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BACKGROUND: The globus pallidus internus (Gpi) is a
major target in functional neurosurgery. Anatomical studies
are crucial for correct planning and good surgical
outcomes in this region. The present study described the
anatomical coordinates of the Gpi and its relationship with
other brain structures and compared the findings with
those from previous anatomical studies.

METHODS: We obtained 35 coronal and 5 horizontal
brain specimens from the Department of Anatomy and
stained them using the Robert, Barnard, and Brown
technique. After excluding defective samples, 60 nuclei
were analyzed by assessing their distances to the
anatomical references and the trajectories to these nuclei.

RESULTS: The barycenter of the Gpi was identified at the
level of the mammillary bodies and 1 cm above the inter-
commissural plane. Thereafter, the distances to other
structures were found. The mean + standard deviation
distance was 15.62 + 2.66 mm to the wall of the third
ventricle and 17.02 + 2.69 mm to its midline, 4.74 + 1.12 mm
to the optic tract, 2.51 + 0.8 mm and 13.56 + 2 mm to the
internal and external capsule, and 21.3 + 2.44 mm to the
insular cortex. The cortical point of entry should be located
22.03 + 4.34 mm to 48.74 + 4.44 mm from the midline.

CONCLUSION: The Gpi has less variability in distance to
closer anatomical references, such as the optic tract and
internal capsule. Distant locations showed a more inho-
mogeneous pattern. Anatomical studies such as ours are
important for the development of new therapeutic

approaches and can be used as a basis for new research
involving volumetric and specific group analyses.

INTRODUCTION
r I Vhe internal segment of the globus pallidus (Gpi) is a

relevant part of the diencephalon and is related to motor

function and processing and regulating neuronal circuits.”
Similar to other basal ganglia, this nucleus is involved in the
pathophysiology of many movement disorders, such as
Parkinson’s disease (PD), generalized dystonia, and dyskinesia.
Procedures in this region have demonstrated favorable results.
Thus, it is a major target for neurosurgical interventions, such
as deep brain stimulation and pallidotomy.

The first reported successful surgical procedure in the Gpi dates
back to the 1950s; most of these surgeries had been performed to
treat PD symptoms.” Despite the clinical advances achieved after
the introduction of levodopa therapy, which discouraged
functional procedures at the basal ganglia,® a late follow-up eval-
uation of these patients revealed that no treatment has been able
to avoid the progressive neuronal degeneration in the substantia
nigra.* Hence, the need (in late-stage PD) for higher doses of
levodopa, with the resultant side effects® (e.g., motor fluctuations
and levodopa-induced dyskinesia). This scenario enabled a rebirth
of surgical interventions to address symptom relief and the
possible reduction of the total required drug dose.’

The 2 most performed procedures for PD targeting the Gpi have
been deep brain stimulation (DBS) and pallidotomy.® Both
procedures have shown improvements in motor function status,
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allowing for some symptom control. However, some studies have
shown that the only intervention able to effectively reduce the total
levodopa dose (and resulting side effects) was DBS of the
subthalamic nucleus.®®

Neuroanatomical knowledge of the Gpi and its related struc-
tures is essential for performing basal ganglia surgery. Two
methods are currently in use to target the nucleus and the tra-
jectory to insert the electrode.” In the first method, an indirect
location is chosen according to the anatomical landmarks found
on imaging examinations (mostly computed tomography or
magnetic resonance imaging [MRI]) performed with stereotactic
frames. Next, using previous anatomical studies (stereotactic
atlases), the distance of the globus pallidus to these structures
is measured (i.e., third ventricle, anterior commissure, and
posterior commissure). Neurophysiological confirmation with
either electrode stimulation or microregistration will usually be
needed.”” In the second method, direct visualization of the
globus pallidus is obtained, primarily using MRI studies, to
define the borders of the nucleus and the coordinates of the
target, with functional confirmation sometimes not required.’

