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Microsurgical anatomy and internal architecture of the
brainstem in 3D images: surgical considerations
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OBJECTIVE Brainstem surgery remains a challenge for the neurosurgeon despite recent improvements in neuroimag-
ing, microsurgical techniques, and electrophysiological monitoring. A detailed knowledge of the microsurgical anatomy
of the brainstem surface and its internal architecture is mandatory to plan appropriate approaches to the brainstem, to
choose the safest point of entry, and to avoid potential surgical complications.

METHODS An extensive review of the literature was performed regarding the brainstem surgical approaches, and their
correlations with the pertinent anatomy were studied and illustrated through dissection of human brainstems properly
fixed with 10% formalin. The specimens were dissected using the fiber dissection technique, under x6 to x40 magnifica-
tion. 3D stereoscopic photographs were obtained (anaglyphic 3D) for better illustration of this study.

RESULTS The main surgical landmarks and their relationship with the cerebellum and vascular structures were identi-
fied on the surface of the brainstem. The arrangements of the white matter (ascending and descending pathways as well
as the cerebellar peduncles) were demonstrated on each part of the brainstem (midbrain, pons, and medulla oblongata),
with emphasis on their relationships with the surface. The gray matter, constituted mainly by nuclei of the cranial nerves,
was also studied and illustrated.

CONCLUSIONS The objective of this article is to review the microsurgical anatomy and the surgical approaches perti-
nent to the brainstem, providing a framework of its external and internal architecture to guide the neurosurgeon during its
related surgical procedures.

http://thejns.org/doi/abs/10.3171/2015.4.INS132778
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comprises the midbrain, pons, and medulla oblon-

gata; it occupies the anterior portion of the cranial
posterior fossa (Fig. 1). It is composed of neurons aggre-
gated into nuclei and nerve fibers grouped into bundles
called tracts, fasciculi, or lemnisci. These elements of the
internal structure may be related to prominences or de-
pressions on the surface, which must be identified by the
surgeon. The brainstem is basically composed of 4 types
of structures: 1) ascending and descending pathways that
connect the spinal cord with the prosencephalon; 2) reflex
centers associated with control of breathing, the cardio-
vascular system, and also consciousness, along the reticu-

r I Y HE brainstem forms the central axis of the brain and

lar formation; 3) most of the nuclei of the cranial nerves
(from CN III to XII); and 4) cerebellar peduncles.?*36414349

Brainstem surgery remains a challenge for the neuro-
surgeon. Recent improvements in neuroimaging, micro-
surgical techniques, and electrophysiological monitoring,
in association with detailed knowledge of regional and
functional anatomy, have allowed surgical procedures at
this region to become safer and more likely to be success-
ful. To plan the most appropriate approaches, to choose
the safest entry zones, and to minimize possible surgical
complications,'*#! it is important for the neurosurgeon to
keep in mind both the surface anatomy and the internal
architecture of the brainstem.

ABBREVIATION CN = cranial nerve.
SUBMITTED February 3, 2014. ACCEPTED April 2, 2015.

INCLUDE WHEN CITING Published online October 30, 2015; DOI: 10.3171/2015.4.JNS132778.

©AANS, 2016

J Neurosurg Volume 124 « May 2016 1377

Unauthenticated | Downloaded 03/05/22 12:25 PM UTC



R. G. Parraga et al.

CN VIl

CNVIl— %
CN IX
CN X
CN XI
CN XII -

./ﬁ\ h

“Decu. Pyra.

S -CNV
S —CNVI

7 s Clg)
"—Pon. Med. Sulc.

FIG. 1. Anterior view of the brainstem. Cer. Ped. = cerebral peduncles; Decu. Pyra = decussation of the pyramids; Mam. Body =
mammillary body; Optic Tr. = optic tract; Pon. Med. Sulc. = pontomedullary sulcus; Pon. Mes. Sulc. = pontomesencephalic sulcus.

Figure is available in color online only.

Methods

This study is based on an extensive bibliographic re-
view of the main surgical approaches to the brainstem,
describes the external and the internal microsurgical anat-
omy of the brainstem, and is illustrated with stereoscop-
ic 3D images!!*23® of magnified dissections of 5 human
anatomical specimens prepared using Klingler’s freez-
ing method and submitted to the fiber dissection tech-
nique.'19213850 The bibliographic review was performed
by searching for the key words in PubMed and reference
textbooks. The dissections were done with microsurgical
techniques and with magnification (x6 to x40) provided
by an M900 D.F. Vasconcellos microscope (D.F. Vascon-
cellos S.A)).

Stereoscopic images were obtained using a Nikon D40
camera and the following lenses: AF-S Nikkor 18—-55 mm
1:3.5-5.6 GII ED and AF-S VR Micro-Nikkor 105 mm
/2.8 G (Nikon Corp.). The callipygian software was used
for the development of the anaglyphic images (Callipyan
3D, Copyright 2003, Robert Swirsky).

Results
Midbrain

The midbrain is the cranial part of the brainstem, situ-
ated between the pons and the diencephalon. The mid-
brain is separated from the diencephalon by an imaginary
plane that links the mammillary bodies to the posterior
COmmiSSure.22’23’36’43’44’49’51’52

External Morphology and Relationships

The superior limit of the midbrain is the optic tract, and
the inferior limit is the pontomesencephalic sulcus, which
extends from the superior foramen cecum and courses
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around the cerebral peduncles to reach the lateral mesen-
cephalic sulcus 222336434951 The 2 cerebral peduncles have
diverge to create an 80° angular space called the inter-
peduncular fossa, a triangular depression with the apex
oriented inferiorly and formed by the superior foramen
cecum and a superior base represented by the mammilla-
ry bodies. The interpeduncular fossa harbors the posterior
perforated substance and is limited laterally by the oculo-
motor nerves and the base of the cerebral peduncles. The
midbrain occupies the largest part of the incisural space,’
also known as the foramen of Pacchioni,® and has a height
of 15-18 mm, a width of 12—14 mm at its caudal part and
18-20 mm at its cranial part, and an anteroposterior diam-
eter of 20-22 mm.#

Anterior Surface. The midbrain is visible on the base
of the encephalon after removing the uncus of the tem-
poral lobe. The emergence of the third cranial nerve is
visualized at the medial sulcus of the cerebral peduncle.
In some specimens, the longitudinal fasciculi of the ce-
rebral peduncles are crossed by transverse fibers, which
extend from the dorsal and external aspect of the cerebral
peduncle to the interpeduncular fossa. There are 3 forma-
tions: 1) Féré’s band fasciculus, constituted by aberrant
fibers of the pyramidal pathway that unite with the me-
dial lemniscus; 2) tenia pontis, formed by pons fibers that
enter the oculomotor sulcus; and 3) tractus peduncularis
transversus, fibers born from the superior colliculus and
part of the inferior colliculus that course toward the ocu-
lomotor sulcus (Fig. 1).#

Posterior Surface. There are 4 round eminences of the
midbrain called the superior and inferior colliculi, which
are also known as the quadrigeminal tubercles.

Lateral Surface. The lateral surface is hidden by the
uncus and parahippocampal gyrus, and is divided into 2
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parts by a longitudinal sulcus called the lateral mesen-
cephalic sulcus, which extends from the pontomesence-
phalic sulcus to the medial geniculate body. The anterior
part is continuous with the cerebral peduncles and the
posterior part has a triangular shape, limited by the lat-
eral mesencephalic sulcus anteriorly, the posterior con-
junctival brachium superiorly, and the superior cerebellar
peduncle inferiorly. This space is termed the lemniscal
trigone (Reil’s trigone*), and it is occupied by the acous-
tic fasciculus (Fig. 2).29434

Superior and Inferior Extremities. One part of the su-
perior extremity is continuous with the subthalamic re-
gion and the other with the internal capsule. The inferior
extremity is continuous with the pons (protuberance).

