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Preface

Access to subcortical lesions has been the topic of numerous surgical and technical
innovations since the beginning of neurosurgery. The concept for this textbook
evolved as a result of rapid innovation within the field of subcortical surgery, and the
integrated efforts of numerous scientists, biomedical engineers, neurosurgeons, and
industry partners who collectively defined the subcortical space as the “final fron-
tier” of neurological surgery in need for more accurate, precise, and effective surgi-
cal innovation.

The wide assortment of techniques developed to navigate the inherent challenges
presented by the multitude of etiologies encountered in the subcortical space and
the idiosyncrasies related to their location within the parenchymal substance and
ventricular system traditionally failed to recognize the immense complexity of the
subcortical space, which has only been elucidated recently thanks to advances in
neuro-imaging (particularly diffusion tensor imaging), neuro-navigation, functional
neuro-anatomy, surgical instrumentation and technique, and refinement of indica-
tions and outcomes.

A more sophisticated understanding of complex subcortical structures, the intri-
cate relationships among them, and their plasticity under pathologic conditions was
finally realized through our ability to image, map, and understand their functional
correlates, resulting in a collective call for surgically applicable tools for identifying
and sparing this critical anatomy to maximally preserve neurological function.

This paradigm shift in subcortical surgery views all brain tissue as eloquent
tissue, and maintains the uncompromised principle of only traversing brain tissue
on the way to a neurosurgical target with minimal collateral damage. The judicious
application of this principle translated into novel approaches for a variety of subcor-
tical and intraventricular lesions, ranging from intracerebral hemorrhages (ICH) to
subcortical tumors and intraventricular colloid cysts, among many others. The con-
cept for this textbook emerged from collaborations within the Subcortical Surgery
Group and cooperation with key industry partners in an effort to expeditiously push
this cutting edge forward.

We, the editors, would like to thank the many contributing authors of this text-
book, who are each and all world experts on the front lines of the rapidly advancing
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field of subcortical surgery. This compendium of high-yield knowledge and surgical
pearls has been selectively curated by the editorial team to provide the reader with
a comprehensive understanding pertaining to the anatomy, neuro-imaging, existing
technology, and surgical techniques and outcomes associated with subcortical neu-
rosurgery. The chapters provide focused explanations of open and minimally inva-
sive, port-based approaches to the subcortical and intraventricular spaces, case
examples, and strategies to deal with selected pathology and intraoperative
complications.

It is our collective hope that this textbook will provide readers with a comprehen-
sive and one-stop reference for subcortical anatomy and surgery. It is also our hope
that this book will be made obsolete soon, in the sense that this will only reflect the
unprecedented pace at which the field and technology within subcortical surgery is
evolving. We hope that readers derive significant benefit from the unparalleled work
provided by the authorship of this book.

Los Angeles, CA, USA Gabriel Zada
Atlanta, GA, USA Gustavo Pradilla
Little Rock, AR, USA J. D. Day
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Chapter 1 )
The Subcortical Space: Anatomy b
of Subcortical White Matter

Sandip S. Panesar, Kumar Abhinav, Peizhi Zhou, Yuanzhi Xu,
and Juan Fernandez-Miranda

Introduction

A thorough understanding of subcortical white matter anatomy is critical for the
neurosurgeon. Subcortical white matter consists of myelinated axon fibers arranged
in anatomically relevant discrete bundles or fascicles. The subcortical white matter
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fasciculi are anatomo-functionally categorized into projection, association, limbic,
commissural, or U-fiber systems. Aside from the U-fiber system, which, by defini-
tion, consists of short cortico-cortical fibers between adjacent gyri, the other sys-
tems consist of both long- and short-range fasciculi assuming either intra- or
interlobar (or interhemispheric, if commissural) courses [1].

Traditionally, anatomical descriptions of human subcortical white matter anat-
omy came from postmortem dissection techniques. These descriptions persisted
until the latter twentieth century until the introduction of diffusion magnetic reso-
nance imaging (MRI) tractography. Though historically important as a foundation
for anatomical understanding, postmortem dissection suffers from several key limi-
tations including substantial time taken to acquire, prepare, and dissect specimens,
permitting few subjects per study; a loss of anatomical integrity due to preparation;
destruction of specimens due to a lateral-medial dissection approach; and the inabil-
ity to accurately determine cortical connectivity. Radioisotope tracer injection in
nonhuman primates is considered the “gold standard” approach for studying white
matter cortical connectivity. Nevertheless, as these require sacrifice of the study
subject, they cannot be utilized in humans. Moreover, translating simian neuroana-
tomical findings to humans is problematic, however, due to the evolutionary diver-
gence between species.

MRI tractography is a technique of measuring the diffusion properties of water
confined within myelinated axons noninvasively and, most importantly, in vivo [2].
The introduction of tractography toward the 1990s permitted study of white matter
in large numbers of healthy and diseased subjects. Most importantly for the neuro-
surgeon, tractography permits the study of white matter architecture affected by the
presence of space-occupying lesions [3, 4]. By visualizing white matter tract dis-
placement, disruption, or infiltration by tumors or other pathologies, the neurosur-
geon may tailor their approach to the lesion so as to cause minimal damage to the
perilesional white matter while safely maximizing the extent of resection. The
trade-off between the extent of resection and functional outcome may therefore be
optimized, especially when preoperative tractography is utilized in conjunction
with other functional adjuncts such as functional imaging or use of awake craniot-
omy. Intraoperative electrical stimulation (IES), in this respect, is considered a gold
standard and also affords a unique opportunity to further study and understand the
function of different white matter tracts.

Projection System

The projection fasciculi subserve core sensorimotor functionality. These include the
ascending sensory pathways, the descending motor pathways, and the audiovisual
afferents (Fig. 1.1a).
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Fig. 1.1 (a) Tractography of the projection white matter tracts. Left sagittal view. The claustro-
cortical system (light blue) lies superficial to the cortical terminations of the corticospinal tracts
(red). Rostrally-caudally are the acoustic radiations (gray) and optic radiations (purple). (b)
Dissection of a postmortem specimen. View of the left hemisphere following removal of the gray
matter, U-fibers, and superficial association system to reveal the claustrum (Claust.) lying within
the extreme capsular structures. (¢) Another view of the left hemisphere from a postmortem speci-
men. More white matter has been removed from the extreme and external capsules to reveal the
underlying optic radiations (OR) and acoustic radiations (AR). (d) In this view of a postmortem
left-hemisphere, the corticospinal tracts (CST) have been exposed

Claustro-Cortical Fibers

The claustrum is a collection of peri-insular gray matter lying in between the
extreme and external capsules. Projection fibers fan out in a sheetlike arrangement
from the claustrum and travel to the superior frontal, precentral, postcentral, and
posterior parietal cortices. The claustro-cortical fiber system lies dorsal to the infe-
rior fronto-occipital and uncinate fasciculi within the external capsule (Fig. 1.1b).

Optic Radiations

The optic radiations are the final portion of the visual pathways. They begin at
the lateral geniculate nucleus of the thalamus before radiating anterolaterally
into the substance of the temporal lobe. As they travel anteriorly, they are medial to
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the medial wall of the temporal horn of the lateral ventricle. The optic radiations
then turn sharply, continuing to fan out while passing over the roof of the anterior
temporal horn before assuming a position lateral to the lateral wall of the temporal
horn and continuing posteriorly. The optic radiations remain lateral to the lateral
wall of the temporal horn, traversing most medially within the sagittal stratum into
the occipital lobe, where they terminate on either side of the calcarine sulcus. Like
all white matter, the optic radiations are anatomo-functionally organized, with the
upper division (Baum’s loop) carrying sensory information from the inferior visual
quadrants and the lower division (Meyer’s loop) carrying sensory information from
the superior visual quadrants. Lesions to the optic radiations produce characteristic
visual field deficits depending upon the location of the lesion (Fig. 1.1c).

Acoustic Radiations

The acoustic radiations originate from the medial geniculate nucleus of the thala-
mus. They assume a tortuous S shape and pass medially-laterally as they travel into
the dorsal temporal lobe. From the medial geniculate nucleus, the acoustic radia-
tions first pass underneath the optic radiations. They pass upward via internal cap-
sule and backward along the inferior sulcus of the insula, into the temporal lobe,
where they pass perpendicular to the fibers of the temporal stem (inferior fronto-
occipital, inferior longitudinal, and uncinate fasciculi). They terminate at Heschl’s
gyrus of the temporal lobe, which lies on its dorsal surface, within the Sylvian fis-
sure (Fig. 1.1c).

Geniculate Motor Fibers

The geniculate tracts transmit motor information to the peripheral nervous system.
They consist of two functionally distinct fiber populations: corticospinal (controlling
limb movements) and corticobulbar (controlling cranial motor function) projections.
The geniculate fibers all originate in layer V pyramidal neurons of the premotor,
motor, and supplementary motor cortices. At their origin, they are fanned out radially,
along the motor strip, which is bounded dorsally and medially by the sagittal sulcus,
and ventrally and laterally by the Sylvian fissure. The dorsomedially originating fibers
travel caudally, while the ventrolaterally originating fibers travel medially and over
the dorsomedial fibers as they converge at the corona radiata. The geniculate tracts
therefore assume a “twisted” arrangement. After passing through the genu of the
internal capsule, the bundle travels into the brainstem via the crus cerebri. The corti-
cospinal projections lie anterior to the corticobulbar projections. In the brainstem,
corticospinal fibers pass into the medulla via the pons, prior to decussating at the pyra-
mids and continuing as the lateral corticospinal tract. At the level of the brainstem, the
corticobulbar fibers synapse upon the appropriate cranial nerve nuclei (Fig. 1.1d).
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Corticocerebellar Fibers

The corticocerebellar fibers transmit information to and from the cerebellum and its
nuclei. They originate from all cortical areas and can be classified according to their
site of origin from the hemispheric lobes. These fibers generally include the pontine
nuclei as a waypoint between the cerebral cortices and the cerebellum and are also
known as the corticopontocerebellar fibers. From their cortical origins, they all
travel caudally via the internal capsule and crus cerebri in an organized fashion. For
example, fibers originating from the prefrontal and frontal cortices travel most ante-
riorly within the internal capsule, whereas fibers originating from the occipital cor-
tex travel most posteriorly. Corticopontocerebellar fibers from all lobes converge
within the posterior limb of the internal capsule before passing via the crus cerebri
to the pons where they decussate. The corticopontocerebellar fibers henceforth
travel via the middle cerebellar peduncle to their cerebellar terminations.

Sensory Projection Fibers

The dorsal columns of the spinal cord carrying vibration, proprioception, fine touch,
and discriminative sensory information ascend the spinal cord, synapsing upon the
gracile (below T6 level) and cuneate (above T6 level) nuclei within the medulla.
From these medullary nuclei, the medial lemniscus pathway decussates and ascends
via the mesencephalon to the thalamus, synapsing upon the ventral posterior nucleus
of the thalamus. The anterolateral system carries sensations of crude touch and pres-
sure (anterior spinothalamic tract) and pain and temperature (lateral spinothalamic
tract). These enter the spinal cord and ascend briefly (1-2 levels) before decussating
and travelling to the various thalamic nuclei. The lateral spinothalamic tract travels
through the brainstem via the spinal lemniscus and synapses at the ventroposterolat-
eral thalamic nucleus. The anterior spinothalamic tract joins the medial lemniscus
to travel to the ventral posterior thalamic nucleus. From the thalamus, the sensory
projections travel to the postcentral gyrus of the parietal lobe via the thalamocortical
radiations, which pass through the internal capsule. Some thalamocortical projec-
tions travel to the limbic system via the cingulum.

Projection System: Surgical Considerations

Damage to motor pathways may result in partial or complete hemiparesis. Likewise,
damage to the optic radiations (e.g., during temporal lobe resections) can produce
visual field deficits. Several methods exist to delineate their course both preopera-
tively and intraoperatively. Preoperatively, functional methods such as functional
MRI (fMRI) or magnetoencephalography (MEG) may be used. These techniques
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permit localization of functional cortex specific to particular tasks. Nevertheless,
they cannot reliably demonstrate the subcortical course of white matter tracts.
Tractography is able to reliably demonstrate corticospinal projections from their
cortical origin to the medullary level (or below) and has thus become commonplace
for preoperative localization [3]. It can also demonstrate the optic radiations; how-
ever, some algorithms have difficulty reproducing the full extent of Meyer’s loop
due to its sharp turn over the anterior horn. Efforts have been made to integrate both
fMRI and MEG with tractography, with the functional techniques utilized to create
regions of interest from which fiber tracking algorithms may be launched [5, 6].
This is particularly useful when considering that lesions may grow within or in
close proximity to eloquent white matter. In these instances, delineation of white
matter anatomy is critical for presurgical planning. Intraoperative electrical stimula-
tion (IES) is also a valuable tool [7] as it permits direct intraoperative functional
localization, which may ultimately determine resection extent. The complementary
use of all aforementioned techniques may ultimately enhance both preoperative and
intraoperative anatomo-functional localization.

Limbic System

The limbic system subserves emotional and memory functionality. It consists of
both large and small white matter fasciculi which interconnect subcortical gray mat-
ter nuclei and the parahippocampal regions. The primary limbic white matter com-
ponents are the cingulum and fornix; however, many smaller tracts also interconnect
the telencephalon with the diencephalon and mesencephalon (Fig. 1.2a).

Cingulum

The cingulum is the long white matter tract travelling parasagittally on either side
of the central sulcus. It originates in the orbitofrontal regions, ventral to the rostrum
of the corpus callosum, travelling first anteriorly, and then curving around the genu,
to eventually lie dorsal to the corpus callosum along its anteroposterior course. At
the posterior sagittal limit of the corpus callosum, the cingulum curves around the
splenium, travelling caudally and laterally to terminate in the parahippocampal
regions. The para-splenial curving cingulate fibers are also known as the isthmus.
The cingulate course is contained within the cingulate gyrus, which lies atop the
corpus callosum. The cingulum is unique in that it is comprised of both long and
short fibers, giving off connections at all points along its longitudinal course
(Fig. 1.2b).
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Fig. 1.2 (a) Tractography of the limbic white matter tracts. Visible in this left sagittal view are the
cingulum (bright green) and fornix (pink). (b) A medial view of the right hemisphere in a postmor-
tem specimen. The specimen has been transected at the corpus callosum (CC). The cingulum
(Cing.) has been exposed. (¢) Further dissection of the medial aspect of the hemisphere reveals the
fornix (For.) and the anterior commissure (AC) . (d) An oblique anterior tractographic view depict-
ing the corpus callosum (dark purple), lying dorsal to the anterior commissure (dark yellow). The
anterior and posterior fibers of the anterior commissure and its distinct handlebar shape are visible
from this view

Fornix and Mammillothalamic Tracts

The fornix is the main efferent limbic pathway. Within the temporal lobe, the fornix
originates from the subiculum and entorhinal cortex as the fimbria travelling pos-
terolaterally as the forniceal crus within each hemisphere. Each crus curves rostrally
around its respective thalamic pulvinar to lie on top of the thalamus, where they join
to form the forniceal body in the midline. The commissural fibers interconnecting
each crus within the body region are known as the psalterium or the hippocampal
commissure. The body continues anteriorly, to the anterior longitudinal extremity of
the thalamus, where it subsequently separates again. Each hemispheric fornix sub-
sequently divides again into anterior and posterior columns, bisected by the anterior
commissure. Anterior fibers primarily terminate within the septal area, the lateral
preoptic area, and the hypothalamus. The posterior columns primarily terminate
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within the mamillary bodies. The mammillothalamic tracts are short fibers ascend-
ing from the mamillary bodies, terminating within the anterior nucleus of the thala-
mus (Fig. 1.2¢).

Limbic System: Surgical Considerations

Lesions arising at the medial hemispheric surfaces may affect limbic structures.
Dorsally, tumors may grow at any point along the cingulate gyrus: the medial sur-
faces of the frontal, parietal, or occipital lobes, which can impinge upon the cingu-
lum [8]. Likewise, tumors may arise at the medial surface of the temporal lobe,
which may affect the temporal components of the cingulum and fornix. Tumors
may also arise within the diencephalic structures (thalamus, hypothalamus, and
ventricles) and the corpus callosum. Due to the abstract functionality of the limbic
structures, lesions growing within or near to limbic white matter may remain largely
asymptomatic and cause relatively little distortion to surrounding white matter
structures until large in size. Approaches to these lesions may include anterior, mid-
dle, or posterior interhemispheric and supracerebellar-transtentorial corridors [9].
These approaches are preferable to transcortical approaches where a certain extent
of cortical transgression and disruption of the white matter is required to reach the
lesion. Interhemispheric approaches, however, come with a potential risk of injuring
the draining parasagittal cortical draining veins which should be studied carefully
preoperatively using a MR venogram. For approaches to medial temporal struc-
tures, such as during amygdalohippocampectomy, a trans-Sylvian approach mini-
mizes the risk of injury to the optic radiations in the roof of the temporal horn [10].

Commissural System

Anterior Commissure

The anterior commissure connects the hemispheres across the midline. It is fre-
quently described as having a “handlebar” arrangement. The body of the anterior
commissure runs transversely in the coronal plane, to cross the midline, ventral to
the supraoptic recess of the third ventricle. At its lateral extents, it bifurcates into
both anterior and posterior divisions. The anterior divisions run forward within the
canal of Gratiolet, parallel to the temporal stem fascicles (uncinate and inferior
fronto-occipital). These terminate within the anterior olfactory nucleus bilaterally.
The posterior fibers travel posteriorly within the temporal lobe, deep to the lenti-
form nucleus, terminating within the middle temporal gyrus. Some fibers blend with
the sagittal stratum of the external capsule (Fig. 1.2d).
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Corpus Callosum

The corpus callosum is the predominant interhemispheric conduit. It is a thick
collection of transversely travelling fibers joining the two hemispheres together
across the sagittal midline. When transected and viewed from a sagittal perspec-
tive, it resembles a helmet, with the third ventricle underneath and the cingulate
gyri on top. The corpus callosum is routinely divided along its sagittal length, with
the genu as its most rostral segment. The rostrum curves dorsally and continues
posteriorly as the genu. The middle portion is known as the body, followed by the
isthmus. The splenium is the posteriormost extent of the corpus callosum
(Fig. 1.2¢, d).

Commissural System: Surgical Considerations

The corpus callosum is typically accessed using parasagittal craniotomy and dis-
section of the interhemispheric fissure while paying close attention to the anterior
cerebral arteries. In an effort to prevent the spread of epileptiform activity across
the hemispheres, partial or total division of the corpus callosum is a well-recog-
nized surgical treatment modality [11]. Division of callosal fibers may cause dis-
connection syndromes depending upon the region at which they are transected:
Transection of the corpus callosum at the splenium at the parieto-occipital section
may produce nondominant hand agraphia and alexia without agraphia. Splitting
the corpus callosum at the area of the postcentral gyrus may result in hemispatial
neglect and tactile dysnomia, whereas lesions of the precentral corpus callosum
may produce alien hand syndrome [12]. Typically, the risk of disconnection syn-
drome increases with a more posterior disruption or disconnection of the callo-
sal fibers.

Association System

The association system comprises the majority of subcortical white matter.
Unlike the projection and limbic pathways, however, the anatomy and roles of
particular association fasciculi are open to considerable debate. Traditionally,
association fasciculi were grouped with adjacent association tracts and thought
to be anatomo-functionally related. With the introduction of tractography, new
insights into association fascicle anatomy have been gained, particularly regard-
ing connective, volumetric, and morphological hemispheric asymmetry (Figs. 1.3
and 1.4).
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Fig. 1.3 (a) Tractography of the dorsal association matter tracts. Visible in this left sagittal view
are the temporoparietal aslant tract (red), superior longitudinal fasciculus (green), arcuate fascicu-
lus (dark blue), frontal aslant tract (dark purple), and middle longitudinal fasciculus (light blue).
(b) Dissection of a postmortem specimen. View of the left hemisphere. The cortical gray matter
and underlying U-fibers have been removed to reveal the superior longitudinal fasciculus (SLF),
arcuate fasciculus (AF), and temporoparietal aslant tract (TPAT). (¢) Upon further dissection of the
same specimen in 3B, the AF and SLF have been peeled away to reveal the middle longitudinal
fasciculus (MdLF), leaving only the most posterior fibers of the TPAT. (d) Upon further dissection
of the same specimen in 3A, and 3B, the TPAT has been peeled away to reveal the MdLF

Dorsal Association Fasciculi (Superficial Deep)

Arcuate Fasciculus

The arcuate fasciculus (AF) lies immediately underneath the TPAT. It is a long,
leftward-lateralized fiber tract that connects the temporal and frontal lobes. The
name derives from its arc-like course as it travels around the Sylvian fissure. Older
descriptions of the AF described a three-part arrangement consisting of two super-
ficial (anterior and posterior/horizontal and vertical) and a single deep “arcuate”
component. With introduction of high spatial resolution tractography, this
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Fig. 1.4 (a) Tractography of the ventral association matter tracts. Visible in this left sagittal view
are the inferior longitudinal fasciculus (gray), uncinate fasciculus (orange), inferior fronto-occipital
fasciculus (yellow), and vertical occipital fasciculus (white). (b) Dissection of a postmortem speci-
men. View of the left hemisphere. The cortical gray matter and underlying U-fibers have been
removed to reveal the uncinate fasciculus (UF) and inferior fronto-occipital fasciculus (IFOF). (c)
Upon further dissection, the UF has been removed to reveal the extent of IFOF in the external
capsule. (d) An alternative inferior view of the left temporal lobe demonstrating the extent of the
inferior longitudinal fasciculus (ILF)

description has been challenged: The posterior or vertical AF component is in fact
the TPAT, an anatomically distinct fiber tract. The anterior or horizontal AF compo-
nent belongs to the superior longitudinal fasciculus system. The AF instead has
been shown to consist of dorsal and shorter ventral components [13]. The larger
dorsal component connects the ventral precentral and caudal middle frontal gyri
with the middle and inferior temporal gyri. The smaller ventral component connects
the pars opercularis with the superficial temporal gyrus. Due to this distinct mor-
phology, and the fact that the AF is leftward-lateralized in both morphology and
volume, it should be also considered as anatomically distinct from the superior lon-
gitudinal fasciculus, which demonstrates rightward connective and volumetric later-
alization patterns (Fig. 1.3b).
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Superior Longitudinal Fasciculus

The superior longitudinal fasciculus (SLF) lies within the same anatomical plane,
yet dorsal to the AF. It connects the parietal lobe with the frontal lobe. Traditionally,
the AF was considered as part of a larger SLF network due to the close proximity of
the two fasciculi. Nevertheless, as previously discussed, novel investigative tech-
niques have refuted this concept. The SLF is in fact a rightward-lateralized two-part
system, also consisting of dorsal and ventral components [14]. Additionally, previ-
ous descriptions of the SLF include an extreme dorsal component (SLF-I) lying
medial to the corticospinal tracts, which was later shown to be part of the cingulum
[14]. The dorsal SLF (SLF-II according to old nomenclature) connects the angular
gyrus to the caudal middle frontal gyrus. The ventral SLF (SLF-III according to old
nomenclature) connects the supramarginal gyrus to the ventral precentral gyrus.
The rightward-lateralization of SLF connectivity and volumetry serves to provide
further evidence to refute the notion of its anatomical association with the AF
(Fig. 1.3b).

Middle Longitudinal Fasciculus

The middle longitudinal fasciculus (MdLF) is situated immediately underneath the
AF’s peri-Sylvian arc portion. Despite being called a “longitudinal” fasciculus, it is
in fact an obliquely travelling tract connecting the temporal with caudal parietal and
occipital lobes. The MdLF was initially found in the macaque monkey and subse-
quently found in the human brain using tractography techniques. The MdLF origi-
nates from the superior temporal gyrus, travelling dorsally and posteriorly to
connect with the angular gyrus, superior parietal lobule, and superior occipital lobe
[15] (Fig. 1.3c, d).

Temporoparietal Aslant Tract

The temporoparietal aslant tract (TPAT) is a short, vertical tract connecting the tem-
poral and parietal lobes. It is the most lateral association fasciculus [16]. Previously,
this tract was thought to be a component of the “indirect” arcuate fasciculus. In the
era of advanced tractography, this notion has been refuted however. The TPAT is
anatomically distinct from both the arcuate and superior longitudinal fasciculi and
can be further subdivided into dorsal and ventral components. The ventral TPAT
connects the supramarginal gyrus to the middle temporal gyrus. The dorsal TPAT
component primarily connects the angular gyrus with both the middle and inferior
temporal gyri (Fig. 1.3c).
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Frontal Aslant Tract

The frontal aslant tract (FAT) is a recently described association fasciculus. Unlike
other association fasciculi, it does not travel between lobes, instead interconnecting
dorsomedial frontal areas with ventrolateral frontal areas in an oblique arrange-
ment. It is a short collection of fibers originating from the superior frontal gyrus
(notably the pre-supplementary motor area and the supplementary motor area), trav-
elling ventrally and laterally in an oblique trajectory to the pars opercularis and tri-
angularis. The FAT passes underneath and perpendicularly to the posteroanteriorly
travelling portions of the AF and SLF.

Ventral Association Fasciculi (Superficial Deep)

Uncinate Fasciculus

The uncinate fasciculus (UF) is a hook-shaped ventral association tract connecting
the orbitofrontal lobe with the anterior temporal lobe. Together with the inferior
fronto-occipital fasciculus, it exits the frontal lobe via the temporal stem of the ven-
tral external capsule. At its frontal extremity, it bifurcates to connect with the orbi-
tofrontal cortex, rectus, and ventrolateral frontal gyri. Temporally, it connects with
the temporal pole, uncus, and parahippocampal gyrus. There is some controversy
regarding the UF’s connectivity with the amygdala. The UF possesses a leftward-
dominant connective and volumetric structure [17] (Fig. 1.4a, b).

Inferior Fronto-Occipital Fasciculus

The inferior fronto-occipital fasciculus (IFOF) is the longest association fasciculus,
travelling in a ventral longitudinal course between the frontal lobe and occipital lobe
via the external capsule. In the frontal lobe, it assumes a trifurcated connectivity pro-
file, with dorsomedial, ventromedial, and ventrolateral divisions connecting to the
middle frontal gyri, frontal polar, and ventrolateral frontal gyri, respectively. Fibers
from all divisions converge into a compact stem, travelling via the ventral external
capsule together with the UF. Within the external capsule, the IFOF continues poste-
riorly to the occipital lobe via the sagittal stratum, with the ILF lying ventrally and
laterally and the optic radiations situated medially. Here, it begins to fan out again, to
connect with rostral parietal and occipital gyri. Traditional descriptions also describe
connectivity to the basal temporal regions, namely, the fusiform gyrus; however,
novel tractographic studies have disputed this finding [17]. Unlike the UF, the IFOF
is not lateralized to either hemisphere in terms of connectivity or volume (Fig. 1.4c).
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Inferior Longitudinal Fasciculus

The inferior longitudinal fasciculus (ILF) is the most ventral human association
fasciculus. It originates within the anterolateral temporal lobe, connecting it to cau-
dal occipital and basal temporal lobes. Its existence became disputed during the
1980s due to simian radioisotope findings which proposed the ILF to be composed
of a series of U-fibers rather as opposed to a robust fasciculus. Nevertheless, several
tractography studies have proved the existence of the ILF as a distinct ventrally
travelling fasciculus. Anteriorly, it originates from the lateral three temporal gyri,
travelling posteriorly in a bundle to terminate within the lingual, fusiform, superior,
and middle occipital gyri. The ILF is both connectively and volumetrically leftward-
lateralized [18] (Fig. 1.4d).

Vertical Occipital Fasciculus

Though anatomical descriptions of the VOF date back to early postmortem dissec-
tion studies, they disappeared from the literature throughout much of the twentieth
century, prior to being rediscovered during the tractography era. It connects the
basal occipitotemporal regions with the lateral occipital cortex. Some have described
the VOF as being anatomically continuous with the TPAT as they lie in the same
approximate plane. The VOF lies superficial and perpendicular to the occipital
courses of the inferior fronto-occipital and inferior longitudinal fasciculi [16].