Until recently, the indirect method had been used most often.’
Technological improvements in MRI acquisition and the use of
new sequences have made the direct approach more feasible.
Recent advances in neuroimaging techniques have allowed for
efficiency in accurately locating the coordinates in the nucleus,
with similar postoperative outcomes,®*™™ although the co-
ordinates used in these studies differed from the classic stereo-
tactic descriptions of the Gpi.”

Anatomical studies of postmortem human brains have set the
fundamentals of most stereotactic atlases used in modern
neurosurgery.”>'* These studies differ widely in their methodo-
logical features owing to anatomical research limitations.
Furthermore, variations in distinct biotypes have been poorly
studied and have likely been underestimated.

We performed an anatomical morphometric study of the Gpi in
human brains to analyze the anatomical features of this nucleus,
describe its dimensions and distances to other anatomical land-
marks, and explore the possible pathways to reach the target in
the nucleus.

METHODS

Materials and Selection Criteria

A sample of human brain slices with good preservation (obtained
from the anatomy department at the Federal University of Parana)
was analyzed in the present experimental, descriptive, and
analytical study. The ethics committee of the anatomy department
at the Federal University of Parana approved the present study. All
the brain slices were available for study and research.

The following inclusion criteria were applied: 1) coronal or
horizontal slices intersecting the topography of the mammillary
bodies and 1 cm above the intercommissural plane; 2) good
preservation of the anatomical material that would make the
cutting and staining process feasible; and 3) integrity of the
globus pallidus after the cutting and staining process. The
exclusion criteria were the inability identify the Gpi after the
staining and cut process and the presence of any imperfections in
the anatomic specimens. The selection process is shown in
Figure 1.

In the present study, the topography of the coronal slices was
established at the level of the anterior portion of the mammillary
bodies. This topography was chosen, because it is the anatomi-
cally identifiable site closest to the coronal plane that crosses the
Gpi targets (i.e., for pallidotomy and DBS), as described
previously.” Horizontal brain slices were analyzed with the
objective of identifying the anatomical landmarks that could
locate and confirm the topography used to coronal slice
selections.

Inclusion Criteria

5 horizontal brain slices met
inclusion criteria

35 coronal brain slices met
inclusion criteria

Coronal and horizontal slices

At the level of mammillary
bodies (coronal) or 1 cm
above the intercommisural
plane

Good preservation status of
the specimens

Exclusion Criteria

Gpi was not identified after
staning and cut methods

3 slices excluded due
the impossiblility to
visualize Gpi

P

28 slices with

4 slices with Gpi
Gpi visible on visible only
both slices unilaterally

—

Imperfection in the

anatomical specimens. measurable

10 Gpi visible and

60 Gpi visible and
measurable

Figure 1. Study selection process. Gpi, globus pallidus internus.
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Material Processing

The slices that fulfilled the inclusion criteria were cut using a
stainless steel knife measuring 7-in. long, resulting in slices with a
depth of 0.5 cm. This procedure exposed the side of the slice with
less of the fixative agent (formaldehyde 10%) and made the
staining process possible. All the brain slices were washed for 24
hours in a continuous low-pressure water flow system, avoiding
macroscopic damage from the tap water flow’® and, thereby,
preserving the specimens and allowing for removal of the
fixative agent.

Staining Technique

The staining technique described by Barnard, Robert, and Brown'”
was used in the present study owing to its greater potential to
contrast white and gray matter compared with other
techniques.”® The Barnard, Robert, Brown technique stains the
gray matter in blue and leaves the white matter unstained. The
method is based on the different physical and chemical
properties of the neural tissues. The white matter is lipophilic,
capable of binding to phenol and, thus, creating a layer that
does not allow further staining by other solutions. The gray
matter has a greater iron concentration and can easily react with
other substances used with this technique.” After staining, all
slices were identified to avoid unintended analysis of both sides
of the same slice and photographed.

Morphometric Analysis

The Gpi was assumed to be a triangle-shaped structure. Thus, the
barycenter (center of mass of a triangle) was defined as the
reference to measure the distances from the Gpi to underlying
structures (Figure 2) and to further analyze the surgical access
trajectories to the nucleus (Figures 3 and 4). Because the present
study was mainly of anatomical importance, the barycenter
(center of the globus pallidus) was chosen as an important
landmark. For neurosurgical reasons, the posteroventral area has
usually been chosen for surgical treatment of movement
disorders. A more anterior location might be preferred when
surgical intervention for psychiatric disorders (e.g., Tourette’s
disease) is indicated.