Internal Morphology

The midbrain is divided by an imaginary line that
crosses the cerebral aqueduct (sylvian aqueduct®) and
consists of a posterior part termed the tectum and an an-
terior part called the cerebral peduncles. Each peduncle is
subdivided by the substantia nigra into 2 parts: an anterior
part (crus cerebri) and a posterior part (tegmentum).224%

Crus Cerebri. The crus cerebri corresponds to the con-
tinuation of the internal capsule below each thalamus, has
the aspect of a half-moon, and is composed of 3 parts:
1) the internal segment, which represents one-fifth of the
crus cerebri and is formed by the frontopontine fibers
(Arnold’s fasciculus*’) and by the corticonuclear fibers
(geniculate fasciculus*) that originate from the inferior
portion of the precentral gyrus; 2) the intermediate seg-
ment, which contains the second, third, and fourth parts
of the crus and is formed by fibers of the pyramidal path-
way that originate in the cortex of the precentral gyrus;
and 3) the external segment, which occupies the external
one-fifth of the crus, is formed by temporopontine fibers
(Tirk’s fasciculus*), in addition to fibers that originate
from the parietal and occipital cortex, and ends at the nu-
clei of the pons.3043:49.55

Microsurgical anatomy and internal architecture of the brainstem

Tegmentum. The tegmentum is square and is limited
by the substantia nigra anteriorly and by an arbitrary
transverse plane through the aqueduct posteriorly. Exter-
nally it is limited by the lateral aspect of the midbrain and
internally by the median raphe. The tegmentum is formed
by the following.?*#°

Reticular Formation. The reticular formation is com-
posed of a group of neurons and nerve fibers disposed as
a net throughout the brainstem. It has an irregular struc-
ture, but some groups of neurons can be defined; these
constitute the nuclei of the reticular formation, in particu-
lar the raphe nuclei, locus coeruleus, periaqueductal gray
matter, and ventral tegmental area. In the midbrain, the
reticular formation begins under the thalamus in front
of the quadrigeminal tubercles and occupies a triangular
area between the red nucleus anteriorly, the central gray
matter medially, and the posterior commissure posteri-
orly.

The fibers that course through the reticular formation
follow the course of an arc and include the tectobulbar
fibers, the tegmen radiation, the rubrospinal fasciculus, the
superior cerebellar peduncles, and the medial longitudinal
fasciculus and medial lemniscus. The tectobulbar fibers
course from the superior colliculus to the medulla oblon-
gata. These fibers create an intersection on the midline
called the dorsal tegmental decussation (decussation of
Meynert®). The tegmen radiation is composed of rubro-
thalamic fibers. The rubrospinal fasciculus constitutes the
ventral tegmental decussation (Forel’s decussation®).

Gray Matter. The gray matter of the midbrain can be
categorized as gray matter homologous to spinal cord
(nuclei of cranial nerves) and the midbrain’s own gray
matter (red nucleus and substantia nigra).

The nuclei of the cranial nerves that constitute the ho-
mologous gray matter are the trochlear nucleus, the oculo-
motor nucleus, and the mesencephalic tract nucleus of the
trigeminal nerve.

FIG. 2. 3D (A) and 2D (B) images. Lateral view of the midbrain. The left cerebellar hemisphere and vermis were partially removed.
The dentate nucleus (Dent. Nucl.) was preserved with the dentorubral pathway in the superior cerebellar peduncle (Sup. Ped). The
lemniscal trigone or Reil’s trigone, which is limited by the lateral mesencephalic sulcus (Lat. Mes. Sulcus) anteriorly, the posterior
conjunctival brachium superiorly, and the superior cerebellar peduncle inferiorly, is demonstrated. Br. Coll. Inf. = brachium of the
inferior colliculus; Inf. Coll. = inferior colliculus; Med. Gen. Body = medial geniculate body; Mid. Ped. = middle cerebellar peduncle;
Sup. Coll. = superior colliculus. Figure is available in color online only.
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The trochlear nucleus is situated in the ventral region of
the periaqueductal gray matter at the level of the inferior
colliculus. The axons surround the aqueduct end emerging
from the sides of the frenulum of the superior medullary
velum (bridle of valve of Vieussens*) (Figs. 3 and 4) and
innervate the superior oblique muscle in the ocular globe.

The oculomotor nucleus forms a column at the level of
the superior colliculus, between the periaqueductal gray
matter and the medial longitudinal fasciculus, upward to
the posterior commissure. It contains 3 nuclei: the oculo-
motor nucleus that innervates the ipsilateral superior, me-
dial, and inferior rectus muscles, in addition to the inferior
oblique and levator palpebrae muscles; Perlia’s nucleus,
responsible for mobility of the ocular globe convergence;
and the accessory oculomotor (Edinger-Westphal’s) nucle-
us, a parasympathetic nucleus that controls the sphincter
and the ciliary muscles responsible for the accommoda-
tion reflex (Fig. 5). Damage to the oculomotor nucleus
causes ipsilateral paresis of eye movements.'42%4349

The mesencephalic tract nucleus of the trigeminal
nerve continues from the pons.

The gray matter of the midbrain’s consists of the red
nucleus, the substantia nigra, the inferior colliculus nucle-
us, the superior colliculus, and the pretectal area.

The red nucleus (Stilling’s*) is an oval structure, ex-
tending 67 mm from the subthalamic region to the in-
ferior one-third of the peduncle. At the junction of the
anterior one-third with the posterior two-thirds the nu-
cleus is narrowed by the habenulo-interpeduncular tract
(Meynert’s retroreflex fasciculus), a tract that connects the
habenular nuclei with the interpeduncular ganglion.?!-304°
Its dorsal surface, from inside to outside, harbors the ocu-
lomotor nucleus, the medial longitudinal fasciculus, and
the reticular formation (Fig. 5). The afferent fibers con-
nected to the red nucleus are the cerebellorubral pathway,
the estriatorubral pathway, and the corticorubral pathway.
The dentatorubrothalamic system is formed by the supe-

Insula / —

rior cerebellar peduncle. This pathway arises from the
dentate nucleus and decussates at the pontomesencephal-
ic joint (decussation of Wernekinck®) to reach the contra-
lateral red nucleus. The striatorubral pathway arises from
the lentiform nucleus and gives rise to part of Forel’s fas-
ciculus and the ansa lenticularis. The corticorubral path-
way consists of fibers from the frontal and temporal lobes.

The efferent fibers connected to the red nucleus are the
rubrothalamic fasciculus, the rubrospinal fasciculus, and
the rubro-olivary pathway. The rubrothalamic fasciculus
arises from the capsule and anterior pole of the red nucleus,
and ends at the external part of the thalamus. The rubrospi-
nal fasciculus intersects with the contralateral rubrospinal
fasciculus on the midline to give rise to the ventral tegmen-
tal decussation (of Forel*’) and ends at neurons of the an-
terior horn of the spinal cord. The rubro-olivary pathway
is a central fasciculus in the tegmen, which begins at the
thalamus, receives fibers from the red nucleus, and ends at
the medullary olive. The red nucleus is linked to the sub-
thalamic region, with Luys’ body and nucleus of the zona
incerta (Fig. 5).% It is an extrapyramidal motor nucleus that
participates in the control of muscle tonus, and damage to
it results in contralateral ataxia and tremor.!+2-3049

The substantia nigra (Soemmering’s locus niger®) ex-
tends from the lateral mesencephalic sulcus to the ocu-
lomotor sulcus lateromedially, and from the highest part
of the pons to the subthalamic nucleus (Luys’s body*)
craniocaudally (Fig. 6)./42%304 The nerve cells of the sub-
stantia nigra use dopamine and GABA as neurotransmit-
ters and are involved in muscular tonus control; they have
connections with the cortex, spinal cord, hypothalamus,
and basal nuclei. Injury to the substantia nigra may lead
to parkinsonism.” The tectum is made up of the superior
colliculi (associated with the visual pathways) and the in-
ferior colliculi (associated with the auditory pathways),
known together as the quadrigeminal plate.'*?2434° The
pretectal area is superiorly located at the midbrain tectum

A " A —~ _ Body Fornix

g — Pulvinar
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Trochlear Nucleus—
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e |
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FIG. 3. 3D (A) and 2D (B) images. Posterolateral view of the brainstem and of the central core of the brain. The left superior and
inferior colliculi and the cerebral aqueduct were removed to allow identification of CNs Ill and IV and of the medial longitudinal
fasciculus. The left cerebellar hemisphere was also removed, preserving the dentate nucleus (Dent. Nucl.). Inf. Coll. = inferior col-
liculus; Lat. Lemn. = lateral lemniscus; Lat. Mes. Sulcus = lateral mesial sulcus; Mid. Ped. = middle cerebellar peduncle; Sup. Coll.
= superior colliculus; Sup. Ped. = superior cerebellar peduncle. Figure is available in color online only.
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Aqueduct

Lat. Lemn.

