anatomically defined nuclear or fiber system (Fig. 1 in chap. 7). Today,
stereotactic surgery is generally guided by magnetic resonance imaging (MRI) to plane elec-
trode trajectory and transfer target coordinates defined on an anatomical atlas onto individual
patients brain images, using a common 3D stereotactic reference system. Recent progress in
MRI resolution allows better visualization of some structures of interest as well as anatomical
landmarks in the vicinity of the target. In particular, visualization of major subdivisions of the
basal ganglia (striatum and pallidum) and more recently, of the subthalamic nucleus (STh) in
specific MRI sequences has lead more neurosurgeons to rely on these images to directly target
the internal pallidum or STh in patients undergoing stereotactic surgery for PD (1-4). MRI meas-
urements (automated or manual) also are useful to study large samples of the whole thalamus
or particular nuclei (e.g., pulvinar and mediodorsal nuclei) in controls as well as in pathological
cases, such as in schizophrenic subjects (5-7). Nevertheless, these images give only approxi-
mate contours of some of these structures, such as for the ventral limit of the STh with adjacent
substantia nigra (SN). Furthermore, fine histological structures such as precise delimitation of
individual nuclei in the thalamus or anatomo-functional territories in the basal ganglia are still
beyond MR image resolution. One has still to rely on indirect targeting, that is, by transfer of
detailed histological maps obtained from 3D anatomical atlas onto individual patients’” brain
images. Accurate anatomical localization in the field of stereotactic surgery reduces operative
time and, thus, the hazard of complication by minimizing the tissue volume to be explored
physiologically for final identification of the target site. Anatomical and stereotactic precision is
even more critical in cases of radiosurgery [e.g., gamma knife radiosurgery (8-11)] or other
neuradiological approaches where there is no electrophysiological verification of the target.
These interventions also require evaluation of the degree of interindividual anatomical variabil-
ity of subcortical structures, which can be adequately performed only when the different brains
are cut stereotactically, thus minimizing the risk of under- or overestimating interindividual
anatomical variations. Stereotactic atlases are needed not only for precise targeting in functional
neurosurgery, but also for accurate projections of peroperative physiological data (stimulations,
microelectrode recordings) (12-17), localization of therapeutic lesions or high frequency

aParts of this study were published elsewhere in Refs. 39 and 44.



2 Chapter 1: Stereotactic Functional Neurosurgery and Neuroimaging

stimulation (HFS) sites (18-20), localization of vascular damages (21-22), or diffusion tensor
imaging (DTI) data (23-24).

There have been a number of anatomical atlases of the human brain devoted to the
thalamus and neighboring structures, from early morphometric analyses of nuclear boundaries
to topometric presentations in relation to brain sizes and measurements (25-28). These are
reviewed in a recent chapter on the human thalamus (29). In modern stereotaxy, the atlas of the
human thalamus by Schaltenbrand and Wahren (26) has been, and still is, widely used for deep
brain mapping and surgical targeting. It is focused on the thalamus and subthalamic areas, but
also contains partial maps of the basal ganglia. The atlas is based on three series of maps drawn
on the basis of the cytoarchitecture and transferred onto photomicrographs of myelin stained
sections, with more than 120 delimited nuclei and abbreviations derived from Hassler’s
terminology (30). The Schaltenbrand and Wahren atlas, however, has limitations in stereotactic
precision (the three series are not orthogonal to each other) and anatomical resolution (uneven
and coarse spacing between the slides) (31). The nomenclature is difficult to relate to the
terminology used in nonhuman primates where large amounts of data provide the anatomo-
functional framework for understanding many aspects of human brain function and dysfunc-
tion. In the more recent atlas of the human brain by Mai et al. (32), series of drawings from the
thalamus and basal ganglia are presented only in the coronal plane and illustrated, as in the
Schaltenbrand and Wahren atlas, by the myeloarchitecture.

Because of the drawbacks of existing atlases and to take advantage of new staining
procedures for the refinement of thalamic and basal ganglia parcellations, we developed a new
atlas of the human thalamus and basal ganglia with the main objective of combining both high
anatomical resolution and stereotactic precision. To this aim, the following steps were taken:

1. Use of multiple architectonic criteria to define nuclear thalamic boundaries and anatomo-
functional basal ganglia subterritories similar to those in nonhuman primates (33-43), thus
providing indirect information on anatomo-functional pathways in the human brain.

2. Apply a nomenclature close to that used in nonhuman primates in order to ease comparisons
with the rich amount of data amassed in the last decades. The importance of a unifying
terminology has been first proposed by Jones et al. (44—46) on the basis of multiarchitectonic
equivalent definition of thalamic nuclei in the two species.

3. Provide high spatial resolution and stereotactic precision by presenting series of maps at
close and regular intervals, in planes orthogonal to each other with the intercommissural
plane as stereotactic reference plane.

4. Correlate atlas maps to postmortem MRIs to provide a basis for recognizing structures of
interest and landmarks in “in vivo” MRIs.

5. Evaluate interindividual anatomical variability “in vitro” by comparing atlas maps from
different brains and “in vivo” by overall thalamic or basal ganglia MRI measurements.

With these objectives, we hope to provide the neuroscience community with a new
anatomical basis for research and clinical applications.



2 | Material and Methods

AUTOPSY MATERIAL

This study is based on postmortem examination of seven autopsy brains provided by the
Department of Neuropathology at the University Hospital Zurich. All brains were from normal
subjects, with no history of neurological disease or pathological signs at autopsy. Ages of
subjects ranged between 46 and 74 years and postmortem delays were between 4 and 24 hours
(Table 2.1). Six of the brains had already been used for another atlas study (47) and neurochemi-
cal compartmentalization of the human basal ganglia (48). In one case (Hb?7, Table 2.1; Fig. 2.3),
stereotactic 3D magnetic resonance images (MRIs) were acquired with a 3-Tesla scanner (Philips
Corp.) (see protocol below). An additional brain provided by the Department of Anatomy was
used for correlation with high resolution proton density 3-Tesla MRI (see protocol below).
However, because of the lack of informations on the history of the subject (age, gender, cause of
death and postmortem delay), this case was not included in the atlas study per se.

BLOCK PREPARATION AND SECTIONING

After excision, whole brains were first immersed in a fixative solution containing either 4%
paraformaldehyde (PAF) in 0.1 M phosphate buffer (PB) at pH 7.4 for 7 to 15 days (four brains,
Table 2.1) or in 10% neutral formalin for few weeks to several months (three brains, Table 2.1).
In two cases (including Hb7, Table 2.1), a series of MRIs of the whole brain in stereotactic planes
were obtained from a Philips 3-Tesla at the University Hospital Department of Neuroradiology
after 10 days of PAF fixation (Hb?7) or after one year fixation in formalin 4%. Before blocking, the
brain was cleaned by gently removing the arachnoida, then placed on a Plexiglas plate with the
interhemispheric plane aligned on the axis of the guillotine knife (Fig. 2.1). This guillotine was
manufactured at the University Hospital. The following steps were taken for cutting the brain
into blocks containing the thalamus and the basal ganglia:

1. Interhemispheric section.

2. Each hemisphere was placed on its interhemispheric face on the plexiglas plate and a
mirror was used to align the centers of the posterior (pc) and anterior (ac) commissures
on a line engraved on the plate (Fig. 2.1A,B). The centers of the commissures, instead of
the superior edge of the ac and of the lower edge of the pc as used by some others
(26,49), were chosen as less variable between individuals.

3. Two cuts were made orthogonal to this axis in coronal planes by moving the knife 8 to
15 mm posterior to the pc and 5 to 10 (for thalamic blocks) to 30 mm (for thalamic and basal
ganglia blocks) anterior to the ac.

4. A similar procedure was used to make cuts in the horizontal plane, one 25 mm dorsal and
the other 10 to 15 mm ventral to the ac—pc plane.

5. The last cut was made by aligning the block along the midsagittal plane and moving the
knife 40 mm lateral.

The blocks thus obtained varied in size, from ~55 cm? for the thalamic atlas, to ~95 cm? for
the thalamus and basal ganglia atlas (Figs. 2.1-2.2). Each block contained the two commissures
(ac and pc), the thalamus, subthalamic nucleus and for the basal ganglia atlas, also the striatum,
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Chapter 2: Material and Methods 5

pallidum, and part of the substantia nigra. The blocks were postfixed in PAF 4% for one to three
days (seven blocks) or in 10% formalin (six blocks), then transferred in progressively increasing
sucrose concentrations (10%, 20%, and 30%) in 0.1 M PB over two to three weeks for cryoprotec-
tion. All but four blocks were then frozen by immersion in isopentane (-30°C) and then stored
at =75°C. The blocks were sectioned in a cryostat, with section thicknesses varying between
40 and 50 um. Six to nine adjacent series were collected in 0.1 M PB; some series were trans-
ferred in a cryoprotectant solution and stored at —20°C for later processing. In all cases,
two adjacent series were stained for Nissl with cresyl violet and for myelin with a modified
Heidenhain procedure applied to free-floating or mounted sections (50,51). Three additional
series were immunostained with antibodies directed against the calcium-binding proteins
(CaBP) parvalbumin (PV), calbindin D-28K (CB), and calretinin (CR), and in few cases also
with antibodies against tyrosine hydroxylase (TH) (Table 2.1). In the cases with relatively short
PAF fixation, additional series were processed for acetylcholinesterase (AChE) with a modified
Koelle-Friedenwald method (52,53) or immunoreacted against the nonphosphorylated neuro-
filament protein (with SMI-32).

IMMUNOCYTOCHEMISTRY

Immunocytochemical procedures were similar to those described previously (47,48). Prior to
exposure to antibodies, some series were pretreated 10 min in a microwave in a 4% aluminium
chloride solution (54) to improve antigen retrieval in formalin stored sections. All series for
immunocytochemistry were preincubated 10 min in 1.5% H,O, to remove endogenous peroxi-
dase activity. After several rinses in phosphate buffered saline (pH 7.4), sections were incubated
48 hours at 4°C or 24 hours at room temperature in primary antibodies (dilutions 1:1000 to
1:5000, depending on the antibody and tissue fixation), 2% normal horse or goat serum, and
0.2% triton-X-100. The antibodies used were mouse monoclonal directed against PV or CB
(SWant, Bellinzona, Switzerland; or Sigma, St. Louis, Missouri, U.S.A.), rabbit polyclonal against
CR (SWant), mouse monoclonal against the nonphosphoneurofilament protein (SMI-32,
Sternberger Monoclonals Inc., Lutherville, Maryland, U.S.A.) and mouse monoclonal against
TH (Boehringer, Mannheim, Germany). After several rinses, sections were then incubated 30 to
60 minutes at room temperature in biotinylated secondary antibodies (1:200, Vector Laboratories,
Burlingame, California, U.S.A.) and stained with the avidin-biotin complex (ABC) immuno-
peroxidase method (Vectastain Elite kits, Vector Laboratories). The reaction was visualized with
3,3’-diaminobenzidine tetrahydrochloride as chromogen, diluted 0.05% in 0.05 M Tris-saline
(pH 7.7) and 0.001% H,O,. For TH immunostaining, the reaction was enhanced with 0.1% nickel
ammonium sulfate. Sections were then washed thoroughly and immediately mounted on
gelatin-coated slides, dehydrated, and coverslipped. As controls, the primary antibody was
omitted while the rest of the procedure remained the same.

DATA ANALYSIS

Contours of Nissl stained sections were drawn with a Wild stereomicroscope (Leica) equipped
with a camera lucida, or traced on scanned images of the sections using Adobe Photoshop
and Illustrator. Then, adjacent sections were superimposed using contours and blood vessels.
Myelin stained sections were most helpful to delimit pallidal segments (GPe and the two
subdivisions of GPi) and delineate prethalamic fiber tracts, particularly the pallidothalamic
tract [comprised of the ansa lenticularis (al), the fasciculus thalamicus (ft) and lenticularis
(f1)], the cerebellothalamic tract [fasciculus cerebellothalamicus (fct)], and the medial lemnis-
cus/spinothalamic tracts (ml/stt). Besides Nissl and myelin stains, the distribution of AChE,
CaBP, SMI-32 and to some extent also TH, served for the subcompartmentalization of the
basal ganglia and refined thalamic nuclear delimitation. A more detailed analysis of the
distribution of different markers was obtained at higher magnification with a computerized
plotting system (Neurolucida, MicroBrightField Inc., Colchester, Connecticut, U.S.A.). Camera
lucida drawings of the sections were digitized on a graphic tablet (with the Lotus Freelance pro-
gram) or scanned and processed with a vector program (Adobe Illustrator). For illustrations,
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scan images or photomicrographs captured from a Leica microscope (Leica MZ 16) and digital
camera (Leica DC 300) were adjusted for contrast and brightness with Adobe Photoshop and
transferred as computer files to the software Adobe Illustrator for production of the final
montage.

Multiarchitectonic Parcellation

Different stains were used to help define thalamic nuclei, basal ganglia subdivisions and
striatopallidal compartmentalization, as well as fiber pathways. In previous studies from our
group (47,48), the cytoarchitecture and differential distribution of calcium-binding proteins
were described in detail for the thalamic nuclei, while additional criteria were used for the
compartmentalization of the basal ganglia, such as the distribution of the nonphosphorylated
epitope of neurofilament protein with antibody SMI-32 and that of acetylcholinesterase (AChE).
This atlas is an extension of these studies, with additional architectonic criteria for both the
thalamus and basal ganglia, as well as a description of fiber pathways that are of significance in
the context of stereotactic surgery. The graphic maps represented in Figures 3.1 to 3.25 focus on
the thalamus and include only part of the basal ganglia, while the basal ganglia are more
completely represented in Figures 4.1 to 4.47. Altogether this atlas is comprised of a series of
maps from two different brains: two in the sagittal plane (Hb1 and Hb?, Figs. 3.14 to 3.25 and
4.23 to 4.47), one series in the horizontal plane (Hb1, Figs. 3.1 to 3.13) and one frontal series
(Hb7, Figs. 4.1 to 4.22) (Table 2.1). The latter series has replaced the previously published series
(47) as more complete and based on MRI for accurate alignment with the stereotactic plane.
Nevertheless, the frontal series from the earlier atlas (Hb2, Table 2.1) has been revised by adding
intermediate sections (intervals 0.9 between maps), part of the putamen, pallidum and SN, as
well as subthalamic fiber tracts. This series is used for evaluation of the anatomical variability
and is compared with sections from brain Hb7 in Chapter 6. Compared with the previously
published atlas (47), the series of maps presented here include additional ventral maps in the
horizontal series and lateral maps in the sagittal series, as well as complementary drawings of
basal ganglia and fiber tracts.