Association Tracts: Surgical Considerations

Intraparenchymal tumors may arise anywhere within the hemisphere, potentially
affecting multiple association tracts simultaneously. As association white matter is
abundant throughout the hemispheres, it may be at risk of damage during common
operative approaches. Most transcortical approaches involve passing through hemi-
spheric association fasciculi; thus, an understanding of its lateral-medial white mat-
ter architecture and relations as outlined here is beneficial for the neurosurgeon.
Unlike the projection tracts which subserve readily assessable neurological func-
tionality (i.e., vision, motor function, touch, etc.), function of the association tracts
is subject to considerable debate. The use of IES may be beneficial in delineating
the function of association fascicles in addition to guiding resection depth. As a
result, many of the prevailing opinions regarding the functionality of association
fascicles are derived from IES observations. Preoperative tractography may com-
plement the use of IES by providing the surgeon with an understanding of pertinent
white matter architecture in a three-dimensional fashion. A combined approach of
preoperative tractography with IES may therefore optimize surgical outcomes.
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Tractography: Technical Aspects

Generally, tractography techniques measure diffusion characteristics of water mol-
ecules confined within myelinated axons, a property known as anisotropy. Common
methods to reconstruct the acquired diffusion data are either tensor based or non-
tensor based. Diffusion tensor imaging (DTI) was the first tractography method,
introduced during the late 1990s. DTT algorithms utilize a Gaussian approach to
reconstructing diffusion MRI data, and produce a single diffusion tensor per voxel,
corresponding to principal fiber orientation contained within. The tensors’ overall
directionality is an averaged measurement of all constituent diffusion sampling
measurements taken. The major drawback for tensor-based approaches however
arises due to the fact that only a single tensor can exist per voxel. The real underly-
ing white matter anatomy contains numerous twisting, bending, crossing, or
obliquely oriented white matter fibers, which cannot be adequately represented at
sub-voxel resolution using the tensor-based approach alone.

To address the angular resolution problems inherent to DTI, several other trac-
tography methods have been devised. These include Q-ball imaging, high-angular
resolution diffusion imaging (HARDI) [19], diffusion spectrum imaging (DSI) [20],
and generalized Q-sampling imaging (GQI) [21]. All of these utilize different math-
ematical models to reconstruct diffusion data and have been utilized to differing
extents by clinicians and researchers. Nevertheless, aside from GQI, few have been
reliably validated for neurosurgical purposes [3, 4, 22]. Moreover, as most device
manufacturers include built-in DTT acquisition sequences with MRI hardware, DTI
remains the prevalent tractography technique used by neurosurgeons worldwide.

All non-tensor modalities utilize alternative intra-voxel directionality metrics
which have the advantage of being able to represent greater-than-one principal
fiber orientation at sub-voxel resolutions. GQI tractography, for example, utilizes a
non-Gaussian method to calculate a spin distribution function (SDF) from diffu-
sion data, which can represent crossing fiber orientations at sub-voxel resolutions.
This is advantageous to neurosurgeons when considering that white matter archi-
tecture is often displaced, disrupted, or infiltrated by lesions or may be affected by
edema. As peri-tumoral edema consists primarily of water, it may adversely affect
diffusion signals of white matter tracts passing through the peri-tumoral areas. As
a result, tracts may be falsely terminated (disrupted) within peri-tumoral vicinities.
In fact, both HARDI and GQI methods have been shown to demonstrate intact
white matter tracts passing through edematous peri-tumoral regions more reliably
compared to DTI. This is a particularly important caveat for the neurosurgeon who
may tailor their operative approach to a lesion based upon perceived white matter
involvement [4, 22].

Depending upon its aggressiveness, a tumor may simply push tracts out of the
way (displacement) or may invade and destroy them (infiltration). Moreover, when
viewed tractographically, tumor-adjacent tracts may display a phenomenon called
disruption, which is their abrupt termination in close proximity to the lesion. This is
produced by compression or excess water, affecting the anisotropic diffusion signal
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of the peri-tumoral fiber tracts. Non-tensor fiber tracking algorithms such as gener-
alized Q-sampling imaging (GQI) or high angular resolution diffusion imaging
(HARDI) are more readily able to trace peri-tumoral white matter due to their abil-
ity to resolve multiple fiber orientations within the voxel [4] and may be more ben-
eficial for presurgical white matter visualization.

Conclusions

The complex arrangement of subcortical white matter represents a learning curve
for the neurosurgeon. Understanding of the lateral-to-medial arrangement of white
matter tracts and their interaction with parenchymal lesions may help to guide surgi-
cal approach.
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Chapter 2
The Ventricular System: Anatomy
and Common Lesions

Robert A. Scranton and Aaron Cohen-Gadol

Abbreviations

CT computed tomography
MRI  magnetic resonance imaging
PICA posterior inferior cerebellar artery

Ventricular Anatomy

Operative anatomy of the cerebral ventricular system can conceptually be divided
into three distinct parts: the lateral ventricles, the third ventricle, and the fourth
ventricle. These major divisions have important implications for both the types of
pathology found and the most appropriate operative approach to them.
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Lateral Ventricle Anatomy

The lateral ventricles are a paired C-shaped structure, as seen in the sagittal plane,
that encompass the thalamus and diencephalon. Anatomically, each lateral ventricle
can be divided into the following five parts: frontal horn (anterior), body, atrium
(trigone), temporal horn, and occipital horn (Fig. 2.1) [1]. The lateral ventricle, from
the frontal horn through the atrium, is covered on its roof by the corpus callosum,
and it is covered laterally by the thalamus, except in the most posterior part, where
it is replaced by the caudate. It is important to note that the genu of the internal
capsule contacts the ventricular surface lateral to the foramen of Monro, separating
the thalamus anteriorly and the caudate posteriorly. The posterior portion of the
lateral ventricle, the occipital horn, is covered by the optic radiations, and the tem-
poral horn is covered by the caudate.

The lateral and third ventricles communicate via the foramen of Monro. A criti-
cal structure of concern when approaching the lateral ventricle is the fornix, which
begins in the alveus, connects to the fimbria, and then advances adjacent to the
temporal horn. The pathway contains projection fibers that connect the hippocam-
pus and hypothalamus. Injury in this area can result in profound memory deficits
classically manifested as an anterograde deficit. Surgical approaches should be tai-
lored around preserving this structure. The foramen of Monro is formed by the
forniceal bodies on the anterior and superior borders; caution must be taken when
approaching the foramen of Monro through an endoscopic approach to the third
ventricle or through an anterior interhemispheric transcallosal interforniceal
approach because damage can result in transient or permanent cognitive impairment.

Projecting posteriorly from the foramen of Monro is the choroidal fissure, which
extends posteriorly along the lateral ventricle, atrium, and temporal horn. It

Fig. 2.1 Anatomical sagittal section showing the corpus callosum and surrounding structures bor-
dering the ventricular system. The corpus callosum is the largest anatomic interface with the lateral
ventricle. This structure is divided into four segments. From anterior to posterior, these segments
are the rostrum, the genu, the body, and the splenium. (Image courtesy of A. L. Rhoton, Jr.) (With
permission from The Neurosurgical Atlas by Aaron Cohen-Gadol, MD)
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represents the separation between the thalamus and fornix and is covered by choroid
plexus. The choroid plexus and its vessels play an important role in providing a
vascular supply to tumors encountered in this location through the anterior and pos-
terior choroidal arteries. Early ligation of these connections between the choroid
plexus and tumor, when possible, is advised.

The venous anatomy within the lateral ventricular system is intricate, and a
good working knowledge of it is required to perform surgery in the area. Important
vessels include the anterior septal veins, superior choroidal vein, medial and lat-
eral atrial veins, thalamostriate vein, inferior ventricular vein, and the inferior cho-
roidal vein. The major outflow goes through the internal cerebral veins and the
basal veins of Rosenthal. The thalamostriate vein projects from lateral to medial
toward the choroidal fissure, where it joins the anterior septal vein and the superior
choroidal vein. Transection of the septal vein just before its junction with the
thalamostriate, the venous angle, is considered safe and enables the surgeon to use
an expanded transforaminal route to the third ventricle. Retraction injury still
remains a concern. The thalamostriate vein serves as an important landmark for
identifying which lateral ventricle has been entered during surgery, and it should
be preserved.
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Fig. 2.2 Midsagittal anatomical picture showing the relevant anatomy surrounding the area of the
third ventricle. The anterior border of the third ventricle is composed of the region between the
optic chiasm and the foramen of Monro. The structures in this region include the optic chiasm,
lamina terminalis, anterior commissure, and columns of the fornix. The posterior border of the
third ventricle is composed of the region between the aqueduct of Sylvius and the suprapineal
recess. The structures composing this region include the posterior commissure, pineal body, and
habenular commissure. (Images courtesy of A. L. Rhoton, Jr.) (With permission from The
Neurosurgical Atlas by Aaron Cohen-Gadol, MD)
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Third Ventricle Anatomy

The third ventricle connects the lateral ventricles via the foramen of Monro to the
fourth ventricle via the aqueduct of Sylvius (cerebral aqueduct). Relevant terms to
use when describing the anatomy of the third ventricle include the anterior, poste-
rior, lateral, cranial (roof), and caudal (floor) borders (Fig. 2.2).

The anterior border extends from the optic chiasm to the foramen of Monro and
is formed by the anterior commissure, lamina terminalis, optic chiasm, and columns
of the fornix. The posterior border is roughly the region between the aqueduct of
Sylvius and the suprapineal recess, and it includes the posterior commissure, pineal
body, and habenular commissure.

The lateral walls are formed by the thalamus and hypothalamus, and the massa
intermedia, an interconnection between the adjacent walls of the third ventricle,
might be found here. Caudally, the floor is formed by the posterior perforated sub-
stance, mamillary bodies, tuber cinereum, and infundibulum.

The roof of the third ventricle is a complex structure composed of five distinct
layers. From deep to superficial, they include the choroid plexus, the inferior layer
of tela choroidea, the vascular layer (velum interpositum), the superior layer of tela
choroidea, and, last, a forniceal layer. The vascular layer contains the medial poste-
rior choroidal arteries and internal cerebral veins. Given the vital structures that
border the third ventricle, especially the floor and walls, surgical transgression can
be devastating.

Fourth Ventricle Anatomy

The borders of the fourth ventricle, cranially to caudally, are as follows:

e Anterior (floor)—midbrain, pons, and medulla.

e Lateral—superior, middle, and inferior cerebellar peduncles.

e Posterior (roof)—superior medullary velum, cerebellar lingula, and fastigium.

e Inferior—choroid plexus, tela choroidea, inferior medullar velum, cerebellar
uvula, and nodulus.

When viewing the floor of the fourth ventricle from a telovelar approach, a mid-
line raphe can be seen; the medial sulcus with the facial colliculi lateral to this raphe
are at the level of the middle cerebellar peduncle, which is then bordered laterally
by the sulcus limitans (Fig. 2.3). Caudal to the facial colliculus, the striac medullaris
will be evident coming laterally around the inferior cerebellar peduncle to terminate
in the medial sulcus and is followed more caudally by the hypoglossal and then
vagal triangles.

Understanding the vascular anatomy of the posterior inferior cerebellar artery
(PICA) and the regions it supplies is critical to this approach. There are five
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Fig. 2.3 Anatomical dissection showing the posterior view of the floor of the fourth ventricle. The
topography of the eloquent fourth ventricular floor is mapped. The locations of the facial colliculus
and the hypoglossal and vagal triangles are evident. Stimulation mapping can effectively guide the
surgeon to avoid these critical structures during surgery of the floor. (Images courtesy of A. L. Rhoton,
Jr.) (With permission from The Neurosurgical Atlas by Aaron Cohen-Gadol, MD)

anatomical divisions of the PICA, including the anterior medullary, lateral medul-
lary, tonsillomedullary, telovelotonsillar, and cortical segments (Fig. 2.4). The sur-
geon must understand that the first three segments give rise to brainstem perforators
and must be preserved.

Ventricular Pathology

Ventricular tumors account for 0.8% to 1.6% of intracranial masses and present a
technical challenge because of their deep location and surrounding structures [2, 3].
Primary tumors that can involve the ventricular system include colloid cysts, caver-
nomas, craniopharyngiomas, astrocytomas, choroid plexus papillomas, ependymo-
mas, subependymomas, lymphoma, germ cell tumors, astrocytomas, and epidermoid
and dermoid cysts. Secondary tumors include meningiomas, gliomas, pituitary
adenomas, metastasis to the choroid plexus, and arachnoid cysts [2, 4, 5]. These
tumors usually follow a very slow, benign course and present in patients as a result
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Fig. 2.4 Morphology of the left PICA from a posterior view. The first three major PICA segments,
namely, the anterior medullary, lateral medullary, and tonsillomedullary segments, also provide the
major arterial supply to the brainstem. Any segment of the PICA in close proximity of the brain-
stem can provide vascular support to the brainstem and should be preserved. (Images courtesy of
A. L. Rhoton, Jr.) (With permission from The Neurosurgical Atlas by Aaron Cohen-Gadol, MD)

of a headache workup, as obstructive hydrocephalus, or from mass effect and
compression.

Presenting complaints typically involve headache, imbalance, cognitive dysfunc-
tion, and personality changes or motor weakness from masses that arise in the lateral
or third ventricle [6—8]. Masses in the pineal region can cause compression of the
tectal plate, which leads to dorsal midbrain (or Parinaud) syndrome. This syndrome
is characterized by upward gaze palsy, light-near dissociation, and a convergence
retraction nystagmus and is a result of compression of the rostral interstitial nucleus
of the medial longitudinal fasciculus [9, 10]. Tumors of the fourth ventricle often
present with ataxia from compression of the cerebellar tracts.

The preoperative differential diagnosis has implications for the surgical plan and
approach chosen. This diagnosis is normally based on patient presentation and key
imaging characteristics on magnetic resonance imaging (MRI) and computed
tomography (CT) (Table 2.1). Ventricular pathology should, at a minimum, be eval-
uated before surgery using MRI with contrast; CT also can be helpful for narrowing
the differential diagnosis. Vascular imaging can also be invaluable for studying both
the anatomical relationship between the pathology and the normal arteries and
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Table 2.1 Tumor-specific CT and MRI findings for ventricular tumors

Key findings
Tumor type MRI CT
Colloid cyst T1-weighted homogeneous Homogeneously isodense to
hyperintensity; T2-weighted mildly hyperdense lesion;
homogeneous hypointensity with commonly observed in foramen
hyperintense circumferential rim of Monro; rare calcifications
Craniopharyngioma | Heterogeneous cystic and solid Heterogeneously cystic and solid
features; heterogeneous intensity components with calcification;
within solid tumor; T1-weighted contrast enhancement in solid
hyperintensity within cystic tumor
components; intense contrast
enhancement
Low-grade T1-weighted hypointensity; Hypodensity; calcifications
astrocytoma T2-weighted hyperintensity; minimal | (15%); minimal or absent
or absent contrast enhancement contrast enhancement
Cavernous Mixed intensity; minimal or absent Hyperdensity; well-delineated
malformation contrast enhancement; round to ovoid mass; do not
microhemorrhages appear as demonstrate intralesional
hemosiderin rims hemorrhage or mass effect
Glioblastoma T1-weighted heterogeneous Peripheral heterogeneous
hypointensity; T2-weighted contrast enhancement;
hyperintensity; ring contrast intralesional hypodensity
enhancement surrounding necrotic
core
Subependymoma Lobulated appearance; T1-weighted Well-delineated isodense to
hypointense to isointense lesion; hyperdense lesion; minimal or no
T2-weighted hyperintense lesion; contrast enhancement
minimal or absent contrast
enhancement
Meningioma T1-weighted isointensity; Well-delineated hyperdensity
homogeneous contrast enhancement
Central Heterogeneous hyperintensity from Hyperdense; calcifications
neurocytoma cysts, calcifications, and core necrosis;
moderate contrast enhancement
Pineocytoma T1-weighted hypointensity; Well-delineated hypodense to
T2-weighted hyperintensity; hyperdense lesion; homogeneous
homogeneous contrast enhancement | contrast enhancement;
calcifications
Anaplastic T1-weighted hypointensity; Heterogeneous contrast
astrocytoma T2-weighted hyperintensity; enhancement; rare calcifications
heterogeneous contrast enhancement
Ependymoma Heterogeneously hypointense to Homogeneous contrast

isointense lesion on T1 and T2; cystic
features; intralesional necrosis,
hemorrhage, vascularity, and
hemosiderin deposition

enhancement; cystic features;
calcifications (50%)

(continued)
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Table 2.1 (continued)

Key findings

Tumor type MRI CT

Pineoblastoma T1-weighted hypointense to Not well delineated from
isointense; T2-weighted surrounding tissue;
hyperintensity; signs of parenchyma | heterogeneous contrast
invasion enhancement; calcifications

Choroid plexus T1-weighted isointense; T2-weighted | Majority demonstrate delineated

papilloma isointense; homogeneous contrast isodense to hyperdense lesion;
enhancement; MRI insufficient to contrast enhancement;
differentiate choroid plexus papillomas | intralesional hemorrhage;
from carcinomas calcifications are common

veins. Early identification and ligation of a tumor’s vascular supply is a standard
tenet of tumor surgery and is especially important in difficult areas such as the ven-
tricular system. Tumors associated with the ventricular system, especially in the
lateral ventricles, most often derive their blood supply from branches of the choroi-
dal vessels. They typically are not seen until late in the operation, which can create
an additional challenge. Any approach that enables early visualization would offer
an advantage.

When a surgeon is operating in the lateral ventricles, special care should be taken
to respect the venous anatomy; damage to the thalamostriate and/or internal cere-
bral veins can be devastating. Many of the tumors encountered in this area, such as
colloid cysts and subependymomas, have a relatively benign course, and subtotal
resection should be considered in situations in which neurological deficit as a con-
sequence of its removal is likely.

Surgical manipulation of tumors in the third and fourth ventricles with intact
walls is associated with significant morbidity. Subtotal resection should be strongly
considered, especially for an infiltrating tumor.

Tumors in the fourth ventricle usually originate in the floor from the choroid
plexus or tela choroidea. The majority of lesions arise outside the ventricle and
extend into it, including medullary, tectal, and cerebellar hemispheric masses, which
means that the telovelar approach should be strongly considered.
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Chapter 3
Advanced Neuroimaging of the Subcortical
Space: Connectomics in Brain Surgery

Check for
updates

Nicholas B. Dadario and Michael E. Sughrue

An Introduction to Connectomic Neuroimaging

3

Connectomics borrows the “-omics” suffix from genomics as it is a big data
approach to analyzing the massive datasets produced by functional and structural
brain imaging. More specifically, the “connectome” refers to the entire set of axonal
connections in the brain [1]. Obviously, this is a question of frame of reference as
no existing technique currently shows all of the connections, but more accurately,
the present use of the term connectome for neurosurgery focuses on the large-scale
connections between sections of cortex and many underlying subcortical structures.

The ability to show ourselves the functional organization of the cortex before
cutting into the brain has obvious and profound potential toward reducing morbidity
[2]. A lack of proper understanding of how the brain works is at the heart of most of
our failures with glioma surgery [3, 4], as we often are left scratching our head
about what is going on exactly. Despite this, logistics have kept these imaging plat-
forms limited to the most ivory of towers, namely, centers with in-house experts to
navigate the complexities of image acquisition and processing, and the numerous
steps necessary to implement these in a surgical workflow. Additionally, relative
lack of knowledge by neurosurgeons about these evolving techniques has led to
many misconceptions among neurosurgeons about how these techniques work and
what they tell us [5, 6].
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Diffusion Tractography

Diffusion tractography refers to the utilization of diffusion-weighted MRI, long used
in diagnostic imaging for cerebral ischemia, to model the direction of white matter
fibers in the brain [7]. This is accomplished by performing diffusion imaging at differ-
ent gradient strengths (a.k.a. the B-values) and in numerous different directions (a.k.a.
the B-vectors). Increasing the number of directions diffusion imaging is acquired or
acquiring multiple nonzero B-values are the principal differences between the quality
of different diffusion imaging protocols. Diffusion directions for protocols can vary
from 20 directions to as many as 200 in different imaging protocols with the principal
trade-off being imaging time, which is not an insignificant issue in busy centers [8].

Following acquisition, two typical corrections for known distortions are eddy
current correction and distortion correction, in addition to standard head motion
correction [9]. After this, the path from raw data to diffusion tensor can best be
explained to nonexperts as a three-step process: first, calculating the fractional
anisotropy (FA) map; second, modeling the diffusion tensors; and third, performing
tractography using the diffusion tensors. A schematic demonstrating these steps in
a simplified format is seen in Fig. 3.1.

Fractional anisotropy refers to the observation that Brownian motion in pure
water moves equally in all directions (isotropically) but, when restricted in some
form, moves more one way than others (anisotropically). In the brain, the most
notable cause of anisotropic diffusion is axons, which cause anisotropy in the direc-
tion of their fibers [10]. Collecting and modeling these structures as ellipsoids at
every voxel is the process of creating an FA map, or a map of anisotropy. In reality,
this map is represented by a matrix of FA measured in the various sampled direc-
tions, and all further steps are linear algebra transformations on this matrix.

Because the end goal is to line up a set of vectors to estimate the direction and
course of white matter bundles, the estimation of the FA in each voxel as a vector is
the key step in the creation of diffusion-based tractography. In fact, the difference in
how this is modeled is the main difference in most of the current variations on the
original paradigm of diffusion tensor imaging (DTI). DTI analyzes the FA in a voxel
and assigns the vector for that voxel as the dominant eigenvector for that voxel. In
other words, it is a winner-take-all strategy. This has the limitation of not being able
to resolve crossing fibers well, and this makes it less effective at resolving the anat-
omy of smaller tracts or ones which run orthogonal to larger bundles [11]. Notably,
roughly 70% of voxels have crossing fibers, so this is not a trivial concern [12].
Dense data seeding with interpolation can deal with some of these problems, but
this is always a limit of the imaging.

Newer ways to model the vectors have been devised, and it is presently an area
of active research. For example, diffusion spectrum imaging (DSI) models the data
by collecting many more directions and modeling several eigenvectors per voxel
[13]. Similar variations include HARDI-Q-ball imaging and several other variations
on this theme, which are beyond the scope of this book. DSI is great as a research
tool but practically difficult to implement in clinical practice with imaging times
well over an hour. Constrained spherical deconvolution (CSD) fits the data using
prestructured models of the anisotropic ellipsoid [14]. These have promise but pres-
ently are not incorporated into clinical image guidance pipelines very often.
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Fig. 3.1 This schematic demonstrates a conceptualization of the steps of creating a diffusion ten-
sor imaging (DTI) tractographic image. (a) This image demonstrates the basic concept behind
anisotropy as a matrix describing basic shape of anisotropy. In reality, this is a high-dimensional
vector set. (b) This image demonstrates the different methods of modeling a set of vectors from the
FA matrix. Note that while DTT models this as the dominant eigenvector, diffusion spectrum imag-
ing (DSI) models multiple vectors, and constrained spherical deconvolution (CSD) uses a collec-
tion of predetermined ellipsoids to model the vector set. (¢) Finally, the vector map is translated to
tractography by laying seeds and tracing the vectors using a set of conditions. Deterministic trac-
tography maps one tract set per seed and works by sequentially laying more seeds in turn.
Probabilistic maps all possible vector alignments in a seed and calculates the set of probable path-
ways based on a collection of tracts. Most surgical diffusion imaging is deterministic
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Once the vectors are modeled, tractography is the process of lining up vectors
into tracts. The two main processes for doing so include probabilistic, which models
all possible streamlines from a seed and weights them based on the probability of
their existence, and deterministic, which lays a seed and sequentially aligns a single
set of vectors from that seed until a preset termination threshold has been reached,
either by the vector taking a sharper angle than the chosen threshold or by the mag-
nitude changing more than a threshold [15]. Presently, all clinical grade tractogra-
phy is deterministic to our knowledge.

Understanding this process, the potential limitations are more easily understood.
For example, vasogenic edema interferes with the process and makes the absence of
tracts less reliable. Also, the process of aligning vectors can lead to missed tracts or
false tracts due to the algorithm following a false path [16]. It should also be clear
that small and crossing fibers are a big deal. Thus, tractography is not a foolproof
technique.

Functional MRI

Functional MRI (fMR]) is a well-known technique to neurosurgeons, but in our expe-
rience many of them generally misunderstand what it really says and what it does not.
The technique often utilizes the blood oxygen level-dependent (BOLD) signal
changes which occur when a brain region is activated, and it in turn causes a vasodila-
tion that causes the hemoglobin oxygen level to change which can be detected and
back calculated from a sequential acquisition of an echo planar image (EPI) [17].

The processing of an EPI image into a useable fMRI map involves the following
steps: (1) head motion, even minor, needs to be corrected and realigned or the vox-
els cannot be made into a time course, (2) corrects for cardiac and respiratory sig-
nals and their effect on BOLD need to be made to delete these signals, and (3)
artifacts from MRI field inhomogeneities, CSF, and large vessel pulsations need to
be corrected or deleted. The skull and meninges need to be stripped.

fMRI can be acquired in two principal paradigms: task-based fMRI and resting
state fMRI (rfMRI) [18]. Task-based fMRI involves comparing a baseline condition
to the BOLD signal during a task of some form. While this has the benefit of having
a clear idea of the context of what was activating the area of interest, it is not trivial
to obtain as it requires an MRI paradigm and a trained person administering the
task. This is not usually feasible at most places doing neurosurgery.

rfMRI relies on the fact that large-scale brain networks constantly co-activate
each other even when at rest. While resting state images do not provide certainty of
task context, when combined with our prior knowledge of the anatomy of large-
scale brain networks, rfMRI provides the ability to map all of the brain networks at
once, with an 8- to 10-minute image, with no expert in the room [19]. The advantage
of this too busy neurosurgery imaging pipelines is obvious.

rfMRI can be processed a number of ways [20]. One is a seed-based correlation,
which identifies areas which have signal time courses which correlate with that seen
in the selected region of interest. This is simple to understand but can be
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time-consuming and prone to human bias. A more interesting paradigm is indepen-
dent component analysis (ICA) [21]. The cocktail party analogy often used to
describe ICA is outlined in Fig. 3.2. In more formal terms, it involves taking the

a WA

Fig. 3.2 A conceptual description of analyzing functional brain imaging using ICA analysis. (a)
The idea is that there are multiple locations receiving a mixture of periodic signal (in this analogy,
it is a mixture of sounds from conversation). (b) Our goal is to separate out the conversations into
independent sets of waves which explain the variance. This is achieved by a series of matrix trans-
formations which decompose the signal into components which explain the variance and are sta-
tistically independent of each other. (¢) ICA analysis can show us who is mostly talking to who. In
the brain, these are wide-scale brain networks which fire on similar time courses. It is important to
note that ICA does not exclude that areas sometimes talk to other areas and is simply finding the
dominant components of the variance
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cross talk between areas and finding the cross talk which behaves independently of
other areas and which explains the largest fraction of the variance.

While ICA components (or ICA networks) can contain noise or cardiorespira-
tory artifacts, and even tumor blush, and thus helps clean the signal, a number of
common components are usually seen in most ICA analyses. Such components are
sometimes called the canonical ICA networks and have been robustly identified and
studied extensively. The anatomy of these networks can be outlined with a combina-
tion of diffusion tractography and ICA to provide excellent views of the network
brain anatomy for intraoperative navigation. These are described below.

Anatomy of the Human Brain Networks

The Human Connectome Project (HCP) recently published their scheme for parcel-
lating the human neocortex based on functional connectivity and physical charac-
teristics [22]. Figure 3.2 provides an example of the scheme, which we have heavily
utilized to describe brain connectivity in ways which can be compared, reproduced,
and utilized by surgeons. What follows are our mapping of the anatomy of the large-
scale functional networks in HCP parcellation format with diffusion spectrum trac-
tography to provide the best possible anatomic model for these networks given
existing technology [19, 23]. Interindividual variability in the human cortex is
extreme, and gliomas can cause functional reorganization, so these models are
merely the starting point in the discussion, but a key starting point compared to a
previous lack of knowledge of these areas.