FIG. 4. A: 3D image, magnified view of the specimen shown in Fig. 3. B: Posterior surface of the midbrain. The left superior and
inferior colliculi were removed, exposing the cerebral aqueduct and the course of CN IV on the periaqueductal gray matter. Br.
Coll. Inf. = brachium of the inferior colliculus; Inf. Coll. = inferior colliculus; Med. Lemn. = medial lemniscus; PAG = periaqueductal
gray matter; Mid. Ped. = middle cerebellar peduncle; Sup. Coll. = superior colliculus; Sup. Ped. = superior cerebellar peduncle.

Figure is available in color online only.

(rostral to the superior colliculi), and it is associated with
reflex control of the pupils.?

White Matter. The fibers located in the midbrain can be
grouped into longitudinal and transverse fibers. The trans-
verse fibers include the inferior colliculus commissure and
the decussation of the superior cerebellar peduncle. The
longitudinal fibers include descending, ascending, and as-
sociation fibers. The descending fibers are the corticospi-
nal tract, the corticonuclear tract, the corticopontine tract,
the tectospinal tract, and the rubrospinal tract.

The ascending fibers include the superior cerebellar pe-
duncles, the medial lemniscus, the lateral lemniscus, the
spinal lemniscus, and the trigeminal lemniscus.

- Corp. Call.

Thalamus -,

= Ant. Comm.

~Mam. Tha. Trac.

ﬁ \ " “Sub. Nucleus

QUTS \Mam. Body
__:/f

Oculomotor~
Nucleus a’i’a’

'Red Nucleus
Meynert Fas.

The superior cerebellar peduncles contain efferent fi-
bers from the dentate nucleus of the cerebellum to the
opposite red nucleus (the dentatorubrothalamic system)
and the ventral spinocerebellar tracts. The cerebellar fi-
bers decussate just below the red nuclei (decussation of
Wernekinck) to give rise to the white nucleus of Stilling®
(Figs. 7-9).

The medial lemniscus (medial band of Reil*) runs
along the brainstem at the limit between the crus and the
tegmentum. It appears in the medulla oblongata as fibers
of the gracile nucleus (Goll’s*) and cuneate nucleus (Bur-
dach’s*), which intersect on the midline originating the
(piniforme decussation®). After that, the medial lemnis-
cus runs on the posterior face of the pyramidal fasciculus

7

FIG. 5. A: Medial surface of the left hemisphere and brainstem. Identification of the cerebral peduncle gray matter nuclei: red
nucleus, with oval shape, extending from the subthalamic region to the inferior third of the peduncle. At the union of the anterior
one-third with the posterior two-thirds this nucleus is narrowed by the Meynert’s retroreflexus fasciculus (Meynert Fas.). On the
dorsal surface, from inside to outside: oculomotor nucleus, medial longitudinal fasciculus, and reticular formation. Ant. Comm. =
anterior commissure; Corp. Call. = corpus callosum; Mam. Body = mammillary body; Mam. Tha. Trac. = mammillothalamic tract;
Sub. Nucleus = subthalamic nucleus. B: 3D image. Magnified view from the same specimen. Figure is available in color online

only.
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FIG. 6. 3D (A) and 2D (B) images. Anterolateral view of the thalamus and midbrain. The internal capsule and the crus cerebri were
partially removed to expose the substantia nigra. Cer. Ped. = cerebral peduncles; Col. Fornix = columns of the fornix; Inf. Coll. =
inferior colliculus; Lat. Gen. Body = lateral geniculate body; Lat. Mes. Sulcus = lateral mesencephalic sulcus; Med. Gen. Body =
medial geniculate body; Sup. Coll. = superior colliculus. Figure is available in color online only.

and is located at the pons behind the transverse fibers. At
the midbrain, it is situated behind the substantia nigra, and
it courses externally toward the medial geniculate body.
The medial lemniscus ends at the ventral posterolateral
nucleus of the thalamus (Fig. 8), projecting through the
posterior arm of the internal capsule to Brodmann areas 3,
1, and 2.4 The medial lemniscus carries conscious epi-
critic touch, touch-pressure sense, direction and amplitude
of movements, vibration, and postural sensations. Its in-
jury causes contralateral hemianesthesia of the trunk and
extremities."

The lateral lemniscus (lateral band of Reil*’) appears at
the pons above the trapezoid body, where it joins the medi-
al lemniscus and gives rise to a prominence on the external
aspect of the peduncle, called the lateral fasciculus of the
isthmus, and ends at the inferior colliculus. It corresponds
to the central acoustic pathway (Fig. 9).

The spinal lemniscus is formed by the union of the an-
terior and lateral spinothalamic tracts, and the trigeminal
lemniscus connects the sensory nuclei of the trigeminal
nerve to the ventral posteromedial nucleus of the thala-
mus.

B -
Mam. Tha:nl:.
W

-
Red Nuclous s

Lat. Mes. Sulcus

FIG. 7. 3D (A) and 2D (B) images. Posterior view of the midbrain and tentorial surface of the right cerebellar hemisphere. Identifi-
cation of the rubrocerebellar pathway, which forms the superior cerebellar peduncle (Sup. Ped.), arises from the dentate nucleus
(Dent. Nucl.), and crosses toward the contralateral red nucleus at the tegmen of the midbrain. Lat. Lemn. = lateral lemniscus; Lat.
Mes. Sulcus = lateral mesencephalic sulcus; Mam. Tha. Trac. = mamillothalamic tract. Meynert Fas. = Meynert fasciculus; Mid.
Ped. = middle cerebellar peduncle. Figure is available in color online only.
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FIG. 8. A: Anterolateral view of the brainstem. The lateral mesencephalic sulcus was opened and enlarged to remove the crus
cerebri and the substantia nigra. The course of the medial lemniscus (Med. Lemn.) until the thalamus is shown with its relation-
ship with the red nucleus. Cer. Ped. = cerebral peduncles; Col. Fornix = columns of the fornix; Decu. Sup. Ped. = decussation of
the superior cerebellar peduncle; Inf. Coll. = inferior colliculus; Lat. Gen. Body = lateral geniculate body; Med. Gen. Body = medial
geniculate body; Mid. Ped. = middle cerebellar peduncle; Optic Tr. = optic tract. B: Image in 3D. Magnified view of the same speci-
men, at the level of thalamus and midbrain. Figure is available in color online only.

The longitudinal association fiber corresponds to the cranial nerves, especially the nerves related to head and
medial longitudinal fasciculus, which is located at the level eyeball movements.
of the midbrain, close to the midline and anterior to the Quadrigeminal Tubercles. The quadrigemina] tuber-
oculomotor nuclei. The medial longitudinal fasciculus ex- cles are prominences on either side of the midline, supe-
tends through the brainstem and connects all nuclei of the rior to the superior medullary velum. There are 2 superior

Med. Gen. Body

Sup. Coll.

Substantia Nigra A _ Br. Coll. Inf.

A
== Inf. Coll.

Med. Lemn.

FIG. 9. 3D (A) and 2D (B) images. Lateral view of the midbrain and pons. The base of the cerebral crus and part of the pons with
the left middle cerebellar peduncle were removed to identify the course of the medial lemniscus (Med. Lemn.) and also the lateral
lemniscus (Lat. Lemn.), which ends at the inferior colicullus (Inf. Coll.). Br. Coll. Inf. = brachium of the inferior colliculus; Mam. Body
= mammillary body; Med. Gen. Body = medial geniculate body; Optic Tr. = optic tract; Sup. Coll. = superior colliculus; Sup. Ped. =
superior cerebellar peduncle. Figure is available in color online only.
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and 2 inferior colliculi, separated by the cruciform sul-
cus, and the subpineal triangle (triangle of Obersteiner®),
where the pineal gland rests, is located between the upper
ones. The anterior conjunctival arm connects the superior
colliculus with the lateral geniculate body, is related with
the visual pathway, and participates in reflex movements
of the vertical gaze. The posterior conjunctival arm con-
nects the inferior colliculus with the medial geniculate
body as part of the acoustic pathway. Damage to the su-
perior colliculi causes pupillary dysfunction and palsy of
the vertical gaze. Damage to the inferior colliculi causes
hearing loss and makes it impossible to localize sounds
in space.!3.14.58

Pons

The pons is also termed Varolio’s pons* and consists of
the portion of the brainstem situated between the midbrain
and the medulla oblongata (Fig. 1).