The morphometric parameters described were analyzed using
public domain software (Image] [National Institutes of Health,
Bethesda, Maryland, USA]), which allowed for the measurement
of distances, angles, and geometric relationships. We also
analyzed these measurements using electronic calipers (resolution
power, 0.0I mm).

Statistical Analysis

Student’s t tests were performed to verify the differences between
the 2 methods used to access the morphometric parameters of the
Gpi. We considered a P value of <o.05 to indicate statistical
significance.

A

Figure 2. Morphometric parameters of the globus
pallidus internus (Gpi). (A) Representation of Gpi: a,
the distance between the superior and medial vertices
of the Gpi; b, the distance between the superior and
lateral vertices of the Gpi; and ¢, distance between the
lateral and medial vertices of the Gpi. Based on the
median point of a, b, and ¢, we calculated the
barycenter. (B) All measurements were taken from
the barycenter of the nucleus to M3V (distance to the

midline of the third ventricle) and MV (distance to the
ipsilateral wall of the third ventricle). (C) Distance to
the insular cortex. EC, distance to the external
capsule; IC, distance to the internal capsule, Lat,
distance to the lateral medullar lamina; Med, distance
to the medial medullar lamina; ML, midline of the third
ventricle; OT, optic tract; SOT, distance to the superior
border of the optic tract. Modified from Carter?° (in the
public domain).
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Figure 3. Possible pathways to reach the globus pallidus internus (Gpi)
for electrode insertion. From the barycenter of the nucleus, we drew 2
lines at the most medial limit, which crossed the lateral border of the
caudate nucleus, and at the most lateral limit, which crossed the insular
cortex. Both trajectories have entrance points on the cortical surface of
the frontal lobe. The angles described by both trajectories were
measured. AM, distance from the barycenter to the medial entrance
point; AL, distance from the barycenter to the lateral entrance point; DM,
distance from the medial entrance point to the midline; DL, distance
from the lateral entrance point to the midline; XM, distance between
both entrances points on the horizontal axis; YM, distance between both
entrances points on the vertical axis. Modified from Carter®® (in the
public domain).

RESULTS

After the staining process, 35 coronal (Figures 5 and 6) and g5
horizontal brain slices (Figure 7) were analyzed, resulting in 6o
Gpi that met the selection criteria on the coronal plane and 10
nuclei on the horizontal plane. After staining, it was not
possible to identify the nuclei bilaterally in 3 slices, which led to
their exclusion from the analysis. In 4 slices, the nucleus was
measurable on only 1 side (right or left).

Horizontal Slices

The analysis of the horizontal slices showed that the coronal plane
that crossed the intercommissural line 2—3 mm anterior to its
midpoint (mid-commissural point) was at the same level of the

Globus Pallidus
Medial Segment

Mamillary Body

Accessory Medullary
Lamina

Figure 4. Morphometric parameters of the globus pallidus internus (Gpi)
shown. AM, distance from the barycenter to the medial entrance point;
AL, distance from the barycenter to the lateral entrance point; DM,
distance from the medial entrance point to the midline; DL, distance
from the lateral entrance point to the midline.

mammillothalamic fasciculus, the superior efferent projection of
the mammillary bodies (Figure 7).

Coronal Slices

Morphometry and Gpi Dimensions. The morphometric analysis
showed that the medial side was the largest (8.65 £ 1.25 mm) and
the inferior side was the smallest (6.3 £+ 1.24 mm) using both
methods (software image analysis and mechanical measuring
using the calipers; Table 1). The differences in the 3
measurements taken using ImageJ compared with those taken

Figure 5. Stained coronal slice at the level of the mammillary bodies.
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Globus Pallidus

Figure 6. Stained coronal slice identifying the globus pallidus.

using the calipers proved to be statistically significant (P < o.0s;
Table 1).