The Motor System

Most neurosurgeons have long viewed the motor system as basically being the
motor strip and perhaps the SMA. However, as Fig. 3.3 demonstrates, it is a more
complex system of at least four components, including the sensorimotor strips, the
supplementary motor area (SMA) [24], and the dorsal and ventral premotor areas
[25], as well as their thalamic and basal ganglia connections. These usually form a
single bilateral ICA network. Figure 3.3 highlights the “bouquet of flowers” arrange-
ment of the system which in this diagram is demonstrated using the dorsal premotor
system and sensory and motor strips.

Networks inside of the SLF System
Semantic Language
This left-sided network involves many of the familiar players, areas 44 and 45, the

posterior MTG and superior temporal sulcus, and the arcuate connecting them
(Fig. 3.4) [26, 27]. New to this model is area 55b, which is connected to the semantic
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Fig. 3.3 Network map of
the dorsal premotor system

Fig. 3.4 Network map of the language networks

language areas by SLF-2, as well as parietal contributions. SMA contributions to
area 44 and neighboring areas like area 8C come from the frontal aslant tract (FAT).

Auditory Network

Connectomics has shown us that the auditory areas are highly complex with several
subregions in the Heschl’s gyrus and superior temporal gyrus (Fig. 3.5) [28]. These
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Fig. 3.6 Network map of the praxis system

bilateral networks have their own connections via the arcuate to area 44, which is
also part of this network, as is 8C and the SMA.

Praxis Network

Tool use is a left SLF network, though interestingly it also involves area 44 and
other frontal regions involved in speech (Fig. 3.6). This highlights the fact that
Broca’s area is more complex than we have given it credit for.
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Neglect

Our studies confirm other works that neglect results from damage to the right SLF
(Fig. 3.7) [29]. The network model is interesting, and despite our initial thought that
this would result from the dorsal or ventral attention networks, the data support a
more complex model linking parts of the olfactory, auditory, somatosensory, execu-
tive, and dorsal attention networks as well as an analog of the semantic network on
the right at the superior temporal sulcus. Our best hypothesis is that the true network
is not the cortical areas but the fibers which connect them in the SLF. This is consis-
tent with the binding problem neglect has thought to represent, namely, creating a
coherent view of the world from mixed sensory modalities.

Dorsal Attention Network

This network (Fig. 3.8) is bilateral and is inside the SLF that involved the frontal eye
fields, the intraparietal sulcus, and the lateral visual areas [30]. Interestingly, this
network has shown up in many of our studies of higher cognitive abilities, such as
math, and we currently think it is part of allocating cognitive resources to higher
tasks along with the top-down processing of stimuli.

Fig. 3.7 Network map of
the neglect system
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Fig. 3.9 Network map of the ventral attention network

Ventral Attention Network

This is a right-sided network which also is an SLF network (Fig. 3.9) [31]. Its func-
tion in the greater context of human cognition is not entirely clear to us, but com-
pared to the DAN, the VAN reorients attention more specifically to behaviorally
relevant stimuli.

Central Executive Network
This is one of the dominant networks of the human cerebrum and is involved in

organizing goal-directed behaviors [32]. It is discussed further with the control net-
works, such as DMN and salience networks.

Inferior Fronto-Occipital Fasciculus

The IFOF is a large tract; however, it has a specific clinically important aspect of its
anatomy (Fig. 3.10). It runs from anterior to posterior connecting the inferior occip-
ital and frontal lobes. While the tract fans out anteriorly in the frontal lobe and
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Fig. 3.10 Image of the
inferior frontal occipital
fasciculus (IFOF)

posteriorly in the occipital lobe, it is a tight bundle in the insula and limen insula.
This means that if you are in IFOF fibers in the frontal or occipital regions, then you
are working on fibers relevant to the area you have cut into, but in the insula, you
can destroy a lot of the tract all at once.

The occipital origins of this tract are principally in the lingual gyrus and cuneus
and after hooking superiorly around the preoccipital notch before diverging from
the ILF and crossing at the TPO junction as a largely compact bundle. After bending
anterosuperiorly at the limen insula, the fibers fan out. The bulk of these fibers head
to the SFG where they interact with a large length of the gyrus. There are also com-
munications with the IFG and a lesser communication with the MFG.

Inferior Longitudinal Fasciculus (ILF)

The ILF is an anterior to posterior tract running from the occipital pole to the tem-
poral pole running just deep to the fusiform gyrus on the inferior temporal/occipital
surface. This tract does not typically block a lateral approach to a deeper target in
the way other lateral tracts do; however, it is a common path for spread of gliomas.

It primarily connects the inferior temporal gyrus to the lingual gyrus though
some fibers extend superiorly into the temporal pole.

Uncinate Fasciculus

Most of us are aware that this tract is running in the limen insula and connects the
frontal and occipital lobes. Specifically, it connects the inferior frontal gyrus and
pars triangularis to the anterior temporal lobe.
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IFOF/ILF/Uncinate and the Role of the Temporal Pole
in Language

There are ample data supporting the role of the left temporal pole in language [26].
This has been termed semantic language; however, this is an unfortunate term as the
semantic areas (those which activate during tasks of semantic language) do not have
substantial connections via the IFOF or ILF to the temporal pole. Various two path-
way models have been proposed about how these language problems occur. One
model involves visual information flowing to area 45 via the IFOF. The problem we
have found with this model is that none of the visual areas we have found connected
to IFOF are high-level visual areas involved in object recognition; they are mostly
connected to V1-4 and the dorsal visual stream (“where” pathway), neither of
which seems to directly provide information needed to make visual matches by
itself. Another involves the ILF carrying visual information to the temporal pole via
ILF, which then communicates with area 45 via the uncinate. This is possible but the
meaning of words is strongly localized to the back of the left temporal lobe in most
people, and it’s hard to fit the ILF into that model. The most plausible model we are
aware of (Fig. 3.11) involves a band of U-fibers in the middle temporal gyrus which
directly links the semantic areas to the temporal pole [26]. The functional

Fig. 3.11 Functional
connectivity of the area
TGd which is the temporal
polar region. It shows
connectivity with the
language area in a band of
connected areas as well as
with the DMN
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connectivity map strongly suggests this is the connection. This does not preclude a
role for ILF or IFOF in the cognitive aspects of speech as the visual system requires
a large amount of top-down regulation to determine its processing scheme, and ILF
and IFOF are well connected to do this. It is just hard for us to believe that by them-
selves, they can help match visual images to words given their connection patterns.

The Visual System

It is an understatement to say that the human visual system is highly complex despite
being localized to the occipital lobe (Fig. 3.12) [33]. A substantial percentage of the
white matter in the brain aims to link the visual system to the rest of the brain.

Fig. 3.12 Network map of the visual system
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Optic Radiations

It is also of relevance to note that the visual system probably works in large part by
communications with the pulvinar which are critical in serial visual processing.
These fibers generally run in the same bundle as the optic radiations.

Middle Longitudinal Fasciculus (MdLF)

It principally connects the upper cuneus to the superior temporal gyrus. The most
logical explanation is this is a mechanism of linking the dorsal visual pathway
(which has later level processing cortices in these regions) with the semantic areas.

Vertical Occipital Fasciculus (VOF)

While there has long been a goal to segregate the visual processing into the ventral
(“what” pathway) and dorsal (“where” pathway) streams, the VOF is a vertical path-
way which directly connects these two areas.

Occipitotemporal System (OTS)

The OTS is the system of the lateral occipital lobe and is comprised of a dense col-
lection of large and small U-fibers which connect the lateral occipital lobe. It is most
likely involved in reading.

The Prefrontal Cognitive Initiation Axis

The initiation axis is a string of prefrontal, higher-order networks involving the
default mode network, the central executive network, and the salience network
[34, 35].

The default mode network (DMN) is anatomically included in the anteromedial
frontal lobe, the posterior cingulate cortex (PCC), and the lateral parietal lobe that
are activated only in the task negative state. The DMN is probably the most consis-
tently identifiable network in the brain and is involved in numerous complex cogni-
tive abilities, such as speech, theory of mind, and memory, among others [36]. It is
functionally opposite of the central executive network, suggesting the contrast
between our internal (DMN) and external (CEN) minds.
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The salience network is a third network which appears to be key in this transition
[37]. Failure to alternate these networks has been found in minimally conscious and
vegetative patients and has been shown to be impaired in schizophrenics with severe
negative symptoms and also depression [38, 39]. Thus, it seems reasonable to
hypothesize that disruption of this system might impair a patient’s ability to orga-
nize their thoughts, create a plan, and transition toward doing this, though obviously
this is a complex process.

Default Mode Network

The DMN (Fig. 3.13) is classically a three-part system with hubs anteromedial fron-
tal lobe, PCC, and angular gyrus [40]. Careful study shows this is not entirely ade-
quate as parts of the middle temporal gyrus, the thalamus, and the hippocampus also
strongly correlate with these regions in many datasets. Figure 3.3 shows our model
of the DMN. The anterior frontal regions include areas a24, s32, p32, and 10r; the
PCC areas include areas 31a, 31pd, 31 pv, d23ab, v23ab, 7 m, POS1, and POS2; and
the retrosplenial cortex (RSC) and the lateral parietal regions include PFm, PGs,
and PGi. The anterior frontal and PCC areas are clearly joined by the cingulum [41].
There does not seem to be direct white matter connection of the lateral parietal
regions and the medial regions, and this suggests that the network is functionally
constructed by the thalamocortical rhythms or by interplay with other neighboring
areas (see below).

Salience Network

The salience network (Fig. 3.14) is a middle cingulate and anterior insula network
[37]. Its middle cingulate structure includes areas a32prime, p32prime, and SCEF
(supplementary and cingulate eye field), and its insular regions include AVI (ante-
rior ventral insula), MI (middle insula), and the frontal opercular areas FOP4 and

Fig. 3.13 Network map of the default mode network
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Fig. 3.14 Network map of the salience network

FOPS. These are linked via the FAT. Most interestingly, the SCEF is also a part of
the SMA complex, providing a critical link between the large-scale networks and
the motor planning system.

Central Executive Network (CEN)

The CEN is basically a frontopolar and parietal network (Fig. 3.15). Presently, we
think this likely involves connections between HCP areas; prefrontal areas 9a, 9p,
9-46d, a9-46v, and 46; polar areas alOp and p10p; and inferior frontal sulcus areas
IFSa and IFSp with the parietal areas Pft and PF, opercular area OP4, and intrapari-
etal sulcus areas AIP, IP1, and IP2. These areas are probably linked by the superior
longitudinal fasciculus [32].



3 Advanced Neuroimaging of the Subcortical Space: Connectomics in Brain Surgery 45

Fig. 3.15 Network map of the central executive network

Supplementary Motor Area

These areas in the medial bank of the posterior superior frontal gyrus include areas
6ma, 6mp, and SCEF and superior frontal language area (SFL) (Fig. 3.6) [24]. In
addition to its immediate neighbors, the SMA connects to the contralateral SMA via
the corpus callosum; the ipsilateral premotor, opercular, and insular areas via the
FAT; and the contralateral premotor areas via the crossed FAT which runs in the
middle callosum, as well as contributing to fibers entering the basal ganglia and
corticospinal tract. Interestingly, direct connections to the primary motor cortex are
surprisingly sparse. The fact that the SMA contains a connection between the supe-
rior frontal language area and the canonical Broca’s regions such as area 44 is a
likely mechanism behind the mutism component of SMA syndrome [34].

Conclusion

This chapter attempts to summarize an enormous topic and focus it toward the needs
of neurosurgeons. It is important to note that we expect that a chapter like this writ-
ten in 5 years from the current date will look different as this is a dynamic area
which is evolving quickly. However, improved understanding of how to model and
apply knowledge about the large-scale brain networks can better inform neurosurgi-
cal decision-making by better exposing the risks and benefits associated with cer-
tain tumors and related surgical decision-making.
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Chapter 4
Advanced Neuroimaging of the Ventricular
System

Paul E. Kim

Introduction

The spatial complexity of the ventricular system and its deep position within the
brain poses a problem for conceptualizing its anatomy. An additional problem with
understanding its anatomy is that the ventricles are essentially comprised of spaces
rather than solid parenchymal structures. Thus, imaging has provided greater under-
standing of its anatomical complexity and variation than has cadaveric dissection,
which is otherwise considered the gold standard for anatomic education.

The first use of X-rays for a neurological disorder by Harvey Cushing in 1896 (a
gunshot wound to the neck causing a Brown-Sequard syndrome) [14] was a year
after the discovery of X-rays by Wilhelm Roentgen. However, until Walter Dandy’s
pneumoencephalogram in 1918 [16], direct imaging of the intracranial contents in
general and ventricular system in particular was limited to fortuitous instances of
calcified intra- or periventricular tumors or post-inflammatory calcifications dense
enough to outline portions of the ventricles on a plain X-ray [28, 29]. The develop-
ment of computerized tomographic imaging and nuclear magnetic resonance imag-
ing in 1973 [5, 37] was the paradigm shift that transitioned neuroimaging into the
modern age. The consequences on neurosurgical therapeutic interventions cannot
be understated. Ongoing advances in MRI techniques have further driven the under-
standing of ventricular physiology and CSF flow dynamics in ways not heretofore
possible.
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Magnetic Resonance Imaging

Normal cerebrospinal fluid (CSF) outlines the ventricular system on MRI and fol-
lows the simple signal characteristics of water: hypointense on T1-weighted images
and hyperintense on T2-weighted images. Suppression of CSF signal using inver-
sion recovery techniques can be accomplished on both T1- and T2-weighted acqui-
sitions recognized as FLAIR (Fluid-Attenuated Inversion Recovery) [17, 26].
High-resolution MRI techniques utilize 3D acquisitions such as 3D SPACE
(Sampling Perfection with Application-optimized Contrasts using different flip
angle Evolution, Siemens), and steady-state acquisitions 3D-CISS (Constructive
Interference in the Steady State, Siemens), 3D-FIESTA (Fast Imaging Employing
Steady-state Acquisition, GE), and 3D-FASE (Fast Advanced Spin Echo, Canon)
can provide submillimeter isotropic resolution. These techniques are capable of
resolving thin membranes within the subarachnoid space or ventricles such as the
membrane of Liliequist, which is an important structure to recognize prior to per-
forming endoscopic third ventriculostomy (ETV) [23] (Fig. 4.1). Because they are
high-resolution 3D datasets, they can be reconstructed in multiple ways to depict
information that would otherwise difficult to conceptualize. They can be of

Fig. 4.1 High-resolution 3D FIESTA demonstrating several of the arachnoid membranes in the
basilar cisterns: (a) Coronal multiplanar reformat (MPR) of 3D FIESTA dataset can resolve the
mesencephalic portion of Liliequist’s membrane (black arrowheads), hypothalamic membrane
(white arrowheads), posterior cerebral artery (PCA), basilar artery, and oculomotor nerve (III). (b)
Sagittal MPR midsagittal view demonstrating the sellar segment (white arrow) and mesencephalic
segment (black arrowheads) of Liliequist’s membrane. (c¢) Axial view through the rostral pons
demonstrating multiple subarachnoid membranes in the prepontine cistern and middle cranial fossa
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Fig. 4.2 Endoscopic third
ventriculostomy (ETV)
imaging using high-
resolution MRI techniques:
3D SPACE sagittal image
demonstrating normal
caudal antegrade CSF flow
void from the third
ventricle through a
functioning patent ETV
(arrow). (Reprinted from
Kartal and Algin [32])

Fig. 4.3 3D volume rendering of posterior fossa cisterns and fourth ventricle viewed from above,
obtained from 3D FIESTA dataset, applicable to creating virtual endoscopy and surgical models.
Note the highly detailed “cast” of the fourth ventricle with clear 3D rendering of the facial collicu-
lus (white arrowhead), bilateral internal auditory canals and membranous labyrinth, and bilateral
Meckel’s caves (white arrows)

particular value in studying the CSF pathway in hydrocephalus resulting from sub-
arachnoid or intraventricular membranes and arachnoid cysts and after endoscopic
third ventriculostomy [3, 19, 20, 23, 35, 36], [18] (Fig. 4.2). These membranes are
typically not resolved at the level of spatial resolution offered in routine brain MRI
sequences. The degree of anatomic precision offered by these datasets also provides
the level of volume rendering detail needed for virtual endoscopy and 3D modeling
[33, 58] (Fig. 4.3).
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CSF Imaging

The principal artifact encountered in MR imaging of the ventricles is phase-
encoding artifact related to CSF pulsations [39, 55]. Normal CSF pulsations pro-
duce fairly characteristic, albeit variable appearances on conventional MRI
sequences (Fig. 4.4). Abnormal CSF motion through the ventricle can sometimes be
distinguished from normal artifacts on conventional MR imaging by visual inspec-
tion when CSF pulsation artifacts are excessively prominent in communicating
hydrocephalus or completely absent in obstructive hydrocephalus but usually
requires other flow-sensitive and/or quantitative techniques to assess adequately.

CSF flow is pulsatile, with a to-and-fro movement resulting from expansion and
contraction of the intracranial vessels associated with the cardiac cycle [39]. CSF
flow imaging utilizes the motion of CSF to generate images and is used to assess
clinical situations such as aqueductal stenosis, normal pressure hydrocephalus
(NPH), patency of third ventriculostomy, and flow at the cervicomedullary junction
in Chiari 1 malformation or achondroplasia [40]. There are a variety of MRI tech-
niques that both qualitatively and quantitatively assess CSF flow.

Phase Contrast CSF Flow Imaging

The most common technique used is time-resolved 2D phase contrast MRI with
velocity encoding. This technique relies upon location-specific sequential application

Fig. 4.4 Typical normal CSF pulsation artifacts seen as high signal absence of CSF nulling in the
fourth ventricle on T2 FLAIR (a) or distinct hypointense signal flow void in the aqueduct of
Sylvius on T2-weighted images (b)
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of a pair of phase-encoding pulses in opposite directions. Stationary protons will
experience the same pulse at both times and therefore return no signal. Protons that
are in motion will be subject to different phase-encoding pulses and will thus be
visible [8, 12, 44]. With this technique, the expected velocity of CSF flow is stated
as velocity encoding (VENC) and is noted in cm/sec. Typical normal CSF flow is
5-8 cm/sec. In patients with hyperdynamic circulation (e.g., NPH, communicating
hydrocephalus), much higher velocities can be encountered relying on higher
VENCs (up to 25 cm/s). Quantification of flow can be generated by defining a
region of interest (e.g., cross-sectional area of the aqueduct of Sylvius) and charting
velocity versus time, which is typically pulsatile — forward during systole and back-
ward during diastole. The area under the curve for each cardiac phase generates
values of flow forward and flow backward, notably increasing in both directions in
communicating hydrocephalus and NPH [8] (Fig. 4.5).

Fig. 4.5 Phase contrast cine CSF flow study in normal pressure hydrocephalus. (a) Abnormally
prominent antegrade flow of CSF in systole is dark signal flowing caudally through the aqueduct,
fourth ventricle, and outlet foramina to the subarachnoid space of the cervicomedullary junction
(black arrows). (b) Excessive retrograde flow in diastole is demonstrated as bright signal flowing
rostrally into the third ventricle (white arrows). By comparison, normal systolic and diastolic
appearances are shown in (c) and (d)
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Time-Spatial Labeling Inversion Pulse (Time-SLIP)

CSF imaging with the time-SLIP technique is based on an arterial spin-labeling
technique, utilizing the “black-blood double inversion recovery” technique com-
monly used in cardiac imaging to create intrinsic contrast in a fluid (e.g., blood or
CSF) as it flows into a specific area of interest from another area [22]. After invert-
ing the overall signals with a nonselective inversion recovery (IR) pulse, a selective
IR pulse (tag) is set for CSF in arbitrary cross sections and directions, and then
movement of CSF is captured at each black-blood time-inversion pulse (BBTI).
Thus, CSF within this selected area is labeled as an endogenous tracer without using
a contrast medium [1] (Fig. 4.6).

Ventriculography

Despite good anatomic demonstration of brain parenchyma and CSF with afore-
mentioned conventional and advanced MRI techniques, there remain a number of
instances in which CSF contrast enhancement may yield more diagnostic informa-
tion, such as detailed assessment of communication between normal CSF and
abnormal CSF collections, arachnoid cysts, membranes, and leakage.

Contrast ventriculography can be obtained with CT with iodinated contrast
media or MRI with gadolinium-based contrast media. While it can be accomplished
through cisternal puncture such as LP by allowing reflux or gravity to move contrast
into the ventricles, it more typically requires direct intraventricular injection of con-
trast to obtain diagnostically adequate opacification [24, 42] (Fig. 4.7).

Fig. 4.6 Time-SLIP evaluation of reflux from the third ventricle to the lateral ventricles through
the foramina of Monro in normal (a) and normal pressure hydrocephalus (b). Normally, high
signal-labeled CSF is seen refluxing into the lateral ventricles through the foramina of Monro
(white arrows in a). In NPH, this normal reflux is absent (white arrows in b)
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Fig. 4.7 Contrast
ventriculography
performed by injection of
iodinated contrast through
a ventriculostomy. Despite
ventricular enlargement,
free flow of contrast was
noted through the
ventricular system into the
perimedullary and upper
cervical cisterns

Imaging Ventricular Pathology

Ventricular abnormalities are, with only a few exceptions, a secondary phenomenon
to pathology outside the ventricular system itself. The manifestations are rather lim-
ited: abnormal ventricular size and/or shape. Abnormal enlargement of the ventri-
cles, hydrocephalus, is most commonly encountered, but abnormal diminution of
ventricular size is also pathological, whether from mass effect or insufficient CSF
volume. Pathological deformity of the normal ventricular contour may be the result
of any space-occupying lesion inside or outside the ventricular system, as well as a
sequela of inflammatory processes.

Hydrocephalus

Walter Dandy first characterized the basic mechanism hydrocephalus as obstructive
or nonobstructive over a century ago [15], and current classification systems still
rely upon Dandy’s classification scheme. Because the elements of hydrocephalus
are so complex and diverse, definitions and classifications continue to be fluid
within the scientific community, and there is yet to be a universally accepted defini-
tion of hydrocephalus [49]. The most commonly accepted definition is “...active
distention of the ventricular system of the brain resulting from inadequate passage
of CSF from its point of origin within the cerebral ventricles to its point of absorp-
tion into the systemic circulation” [50]. This definition supports a concept of hydro-
cephalus as an active process, produced by obstruction along the course of CSF flow
or overproduction of CSF, and can be evaluated with morphologic or physiologic
imaging [25]. Notably, this definition excludes the category of “hydrocephalus ex
vacuo” resulting from loss of parenchymal volume.
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Conventional Imaging Diagnosis

The concept of enlarged ventricles appears simple, and severe abnormal ventriculo-
megaly with transependymal interstitial edema (Fig. 4.8) is usually easy to appreci-
ate on imaging as active hydrocephalus. However, when hydrocephalus is early,
mild or chronic, and “compensated,” there can be significant ambiguity when evalu-
ating an imaging exam isolated to a single timepoint. There have been multiple
attempts at creating quantitative criteria for the diagnosis of hydrocephalus, begin-
ning with the Evans Index in 1942 [57], with many others following, such as the
bicaudate index [21], third ventricular width, fronto-occipital horn ratio [47, 48],
and a number of others. Used alone, quantitative assessments — whether linear- or
volume-based measurements — have ultimately fallen short, and there continues to
be no entirely reliable imaging stigmata of hydrocephalus. More recent approaches
using multiple criteria including linear measurements, volumetric data, and flow
analysis have increased specificity [43], but despite general correlation between
individual linear measurements and presence of hydrocephalus, specificity remains
unreliably low in cases of mild ventricular enlargement [48]. The temporal horns
have the greatest capacitance of the ventricular system, and enlargement is typically
the earliest sign of hydrocephalus [51].

Noncommunicating (“obstructive”) hydrocephalus is defined as obstruction at
any point between the site of CSF production (choroid plexus) and the outlet foram-
ina of the fourth ventricle. Communicating (“nonobstructive”) hydrocephalus is
defined as obstruction at an extraventricular level, essentially anywhere within the
subarachnoid space to the site of CSF reabsorption, the arachnoid granulations. This
distinction is thus artificial and made for its therapeutic implications as all hydro-
cephalus is pathophysiologically obstructive at some point between the ventricles
and the systemic venous circulation, except for the relatively uncommon cases of

Fig. 4.8 Typical transependymal edema seen at the external angles of the lateral ventricles on CT
(a) and T2 FLAIR MRI (b)
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overproduction of CSF occurring with choroid plexus tumors. Much as imaging
criteria for hydrocephalus itself may be ambiguous, criterion for the imaging dis-
tinction between ‘“‘noncommunicating” and “communicating” hydrocephalus is also
problematic with significant overlap in the appearance of both types. For example,
presence or absence of enlargement of the fourth ventricle, as well as the ratio
between the third and fourth ventricular sizes, is not reliable in this distinction [34].

Advanced Imaging Diagnosis — Assessment of CSF Flow

Imaging techniques assessing CSF flow dynamics are the principal advanced meth-
ods for the evaluation of hydrocephalus. Noncommunicating (obstructive) hydro-
cephalus results in significantly diminished CSF flow rates and stroke volumes
through the ventricular system, particularly the aqueduct of Sylvius, allowing for
sensitive and specific identification, as well as reliable distinction from communi-
cating hydrocephalus [54] (Fig. 4.9).

The same level of reliability in diagnosis of communicating hydrocephalus using
CSF flow imaging techniques, however, remains more elusive, although these
advanced methods do provide improved sensitivity and specificity compared to the
static anatomic measurement methods noted previously [11]. Phase contrast tech-
niques allow quantitative assessments of CSF flow, yielding various parameters of
CSF flow, such as peak systolic velocity and stroke volume. In communicating
hydrocephalus, the compliance of the entire downstream extraventricular CSF com-
partment results in relative hyperdynamic pulsatile flow of CSF through the aque-
duct, typically manifested as an increase in peak systolic velocity and stroke volume
[7, 13, 27] (Fig. 4.5). There is wide variability in reported normal peak CSF flow
velocity at the cerebral aqueduct, but most reports range from approximately 2 to
5 cm/sec but can be as high as 10 cm/sec. In contrast, peak velocities in communi-
cating NPH patients typically were greater than 6 cm/second [38, 53]. Notably then,
there is significant overlap between normal volunteers and hydrocephalus patients.
Increase in stroke volume has been cited as a more reliable parameter for identify-
ing communicating hydrocephalus patients [56]. Time-SLIP has also been used to
delineate normal and abnormal CSF flow dynamics. In a setting of NPH, the normal
reflux of CSF from the third ventricle into the lateral ventricles through the foram-
ina of Monro is largely absent or diminished [59] (Fig. 4.6).

Clinically, however, the NPH patient’s response to shunting, not imaging metrics,
is the raison d’etre of these evaluations. In this regard, these techniques unfortu-
nately have not proven to be reliable enough to completely supplant clinical assess-
ment measures after lumbar drain or large-volume lumbar puncture [11, 52, 56].