External Morphology

The pons is cubic in shape and has an average height
of 27 mm, width of 38 mm, and anteroposterior diameter
of 25 mm.* Its anterior surface is limited superiorly by
the pontomesencephalic sulcus and inferiorly by the pon-
tomedullary sulcus. Its posterior surface is limited crani-
ally by an imaginary line that courses below the inferior
colliculi and caudally by an imaginary line that courses at
the level of the lateral angles of the fourth ventricle, end-
ing laterally at another arbitrary parasagittal line that sur-
rounds the emergence of the trigeminal nerve 22434951

Anterior Surface. The anterior surface of the pons
rests over the anterior portion of the clivus. It is convex
in its transverse section and is continuous with the middle
cerebellar peduncle (brachium pontis) on each side, hav-
ing as an arbitrary limit the emergence of the trigeminal
nerve on each side. The basilar sulcus is located anteriorly
along its midline, with the pyramids formed by the py-
ramidal tracts situated on both sides. The posterior root
of the trigeminal nerve emerges from the upper portion
of the middle cerebellar peduncle just below the anterior
angle of the cerebellum. The nerve consists of 2 roots: the
larger root is the sensory nerve root, and the smaller one
is the motor nerve root.

Posterior Surface, Lateral Surfaces, and Superior and
Inferior Extremities. The posterior surface forms the su-
perior part of the floor of the fourth ventricle, also known
as the rhomboid fossa, and it is covered by the cerebel-
lum. The lateral surfaces are continuous with the middle
cerebellar peduncles. The superior extremity is continu-
ous with the cerebral peduncles, and the inferior extrem-

ity is continuous with the base of the medulla oblonga-
ta.23’29’36’43’49

Internal Morphology

The pons is morphologically and physiologically di-
vided into 2 portions: the anterior part or base and the
posterior part or tegmentum. The trapezoid body, a bundle
of transverse myelinated fibers, is located between these 2
parts.224

Base or Crus of the Pons. The anterior part, base, or
crus of the pons is the extension of the cerebral peduncles
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and continues as the pyramid of the medulla oblongata. It
is formed by longitudinal bundles that constitute the pyra-
midal path, by transverse fibers that constitute the origin
of the middle cerebellar peduncles, and by the pontine nu-
clei, which surround the other fibers.

Transverse Fibers. There are 2 types of transverse fi-
bers: 1) fibers from the pons to the cerebellum (pontocer-
ebellar fibers) that course through the middle cerebellar
peduncles and pass through the pyramidal pathway, and
2) fibers from the acoustic pathway, constituting the trap-
ezoid body.## The transverse fibers that connect the pons
with the cerebellum are divided into 3 layers*: 1) the su-
perficial layer (stratum superficiale pontis), anterior to of
the pyramidal path and with the deep surface covered by
the pontine nuclei; 2) the intermediate layer (stratum com-
plexum), which separates the bundles of the pyramidal
pathway (Figs. 10 and 11); and 3) the deep layer (stratum
profundum pontis), which courses behind the pyramidal
pathway and in front of the medial lemniscus.

Longitudinal Fibers. The longitudinal fibers can be
divided into corticospinal, corticonuclear, and cortico-
pontine fibers. The corticospinal tract at the base of pons
forms several separated bundles and does not have the
compact structure observed in the medullary pyramids.
The corticonuclear tract represents cortical fibers directed
to the facial, trigeminal, and abducent nuclei. The corti-
copontine fibers originate from the cerebral cortex and
end at the pontine nuclei from which the pontocerebellar
fibers originate (Figs. 10—12).224349

Pontine Nuclei. The pontine nuclei are small groups of
neurons scattered throughout the base of the pons.

Tegmentum. The posterior part of the pons, also called
the tegmentum, is similar in structure to the medulla ob-
longata and to the tegmentum of the midbrain, with which
it is continuous. It is composed of the reticular substance
(substance of Deiters*’) and wraps around ascending,
descending, and transverse fibers, in addition to cranial
nerve nuclei and gray matter of the pons 2304349

Gray Matter. The gray matter of the pons can be
grouped into gray matter homologous to the spinal cord
(nuclei of cranial nerves) and the pontine’s own gray mat-
ter (pontine nuclei, the superior olive, and the gray mat-
ter of the reticular formation). Topographically there are
mainly 3 groups of nuclei: The first group occupies the
external part of the pons and corresponds to the nuclei of
the cranial nerves: the facial nucleus and the motor and
sensory portions of the trigeminal nerve (internal column
and external column, respectively). The second group is
represented by the superior olive, the nuclei of the trap-
ezoid body, and the nuclei of the lateral lemniscus. The
third group is represented by the central gray matter that
covers the posterior surface of the reticular formation and
consists of a medial column that gives rise to the CN VI
nucleus and a lateral column that gives rise to the vestibu-
lar nerves, which end in the vestibular nuclei.**#° The nu-
clei of cranial nerves that constitute the homologous gray
matter represent the base or head of the anterior horn (in
the case of motor nerves) and of the posterior horn (for
sensory nerves) and include the facial nucleus, the abdu-
cent nucleus, the trigeminal nuclei, and the vestibuloco-
chlear nuclei.
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FIG. 10. 3D (A) and 2D (B) images. The course of the pyramidal pathway is seen until its decussation at the inferior limit of the
medulla oblongata. The stratum superficiale pontis was completely removed on the right and partially removed on the left, to
show that the corticospinal fibers are fragmented by the fibers of the stratum complex. Ant. Comm. = anterior commissure; Cer.
Ped. = cerebral peduncles; Decu. Pyra. = decussation of the pyramids; Hippo. Head = head of the hippocampus; Nucl. Accumb. =
nucleus accumbens; Pon. Mes. Sulc. = pontomesencephalic sulcus. Figure is available in color online only.

The facial nucleus is a mixed nucleus. The sensory
root is represented by the intermediate nerve (nerve of
Wrisberg®); the motor nucleus is pontomedullary, locat-
ed behind the trapezoid body and deep to the trigeminal
nerve root, and is separated from the floor of the fourth
ventricle by a space of approximately 4 mm.* The fibers
originate from the motor nucleus of the facial nerve and
circle the abducent nucleus (forming the inner genu of the
facial nerve) and constitute the round eminence or facial
colliculus on the floor of the fourth ventricle. The motor
nucleus is responsible for innervation of the muscles of the
face, and injury to this nucleus causes facial paralysis of
the inferior motor neuron type.*+% The sensory fibers
course to the geniculate ganglion and end at the solitary

tract nucleus (Nageotte’s gustatory nucleus®); these fibers
are responsible for the sense of taste in the anterior two-
thirds of the tongue.

The abducent nucleus is a motor nucleus that, togeth-
er with the inner genu of the facial nerve, constitutes the
round eminence. It innervates the lateral rectus muscle of
the ocular globe and damage to it results in ipsilateral pa-
ralysis of abduction of the ipsilateral eye.'

The sensory nucleus, mesencephalic tract nucleus, and
motor nucleus of the trigeminal nerve are situated at the
pons. The sensory nucleus is located lateral to the motor
nucleus and corresponds to the enlarged cranial extension
of the spinal tract nucleus. The mesencephalic tract nucle-
us extends cranially from the sensory nucleus, toward the

FIG. 11. 3D (A) and 2D (B) images. Magnified view, at the level of the pons. Cer. Ped. = cerebral peduncles. Figure is available in
color online only.
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FIG. 12. A: Right anterolateral view of the brainstem. The main anatomical landmarks were exposed for surgical planning (CN V,
pyramidal pathway, and medial lemniscus [Med. Lemn.]). Col. Fornix = columns of the fornix; Decu. Sup. Ped. = decussation of
the superior cerebellar peduncle; Lat. Gen. Body = lateral geniculate body; Med. Gen. Body = medial geniculate body; Mid. Ped. =
middle cerebellar penuncle. B: Image in 3D. Magnified view of the same specimen, at the level of pons, exposing the peritrigemi-

nal area. Figure is available in color online only.

midbrain. The sensory nucleus also extends to the medul-
la, where it is called the spinal trigeminal nucleus. This nu-
cleus is responsible for the deep proprioception sensation
of the masticatory muscles, gum, and temporomandibular
joint; the pontine sensory nucleus and its axons join the
medial lemniscus; and the spinal nucleus is responsible for
the sensations of pain, temperature, and crude touch. The
motor nucleus gives rise to fibers to the masticatory mus-
cles, and thus it can also be called the masticator nucleus.