Distance to Anatomical References. Assuming that the barycenter of
the Gpi is a geometric standard reference for the morphometric
analysis of the nucleus, the Gpi was found to be 15.62 £+ 2.66 mm
from the ipsilateral wall of the third ventricle and 17.02 & 2.69 mm

Figure 7. Horizontal brain slice stained using the Robert, Barnard, and
Brown method and illustrating the correlation between the
mammillothalamic fasciculus (MTF) (dark arrow) and the coronal plane
used as the parameter for selecting the coronal slices (white line), 2—3
mm anterior to the midcommissural point (white dot). The gray line
demonstrates the intercommissural line.

Table 1. Measurement Results of Sides of Globus Pallidus

Internus and Distances From Barycenter of the Nucleus to the
Anatomical Landmarks

Measurements with Measurements with
Variable Calipers (mm) ImageJ (mm) P Value
Morphometric parameter
Length of 74 + 097 8.65 +£1.25 <0.0001
medial side
Length of 7.3 +£ 091 7.98 +£1.17 0.0041
lateral side
Length of 556 + 1.12 6.3 +124 0.0053
inferior side
Distance to different structures
Wall of third 15.11 4+ 2.45 15.62 + 2.66 0.36
ventricle
Midline of 16.29 + 25 17.02 4+ 2.69 0.2
third ventricle
Insular cortex 2157 + 2.38 2163 &+ 2.44 0.91
External 13.13 + 1.81 1353 £2 0.35
capsule
Lateral 6.99 + 1.18 7.44 +1.08 0.063
medullary
lamina
Medial 329 +0.76 358 £0.75 0.08
medullary
lamina
Optic tract 425 +1.35 474 £1.12 0.0599
Internal NA 251+ 08 NA
capsule
Data presented as mean =+ standard deviation.
NA, not applicable.

from its midline. We also obtained a distance of 21.63 £ 2.44 mm
to the insular cortex.

For the measurements taken from the landmarks of the lenti-
form nucleus and related structures, the Gpi was found to be at a
distance of 13.53 & 2 mm to the external capsule (lateral border of
the putamen), 7.44 £ 1.08 mm to the lateral medullary lamina,
and 3.58 £ 0.75 mm from the medial medullary lamina (the group
of fibers that separates the Gpi from the external globus pallidus).
The distances to the superior border of the optic tract (4.74 £ 1.12
mm) and the internal capsule (2.51 + 0.8 mm) were also obtained
from the analysis. The results are shown in Table 1. The distances
measured from these landmarks were not significantly different
statistically between the 2 methods.

Access Pathways. The analysis of the access pathways and
electrode insertion (Table 2) showed that the medial pathway,
which crosses the lateral border of the caudate nucleus,
measured 22.03 + 4.34 mm from the midline, at an angle of
5.44° £ 5.29° from the mean plane. Its total length (from the
entrance on the cortex to the barycenter) was 61.54 £ 5.45 mm.
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Table 2. Morphometry of Access Pathways to Globus PaIIidus‘

Internus

Variable Mean + SD
Entrance point of the medial access pathway
Distance to midline (mm) 2203 £ 434
Angle of trajectory (°) 5.44 4+ 529
Distance to barycenter of Gpi (mm) 61.54 £+ 5.45
Entrance point of lateral access pathway
Distance to midline (mm) 48.74 + 4.44
Angle of trajectory (°) 35.14 + 591
Distance to barycenter of Gpi (mm) 55.87 £ 474
Distance between access points of both pathways (mm)
Horizontal 26.56 + 4.9
Vertical 15.54 £+ 4.55
SD, standard deviation; Gpi, globus pallidus internus.

The lateral access, which crosses the border of the insular cortex,
was 48.74 + 4.44 mm from the midline, 35.14° + 5.91° from the
mean plane, and had a trajectory of 55.87 + 4.74 mm in length.
The results from the measurements taken from the parameters
related to the access pathways described in the present study are
shown in Table 2.