Lesions Involving the Intraventricular Space

The intraventricular space, as has been noted, represents predominantly a fluid-
filled cavity rather than an organic tissue structure, so with the exception of purely
intraventricular lesions such as arachnoid cysts or cysticercosis, involvement in
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Fig. 4.9 Obstructive hydrocephalus. There is absence of normal bright signal CSF pulsation
phase-encoding artifacts in the fourth ventricle on T2 FLAIR (a) and absence of the normal dark
flow void seen in the aqueduct of Sylvius on T2-weighted images (b). Phase contrast cine-CSF
flow study demonstrates significantly diminished dark antegrade systolic flow through the aque-
duct and fourth ventricle (¢) and bright retrograde diastolic flow (d). Note the contrast with normal
flow and increased flow in NPH in Fig. 4.5

disease processes is actually secondary in most cases — resulting from intraventricu-
lar extension of parenchymal processes or arising from the wall of the ventricle
(Table 4.1). However, there are structures which actually do lie completely within
the intraventricular space, so lesions arising from these structures can be considered
as truly of intraventricular origin, namely, the choroid plexus and tela choroidea.
Choroid plexus cysts, papilloma, meningioma, and colloid cyst of the third ventricle
are the most notable lesions arising from these structures.
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Table 4.1 Ventricular

. L Neoplasms of the ventricular wall and septum pellucidum
pathology by site of origin

Ependymoma

Subependymoma

Central neurocytoma

Subependymal giant cell astrocytoma

Metastasis, lymphoma

Neoplasms of the choroid plexus

Choroid plexus papilloma

Choroid plexus carcinoma

Meningioma

Metastasis, lymphoma

Parenchymal neoplasms with intraventricular extension

Glioma
Medulloblastoma
Primitive neuroectodermal tumor

Sarcoma

Intraventricular teratoma

Metastasis, lymphoma

Nonneoplastic lesions

Colloid cysts

Neurocysticercosis

Intracranial hydatid cyst

Intracranial tuberculoma

Choroid Plexus Cyst (Xanthogranuloma)

Choroid plexus xanthogranulomas are common incidental lesions occurring in the
glomus of the choroid plexus of the lateral ventricular atria, occurring in up to 7%
of adults [31, 45]. They are nearly always incidental, with symptomatic cysts being
extremely rare [30]. It is unclear in much of the literature whether they represent a
distinct entity from adult choroid plexus cysts, but the distinction is irrelevant for all
practical purposes — both clinically and radiographically. Signal characteristics on
MRI are variable depending on the mixture of lipid, fluid, and blood products, but
generally, they have an intermediate to low signal on T1 and intermediate to mildly
hyperintense on T2 FLAIR, typically with a fine “foamy” internal architecture.
Most distinctively, they demonstrate significant diffusion restriction on diffusion-
weighted imaging (DWI) (Fig. 4.10).

Meningioma
Meningiomas are the most common lesion arising from the choroid plexus in adults

and derive from embryological invagination of arachnoid cap cells into the choroid
plexus [10]. MRI features of intraventricular meningiomas do not deviate from
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Fig. 4.10 Xanthogranuloma of the choroid plexus. Typical appearance on MRI involving the glo-
mus of the choroid plexus bilaterally in the atria of the lateral ventricles. These are typically mildly
hypointense and homogeneous on T1 (a) and T2 FLAIR (b), while they are hyperintense on T2 (c)
and demonstrate diffusion restriction with prominent high signal on DWI (d)

other meningiomas that more typically arise from the convexity or skull base, most
commonly demonstrating homogeneous isointense signal on both T1- and
T2-weighted images, homogeneous moderate to avid contrast enhancement, and
variable calcification. They most commonly arise in the glomus of the choroid
plexus in the lateral ventricle (Fig. 4.11). Although they are overall uncommon
lesions, atrial intraventricular meningiomas are among the most common tumors
seen in the lateral ventricle. On CT, they are sharply demarcated, lobular, and typi-
cally mildly hyperdense. On MRI, the lesion can appear as iso- to hypointense rela-
tive to gray matter on T1-weighted images and iso- to hypointense on T2-weighted
images, with homogeneous moderate contrast enhancement of the mass. The
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Fig. 4.11 Intraventricular meningioma. Typically arising within the glomus of the lateral ventri-
cles, they share virtually all features of meningiomas arising in other parts of the cranial vault:
homogeneous intermediate signal on T1-weighted images (a), moderately avid and strikingly
homogeneous contrast enhancement with gadolinium (b), and homogeneous mildly hypointense
signal on T2-weighted images (c)

intermediate to low signal intensity on T2-weighted images is one of the key fea-
tures of meningioma, and they typically do not show diffusion restriction on DWI.
Choroid Plexus Tumors

Choroid plexus papilloma typically arises from the glomus of the choroid plexus,
most commonly in the fourth ventricle in adults, and in the atria of the lateral
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ventricles in children. The tumors usually appear as a well-defined lobulated mass
with identifiable fine, frond-like morphology. They are typically isointense on T1
and iso- to hyperintense on T2-weighted images with marked homogeneous gado-
linium contrast enhancement. Small flow voids may sometimes be seen within the
tumor on T2-weighted images reflecting their relative hypervascularity. On CT, fine
speckled calcifications are seen in approximately 25% of cases [41]. Hydrocephalus
resulting from tumor-associated CSF overproduction is frequently seen (Fig. 4.12).
Choroid plexus carcinomas occur almost exclusively in the pediatric patient popula-
tion and are difficult to distinguish from choroid plexus papillomas by imaging.
Carcinomas can have more heterogeneous enhancement, and invasion of brain
parenchyma may also be a clue [46].

Fig. 4.12 Choroid plexus papilloma arising from the lateral floccular portion of fourth ventricular
choroid plexus. MRI appearance is characterized by solid intermediate to low signal components
on T2 and T2 FLAIR (a, b) and moderately avid contrast enhancement on T1 post-contrast imag-
ing (c¢), with characteristic “papillary” lobulated internal architecture
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Colloid Cyst of Third Ventricle

Colloid cysts are nonneoplastic lesions thought to arise from either neuroepithelial or
endodermal remnants in the tela choroidea of the choroid plexus [4]. Colloid cysts
have a variable appearance on MRI due to variable protein, water, cholesterol, and
ionic content [6]. Most cysts are hyperintense on T1-weighted and isointense on
T2-weighted imaging. T1 hyperintensity is thought to be due to the high protein con-
tent of cyst fluid [2]. When protein content is so high that water content diminishes, or
if calcification is present, cyst fluid can appear hypointense on T2-weighted imaging.
There is typically no diffusion restriction, and colloid cysts typically do not enhance,
although thin rim enhancement of the cyst wall may rarely be seen [9] (Fig. 4.13).

Fig. 4.13 Colloid cyst of the third ventricle is typically sharply circumscribed in the anterior third
ventricle adjacent to the foramina of Monro. Although signal intensities can vary depending on
cyst contents, they are typically hyperintense on T1 (a), T2 (b), and T2 FLAIR (c)
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Chapter 5
The Evolution of Trans-Sulcal
Channel-Based Parafascicular Surgery

Thiago Albonette Felicio and Daniel M. Prevedello

Introduction

Since the dawn of neurosurgery, attempting to achieve maximal resection of brain
lesions with no or minimal collateral damage to the normal surrounding tissues has
been the goal. This assertion is even more valid for deep-seated subcortical brain
lesions. For most of these lesions, the shortest way to reach them is via a trans-sulcal
or a transcortical approach followed by white matter dissection, thereby creating a
working channel to the lesion. This corridor needs to be kept open by some sort of
brain retraction as the brain tends to close that passage.

Brain Retraction

The soft consistency of the brain itself makes it fall into the field of vision while
operating into the deep subcortical region, and as an unobstructed path is required
in order to allow illumination and visualization, retraction becomes essential. It
could be achieved by either a tubular or flat spatula retractor.

However, one should always keep in mind that retraction has the potential to
cause injury [1] since the pressure applied from the retractor is transmitted to the
underlying brain. Once it deforms tissues, it can either cause direct injury or lead to
partial or total occlusion of the microvasculature, impairing oxygen delivery and
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consequently resulting in ischemia. Its severity depends on factors such as the brain
retraction pressure distribution, geometry, area of contact, vascular pressure, and the
duration of retraction.

Another concern, while working on the subcortical region, is disruption of white
matter tracts, which may lead to disastrous consequences, comparably to the lesions
located in eloquent cortical areas, for example, the motor and visual cortex [2].
Similar to the concept of eloquent cortical areas, there are also eloquent white mat-
ter fascicles or tracts that should be taken in consideration when dealing with deep-
seated brain lesions, such as the corticospinal tract, the optic radiations, the superior
longitudinal fasciculus, and others. This idea is supported by imaging studies, such
as resting state functional magnetic resonance imaging (RS-fMRI), magnetoen-
cephalography (MEG), and diffusion tensor imaging (DTI) [3], and anatomical
studies [4-6]. Hence, knowing the white matter tract anatomy is paramount.

Tubular Retractors

The tubular retractors have evolved since their first report in the early 1980s, from
metal-based to transparent plastic conduits, along with improvements in navigation
systems and neuroimaging. Basically, the tubular retractor differs from the tradi-
tional spatula retractor in terms of relative surface area, which reflects on the amount
and the distribution of pressure over the tissues. Considering the formula P = F + a
(where P is pressure, F is force, and a is surface area), it can be inferred that a lesser
pressure value requires greater surface area. So it seems intuitive that the pressure
exerted by the tubular retractor will be lesser when compared to the flat spatula
since the former has a relative greater surface area evenly distributed. A flat spatula
retractor has a very small area of tissue contact on the edges resulting in extremely
elevated pressure, which could lacerate the tissue.

First Tubular Retractor

Since the advent of the computed axial tomography scan (CAT scan) in 1972 [7],
small subcortical lesions could be revealed radiographically and addressed.
Conventional frame-based stereotactic arcs were used in such cases. Interestingly,
the same basic working principle is still in use by the modern navigation systems.
Briefly, the images from the CT scan are used to calculate the position of the lesion
on the three orthogonal planes (sagittal, coronal, and axial), yielding three measure-
ments: latero-lateral (x), dorsoventral (y), and rostro-caudal (z). With these mea-
surements, the arc accurately localizes the lesion on the three-dimensional space.
Despite being ingenious, the stereotactic arc only allowed for biopsy of subcorti-
cal lesions, as oppose to the microsurgical approach, which could allow direct visu-
alization and dissection of the lesion. However, this limitation changed with the use
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of the tubular retractor deployed under stereotactic arc guidance. Microsurgery
through a tube precisely planned and inserted became then possible.

The first tubular retractor use was reported by Kelly et al. [8—11] in 1980, and it
consisted of a hollow cylinder (2 or 3 cm in diameter) made of metal and a bullet-
shape tip dilator. The bullet-shape tip allowed split of the white matter tracts, and
the hollow cylinder worked as a channel for microscope visualization and for per-
forming microsurgical resection. This set was meant to be delivered through the
stereotactic arc, ensuring precision when reaching the target. Their technique is
briefly described as follows: First, after proper setting of the stereotactic arc and
retractor accordingly to the calculated coordinates and computer guidance to per-
form skin incision and craniotomy, the cortex was incised by a CO, laser beam
through the tubular retractor; second, the bullet-shaped dilator was introduced
within the retractor, and the set retractor-dilator was advanced through the incision
made, 5-10 mm at each time; third, the dilator was removed, and the incision was
deepened; again, the set was advanced, and the process was repeated until the
desired target lesion was reached, always under microscope visualization; then the
lesion was vaporized by the laser. Interestingly, this tubular retractor proved to have
great value as the authors have used the same technique for over 30 years in brain
neoplasms, showing good results in terms of extent of resection and functional out-
comes [12].

Other retractors were also reported later on, similar to the one described above.
These authors reported good results too, emphasizing the low rate of surgical com-
plications [13-17].

In summary, the common characteristic for this period (1980-2000) was the use
of tubular retractors coupled to the stereotactic frame-based arc, which perhaps has
contributed to the limited spread of the technique. One of the reasons could be the
relatively high costs associated with the equipment and the relatively less freedom
of movement when operating using the arc.

Plastic Retractor

Plastic retractors have made transparent wall a reality, making it possible to view the
surrounding tissues through the retractor wall, which allowed improvements in
hemostasis and in distinguishing the normal from the abnormal tissue.

In 2000, attempting to overcome the deleterious effects of the spontaneous intra-
cerebral hemorrhage (ICH), Nishihara et al. [18] were the first to report the use of a
plastic tubular retractor (6 mm in diameter) to treat ICH. Here, the authors did not
use a navigation system. Instead, they used the preoperative image to determine the
entry point and the trajectory, allowing them to puncture the hematoma, similar to a
ventricular catheterization. An endoscope was held by one hand and a suction-
cautery device by the other. Remarkably, the authors reported a great amount of
hematoma removal, with no surgical complications and no rebleeding, a well-known
complication after ICH surgery [19].
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Following the path of Nishihara [18], others [20, 21] used plastic retractors to
treat colloid cysts. They reported improved rates of total removal and less recur-
rence, which was attributed to the ability to operate in an air medium provided by
the tubular retractor as opposed to the liquid medium as in traditional ventricular
neuroendoscopy.

Other Materials

Since 2005, many have reported to have adapted different available surgical materi-
als in order to use as tubular retractors. This was the case of Harris et al. [22]. They
adapted a thoracic port, which looks like a bullet-shaped tip cylinder within a plastic
sheath, to operate subcortical brain neoplasms and colloid cysts. Interestingly, they
used a stereotactic needle biopsy to reach the lesion. Having the needle as a guide,
the port was slid over the needle, entering into the brain through twisting move-
ments. Subsequently, an endoscope was used, held by an arm holder, to operate in
11.5 mm in diameter channel with bimanual microsurgical technique. As stated, a
stereotactic arc was used, but the same group [23] published their experience 4 years
later with a frameless navigation system in 21 patients harboring subcortical brain
neoplasms, where they reported two minor surgical complications and no worsened
neurological deficits.

Following this trail, there were many reports mentioning the use of adapted
tubular retractors from several materials available in the operating room, such as
polyester film [24], microdrill wrap [25, 26], nelaton tubes [27, 28], GORE-TEX
sheet [29], and spinal tubular retractors [30-33]. Despite the materials being con-
ceived for other purposes, all these authors reported safety and low complica-
tion rates.

Noteworthy, Ogura et al. [24] and Waran et al. [34] measured the intracranial
pressure (ICP) while using tubular retractors. The first authors measured the ICP
around the tubular retractor in two patients harboring subcortical brain neoplasms
and found that the ICP was always less than 10 mmHg in all measurements.
Likewise, the latter authors, operating on a patient with intracerebral hemorrhage
(ICH), measured the ICP during the retractor insertion and immediately after initial
ICH removal, showing a slight and brief elevation of the ICP, which lasted less than
20 seconds, followed by an enormous drop as the hematoma was evacuated. These
findings corroborated the minimal effect on ICP posed by the tubular retractor.

Technological Advancements

Since the late 2000s, in addition to conventional MRI, DTI sequences have been
increasingly used in preoperative planning in order to localize important white mat-
ter tracts and also determine their relationship with the lesion, allowing the
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neurosurgeon to anticipate risk to these tracts and, thus, to modify the trajectory to
be parallel to rather than traversing them. Also, novel and promising devices for
visualization have emerged, such as the exoscope [35-38]. This device, like the
endoscope, has the image projected on a high-definition screen, but contrary to the
endoscope, the exoscope is positioned 50-70 cm away from the surgical field, pro-
portionating more space and freedom of movements to the surgeon and assistant.
The exoscope can be held by an automated robotic arm holder that follows the
direction of the tube, decreasing downtime of repositioning the scope while chang-
ing the angle of the retractor.

Additionally, there were technological improvements on the microscope and
the endoscope as well, for example, with the emergence of the 3D endoscopes
and the new powerful microscopes. Finally, there are currently two commercial,
FDA-approved tubular retractor systems FDA-approved: the ViewSite Brain
Access System (Vycor Medical Inc., Boca Raton, FL) [39] and the BrainPath
(Nico Corp., Indianapolis, IN) [40]. Both can be used with frameless stereotac-
tic navigation system and have a variety of lengths and widths available
(Fig. 5.1).

Operative Technique

The general surgical technique is described as follows. After appropriate patient
selection and preoperative planning with thin-slice MRI, ideally with DTI, a non-
eloquent entry point and a trajectory parallel to the important white matter tracts are
selected. The entry site is marked with the guidance of a frameless stereotactic navi-
gation system. The skin incision is performed according to the neurosurgeon’s pref-
erence, and a craniotomy with 3—4 cm in diameter is sufficient. Following this, the
dura is opened in a cruciate way in a size sufficient to fit the tubular retractor. In
sequence, whenever possible, a sulcus is selected and the arachnoid over the sulcus
is dissected in a sharp way under microscopic visualization, sufficient to fit the
retractor, preserving the adjacent vessels. Alternatively, a small corticectomy can be

Fig. 5.1 Commercially
available tubular retractor.
BrainPath on the left and
ViewSite on the right
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done. At this point, in our service, we introduce an 18-FR Peel-Away catheter, under
imaging guidance, in order to create the first pathway to the retractor. Then, the
tubular retractor, usually the smallest width possible, is advanced through the inci-
sion into the brain under real-time navigation guidance, stopping before or after the
lesion, depending if the lesion is firm or soft, respectively, because this maneuver
will prevent the parenchyma collapsing into the field. Next, the preferred device for
visualization (microscope, endoscope, or exoscope) is brought to the field, and the
lesion resection is performed using standard bimanual microsurgical technique. If
required, the retractor can be changed for one with a greater width. In our service,
we have been using the microscope as the main visualization tool. One of the down-
sides of using a microscope is the fact that its angle of visualization needs to be
adjusted every time the port (retractor) is repositioned in a different angle.
Furthermore, the microscope offers a low volume of focused depth of field in com-
parison to the exoscope. However, the microscope allows 3D visualization, whereas
the current exoscopes do not provide 3D visualization. New 3D exoscopes are cur-
rently invading the market, and they likely will be replacing the microscope particu-
larly when associated with the advantage of automatic repositioning performed by
a robotic arm.

Illustrative Case

A 49-year-old female, with a prior history of esophageal carcinoma, presented with
headache, nausea, vomiting, and a slight left-sided weakness. Brain MRI showed a
3.4 x 3.2 cm right posterior frontal periventricular lesion. Surgical removal was
undertaken as above described, revealing the lesion was a metastasis. There were no
complications, and the patient remained neurologically stable (Figs. 5.2, 5.3,
and 5.4).

Fig. 5.2 Microscopic
intraoperative image
showing suction (S) and
bipolar (B) within the
retractor (R)
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Fig. 5.3 Microscopic
intraoperative image, high
magnification, showing
tumor (arrow) at the tip of
the suction (S) being
dissected from the white
matter (*) within the
retractor (R)

Fig. 5.4 Axial, sagittal, and coronal T1-weighted imaging (T1WI) with gadolinium contrast MRI
pre- (top) and postoperative (bottom)

Discussion

Some nuances in the surgical technique for channel-based surgery are a cause of
debate in the literature. For instance, since 2015, many authors [38, 41-47] have
reported the preference for the sulcus (trans-sulcal), instead of the gyrus
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(transcortical), as an entry point. They argued that, in theory, the trans-sulcal route
minimizes brain injury and reduces the amount of brain traversed to reach the lesion,
which could lead to better outcomes. However, there are still no prospective studies
on this subject.

Another reason for debate is the method for visualization. For example, in a
series of 20 brain neoplasms operated using tubular retractors, our group [42] noted
that the cases with incomplete resection were associated with the endoscope use,
compared to the cases in which the microscope was used (p < 0.002). Our group
attributed these findings to the 3D view and fast repositioning granted by the micro-
scope and to the additional space freed up by the absence of the endoscope into the
narrow corridor. However, this conclusion must be interpreted with caution since
the study is retrospective, has a small sample size, and lacks a control group.
Moreover, with the refinement of the existing devices for visualization and the
advent of the exoscopes, the results could have been different. Therefore, further
studies are still expected to address this issue.

Regarding postoperative imaging changes, there is also some discussion. Raza
et al. [48] operated on nine adult patients, and Recinos et al. [33] operated on four
pediatric patients, all harboring subcortical brain lesions, and they found no changes
in postoperative T2/FLAIR and ADC/diffusion restriction on MRI, except in two
cases: one from the adult series, with no clinical significance, and another from the
pediatric series, which was a biopsy in a 5-month-old patient with a bulky third
ventricle and pineal region tumor. Comparatively, Bander et al. [43] found no
increase in FLAIR signal and a nonsignificant increase in DWI signal on postopera-
tive MRI from 20 patients harboring deep-seated brain lesions, showing minimal
damage to the surrounding brain parenchyma caused by the retractors. Also, these
studies are retrospective and have a small sample size, which requires caution in
their interpretation.

Conclusion

When dealing with subcortical brain lesions, the neurosurgeon faces a challenge:
resect the lesion while minimizing collateral injury. In such deep regions, brain
retraction is required to maintain an adequate working channel, but it can produce
damage, even ischemia, when inappropriately applied. In order to reduce this nega-
tive effect, tubular retractors have emerged and evolved from the metal tubes cou-
pled with stereotactic arcs to the transparent plastic conduits to be used with modern
frameless navigation system, along with newer neuroimaging systems, revealing the
white matter tract anatomy and their relationship with lesions, providing real-time
and precise localization, and granting better outcomes. Above all, the use of tubular
retractors may be considered minimally invasive surgery as smaller incisions and
craniotomies are possible, but even more important, these devices may contribute to
the preservation of neurological function.
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Chapter 6

Open Approaches to Intraventricular
Tumors, Colloid Cysts, and the Subcortical
Space

Aditya Kondajji, Prasanth Romiyo, Courtney Duong, Won Kim,
and Isaac Yang

Introduction to Intraventricular Tumors

Intraventricular tumors pose a unique surgical challenge due to their deep location
and close association with perforating arteries and complex white matter tracts. One
of the earliest descriptions of the treatment of intraventricular tumors comes from
Walter E. Dandy’s monograph, Benign Tumors in the Third Ventricle of the Brain:
Diagnosis and Treatment [19]. In this study, Dandy details a series of 21 cases with
a mortality of 33%. Since then, there has been substantial research into the intricate
neuroanatomy of the ventricles and their surrounding structures. In particular, trac-
tography through diffusion tensor imaging has provided invaluable insight into the
multidirectional architecture of white matter tracts [7].

Intraventricular tumors account for only 0.8—-1.6% of all intracranial tumors but
make up 16% of childhood and adolescent intracranial tumors [1]. These tumors can
be broadly classified into primary intraventricular tumors or parenchymal tumors
with exophytic growth. Primary intraventricular tumors originate from the lining of
the ventricles [11]. This includes the ependymal or subependymal lining, septum pel-
lucidum, choroid plexus, and arachnoid tissue. Parenchymal tumors with exophytic
growth arise from regions surrounding the ventricles and grow more than two-thirds
into a ventricle [1]. The following eight types of tumors account for more than 90%
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of intraventricular neoplasms: choroid plexus papillomas, chordoid plexus carcino-
mas, meningiomas, ependymomas, subependymomas, subependymal giant cell
astrocytomas (SEGA), central neurocytomas, and metastases [1]. As summarized by
Agarwal and Kanekar, each of these types of tumors are more likely to appear in
certain ventricles [1]. Specifically, 50% of choroid plexus tumors occur in the lateral
ventricles, and 40% occur in the fourth ventricle. Meningiomas commonly occur in
the atria of the lateral ventricles. Ependymomas occur in the fourth ventricle in >60%
of cases, while subependymomas occur in the fourth ventricle in 50-60% of cases
and the lateral ventricular margins or septum in 30-40% of cases. SEGAs nearly
always occur at the foramen of Monro, and central neurocytomas typically are found
at the inferior septum pellucidum and anterior lateral ventricle. Intraventricular
metastases account for only 0.9—4.6% of all cerebral metastases and are typically
seen in the lateral ventricles [40]. Clinical signs and symptoms are usually secondary
to cerebrospinal fluid (CSF) obstruction and elevated intracranial pressure. Infants
may present with hydrocephalus, loss of appetite, and irritability [80]. Children and
adults present with headache and vomiting with papilledema [22]. The specific loca-
tion of the tumor may result in additional findings. For example, tumors of the poste-
rior fossa may produce cerebellar dysfunction [1]. It should be noted that seizures
and visual changes are not typically associated with intraventricular tumors [1].

Introduction to Colloid Cysts

In 1858, Heinrich Wallmann identified the first colloid cyst on autopsy in his manu-
script titled Eine colloid cysts im dritten Hirnnventrikl und ein lipom im plexus
chorioides [76]. The first successful operative removal would not occur until 1921
on a young female patient confirmed to have a third ventricular tumor on cerebral
pneumography at the Johns Hopkins Hospital by Dandy [18]. Despite accounting
for less than 2% of primary brain tumors overall, colloid cysts are now commonly
recognized as the most prevalent tumor of the third ventricle causing CSF obstruc-
tion of the foramen of Monro [30, 72]. While the majority of colloid cysts are stable
and found incidentally on imaging, patients can present with symptoms of obstruc-
tive hydrocephalus or even with dementia, and gait disturbances without elevated
pressure, similar to normal pressure hydrocephalus [49]. Drop attacks and paradoxi-
cal headaches caused by changes in head position have also been described in the
literature although this finding has not been proven to be pathognomonic [83]. Of
all the possible outcomes associated with colloid cysts, the most feared is sudden
death without signs of herniation or hydrocephalus speculated to arise from acute
cardiac arrest associated with compression of hypothalamic cardiovascular regula-
tory centers [45, 75]. For this reason, neurosurgeons favor surgical treatment over
conservative modalities such as observation for even asymptomatic colloid cysts
when signs of cyst or ventricle enlargement are present [36].

While these benign and congenital tumors have no illustrated genetic loci, famil-
ial inheritance has been posited through twin studies and generational reports in the
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literature [2, 9, 58, 62]. Embryologically, colloid cysts are believed to arise from
either endodermal respiratory epithelium or components of the primitive neuroec-
toderm that give rise to the tela choroidea [41]. These theories are supported by the
finding that they are immunohistochemically distinct in profile from choroid plexus
epithelium and ependyma [43]. Colloid cysts are composed of an inner mucin-
producing epithelial layer that stains PAS positive surrounded by an outer fibrinous
layer that forms adhesions to surrounding ventricular structures anchored by a
pedicle or broad sessile base [41, 44, 53]. In the overwhelming majority of cases,
colloid cysts develop in the anterior portion of the third ventricle although rare
cases in the septum pellucidum, retroforniceal region, and velum interpositum have
rarely been reported [6]. The classic rostral presentation in the roof of the third
ventricle occluding or even protruding through the foramen of Monro to occupy
space in the lateral ventricles can easily be identified on CT imaging, in part due to
the cyst’s proteinaceous contents composed of radiodense calcium ([50]; Fig. 6.1).
MR imaging of colloid cysts may provide additional prognostic value as cyst T2

Fig. 6.1 Colloid cyst shown on sagittal view from CT (a) and MR (b) imaging. The lesion is more
readily appreciated on CT imaging due to its isointense appearance on MR
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hyperintensity has been reported to correlate positively with risk of future growth
and mass effect symptoms [8, 61]. However, CT scans are preferred as colloid cysts
can variably appear isointense on MR imaging [51]. Colloid cysts range from 3 to
40 mm in diameter, with even larger cases reported in the literature [3, 5].

Anatomy of the Lateral Ventricles

It is necessary to understand the anatomy of the ventricles in order to anticipate the
risks and challenges of resecting intraventricular tumors. The lateral ventricles are a
pair of curved structures composed of a body, atria, and three horns. These three
horns are known as the anterior horn, posterior horn, and inferior horn. Both of the
lateral ventricles communicate with the third ventricle through the foramen of
Monro. The two lateral ventricles are separated by the thin septum pellucidum. The
body of the lateral ventricles lies within the parietal lobe and extends anteriorly
from the foramen of Monro to the splenium of the corpus callosum posteriorly [66].
Thus, the roof of the body is formed by the inferior portion of the body of the corpus
callosum. The floor of the body is composed, from lateral to medial, of the body of
the caudate nucleus, the stria terminalis and thalamostriate vein, the lateral part of
the superior surface of the thalamus, and the choroid fissure [68]. The atria have a
triangular shape and connect to the body, inferior horn, and posterior horn. The
tapetum of the splenium of the corpus callosum forms the roof of the atrium, the
floor is formed by the collateral trigone, and the medial wall is formed by the calcar
avis of the calcarine fissure [66]. Similarly, the medial wall of the posterior horn is
formed by the bulb of the corpus callosum and calcar avis. The floor of the posterior
horn is formed by the collateral trigone. The roof and lateral walls are formed by the
tapetum and separate the horn from the optic radiations [68]. The inferior horn
extends from the atrium and terminates at the amygdala. Its floor is formed by the
collateral eminence and hippocampus, with the hippocampus covered by the alveus.
The roof of the inferior is formed laterally by the tapetum and medially by the tail
of the caudate nucleus and stria terminalis [68]. The anterior horn’s anterior wall
and roof are bounded by the genu of the corpus callosum, the floor of the horn is
formed by the rostrum, and the lateral walls are formed by the head of the caudate
nucleus. The medial wall of the frontal horn is formed by the columns of the fornix
inferiorly [66].