The tegmentum harbors the ventral and dorsal cochlear
nuclei of CN VIII. The dorsal nucleus forms a prominence
called the acoustic tubercle at the lateral angle of the floor
of the fourth ventricle, and its axons are visible as acous-
tic striae that dive into the stem of the calamus and cross
the midline to end at the nuclei of the reticular formation.
The fibers of the ventral nucleus have a horizontal course
and decussate and form the trapezoid body, which ascends
around the superior olivary nucleus as the lateral lemnis-
cus. These components take part in the hearing process by
receiving fibers from the spiral organ (organ of Corti).#°

There are 4 vestibular nuclei (superior, inferior, me-
dial, and lateral) located in the vestibular area (external
white wing) of the floor of the fourth ventricle.!+2-30434951
They receive nerve impulses from the vestibular part of
the inner ear that course through the vestibular ganglion
(Scarpa’s ganglion)®# and reach the vestibular nuclei by
the vestibular fibers of CN VIII. Damage causes vertigo,
postural instability, and nystagmus.'#

The pontine gray matter consists of the pontine nuclei,
the superior olivary nucleus, the nucleus of the trapezoid
body, the nucleus of the lateral lemniscus, and the gray
matter of reticular formation.!44*4

Nuclei of the parasympathetic nervous system include
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the superior salivary nucleus (parasympathetic innervation
of the sublingual and submandibular glands) and the lacri-
mal nucleus (parasympathetic innervation of the lacrimal,
nasal, and palatine glands).

White Matter. The fibers located in the pons can be
grouped into transverse and longitudinal fibers.

The transverse fibers originate from the ventral cochle-
ar nucleus, cross the midline, and constitute the trapezoid
body, which continues ascending as the lateral lemnis-
cus. 222304349 The fibers from the dorsal cochlear nucleus
form the acoustic striae (medullary striae), which course
along the floor of the fourth ventricle and join the trap-
ezoid body.

The longitudinal fibers of the pontine tegmentum can
be grouped in ascending, descending, and associative fi-
bers. The ascending fibers are the medial, lateral, trigemi-
nal, and spinal lemnisci, and the superior cerebellar pe-
duncle. The medial lemniscus is a triangular area located
behind the pyramidal pathway and close to the raphe. It
is formed by medullary sensory fibers that connect the
gracile (Goll’s¥) and cuneate (Burdach’s*) nuclei to the
thalamus. It serves conscious proprioception and touch
and is completed by the lateral spinothalamic tract, which
carries the sensations of pain and temperature (Figs. 12
and 13)'29,30,43,49

The lateral lemniscus (lateral band of Reil*) consists
of fibers of the trapezoid body that change direction and
ascend toward the inferior colliculus. It is located in the
anterior portion of the pontine tegmentum, lateral to the
spinothalamic tract and medial to the trigeminal motor fi-
bers. It is part of the acoustic pathway.

The trigeminal lemniscus consists of fibers that origi-
nate in the spinal trigeminal nucleus and principal sensory
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FIG. 13. 3D (A) and 2D (B) images. Left anterolateral view of the pons, exposing the medial lemniscus (Med. Lemn.), which is
located behind the trapezoid body, in front of the medial longitudinal fasciculus, and medial to CN V. Decu Sup. Ped. = decussa-
tion of the superior cerebellar peduncle; Lat. Lemn. = lateral lemniscus. Figure is available in color online only.

trigeminal nucleus and end in the ventral posteromedial
nucleus of the thalamus.

The spinal lemniscus is formed by the union of the an-
terior and lateral spinothalamic tracts, and it is situated at
the anterior portion of the pontine tegmentum, between
the lateral and medial lemnisci. The superior cerebellar
peduncle consists mainly of efferent fibers of the cerebel-
lum. The most important of these fibers form the dentato-
rubral tract, which originates in the dentate nucleus and
reaches the upper pontine tegmentum where the fibers de-
cussate with the opposite side, forming the decussation of
the superior peduncle (Wernekinck’s) on their way to the
red nucleus at the midbrain.

The descending fibers include the tectospinal, rubrospi-
nal, vestibulospinal, trigeminal spinal, and central tegmen-
tal tracts. The tectospinal tract originates from the superior
colliculus (which receives fibers from the visual cortex and
retina) and ends at the upper cervical spinal cord. The ru-
brospinal tract consists of extrapyramidal fibers involved
in motor control but is poorly developed in humans. The
vestibulospinal tract originates from vestibular nuclei and
carries impulses related to balance control to spinal motor
neurons. The trigeminal spinal tract consists of sensory fi-
bers that enter the brainstem through the trigeminal nerve
and have a downward course along the spinal trigeminal
nucleus. The tract is placed laterally to the respective nu-
cleus and they extend over the pons, medulla, and upper
part of the spinal cord. The central tegmental tract courses
from the red nucleus to the medullary olive. It forms a cap-
sule of myelinated fibers around the olive, which is known
as the amiculum.

The association fibers correspond to the medial longi-
tudinal fasciculus, which is situated at the posterior part of
the tegmentum, under the floor of the fourth ventricle, lat-

erally to the midline and posteromedially to the reticular
formation. It contains ascending and descending associa-
tion fibers that participate in the reflex association path-
way that allows associated movements of the eyes, head,
and neck, with a starting point at the retina and organ of
Corti.22’29’30’43’49

Medulla Oblongata

Also called the medulla, the medulla oblongata is the
most inferior part of the brainstem, representing a transi-
tion between the spinal cord and the encephalon.?>434

External Morphology and Relationships

The medulla has a conical shape with its base oriented
superiorly, continuous with the pons. It is limited superi-
orly by the pons and inferiorly by a horizontal plane that
courses just below the decussation of pyramids, above the
first cervical spinal nerve. The bone limit of the transition
between the spinal cord and medulla is a plane that links
the middle part of the anterior arch of the atlas with the su-
perior border of the posterior arch.* Its average measure-
ments are 27-30 mm in length, 12—15 mm in anteropos-
terior diameter, 20—25 mm in transverse diameter on the
superior extremity, and 10—12 mm at the inferior extremity
(Fig. 1).834

Anterior Surface. The midline shows the anterior
median sulcus, which ends superiorly at the pontomed-
ullary junction as the inferior foramen cecum (foramen
of Vicq-d’Azyr).* This sulcus is interrupted inferiorly by
the decussation of pyramids and extends for about 6—8
mm (Fig. 14). The anterior pyramids are located on each
side of the anterior median sulcus. CN VI emerges from
the pontomedullary sulcus anterior to the pyramids. The
medullary olive is placed laterally and is separated from
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the pyramid by the anterolateral sulcus, also called the
preolivary sulcus or hypoglossal sulcus. The other lower
cranial nerves (glossopharyngeal, vagus, and accessory)
originate from the posterolateral sulci at the dorsal border
of the olives.>!429:43:49

Posterior Surface. The posterior surface of the me-
dulla oblongata is divided into superior and inferior parts.
The superior part represents, on the midline, the inferior
half of the fourth ventricle and, laterally, the inferior cer-
ebellar peduncle. The inferior part is divided into 2 halves
by the posterior median sulcus. Each half comprises the
gracile tubercle and fasciculus situated medially and the
cuneate tubercle and fasciculus laterally; these structures
are separated by the posterior intermediate sulcus.