The description is first directed at the thalamus and subthalamic area, and second at the
basal ganglia (striatum, pallidal segments, subthalamic nucleus, substantia nigra). The two are
discussed together in terms of anatomical variability in Chapter 6.

Nomenclature

For the thalamus, the terminology follows closely that proposed by Jones et al. for humans and
nonhuman primates (44-46), introduced initially by Walker (55) in the monkey thalamus. Few
modifications were proposed to account for subdivisions not delimited in the human thalamus
previously (47). The choice of nomenclature was based on using similar criteria for thalamic
parcellation in the two species, thus easing comparison with extensive knowledge accumulated
in the last two decades on nonhuman primate thalamus, as well as of the pathophysiological
data derived from primate models of functional disorders such as Parkinson’s disease. [For
equivalence with Hassler terminology, we refer to Table 1 on p. 16 in Hirai and Jones (46)]. For
fiber tracts innervating the thalamus, we used a nomenclature derived from early anatomical
descriptions to depict the pallido- and cerebellothalamic tracts (56,57). In the basal ganglia and
adjacent structures, the nomenclature follows in part that of Heimer et al. in the human brain
(58,59) and of Parent et al. (60,61) in the monkey brain.

GRAPHIC REPRESENTATIONS

In the atlas maps presented in Figures 3.1 to 3.25 and 4.1 to 4.47, the grids indicate millimeters
“in vivo” that is, after correction for shrinkage. A shrinkage factor was evaluated in one case
from a patient suffering from neurogenic pain and operated with a medial thalamotomy, who
died from his cancer 18 months after the operation. His brain, under provision of his will, was
donated to us and processed for Nauta degeneration to analyze thalamocortical projections
from the lesions located in the medial thalamus. From the values of the intercommissural



Chapter 2: Material and Method's 7

distances (i.e., the distance between the centers of ac and pc) measured on axial peroperative
MRI and after formalin fixation and sectioning, this factor was evaluated to be 1.04. A slightly
smaller factor (1.02) was estimated by the distance measured on postmortem MRI and after
sectioning in case Hb7. Together, these measurements indicate only minimal deformation
within the plane of section. A more variable factor was evaluated for distances measured across
sections and includes a possible deformation caused by pressure of the knife during section-
ing. In case Hb7 (Figs. 4.1 to 4.47), the levels of maps first evaluated by the distances between
sections (50 um thickness) were then only slightly adjusted to fit with the corresponding MRIs.
In case Hbl (Figs. 3.1 to 3.25), the correction factor applied for distances between sections
(1.12) proved to be adequate since close correlations were found for distances measured
between sagittal and horizontal sections and a high consistency between the two hemispheres
was demonstrated in a 3D digital model (62). In terms of histological processing, sections
stained for myelin were the most affected by shrinkage due to alcohol processing and had to
be enlarged by average of 112% for overlay with Nissl sections. The recent use of a myelin
staining procedure (50) applied on mounted rather than free-floating sections improved the
fitting greatly.

On every map, a millimeter grid is adjusted to the positions of the posterior commissure
(AP0) and interhemispheric planes in horizontal sections, to AP0 and the intercommissural
plane DVO in sagittal sections, and to the intercommissural and interhemispheric planes in
frontal sections. In sagittal and horizontal sections, the midcommissural (mcl) and anterior
commissural (ac) levels are also indicated.

REFERENCE COORDINATE SYSTEM

The ac—pc reference plane is defined by the axis passing through the centers of the two com-
missures, as also used by Mai et al. (32). We estimate this measurement as more accurate in
terms of identification and correlation with the variations in forms and thickness of the ac and
pc, particularly in MRIs . The coordinates in the atlas maps are given in millimeters relative to
the position of the pc, for frontal sections (P, for posterior, A, for anterior, and AP0, for pc
level; Figs. 4.1 to 4.22), to the ac-pc plane (D-, for dorsal, V-, for ventral, and DVO for ac—pc
plane; Figs. 3.1 to 3.13) for horizontal sections, and to the thalamo-ventricular border or
interhemispheric plane (LO or L—, respectively) for sagittal sections (Figs. 3.14 to 3.25; Figs. 4.23
to 4.47). The terms horizontal and frontal correspond to axial and coronal, respectively, in
MRI domain.

MAGNETIC RESONANCE IMAGES

The MRIs in this book are from two principal sources: i) per- and postoperative examinations
from patients undergoing stereotactic surgery for the treatment of functional disorders
(e.g., Parkinson’s disease, essential tremor, neurogenic pain), and #i) autopsy brain two weeks
to several months after fixation.

For postoperative examinations, 17 stereotactic axial and 15 sagittal T1-weighted MRIs were
acquired on a 1.5-Tesla scanner (Philips) with following parameters: slice thickness 2 mm/0.2 mm
gap; FOV 30 mm; matrix 256 x 256; TE 20 ms; TR 500 ms. For lesion reconstructions, the coordi-
nates of the center of the lesions were measured on horizontal [for anteroposterior (AP) and
mediolateral (ML) coordinates] and sagittal [for dorsoventral (DV) and AP coordinates] MRIs
using the eFilm (Merge e-Film, Milwaukee, Wisconsin, U.S.A.) program. These coordinates
(“effective” lesion) were then transferred onto the atlas, where they were compared with the 3D
coordinates of the “intended” lesion. The lesion reconstructions serve for mapping physiological
data (stimulations, microrecordings) and correlation analyses with clinical outcomes. Peroperative
3D inversion recovery (IR) series (FOV 90 mm; matrix 256 x 256; 100 slices, thickness 1.6 or 2mm;
TSE factor 9; TE 13ms; TR 2000ms; acquisition voxel: 0.9/1.45/1.60 mm) were also obtained from
a group of patients for atlas-to-MR registration (62). With the 3D reconstruction eFilm module,
these images provide “in vivo” measurements of overall thalamic variations across individuals to
compare with postmortem interindividual variability evaluation (Fig. 6.5).
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In two autopsy brains, MRIs were acquired with a 3-Tesla scanner (Philips). Whole brains
were placed in a plastic bag filled with 4% PAF or formalin and fixed in the scanner with foam
pieces. For the first case (Hb7; Table 2.1), T1-weighted MRIs were acquired with the following
parameters: FOV 220 mm; 400 x 400; TSE factor 15; TR 3000 ms; TE 80; thickness 2 mm /0 over-
lap; acquisition voxel: 0.55/0.56/2.0 mm: scan time three hours). For the second case, a protocol
for high resolution proton density MRI was used: 2D multislice acquisition; FOV: 160 mm;
matrix: 528 x 528; 52 coronal and 32 axial slices; 1.25 thickness/0 gap; TR 3000; TE 24; acquisi-
tion voxel size: 0.30 x 0.30 mm (coronal) and 0.31 x 0.31 (axial); scan time five hours for each
series.



FIGURE 2.1 Guillotine procedure and bloc preparation for the thalamic atlas. (A) and (B) show a soft rubber brain
model of a right hemisphere placed on a Plexiglas plate (A) and aligned on the intercommissural plane (Hor DV0) using
a mirror (B). The guillotine knife in (A) is oriented orthogonal to this line for a section in the frontal plane (the line inter-
cepting pc level is indicated by Fro AP 0). The bloc obtained by this procedure is shown in (C) for case Hb1 (Table 2.1),
with the two axes DV 0 and AP 0 indicated by dotted lines in the diagram. Sections in case Hb1 were cut in the horizontal
(right hemisphere) and sagittal planes (left hemisphere) and the two drawings in (D) illustrate the horizontal level 4.5 mm
dorsal to intercommissural plane (D4.5) and sagittal level 7.2 mm lateral to thalamo-ventricular border (L7.2). Scale
bars: 2 cm, (R) and (B); 5 mm, (C); 2 mm, (D).
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FIGURE 2.2 Block preparation for the basal ganglia atlas (case Hb7; Table 2.1). The two hemispheres are shown
in (A) and (B) and the resulting guillotine blocs illustrated in (C) and (D). In the right hemisphere (D), the most medial
part of the thalamus cut during interhemispheric section was placed again on the bloc to assess the positions of the
two commissures. Examples of sections stained for AChE and cut in the frontal plane 17 mm anterior to pc and in the
sagittal plane 14 mm lateral to interhemispheric plane (12 mm from thalamo-ventricular border) are illustrated in (E)
and (F), respectively. Scale bars: 10 mm, (A) and (B); 5 mm, (C-F).
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FIGURE 2.3 3-Tesla T1-weighted MRIs acquired from case Hb7 (Table 2.1) in (A) sagittal (12 mm lateral to inter-
hemispheric plane) and (B) frontal stereotactic planes. The positions of the two commissures on midsagittal plane are
shown in lower inset in (A). Anteroposterior levels of the frontal sections are indicated in millimeters anterior to pc
(AP 0) level. Drawings of the thalamic and basal ganglia structures are superimposed onto the MRIs. The ac—pc distance
is 25 mm postmortem corresponding to 26 mm “in vivo.” Scale bars: 5 mm.

FIGURE 2.3
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Atlas maps of the human thalamus in the horizontal and sagittal planes which were published
earlier (47) are complemented in the present version (Figs. 3.1-3.25) with additional informations:

1. Ventral sections through basal ganglia (levels V2.7-V8.1) were added in the horizontal series
(Figs. 3.10-3.13),

2. More lateral sections (up to level L23) were added in the sagittal maps (Figs. 3.23-3.25) to
cover the whole thalamus,

3. Additional structures were included, such as part of the striatum, pallidum, and sub-
thalamic fiber tracts, and some delimitations were refined (e.g., for the subdivisions of the
substantia nigra). In more recent cases (Table 2.1), staining for AChE provided better deline-
ation of some subdivisions [e.g., in CM (Fig. 3.33)].

A summary diagram of the compartmentalization of CaBP in the thalamus/subthalamic
area and a histogram of the thalamic distribution of CaBP in terms of relative intensity of
neuropil staining is given in Figure 3.36.

MAJOR GROUPS OF THALAMIC NUCLEI

The following classification of thalamic nuclei into five major groups is based on their location
relative to the internal medullary lamina and on anatomo-functional criteria defined in non-
human primates. In this classification, the MGN and LGN nuclei are included in the posterior
group in spite of their functional and connectional characteristics closer to those of the lateral
group, and the MD is integrated in the medial group, in spite of its more restricted and more
specific connections than intralaminar and midline nuclei. The zona incerta (ZI) in the ventral
thalamus is described in Chapter 5 together with the subthalamic pallidothalamic tract.

Lateral Group

Ventroposterior complex (VPL, VPM, VPI)

Ventral lateral posterior (VLp) and ventral lateral anterior (VLa)
Ventral anterior (VA)

Ventral medial (VM)

Medial Group
Mediodorsal (MD)
Intralaminar:
Centre médian (CM)
Parafascicular (Pf), subparafascicular (sPf)
Central lateral (CL)
Midline:
Central medial (CeM)
Paraventricular (Pv)
Medioventral (MV)
Habenula (Hb)

Posterior Group
Medial geniculate nucleus (MGN)
Lateral geniculate nucleus (LGN)
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Posterior nucleus (Po)
Suprageniculate/limitans (SG/Li)
Lateral posterior (LP)

Pulvinar nuclei (PuM, Pul, PuL, PuA)

Anterior Group
Anteroventral (AV)
Anteromedial (AM)
Anterodorsal (AD)
Lateral dorsal (LD)

Reticular Nucleus (R)

MULTIARCHITECTONIC CHARACTERISTICS

The cytoarchitectonic criteria in terms of size and density of neurons have been described previ-
ously (47) and correspond closely to those reported in the human thalamus by others (30,46,63).
These criteria for the major nuclei are described below and relative intensity of immunostaining
for the calcium-binding proteins (CaBP) also summarized in Figure 3.36. The myeloarchitecture
[described in more detail here than in our previous study (47) for its importance in defining fiber
tracts that are of significance in stereotactic surgery], is described separately in Chapter 5.

Following the same grouping of nuclei (lateral, medial, posterior, and anterior groups),
the present study, which is based on a larger number of cases and additional stainings
(e.g., AChE, SMI-32), provides a more thorough description of the multiarchitectonic organiza-
tion of the human thalamus. Histochemical staining for AChE, in particular, was very useful for
thalamic and basal ganglia delimitations, although with some uneven distributions not neces-
sarily respecting thalamic nuclear boundaries. Whole thalamus or specific areas are illustrated
by photomicrographs in Figures 3.26 to 3.35.

Several conventions were adopted to represent thalamic subdivisions in the graphical
maps (Figs. 3.1-3.25): continuous lines represent outlines for major nuclei and interrupted lines
for subdivisions within a major nucleus (e.g., between MD or VLp subdivisions). While the
borders were first delineated on the basis of cytoarchitectonic criteria, they were also adapted
in some areas to account for specific staining to one or more other markers. Also, sub-structures,
which were considered as particularly significant for the delineation of a given nucleus, are
indicated. This is the case in the thalamus for islands of dense and darkly stained cells in the
posterior part of the central lateral nucleus, which are represented by light grey areas (e.g.,
Figs. 3.14-3.17). Although other parts of the CL nucleus also present AChE-, CB-, or CR-rich
patches, these are composed of smaller cells and more homogeneously distributed than in
posterior CL.