Third Ventricular Anatomy

The approach for resection of third ventricular tumors, including colloid cysts,
depends on the location, lesion size, and the clinical status of the patient. For
instance, the transcortical approach favors tumors that require subchoroidal expo-
sure and provides optimal access to tumors off the anterior third ventricle but would
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be inappropriate for those in the posterior compartment [27]. This approach is also
favored in patients with larger ventricles or preexisting ventricular dilation and is
more effective for voluminous tumors [55, 60]. Thorough knowledge of third ven-
tricular anatomy is critical to appreciate the operative risks and tenets that must be
at the fore of any open procedures targeting the colloid cysts. The third ventricle is
a unilocular, narrow, midline cavity bearing semblance to a funnel in functionality
and appearance [77]. The floor of the third ventricle is composed of the mamillary
bodies, the infundibulum of the hypothalamus, the posterior perforated substance,
and the midbrain tegmentum. The lateral walls are bound by the hypothalamus
inferiorly and the thalamus superiorly. The choroid fissure is located between the
thalamus and the body of the fornix and is the site of origin for the choroid plexus.
The posterior wall is made of the pineal body, habenular commissure, pulvinar,
posterior commissure, the splenium of the corpus callosum, and the aqueduct of
Sylvius at its lowest point. Anteriorly, the third ventricular space is bound by the
optic chiasm, lamina terminalis, and the rostrum of the corpus callosum [23, 78].
The roof of the third ventricle, which houses essential vessels, is especially
important to spatially envision as colloid cysts frequently form fibrinous adhesions
to this region. The roof consists of four layers (Fig. 6.2). The most superior layer is
made of the body of the fornix anteriorly, with the posterior aspect encompassing
the crura and hippocampal commissure. The next three layers include two thin

Lateral Third
Fornix ventricle ventricle

Corpus -
callosum

Septum
pellucidum 3 -~
Thalamus :
Hypothalamus *l»—/

Fig. 6.2 Third ventricular roof



84 A. Kondajji et al.

layers of connective tissue derived from pia mater named tela choroidea, with a
layer between them housing blood vessels. The choroid plexus in the roof of the
third ventricle is attached to the deep layer of the tela. The velum interpositum,
located between the two layers of the tela, contains the medial posterior choroidal
arteries and the internal cerebral veins more anteriorly. The medial posterior and
superior posterior choroidal arteries supply the tela choroidea [64, 82]. The anterior
section of the roof of the third ventricle is cannulated by the foramen of Monro.
Here, structures like the choroid plexus, medial posterior choroidal artery, internal
cerebral vein, anterior septal vein, and thalamostriate vein all converge [26]. The
foramen of Monro is accessed in order to debulk and remove colloid cysts in both
the transcortical and transcallosal approaches.

Fourth Ventricle Anatomy

The fourth ventricle is a single, midline structure located anteriorly from the cere-
bellum and posteriorly from the medulla and pons. The ventricle is pyramid shaped,
with the base of the pyramid composed of the dorsal side of the brainstem and the
apex of the cone located in the anterior part of the cerebellar vermis [54]. The floor
of the fourth ventricle is covered by a single-cell layer of ependyma, and the impres-
sions of cranial nerve nuclei can be appreciated. The longitudinal median sulcus
forms the vertical midline of the ventricle. The hypoglossal trigone can be observed
at the medullary level, while the colliculus of the facial nerve can be seen at the
pontic level [54]. The base of the pyramid is also characterized by four corners, or
angles. The two lateral angles are the foramina of Luschka, the upper angle com-
municates with the aqueduct of Sylvius, and the lower angle continues as the central
canal of the medulla and spinal cord. Notably, the obex forms the posterior wall of
the lower angle. The apex of the fourth ventricle, the fastigium, is situated in the
ventral surface of the cerebellar vermis and is bounded laterally by the cerebellar
peduncles, superiorly by the lingula, and inferiorly by the nodule [54]. The superior
walls of the fourth ventricle are formed by the superior cerebellar peduncle, while
the lower walls are formed by the inferior cerebellar peduncles. Importantly, the
lower portion of the roof supports the choroid plexuses of the fourth ventricle which
are a set of paired structures that run from the obex to the lateral angles. The fora-
men of Magendie, a medial opening of the fourth ventricle that communicates with
the subarachnoid space through the cisterna magna, is located at the bottom of the
inferior medullary velum [54]. Generally speaking, the fourth ventricle is supplied
by the basilar artery and cerebellar arteries. Specifically, the superior portion of the
fastigium is vascularized by the superior cerebellar artery, which runs through the
cerebellar-mesencephalic fissure [63]. The lower portion of the roof and choroid
plexus is supplied by the posterior inferior cerebellar artery. The anterior inferior
cerebellar artery, located along the cerebellar-pontine fissure, supplies the lateral
angles of the base of the ventricle. The base is also supplied by perforating branches
of the anterior spinal artery, basilar artery, and P1 of the posterior cerebral artery
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[63]. Venous drainage of the fourth ventricle is carried through the veins running
with their corresponding arteries [54].

Open Transcortical, Transventricular,
and Intraventricular Approach

Open surgical approaches for colloid cysts have not changed drastically since 1921,
with Dandy favoring a posterior transcallosal approach followed by the develop-
ment of a frontal transcortical approach by Greenwood in 1949 [19, 31]. Mckissock
further refined this technique in 1951, paving a path for neurosurgeons to reach
deeply located tumors in coordinates surrounded by critical neurovasculature [15].
With the advent of endoscopic technologies, enhanced microsurgical techniques,
improved imaging, and reimagined navigation through frameless stereotaxy, the
relatively high morbidity associated with early surgeries for these benign lesions
has been greatly reduced [69]. Open surgery is now considered the gold standard for
the categorical treatment of colloid cysts [56]. Stereotactically guided aspiration has
been performed as an alternative to open surgery, but these procedures often fail to
completely eradicate the cyst and are noted to have a high rate of recurrence [52].
For tumors of the third ventricle, the transcallosal and transcortical approaches are
most often employed. The optimal procedure for removal of colloid cysts should
minimize insults to brain parenchyma associated with prolonged retraction. In addi-
tion, patient-specific clinical status and ventricular anatomy should be taken into
account. For instance, acute management of obtunded patients experiencing obstruc-
tion at the foramen of Monro routinely involves bilateral drainage of the lateral
ventricles to avoid subfalcine herniation. However, in patients with GCS scores of
14 or 15, ventricular drainage should be deferred to allow for dilation and ease of
operation [46]. Permissive dilation is particularly useful in the transcortical approach
to the third ventricle.

The initiation of the transcortical approach for removal of colloid cysts begins
with neuronavigation, ensuring that the entry pathway directly points toward the
foramen of Monro. Once registration is completed, a small frontal burr hole crani-
otomy is performed with a cruciate dural incision made to reveal the middle frontal
gyrus of the nondominant hemisphere, usually on the right side. The left side may
be favored if the same-sided ventricle is dilated to a greater extent. Kocher’s point,
2.5 cm from the midline and 1 cm anterior to the coronal suture, is then identified
[4]. A small resection is made 0.5-1.5 cm lateral to this landmark to allow for pas-
sage of a guiding catheter into the frontal horn of the lateral ventricle. Successful
insertion of the catheter should bypass the motor strip and nearby eloquent struc-
tures including Broca’s area and subsequently guide dissection in later steps. In its
initial stages, the transcortical approach should feel commonplace as it is a continu-
ation of basic neurosurgical skills. Next, microdissection is performed through the
white matter surrounding the catheter to create a 1-2 cm linear cerebrotomy.
Minimal cortical opening is performed in order to decrease the likelihood of
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postoperative epilepsy [41]. Frameless stereotaxy is used throughout this process to
ensure that the planned trajectory is maintained (Fig. 6.3).

It is the author’s preference to use tubular retractor systems that navigate critical
subcortical tracts parafascicularly. Smaller variants of these tools are preferred in
order to eliminate unnecessary disruption of adjacent structures. Before setting the
retractors, the foramen of Monro must be visualized. A helpful method of triangu-
lating this aperture is to search for the more obvious placement of the choroid plexus
and to follow it anteriorly until the point of convergence with the septal and thala-
mostriate veins. The foramen of Monro lies just anterior to this point. Once identi-
fied, the retractors are set [46].

Prior to removing the cyst, which often causes bilateral ventricular dilation due
to its position in the anterior third ventricle, a pellucidotomy is performed so that
only unilateral shunting is needed postsurgically should the patient develop hydro-
cephalus [81]. Once completed, the colloid cyst is then targeted. If there is difficulty
visualizing the wall of the cyst, the surgeon may opt for a more posterolateral angle
to directly view the foramen of Monro. With this line of sight afforded from the
lateral ventricle, larger colloid cysts can be immediately identified. Smaller cysts
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Fig. 6.3 Transcortical, intraventricular approach
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may be obstructed by the choroid plexus which requires readjusting in order to
reveal the lesion; however, forniceal integrity must be preserved in order to safe-
guard the patient from suffering impairments in memory [42]. Any vessels originat-
ing from the choroid plexus that feed the colloid cysts are coagulated and then cut.
The cyst is then punctured using a ringed curette with its contents carefully aspi-
rated. Any attachments to the roof of the third ventricle or surrounding structures are
also coagulated and cut with the cyst and then removed through the foramen of
Monro as a whole instead of piecemeal. Using this approach, there is a surgical
blind spot as the posterior compartment of the third ventricle may have a small piece
of cyst capsule that remains attached. For this reason, an endoscope may be useful
for observing the posterior aspect of the third ventricle and the contralateral fora-
men of Monro [10].

Alternative routes to the intraforaminal approach to the third ventricle have been
utilized to reach challenging colloid cysts. The transchoroidal approach was devel-
oped to gain access to the velum interpositum and then the bottom layers of the roof
of the third ventricle by dissecting through the choroidal fissure, the area between
the fornix and the thalamus [37]. Wen et al. have advocated for use of a transchoroi-
dal approach as it takes advantage of microsurgical anatomy by travelling through a
naturally occurring cleft. The top layer of the taenia choroidea is dissected through
the choroidal fissure to reveal the two internal cerebral veins where further dissec-
tion between these vessels can be performed due to lack of bridging veins. This
ultimately allows for exposure of the third ventricle after continuing through the
bottom layer of taenia choroidea and the choroid plexus [77, 79]. However, this
approach risks abruption of blood flow through retraction of the internal veins and
the fornix [34]. Subchoroidal and suprachoroidal methods have also been recom-
mended for the resection of colloid cysts. In the subchoroidal approach, the taenia
choroidea is opened inferolaterally to the choroid plexus alongside the thalamus.
The risk of damaging the thalamostriate vein is greatly increased in this approach as
the route to the third ventricle passes within 5-10 mm of the vessel [56]. In the
suprachoroidal approach, an incision in the tenia fornices is performed to reveal the
internal cerebral veins and the remaining layers of the third ventricular roof. Both
routes are performed nonroutinely due to their proximity to the thalamus, fornix,
and aforementioned vasculature. However, in select cases, these approaches may be
the preferred choice.

Open Transcallosal, Interhemispheric Approach

The transcallosal approach serves as the counterpart to the transcortical entry in
modern neurosurgery. Guided by literature reporting less seizure activity, this inter-
hemispheric craniotomy has grown in favor among colleagues as the preferred route
for colloid cyst resection as well as for tumors located within the frontal horn, the
body of the lateral ventricle, and the anterior third ventricle [80]. The transcallosal
approach begins with adjusting the patient so that the superior sagittal sinus lines up
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parallel to the floor to leverage gravity retraction for when it becomes necessary to
dissociate the sinus and falx away from the ipsilateral hemisphere [16]. A craniot-
omy anterior to the coronal suture is performed followed by a U-shaped dural inci-
sion to uncover the superior sagittal sinus [15, 73]. The sinus is then retracted to
allow for access to the midline. Special care is taken to avoid parasagittal bridging
veins; however, smaller veins may be sacrificed despite the best efforts. The corpus
callosum is then targeted for microdissection after separation of the right superior
frontal gyrus from the falx and circumnavigation around larger bridging cortical
veins (Fig. 6.4). A 1-2 cm incision is made in the corpus callosum with microdis-
section performed painstakingly so as to spare the cingulate gyrus and any encoun-
tered pericallosal arteries [32]. After entry into the lateral ventricle is achieved, the
same routes to the third ventricle used in the transcortical approach can be initiated
for colloid cyst removal. For tumors located in the frontal horns and anterior portion
of the body, the goal of resection is central enucleation and subsequent peripheral
dissection. It can be beneficial to place cotton sponges into the trigone to prevent
tumor cells from moving into the occipital and temporal horns [80]. The transcal-
losal approach is beneficial for patients without hydrocephalus, and recent advances
in microsurgery have minimized the risk of vascular damage. Furthermore, the
transcallosal approach avoids injury to white matter tracts located within the corti-
cal and subcortical space.

Fig. 6.4 Transcallosal,
interhemispheric approach
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Pterional Transsylvian Approach

The pterional transsylvian approach is commonly performed for tumors of the tem-
poral horn of the lateral ventricle [80]. The patient is placed in dorsal decubitus
position, and a pterional craniotomy is performed at the level of the Sylvian fissure.
Likewise, the dura is opened with a central incision along the Sylvian fissure, and
the fissure is then opened from the pars opercularis to the inferior frontal gyrus [59].
As the frontal lobe is separated from the temporal lobe, care is taken to mobilize the
middle cerebral artery. The Sylvian artery must be displaced to better visualize the
limiting sulcus of the insula [59]. A small corticotomy is then performed at the lim-
iting sulcus of the insula behind the limen insulae, affording access to the temporal
horn [13].

Parieto-Occipital Interhemispheric Approach

The parieto-occipital interhemispheric approach may be employed for tumors of the
posterior third ventricle, atrium, and occipital horn [80]. The patient is placed in
sitting position, and burr holes are made a few millimeters lateral of the midline on
the contralateral side of the superior sagittal sinus. Incision of the dura should be
performed to preserve the veins draining into the superior sagittal sinus. Dissection
is then performed toward the splenium of the corpus callosum. An incision through
the precuneal gyrus anterior to the parieto-occipital sulcus is then made, which pro-
vides access to the atria and occipital horns.

Telovelar Approach for the Fourth Ventricle

The median inferior suboccipital cerebellomedullary fissure approach, also known
as the telovelar approach, allows access to the fourth ventricle for tumor removal
[80]. With the patient in prone position, an incision is made from the C2—C3 spinous
processes to the external occipital protuberance, and a burr hole is placed below the
protuberance. This ensures that the craniotomy is performed below the transverse
sinus. C1 laminectomy may be performed if this improves the working angle, espe-
cially when needing to reach the rostral aspects of the fourth ventricle [29].
Subsequently, an opening is made through the vallecula followed by separation of
the cerebellar tonsils to access the tonsillouveal sulcus. At this point, the foramen of
Magendie, tela choroidea, and inferior medullary velum may be observed. The
telovelum is then opened to the level necessary to remove the tumor. This incision
allows excellent access to the lateral angles, caudal half of the ventricle, and supero-
lateral recess [29]. The most rostral aspects of the fourth ventricle may be more
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challenging to access, but as previously stated, C1 laminectomy allows for an
improved angle of approach.

Complications and Controversies

The transcortical and transcallosal approaches to deep regions of the brain are com-
plex and technically challenging procedures with their own inherent risk profiles.
Complications shared between them include risk for damage to the thalamostriate
vein, septal vein, fornices, and internal cerebral veins. Disruption of the thalamostri-
ate vein can lead to hemorrhagic infarction of the thalamus and basal ganglia, which
carries the risk of developing parkinsonism [47]. Damage to this vessel can also
cause mutism, hemiplegia, and drowsiness [15]. While early reports advocated for
sacrifice of this vein due to its strong collateral support in order to enlarge the fora-
men of Monro, the degree of collateral support has not been shown to prognosticate
which patients would go on to develop postoperative complications [35, 74].
Therefore, active preservation of this structure is paramount. In cases where the col-
loid cyst projects superiorly to cause lateral separation of the fornices, the interfor-
niceal route had been proposed as an alternative to the third ventricle. This too has
fallen by the wayside in contemporary neurosurgical practice after poorer outcomes
than initially anticipated result.

The transcallosal route carries unique sequelae as a result of its pathway to the
lateral ventricle. Retraction of the cortex for extended periods can lead to postopera-
tive bouts of contralateral leg weakness. However, improvements in microsurgery
have minimized the need for prolonged insult. The greatest concern is that of venous
infarction due to sacrifice of large cortical bridging veins or drawn-out retraction of
the superior sagittal sinus, especially in patients with hypercoagulable states [28,
36, 48]. The likelihood that pericallosal arteries may be damaged is also heightened
given that anatomical variants such as one or three pericallosal arteries may exist
that are not apparent on preoperative MR imaging [24, 33, 39]. Disconnection syn-
drome has also been reported although limiting the incision to 2.5 cm or less within
the corpus callosum has largely prevented this complication [70]. Furthermore,
damage to the supplementary motor cortex or thalamus along the interhemispheric
route may also contribute to mutism [57]. In terms of technical difficulty, the trans-
callosal approach can be disorienting for surgeons with respect to ventricular anat-
omy as different head placements may be set. Additionally, the working space
available through the interhemispheric corridor may be narrower than in the trans-
cortical approach.

In the transcortical approach, technical challenges include less space to maneu-
ver when operating in patients with smaller or less dilated ventricles and the avail-
ability of only one foramen of Monro to access the third ventricle. Intraventricular
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complications related to this approach are the same as in the transcallosal approach
except that there is less risk of damaging the fornix and thalamostriate vein
(Laidlaw). Edema due to retraction of the cortex in this approach has been associ-
ated with contralateral, self-resolving hemiparesis [49]. Conflicting reports have
been cited in the literature pertaining to cognitive ramifications arising from cere-
brotomy. In 2002, Desai et al. discovered in their single institutional experience that
of 30 patients who underwent a transcortical approach for removal of a colloid cyst,
26% had seizures [21]. Another group reported no seizures postoperatively after
performing the same approach in 27 patients and corroborated these findings with a
literature review revealing a seizure rate of 8.3% across 238 transcortical cases [25].
In direct contrast to commonly held sentiment, Milligan et al. found that out of the
127 patients who had removal of intraventricular lesions, postoperative seizures
arose in 25% of those who underwent a transcallosal, interhemispheric approach
versus 8% in the transcortical cohort (P = 0.1; [55]). These publications showcase
the ongoing debate still surrounding the optimal approach to deep lesions of the
third ventricle.

Between the transcortical and transcallosal approaches, the larger question looms
as to whether endoscopic or microsurgical techniques offer better outcomes for
resection of colloid cysts. Connolly et al. found that out of 483 patients, split almost
evenly between endoscopic and microsurgical approaches, the seizure rate was
14.7% for the microsurgical group and 5.4% in the endoscopic group (P = 0.001).
The 30-day readmission rate was also higher for the microsurgical group (P = 0.015)
[17]. Contrastingly, Brostigen et al. found that there was no statistically significant
difference between microsurgery and endoscopic surgery for colloid cysts related to
the grade of resection or postoperative complications in 32 consecutive patients
[12]. In corroboration with this finding, a more comprehensive meta-analysis of
1278 patients showed that a higher gross total resection rate and lower rate of occur-
rence was achieved using microsurgical techniques over the endoscopic method in
transcranial operations. No significant differences existed in mortality rate between
these two groups, but morbidity was higher in the microsurgical cohort [67]. As
microsurgical and endoscopic techniques continue to evolve, the march of superior-
ity alternates in stride. Endoscopic techniques that were once considered ineffective
at completely removing the cyst wall have now emerged as a compelling option.
Microsurgical approaches that previously produced higher seizure rates and mutism
are now improved with neurosurgeons reducing retraction on the cortex and mini-
mizing transgressions against eloquent fiber tracts aided by tools such as diffusion
tensor imaging [71]. Both approaches can play a cooperative role in the removal of
colloid cysts.

For instance, in cases where it is uncertain whether the entire cyst wall was
removed en bloc, an endoscope can be used to illuminate the operative blind spot.
Reciprocally, microsurgical techniques might be employed if the cyst wall is not
completely removed by endoscopic procedures alone.
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Approaches to the Subcortical Space

It is possible for intraaxial tumors to lie below the cortical surface but outside the
ventricles, within the subcortical space. Broadly speaking, approaches to the sub-
cortical space can be divided into transgyral or transsulcal approaches. Due to the
deep-seated nature of these subcortical lesions, it is necessary to traverse through
the cortex and surrounding white matter. The use of preoperative imaging, func-
tional magnetic resonance imaging (fMRI), diffusion tensor imaging (DTI), and
cortical mapping is therefore employed to minimize damage to eloquent regions [14].

A transgyral approach necessitates performing a corticectomy that will dissect
through the overlying pia, gray matter, and white matter until the tumor is reached.
It is therefore critical to choose a gyrus that will have minimal impact to the patient.
Examples of such gyri include the anterior frontal lobe, superior parietal lobule, and
inferior temporal gyrus [14]. This approach avoids damaging sulcal vessels and
results in less damage to the subcortical “U” fibers [65].

For a transsulcal approach, the sulcus that is chosen is typically the one that
reaches furthest to the lesion while avoiding critical regions. A craniotomy is per-
formed with the dural opening centered over the sulcus. The arachnoid membrane
overlying the sulcus is then carefully dissected [20]. Separation of the surround gyri
is maintained with dynamic or fixed retraction as a corticectomy is performed to
reach the lesion [14]. The transsulcal approach is considered a parafascicular
approach since it is performed parallel to the major white matter tracts [38].
Furthermore, traversing the sulcus itself allows for minimal damage to the brain
parenchyma although special care must be taken to avoid damaging sulcal vessels.

Conclusion

Since the first successful removals of colloid cysts and intraventricular tumors in the
early 1920s, burgeoning technologic advancements and increasingly innovative
techniques have been developed to ensure favorable outcomes for patients. Today,
most neurosurgeons opt to perform either the transcortical or transcallosal approach
to reach the foramen of Monro and the third ventricle for debulking and removal of
colloid cysts, with important advantages and drawbacks to either approach.
Conflicting reports of postoperative seizure complication rates recently shifted the
operative paradigm to favor the transcallosal approach; however, it is the authors’
opinion that the transcortical, transventricular approach is just as safe and effective
as the transcallosal, interhemispheric approach for resection of benign colloid cysts.
Once inside the lateral ventricle, the intraforaminal route provides the safest corri-
dor for removal of the cyst as it utilizes a naturally occurring cannulation and spares
injury to the thalamus, fornix, and thalamostriate vein. Transchoroidal, subchoroi-
dal, and suprachoroidal approaches are not advocated except in experienced hands
or cases where the intraforaminal approach would render the planned resection
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untenable. In addressing the controversy between microsurgical and endoscopic
techniques, the effectiveness will ultimately depend on the comfort and skill level of
the operator as both technologies have proven successful at achieving the same end
result. As a result of these neurosurgical advances, the majority of patients with col-
loid cysts are completely cured after resection. For intraventricular tumors, the pre-
cise location within the ventricular system dictates which approach should be
utilized. Generally speaking, the anterior transcallosal, interhemispheric approach
is used for frontal horn tumors, the pterional transsylvian approach for temporal
horn tumors, the telovar approach for fourth ventricle tumors, and the parieto-
occipital interhemispheric approach for tumors of the posterior third ventricle,
occipital horn, and atria. Finally, for tumors lying within the subcortical space,
transgyral or transsulcal approaches may be used. The choice of approach is largely
dependent on whether an eloquent region will be at risk and if the surgeon feels
comfortable maneuvering sulcal vessels. Lesions of the subcortical space and ven-
tricular system are deep seated and require a thorough understanding of neuroanat-
omy in order to appreciate the approach that must be utilized and the risks of such
an approach.
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Chapter 7
Traditional Open and Neuro-Endoscopic
Approaches to Intraventricular Pathology

Joshua Prickett, Cristian Gragnaniello, Juan Altafulla,
and Zachary N. Litvack

Introduction

Lesions located within the ventricular system of the brain have long represented
some of the most technically challenging targets for the surgeon. With the introduc-
tion of the operating microscope, the dedicated ventricular endoscope, and now
subcortical access ports, there have been significant refinements in instrumentation
and technique to minimize the morbidity of surgical approach. Regardless of which
instruments and technique is chosen, a basic understanding of the established
options for approaching the ventricular system is key to planning and executing a
safe and effective operation. We review the well-documented approaches (both
microsurgical and endoscopic) to the supratentorial ventricular system, providing
the reader with a framework for choosing an approach based on surgical target and
intervening eloquent tissue. This same framework, with some modification to
account for primarily trans-sulcal approaches, can be used to plan a port-based
surgery.

Intraventricular tumors make up less than 10% of intracranial neoplasms. Based
on modern series of lateral ventricular lesions, the most common lesions are high-
grade glial neoplasms, followed by meningioma, ependymoma, as well as pilocytic
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and grade two astrocytomas. Less common were subependymal giant cell astrocy-
toma (SEGA), subependymoma, central neurocytoma, choroid plexus papilloma
and carcinoma, ganglioglioma, and primitive neuroectodermal tumor (PNET).
Common lesions in the third ventricle include colloid cysts and craniopharyngioma.
In total, 65% were benign and 35% malignant [6].

In the infancy of neurosurgery, ventricular lesions were both difficult to diagnose
and nearly impossible to approach. One of the first known successful intraventricu-
lar operations occurred in 1910 (although it wasn’t reported until long after by med-
ical historians), when Victor Lespinasse, a Chicago urologist, used a cystoscope to
perform endoscopic fulguration of choroid plexus to treat hydrocephalus in two
infants. One of the infants died and the other survived for 5 years [14]. Until the
advent of air ventriculography (1918) and pneumoencephalography (1919), both by
Walter Dandy, there were a few objective studies that could reliably confirm intra-
ventricular pathology [16]. Dandy is widely considered the father of ventricular
neurosurgery, having reported the first successful removal of a colloid cyst in 1921.
He furthermore is credited with adaptation of Lespinasse’ technique to routinely
perform ventriculoscopy for management of hydrocephalus and removal of tumors
as early as 1922 [23].

Throughout the years, technology has advanced to allow increasingly less inva-
sive routes to intraventricular pathology. These evolved from more traditional
approaches including transcortical and trans-sulcal as well as approaches through
the anatomic barriers of the ventricular system such as the lamina terminalis and the
corpus callosum. Over the past century, we have benefitted from a welcome refine-
ment of ventricular exposures — from the extensive openings required by Dandy in
the 1920s due to reliance on overhead lighting and the naked eye to ever smaller
openings enabled through the introduction of the operative microscope in the 1950s,
followed by the evolution of the Hopkins rod-lens endoscope and now the introduc-
tion of port-based intracranial surgery (Fig. 7.1).