Lateral Surfaces. The lateral surfaces are limited by
the anterolateral sulcus anteriorly and by the posterolat-
eral sulcus posteriorly, and are formed by the lateral cord
of the medulla. The lateral surfaces are covered anteriorly
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FIG. 14. 3D (A) and 2D (B) images. Anterolateral view of the medulla
oblongata. The left medullary pyramid was removed to identify the
medial lemniscus (Med. Lemn.). C: Lateral view of the medulla, same
specimen. Ant. Med. Sulcus = anterior median sulcus; Decu. Pyra. =
decussation of the pyramids; Flocc = flocculus; Lat. Lemn. = lateral lem-
niscus. Figure is available in color online only.

on the superior half by the medullary olive. The supe-
rior extremity does not reach the pons, being separated
by a depression called the supraolivary fossa, which is
the apparent origin of the facial and intermediate (nerve
of Wrisberg) nerves. The olive occupies only the anterior
part of the lateral cord. A narrow space with a depression
is located behind the supraolivary fossa, and is called the
lateral medullary fossa, from which the vestibulocochlear
nerve arises.”!4:29:43:49

Internal Morphology

The internal organization of the lower medulla is simi-
lar to that of the spinal cord; however, the structure of the
upper regions of the medulla shows significant changes in
relation to the spinal cord, which are caused mainly by the
nuclei of the medulla, the decussation of the pyramids or
motor decussation, the lemniscal decussation or sensory de-
cussation, and the opening of the fourth ventricle.?>2-304349
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Gray Matter. The gray matter of the medulla can be
categorized as gray matter homologous to the spinal cord
(nuclei of cranial nerves) and the medulla’s own gray mat-
ter (inferior olive, gracile and cuneate nuclei, medial and
dorsal accessory olivary nuclei, and gray matter of the re-
ticular formation).

The gray matter homologous to the spinal cord includes
the ambiguous nucleus (or anterolateral nucleus of Still-
ing®), from which arise efferent visceral fibers to CNs IX
(glossopharyngeal), X (vagus), and XI (accessory), for in-
nervation of muscles of the pharynx and larynx; the hypo-
glossal nucleus, from which motor fibers for innervation of
the tongue arise; the dorsal motor nucleus of the vagus, a
parasympathetic motor nucleus where preganglionic neu-
rons whose axons leave the vagus nerve are situated; the
vestibular nuclei, which are sensory nuclei that receive fi-
bers entering the brainstem through the vestibular part of
CN VIII; the solitary tract nucleus, a sensory nucleus that
receives the afferent visceral fibers of CNs VII, IX, and X,
after a descending course through the solitary tract; the
spinal trigeminal nucleus, where somatic afferent fibers
bringing sensation of almost the entire head arrive; and
the inferior salivary nucleus, which is the origin of pre-
ganglionic fibers that follow through the glossopharyngeal
nerve for innervation of the parotid gland.

The medulla’s own gray matter contains the gracile
and cuneate nuclei, the inferior olivary nucleus, and the
medial and dorsal accessory olivary nuclei. The internal
arcuate fibers originate from the gracile and cuneate nu-
clei and cross the midline to ascend as the medial lemnis-
cus. The gracile and cuneate nuclei are represented on the
surface as the gracile and cuneate tubercles, respectively.
The inferior olivary nucleus appears on axial sections as
a very pleated sheet with a medial opening (Fig. 14C) and
receives input from the cerebral cortex, spinal cord, and
red nucleus. It connects to the cerebellum through olivo-
cerebellar fibers that cross the midline and end at the cere-
bellar cortex after coursing through the inferior cerebellar
peduncle. These structures play a role in motor learning.
The inferior olivary nucleus corresponds on the surface to
the medullary olive.”>#*% The medial and dorsal accessory
olivary nuclei have basically the same structure, connec-
tions, and function as the inferior olivary nucleus, forming
together the inferior olivary complex.

White Matter. The anterolateral cord harbors the 2 pyra-
midal fasciculi, the straight cerebellar fasciculus, Gowers’s
fasciculus, and the ascending anterolateral fasciculus. The
posterior cord harbors the gracile and cuneate fasciculi.
These fibers can be grouped into transverse and longitu-
dinal fibers.

The transverse fibers of the medulla are also called ar-
cuate fibers and can be divided into internal and external
fibers. The internal arcuate fibers contain the axons of the
gracile and cuneate nuclei on their course to the medial
lemniscus and the olivocerebellar fibers. The external ar-
cuate fibers course on the surface of the medulla and enter
the cerebellum through the inferior cerebellar peduncle.

The longitudinal fibers of the medulla tegmentum can
be grouped into ascending, descending, and associative fi-
bers.

The ascending fibers are the gracile (Goll’s*) and cu-

Microsurgical anatomy and internal architecture of the brainstem

neate (Burdach’s®) fasciculi, the medial lemniscus, the
lateral and anterior spinothalamic tracts, the anterior spi-
nocerebellar tract, the posterior spinocerebellar tract, and
the inferior cerebellar peduncle.

The gracile (Goll’s*) and cuneate (Burdach’s®) fas-
ciculi contain fibers from the sensory roots of the spinal
nerves. The gracile fasciculus carries information from
the lower limbs, pelvis, abdomen, and inferior part of the
chest. The cuneate fasciculus carries information from
the superior part of the chest, upper limbs, and neck. The
middle part of the medulla harbors the nuclei of these fas-
ciculi, and fibers arising from them are called the internal
arcuate fibers, representing the origin of the second sen-
sory neuron, which constitutes the initial portion of the
medial lemniscus (Fig. 14).14.29-304349

The medial lemniscus carries information from the
gracile and cuneate fasciculi to the ventral posterolateral
nucleus of the thalamus. It is situated near the midline,
posterior to the corticospinal tract, and anterior to the tec-
tospinal tract (Fig. 14).

The lateral and anterior spinothalamic tracts are situ-
ated on the lateral area of the medulla, medial to the ven-
tral spinocerebellar tract. The anterior spinothalamic tract
carries poorly discriminative sensory information (proto-
pathic touch, crude touch, and other sensations not known
for accurate localization, such as itch, tickle, and sexual
feelings). The lateral spinothalamic tract carries pain and
temperature information from skin, bones, joints, and
muscles, and feelings of vesical filling and urge to urinate
(Fig. 140).

The anterior spinocerebellar tract (Gowers’ fascicu-
lus®) is situated superficially on the lateral area of the
medulla, between the olivary nucleus and the posterior
spinocerebellar tract. It is a crossed (contralateral) spino-
cerebellar pathway that reaches the vermis through the
superior cerebellar peduncle and the superior medullary
velum. It carries unconscious proprioception information
from the lower limbs and trunk and is visible on the supe-
rior cerebellar peduncle.

The posterior spinocerebellar tract (Flechsig’s fascic-
ulus®) is situated superficially on the lateral area of the
medulla, between the anterior spinocerebellar tract and
the inferior cerebellar peduncle. It is a straight (ipsilateral)
spinocerebellar pathway that reaches the vermis through
the inferior cerebellar peduncle. It carries unconscious
proprioceptive information from the lower limbs.

The inferior cerebellar peduncle (restiform body) is
situated on the lateral borders of the inferior half of the
fourth ventricle until the lateral recesses, where the fibers
flex dorsally to penetrate the cerebellum. It is composed of
olivocerebellar fibers, fibers from the posterior spinocer-
ebellar tract, and external arcuate fibers.

The descending fibers include the corticospinal tract,
corticonuclear tract, extrapyramidal tracts, spinal trigemi-
nal tract, and solitary tract. The fibers of the corticospinal
tract originate from the cerebral cortex and are directed to
the spinal cord, occupying the anterior portion of the med-
ullary pyramids. They undergo an incomplete decussation,
giving rise to a straight or ipsilateral or anterior pyramidal
fasciculus, which continues on its course on the anterior
cord and gives rise to a crossed or lateral pyramidal fas-
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ciculus that follows on the lateral cord (Fig. 14). Damage
to the corticospinal tract causes contralateral hemiplegia.

The fibers in the corticonuclear tract originate from
the cerebral cortex and are directed to the motor nuclei of
cranial nerves (ambiguous and hypoglossal nuclei), occu-
pying the posterior and medial portions of the medullary
pyramids.

The fibers of the extrapyramidal tracts (tectospinal, ru-
brospinal, vestibulospinal, and reticulospinal tracts) origi-
nate from several regions of the brainstem and are directed
to the spinal cord. The spinal trigeminal tract is formed
by trigeminal sensory fibers and descends laterally to the
spinal trigeminal nucleus.

The solitary tract is formed by visceral afferent fibers
that enter the brainstem through CNs VII, IX, and X and
descend along the solitary tract nucleus.