Calcium-Binding Proteins

The differential distribution of calcium-binding proteins PV, CB and CR in the human thalamus
has previously been described in detail (47,64—66) and is briefly reviewed here. Few additional
thalamic subdivisions were added to the previous published version and the density of staining
reupdated to account for more recent cases. In general, areas of dense cellular immunostaining
coregister with those containing fiber staining and therefore the two are not separately described
here. We refer to other reports (64-66) for more specific cellular versus axonal distributions in
the human thalamus. The overall distribution shown in Figure 3.36 is similar to that described
previously (Fig. 5 in Ref. 47): the expression of PV immunoreactivity (-ir) is present in most
thalamic nuclei, but with clear dominance in primary sensory (VPL/VPM, MGN, LGN) and
motor (VLp) nuclei, as well as in the reticular nucleus (R). Immunoreactivity to CB is enhanced
in the VA/VLa nuclei, the posterior complex (SG-Li, Po), VPI, VPMpc, sPf, and intralaminar
CL nuclei. Some of the same regions characterized by dense CB-ir are also enriched in CR-ir
(i.e., posterior complex, CL, sPf) but CR-ir is more strongly expressed in more limbic thalamic
regions [anterior group, midline and paraventricular nuclei] and in R. The distribution of CaBP
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allows better definition of some subnuclear borders, such as in the MGN between the large cen-
tral portion of the nucleus enhanced in PV-ir, and the smaller ventral part (e.g., MGy, Fig. 3.34)
characterized by enhanced CB-ir. In the LGN, both the parvo- and magnocellular divisions
exhibit enhanced PV-ir, but the magno- more than the parvocellular division expresses addi-
tional CR-ir (Fig. 3.33). PV-ir is also relatively dense in the AV nucleus and lateral part of CM
(CMI) (Figs. 3.26 and 3.27). In the VA nucleus, there is a gradient for higher CB-ir in the parvo-
cellular (VApc) and higher PV-ir in the magnocellular division (VAmc).
The histograms in Figure 3.36 summarize the results:

1. PV-and CB-ir densest areas are largely complementary in the thalamus, though light CB-ir
is also expressed in PV-ir dense ventral nuclei (particularly VPL), and conversely, PV-ir is
expressed in CB-ir dense nuclei (e.g., VLa/VA).

2. CR-ir is dominantly expressed in nuclei associated with the limbic system (midline, Pv, AV),
but is also present in primary sensory and motor nuclei enhanced in PV-ir, as well as in R.

3. Intralaminar CL, posterior complex (Po, SG, Li), and VPMpc express similar high levels of
CB- and CR-ir.

4. Only few areas express relatively low levels of CaBP-ir, that is, MD, PuM and medial CM/
parafascicular (Pf) nuclei. Interestingly, MD and PuM which are the largest in the human
thalamus share many characteristics, from morphological (similar cytoarchitecture) to
connectional (few peripheral afferents and involved in a large thalamocorticothalamic
network including most, if not all, associative and paralimbic areas of cortex).

Acetylcholinesterase

Histochemical staining for acetylcholinesterase (AChE) was particularly useful to delimit medial
thalamic regions. In particular, in the centre médian-parafascicular complex (CM-Pf), the border
between lateral and medial parts of CM, and between CM and Pf is clearly identified by an
increasing gradient of AChE staining (e.g., Figs. 3.33 and 3.35). This distinction is not seen or
not very clearly with the CaBP. In the CL nucleus (which corresponds for the most part to the
internal medullary lamina as defined by others, except that it extends posteriorly to include
a region comprised between the PuM and MDpc), dense cellular patches are strongly stained
for AChE and correspond to clusters immunostained for CB and CR. This is particularly marked
in the posterior part of the nucleus (Fig. 3.33) that was already included by Jones and colleagues
(46,67) in the CL according to cyto- and histochemical criteria. Similar to the CL patches, the
limitans nucleus (Li) exhibits strong AChE (Figs. 3.33 and 3.34). In the MD nucleus, the
magnocellular (MDmc) tends to show more intense AChE than MDpc, although in the latter
subdivision, there are small cell clusters that express enhanced AChE, and CB- and CR-ir,
as in the CL nucleus (Figs. 3.26 to 3.28).

In the lateral thalamus, the limit between VLa/VA nuclei expressing strong AChE
and VLp, which is relatively lightly stained, is particularly obvious in sagittal and horizontal
sections (Figs. 3.29 and 3.32), and corresponds also to differences in CB-ir, as described above.
Posteriorly, the boundary between LP and PuM, which is not very sharp in Nissl or CaBP-ir,
corresponds to a clear transition from high to low AChE staining (e.g., Figs. 3.32 and 4.48).
Overall, the pattern of AChE staining is similar to that described by Hirai and Jones (46) in the
human thalamus, and to that reported in the nonhuman primate (34,68).

FUNCTIONAL CONSIDERATIONS

The relation between neurochemical compartmentalization of the thalamus and functionally
distinct systems has been demonstrated in the monkey where tracing of connections was related
to CaBP territories. A similar neurochemical organization in the human thalamus has been
discussed at length previously (47) and will be only briefly reviewed here to account for recent
data obtained in the monkey brain.

In the somatosensory system, spinothalamic afferents (for nociceptive pathways) to the
thalamus were directly related to areas of dense immunostaining to the calcium-binding protein
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calbindin (CB) in the monkey (43,69-71) and indirectly to similar CB territories in the human
thalamus (47,72,73). Our results are in favor of a larger thalamic territory involved in pain
processing than that proposed by Craig et al. (72,73), comprising VPI, VPMpc, Po, sPf, Li and
dense cellular islands of the posterior CL. This complies with earlier observations on spinotha-
lamic pathways in human (74,75). As will be discussed in Chapter 5, we were not able to clearly
separate spinothalamic fibers on the basis of CaBP, except in some instances where immunos-
taining to CB was expressed by fibers that are directed to thalamic nuclei known as spinotha-
lamic recipients (e.g., Figs. 3.26 and 3.34). The other subdivisions of the VP complex [i.e., VPL
(p and a) and VPM, which receive primary afferents from the medial lemniscus and trigeminal
tract, respectively] express high PV-ir (Figs. 3.31 and 3.33) and only low levels of CB-ir. The
presence of CB-ir in the VPL-VPM complex, as well as in other “primary” sensory nuclei, has
been proposed to represent a “matrix” of smaller cells projecting more diffusely to superficial
cortical layers than PV-ir neurons projecting to layer IV (37,76-77).

In the auditory system, subdivisions characterized by CB- and PV-ir were related to
lemniscal and nonlemniscal pathways in nonhuman primates (78,79). In the present study, a
large part of the MGN expresses high PV-ir, while a small ventral part shows particularly dense
CB-ir (Fig. 3.34). These two regions seem to correspond to the “ventral divison” projecting to
primary auditory cortex and to the posterior part of the ventral division projecting mainly to
nonprimary auditory cortex, respectively, in monkeys (79-81). The medial division (MGm)
contains both PV- and CB-ir neuropil. In the visual system, the parvo- and magnocellular layers
of the LGN associated with functionally distinct pathways can be differentiated by higher CR-ir
in LGNm, and stronger PV-ir in LGNp (Fig. 3.33), while interlaminar neurons express CB-ir
[see also (82)].

In the motor system, chemically distinct thalamic territories were associated with the two
major afferent motor pathways in the monkey (i.e., the cerebello- and pallidothalamic tracts)
and to their projections to frontal cortex (33,83-84). Indirect evidence suggests a similar relation
in the human thalamus (47). The VLp is clearly differentiated from more anterior motor
thalamic nuclei by light AChE, enhanced PV-ir, and little or no CB-ir (Figs. 3.27-3.32). The asso-
ciation between CB-ir negative territory and cerebellar afferents has been recently demonstrated
in the monkey (33). As will be shown in Chapter 5, the cerebellothalamic afferents to VLp also
present some enhanced PV-ir. More anterior parts of the motor thalamus (VLa, VA, VM) express
progressively more CB-ir and relatively moderate PV-ir in comparison to VLp (Figs. 3.28, 3.29,
and 3.32). There is thus a complementary compartmentalization of the motor nuclei based on
CB-ir which corresponds to CB-ir negative territory associated primarly with cerebellar inputs
and CB-ir positive territory associated with dominant pallidal afferents (33,47,83,85). This
complementary distribution is not only related to the afferents, since the CM, which expresses
PV-ir (lateral part) and no CB-ir, receives presumably also pallidal afferents (85,86).

FIGURES 3.1 to 3.13 These figures present a series of drawings of horizontal sections of the human thalamus and
basal ganglia (right hemisphere of case Hb1; Table 2.1) oriented parallel to the intercommissural stereotactic plane (DV 0,
shown in Fig. 3.9) and represented in a dorsal to ventral sequence. In each drawing the posterior commissure (AP 0),
midcommissural (mc/), and anterior commissure (ac) levels (dotted horizontal lines) are indicated. Dorsoventral levels are
given in millimeters dorsal (D) or ventral (V) to intercommissural plane DV 0 in the lower right hand-side of each drawing
(see the text section on “Methods” for the coordinate system). The interhemispheric plane corresponds to the vertical
line intersecting the mediolateral axis at 0. Each division on the grid corresponds to 1 mm “in vivo” and the intercom-
missural distance is 25 mm. Light grey areas in the CL nucleus correspond to dense cellular clusters. Moderate grey
areas indicate subthalamic fiber tracts.
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FIGURES 3.14 t0 3.25 Series of drawings of sagittal sections of the human thalamus and basal ganglia (left hemi-
sphere of case Hb1; Table 2.1) arranged in a medial to lateral sequence. Mediolateral levels (in millimeters) relative to
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interhemispheric plane or estimated thalamo-ventricular border (in parentheses) are indicated in upper left of each
drawing. Vertical dotted lines indicate the posterior commissure (AP 0), midcommissural (mc/) and anterior commis-
sure (ac) levels. For other conventions, see legend of Figures 3.1 to 3.13.
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FIGURE 3.26 Photomicrographs of myelin (B) and Nissl (D) stainings, and of the immunoreactivity to the calcium-
binding proteins CB (C), CR (E) and PV (F) in sagittal sections the human thalamus (case Hb1; Table 2.1) at levels adjacent
to the map shown in (A). Notice the similar distributions of CB and CR in the CL and Li, but complementary distributions
in other areas such as VApc, VM, the inferior colliculus (IC), and substantia nigra, pars reticulata (SNr). They are both
complementary to PV in the red nucleus (RN). The arrow in (C) indicates position of the presumed spinothalamic tract
(stt). Scale bar (A): 5 mm.
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FIGURE 3.27 Photomicrographs of Nissl (B) and myelin (D) stainings, and of the immunoreactivity to the calcium-
binding proteins CR (C) and PV (E) in sagittal sections of the human thalamus (case Hb1; Table 2.1) adjacent to the map
shown in (A) and 2.7-mm lateral to level shown in Figure 3.26. Notice the complementary distributions of CR and PV in
the thalamic and subthalamic areas (e.g., in VLp, CM and STh nuclei) and the strong immunostaining to CR in posterior
part of the CL nucleus, in register with darkly stained cell clusters visible also in Nissl. Among the fiber tracts seen in
myelin section and represented in grey areas in the map, the fasciculus cerebellothalamic (fct) and, to a lesser extent,
the fasciculus thalamicus (ff) are enhanced in PV immunostaining. Scale bar (A): 5 mm.

A L10(7.2)

FIGURE 3.27
43



FIGURE 3.28 Postmortem MRI (A) and photomicrographs of multiple stainings (B—F) in sagittal sections 7 mm
lateral to interhemispheric plane (brain Hb7; Table 2.1). Notice the clear delineation of the CL nucleus on the basis of the
distributions of AChE, CB- and CR-ir, and the strong AChE staining in medial CM/Pf and in STh nucleus, except for its

ventral portion (B). Scale bar (A): 5 mm.
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FIGURE 3.29 Photomicrographs of multiple stainings (AChE, myelin, CB- and SMI-32-ir, A-D) in sagittal sections of
brain Hb6 (Table 2.1) at a similar level to the sections illustrated in Figure 3.27 for case Hb1, or in Figure 3.28 for case
Hb7. Notice the similar patterns presented in the different cases, although with some differences in staining intensities.
Scale bar (A): 5 mm.
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FIGURE 3.30 Photomicrographs of Niss! staining (B) and immunoreactivity to the calcium-binding proteins PV (C)
and CR (D) in horizontal sections of the dorsal thalamus (10.8 mm dorsal to intercommissural plane, case Hb1, Table 2.1),
at a level corresponding closely to the map shown in (A). The two CaBPs have largely complementary distributions
except in VLpd and the reticular nucleus (R). Scale bar (A): 5 mm.
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FIGURE 3.31 Photomicrographs of Niss| staining (A) and immunoreactivity to the calcium-binding proteins PV (B),
CB (C) and CR (D) in horizontal sections of the dorsal thalamus (case Hb3, Table 2.1). Scale bar (A): 5 mm.




FIGURE 3.32 Photomicrographs of myelin (A) and AChE (B) stainings, and immunoreactivity to SMI-32 (C) and the
calcium-binding proteins CB (D) in horizontal sections of the dorsal thalamus (case Hb6, Table 2.1), at level comparable
to sections shown in Figure 3.31. VApc and VLa nuclei contain dense CB-ir, in contrast to VLpv which is enhanced in

PV-ir, as seen in Figure 3.31B. Scale bar (B): 5 mm.
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FIGURE 3.33 Postmortem MRI and photomicrographs of multiple stainings (myelin, AChE, PV-, CB-, and CR-ir) at
frontal level 2 mm anterior to pc (A 2) (case Hb7, Table 2.1). The clusters in the posterior part of the CL nucleus are

particularly marked by enhanced CB- and CR-ir, and AChE staining. Scale bar (MRI): 5 mm.
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FIGURE 3.34 Photomicrographs of stainings for Nissl, myelin, AChE and immunostainings for CB, CR and PV in the
area comprised in dotted square on frontal map of the posterior human thalamus (posterior commissure level, AP 0, left
hand-side of the Figure) (case Hb7, Table 2.1). Notice the complementary distributions of CB and PV in the CL, Po, MGN
and VPL nuclei, and the presence of CB-ir fibers (arrow) running toward Po and probably corresponding to spinotha-
lamic fibers (stt). Scale bars: 5 mm (left panel) and 2 mm (right panels).
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FIGURE 3.35 Photomicrographs of stainings for Nissl, myelin, AChE and immunostainings for CB, CR and SMI-32
in the area comprised in dotted square on frontal map of the human thalamus (left of the figure), 6-mm anterior to pc
(A 6) and to level shown in Figure 3.34. Notice the gradients of AChE in the CM and Pf nuclei, enhanced CB-ir in VLa and
VVPMpc, and high CB- and CR-ir in sPf (case Hb7, Table 2.1). Scale bars: 5 mm (left panel); 2 mm (right panels).
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FIGURE 3.36 (See color insert.) Summary diagram of the distribution of CaBP in horizontal and sagittal sections of
the human thalamus and subthalamic area (upper panels) and histograms of the relative densities of CaBP neuropil
immunoreactivity (graded from 1 to 4) in the thalamus (lower panels).
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4 | Basal Ganglia

Interest in the basal ganglia has grown particularly since the development of new surgical
targets for pharmacotherapy-resistant parkinsonian patients and of animal models of the
disease. This has led to a great number of investigations directed at the anatomical and functional
(physiological and pathophysiological) organization of the basal ganglia (41,42,58-61,87).
Because of this, the extension of this atlas to include the basal ganglia appeared necessary to
cover major domains of stereotactic functional neurosurgery. In a previous study, we presented
a neurochemical organizational scheme of the human basal ganglia that were subdivided into
anatomo-functional territories on the basis of the distribution of CaBP and SMI-32 (48). This
multiarchitectonic compartmentalization, as summarized in Figure 4.54 for the striatum and
pallidum, was not presented in a stereotactic atlas framework and is thus updated and added
to the current atlas.