Open Approaches to the Lateral Ventricles

General Principles

Pathology within the ventricular system is, by definition, within the deepest areas of
the brain. Any surgical approach must be designed around being minimally disrup-
tive to the normal tissue separating the surgeon from the pathology, choosing a
location that traverses tissue which can potentially be (in part) sacrificed while also
choosing a location that minimizes the depth to target. In this section, we discuss the
“standard” approaches which have withstood the test of time. Collective experience
has shown us that prolonged or forceful retraction of normal brain can result in
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Fig. 7.1 Approaches to the ventricular system via traditional open routes based on target location.
(With permission from Antunes [1])

direct trauma, and both ischemic and shear injury may result in unfavorable neuro-
logic outcomes. One technique which has been popularized is that of “retractorless
surgery” or “dynamic retraction” which trades fixed blade retractors for intermittent
retraction with either the shaft of the suction of bipolar or a handheld retractor blade
in order to limit injury due to prolonged retraction [25]. Another component of
retractorless surgery is positioning the patient and head to take advantage of gravity
(which exerts an infinitely distributed force as opposed to the point force of a retrac-
tor). For example, a lesion might be better approached via a contralateral transfal-
cine approach, using the lateral position, which utilizes gravity to deliver tumor into
the field of view (Table 7.1).
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Table 7.1 Approaches to the ventricular system based on location of lesion

Target location Approach

Frontal horn Frontal transcortical or trans-sulcal

Body Anterior interhemispheric transcallosal
Temporal horn Temporal transcortical or trans-sulcal

Atrium Parietal transcortical or trans-interparietal sulcus

Precuneus approach

Posterior interhemispheric transcallosal
Occipital horn Posterior transcortical or POIP

Anterior third ventricle Translamina terminalis

Frontal transcortical transforaminal

Anterior interhemispheric transcallosal transforaminal

Anterior interhemispheric interforniceal

Posterior third ventricle Expanded transforaminal

Posterior interhemispheric transcallosal

Supracerebellar

Transcortical Approaches to the Lateral Ventricles

The lateral ventricles can be reached via a perpendicular approach from nearly any
area of cortex [8]. An understanding of functional neuroanatomy, along with func-
tional MRI and diffusion tractography, can assist with determining an operative
corridor that avoids major neurological morbidity. Although other adjuncts are
available, including awake craniotomy and neurophysiological cortical and subcor-
tical mapping, these are largely unnecessary as it is rare for there to be both a singu-
lar approach to an intraventricular target and for that approach to be through a highly
eloquent area.

For pathology within the frontal horns of the lateral ventricle, the typical approach
is ipsilateral, either via direct corticectomy (middle frontal gyrus) or via a trans-
sulcal approach (superior frontal sulcus). This is typically performed with the
patient in a relatively neutral supine position, in order to both preserve normal ana-
tomic alignment as well as limit injury to the superior or middle gyri “falling into”
the operative corridor. A coronal plane linear incision or “U” flap may be utilized,
with the incision and planned craniotomy centered 1-2 c¢cm anterior to the coronal
suture. Either the middle frontal gyrus is coagulated and incised or the superior
frontal sulcus arachnoid is opened, and the operative corridor is progressively deep-
ened in a perpendicular fashion until encountering the ependyma of the ipsilateral
frontal horn. Intraoperative neuronavigation can assist with determining trajectory.
Alternatively, a ventricular catheter or brain needle can be passed into the ventricle,
and upon return of CSF, bipolar cautery and suction used to follow this to enter the
frontal horn. Once the lateral ventricle is entered, the pathology may be addressed
or one may continue the trajectory through the foramen of Monro in order to address
pathology within the anterior third ventricle. This approach is somewhat limited in
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normal or small-sized ventricles, and performing corticectomy carries a reported
4-8% risk of inducing seizures [17]. As discussed further below, the transchoroidal
route may be used to expand access to the anterior and middle of the third ventricle.

Anterior Interhemispheric Transcallosal Approach

Alternatively, an anterior interhemispheric transcallosal approach may be chosen
for targets within the frontal horn and anterior third ventricle. The patient may be
positioned supine as above or in a lateral position to take advantage of gravity
retraction (Fig. 7.2). CSF diversion through lumbar drainage may help to facilitate
this. The dura is opened with a flap based on the superior sagittal sinus that may be
gently retracted contralaterally by placing proximal sutures to allow a more favor-
able approach angle. The mesial frontal lobe is followed along the falx into the
interhemispheric fissure. The interhemispheric fissure arachnoid is split, and the
pericallosal and callosomarginal arteries are identified. The approach into the fis-
sure is progressively deepened until the avascular white fibers of the corpus callo-
sum come into view. One common mistake is to dissect on one side of both callosal
arteries, thus placing the surgeon on a trajectory to mistake the cingulate for the
corpus callosum. A 2-3 cm callosotomy is made with electrocautery and suction.
Typically, the ventricle is entered within a centimeter of depth. At this point, land-
marks including the foramen of Monro, choroid plexus, and thalamostriate and sep-
tal veins are used to determine which ventricle has been entered. These landmarks
may not be immediately visible, and exploration should be angled anteriorly. If no
landmarks are visible, it is possible to have entered a cavum septum pellucidum.
Once the ventricle is entered, the pathology may be addressed in similar fashion as
via a transcortical or trans-sulcal approach. This approach does not carry the same
risk of seizures as a transcortical approach.

Fig. 7.2 Cranial-lateral positioning (a) and approach (b) for an interhemispheric fissure approach
to the contralateral ventricle with gravity retraction. (With permission from Zaidi et al. [29])
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Posterior Interhemispheric and Transcortical Approaches
to the Atrium and Trigone

Similar to the anterior hemispheric approach to the frontal horn, pathology in the
posterior body and atrium may be approached via a posterior interhemispheric
transcallosal approach. However, this approach can be severely limited by bridging
veins around the central sulcus which cannot be sacrificed without risking venous
infarct of primary motor and/or sensory cortex.

To bypass the bridging vein limitation of a posterior interhemispheric transcal-
losal approach, a more occipito-polar interhemispheric approach was first proposed
by Yasargil [27]. The parasplenial-precuneus or parietal-occipital interhemispheric
precuneal approach (POIPA) provides access to the trigone and mesial atrium and
occipital horns as well as the posterior and medial thalamus and pulvinar. The angle
of attack is quite limited, and the approach is technically demanding. A variant con-
tralateral transfalcine POIPA approach been described to improve the angle of
attack and visualization [12]. This approach carries with it an increased risk of post-
operative (transient) visual deficit due to retraction and potential disconnection of
calcarine structures.

Most commonly, lesions of the posterior body of the lateral ventricle are accessed
transcortically or via the intraparietal sulcus at the “key point” as described by Ribas
[20] (Fig. 7.3). This trans-sulcal approach is similar to that used for port-based cases
as described elsewhere in this text. The main risk with this approach is injury to the
dominant angular gyrus if an entry point too inferior/ventral is chosen. Injury to, or
disconnection of, the dominant angular gyrus can result in Gerstmann syndrome
(agraphia, acalculia, finger agnosia, and right/left confusion).

Transcortical and Trans-Sulcal Approaches
to the Temporal Horn

Approaches to the temporal horn include anterior and lateral transtemporal trans-
cortical or trans-sulcal approaches through the middle temporal gyrus or the supe-
rior temporal sulcus. The temporal horn may also be approached via anterior
temporal lobectomy.

Complications in Choosing an Approach
to the Lateral Ventricles

A lesion within lateral ventricle may be best approached from the contralateral side
to achieve early vascular control or to better preserve eloquent tissues. When both
sides would be of equivalent risk, a right-sided approach is generally preferred. In
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Fig. 7.3 Location of key sulcal/gyral points as described by Fernandez Cornejo. Intraparietal
sulcus and postcentral sulcus intersection point (IPS/PCS). (a) Intersection of the intraparietal
sulcus (IPS) and the postcentral sulcus (PCS). (b) IPS/PCS (posterior view). (¢) The intraparietal
point (IPP) is located underneath a point 6 cm anterior to the lambda (La) and 5 cm lateral to the
sagittal suture (SS). Abbreviations: IPP intraparietal point, IPS intraparietal sulcus, IPS/PostCS
intraparietal sulcus and postcentral sulcus intersection point, La lambda, PostCS postcentral sul-
cus, PostCG postcentral gyrus, PreCG precentral gyrus, SS sagittal sulcus. (With permission from
Fernandez Cornejo [9])

the series by D’ Angelo et al., the incidence of postoperative seizures was zero with
transcallosal approaches to the lateral ventricle compared to 5.9% in the transcorti-
cal approaches [6]. Conversely in another series, the transcallosal approach carried
a 4.4-fold increase in the incidence of postoperative seizures [17]. Making an inci-
sion within the body of the corpus callosum, as well as limiting size and posterior
extent of incision, helps to limit the complication of disconnection syndrome.
Disconnection syndrome is most common with transection of the splenium and con-
sists of apraxia, akinetic mutism with apathy, fixed gaze, incontinence, and right-left
confusion [13]. This is distinct from cerebellar mutism that results from the disrup-
tion of connectivity between deep cerebellar nuclei and medial frontal and cingulate
regions [15].
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Approaches to the Third Ventricle

Transcallosal-Expanded Transforaminal Transvenous/
Transchoroidal Route

This route uses the approach described above to access the lateral ventricle but then
further expands the foramen of Monro by incising the tela choroidea to provide a
larger working corridor to access the anterior and middle third ventricle. Upon
entering the lateral ventricle, the septal vein is identified and is coagulated and
divided proximal to the thalamostriate vein (which must be preserved). The taenia
thalami is then expanded and the choroidal fissure incision extended in continuity
with the foramen and expand the operative corridor. This technique carries a risk of
injury to the thalamostriate vein, potential stroke, as well as risk of anterograde
amnesia secondary to forniceal injury.

Transcallosal Interforniceal

This approach utilizes the avascular plane in the midline of the roof of the third
ventricle. This approach is ideal in patients with a cavum septum pellucidum, which
provides a natural plane of dissection between the two fornices. The septum is split
in the midline following callosotomy until the forniceal fibers are identified. The
fornices are separated in the midline, and the corridor between the internal cerebral
veins and posterior choroidal arteries is utilized to enter the roof of the third ven-
tricle via the velum interpositum (Fig. 7.4). There is significant risk of anterograde
amnesia with bilateral forniceal injury from dissection and/or retraction. There is
also risk to both the thalamostriate and internal cerebral veins.

Fig. 7.4 View of the floor
of the third ventricle
achieved via an
interhemispheric
interforniceal approach to
the third ventricle.
(Courtesy of the Rhoton
Collection, American
Association of
Neurological Surgeons
(AANS)/Neurosurgical
Research and Education
Foundation (NREF))
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Translamina Terminalis

This approach is typically reserved for pathology involving the anterior third ven-
tricle. The approach can be done via a subfrontal route, an anterolateral route with
a supraorbital or pterional craniotomy, or a transsphenoidal route. One historically
under-recognized complication of this approach is cerebral salt-wasting and/or dia-
betes insipidus. The lamina contains the organum vasculosum, a circumventricular
organ devoid of blood-brain barrier which is sodium sensitive and has efferent con-
nections to both arginin-vasopressin (AVP)-rich neurons of the hypothalamus and
sympathetic outflow [7]. Surgical transection of the lamina results in both dimin-
ished secretion of AVP and loss of complex hypothalamic-renal signaling to reab-
sorb sodium during urine production.

Infratentorial Supracerebellar Approach to the Posterior
Third Ventricle

Pathology of the posterior third ventricle, which comes to the ependymal surface in
the posterior wall of the third ventricle at the tectal plate and pineal recess, may be
best approached via the infratentorial supracerebellar approach. Preoperative sagit-
tal imaging should be consulted to ensure there is a favorable slope to the tentorium
(a more shallow slope to the tentorium is favorable). At the surgeon’s preference,
positioning may be either in the sitting or the prone (Concorde) position. Regardless
of positioning, this is a technically demanding approach requiring a suboccipital
craniotomy or craniectomy that exposes and skeletonizes the transverse sinus near
the torcula. More traditional open approaches expose the sinuses bilaterally to per-
mit a dural incision crossing the occipital sinus and flap based on the transverse
sinuses to expose both cerebellar hemispheres. More recently, unilateral parame-
dian keyhole approaches (with or without endoscopic assistance) have been suc-
cessfully described [30]. The cerebellum is gently retracted inferiorly or with
gravity assistance, and the singular precentral cerebellar vein is divided. This reveals
the thickened arachnoid of the quadrigeminal plate cistern, which is opened to
reveal the plate itself and a corridor under the confluence of the internal cerebral and
basal veins (of Rosenthal) to the posterior third ventricle (Fig. 7.5).

Microscopic Versus Endoscopic-Assisted Keyhole Approaches

Any of the aforementioned approaches may be augmented by endoscopic assis-
tance. Doing so permits a smaller craniotomy as well as improved visualization by
providing better light at the depths of the surgical field and off-axis viewing with the
use of angled endoscopes. However, use of endoscopes in a surgical keyhole can
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Fig. 7.5 View of the quadrigeminal plate at the tentorial incisura afforded by an infratentorial
supracerebellar approach. The singular midline precentral cerebellar vein is seen in the middle of
the field and may be sacrificed with low risk for postoperative complication. (Courtesy of the
Rhoton Collection, American Association of Neurological Surgeons (AANS)/Neurosurgical
Research and Education Foundation (NREF))

take an already technically demanding approach (such as a supracerebellar infraten-
torial approach) and make it even more so. An understanding of the regional anat-
omy and preparation to convert to a larger open approach if necessary are vital.

Purely Endoscopic Approaches to the Ventricular System

Endoscopic approaches to the ventricles have been gaining popularity as technology
improved since the late 1970s when Fukushima reported the biopsy of an intraven-
tricular tumor and Powell few years later described the removal of a colloid cyst
with purely endoscopic technique [10, 19, 26]. Endoscopes have been used for a
variety of different indications in ventricular surgery including CSF diversion (third
ventriculostomy, septum pellucidotomy, shunt placement, aqueductoplasty) and
tumor biopsy or excision [2-5, 23]. Due to their utility in managing disorders of
CSF circulation, pediatric neurosurgeons developed and adopted endoscopic ven-
tricular techniques more rapidly and widely than their other colleagues.

The choice of the type of endoscope depends on the experience of the operator
and surgical goals. The characteristics of the two main types of ventricular endo-
scopes, the rigid and the flexible, are shown in Fig. 7.6 and summarized in Table 7.2
[17, 19, 21]. Rigid scopes (for the most part) offer superior image resolution and
contrast, along with larger working channels and a wider variety of surgical
instruments.

Purely endoscopic removal of solid intraventricular masses requires careful
patient selection based on size, location, expected firmness, and blood supply of the
lesion. When considering a lesion is larger than 2-2.5 cm, there is little advantage
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Fig. 7.6 Top — Example of a rigid endoscope with multiple working channels. Botfom — Example
of a flexible videoendoscope with (a) camera sensor, (b) LED light, and (¢) 1 mm working chan-
nel. Adapted from Nakaji et al. (with permission from Gaab [11])

Table 7.2 Endoscopic versus microscopic approach to ventricles

Approach

Advantages

Disadvantages

Complications

Microscopic

Familiar bimanual
neurosurgical
techniques employed

Lighting decreased at depths
Viewing angles are limited by
the opening into the ventricle,

Higher rate of postop
seizures (4.3%,
higher in transcortical

with stereoscopic and expansion of foramen and | approaches)
vision retraction can lead to
Ability to use neurologic sequelae
fluorescent adjuncts/
ICG with filter
Endoscope w/ | Physiologic medium 2D view in a fluid medium Higher rate of IVH

single working
channel

Improved visualization
or critical structures
Ability to visualize the
roof of the third with
angled lens

Specialized instrumentation
Requires assistant surgeon or
rigid holder

Single-axis surgery

Steep learning curve

and need for shunting
postop

Endoscope w/

Physiologic medium

2D view in a fluid medium

dual port Bimanual surgery Specialized instrumentation
Requires assistant surgeon or
rigid holder (three hands)
More traumatic

Flexible Able to reach areas Single-axis surgery

endoscope such as temporal horns | Specialized instrumentation

and posterior third
ventricle not possible
with rigid

and limited by need for
flexibility and width of port
Steep learning curve

in performing a purely endoscopic approach compared to microscopic and/or tubu-
lar approaches. If the approach is for tissue biopsy, with or without CSF diversion,
a single burr hole approach is typically sufficient for both biopsy and
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ventriculocisternostomy, although a flexible scope will minimize subcortical shear
injury compared to a rigid scope. Flexible endoscopes are more versatile for man-
agement of hydrocephalus, permitting access to the entire supratentorial choroid
from frontal to temporal horns via single transcortical approach for fulguration of
the choroid plexus. This requires a steeper learning curve as the vertical orientation
of the image is rotated continuously through the procedure. Only recently with the
advent of “camera on a chip” CMOS sensors that flexible scopes have historically
suffered from poor image quality.

Selection of an entry point and surgical trajectory for rigid scopes mirrors that of
transcortical open approaches. Many consider it safer to cannulate the ventricle first
with a ventricular catheter or Peel-Away sheath. Neuronavigation is frequently rec-
ommended, especially in cases of slit ventricles or severely distorted ventricular
anatomy. One advantage of the Peel-Away sheath is that it minimizes the trauma
from repeated “stabbing” movements of the rigid scope and provides additional
egress of CSF to prevent hyperinflation of the ventricles. No matter what type of
endoscope is chosen for the approach, with one or two portals for instruments, there
should always be a portal for irrigation and for fluid outflow to avoid increases in
pressure in the ventricular system.

Bleeding during endoscopic ventricular procedures is usually well managed with
warm lactated Ringer’s irrigation and time, but in cases of sustained bleeding, bipo-
lar coagulation or pressure from an inflatable balloon can be of assistance.
Additionally, the endoscope itself can be used to tamponade bleeding or “trap” the
bleeder in the rigid sheath. If bleeding is brisk and not manageable with these tech-
niques, a “dry field” could be obtained by exchanging air for CSF. It is critical to
inject air through the working channel and drive out CSF (as opposed to aspirating
CSF and creating negative pressure within the cranium).

Conclusions

Management of intraventricular pathology is technically challenging due to the
limitations of visualization and constraints of surgical degrees of freedom associ-
ated with long working depths. Our understanding of the functional anatomy of
fiber tracts and the cerebral connectome has expanded exponentially with improved
imaging modalities. In parallel, our ability to measure the impact of iatrogenic
injury to these connections has improved with modern neurocognitive assessment.
As a result, surgeons are faced with an increasingly limited number of “safe” cor-
ridors due to the need to account for functional subcortical anatomy. Maximizing
surgical results from these limited corridors has led to a “best of both worlds”
approach explored in the remainder of this book, combining open techniques with
single shaft (endoscopic) instrumentation and exoscopic visualization.
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Chapter 8

Trans-sulcal, Channel-Based
Parafascicular Surgery: Basic Concepts
and a General Overview

Sean P. Polster, David Satzer, and Julian Bailes

Introduction

Subcortical mass lesions present a unique challenge for neurosurgical resection.
The lesions are deep and distort delicate anatomy [1]. Operations that access deep
locations are associated with morbidity. Access routes are limited and are often
entered via corticotomy where a corridor is created with blunt fixed retractor blades.
Utilizing bipolar forceps, the white matter is splayed to provide straight-line access
to the deep anatomy and ultimately a lesion. It is likely that this maneuver for access
damages the cortical surface of the brain as well as the subcortical white mat-
ter tracts.

It is hypothesized that the maneuvers of access contribute to cortical and fiber
track disruption [2]. From the large trials in intracerebral hemorrhage, we can infer
that sometimes access to deep lesions can result in morbidity that offsets the poten-
tial benefit [3, 4]. With the advent of minimally invasive surgery, reducing the
“cost” of access has been a growing area of research and innovation with great
potential.

Deep subcortical lesions present unique challenges as they are near critical vas-
cular structures, can be difficult to reach (working distance), have reduced visibility,
and are associated with higher complication rates and morbidity. This problem was
historically addressed by the ideological advent of retractorless surgery. This
improved upon the potential of cortical disruption by removing fixed square retrac-
tor blades but has not addressed all facets of tumor surgery in order to have a
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maximal impact. The neurosurgeon’s armamentarium has been aggressively pursu-
ing innovations that attempt to allow better access for improved outcomes. Pragmatic
clinical trials will be necessary to validate innovations if they are to have a meaning-
ful impact.

The Problem

If we borrow some insight from trials on intracranial hemorrhage (ICH), we can
suggest cortical disruption, or access is a factor in the value of addressing subcor-
tical lesions. Currently, no robust trial exists or is ongoing outside of those for
ICH. The many historical trials on ICH have attempted to address the role of
surgery. The Surgical Treatment of ICH (STICH) trial was performed to compare
early surgery versus conservative treatment for patients with supratentorial
ICH. This was a large international multicenter prospectively randomized clini-
cal trial. More than 400 patients were randomized to either surgical or medical
management. However, the STICH trial failed to show a superiority of surgical
management over medical treatment alone [3]. Post hoc analysis described a sub-
set of superficial hematomas (within 1 cm of the cortical surface) that could
benefit from surgery; this was tested in the subsequent trial, STICH II, where
superficial ICH patients were randomly assigned to early surgery versus best
medical management. The results revealed that surgery does not grant an out-
come advantage (functional or mortality) [4]. Currently, we are awaiting the
results and analysis of ENRICH and the forthcoming next iteration of CLEAR/
MISTIE trials to better understand the value of improved surgical techniques
which aim to defray the theorized cost of open surgery. The MISTIE trials have
set a precedent that procedural competence is important, and achieving volume
reduction to a threshold is needed for functional improvement. With catheter-
based hematoma evacuation, a mortality benefit was finally realized in MISITE
III [5]. However, only those who reached ICH reduction to <15 mL (or >70% of
clot removed) realized a functional benefit to mRS 0-3. The lesson to glean from
this is that less invasive surgeries have trended toward improved outcomes likely
because they distort less normal anatomy (or maximally restore the remaining
anatomy or penumbra of surrounding tissue) [6]. It is unclear if technical adjuncts,
such as the NICO product line, will aid in these important factors, but enthusiasm
is high. Other potential technical adjuncts are in the pipeline, each leveraging a
reduction in the cortical disruption of open surgery. How this knowledge within
the setting of ICH will translate to other fields of neuro-oncology has yet to be
determined.

The evolution of subcortical surgery has occurred over the past few decades with
advances in microsurgery technique, understanding of anatomy, image guidance/
planning systems, and technical adjuncts. The most recent and widely adapted sys-
tems utilize all of these advancements in a system-based approach.
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Corridors Within the Brain

G. Yasargil pioneered the modern era of microsurgery by applying technical mas-
tery and a recognition that “the subarachnoid space and in particular, the cisterns,
provide a natural pathway for dissection that preserves all important brain struc-
tures....” [7] This methodology requires exceptional skill to apply to all pathologies
deep in the brain and still produce some limitation for subcortical lesions. However,
this idea and mastery of knowledge is the foundation of modern surgery and lies the
foundation for the next generation of innovation. Understanding the white matter
tracts and cortical map allows us to address subcortical lesions in a similar fashion,
by utilizing parafascicular pathways and sulcal corridors.

Over the last decade, retractors, either fixed or dynamic, have been used, each
requiring a selective skill set with its respective inherent drawbacks. It was not until
Kelly et al. published the first report of utilizing a tubular retractor system [8], which
aimed to allow minimally invasive access utilizing image guidance to preserve nor-
mal surrounding anatomy to subcortical lesions. This method was hypothesized to
result in less cortical and white mater track disruption compared to fixed square
retractor blades. In this endeavor, they require special instruments with increased
working distance and the utilization of multiple modalities such as a stereotactic
frame, image guidance, and laser ablation instruments. This idea has been leveraged
in the modern day with continued use of tubular retractors, ports, endoscopes, cath-
eters, and laser fibers. Again, all requires a multimodal approach to understand fiber
tracts and cortical anatomy.

Transcortical Approach

Transcortical minimally invasive surgery, either open or by endoport-assisted tech-
nology, requires subcortical access via one of two approaches: (1) trans-sulcal or (2)
trans-gyral. In some cases, surface or functional anatomy will dictate one over
another. However, theoretical consideration should be made when selecting these
approaches [9]. In a trans-sulcal approach, the gyral banks can provide stability for
an endoport while preserving both the superficial vasculature and the vessels located
at the depth of the sulcus [10]. The fiber tract disruption is typically from encounter-
ing what has been termed the “plis de passage” forming anatomical bridges from
one gyrus to another constituting the gyral continuum [11] but, in practice, has not
been a problem. However, minimal disruption of these connections can help to
avoid approach-related morbidity. The major risks of a trans-sulcal approach related
to vascular injury or parenchymal trauma related to excessive retraction, again with
consequences highly depending on location. The advantage comes from an overall
less disruption of tissue [12—14] (Fig. 8.1a—d). Trans-gyral approaches sacrifice the
gyrus up front and risk deficits that correspond to the anatomical location, the
advantage in the preservation of cortical veins, if subpial movement is unavailable.
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Fig. 8.1 Illustrative case of a trans-sulcal parafascicular approach to the ventricular atrium for
meningioma resection in a 63-year-old female. Magnetic resonance imaging of (a) T1 post con-
trast showing enhancement of a left ventricular meningioma and (b) subsequent post-resection T'1
post contrast imaging with gross total resection and approach cavity with (¢) diffusion-weighted
imaging showing minimal restriction along operative corridor. (d) Diffuse tensor imaging super-
imposed with red bar showing preoperative planning negotiating the optic radiations

Preoperative consideration of anatomy, imaging, pathology, and baseline functional
deficits can all aid in method selection [15]. Once an entry method is chosen, sub-
cortical parafascicular tracts which run both perpendicular and parallel to entry
need to be considered.

Parafascicular Approach

To use the parafascicular approach in a practical setting, the surgeon needs to under-
stand the target and the entry point of the proposed intervention. These two points
while considering the intervening fascicular tracts are the foundation of minimizing
disruption [16]. The target point is dictated by the pathology with entry points
selected as those that (1) allow for the shortest distance to access and (2) transgress
the least eloquent anatomy. The first point is addressed by understating the patient
and the pathology at hand. Operating on a high-grade glioma versus intraventricular
meningioma has inherent difference, considering preoperative deficits and expected
outcomes are all part of preoperative planning and patient selection that is individu-
alized to the patient and the pathology. Selecting an entry point that is near the
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lesion goes hand in hand with transgressing the least amount of eloquent anatomy.
This is done with the aid of preoperative planning software, cortical mapping tech-
niques (electrophysiological and ultrasound, possibly MEG), and more recently
with tractography (diffuse tensor imaging). Cranial navigation systems have begun
incorporating these into operating packages that greatly enhance the surgeon’s
understanding of white matter tracts.

Minimally disruptive parafascicular surgery requires the surgeon to know the
location of major white matter tracts in order to minimize the risks associated with
accessing and resecting deep-seated lesions. Some centers, including clinical trials
such as MISTIE and ENRICH, restrict the surgeon to a discrete set of surgical tra-
jectories known to avoid major subcortical tracts based on aggregate anatomic
knowledge [6, 17, 18]. In order to expand the number of surgical corridors in a
patient-specific manner, some surgeons have utilized tractography with diffusion
tensor imaging (DTI) to identify major white matter pathways. DTI measures
anisotropy to detect the type of large, organized white matter tracts that should be
avoided in parafascicular surgery. DTI has some well-known limitations that affect
intraoperative use. Generation of DTI maps is operator-dependent and significantly
affected by factors such as seed placement and voxel geometry. When white matter
tracts are interrupted, for example, in the case of infiltrative primary brain tumors, it
can be difficult to distinguish tract infiltration from edema.