The association fibers are the medial longitudinal fas-
ciculus. This fascicle is located along the entire length of
the brainstem, always occupying a posterior and medial
position. At the medulla, it is placed posterior to the tec-
tospinal tract.

Important autonomic centers are also found in the
white and gray matter of the medulla oblongata, such as
the breathing center at the level of the reticular formation,
the vasomotor center that controls cardiovascular func-
tions, the vomit center on the area postrema at the level of
the posterior nucleus of the vagus nerve, and the centers
for cough and hiccup.!4:2229.3043.49

Floor of the Fourth Ventricle
General Considerations

The floor of the fourth ventricle, also called the rhom-
boid fossa,?? is created by the pons on its superior two-
thirds and by the medulla on its inferior one-third. It is
limited superolaterally by the superior cerebellar pedun-
cles, which are also called conjunctival brachia, and infer-
olaterally by the inferior cerebellar peduncles and gracile
and cuneate tubercles. Its cranial apex is at the level of the
cerebral aqueduct; its caudal tip, the obex, anterior to the
foramen of Magendie; and its lateral angles open through
the lateral recesses and foramina of Luschka into the cer-
ebellopontine angles 22233649

Constituent Parts

The floor of the fourth ventricle can be divided in 3
parts: superior or pontine (also called the superior trian-
gle), intermediate or junctional, and inferior or medullary
(also called the inferior triangle).?*¢ The superior part
has a triangular shape with its apex toward the cerebral
aqueduct and its base represented by an imaginary line
that connects the inferior border of the inferior cerebel-
lar peduncles. The intermediate part is located between
the border of the inferior cerebellar peduncles and the
juncture of the tela choroidea with the teniae, just be-
low the lateral recess. The inferior part has a triangular
shape and is limited laterally by the teniae. Its caudal
apex, called the obex, is located anterior to the foramen
of Magendie.

The floor of the fourth ventricle is divided longitudinal-
ly by the dorsal median sulcus and laterally by the sulcus
limitans. This is another longitudinal sulcus that divides
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each half of the floor of the fourth ventricle into a medial
salient band, termed the medial eminence, and a lateral
region called the vestibular area. The sulcus limitans sepa-
rates the motor nuclei derived from the basal plate of the
neural tube and situated medially from the sensory nuclei
derived from the alar plate and located laterally. This sul-
cus is discontinuous and it becomes deeper at 2 places,
where it gives rise to the superior and inferior foveae of
the rhomboid fossa. The superior fovea is related to the
motor nucleus of the trigeminal nerve; thus this fovea is
also called the trigeminal fovea.* The locus coeruleus is
located in front of the superior fovea. The inferior fovea is
characterized by a triangular dark area, the vagal trigone
(Fig. 15).23-25.3689

The inferior or medullary triangle is a small triangular
depression on the floor of the fourth ventricle (also known
as the calamus scriptorius, because Herophilus compared
this region to the tip of a reed stylus).*#'4 The median
sulcus forms the calamus stem, which becomes deeper
at its inferior extremity, at the entrance of the ependymal
conduit (Arancio’s ventricle*). The gray commissure of
the medulla forms a transverse leaf behind the tip that is
called the obex. The acoustic striae represent the beards
of the calamus® and consist of white strings with a trans-
verse direction that usually follow from the superior half
of the triangle, above the hypoglossal trigone, toward the
midline, and then disappear at the posterior median sulcus.
The acoustic tubercle forms a prominence at the lateral
part of the vestibular area.

The inferior trigone consists of 3 different areas. The
hypoglossal trigone (internal white wing) covers the hy-
poglossal nucleus and forms a triangular eminence with
a superior base. The vestibular area (external white wing)
occupies the external portion of the medullary trigone
and also is triangular with a superior base. It consists of
gray matter and represents the place where vestibular and
cochlear connections end, and is thus called the acoustic
trigone. The inferior fovea (gray wing) is situated between
the 2 white wings. It is triangular with an inferior base
parallel to the inferior cerebellar peduncle and covers the
dorsal nucleus of the vagus nerve, harboring the nuclei of
the glossopharyngeal and vagus nerves. The area postre-
ma is a tongue-shaped area located between the funiculus
separans and the gracile tubercle, rostral to the obex (Fig.
15).4349

The superior or pontine triangle appears on either side
of the superior aspect of the median sulcus as an oval emi-
nence about 4 mm in diameter.* This is termed the fa-
cial colliculus (round eminence) and covers the abducent
nucleus and the ascending portion of the facial nerve. This
eminence continues upward as a longitudinal cord called
the funiculus teres, which reaches the aqueduct of Sylvius.
The superior fovea is located beside the external face of
the round eminence. Ahead of this fovea is placed the lo-
cus coeruleus, a gray prominence of 5—-6 mm associated
with the sleep mechanism.?3-23:364349

Discussion

Surgical Considerations
Although still a major challenge, surgical treatment of
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brainstem lesions has recently been made possible in many
circumstances because of developments in microneurosur-
gical technique, neuroimaging, neuroanesthesiology, neu-
romonitoring, and neurointensive care. Nevertheless, to
plan and perform delicate brainstem procedures with the
aid of all these tools and support, the modern neurosur-
geon must have as a fundamental requirement a thorough
knowledge of the brainstem architecture and functional
anatomy.

In this dissection study, our main aim was to study and
describe the intrinsic architecture of the brainstem, more
particularly in relation to possible surgical approaches.

The criteria for operating on brainstem lesions depend
mainly on the nature of the lesion, on its topography, and
on the surgeon’s experience. Preoperative planning of the
surgical strategy requires careful evaluation of the func-
tions of the cranial nerves, nerve tracts, and cerebellar
function.

Intraoperative monitoring includes auditory evoked
potentials (testing the lateral lemniscus), somatosensory
evoked potentials (testing the medial lemniscus), motor
evoked potentials for the evaluation of the corticospinal
pathway, and mapping of CNs VII, IX, X, and XII on
the floor of the fourth ventricle to identify its safest entry
zones. It is important to keep in mind that the mapping of
the brainstem does not detect lesions of the corticospinal

Microsurgical anatomy and internal architecture of the brainstem

FIG. 15. 3D (A) and 2D (B) images. Floor of the fourth ventricle. The
tonsils and left cerebellar hemisphere were removed, preserving the
dentate nucleus (Dent. Nucl.), which is located just above the tonsil.
Posterior view of the brainstem (C). Floor of the fourth ventricle. Striae
Med. = striae medullaris; Facial Coll. = facial colliculus; Hypog. Triangle
= hypoglossal triangles; Inf. Med. Vel. = inferior medullary velum; Inf.
Ped. = inferior cerebellar peduncle; Lat. Lemn. = lateral lemniscus; Lat.
Recess = lateral recess; Med. Emin. = median eminence; Med. Lemn.
= medial lemniscus; Med. Sulcus = median sulcus; Mid. Ped. = middle
cerebellar peduncle; Sup. Fovea = superior foveae; Sup. Med. Vel. =
superior medullary velum; Sup. Ped. = superior cerebellar peduncle.
Figure is available in color online only.

and corticonuclear pathways, which can be detected by
monitoring motor evoked potentials. There is no technique
for monitoring cerebellar function.

In the 20th century, knowledge of brainstem anatomy
and physiology increased dramatically with studies that
were done using immunohistochemical, electrophysiologi-
cal, and immunological techniques.®*’#® The nervous sys-
tem began to be closely studied by researchers in many
other branches of science. These studies answered many
questions on how the brain works and helped to develop
new examination modalities, such as CT and MRI. How-
ever, these modalities can never take the place of the fiber
dissection technique in the education of a neurosurgeon.
Neurosurgeons, who need to navigate more safely within
the neuroanatomical structures, must learn surgical neu-
roanatomy in a way that helps them mentally picture this
anatomy in 3 dimensions. The best way to do this is to be-
come familiar with brain anatomy via the fiber dissection
technique. This knowledge becomes more important when
the target in question is the brainstem. Using the surgical
microscope in the fiber dissection technique is helpful in
several ways.® First, under the magnification of the micro-
scope, the fiber tracts and deep nuclei can be identified and
followed with improved accuracy. Moreover, dissecting
the brain under the microscope reveals delicate structures
and connections to the human eye that cannot be demon-
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strated by photography, even with today’s high-definition
technology. Second, hand-eye coordination is greatly im-
proved as the neurosurgeon practices frequently by per-
forming cadaver brain dissection. Moreover, dissecting in
a way that simulates the surgical approach helps in further
understanding of the microsurgical anatomy. Especially
for surgery of the brainstem, learning the anatomy by
hands-on fiber dissection is far superior to studying sec-
tional anatomy pictures.