ATLAS MAPS

The series of maps presented in Figures 4.1 to 4.47 were derived from case Hb7 where sections
from the left and right hemispheres were cut in the frontal and sagittal planes, respectively. The
distance between maps are given in millimeters “in vivo” in each drawing. Similar conventions
to those described in Chapter 3 for the thalamic atlas were applied here, with additional areas
indicated in many maps by dotted lines that represent the patch/matrix organization of the
striatum, as well as differential staining in the pallidum and subthalamic nucleus. Whole
pallidum, STh, and part of the striatum and SN are also represented in the maps of the thalamic
atlas in Chapter 3 (Figs. 3.1-3.13 and 3.18-3.25). Structures outside the basal ganglia, such as
parts of the hypothalamus, amygdala, and adjoining cortex, are not delimited in detail.

ANATOMO-FUNCTIONAL COMPARTMENTALIZATION

In the basal ganglia, compartmentalization of the human striatum and pallidum into distinct
anatomofunctional territories was proposed on the basis of similar chemically defined com-
partments that receive projections from known cortical territories in the monkey. The distribu-
tion of calcium-binding proteins and SMI-32 was most helpful to identify anatomo-functional
compartments of the striatum and pallidum and modular patterns of CaBP were related to
AChE patch/matrix organization in the striatum. This anatomo-functional organization has
been described extensively (48) and will be briefly reported here, with additional histological
illustrations. The same stainings helped to demarcate subdivisions of the substantia nigra (SNc,
SNr, and the VTA) and subthalamic nucleus. The pedunculopontine nucleus (PPN), another
output structure of the basal ganglia, is not represented in this atlas and we refer to others
(89,94,98-100) for an overview of its anatomy, functional organization, and role in movements
disorders.

Striatum

Based on connections with the cortex, the striatum (caudate nucleus and putamen) has been
subdivided into at least two compartments: the dorsal and ventral striatum. The first is related
to sensorimotor and associative domains (postcommissural putamen and most of caudate nucleus),
and the second (rostro-ventral parts of the caudate and putamen and the accumbens nucleus)
to limbic cortical domains (59,60,90,101,102). As presented previously (48) and summarized in
Figure 4.54, we divided the striatum and pallidum into four territories: sensorimotor (T1),
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associative (12), paralimbic (T3), and limbic (T4) on the basis of CaBP and SMI-32. These are
also illustrated by photomicrographs in Figures 4.48 to 4.54.

All but the rostral and ventral half of the putamen is characterized by enhanced neuropil
immunostaining to PV and SMI-32, with relatively low CB-ir and CR-ir (T1; Figs. 4.51, 4.52,
and 4.54). The decrease of PV and SMI-32 immunostainings in the rostral and ventral half of the
putamen demarcates the limit with a territory that also includes the caudate nucleus (Cd) and
is characterized by progressive enhanced matriceal but low in the patches CB-ir (T2, Figs. 3.31,
4.51, and 4.54). An approximate boundary between T1 and T2 territories in rostroventral PuT
is shown in Figure 4.54 (middle diagram), to cross a zone of progressively lower PV-/SMI-32-ir,
and higher matriceal CB-ir. The territory of enhanced matriceal CB-ir extends into the rostral
striatum where it is limited dorsolaterally by an area of relatively low CB-ir and conversely
higher PV-ir, and ventromedially, by a complementary pattern of CB- and CR-ir patches. This
complementary pattern is bordered ventrally and medially by the accumbens nucleus (Acb,
Figs. 4.49, 4.52, and 4.54). This is further divided into a core and shell on the basis of CB- and
CR-ir, as demonstrated previously (48). The transitions from T2 (with enhanced matriceal
CB-ir) to T3 (with apparition of CR-ir within or around low-CB patches) and T4 (with enhanced
CR-ir in a more complex mosaic pattern in the Acb) are best seen in frontal sections of the
anterior striatum in Figure 4.54 (left panels). In the maps, we considered a limit between the
ventral striatum (VS) and the Acb as corresponding to different patterns of AChE and CaBP
staining. The transitions between territories are also shown in horizontal sections of the
striatum, in Figure 4.54. These transitions, though more subtle, correspond to changes in the
expression of SMI-32-ir, with progressive lower densities in T2 to T4 (Fig. 4.49). The patterns
seen in Acb extend posteriorly to the level of the subcommissural pallidum and subpallidal
area (sPal). The boundary with the more posterior part of the basal forebrain is not clearly
defined but can be estimated by the transition to more uniform CR-ir in sublenticular fibers
(e.g., Figs. 4.48 and 4.49) and the appearance of the basal nucleus of Meynert (B). This region
corresponds closely to the extended amygdala described by others (59,87,97,103) and also
comprising the ansa peduncularis (ap), linking the amygdala to the hypothalamus and to the
rostral parts of MD and R through the inferior thalamic peduncle (94). The ventral striatum,
particularly the accumbens, has been subject to many investigations because of its connections
with the limbic system, role in mediating motivated behavior and implications in several
disorders (59,91,103,104). It is important to note that the neurochemical compartments
described above are not of segregated territories, but rather of gradients, as is the case with
cortical projections (see Ref. 90 for a review).

Pallidum

The separation between internal (GPi) and external (GPe) subdivisions of the pallidum are
clearly identified with all stainings, but particularly well defined with AChE and myelin stains.
The GPi is further partitioned along its caudal two-thirds by the internal accessory lamina into
laterodorsal (1) and medioventral (m) portions. Interestingly, a thin lamina also divides the
GPe (e.g., Fig. 4.50) but is less obvious and, to our knowledge, has not been related to any
particular functional subdivision, as has been done for the GPi. The anatomo-functional
compartmentalization of the pallidum was described in detail before (48), and is illustrated by
the photomicrographs in Figures 4.48 to 4.54 and the summary diagram in Figure 4.54.
Parallel to the striatum, the pallidum (GPi and GPe) is organized into four compartments on
the basis of neurochemical gradients: enhanced PV and SMI-32 neuropil immunostaining in the
caudal half to two-thirds of the GPe and GPi (11 territory), and, conversely, increased CB-ir in
the rostral part of both divisions (T2 territory). At the most rostral, precommissural level, dense
neuropil CB-ir encompasses both portions of the pallidum situated above and just beneath the
anterior commissure, with the latter corresponding to the so-called ventral pallidum (GPv) (Figs.
4.49,4.52, and 4.54). Further ventrally, the decrease of CB-ir delimits the ventral pallidal border
with underlying sPal (Figs. 4.53-4.54). On the basis of differences in intensity and patterns of
CB- and CR-ir, we consider the anteroventral, subcommissural extension of the pallidum and
sPal as two separate territories (T3 and T4; Fig. 4.54). More posteriorly, sPal is continuous with
the intense but more uniform staining of CR-ir fibers running underneath the pallidum and
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ansa lenticularis and corresponding to the extended amygdala and including the ansa pedun-
cularis (ap) (e.g., Fig. 4.50).

In both pallidal segments and traversing the capsula, fiber bundles express high AChE,
SMI-32- and CB-ir and can be traced up to the level of the SN (Figs. 3.29; 4.48-4.49 and 5.3-5.4).
Fibers immunostained for PV appear to reach the STh, as seen in Figures 4.51 and 5.4. These
are part of the “comb” system (94) that includes striato-nigral and pallido-subthalamic fibers
(see also Chapter 5).

Subthalamic Nucleus

The nucleus has a typical elongated shape oriented obliquely in a lateral, dorsal and anterior to
medial, ventral and posterior direction. It is well delimited between the zona incerta dorsally,
and the internal capsule and the substantia nigra ventro-posteriorly. The nucleus has an homo-
geneous dense cell population and is characterized by strong PV-ir and AChE staining, except
for a small ventral portion of the nucleus (Figs. 3.28 and 5.3A). The nucleus appears negative in
sections immunostained for CB and contains moderate levels of CR-ir, except for some densely
stained fibers at the most posterior and medial tip of the nucleus (e.g., Fig. 3.28).

Substantia Nigra

As in our previous study (48), we consider the two major divisions of the SN: pars compacta
(SNc) and pars reticulata (SNr). The SNc comprises the large TH-positive cells organized in a
dorsal layer (densocellular ventral tier) and cell columns extending into SNr (Fig. 4.53). The SNr
extends further ventrally, caudally, but also dorsolaterally to adjoin the ventral STh (also
identified as dorsolateral SN). The delimitation of the two divisions of the SN have been
introduced in this new atlas, including the maps from Hb1, which were previously published
(chap. 3). In Figure 3.29, immunostaining in the SN can be seen together with that in the thala-
mus, STh, and medial striato-pallidal divisions, as well as in fiber bundles traversing the inter-
nal capsule. Neuropil CB-ir is most dense in the SNr and largely spares SNc cell columns in the
ventral tier (Fig. 4.53C), similar to the pattern described by other (105). This high CB-ir in SNr
is continuous with that seen in the fibers coursing from the striatum through the two pallidal
divisions and the internal capsule (Figs. 3.29C and 4.52). In contrast, neuropil CR-ir is concen-
trated in the SN¢, including the dorsal division and part of the cell columns of the ventral tier
(Fig.4.53D) as wellasin VTA, thus in complementary pattern to that of the CB-ir. Inmunostaining
to PV is generally low in the neuropil of both SN and VTA, except for the more lateral and
dorsal part of the SN, which shows some moderate staining (Fig. 3.26F). We refer to others for
more specific neuronal distributions of the CaBP in the substantia nigra (35,106-108).

FIGURES 4.1 10 4.22 A series of drawings of frontal sections of the human thalamus and basal ganglia (case Hb7;
Table 2.1) oriented orthogonal to the intercommissural stereotactic plane (DV 0, indicated by a horizontal interrupted line
intersecting the dorsoventral grid axis at 0) and represented in a posterior to anterior sequence. Anteroposterior levels
relative to the pc level (AP 0, represented in Fig. 4.2) are indicated in lower right of each drawing (see the section entitled
Methods for explanation of the coordinate system). The interhemispheric plane is represented by a vertical interrupted
line intersecting the grid at mediolateral point 0. Intervals between sections are 1 mm, except for the most rostral, precom-
missural part of the striatum where the intervals can reach 1.5 mm. Each division on the grid corresponds to 1 mm “in vivo”
and the intercommissural distance is 26 mm. The same conventions are used as in Figures 3.1 to 3.25.
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FIGURES 4.23 to 4.47 Series of drawings of sagittal sections of the human thalamus and basal ganglia (right hemi-
sphere of case Hb7; Table 2.1) arranged in a medial to lateral sequence. Mediolateral levels (in millimeters) relative to
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the interhemispheric plane or estimated thalamoventricular border (in parentheses) are indicated in the upper left of
each drawing. Vertical interrupted lines indicate the posterior commissure (AP 0), midcommissural (mc/), and anterior
commissure (ac) levels.The same conventions are used as in Figures 4.1 to 4.22.
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FIGURE 4.48 Postmortem MRI and photomicrographs of multiple stainings (AChE, myelin, CR-ir, and CB-ir) at the
sagittal level 17 mm from the interhemispheric plane (case Hb7; Table 2.1). Notice the dense immunostaining for both
CB and CR in the ventral striatum (VS) and ventral part of GPe, but more intense CR- than CB-ir staining in the subpallidal
region comprising the basal nucleus of Meynert (B). This region corresponds to the extended amygdala defined by
others and previously included in the substantia innominata. Scale bars: 5 mm.
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FIGURE 4.49 Photomicrographs of AChE (A), SMI-32 (B) and calcium-binding proteins CB (C) and CR (D) in sagittal
sections of the striato-pallidal complex (case Hb6, Table 2.1). Arrows point to low AChE (A), SMI-32 (B), CB (C) and high
CR patches (D). The patterns of CB- and CR-ir in GPv, subpallidal area and in the basal nucleus of Meynert (B) are similar
to Figure 4.48. In the accumbens nucleus (Acb), the higher intensity of SMI-32- and CB-ir demarcates the core from the
shell divisions. Scale barin (A): 5 mm. Source: Adapted from Ref. 48.
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FIGURE 4.50 Postmortem MRI (A) and photomicrographs of staining for AChE (B), myelin (D) and immunoreactivity
to the calcium-binding proteins CR (C) and CB (E) in frontal sections of the basal ganglia 22 mm anterior to pc (case
Hb7, Table 2.1). The anterior GPi, as well as a ventral part of the putamen (PuT), are particularly enhanced in CB-ir (E),
whereas the sublenticular area comprising the basal nucleus of Meynert (B) and the ansa peduncularis (ap) are strongly
immunostained for CR. Scale bars: 5 mm.
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FIGURE 4.51 Photomicrographs of the patterns of CaBP immunostaining (A, C, D) in horizontal sections (2 mm
ventral to ac-pc level) of the basal ganglia in relation to Nissl staining (B) (case Hb5, Table 2.1). The lower two panels
show the complementarity of the distributions of PV (G) and CB (D) in the striatal and pallidal compartments, STh, RN
and posteroventral thalamic nuclei. Immunostaining for CR (A) is most pronounced in the subcommissural and
hypothalamic areas, as well as in the accessory laminae. Scale bar (A): 5 mm.
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FIGURE 4.52 Photomicrographs of multiple stainings [Nissl (A), myelin (B), AChE (C), and CaBP-ir (D-F)] on horizontal
sections of the striato-pallidal subdivisions and the substantia nigra (6 mm ventral to the intercommissural plane) (case
Hb6; Table 2.1). Notice the largely complementary distributions of PV- and CB-ir (E-F) in the postero-ventral thalamus
and striato-pallidal subdivisions. Scale bar (R): 5 mm.
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FIGURE 4.53 Photomicrographs showing complementary immunostainings of CB and CR in the pallidal and subpallidal
areas (A,B) and in SN (C,D). Stars indicate corresponding locations in (C) and (D). Scale bars: 500 um. Source: Adapted
from Ref. 48.
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FIGURE 4.54 Combined photomicrographs and summary diagram of the striatopallidal anatomo-functional territories
in frontal and horizontal sections of the human basal ganglia. The four territories (sensorimotor, T7; associative,
T2; paralimbic, T3; and limbic, 74) are indicated in (D) by different grey areas and on horizontal section immunoreacted
for CB (see right panels). Source: Adapted from Ref. 48.
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5 | Subthalamic Fiber Tracts

The delineation of subthalamic fiber tracts, their stereotactic position, and correlation with high
resolution postmortem MRIs represent an important addition to the previous atlas, as provid-
ing a basis for determination of prethalamic targets for the treatment of motor disorders (109).
In the atlas of the human thalamus by Schaltenbrand and Wahren (26), drawings are superim-
posed on photomicrographs of the myeloarchitecture in the thalamus and adjoining areas.
These are particularly helpful to identify different fiber tracts, but because of the drawbacks in
terms of stereotactic precision, and uneven and often large intervals between sections, they are
less than optimal for precise stereotactical targeting. In this atlas, we re-examined the myeloar-
chitecture of the thalamus, subthalamic, and pallidal areas and focused particularly on three
major fiber tracts coming into the thalamus (medial lemniscus/spinothalamic tract, cerebello-,
and pallidothalamic tracts). Comparison with immunostainings for calcium-binding proteins
provides further insight into different anatomo-functional fiber sub-systems, also including
other basal ganglia efferent pathways (pallido-subthalamic and striatonigral). The overall pat-
terns of major sensory and motor fiber tracts coming into the thalamus are depicted in grey
areas in the atlas maps and illustrated by photomicrographs in Figures 5.1 to 5.6. Other tracts
are indicated by open areas (e.g., ot, mtt, fx, scp). The tracts are labeled for the parts where the
fibers are the densest (the “bulks” of the tracts), but some cannot easily be separated, as discussed
below for the somatosensory afferents. The spatial relationship between the different tracts and
their thalamic territories are best seen on sagittal sections (Fig. 5.1).