Technical Adjuncts for Parafascicular Surgery

Tubular retraction (endoport) systems have been designed to provide a working
channel to deep-seated brain lesions while avoiding trauma associated with exten-
sive dissection and retraction with blunt retractor blades (Fig. 8.2). Damage from
direct mechanical injury and ischemia to the surrounding white matter, along with

Fig. 8.2 Operative
photograph showing
tubular retractor removal
with preservation of both
the gyral banks and the
immediate superficial
vessel (arrow) (same case
as in Fig. 8.1)
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“tissue creep” around a fixed, steel retractor which can obscure the exposure, are the
primary drawbacks. In contrast with blunt unidirectional retraction, tubular retractor
devices radially distribute pressure on adjacent tissue, thereby reducing trauma to
the brain parenchyma [19]. The most commonly used tubular retractor is the
BrainPath(R) device (Nico Corp, Indianapolis, Indiana). The system consists of a
range of retractor sheaths measuring 11.0-13.5 mm in diameter and 50-75 mm in
length, as well as a sharp-tipped obturator used for retractor insertion which accom-
modates the StealthSystem (Medtronic, Dublin, Ireland) neuronavigation (or simi-
lar platform) probe. Following craniotomy and small dural opening (sized to
accommodate retractor diameter), the arachnoid is opened and the BrainPath retrac-
tor is inserted under image guidance. Once inserted to target, the obturator is
removed and the tubular retractor sheath is secured with a shepherd’s hook attached
to a retractor system (e.g., Greenberg(R) or Budde(R) retractor).

A number of methods have been used to enhance visualization down narrow
working channels to deep subcortical lesions. The surgical microscope is familiar to
all neurosurgeons and is used by many surgeons in conjunction with the endoport,
but the microscope is limited by depth of field and illumination. Endoscopes can
improve visualization by bringing the light source closer to the surgical field and
can provide high-resolution images of the working area but occupy a significant part
of the working space within the endoport and require either an assistant or the use
of one of the operator’s hands. Alternatively, the lens and illumination source can be
brought far from the surgical field in the form of an exoscope. The VITOM(R) exo-
scope (Karl Storz Endoscopy America Inc., El Segundo, California) is commonly
used with the BrainPath(R) system and can be mounted on a mechanical arm. High-
definition exoscope cameras offer a greater depth of field than is permitted by a
traditional surgical microscope. Furthermore, exoscopes allow more uniform illu-
mination throughout the endoport working area as the illumination cones out on the
surgical field rather than coning in as does a surgical microscope (Fig. 8.3a, b).

B 4

e

Fig. 8.3 (a) Master surgeon utilizing dynamic retraction for subcortical mass resection via a trans-
sulcal parafascicular approach with exoscope technology. (b) Operative photograph showing pres-
ervation of gyral banks and superficial vessels
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However, both endoscopic and exoscopic technologies introduce a new learning
curve and are only recently migrating to 3D technologies, leading some surgeons to
continue to favor the traditional microscope.

Standard microsurgical instruments can be used in the endoport working chan-
nel. For many, bipolar cautery and variable suction are the workhorse of tubular
retractor-based subcortical surgery. Specialized, low-profile, multifunctional instru-
ments have been designed for use in this setting. For example, the Nico Myriad(R)
instrument is a side-cutting, aspirating device engineered for use down the narrow
working channel of the BrainPath(R) retractor sheath. General useful features of
instrumentation used in endoport-assisted subcortical surgery include multiple
functionality (e.g., suction and resection features) and malleable instrument shafts.

Future Directions

Parafascicular surgery represents a key component as the state-of-the-art neurosur-
gical procedures for subcortical lesions. Advancements in technology are coming
about in the neuro-oncology space with better instruments and improved imaging
and platform technologies. In intracerebral hemorrhage, clinical trials are allowing
us to better understand deep brain disruption and methods for subcortical and ven-
tricular access. Taken together, the lessons learned from clinical trials with techno-
logical innovations will further improve neurosurgery and the reaming frontier of
subcortical lesions.
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Chapter 9

Trans-sulcal, Channel-Based
Parafascicular Surgery for Subcortical
and Intraventricular Lesions: Instruments
and Technical Considerations

Mohamed A. R. Soliman, Claudio Cavallo, Sirin Gandhi, Xiaochun Zhao,
and Mohamed A. Labib

Introduction and Historical Background

Brain lesions located in the subcortical, periventricular, and intraventricular areas
are challenging from a surgical standpoint as they are associated with potential high
morbidity rates secondary to white matter tract injury [1]. Moreover, deep-seated
lesions can be assessed only through narrow surgical corridors which prevent ade-
quate intraoperative visualization. Traditionally, fixed blade retractors were used to
facilitate access to deep lesions [2]. The edges of these retractors may exert a signifi-
cant constant pressure on the surrounding fiber tracts that may lead to retraction-
induced ischemia [3]. In addition, this iatrogenic injury can be aggravated by the
repeated entry of surgical instruments into the surgical field. Due to the abovemen-
tioned limitations, the results of this conventional technique have not been consid-
ered satisfactory and have encouraged the development of new advances.
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Kelly et al. were the first to report the use of tubular retractors in 1987 with a
stereotactic technique assisted by thin-walled hollow cylinders [4]. Several methods
have been described to access intracranial lesions in deep locations while attempt-
ing to decrease the associated morbidity. Modern endoport-assisted systems employ
a progressive dilatation mechanism which gradually expand the surgical corridor
and consequently limit the white matter tracts transection [5, 6]. These devices have
been used in either a trans-sulcal or trans-gyral fashion. The advantage of the trans-
sulcal approach is mainly related to a shorter working distance which in turn might
contribute in further minimizing the damage to the white matter tracts. In addition,
the trans-sulcal technique engages the U-fibers which contribute less to the projec-
tion and association fibers which run in the gyrus [7]. This technique might contrib-
ute to reducing the amount of viable brain tissue that must be traversed to gain
access to the deep-located lesions. In this chapter, we discuss the use of channel-
based tubular retraction devices through the trans-sulcal parafascicular approach.

Surgical Indications

Patient Selection

Accessing selected deep subcortical lesions using channel-based tubular retractors
through a trans-sulcal parafascicular approach is a potentially viable alternative to
traditional transcortical microneurosurgery [7].

This innovative surgical technique is appropriate for both primary and secondary
subcortical neoplastic lesions, as well as lesions which are vascular and infective in
nature. Intraparenchymal hemorrhage and selected intraventricular and deep cere-
bellar lesions can also be considered [8]. Cerebral lesions reaching the cortical sur-
face are not ideal for this surgical approach, whereas subcortical lesions located at
any depth into the brain parenchyma can be potentially treated with the trans-sulcus
tubular retractor technique.

Preoperative Preparation and Planning

Radiological workup is critical to better evaluate the role of this technique for the
management of subcortical brain lesions. The preoperative imaging workup essen-
tial for surgical planning usually consists of several MRI sequences including
T1-weighted with and without contrast and T2-weighted MRI, DWI, and DTI with
tractography (Fig. 9.1).
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Fig. 9.1 Spatial relation of the tumor to the white matter tract [1]

A careful review of the imaging findings and cortical anatomy is important in the
planning of the trans-sulcal parafascicular approach. Ideally, cannulation with the
tubular retractor should be performed as parallel as possible to white matter tracts in
order to minimize surgical morbidity (Fig. 9.2). Moreover, the surgical trajectory of
cannulation should be dictated by the orientation of the long axis of the lesion and
should be preferably planned separately on the T1 contrast and DTI images rather
than on a single fused image [9].

DWI imaging helps to determine the lesion’s water content which reflects the
texture and density of the pathological tissue. This characteristic is relevant as it
affects the desired depth of cannulation.

Instrumentation

There is a variety of channel-based retractors that can be used for the trans-sulcal
parafascicular approach. These endoports can be categorized into the following:
peel-away catheters, oval-shaped retractors, and circular-shaped retractors.
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Fig. 9.2 Planning the surgical corridor [1]

The Peel-Away Catheters (Medtronic™)

These tubular devices share an analogous design with the peel-away central line
catheters, and they represent the least disruptive endoport-assisted option [7]. They
have a maximal diameter of 8§ mm, and they can be inserted into the brain paren-
chyma through a burr hole [7]. Their therapeutic application is mainly limited for
lesions in the cerebral ventricles as a clear fluid medium is required [7]. Intraoperative
visualization is provided by the use of endoscopes which prevent a bimanual tech-
nique. The limited working-channel area might compromise the intraoperative
maneuverability, and it can consequently make the procedure more challenging
from a surgical perspective.
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Oval-Shaped Retractors

Oval-shaped retractors represent another type of channel-based access systems.
They are advantageous because they have a greater width than the circular retrac-
tors, which allows the bimanual techniques and better maneuverability [10].
However, these retractors have a blunt tip, and their most commonly used diameter
is 1.7 cm, which can make it difficult to work through the trans-sulcal approach and
can cause disruption of the white matter tracts because of inequivalent radial retrac-
tion [11-13].

ViewSite ™ (Vycor Medical, Bohemia, NY) (Fig. 9.3a)

The ViewSite™ is a tubular retractor specifically designed for intracranial use. Each
retractor consists of two parts: the obturator and the retractor. This device is made
out of transparent plastic, and its retractor shape is a slightly tapered cylinder with

&
3
3
i
!

I

Fig. 9.3 Channel-based retractors. (a) ViewSite™, (b) BrainPath®
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an ovoid or circular cross section. It is available in a variety of widths (12-28 mm)
and lengths (3—7 cm) [14]. The most commonly used width is 17 mm [2, 14]. The
retractor’s outer edge is slightly wider, and its outer part is attached to a flat tab that
may serve as a handle for insertion and manipulation or can be used for attaching it
to a retraction arm. The obturator extends a few millimeters beyond the distal end of
the retractor and is tapering down to a very narrow flat surface. There is a very small
opening at the distal tip of the obturator that allows blood or cerebrospinal fluid to
exit. In addition, this tip can accommodate the tip of the navigation probe during
insertion of the retractor system [11-13].

Circular-Shaped Retractors

Circular retractors are another versatile version of endoports which apply an equiva-
lent radial force to the surrounding brain parenchyma and white fiber tracts. Despite
the fact that they allow bimanual instrumentation, their smaller width (13.5 mm)
limits the surgical freedom and the maneuverability of instruments [13].

The BrainPath® (Nico Corp, Indianapolis, Indiana) (Fig. 9.3b) is a particular type
of circular-shaped retractor which consists of two parts: the obturator and the retrac-
tor. The obturator is made of aluminum, whereas the retractor is made of cyclic
olefin copolymer, a frosted material which minimizes light reflection and allows
visualization of the surrounding anatomy. The retractor is cylindrical in shape with a
circular cross section. This channel-based retractor is available in a variety of widths
(11.5-13.5 mm) and lengths (5-9.5 cm) which can be selected depending on the size
and location of the target lesion. Both the obturator and retractor present depth mark-
ings for reference on their shafts to assist the surgeon during the procedure. The
distal end of the obturator has a conical shape with a rounded tip and no opening.
The obturator tip extends 7.5—15 millimeters beyond the distal end of the retractor,
and it acts as a “blunt” dissector when inserted into the brain parenchyma [13].

The obturator has a blunt, tapered tip which can gently dilate the opening on the
cerebral sulcus once applied on the arachnoid. The obturator is advanced through
the brain parenchyma with its outer sheath to prevent any abrasion or trapping of
cortical tissue. The design of the obturator allows the navigation probe to be locked
into it to provide real-time guidance during the cannulation phase [11-13].

Intraoperative Real-Time Imaging

A specially designed ultrasound probe (Hitachi Aloka, Wallingford, CT, USA)
(Fig. 9.4) can be used to help localize lesions and their proximity to vascular struc-
tures during surgery, especially for deep and small lesions. The probe is 12—-14 mm
in diameter. The ultrasound probe is used during the advancement of the retractor to
localize the lesion. It can guide the trajectory and retractor depth, which allows
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Fig. 9.4 The specially
designed ultrasound probe
(Hitachi Aloka,
Wallingford, CT, USA)

Fig. 9.5 NICO Myriad® Device

real-time visualization during the advancement of the retractor and active correction
of the trajectory until the lesion is centered within the ultrasound image. After resec-
tion of the lesion, ultrasound can characterize the extent of resection or the need for
further resection [7].

Automated Lesion Resection Devices

In case of a firm, high-density, non-resectable lesion, an automated resection device
such as ultrasonic aspirator or a NICO Myriad® device is another useful adjunct to
debulk the lesion. However, the relatively high profile of currently available ultra-
sonic aspirator devices makes them less attractive to employ within small tubular
channels [12, 13].

The NICO Myriad® (Nico Corp) (Fig. 9.5) device is a minimally invasive system
that is designed for intracranial soft tissue removal with either direct, endoscopic, or
microscopic visualization. The system consists of a high-speed reciprocating inner
cannula inside an outer cannula and an electronic suction control. The device relies
on a side-mouth cutting and aspiration opening found 0.6 mm from the blunt dissec-
tor tip. A foot pedal controls the activation of the cutting blade, and it regulates the
intensity of the suction aspiration. If needed, the aspiration opening can be rotated
via a control button on the handpiece, and the shaft can be slightly bent gently.
Tissue samples may be harvested from the collection chamber with minimal crush-
ing by the device, which promotes tissue preservation. The device is available in a
variety of widths (11-19 G) and lengths (10-31 cm). The main advantage of this
device is the design of the handpiece which allows better visualization of the surgi-
cal field through the channel-based retractor. Moreover, the NICO Myriad
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facilitates access to tumors which are hard to reach with conventional surgical
instruments, and it assists in pathological tissue removal without generating further
heat [15].

Technical Considerations

Anesthesia

The channel-based retractor technique can be used in concert with several different
anesthetic protocols including the traditional general anesthesia or awake craniot-
omy with conscious sedation. The latter is mainly selected depending on the loca-
tion of the lesion and the preoperative patient’s clinical conditions.

Patient Position

Once anesthesia has been induced, the patient is positioned supine, prone, lateral, or
park bench according to the preoperative plan. Subsequently, the patient’s head is
immobilized by a Mayfield head holder or Sugita frame. Some surgeons dissuade
from using mannitol in order to prevent the collapse of the subarachnoid spaces and
decrease the effect of the brain shift [16].

Intraoperative Navigation

With the use of the image guidance three-dimensional space navigation system,
registration is performed. The preplanned surgical route is confirmed, and the entry
point is marked on the scalp. The small incision is then planned accordingly.

Surgical Procedure

The skin incision and craniotomy are centered along the preplanned surgical trajec-
tory over the targeted lesion. Following the skin incision, the scalp is retracted with
blunt retractors or scalp hooks, and a small craniotomy is performed. It is advisable
before opening the dura to use ultrasound to confirm the location of sulcus of inter-
est that will be traversed. The dural opening is usually performed in a cruciate
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fashion. In case of brain tumors, it is recommended to open the dura more exten-
sively to allow maximal flexibility of the sulcus. On the contrary, in case of intrace-
rebral hemorrhage, the dural opening is only slightly larger in size than the retractor
diameter in order to form a pressure seal, which propels the extrusion of the hema-
toma into the retractor. Dural flaps are tacked up by sutures, and appropriate hemo-
stasis is performed before bringing the microscope or exoscope into the field. The
use of intraoperative somatosensory-evoked potential (SSEP) and motor-evoked
potential (MEP) is recommended especially when there an involvement of the cor-
ticospinal tracts for lesions in eloquent areas [7]. Using the navigation probe, the
preplanned surgical trajectory and entry point are confirmed and adjusted if neces-
sary. The arachnoid is opened over the sulcus (approximately 3—6 mm). Subsequently,
the appropriate retractor length is selected based on the surgical trajectory analysis
on the preoperative MRI. Retractors with a length a few millimeters longer than the
preplanned trajectory from the cortical surface are recommended as they decrease
the risk of unintended cortical laceration and provide more room for manipulation
of the retractor. Using navigation guidance, the retractor is advanced through the
arachnoid opening into the sulcus until it reaches the preplanned target depth. The
tip of the obturator is usually beyond the distal rim of the retractor; therefore, the
sheath is advanced 15 millimeters over the obturator as this is the distance between
the retractor and the obturator tip. The obturator is then removed while the sheath is
secured in place through a special hook that attaches it into a conventional articu-
lated snake retractor system. Intraoperative visualization down the endoport can be
achieved either with an extracorporeal exoscope [17, 18] or a surgical micro-
scope [19].

Generally, there are two ways of cannulation depending on the water content of
the lesion on the DWI sequence:

1. Deep cannulation: The retractor can be placed within the lesion to allow a
resection in an inside-out fashion. The resection can be stopped at white matter
interface. This technique is usually recommended for soft and/or less dense
lesions such as high-grade gliomas and intracerebral hematomas. Deep cannu-
lation is contraindicated for lesions with firm consistency as it may cause the
rolling of the lesion outside the field of the retractor and difficulty in local-
izing it.

2. Superficial cannulation: The retractor is placed at the surface of the lesion which
is exposed by removing a white matter cuff over it at the interface between the
pathological tissue and the viable brain parenchyma or white fiber tracts. This
technique is usually recommended for firm and/or dense lesions, such as cere-
bral metastases. It is ideal to excise this type of lesions en bloc to avoid spillage
of malignant cells in cases of metastasis [20]. However, a piecemeal resection
for metastatic lesions has been described by other authors [11].
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Resection of the Lesion or Evacuation of the Hematoma

The standard technique for the excision of the lesion with the channel-based
approach consists of the bimanual use of suction, microscissors, and bipolar cau-
tery. A similar technique can be used for evacuating intracerebral hematoma. If the
lesion is larger than the retractor diameter or the source of bleeding is beyond the
retractor scope, the viewing angle can be adjusted. The tubular retracted can be
swiveled, and the procedure can also be assisted by an angled endoscope to inspect
circumferentially within the surgical field. In this way, a more distant source of
bleeding, for example, can be identified and residual tumor tissue can be resected.
Gross total resection is mostly dependent on the size and location of the lesion as
well as the surgical technique. According to our personal experience, bayoneted
surgical instruments are the most effective in the relatively small working space
offered by the endoport. Both ultrasonic aspirators or side-cutting aspirators
(Myriad® from NICO Corporation) can be helpful during surgical resection of
the lesion.

Hemostasis and Closure

Once the lesion is excised, hemostasis is achieved by controlling any bleeding ves-
sels with the use of low-intensity bipolar electrocautery forceps. Hemostatic agents
such as Floseal® (Baxter) can be used for small diffuse bleeding. Subsequently, the
surgical cavity is filled with saline or lactated Ringer’s solution, and the retractor is
slowly withdrawn. If any additional source of bleeding is identified, the surgeon
should stop removing the retractor and hemostasis should again be achieved. It is
ideal to do several rounds of irrigation with saline. A small piece of hemostatic
agent (SURGICEL® (Johnson & Johnson Patient Care; New Brunswick, NJ) or
GELFOAM®) is placed over the exposed brain. The dura is closed in a watertight
fashion, and the bone flap is put back in place and secured. The galea and skin are
closed in the usual fashion.

Overview of Clinical Studies

A comprehensive literature review of the channel-based trans-sulcal approach for
subcortical deep-seated lesions identified 21 articles published in peer-reviewed
journals (Table 9.1). These clinical studies used a variety of endoport devices
including tubular/oval retractors, BrainPath, and VBAS (ViewSite Brain Access
System). The electronic search was conducted on several relevant international
databases, including PUBMED (Medline), EMBASE, and the Web of Science data-
base for articles in English which specified the number of patients enrolled. Studies
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Table 9.1 Systematic review of patients operated upon by trans-sulcal, channel-based

parafascicular
Number
of Retractor Complication rate Extent of
Author, date | patients | system Pathology (%) resection
Ritsma et al. 1 BrainPath | Intracerebral 100% Complete
[21], 2014 hematoma Recurrent bleeding | evacuation
(temporal) and reoperation but
return of the patient
to the normal
function
Kassametal. |13 BrainPath | GBM (6) 15.% ICH
[9], 2015 Intracerebral Postoperative complete
hematoma (4) hematoma (1) evacuation
Abscess (1) DVT (1) (50%)
Metastasis (1) Evacuation
Pilocytic >85% (50%)
astrocytoma (1) Tumors not
specified
Przybylowski | 11 BrainPath | Intracerebral 27.3% >85%
etal. [19], hematoma Death due to (63.6%)
2015 rebleeding (patient
has chronic
coagulopathy due to
severe alcoholic
cirrhosis) (1)
Pneumonia, renal
failure, and
esophageal
perforation (1)
Duodenal
perforation and
UGIB (1)
Amenta et al. 1 BrainPath | Cavernoma Transient weakness | Complete
[22] 2016 (thalamus) for 12 h excision
Chen et al. 6 BrainPath | Traumatic None >90%
[23], 2016 hematoma evacuation
Eliyas et al. 20 BrainPath | Colloid cyst (5) 15% GTR (75%)
[24], 2016 Low grade glioma | Short-term memory

(5)

Metastasis (3)
Subependymoma
3)

Meningioma (2)
Central
neurocytoma (1)
Lymphoma (1)

loss (transient) (2)
Transient weakness

()]

(continued)
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Table 9.1 (continued)
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Number
of Retractor Complication rate Extent of
Author, date | patients | system Pathology (%) resection
Labib et al. 39 BrainPath | Intracerebral 15.4% >90 (72%)
[17], 2016 hematoma Respiratory failure
()
Rebleeding (1)
Persistent
hemiplegia (1)
DVT (1)
Pneumonia and Cl.
difficile (1)
Bauer et al. 9 BrainPath | Intracerebral 22.2% >85%
[18], 2017 9) hematoma Respiratory failure | evacuation
and hypernatremia | (100%)
Chen et al. 1 BrainPath | Fungal infection | 0% GTR
[25], 2017
Day et al. [16], | 49 BrainPath | Gliomas (23) 18.3% GTR of
2017 Metastasis (20) Postoperative tumors
Intracerebral hemorrhage (2) (79.1%)
hematoma (6) Transient neurologic | Complete
deficit (3) evacuation of
Permanent hematoma
neurologic deficit (2) | (83%)
New infarct (1)
Mortality (1)
Eichberg et al. |20 VBAS (7) | Metastasis (9) 10% GTR (90%)
[8], 2017 BrainPath | Colloid cyst (6) Transient short-term
(13) GBM (2) memory deficit (1)
Melanoma (1) Postoperative stroke
Radiation necrosis | of unclear etiology
(1) inPOD 1 (1)
Subependymoma
(1)
Jacksonetal. |11 BrainPath | GBM (3) 0% Not specified
[13], 2017 Anaplastic
astrocytoma (3)
Demyelinating
disease (2)
Lymphoma (2)
Metastasis (1)
Sujijantara 16 BrainPath | Intracerebral Mortality (family >85%
et al. [26], hematoma withdrawal) (1) evacuation
2017 Postoperative (87.5%)

seizures (2)
Unrelated medical
problems
(pneumonia, UTI,
cardiac
complications) (13)
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Table 9.1 (continued)
Number
of Retractor Complication rate Extent of
Author, date | patients | system Pathology (%) resection
Weiner et al. 1 BrainPath | Pilocytic 100% GTR
[1],2017 astrocytoma Transient increased
weakness and newly
developed
oculomotor palsy
Witek et al. 1 BrainPath | AVM 0% Total
[27], 2017 excision
Akbari et al. 10 BrainPath | Metastasis (4) 40% GTR (80%)
[28], 2018 GBM (3) Postoperative
Anaplastic permanent increased
astrocytoma (1) weakness (1)
Low-grade glioma | Postoperative
2) transient increased
weakness (2)
Pulmonary
embolism and death
()]
Bakhsheshian |25 BrainPath | Metastasis 4% GTR (80%)
etal. [11], Hemiparesis and
2018 subsequent DVT
Iyeretal. [12], | 14 BrainPath | GBM (11) 7.1% Excision
2018 Anaplastic Postoperative >85%
astrocytoma (3) permanent increased | (100%)
weakness (1)
Goren et al. 6 BrainPath | Cavernoma 16.7% Complete
[29], 2018 Wound dehiscence excision
(1) (100%)
Sindelar et al. 1 BrainPath | Intracerebral and | Neurologically >90%
[30], 2018 intraventricular improved and no removal of
bleed complications the
hematoma
Bander et al. 18 BrainPath | Glioma (16) 5.6% Not
[31], 2019 Lymphoma (2) Postoperative minor | mentioned

hematoma (1)

describing a transcortical approach or lacking details on complication and the extent
of resection (EOR) of the tumor or evacuation of hematoma were not included.
Overall, 273 patients underwent a channel-based trans-sulcal approach. There were
93 intracerebral hematomas (6 traumatic and 1 associated with intraventricular
hemorrhage), 78 gliomas, 63 metastases, 11 colloid cysts, 7 cavernomas, 5 lympho-
mas, 4 subependymomas, 2 meningiomas, 2 pilocytic astrocytoma, 2 demyelinating
lesions, 1 central neurocytoma, 1 abscess, 1 fungal infection, 1 melanoma, 1 radia-
tion necrosis, and 1 AVM. Patient diagnosis, complications, and extent of evacua-
tion or excision are reported in Table 9.1.
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The ability to evacuate more than 85-90% of ICH was achieved in 80.6% of
cases, whereas the gross total resection (GTR) rate of brain lesions was 82%. The
complication rate was higher in the intracerebral hematoma group (15.6%) com-
pared to other pathologies (9.4%).

Complications reported included transient neurologic deficits (2.9%), permanent
neurologic deficits (motor weakness or cranial nerve deficit) (2.9%), bleeding
requiring additional surgery (1.8%), DVT (1.5%), transient short-term memory loss
(1.1%), respiratory failure (1.1%), death (1.1%) (one of the patients was because the
family asked for care withdrawal), postoperative seizures (0.7%), minor hematoma
(0.7%), pulmonary embolism (0.4%), new infarct (0.4%), and wound dehiscence
(0.4%). Other medical complications represented 6.6% of the overall complications
and included pneumonia, upper gastrointestinal bleeding, duodenal perforation,
esophageal perforation, urinary tract infection, cardiovascular problems, and renal
failure.

A randomized, multicenter clinical trial ENRICH (Early MiNimally-invasive
Removal of ICH) began in December 2016. This study compares early surgical
hematoma evacuation (<24 h) using BrainPath versus standard medical manage-
ment for ICH. Three hundred patients will be recruited in at least 15 medical centers.
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Introduction

Surgical access to subcortical brain lesions remains challenging due to limited visu-
alization, narrow corridors for instrument maneuverability, and the delicate nature
of the cortical and subcortical structures at risk. It is difficult to maintain optimal
field magnification, illumination, and focal length while maneuvering instruments
in a deep, subcortical field within narrow corridors. The success of minimally-
invasive neurological surgery hinges upon effective utilization of modern neuroim-
aging for diagnosis and preoperative patient and approach selection, intimate
knowledge of subcortical anatomy, delicate microsurgical technique, and adequate
utilization of adjuvant techniques to preserve functionality and maximize safe
resection.

Transsulcal access points are used to safely navigate the subcortical white matter
while providing maximal exposure for safe and thorough resection of the targeted
lesion. Minimally-invasive surgical techniques strive to minimize trauma to sur-
rounding tissues and protect white matter fascicles, preserve neurological function,
and reduce iatrogenic morbidity. Traditional transsulcal approaches to deep lesions
required the use of operative microscopy often coupled to fixed blade retractors,
which could injure the cortical and subcortical structures due to hypoperfusion or
direct mechanical trauma [1-4]. Previously developed tubular retractors designed to
circumvent these challenges have seen greater improvements and adoption in recent
years propelled by developments in high-definition endoscopy, exoscopic visualiza-
tion systems, and port-based surgery assisted by neuronavigation [5-7]. These
minimally-invasive techniques have heretofore been employed for intracerebral
hemorrhage evacuation [7, 8] and neoplasm biopsy and resection [9—11], especially
in lesions with low-to-moderate vascularity and smaller than 5 cm.

Transsulcal-parafascicular corridors to subcortical and intraventricular lesion
have been previously described based upon cadaveric, functional MRI, and diffu-
sion tensor imaging (DTI) studies [12—15]. Precise knowledge and understanding
of the pathological displacement of normal subcortical structures is necessary to
select the ideal operative corridor for a specific lesion [7, 16]. Preoperative DTT is
a useful tool for such planning, albeit subject to imaging artifact due to perilesional
edema [17, 18]. In these cases, surgeons may employ neurophysiological adjuncts
such as cortical and subcortical motor mapping to reduce neurological injury.