The most appropriate surgical approach should pro-
vide an optimal exposure of the related surface of the
brainstem. This choice must be based on anatomical and
functional data, location and extension of the lesion, and
the patient’s clinical condition.!?6-323%-4 Wide resection of
bone may be required for the related craniotomy since ner-
vous tissue retraction must be avoided even more than in
other parts of the encephalon.!-!8-22.26-28

For all this, a deep and precise knowledge of the topo-
graphic and functional anatomy of the brainstem is man-
datory in order for the neurosurgeon to have in mind a 3D
framework of the internal architecture of the brainstem,
which will guide him or her throughout the surgical pro-
cedure.

Approaches to the Midbrain

For microneurosurgical purposes, the approaches to
the midbrain require particularly the understanding of the
following structures, from anterior to posterior and from
lateral to medial: pyramidal tract, medial and lateral lem-
nisci, medial geniculate body, medial longitudinal fascicu-
lus, red nucleus, and the real and apparent origins of CNs
IIT and I'V.

Lesions located at the anterior surface of the midbrain
(interpeduncular fossa and cerebral peduncles) can usually
be accessed through a transsylvian approach using a clas-
sic pterional craniotomy*3*3¢ or an orbitozygomatic cra-
niotomy.'>!>3357 Considering the risk of injury to the vein
of Labbé due to retraction of the temporal lobe, 44 oc-
casionally a subtemporal transtentorial approach may be
more appropriate in selected cases (Fig. 16A) that require
the division of the tentorium posteriorly to the entrance of
the trochlear nerve to expose the anterolateral surface of
the midbrain and the upper third of the pons. It is also pos-
sible to expose these lesions through a pretemporal trans-
cavernous approach.*?

The main microsurgical anatomical landmark for this
approach is the emergence of the oculomotor nerve from
the interpeduncular fossa, and the safe entry zone is indi-
cated by a small rectangular area lateral to CN III, between
the posterior cerebral artery and the superior cerebellar
artery and through the internal segment of the peduncu-
lar crus, which is formed by frontopontine fibers located
medial to the corticonuclear and corticospinal fibers.*#! To
have a better exposure of the anterolateral surface of the
midbrain and pons, some neurosurgeons use transpetrous
approaches and their variations (Fig. 16B): retrolabyrin-
thine, with partial labyrinthectomy, or translabyrinthine.
Nevertheless, these approaches add a greater risk of com-
plications such as damage to the facial nerve, auditory
deficits, and CSF leak.!4.18:27:40

The standard approach to lesions on the lateral sur-
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face of the midbrain is the infratentorial supracerebellar
approach,?04647 with its variations (median, paramedian,
and far-lateral) (Fig. 16C),>!° or a combined supra- and
infratentorial approach.** The main microsurgical land-
mark is the lateral mesencephalic sulcus. The incision of
the sulcus exposes a surgical route limited anteriorly by
the substantia nigra, posteriorly by the medial lemniscus,
and medially by the red nucleus and by the roots of the
oculomotor nerve.*

Lesions at the quadrigeminal plate can be reached by
an infratentorial supracerebellar approach. The main an-
atomical landmarks are the colliculi, and the safe entry
zone may be supra- or infracollicular (Fig. 16C and D).}

Approaches to the Pons

To approach the pons it is important to consider partic-
ularly the following structures, from anterior to posterior
and from lateral to medial: the pyramidal tract; medial and
lateral lemnisci; real and apparent origin of CNs V, VI,
VII, and VIII; and the longitudinal medial fasciculus.

Lesions located at the anterolateral surface of the pons,
cerebellopontine angle, and middle cerebellar peduncle
can be reached through a retrosigmoid approach through a
lateral suboccipital craniotomy (Fig. 16B and C).14.33344041
The main anatomical landmarks are the emergence of
the trigeminal nerve and the CN VII-VIII complex, and
the safe entry zone to this part of the brainstem is located
between CNs V and VII.3# The so-called peritrigeminal
area has a triangular shape and is limited medially by the
pyramidal tract, laterally by the emergence of CN V, and
on the base by the pontomedullary sulcus (Fig. 12).% Le-
sions extending into the anterolateral surface of the mid-
brain can be dealt through a transtentorial subtemporal
approach’® or through a presigmoid and transpetrous ap-
proach (Fig. 16A—C).1416.18.28

Lesions affecting the superior cerebellar peduncle, the
tegmen of the pons, and the middle cerebellar peduncle
can be managed through an infratentorial supracerebellar
approach with a paramedian route to access the interpe-
duncular sulcus (situated between the superior and middle
cerebellar peduncles). In such cases, the appropriate expo-
sure requires also the removal of the quadrangular lobule
of the tentorial surface of the cerebellar hemisphere (Fig.
16A, B, and D).

Lesions located on the posterior surface of the pons,
and hence in contact with the floor of the fourth ventricle,
are accessible through a median suboccipital craniotomy.
The fourth ventricle can be reached through a telovelar®®
or a transvermian approach, or through the cerebellomed-
ullary fissure.**#' The main anatomical landmarks are the
facial colliculus, the median sulcus, and the acoustic stri-
ac. The safe entry zones are the suprafacial triangle, the
infrafacial triangle, and the median sulcus above the facial
colliculus (Fig. 16C).31441

Approaches to the Medulla Oblongata

Lesions located on the anterolateral surface of the me-
dulla oblongata can be better accessed through the far-
lateral approach,”* which requires a lateral suboccipital
craniectomy with resection of the posterior arch of the
atlas (C-1) and partial drilling of the posterior third of the
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FIG. 16. A-C: Common surgical approaches to different areas of the brainstem. D: Posterior view of the brainstem showing safe
entry zones. A.C.A = anterior cerebral artery; Dent. Nucl. = dentate nucleus; Lat. Mes. Sulcus = lateral mesial sulcus; M.C.A =
middle cerebral artery; Mid. Ped. = middle cerebellar peduncle; Sup. Ped. = superior cerebellar peduncle; Vert. A. = vertebral

artery. Figure is available in color online only.

occipital condyle (Fig. 16C). Different patient positions
can be used for this approach, including park-bench, semi-
sitting, and lateral decubitus.'*!73414 The main anatomi-
cal landmarks are the medullary olive, emergence of the
lower cranial nerves, and the first cervical spinal nerve.
The retro-olivary sulcus represents a safe entry zone since
the olive offers a surgical space of 13.5 mm craniocaudal,
7 mm transverse, and 2.5 mm anteroposterior.’> Another
option is the anterolateral sulcus between CN XII and C-1
(Fig. 14C).514

The surgical approaches to the posterior surface of the
medulla oblongata can be divided into superior or intra-
ventricular, and inferior. The approach through the ven-
tricle has a greater risk of neurological deficits, including
dysphagia due to damage to the hypoglossal nucleus and
cardiovascular dysfunction because of injury to the cala-
mus scriptorius.44!

The approach to the inferior portion is made through a
median suboccipital craniotomy (Fig. 16C). The safe entry
zones are the median posterior fissure below the obex, the

posterior intermediate sulcus, and the posterolateral sulcus
(Fig. 16D).144

All posterior fossa approaches at our institution are
preferably performed with the patient in the semisitting
position.

Conclusions

Despite advances in neuroimaging techniques and in-
traoperative electrophysiological monitoring, microsurgi-
cal training and deep knowledge of the external and inter-
nal morphology of the brainstem are fundamental when
dealing with pathologies of this region. Severe neurologi-
cal deficits and disability can be caused due to neurosurgi-
cal trauma.

When choosing the safest entry zone to the brainstem,
it is important to have in mind that the best approach may
not always be the shorter or the easier route for the sur-
geon. Thus, this article emphasizes more particularly the
arrangement of the white and the gray matter of the mid-
brain, pons, and medulla oblongata, which will guide the
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neurosurgeon during the procedure to make it safer and
more successful.
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