CEREBELLOTHALAMIC AND PALLIDOTHALAMIC TRACTS

These two fiber tracts represent major motor afferent to the motor thalamus and are important
surgical targets for the treatment of patients with essential tremor and Parkinson’s disease,
respectively (109,110) (see chap. 7 and Fig. 7.1).

The cerebellothalamic tract [or fasciculus cerebellothalamicus (fct)] is represented in the
maps in Chapters 3 and 4, and in relation to the myeloarchitecture in sagittal and horizontal
sections of Figures 5.1 and 5.2. It corresponds in large part to Hassler’s prelemniscal radiations
(“ra.prl”) (26) and to the prerubral field or field H of Forel (56,111). The trajectory of the tract
analysed in the three stereotactic planes is toward the posterior part of the ventral medial (VM)
nucleus and the ventral lateral posterior nucleus (VLp), with possible extension into the VLa
(e.g., Fig. 5.1). In some sections, part of the tract appears to take a posterior course toward the
intralaminar nuclei. This would confirm an observation made in monkeys where cerebellar
fibers taking a posterior course reach the CL nucleus (33). The tract is characterized by enhanced
parvalbumin immunoreactivity, like the VLp and the RN (Figs. 3.26 and 3.27). The bulk of the
fct is posterior and lateral to the pallidothalamic tract, and they come close together at some
levels (Fig. 5.1), although still separated as reported earlier (112). The work by Nauta and
Mehler (94) on striatal and pallidal connections in the monkey also gives an “historical” review
on the early descriptions of the pallidothalamic pathways. From his early work (111), the fields
bearing Forel name (H, H1, and H2) have been used to describe pallidothalamic fibers, though
only H2 and H1 were later recognized to originate from the pallidum through the ansa and
fasciculus lenticularis (al and fl, respectively). They were first noted by C. Vogt (113) to merge
as H1 + H2 to form the fasciculus thalamicus (ft).

The course of pallidothalamic fibers has been re-examined recently in the monkey after
tracer injections (114) or lesions in the internal pallidum (115,116). The two studies differ in
terms of the origin of pallidal neurons giving rise to the al and fl: the first group suggests that
both fascicules harbor pallidofugal axons originating from all sectors of GPi, while the second
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proposes a distinct origin for the two tracts, with fl arising from the sensorimotor part of GP4i,
and al from the anterior, associative, part of GPi. The present study cannot resolve the issue but
following the course of fl and al in three planes, our data support that both arise from large
parts of the GPi, though with al possibly not extending as far caudally as f1.

The multiarchitectonic analysis provides little information for the distinction between
cerebello- and pallidothalamic tracts, except for enhanced PV-ir in fct and in postero-medial
part of ft (Fig. 5.3B). The two tracts come close together but a small gap separates the two, as
also seen in the sections stained for myelin or immunostained for CR. Most parts of the pallido-
thalamic fibers remain unstained, in contrast to adjacent subthalamic structures such as STh,
RN, and ZI. The latter is characterized by high AChE, high CR-ir, and moderate CB-ir restricted
to the ventral region (Fig. 5.3). The ZI has been divided anatomically and functionally into four
regions, principally in rodents (117,118), and the present observations in the human brain may
bear some similar properties. Nevertheless, the ZI as delimited here is relatively small and is
only part of the region delimited as ZI in the Schaltenbrand and Wahren atlas (26).

The course of nigrothalamic afferents cannot be identified in the present study, but a
recent study in monkeys suggests that at least part of the fibers reach the VM and VAmc nucleus
medial to the STh nucleus (119).

MEDIAL LEMNISCUS/SPINOTHALAMIC TRACTS

The distinction between the medial lemniscus and spinothalamic tract in our material is difficult
without additional criteria. Nevertheless, on the basis of evidence reported in the human brain
(74,75) and comparison with tracings in the monkey, the tracts were labeled ml, stt, or ml/stt in
the maps depending on their orientation and their thalamic targets. For example, at posterior
levels of the thalamus (e.g., Figs. 4.1-4.3), the tract divides into two or three branches. One
branch is oriented toward the posterior complex and CL which are associated with the stt, and
another branch coursing laterally towards the VPI and VPL, may contain both ml and stt. In
immunostained sections, some fibers associated with the stt are immunoreactive to CB and run
medial and posterior to the PV-ir ml tract (Figs. 3.26 and 3.34).

CORRELATION WITH HIGH RESOLUTION POSTMORTEM
MAGNETIC RESONANCE IMAGING

High resolution proton density MRIs were acquired in a 3-Tesla scanner (see protocol in
Chapter 2). The images are illustrated in Figures 5.5 and 5.6, together with myelin stained sec-
tions of the same brain cut in the frontal and horizontal planes. Several anatomical features can
be well recognized in the MRIs, in particular densely myelinated subthalamic fiber tracts such
as the cerebello-thalamic (fct), pallidothalamic (fl and ft), and mammillothalamic (mtt) tracts. In
the thalamus, several nuclei (AV, LD, MD) are clearly identifiable, as well as subdivisions within
VLp (VLpv more intense than VLpd) and within MD (more intense signal in MDmc than in the rest
of the nucleus). Other thalamic subdivisions are more difficult to distinguish, such as the borders
between VM, VLa, and VA. In the basal ganglia, the striatopallidal compartments and SN are
quite visible, but not the STh. The fuzzy border between STh and SN impedes direct targeting of
the STh nucleus based on MR imaging only (120,121).



FIGURE 5.1 Subthalamic fiber tracts shown in photomicrographs of sagittal myelin stained sections (right column)
and represented by grey areas in corresponding maps of the thalamus and subthalamic areas (case Hb1; Table 2.1).
Distances to interhemispheric plane or thalamo-ventricular border (in parentheses) are indicated in the upper left corner
of each drawing. The interrupted lines in the maps indicate the intercommissural level DV 0 (horizontal lines) and the
levels of the pc and ac (vertical lines). Scale bar: 5 mm (upper right panel).
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FIGURE 5.2 Horizontal atlas drawings of cerebello-thalamic (fct; dark grey) and pallidothalamic (ft, fl, al; light grey)
fiber tracts (upper panels). Myelin sections at similar levels are represented in lower panels. The medial lemniscus (ml)
and brachium of the inferior colliculus (bic) are also represented in the more ventral atlas maps (V2.7 and V3.6). Levels
of sections are indicated in millimeters dorsal (D) or ventral (V) to the intercommissural plane (DV 0). Interrupted lines
in the drawings indicate the posterior commissure (pc) and midcommissural (mcl) levels (case Hb1; Table 2.1). Scale bars
(upper and lower left panels): 2 mm.
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FIGURE 5.3 Multiarchitectonic characteristics of the “comb” system, pallidothalamic fibers (ft and fl) and neighbor-
ing areas. (A) Photomicrographs of the region comprised in the rectangle in the frontal section of the anterior tier of the
thalamus (level A13, case Hb7; right panel). (B) Enlarged view of the fct, ft, and fl in sagittal atlas map and in sections
stained for myelin and immunoreacted for the calcium-binding proteins PV and CR (from case Hb1; Table 2.1).
Scale bars: 2 mm.
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FIGURE 5.4 (A-F) Multiarchitectonic aspect of subthalamic fibers tracts and neighboring areas in adjacent sagittal
sections 11 mm lateral to the interhemispheric plane (case Hb7; Table 2.1). The arrows in (A) and (B) point to the fas-
ciculus subthalamicus and striatonigral fibers, respectively, which are part of the “comb” system. Scale bar (A): 2 mm.
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FIGURE 5.5 Comparison between frontal sections stained for myelin (A and C) and corresponding high resolution
proton density MRI (B and D) of the same brain. The fiber tracts as well as some thalamic nuclei can be recognized in
MRI, such as AV, LD, VLpv, MD (with more intense signal in MDmc), CM, and Pf. However, no clear limit is seen between
STh and SN. Scale bar (B): 5 mm.
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FIGURE 5.6 Correlation between myelin stained horizontal section (A) and proton density MRI (B) at levels close to
the intercommissural (DV 0) plane. Besides fiber tracts, several thalamic nuclei can be distinguished in the MRI, such
as VLpv, MGN, CM-Pf, and PuL. Scale bar (A): 5 mm.
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6 | Interindividual Anatomical Variability

METHODOLOGICAL CONSIDERATIONS

Evaluation of how brains or specific structures (e.g., thalamus) in the brain differ from one
subject to another is a difficult task. It has been investigated postmortem as well as “in vivo”
with MRI visualization methods to construct probabilistic atlases (122-124) and also in the
context of disease-related morphological changes (6,125). Postmortem brain examinations allow
comparing detailed structures such as thalamic nuclei, whereas “in vivo” MRI provide relative
crude estimates of such structures (126) but on a larger sample of brains.

In the present study, postmortem interindividual thalamic and basal ganglia variability
was evaluated by comparing brain sections cut in the same stereotactic planes. The difficulty
resides in cutting sections as close as possible to planes parallel (for horizontal sections) or per-
pendicular (for frontal and sagittal sections) to the ac—pc plane. Small deviations from these
planes will result in differences depending on the direction of the deviation and thus not reflect-
ing possible interindividual anatomical variability per se. Although great care has been given
to fulfil these requirements, we cannot exclude some distortion factor from our material.
Digitalization and 3D-rendered volumes can provide some correction by re-orienting the atlas
model according to the reference system. Other “technical” factors include possible deforma-
tion of the brain during fixation. This could explain for example the greater difference observed
in the dorsal thalamus, resulting in differences in dorsally located nuclei such as LD, AV, dorsal
CL,VLpd. Nevertheless, brains that have been “suspended” in the fixative solution present
similar differences in the dorso-ventral direction as the other. Moreover, MR images from
patients show relatively large variations, some of the same magnitude seen in autopsy material
(see below). In order to best estimate anatomical variability, sections cut in the horizontal or
sagittal plane are more suitable than in the frontal plane where the ac and pc are not in the same
plane. In the horizontal plane, the ac and pc centers may not lie within one section but between
two, but the estimated difference is less than 500 um.

DORSO-VENTRAL VARIATIONS

One major difference observed among brains is the dorsal limit of the thalamus as measured
from the distance orthogonal to the ac—pc plane (Fig. 6.5). This “global” difference, which
amounts to 3.5 mm, is reflected by similar difference in the dorsal extent of thalamic nuclei
(e.g., PuM, CL, MD, VLpd) as illustrated in Figures 6.1 and 6.2, with a “shift” of the LD toward
a more ventral and posterior position as if the brain had been “flattened.” However, more ven-
trally located nuclei, such as CM, Li, VM, and positions of subthalamic fiber tracts are less
affected. The differences in dorsal extent of the thalamus are similar to those evaluated in a 3D
atlas-to-MRI registration study (62). In the basal ganglia, relatively large variations are observed
in the dorso—ventral position of the pallidal subdivisions, as seen between cases Hb1 and Hb7
when compared on sagittal planes (e.g., Figs. 3.18-3.25 and 4.30—4.45). This variation is larger
when considering the GPe and GPi. The level at which the ac—pc plane intersects GPe and
GPi is more ventral in Hb7 than Hbl, as also seen in the frontal and sagittal series of the
Schaltenbrand and Wahren atlas (26) and in frontal maps of the Mai et al. atlas (32). This differ-
ence could be related in part to deviation of the position of the ac—pc plane, with more impact
on the pallidal than on thalamic level. However, the position and extent of GPi/GPe is similar
in the other hemisphere of Hb1 cut horizontally with a more accurate position of the ac—pc
plane (e.g., Figs. 3.6-3.12), suggesting that at least part of this variability is real.
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LATERO-MEDIAL VARIATIONS

Our experience has been that the variations in lateral coordinates are less when referred to
thalamoventricular border than to interhemispheric midsagittal plane. When measured in
horizontal sections (Fig. 6.5), the distances vary up to 5 mm when measured from interhemi-
spheric plane, and to 3 mm when measured from the thalamoventricular border. The difference
in latero-medial extent of thalamic nuclei and subthalamic fiber tracts is illustrated in
Figure 6.1 in frontal sections of two different brains. This difference is particularly reflected
in the most lateral thalamic nuclei (e.g., R), but less for more medial nuclei (CL, MD, CM).
Smaller variations are also observed for the fct, RN, and SN. This variability tends to be
independent from the length of the ac—pc line, as shown by the relatively small thalamic
differences in two other brains with different intercommissural distances (Fig. 6.3).