DISCUSSION

The present study has produced a detailed morphometric analysis
of the Gpi, describing its relationship to nearby structures and
possible surgical approaches. In a sample of 35 coronal slices, we
obtained 60 nuclei, which allowed for enough data to consider
individual variability in a South American cohort.

Most currently available neuroanatomical stereotactic research
in human brain specimens has been related to several atlases
developed to guide functional neurosurgical procedures. These
have differed widely in both method and anatomical landmarks."

The first stereotactic atlas, reported by Spiegel and Wycsis™ in
1952, was based on a series of 30 unstained and myelin-stained
coronal, sagittal, and oblique brain slices originating from 1
brain and cut at a regular distance from the posterior commissure.
Their atlas established that mark (along with the midline) as the
referential marks for diverse anatomical structures.

Talairach et al.** in 1957, studied unstained and myelin-stained
brain slices from 1 brain. The greatest contribution of their work
was the establishment of the intercommissural line as a major
stereotactic reference. The second version of this atlas in 1988,
one of the best known atlases in stereotactic surgery, was based
on a study of 36 sagittal slices from 1 brain. Image
reconstruction allowed for the creation of 38 coronal and 27
horizontal slices. The atlas proposed a coordinate adjustment
system to compensate for individual variations in brain size and
also enabled overlapping with radiological images.*?

Schaltenbrand and Bailey** in 1959 analyzed 111 unstained
brain slices in the horizontal, sagittal, and coronal planes. They
set the basis for one of the most used stereotactic atlases. In
the second version in 1976, Schaltenbrand and Wahren®
performed a detailed histological analysis of the regions most
relevant to stereotactic surgery. The data were obtained from a
large sample. Seven brains were analyzed to quantify the
variability, and 34 of the remaining slices underwent
macroscopic study (19 coronal, 5 sagittal, and 6 horizontal).
The other slices were studied using microscopic histological
techniques.

More recently, atlases have tended to combine radiological
MRI analysis with histochemical or immunohistochemical
techniques. Morel,*® in 2007, reported a stereotactic study of the
basal ganglia and the thalamus using these techniques. In
addition, tridimensional atlases using mathematical algorithm
models have been created to convert printed atlases into 3
dimensions.*’

In the present study, we found less variation in the distances
from the anatomical landmarks closer to the Gpi (e.g., the
internal capsule, medullary medial lamina, optic tract, and
medial medullary lamina). This implies that, in this topography,
the relationship of the Gpi to these structures is more constant.
Structures distant from the barycenter (e.g., the midline and wall

of the third ventricle and insular cortex) showed greater variability
in the distance. This could be related to either population
heterogeneity'>">** or to factors related to the internal validity
(sample selection) of the study (addressed in subsequent
paragraphs).

The differences between the 2 methods we used to evaluate the
morphometry of the Gpi (i.e., the dimensions of the Gpi using
direct measurement with calipers and software analysis) showed
that the first method might be less reliable when estimating the
actual lengths of the nuclei. This finding likely resulted from the
greater difficulty in determining the boundaries of the nucleus using
only the resolution of the naked eye. Software analysis allowed for
contrast enhancement and zoom properties that eased the task of
discerning the nuclei limits. Only the dimensional analysis showed
differences between the 2 methods. The differences in the other
measures were not significantly different statistically.

The distances between the barycenter and the midline (r7.02
mm) and the ipsilateral wall of the third ventricle (15.62 mm)
found in the present study were less than those described in
previous studies, specifically the target of pallidotomy (classically,
18—21 mm from the midline)*® and DBS of the Gpi (17.5 mm
lateral to the wall of the third ventricle®™). This difference could
have been because the barycenter (the reference we used as a
geometric standard mark and, thus, generalized to all nuclei)
did not align with the targeted coordinates for electrode
insertion. This finding might have been because the targets
used for pallidotomy and DBS are at the inferior and medial
parts of the nucleus, the region responsible for the sensorimotor
function of the nucleus.>%2°