Overall, variability in both dorso-ventral and latero-medial dimensions is not homogeneous
but tends, at least for the thalamus and subthalamic area, to be smaller for structures closer to
intercommissural plane, for dorsoventral position, and to the ventricular border, for latero-
medial position.

ANTERO-POSTERIOR VARIATIONS

Antero-posterior positions of thalamic nuclei and basal ganglia structures tend to vary
according to the intercommissural length. This variability can be taken into account by using
different reference points for targeting, for example the posterior commissure (AP 0) level
for targeting the posterior part of the CL nucleus, the midcommissural point (mcl) for the fct,
ft, STh and posterior GPi, and the anterior commissure (ac) level for the anterior GPi. This is
depicted in Figures 6.3, 6.4, and 6.7 where drawings of sections from brains with same or
different ac-pc distances are aligned on different reference points. The use of different
landmarks provides thus a mean to reduce the variability of surgical targets by staying close
to the reference points.

As pointed above, the latero-medial and dorso-ventral variations appear largely indepen-
dent from the intercommissural distance. Because of this inhomogeneity, there is no available
standardization procedure for adjusting data from different brains and correct fully for interindi-
vidual anatomical variability. This is illustrated in Figure 6.7 (lower right panel) where adjusting
brains with different ac—pc distances to a “standard” 26 mm distance results in latero-medial
deviations of pallidal targets.

RELATION TO “IN VIVO” VARIABILITY

A number of structures within or adjacent to the thalamus and basal ganglia are visible in MRI,
though with variable precision. This direct visualization, though not accurate enough for target-
ing (20,120,121), provides additional control for transferring atlas to MR target coordinates, as
well as landmarks that are crucial for more accurate evaluation of overall thalamic and basal gan-
glia variability. Furthermore, this evaluation can be based on much larger number of cases, in both
normal (control) conditions as well as in disease situations (patients undergoing stereotactic
surgery). In the context of functional neurosurgery, the MRI resolution is limited by the time and
protocol of peroperative MR acquisition. Nevertheless, in cases of patients undergoing surgery
for PD or neuropsychiatric disorders, target placement in the internal pallidum is optimized by
using 3D-IR MRI sequences allowing visualization of the striato-pallidal compartments. In a small
group of patients, distances from the ac—pc plane to the maximal height of the thalamus and to the
internal capsule were measured (Fig. 6.5). The variation of the dorsal height of the thalamus (D)
was 2 mm, and that of the distance from thalamoventricular border to internal capsula (L) was
3mm (up to 6 mm when measured from the interhemispheric plane). Both distances varied
independently of the intercommissural length. Comparative measurements in three postmortem
brains with similar intercommissural distances resulted in variations of the same magnitudes for
the lateral distances when measured from the thalamo-ventricular border, but higher variation for
the dorsal thalamic height. As discussed before, factors such as duration of fixation and positions
of the brains in fixative may account for some of the differences observed in postmortem material.
More quantitative analyses, on a larger number of cases, have to be conducted in the future.
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ELECTROPHYSIOLOGICAL EVALUATION

During stereotactic neurosurgery, microelectrode recordings of multiple or single unit activity
are used in many functional neurosurgery centers to assess proper target site for placement of
therapeutic lesion or DBS electrode (14,16,121,127-134). The precision of this method, however,
depends on the physiological characteristics of the structure to reach or serving as landmark
along the penetration. In the thalamus, the presence of somatotopic maps and specific responses
to motor or somatosensory stimulations, with relatively restricted receptive fields of the neu-
rons in lateral nuclei (e.g., VPL) (128,135,136), provide criteria for adequate targeting in these
nuclei. Changes in activity patterns in the pallidal segments or the STh in PD patients are means
to localize borders of these structures (16-18,129,130,134,137), though these are not necessarily
sufficient in large structures such as the pallidum. In our experience, the initial anatomo-
radiological step of precise target coordinate determination and transfer onto MR images is the
most critical for guiding the electrode penetration. Then, electrophysiological recordings allow
the control of accurate depth of the target. This is particularly the case for targeting the pallidotha-
lamic tract which passes on the dorsal surface of the STh and enters the thalamus just ventral to
the motor thalamic nuclei VLa/VA/VM. The typical sequence of spontaneous activities encoun-
tered along the penetration are of sporadic or bursting activities in the thalamus, very low level
of activity in the ZI area, sudden reappearance of multiple tonic, more or less regular, activities at
the entrance into STh, and tonic regular single unit activities when coming into the SN. The
variations in the depth of the dorsal border of STh (Fig. 6.6) are relatively small (1.5 mm),
although more variations are observed in the thickness of the nucleus. Anatomically, the STh is
an elongated structure oriented obliquely, in an antero-medial to postero-lateral and dorso-lateral
to ventro-medial axes. Small interindividual variations in this orientation relative to intercom-
missural or midsagittal planes, as well as slight variations in the position of intercommissural
plane or interhemispheric plane, will result in differences in the depth at which the dorsal
border of the STh is encountered. Physiological criteria are less clear for other targeted thalamic
nuclei, such as the intralaminar CL nucleus for neurogenic pain. Nevertheless, the ventral limit
of the CL and limitans (Li) nuclei (e.g., Fig. 7.3D) is often detected by a decrease of unit activity.
Atlas reconstruction of MRI lesions taken three days postoperatively provide control of the
correct position of the target, though with limited precision due to resolution of MR images,
slice thickness, and possible slight errors in 3D stereotactic MRI slice orientations. The possible
occurrence of a brain shift cannot be avoided in stereotactic interventions (138), but the use of a
smaller, “pencil” shaped macroelectrode, as experienced in our operations for the last years,
reduces significantly the problem. It is also important to note that more shift is likely to occur
when the electrode has to pass through the ventricule before entering the thalamus as with
medial thalamotomies, than without ventricular passage, such as with subthalamic or pallidal
operations. In spite of these problems, the large majority of our penetrations in patients is localized
close enough to the intended target so that only rarely (less than 1% of performed targets) was
a second penetration for the same target necessary. Physiological criteria are also helpful to
target the pallidum, in particular to determine its ventral limit and avoid the optic tract (129,130).
In spite of their visualization in MRI (particularly with 3D-IR sequences), the contours of the
pallidal segments are not very sharp, especially in ventral sections.



FIGURE 6.1 (See color insert.) Comparison of thalamic and basal ganglia subdivisions, and of cerebellothalamic
tract (fct), in frontal maps of two different brains (Hb2, red contours; Hb7, white contours) at anteroposterior level 8 mm
anterior to pc and aligned on the intercommissural (DV 0) and midsagittal (L 0) planes (interrupted horizontal and verti-
cal lines, respectively). Selected structures are filled with colors to better illustrate the variability. Frontal sections from
brain Hb2 were illustrated in the previous atlas (Figs. 6.24 to 6.29) (47). Intercommissural distances are 30 mm (Hb2)
and 26 mm (Hb7). Scale bar: 5 mm.
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FIGURE 6.2 (See color insert.) Comparison of thalamic nuclei, subthalamic fiber tracts, STh and substantia nigra in
sagittal maps of two different brains (Hb1, red contours; Hb7, white contours) adjusted to lateral planes L 7 and L8 of
brain Hb7, and aligned on the intercommissural plane (DV 0). The intercommissural distances are 25 mm (Hb1) and
26 mm (Hb7).The variability is the lowest for structures close to the intercommissural (DV 0) plane. Scale bar (upper
panel): 5 mm.
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FIGURE 6.3 (See color insert.) Comparison of thalamic and striato-pallidal subdivisions in horizontal sections of
two different brains (Hb2, red contours; Hb1, white contours) 3.6 mm dorsal to intercommissural plane and aligned
on anteroposterior midcommissural (mc/) in (A) and posterior commissure level (AP 0) in (B). Same color codes for

the CL, VLp, and R nuclei as in Figure 6.2. Intercommissural distances are 25 mm (Hb1) and 30 mm (Hb2). Scale bar
(B): 5 mm.
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FIGURE 6.4 (See color insert.) Comparison of postero-inferior thalamus, subthalamic fiber tracts, STh and striato-
pallidal subdivisions in horizontal sections of the brains illustrated in Figure 6.3 and 2 mm ventral to intercommissural
plane. The maps are aligned on anteroposterior midcommissural (mcl) level in (A), posterior commissure level (AP 0)
in (B), and anterior commissure (ac) level in (C). Scale bar (A): 5 mm.
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FIGURE 6.5 Measurements of thalamic dimensions “in vitro” (brain Hb1, /eft panels) and “in vivo” (T2-IR MRI, right
panels). Distances from the pulvinar pole to pc, the thalamo-ventricular border to the internal capsule and from the
ac—pc plane to dorsal thalamus are indicated in atlas sections and in MRIs. In horizontal and sagittal maps, interrupted
lines indicate levels of the pc, mcl, and ac (upper left panel) and of the intercommissural plane (DV 0, lower right panel).
Scale bars: 5 mm.
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FIGURE 6.6 (See color insert.) Variability of subthalamic fiber tracts in the two different brains (Hb1 and Hb7) repre-
sented in Figure 6.2 and illustrated at sagittal levels 7.2 and 8.1 mm lateral to ventricular border (A and B, respectively).
The electrode trajectories and positions of surgical lesions CTT (cerebellothalamic tractotomy) and PTT (pallidothalamic
tractotomy) are represented by interrupted lines and open ovals. The myeloarchitecture at corresponding levels of case
Hb 7 is illustrated by photomicrographs of sections adjacent to the graphical representations. The lower panels in
(C) show the variation of the outlines of the STh at two sagittal levels [7.2 mm lateral to the thalamoventricular border
(open area), and 0.9 mm more lateral (filled green area)], and in (D), the distribution of depth points where the dorsal limit
of the STh nucleus was encountered electrophysiologically in the course of 35 penetrations in 20 patients. The depth
variation of dorsal STh border between L7.2 and L8.1 is shown in green. Scale bars (A and C): 2 mm.
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FIGURE 6.7 (See color insert.) Upper panels: Comparison of horizontal maps of subthalamic fiber tracts and striato-
pallidal compartments 2 mm ventral to the intercommissural plane from brains with same (A and B) or different (C)
intercommissural distances (see Table 2.1). The sections are aligned according to midcommissural (mcl) point, which
represents the reference anteroposterior level for PTT, PMP and CTT targets (lesions represented by filled grey or red
circles). Lower panels: Horizontal maps from two brains with different intercommissural distances aligned on midcom-
missural (D), anterior commissure level (E) or adjusted (size reduced for Hb3 and enlarged for Hb6) to 26 mm intercom-
misural distance (F). Scale bar (upper left panel): 5 mm.
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STEREOTACTIC FUNCTIONAL NEUROSURGERY

The primary application of this atlas is in the field of stereotactic functional surgery. From the
start of our experience, it was clear that the most commonly used atlas of the human thalamus
by Schaltenbrand and Wahren (26) was insufficient in terms of anatomical resolution and stereo-
tactic precision to perform accurate and well-based stereotactic operations. Furthermore, a
number of new staining procedures had been developed to reveal more details of the anatomy
of both the thalamus and basal ganglia, in human as well as in nonhuman primates. This led to
the development of our own atlas for the determination of surgical targets in several functional
disorders, including Parkinson’s disease, neurogenic pain, and neuropsychiatric disorders.
A simplified diagram in Figure 7.1 illustrates the principal surgical targets commonly used to
treat patients with chronic, therapy-resistant motor disorders (essential tremor and Parkinson’s
disease), with either radiofrequency lesions (RFL) or high-frequency stimulations (HFS). We
concentrate here on the targets that we have developed or updated from older surgical experi-
ences, and refer to several publications from our group for the pathophysiological and clinical
descriptions (13,17,109,131,139,140). The subthalamic nucleus target for the treatment of
Parkinson’s disease is also discussed below for its relation to the pallidothalamic tractotomy.

Our main surgical procedures are illustrated in Figures 7.2 and 7.3. In Parkinson’s disease
and essential tremor, the surgeries consist of small radiofrequency (RFL) lesions (3—4 mm
diameter) selectively placed on the pallidothalamic or cerebellothalamic tracts (PTT and CTT,
respectively; Fig. 7.1) at their entrance into the thalamus (109,131). Overlap of the RFL lesions
with the fibers tracts (fct, fl, and ft) is illustrated in Figure 7.2 where the lesions visualized on
postoperative T1-weighted MRI are projected onto the atlas. The involvement of the pallido
thalamic tract, at least of the fl in Forel field H2, is certainly significant for the clinical results
obtained by dorsal subthalamotomy or chronic HFS at the dorsal border of the subthalamic
nucleus, as recently reported by several groups (18,20,141-145). In neurogenic pain (Fig. 7.3C-F),
RFLs are placed in the posterior part of the CL nucleus (CL thalamotomy, CLT) and the lesion
extends 10 to 14 mm from the target to cover a large part of the nucleus (139,146). The lesion
shown in Figure 7.3A and B is localized in the anterior part of the internal pallidum (AMP, for
antero-medial pallidotomy), and alone or in combination with CLT represents the surgical inter-
vention for the treatment of chronic, therapy-resistant neuropsychiatric disorders (140).

ELECTROPHYSIOLOGICAL MAPPING

As discussed in the previous chapter, the primary goal of peroperative physiological recordings
is to assess target localization and eventually correct for possible brain shift and/or anatomical
variability. A second goal is to better understand pathophysiological mechanisms underlying
functional disorders [e.g., overactive GPi and STh in PD patients, overproduction of LTS bursts
and local field potentials (LFP) low frequencies in the thalamus of patients suffering from
different functional disorders (13,17,147-150)]. Our comprehension of these mechanisms, grounded
in early experimental studies (151) and termed thalamocortical dysrhythmia (152), has also
greatly benefited from pre- and postoperative analyses of surface electroencephalograms (EEG)
(148,149) and magnetoencephalograms (MEG) (153,154). It is important to localize intraopera-
tive subcortical recordings as accurately as possible. The possibility of identifying RFL lesions
in MRIs (Figs. 7.2 and 7.3) and to reconstruct from there the position of recording or stimulation
points provides more accurate localization than often possible with DBS stimulating electrodes
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and their problems of artifacts. The effects of macrostimulations were also analysed in different
groups of patients, and in the lateral and medial thalamic nuclei (Fig. 7.4). The dominance of
somatosensory responses in neurogenic pain patients, of motor effects in parkinsonian patients,
and of limbic responses among a neuropsychiatric group in the same thalamic region provides
evidence for significant plastic changes occurring during the evolution of the disease.