The great variability described in the present study concerning
the distance from the midline of the third ventricle (£2.69) could
be explained by sample heterogeneity because the specimens
demonstrated greater brain atrophy and were likely from an older
population.
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Regarding the other anatomical references, the distance from
the barycenter to the internal capsule (2.51 mm) was less than the
target described for DBS implantation (3—4 mm lateral to the
internal capsule™). This finding is important to establish a safety
margin to avoid stimulation of this structure, which could induce
contralateral motor problems in the patient. The distance to the
medial medullary lamina (3.58 mm) was similar to the
measurements described for DBS (4 mm lateral),” with the aim
of not stimulating the external globus pallidus, which could
impair the final result. The electrode insertion area has been
described by many investigators as inferior to the barycenter and
close to the superior border of the optic tract.””

Laitinen et al.>® in 1992 described an access pathway performed
through a burr hole located 2 cm (20 mm) from the midline and
1.5 mm anterior to the coronal suture to avoid eloquent areas of
the brain. Other alternative approaches have been reported,
using an access lateral to that classically described, such as an
entrance point 2.5—3 cm from the midline.” The findings from
the present study have shown that the medial access pathway
measures 22.03 mm from the midline. The standard technique
considers a parasagittal trajectory (o° angle) that is adjustable
for lateral or medial corrections, according to the individual
anatomy of the patient and to avoid the lateral ventricle or
sulcus (given the risk of hemorrhagic events).”>">*® The angle
described in the present study for medial access was in accordance
with those reported in previous studies (5.44° and a standard
deviation of approximately the same magnitude 5.29°).

The lateral access limits (without penetrating the insula) were
located 48 mm from the midline, producing a 35.14° angle. A far
lateral access could be related to lesions in the branches of the
middle cerebral artery and, thus, result in a greater intracranial
hemorrhage risk (a complication reported in 2% of the pa-
tients'>*+%), Therefore, an approach that lies between the 2 limits
described would be preferred, such as performing a trajectory that
primarily follows through the internal capsule, reducing the risk of
vascular lesions and intracranial hemorrhage. This access could
measure 2.2—4.8 cm lateral to the midline. However, the electrode
inclination angle (on the y-axis) is critical to ensure success of the
elliptical lesions for pallidotomy.™

More recently, some small studies have compared the electrode
insertion using the atlas location, with electrophysiological
confirmation provided for indirect MRI-guided targeting of the

5. Aquino CC, Fox SH. Clinical spectrum of

Gpi alone.”™** Although some reports have suggested that a
difference exists in the location between these 2 methods (usually
the target calculated by the direct method will be more medial,
inferior, and posterior compared with the locations in the
atlases’), the clinical outcomes have seemed to demonstrate no
differences between the 2 groups. In addition, surgeons should
not underestimate the contributions of several anatomical
studies to stereotactic functional surgery, because most
anatomical reference structures and systems, such as the
intercommissural plane, were based on analyses of human
brains. Furthermore, additional studies with larger sample sizes
are still needed to effectively compare the 2 methods.

The present study had some limitations, which primarily
resulted from the technical difficulties of anatomical studies. Our
sample presented a heterogeneity that was likely related to the
following: 1) the age of the specimens; 2) a fixation time >6
weeks'’; 3) the interval between fixation and brain extraction; and
4) the effect of the formaldehyde fixative solution on the brain (a
heterogeneous volume increase in some regions of the brain
within the first 5 days of fixation with a later volume reduction).
However, the effect of formaldehyde in our series might not
have been significant because the effect was described for
regions of the brainstem and not for the basal ganglia.>®

CONCLUSION

The results from the present study have demonstrated that the
internal segment of the globus pallidus (on the coronal plane in
the topography of mammillary bodies) has a constant anatomic
relationship with nearby structures (internal capsule, medial
medullary lamina, optic tract) and a more variable relationship
with distant marks (midline and wall of the third ventricle).

Anatomical studies such as ours are of major importance in
planning strategies for diagnosis and therapeutic interventions. In
the future, volumetric studies of the globus pallidus could
contribute to a better understanding of degenerative diseases.
Moreover, additional studies depicting the neural circuits in the
basal ganglia and the anatomical variation according to gender
and ethnicity are needed.
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