FUNCTIONAL NEUROIMAGING

The recent advances in brain imaging techniques have increased significantly the possibilities
to explore in vivo morphological and functional aspects of the human brain, in normal and
pathological conditions. Nevertheless, the proper identification of regions of interest still
depends on the use of fine-grained histological atlases (23,24,155). For example, interpretations
of clinical consequences after vascular insults limited to the thalamus were possible after
integrating the atlas (21,22).The application of high-resolution MRI to directly visualize finer
morphological features, such as thalamic nuclei, fiber tracts, cortical layers is still limited to
postmortem brains (156,157; see also Figs. 5.5-5.6) and not to patients undergoing stereotactic
functional neurosurgery.

3D ATLAS MODEL

The scope of computerized atlases has greatly expanded, from postmortem brain atlases for
neuronavigation systems, to “in vivo” probabilistic atlases (e.g., 158-160). The former are based
on one or two brains only but benefit from high anatomical resolution; the latter involve analyses
of large numbers of brains from living subjects to take into account interindividual variability,
but are limited in anatomical precision. Digitalization of the atlas of the human thalamus (47)
provided an internally consistent 3D model and its coregistration with MRI for neuronavi-
gation (62). Illustration of the model and example of “on line” visualization of the electrode
trajectory in CL are given in Figure 7.5. The goal now is to amass data from additional post-
mortem brains to computerize a 3D statistical atlas and evaluate quantitatively interindividual
anatomical variability.
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FIGURE 7.1 (See color insert.) Simplified diagram of the cortico-basal ganglia/cerebello-thalamo-cortical networks
and most frequently used surgical targets to treat patients with Parkinson’s disease and essential tremor. Surgeries
consist of either therapeutic radiofrequency lesions or high frequency stimulations (HFS). Both procedures target the

same structures (e.g., VL-thalamotomy or HFS), except for the pallidothalamic tract which is not per se targeted by
neurosurgeons using HFS.

Frontal cortex

Pontine
Nuclei

Striatum

Thalamus ‘
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1. VL-thalamotomy or HFS

2. Subthalamotomy or HFS

3. Medial pallidotomy or HSF

4. Pallidothalamic tractotomy (PTT)

5. Cerebellothalamic tractotomy (CTT) or HFS

FIGURE 7.1



FIGURE 7.2 Sagittal atlas projection of a PTT lesion (B) as reconstructed from two-days postoperative sagittal
T1-weighted MRI (A). The same PTT lesion and a CTT lesion in a patient with essential tremor are shown on a horizontal
postoperative MRI 2 mm ventral to the intercommissural plane (C and D) and projected onto the atlas in (E). The edemas
seen in MRI are not included in the graphic reconstructions.The pallidothalamic (f/and ff), cerebellothalamic (fct), and
medial lemniscus (m/) are represented in light grey areas in (B) and (E). Scale bars: 5 mm (A,C,D) and 2 mm (B and E).

FIGURE 7.2
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FIGURE 7.3 Postoperative T1-weighted MRI (A,C,E) and atlas projections (B,D,F) of therapeutic RFL lesions centred
in the anteromedial pallidum (AMP) and posterior part of the central lateral nucleus (CLT). The CLT is represented on
sagittal (C and D) and horizontal (E-F) planes to show the overlap with the posterior, enlarged part of the CL character-
ized by dense cellular clusters (small light grey areas). The same conventions for fiber tracts were used as in Figure 7.2.
Scale bars: 5 mm (A,C,E), and 2 mm (B,D,F).
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FIGURE 7.4 (See color insert.) Sagittal atlas projections of CLT and PTT lesions (A and B) and projections of
response modalities to intraoperative thalamic stimulations in four neurogenic pain (NP), five parkinsonian (PD), and
four neuropsychiatric (Npsy) patients obtained between sagittal levels L7 and L8 (C—E). Symbols correspond to different
patients and color indicates somatosensory (red), motor (green), limbic (blue), or bimodal (e.g., red/green) responses.
Scale bars: 2 mm (A and C).
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FIGURE 7.5 (See color insert.) (A) Three-dimensional model of the human thalamus with representation of two
sections parallel to electrode penetrations aiming at CLT and PTT, respectively, and crossing the posterior part of CL
(CLp) and the motor nuclei VA, VLA, and VM. Left is posterior. The anterior section is also represented in (C) with projec-
tions of 1 mm distant parallel electrode trajectories aiming at PTT. (B) 3D to 2D projection of the CLT trajectory onto a
horizontal IR-MRI slice dorsal to the target. The large arrow points to the region of the CL nucleus ( yellow contour)
pierced by the electrode. Source: Adapted from Ref. 62.
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List of Abbreviations

ac
al

Acb(l, m)
AChE
AD

AMP
AM
Amg

ap

B

bic

BST
CaBP

cc

Cd

CeM

CB

Anterior commissure

Ansa lenticularis

Accumbens nucleus (lateral and medial)
Acethylcholinesterase

Anterodorsal nucleus

Anteromedial pallidotomy
Anteromedial nucleus

Amygdala

Ansa peduncularis

Basal nucleus of Meynert

Brachium of the inferior colliculus

Bed nucleus of the stria terminalis
Calcium-binding proteins

Corpus callosum

Caudate nucleus

Central medial nucleus

Calbindin D-28K

Cingulate gyrus

Calretinin

Central lateral nucleus (posterior part)
Central lateral thalamotomy

Claustrum

Centre médian nucleus (or centromedian)
Cerebral peduncle

Cerebellothalamic tractotomy

Dentate gyrus

Diagonal band of Broca

Entorhinal cortex

External medullary lamina

Fasciculus cerebello-thalamicus
Fasciculus lenticularis

Fasciculus retroflexus

Fasciculus thalamicus

Fornix

Globus pallidus, internal segment
Globus pallidus, external segment
Globus pallidus, ventral subcommissural part
Gyrus rectus

Habenular nucleus (lateral and medial subdivisions)
Hippocampus

Hypothalamus

Internal capsule

Inferior colliculus

Insular gyrus

Internal medullary lamina

Lateral dorsal nucleus

Lateral geniculate nucleus (magnocellular layers)
Limitans nucleus
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Il

LP

MB

MD (pc, m, pl)

MGN
MGm
MGv
MGd
ml
mitt
MV
oG
OA
ot
PAG
pc

Pf
PMP
Po
PRC
PTIT
PuA
Pul
Pul
PuM
PuT
Pv
PV

R
RN
sC
SCA
scp
Sep
SG
sm
SNc
SNr
sPal
sPf
STh
stt
Tu
VA(pc, mc)
VLa
VLp(d, v)
VM

VPI
VPL(p, a)
VPM
VPMpc
VS

VTA

Z1

List of Abbreviations

Lateral lemniscus

Lateral posterior nucleus

Mammillary body

Mediodorsal nucleus (parvocellular, magnocellular, and
paralamellar divisions)

Medial geniculate nucleus

Medial geniculate nucleus, medial division
Medial geniculate nucleus, ventral division
Medial geniculate nucleus, dorsal division
Medial lemniscus

Mammillothalamic tract

Medioventral nucleus

Orbital gyrus

Olfactory area

Optic tract

Periaqueductal grey area

Posterior commissure

Parafascicular nucleus

Posteromedial pallidotomy

Posterior nucleus

Piriform cortex

Pallidothalamic tractotomy

Anterior pulvinar

Inferior pulvinar

Lateral pulvinar

Medial pulvinar

Putamen

Paraventricular nuclei

Parvalbumin

Reticular thalamic nucleus

Red nucleus

Superior colliculus

Subcallosal area

Superior cerebellar peduncle

Septal area

Suprageniculate nucleus

Stria medullaris

Substantia nigra, pars compacta

Substantia nigra, pars reticulata
Subpallidal area

Subparafascicular nucleus

Subthalamic nucleus

Spinothalamic tract

Olfactory tubercule

Ventral anterior nucleus (parvocellular and magnocellular divisions)
Ventral lateral anterior nucleus

Ventral lateral posterior nucleus (dorsal and ventral divisions)
Ventral medial nucleus

Ventral posterior inferior nucleus

Ventral posterior lateral nucleus (posterior and anterior divisions)
Ventral posterior medial nucleus

Ventral posterior medial nucleus, parvocellular division
Ventral striatum

Ventral tegmental area

Zona incerta
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Ac. See Anterior commissure (ac)

Accumbens nucleus (Acb), 26-29, 87-88
AChE, CB, CR photomicrographs, 104
anatomofunctional compartmentalization, 53-55
photomicrographs, 45

Acetylcholinesterase (AChE), 15, 104
photomicrographs, 50-51

AD. See Anterodorsal nucleus (AD)

AM. See Anteromedial nucleus (AM)

Anatomofunctional compartmentalization, 53-55

Anterior commissure (ac), 26-29

Anterior commissure level
thalamus and basal ganglia, 17

Anterior group of thalamic nuclei, 14

Anterior pulvinar (PuA), 36-38, 87-88
thalamic nuclei

Anterodorsal nucleus (AD), 19, 78-80
anatomical variability, 6
thalamic nuclei, 14

Anteromedial nucleus (AM), 20, 30-35, 78-80

Antero-posterior variations, 120

Anteroventral (AV), 14

Autopsy material, 3

AV. See Anteroventral (AV)

B. See Basal nucleus of Meynert (B)
Basal ganglia
anatomo-functional compartmentalization, 53
atlas maps, 53
block preparation, 10
frontal sections, 7, 11, 52, 104, 122
horizontal sections, 17-29
MRI, 11
pallidum, 54-55
sagittal sections, 3041
stereotactic functional neurosurgery and
neuroimaging, 53-110
striatum, 53-54
substantia nigra, 55
subthalamic nucleus, 55
Basal nucleus of Meynert (B), 39-41, 90-102
extended amygdala
photomicrographs, 103
Block preparation, 3—4
basal ganglia atlas, 10
thalamic atlas, 3,9, 53
Brachium of the inferior colliculus (bic), 114

CaBP. See Calcium-binding proteins (CaBP)
Calbindin (CB), 16, 104
Calcium-binding proteins (CaBP), 14-15
pallidal and cerebellar territories, 5, 54
striato-pallidal compartmentalization, 6, 53, 106
subthalamic fiber tracts, 6, 13, 17, 111
subthalamus, 52
thalamus, 52

Calretinin (CR), 104
limbic territory
Caudate nucleus (Cd), 17-29, 36-38, 3941,
56-77,90-102
AChE, 104, 105
CaBP, 104-106
CB, CR, 104, 105
MRI, 117
myelin, 105, 117, 118
Nissl, 46-47
pallidothalamic fibers, 115
photomicrographs, 45
postmortem MRI and photomicrographs, 49, 103
striatal and pallidal anatomo-functional
compartmentalization, 109
subthalamic fibers and striato-pallidal
compartments, 128
thalamus and basal ganglia, 122
CB. See Calbindin (CB)
Cd. See Caudate nucleus (Cd)
CeM. See Central medial nucleus (CeM)
Central lateral nucleus (CL), 19, 30-35, 78-80,
81-86, 87-88
AChE, 48
CaBP, 104-106
myelin, 42
Nissl, 42, 43, 46-47, 48
Nissl, myelin and AChE, 50-51
postmortem MRI and photomicrographs, 44
subthalamic fiber tracts, 113, 127
thalamus and basal ganglia, 122
in vivo and in vitro thalamus, 126
Central lateral thalamotomy (CLT)
neurogenic pain, 130
postoperative MRI, 134
sagittal atlas projections, 134
surgical target, 130
Central medial nucleus (CeM), 19-25, 30-35, 78-80
myelin, 42, 48
Nissl, 42
thalamic nuclei, 13
Centre median nucleus (CM), 13, 15-16, 43, 44,
51,117,119
AChE, 4-6, 10, 13-16
Cerebellothalamic and pallidothalamic tracts, 111-112
atlas maps, 113-118
Cerebellothalamic tractotomy (CTT)
motor disorders, 130-131
postoperative MRI, 127, 128, 132
sagittal atlas projection, 132
Cerebral peduncle (CP)
postmortem MRI and photomicrographs, 49
Chronic functional disorders, 1
CL. See Central lateral (CL)
CLT. See Central lateral thalamotomy (CLT)
CM. See Centre median (CM)
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Comb system, 115

CP. See Cerebral peduncle (CP)

CR. See Calretinin (CR)

CTT. See Cerebellothalamic tractotomy (CTT)

Data analysis, 5-6
Diffusion tensor imaging (DTI), 2
Dorsoventral level
thalamus and basal ganglia, 17
variations, 119
DTI. See Diffusion tensor imaging (DTI)

Electrophysiological evaluation, 120-121
Electrophysiological mapping, 129-130

Functional neuroimaging, 130
Functional neurosurgery, 120, 130

Globus pallidus, external segment (GPe), 19-25,
26-29, 36-38, 39-41, 87-88, 90-102
AChE, 104, 105
CaBP, 104-105, 108
CaBP photomicrographs, 106
CB, 104, 105, 108
CR, 104, 105, 108
MRI, 117
myelin, 105, 117, 118
photomicrographs, 45
postmortem MRI and photomicrographs, 103
striatal and pallidal anatomo-functional
compartmentalization, 109
subthalamic fibers and striato-pallidal
compartments, 128
thalamic and striato-pallidal subdivisions, 124
Globus pallidus, internal segment (GPi), 19-25,
26-29, 36-38, 39-41, 87-88, 90-102
AChE, 104, 105
CaBP, 104-105
CaBP photomicrographs, 106
CB, CR, PV,104, 105
MRI, 117
myelin, 117, 118
photomicrographs, 45
postmortem MRI and photomicrographs, 103
striatal and pallidal anatomo-functional
compartmentalization, 109
subthalamic fibers, 116
subthalamic fibers and striato-pallidal
compartments, 128
thalamic and striato-pallidal subdivisions, 124
Globus pallidus, ventral subcommissural
part (GPv), 87-88
AChE, 104, 107
CaBP, 104, 107
CB, 104
CR, 104
Nissl, 107
GPe. See Globus pallidus, external segment (GPe)
GPi. See Globus pallidus, internal segment (GPi)
GPv. See Globus pallidus, ventral subcommissural
part (GPv)
Graphic representations, 6-7
Guillotine knife, 9

Habenula (Hb), 30-35, 78-80
AChE, 48
myelin, 48
thalamic nuclei, 13

Index

High frequency stimulation (HFS), 1-2, 129
High resolution postmortem magnetic resonance
imaging, 112
Hippocampus (Hip), 111
postmortem MRI and photomicrographs, 49
Hypothalamus (Hyp), 53, 54, 106

Immunocytochemistry, 5

Inferior colliculus (IC), 30-35, 81-86
CaBP, 104-106
myelin, 42
Nissl, 42

Interindividual variability, 130
in vivo variability, 120
postmortem variability, 130-131

Lateral dorsal nucleus (LD), 18, 81-86
CaBP, 16
myelin, 43
Nissl, 43, 46-47
photomicrographs, 45
postmortem MRI and photomicrographs, 44, 49
PV-ir, 16
thalamus and basal ganglia, 122
thalamic nuclei, 14
Lateral geniculate nucleus (LGN), 16, 39-41
CaBP, 14
CaBP photomicrographs, 106
postmortem MRI and photomicrographs, 49
PV-ir, 14
Lateral posterior nucleus (LP), 18, 36-38, 90-102
AChE, 48
myelin, 48
Nissl staining photographs, 46-47
postmortem MRI and photomicrographs, 49, 103
thalamus and basal ganglia, 122
thalamic nuclei, 14
Lateral pulvinar (PuL), 19-25, 26-29, 3941, 56-77
myelin and MRI, 118
subthalamic fibers and striato-pallidal
compartments, 128
Latero-medial variations, 119-120
LD. See Lateral dorsal nucleus (LD)
LEFP. See Local field potentials (LFP)
LGN. See Lateral geniculate nucleus (LGN)
Limitans nucleus (Li), 19-25, 30-35, 78-80, 81-86
cerebello- and pallidothalamic tracts, 114
myelin, 42, 43
Nissl, 42
postmortem MRI and photomicrographs, 49
subthalamic fiber tracts, 113, 127
Local field potentials (LFP), 129
LP. See Lateral posterior nucleus (LP)

Magnetic resonance images, sources of, 7-8
Magnetoencephalogram (MEG), 129
Mammillary body (MB), 30-35, 78-80

myelin and MRI, 117
MD. See Mediodorsal nucleus (MD)
Medial geniculate nucleus (MGN), 36-38, 87-88,

90-102

AChE, 50-51, 107

CaBP, 14, 16, 107

CaBP photomicrographs, 106

CB-ir, 16

functional considerations, 13-14

myelin, 50-51

myelin and MRI, 118
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postmortem MRI and photomicrographs, 103
PV-ir, 14, 16
Medial geniculate nucleus, medial division (MGm)
CaBP, 16
PV-ir, 16
Medial geniculate nucleus, ventral division (MGv)
CaBP, 16
functional considerations, 14
Medial lemniscus/spinothalamic tracts, 112
CaBP, 16
pain processing, 16
subthalamic fiber tracts
Mediodorsal nucleus (MD), 19, 20, 30-35, 78-80,
81-86
AChE, 48
MRI, 117
myelin, 42, 43, 48, 117
Nissl, 42, 43, 46-47, 48, 117
pallidothalamic fibers, 115
photomicrographs, 45
postmortem MRI and photomicrographs, 44
subthalamic fiber tracts, 127
thalamic nuclei, 13
thalamic and striato-pallidal subdivisions, 124
thalamus and basal ganglia, 122
Medioventral nucleus (MV), 19-25, 78-80
thalamic nuclei, 13
MEG. See Magnetoencephalogram (MEG)
MGm. See Medial geniculate nucleus, medial
division (MGm)
MGN. See Medial geniculate nucleus (MGN)
MGyv. See Medial geniculate nucleus,
ventral division (MGv)
Midcommissural level
thalamus and basal ganglia, 17
Multiarchitectonic parcellation, 6
MV. See Medioventral nucleus (MV)
Myelin
photomicrographs, 42, 45, 49, 50-51
postmortem MRI, 49
subthalamic fiber tracts, 6, 13, 16, 111-112

Neuroimaging, 1-2, 130-131

Neurosurgery, 1, 53, 120, 130-131
cerebellothalamic tractotomy, 126
pallidotomy, 130
pallidothalamic tractotomy, 126, 130
thalamotomy, 6, 130

Nissl stainings
photomicrographs, 42-43, 46-47, 47, 48, 50-51

PAG. See Periaqueductal grey area (PAG)

Pallidothalamic tractotomy (PTT)
Parkinson’s disease, 6, 111, 130-131, 132, 134
sagittal atlas projection, 132, 134
subthalamic fiber tracts, 127

Parafascicular nucleus (Pf), 19-25, 30-35, 78-80
cerebello- and pallidothalamic tracts, 114
thalamic nuclei, 13

Paraventricular nuclei (Pv)
myelin and AChE photomicrographs, 48
thalamic nuclei, 13

Periaqueductal grey area (PAG), 26-29, 30-35,

56-77,78-80
Pf. See Parafascicular nucleus (Pf)
Po. See Posterior nucleus (Po)
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thalamus and basal ganglia, 17
Posterior nucleus (Po), 19-25, 26-29, 36-38,
87-88, 90-102
cerebello- and pallidothalamic tracts, 114
thalamic nuclei, 14
Postmortem, 3, 7, 11, 44, 49, 112, 119-121
PTT. See Pallidothalamic tractotomy (PTT)
PuA. See Anterior pulvinar (PuA)
PuL. See Lateral pulvinar (PuL)
Pulvinar nuclei, 19-25, 20, 26-29, 36-38, 56-77,
81-86, 87-88, 90-102
AChE, 48, 50-51
myelin, 48, 50-51
myelin and Nissl stainings, 42, 43
Nissl, 50-51
photomicrographs, 45
postmortem MRI and photomicrographs, 44, 49, 103
thalamic nuclei, 14
in vivo and in vitro thalamus, 126
Putamen (PuT), 19-25, 26-29, 39-41
CaBP photomicrographs, 106
myelin and MRI, 118
Nissl staining photographs, 46-47
striatal and pallidal anatomo-functional
compartmentalization, 109
subthalamic fibers and striato-pallidal
compartments, 128
thalamic and striato-pallidal subdivisions, 124
thalamus and basal ganglia, 122
in vivo and in vitro thalamus, 126
Pv. See Paraventricular nuclei (Pv)
PV immunoreactivity (PV-ir), 14

R. See Reticular thalamic nucleus (R)
Radiofrequency lesions (RFL), 129
MR, 133
Red nucleus (RN), 26-29, 30-35, 78-80, 81-86
CaBP photomicrographs, 106
cerebello- and pallidothalamic tracts, 114
myelin and Nissl stainings, 42
Nissl, myelin, AChE, CaBP-ir photomicrographs,
107
postmortem MRI and photomicrographs, 44
subthalamic fiber tracts, 113, 127
thalamus and basal ganglia, 122
Reference coordinate system, 7
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Reticular thalamic nucleus (R), 17, 19-25, 26-29,
39-41, 56-77, 81-86, 90-102
AChE, 104, 105
CaBP, 104, 105
CB, 104, 105
CR, 104, 105
PV, 13-16, 54, 112
myelin, 43, 105
Nissl, 43
postmortem MRI and photomicrographs, 44, 103
subthalamic fiber tracts, 113, 127
thalamic nuclei, subthalamic fiber tracts, 123
thalamus and basal ganglia, 122
in vivo and in vitro thalamus, 126
RFL. See Radiofrequency lesions (RFL)
RN. See Red nucleus (RN)

SC. See Superior colliculus (SC)
SG. See Suprageniculate nucleus (SG)
SG/Li. See Suprageniculate/limitans (SG/Li)
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SN. See Substantia nigra (SN)
SNec. See Substantia nigra, pars compacta (SNc)
SNr. See Substantia nigra, pars reticulata (SNr)
sPAL. See Subpallidal area (sPAL)
sPf. See Subparafascicular (sPf)
Stereotactic atlases, 1
Stereotactic functional neurosurgery and
neuroimaging,129-136
abbreviations, 143-144
atlas, 129-136
basal ganglia, 53-110
interindividual anatomical variability, 119-136
material and methods, 3-12
MRI, 1
new anatomical framework, 1-2
subthalamic fiber tracts, 111-118
thalamus, 13-52
Stereotactic precision, 2
STh. See Subthalamic nucleus (STh)
Stimulations, 122, 132-133
Subpallidal area (sPAL)
CB and CR photomicrographs, 108
Subparafascicular (sPf)
thalamic nuclei, 13
Substantia nigra (SN), 30-35
Substantia nigra, pars compacta (SNc), 81-86
CaBP photomicrographs, 108
CB and CR photomicrographs, 108
myelin and Nissl stainings, 42, 43
photomicrographs, 45
postmortem MRI and photomicrographs, 49
subthalamic fiber tracts, 113
thalamic nuclei, subthalamic fiber tracts, 123
Substantia nigra, pars reticulata (SNr), 81-86, 87-88
CaBP photomicrographs, 108
CB and CR photomicrographs, 108
comb system, 54, 114, 116
Nissl, myelin, AChE, CaBP-ir photomicrographs, 107
photomicrographs, 45
postmortem MRI and photomicrographs, 49
thalamic nuclei, subthalamic fiber tracts, 123
Subthalamic fiber tracts
multiarchitectonic characteristics, 14, 53, 112, 114
myelin, 45-50, 112
stereotactic functional neurosurgery and
neuroimaging, 111-118
Subthalamic nucleus (STh), 1, 18-20, 26-29, 36-38,
3641, 56-77, 81-88
AChE photomicrographs, 48
myelin and MRI, 117
myelin and Nissl stainings, 43
Nissl staining photographs, 46-47
pallidothalamic fibers, 115
photomicrographs, 45
postmortem MRI and photomicrographs, 44
subthalamic fiber tracts, 113
subthalamic fibers and striato-pallidal
compartments, 128
thalamic nuclei, subthalamic fiber tracts, 123
thalamus and basal ganglia, 122
Subthalamic pallidothalamic tract, 13
Superior colliculus (SC), 30-35, 56-77, 81-86
myelin and Nissl stainings, 42
Suprageniculate/limitans (SG/Li)
thalamic nuclei, 14
Suprageniculate nucleus (SG), 26-29, 36-38
Nissl, myelin and AChE, 50-51
Surgical targets, 131
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Thalamic atlas

bloc preparation, 9

guillotine procedure, 9
Thalamic nuclei

anterior group, 14

lateral group, 11

medial group, 12

posterior group, 12-13
Thalamus

atlas, 2

frontal sections, 7, 11, 54, 56, 104

functional considerations, 15-16

horizontal sections, 17

MRI, 11

multiarchitectonic characteristics, 14-15

nomenclature, 6

sagittal sections, 3041

stereotactic functional neurosurgery and

neuroimaging, 13-52

three-dimensional model, 135
Three dimensional model

atlas, 130

Ventral anterior (VA)
thalamic nuclei, 13
Ventral anterior nucleus (VA)
CaBP, 16
CB-ir, 16
PV-ir, 16
three-dimensional model, 135
Ventral anterior nucleus, magnocellular divisions
(VAmc), 30-35
myelin, and AChE photomicrographs, 48
myelin and Nissl stainings, 42, 43
subthalamic fiber tracts, 113, 127
Ventral anterior nucleus, parvocellular divisions
(VApc), 18, 19, 36-38, 81-86
AChE, CB, CR photomicrographs, 104
myelin and AChE photomicrographs, 48
myelin and MRI, 117
myelin and Nissl stainings, 42, 43
Nissl staining photographs, 46-47
photomicrographs, 45
subthalamic fiber tracts, 113, 127
in vivo and in vitro thalamus, 126
Ventral lateral anterior nucleus (VLa), 19-25, 20,
36-38, 90-102
CaBP, 16
CB-ir, 16
cerebello- and pallidothalamic tracts, 114
myelin and AChE photomicrographs, 48
photomicrographs, 45
postmortem MRI and photomicrographs, 44
PV-ir, 16
subthalamic fibers, 116
thalamic nuclei, 13
three-dimensional model, 135
in vivo and in vitro thalamus, 126
Ventral lateral posterior nucleus (VLp), 17, 18, 19-25,
20, 36-38, 81-86, 87-88, 90-102
cerebello- and pallidothalamic tracts, 114
myelin and MRI, 117
myelin and Nissl stainings, 43
Nissl staining photographs, 46-47
pallidothalamic fibers, 115
photomicrographs, 45
postmortem MRI and photomicrographs, 103
PV-ir, 14
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[Ventral lateral posterior nucleus (VLp)]
subthalamic fiber tracts, 113
subthalamic fibers, 113, 116, 127
thalamic nuclei, 13
thalamic nuclei, subthalamic fiber tracts, 123
thalamus and basal ganglia, 122
Ventral medial nucleus (VM), 81-86
CaBP, 16
CB-ir, 16
cerebello- and pallidothalamic tracts, 114
myelin and Nissl stainings, 43
subthalamic fibers, 116, 127
thalamic nuclei, 13
three-dimensional model, 135
Ventral posterior inferior nucleus (VPI), 13-16
Ventral posterior lateral nucleus (VPL), 13-15,
112, 120
CaBP, 14
subthalamic fiber tracts, 116,127
Ventral posterior medial nucleus (VPM), 19-25,
26-29, 36-38, 87-88
photomicrographs, 45
PV-ir, 14
thalamus and basal ganglia, 122

Ventral striatum (VS), 90-102
anatomofunctional compartmentalization, 53
postmortem MRI and photomicrographs, 103

Ventroposterior complex (VP), 19-25, 20, 26-29,

36-38, 87-88, 90-102
cerebello- and pallidothalamic tracts, 114
myelin and AChE photomicrographs, 48
Nissl, myelin and AChE, 50-51
postmortem MRI and photomicrographs, 103
thalamic nuclei, 13
in vivo and in vitro thalamus, 126

VLa. See Ventral lateral anterior nucleus (VLa)

VLp. See Ventral lateral posterior nucleus (VLp)

VM. See Ventral medial nucleus (VM)

VPL. See Ventroposterior complex (VPL)

VPM. See Ventral posterior medial nucleus (VPM)

VS. See Ventral striatum (VS)

Zona incerta (ZI), 26-29
pallidothalamic fibers, 115
photomicrographs, 45
subthalamic fibers, 116, 127
thalamus, 13
thalamus and basal ganglia, 122
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