In this chapter, we will use illustrative cases to describe anatomical and DTI
considerations related to the white matter fibers involved in standard parafascicular
approaches to subcortical regions. We will also describe surgical nuance and com-
mon neurological complications possible with these approaches.

Parafascicular Surgical Corridors

Standard convention classifies the various approaches (i.e., anterior, posterior, and
lateral) to subcortical regions in relation to the entry point employed to reach the
target. Ideal trajectories to deep targets remain parallel to major fiber tracts to
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minimize vector loading. The paramount principle of minimally-invasive surgery is
to avoid or reduce fiber tract transgression.

Anterior Corridor

This transsulcal-parafascicular approach allows for access to the subcortical frontal
lobe, the frontal horn of lateral ventricles, and the third ventricle. It is considered the
“gate access” to the anterior basal ganglia including the caudate nucleus, putamen,
and external capsule, and it is commonly employed for hemorrhage evacuation in
these locations.

Representative Clinical Case

A T4-year-old woman, with a history of hypertension and diabetes mellitus type 2,
presented to our institution with an intraparenchymal hemorrhage. On neurological
evaluation, the patient had a dense left hemiparesis and National Institute of Health
Stroke Score (NIHSS) of 27. CT and MRI were performed demonstrating a right
intraparenchymal hemorrhage in the basal ganglia (Fig. 10.1a—d). A complete hem-
orrhage evacuation by transfrontal access via a supraorbital “eyebrow” craniotomy
using a tubular retractor system (BrainPath® system, NICO Corporation,
Indianapolis, USA) was achieved (Fig. 10.1e—g). The patient was discharged on the
third day to an acute rehabilitation center with GCS 15, NIHSS 8, and mRS 2. At
3 months follow-up, the patient presented an NIHSS of 3 and mRS of 1.

Anatomical, DTI Relevant Landmarks, and Special Considerations

The anterior corridor spreads from the most anterior point of the superior frontal
sulcus (SFS) to its intersection with the precentral sulcus and supplementary motor
area. This point is known as the posterior coronal point [19]. The forehead crease
and eyebrow incisions offer good access for anterior approaches since they fre-
quently coincide with this entry point in most patients.

The most relevant white matter tracts implicated in the transfrontal access are the
association fibers known as the superior longitudinal fasciculus (SLF) laterally and
the cingulate fasciculus (CF) medially. Normally, the SLF runs just deep to the
U-fibers, connecting portions of the frontal lobe with occipital and temporal areas.
The CF follows its trajectory from the cingulate gyrus to the entorhinal cortex. It is
associated with motivational and emotional aspects of behavior and working memory.

The SFS separates the superior from the middle frontal gyrus and has been
divided into three segments in its anterior-to-posterior length [20]. The posterior
and middle segments (also known as proximal/middle) cover an extension from the
precentral sulcus to a point situated 3 cm anterior to the coronal suture. The trajec-
tories offered by those segments may endanger the frontal aslant tract (FAT), the
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Fig. 10.1 Preoperative imaging (a. CT; b—d. MRI) reveals a right intraparenchymal hemorrhage
in the basal ganglia. Intraoperative view, after dural and arachnoid opening (e), and exoscope-
enhanced view through the port (f). Postoperative CT demonstrated complete intraparenchymal
hemorrhage evacuation (g). Illustrative artwork showing the integration of tractography, transulcal
access (A), port-based access (B), exoscopic visualization (C), and resection for anterior basal
ganglia hemorrhages and posterior thalamic lesions (D)
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Fig. 10.2 DTI reveals expansion of the anterior corridor as consequence of the white matter tract
displacement secondary to pathology. (a) Axial view showing the LSF lateral and the CF medial.
(b) Sagital view showing the trajectory along the long axis of the hematoma

intermediate segments of SLF, and the CF which may result in potential speech
disabilities, apraxia, and supplementary motor area syndrome [21, 22]. We prefer to
avoid transgression of the posterior two-thirds of SFS without an awake craniotomy
to reliably avoid injury to anatomical speech centers [20, 23]. The most anterior SFS
segment extends from the anterior limit of the middle SFS segment to the orbital
crest, offering a safe entry point along the long axis of SLF and CF fascicles, and
away from the FAT [20]. This corridor can be often expanded secondary to pathol-
ogy (Fig. 10.2).

It is critical to avoid injury to the anterior white matter tracts; SLF injury is asso-
ciated with ideomotor apraxia and spatial neglect [24, 25], and CF damage can
result in psychiatric disorders and behavioral changes [26, 27].

Posterior Corridor

This corridor provides safe and direct access to the lateral ventricles, especially to
the atrium and the peri-atrial region.

Representative Clinical Case
A 69-year-old female with a past medical history of hypertension presented with

confusion and suffered a fall striking her head with brief loss of consciousness.
Upon arrival, her neurological examination was unremarkable, but her initial head
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CT revealed a left parietal hypodensity. A subsequent brain MRI with contrast con-
firmed the presence of an enhancing mass with central necrosis and minimal intra-
tumoral hemorrhage centered within the left median parietal lobe with adjacent T2
FLAIR hyperintensity that extended to the occipital lobe and crossed the midline
along the splenium, most consistent with a high-grade glioma (Fig. 10.3).
Tractographic analysis revealed a safe entry point at the parieto-occipital sulcus,
and she underwent a left parieto-occipital craniotomy for resection of the lesion
using a 75 mm BrainPath system with robotic-guided exoscopic visualization under
electrophysiologic monitoring with somatosensory- and motor-evoked potentials. A

Fig. 10.3 Preoperative imaging (a—c. MRI; d—f. DTI) reveals a left parieto-occipital mass with
contrast enhancement. Postoperative imaging demonstrated gross total resection with a small tra-
jectory and minimal changes to the surrounding normal tissue (g—i)
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Fig. 10.3 (continued)

gross total resection was achieved without any neurological deficits, and the patient
was discharged home on postoperative day 3 in good condition. Pathology revealed
an IDH, wild-type, WHO grade IV glioblastoma, and she underwent postoperative
radiation and chemotherapy with no evidence of recurrence at the 18-month fol-
low-up MRIL
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Anatomical, DTI Relevant Landmarks, and Special Considerations

The posterior corridor is accessed through the parieto-occipital and intraparietal
sulcus, spanning from the posterior margin of the primary sensory fibers to the optic
radiations. Both sulci have an oblique direction, pointing at their deepest point
toward the occipital horn and the atrium, respectively [28, 29]. The subcortical com-
plex surrounding the atrium was described as a temporoparietal fiber association
area and involves a hub of multiple fiber tracts [30]. The main fiber tracts involved
in this corridor are the optic radiations (OR) large association fibers in the occipital
lobe running laterally to the atrium and along the roof and in the lateral edge of the
temporal horn toward the calcarine sulcus [31], the arcuate fasciculus (AF) con-
necting the inferior frontal regions and posterior temporal regions with a critical
role in language [32], and the vertical rami of the SLF, ascending association fibers
that connect the dorsal portion of SLF to the parietal lobe [33, 34]. With DTI, the
vertical rami of the SLF is represented by blue fibers as a result of its rostrocaudal
trajectory [34]. These fibers associate the parietal lobes and control different cogni-
tive functions such as working memory and visual-spatial orientation [35, 36].
These relationships could explain the variety of neurological presentations reported
as consequences of parietal lobe dysfunction, particularly in visual and language
deficits [37-39].

Others have proposed the anterior segment of intraparietal sulcus as an ideal
transparietal access [19]. An exhaustive DTI study showed that this access point
should not be used to the atrium as there is theoretical increased risk of postopera-
tive neurological deficit [40]. Instead, the middle segment of the intraparietal sulcus
may be the safest surgical access to the atrium of the lateral ventricle [41]. It is criti-
cal to remember that occipital lobe tumors can medially displace the optic radia-
tions, which may necessitate selecting another access point or surgical corridor.
Intraparietal and parieto-occipital sulci offer access to the medial and lateral subcor-
tical regions surrounding the optic radiations [34].

Lateral Corridor

Several association, projection, and commisural fibers intersect with traditional
access corridors to subcortical pathology due to the perpendicular orientation of
critical white matter tracts rendering the lateral corridor as suboptimal for accessing
most subcortical lesions. In selected cases, however, it represents the best way to
protect deflected fibers displaced by the pathology in question. In these cases, awake
testing and intraoperative mapping techniques are often needed to avoid tract injury
and further neurological deficits.
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Representative Clinical Case

A 70-year-old female with a previous history of breast adenocarcinoma status post
mastectomy, radiation, and chemotherapy presented with a mild expressive aphasia,
headaches, and mild right-sided weakness. A comprehensive evaluation with head,
chest, abdominal, and pelvic CT scans showed a left temporal hyperdensity and no
additional masses suggestive of other systemic metastases. A subsequent MRI with
contrast confirmed the presence of a 2.5 cm mostly solid lesion located in the supe-
rior temporal gyrus centered in the posterior third of the temporal lobe with exten-
sive vasogenic edema. Tractography showing displacement of the arcuate fasciculus
superiorly and dorsally. Her Karnofsky Performance status was >70, and she under-
went an awake left temporal craniotomy with speech and motor subcortical map-
ping utilizing a 60 mm BrainPath port under robotic-assisted exoscopic visualization.
The patient had an uneventful postoperative course, and her speech and motor defi-
cits improved significantly by postoperative day 5. She was discharged to rehabilita-
tion on postoperative day 6 and underwent postoperative stereotactic radiosurgery
to the cavity as well as systemic chemotherapy. No evidence of regional recurrence
was seen at the 2-year follow-up MRI (Fig. 10.4).

Anatomical, DTI Relevant Landmarks, and Special Considerations

The lateral aspect of the cerebral hemisphere can be divided into two halves by a
line traversing in the axial plane. The upper half is comprised of the SLF and a neu-
rofascicular hub complex of the intersection of seven different temporoparietal fiber
tracts [30, 42]. Three different white matter tracts create the inferior half of the
subcortical anatomy of the lateral segment of the cerebral hemisphere. These tracts
include the inferior fronto-occipital fascicle (IFOF), connecting the orbitofrontal
with occipital cortices (language, particularly lexical and semantic processing of the
speech) [43, 44]; the inferior longitudinal fascicle (ILF), connecting temporal with
occipital cortices (visuospatial analysis) [43,45]; and the OR (previously described).
The posterior aspects of these three white matter tracts form the sagittal stratum
[16]. More anteriorly, at the temporal stem, the uncinate fascicle (UF), OR, IFOF,
and the ILF comprise a neural network hub [46]. The UF, AF, and the vertical rami
of the SLF are association tracts between the superior and inferior aspects of the
subcortical structures of the lateral cerebral hemisphere. Specifically, the UF, a
hook-shaped fiber tract traveling from the amygdala, surrounds the limen insulae
and spread across the frontal-parietal lobes, connecting memory and limbic struc-
tures; injury can cause psychiatric dysfunction [47, 48]. The AF originates in the
inferior frontal lobe, surrounds the sylvian fissure, and connects to the superior and
middle temporal gyri. The AF transmits language function, and its injury can cause
conduction aphasia [31, 49].
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Fig. 10.4 Preoperative imaging reveals a left parietal mass with contrast enhancement and white
matter tracts (a—c). Planning phase allows construction of a surgical trajectory that clearly avoids
critical white matter fibers (d). Postoperative imaging demonstrated gross total resection (e-g)
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Fig. 10.4 (continued)

Due to the high density of multiple eloquent fiber tracts, we usually reserve use
of the lateral corridor for superficial lesions. Careful preoperative DTI tract analysis
and awake cortical/subcortical mapping are two additional modalities that help to
preserve neurological function when traversing the lateral cerebral hemisphere.

Conclusion

Surgical access to subcortical brain lesions represents a challenge where neurosur-
geons must preserve each patient’s neurological function by respecting normal
anatomy and protecting surrounding brain tissue. Minimally-invasive transsulcal-
parafascicular standard approaches proved to be safe in subcortical lesions treat-
ment. The employ of delicate microsurgical technique, detailed knowledge of
subcortical anatomy, and utilization of modern neuroimaging play a critical role.
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Introduction

Brain metastases are the most common central nervous system neoplasms, and their
incidence continues to rise with improvements in diagnostic modalities and sys-
temic treatments [1]. Treatment options include various combinations of chemo-
therapy, stereotactic radiosurgery (SRS) or whole brain radiation therapy,
laser-induced thermal therapy (LITT), or craniotomy for surgical resection [2—7].

Prior class I studies have shown greater survival and functional independence
with surgical resection of solitary brain metastasis followed by radiation therapy
versus those treated with radiation therapy alone [4-6]. Surgery is typically reserved
for patients with control of their primary cancer, good neurologic function, and a
symptomatic lesion that is often solitary and accessible.

The majority of brain metastases occur at the gray-white junction, which is
accessible due to close juxtaposition to the cerebral cortex or cerebellar hemisphere.
However, the subset of brain metastases, referred to as deep-seated subcortical
lesions, are found within or adjacent to critical white matter tracts, basal ganglia,
and thalamus. These lesions are typically treated using stereotactic radiosurgery
(SRS) because of the increased associated risk in surgical morbidity. However, there
is no preferred treatment option for these subcortical deep-seated metastases when
they are larger and are associated with mass effect and significant vasogenic edema.
These lesions may not be ideal candidates for radiosurgery alone due to delayed
treatment effects, large tumor volumes with significant edema, dependence on cor-
ticosteroids, and the lack of tissue availability for molecular analyses.

Recent advancements in minimally invasive parafascicular surgery (MIPS) have
aimed to minimize insult to healthy cortical and subcortical tissue through the use
of tubular-based retractors and integrated surgical planning based on diffusion ten-
sor imaging of subcortical fascicles. Multiple case series have demonstrated that
utilization of a trans-sulcal MIPS approach is a safe and feasible surgical option for
the resection of carefully selected metastatic brain lesions [8—11]. The current chap-
ter reviews considerations for using this surgical technique, patient selection, cur-
rent evidence regarding outcomes, and potential limitations.

Patient Selection

Multiple treatment options are available and should be carefully considered for
patients with brain metastases [6, 12—14]. Intervention in cancer patients depends
on overall performance status, predicted survival time, recursive partitioning analy-
sis (RPA) class, medical comorbidities, and patient preferences, among numerous
other factors. For patients with larger brain metastases whom are not ideal candi-
dates for radiosurgery (larger tumor volumes, surrounding vasogenic edema, and/or
long-term corticosteroid dependence), options may include surgical resection or
laser-induced thermal therapy (LITT) [6, 15]. Patients with large (>2 cm), isolated,
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deep-seated metastatic lesions with associated mass effect may be considered suit-
able candidates for a trans-sulcal MIPS approach followed by adjuvant SRS. This
approach is advantageous when the lesion is found in subcortical critical white mat-
ter tracts or nearby basal ganglia and thalamus. These surgical candidates are typi-
cally in RPA class I (age <65 years, KPS >70, controlled primary cancer, and no
extracranial metastases) or RPA class II (age >65 years, KPS >70, uncontrolled
primary cancer, and/or extracranial metastases) [4, 5]. In some cases, patients can
present with suspected brain metastases without a known primary cancer or tumors
observed with CT or PET imaging. Melanoma is a classic example of an occult
cancer that may present with brain metastasis. In these cases, an additional indica-
tion for surgery would be for tissue diagnosis to guide subsequent treatment.

Surgical Planning and Approach

In patients with subcortical brain metastases, the surgical goal should be maximal
safe tumor resection with avoidance of new neurologic deficits. Generally, all cases
can be performed under general endotracheal anesthesia with intraoperative neuro-
physiologic monitoring. In select cases, MIPS can be used during awake craniot-
omy with mapping for tumors arising in or near eloquent speech or motor regions.
Depending on the modalities that will be utilized, SSEP and MEP monitoring and
cortical/subcortical speech and motor mapping should be planned for. The patient’s
head is placed in a Mayfield skull clamp while trying to keep the head in a neutral
plain to facilitate orientation. The craniotomy should be centered on the desired
sulcus, thus allowing for a trans-sulcal, MIPS approach to minimize potential injury
to adjacent eloquent cortical and subcortical areas. Functional and DTI sequences
should be used to plan a trajectory parallel to key subcortical tracts including the
corticospinal tract, optic radiations, cingulate gyrus, superior longitudinal fascicu-
lus (SLF), inferior longitudinal fasciculus (ILF), arcuate fasciculus, frontal aslant
tract (FAT; association fibers of the supplementary motor area complex), and other
key white matter tracts. Surgical planning based on a prespecified entry and target
point, as well as trajectory, may not be the shortest route to the subcortical mass, but
may utilize a longer route to avoid or be in parallel with critical tracts in order to
avoid shear injury to these fascicles. When planning an approach and target point
for docking and navigation, a deep or surface docking approach may be selected.
For most tumors without associated hematomas, we recommend docking on the
surface of the tumor. Navigational guidance can assist with planning an ideal skin
incision (~4 cm), craniotomy (~3 cm), dural opening (14 mm), and sulcal identifica-
tion (Fig. 11.1). Minimal diuresis is required for these operations.

Following the craniotomy, the dura is opened in a cruciate fashion. At this point,
the exoscope (Karl Storz Endoscopy, Tuttlingen, Germany, or Synaptive Medical,
Toronto, Canada) can be brought into the field for operative visualization [16, 17],
which can be secured to a pneumatic holder (Karl Storz Endoscopy, Tuttlingen,
Germany) or other type of holder for visualization and mobilization. The selected
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Fig. 11.1 Navigation-guided trajectory. Frameless stereotactic navigation was utilized to plan and
execute a surgical corridor based on assessing sagittal, coronal, and axial images. Identifying of
appropriate sulcus for BrainPath retractor entry. (Bakhsheshian et al. [8]. The republishing license
is re-attached for your records)

Fig. 11.2 Identifying the
appropriate sulcus is for
BrainPath retractor entry

sulcus can be carefully dissected sharply under exoscopic visualization and magni-
fication (Figs. 11.2 and 11.3) using a bimanual technique. A preselected tubular
retractor length, based on the trajectory/approach distance, can then be passed to
and docked on the superficial surface of the lesion with the aid of stereotactic navi-
gation guidance. Once the superficial aspect of the lesion is reached, the tubular
retractor can be fixated using a standard retractor system. The obturator can then be
removed, and the exoscope can be used to visualize and resect the tumor at the distal
end of the port (Fig. 11.4).

A pseudo en bloc resection can be performed, involving internal debulking with
the use of a combination of tumor forceps, suction, tissue-resection device (e.g.,
cutting aspirator or ultrasonic aspirator), and/or bipolar cautery, followed by deliv-
ering the capsule of the tumor circumferentially in one piece. Tumor resection can
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Fig. 11.3 Sulcal opening
used to introduce the
tubular retractor

Fig. 11.4 View of the
metastatic lesion with the
tubular retractor and
exoscope

be performed using standard bimanual microsurgical methods, including piecemeal
resection, a side-cutting aspirator, and/or ultrasonic aspirating instruments as needed
[18, 19]. During internal debulking, it is important to confine the tumor cells to the
tubular retractor to minimize potential dissemination of disease. In cases of larger
tumors, the tubular retractor can be manipulated and toggled circumferentially to
access the entire tumor. When lesions are adjacent to eloquent motor or speech
regions, resection through a piecemeal fashion of tumors nearby eloquent regions
may be preferred in an effort to avoid postoperative deficits and used in conjunction
with subcortical motor mapping to determine distance to critical corticospinal tracts.
In these cases, subtotal resection with the goal of optimizing an adaptive target for
subsequent stereotactic radiosurgery may be the preferred option.

In general, hemostasis can be successfully acquired through standard microsur-
gical techniques, with bayoneted bipolar forceps and the application of standard
hemostatic agents (Fig. 11.5). Following resection and achievement of hemostasis,
the retractor can be withdrawn, and the dura, bone, and skin can be closed in a stan-
dard multilayer fashion. Patients should undergo postoperative stereotactic radio-
surgery to the resection cavity within 3 weeks of the surgery.
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Fig. 11.5 Sulcal entry
point after the tubular
retractor was withdrawn
and hemostasis was
achieved

Fig. 11.6 Example of preoperative imaging of deep-seated metastatic lesion. (Left) Preoperative
T1-weighted MRI and (center) T1-weighted post-contrast MRI demonstrated 2.6 x 2.5 cm lobular
heterogeneous enhancing lesion within the left parietal periatrial white matter, consistent with a
metastatic lesion. (Right) FLAIR MRI demonstrated moderate to large amount of adjacent vaso-
genic edema and foci of hemorrhage within the lesion (observed on other sequences)

Illustrative Case [8]

A 72-year-old man with a past medical history of stage IV colon adenocarcinoma
presented with aphasia, right-sided apraxia, and visual field deficits. Magnetic reso-
nance imaging (MRI) showed a single, heterogeneously enhancing 2 cm mass with
a significant amount of surrounding vasogenic edema found within the left parietal
periventricular white matter (Fig. 11.6) and extending anteriorly into the region of
the internal capsule. Given the patient’s neurologic symptoms, single nature of brain
disease, location of lesion, and degree of surrounding edema, surgical resection via
MIPS followed by adjuvant radiosurgery was recommended. Under navigational
guidance (Fig. 11.1), a 3 cm craniotomy was performed in the left parieto-occipital
region, and a 14 mm dural opening was made. A sulcus was identified for the entry
point with navigation and dissected open (Figs. 11.2 and 11.3). A 50 mm BrainPath
retractor was inserted into the dissected sulcus and cannulated to a depth of 45 mm
using navigation guidance in parallel with the optic radiations and then secured. The
obturator was then removed, and the exoscope was used to visualize and resect the
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Fig. 11.7 Example of postoperative imaging of deep-seated metastatic lesion. (Left) Immediate
postoperative T1-weighted MRI and T1-weighted post-contrast MRI (center) demonstrated gross
total resection of left parietal mass and decreased (right) signal on FLAIR

tumor and the distal end of the port (Fig. 11.4). The tumor was removed using a
combination of suction, piecemeal resection, and side-cutting aspirator until an
intraoperative GTR was achieved. There were no changes in somatosensory or
motor evoked potential monitoring. Following meticulous hemostasis, the tube was
gently withdrawn, and hemostasis was achieved along the tract using Surgicel
(Fig. 11.5). Immediate postoperative MR imaging confirmed GTR (Fig. 11.7). The
final pathology diagnosis was consistent with metastatic colon adenocarcinoma.
There were no complications associated with the surgery, and the patient was dis-
charged home on postoperative day 2. He subsequently received adjuvant radiosur-
gery to the resection cavity followed by chemotherapy and rapid tapering off
corticosteroids. At 3-month follow-up, the patient’s presenting neurologic symp-
toms had resolved. MRI at that time demonstrated no evidence of residual or recur-
rent tumor.

Evidence

The resection of single, symptomatic brain metastases in conjunction with radiation-
based treatments has already been shown to demonstrate an overall survival benefit
in class I randomized clinical trial studies [4, 5]. Furthermore, acquiring gross total
resection (GTR) of brain metastases has been shown to improve patient survival in
retrospective comparative studies [20, 21]. Resections of metastatic lesions through
a modern tubular port, even those prone to hemorrhage, do not appear to pose as a
major obstacle for resection. The utilization of a navigable tubular retractor and
exoscope appears to be a safe and feasible surgical option for trans-sulcal resection
of carefully selected metastatic brain lesions.

There are a number of case series that have demonstrated the feasibility and
safety in the use of MIPS with exoscopic visualization for deep-seated metastatic
lesions [8—11].
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Our institution led and published a multi-center retrospective study including 25
patients harboring metastatic brain tumors, where GTR was achieved in 80% of
patient. In this series, 19 patients (76%) demonstrated neurologic improvement;
20% remained stable. Complications occurred in one patient (4.0%), which included
postoperative hemiparesis and subsequent deep vein thrombosis. This patient had a
3.5 cm lesion (measured at widest diameter) with a firm capsule and core located in
the deep left frontal lobe adjacent to the posterior internal capsule. During surgical
resection of the medial portion of this lesion, reductions in right-sided motor evoked
potentials were noted, and the resection was aborted (subtotal resection of brain
metastases may be the surgical goal for selected deep-seated lesions located near
eloquent regions). The patient had postoperative hemiparesis that gradually resolved.
J.D. Day reported a single-surgeon experience with this approach in 20 metastatic
brain tumors, where GTR was achieved in 19 (95%), postoperative hemorrhage
occurred in 1 (5%) that did not require evacuation, no neurologic deficits, and peri-
operative mortality in 1 (5%) due to pulmonary complications in a patient with
non-small cell lung carcinoma [9]. Gassie et al. investigated 15 deep-seated meta-
static brain tumor cases and obtained GTR in 14 (93%) and observed no local com-
plications [10]. Generally, this technique was not associated with a higher risk of
complications, and most patients were able to undergo postoperative SRS.

To date, this technique has been performed with the aid of the microscope, endo-
scope, and exoscope using tubular retraction systems [16, 18, 22]. The use of an
exoscope has a wider focal distance and volume of focus while providing high-
quality views of the surgical field on a monitor [16, 17]. Thus, there has been a
growing interest in investigating the use of the exoscope with modern tubular retrac-
tion systems for accessing subcortical brain lesions [16—18, 23, 24]. The use of an
endoscope with modern tubular retractors has previously been shown to result in
higher rates of subtotal resections [25, 26].

Deep-seated tumors typically require larger craniotomies and dural openings for
access. Retraction during these cases may result in increased ischemic injury to
adjacent normal tissue [27]. As a result, the surgical management of many deep-
seated tumors has been limited by its associated complications and with the advent
of radiosurgery as a viable treatment option. However, radiosurgery alone does not
offer the benefits of relieving associated mass effect, debulking to increase effec-
tiveness of adjuvant treatments, and tissue sampling for molecular analyses and
targeted treatments.

Additional benefits with the current MIPS approach may also include shorter
hospital length of stay. While a direct comparison between channel-based parafas-
cicular and open traditional approaches cannot be drawn, median postoperative hos-
pital stay appeared to be lower with the channel-based technique than prior reports
(2 days vs. 67 days) [1, 28]. The hospital stay data can also be confounded by
required additional diagnostic evaluations/consultations or length of inpatient
rehabilitation.
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Additional Considerations

Deep-seated subcortical metastatic lesions represent a subset of the population of
patients with metastatic tumors. There currently are no high-level comparative stud-
ies demonstrating their superiority over traditional approaches. However, the use of
channel-based retraction is minimally invasive, which provides a safe alternative
surgical approach.

Subtotal resection of brain metastases may be a cogent surgical goal for selected
deep-seated lesions located near eloquent regions. Tumors in eloquent regions may
require resection using a piecemeal or pseudo en bloc fashion, as an en bloc resec-
tion is not feasible in these regions. Previous investigations have suggested that
piecemeal resection of single metastatic brain lesions may increase the risk for lep-
tomeningeal disease and local recurrence when compared to en bloc resection [29,
30]. However, postoperative radiotherapy was not performed in those cases included
in prior investigative studies, and it remains unclear if the benefit of en bloc resec-
tion would still be present with modern postoperative radiation treatment options.

A tumor’s consistency (i.e., firmness) is an important factor to be aware of, as it
may become a surgical obstacle. A softer tumor consistency will likely be more
amenable for channel-based resection [8]. This is in line with reports that the soft
consistency of intracerebral hematomas likely facilitates channel-based evacuation
[23, 24]. Predicting the consistency of tumors, including adhesion to surrounding
brain parenchyma, could provide valuable information for preoperative planning
and predicting the extent of resection [31, 32]. At the very least, presurgical knowl-
edge pertaining to the consistency of the lesion may help planning surface or deep
docking into a tumor, as surface docking is mandated in very firm or calcified tumors.

Conclusions

Brain metastases are the most common intracranial neoplasms, and their reported
incidence continues to increase [1]. When used in combination with radiation-based
treatments, safe maximal surgical resection has been advocated as a primary option
for selected patients with brain metastasis [1, 6, 28]. Multiple case series have dem-
onstrated that utilization of a navigable tubular retractor appears to be a safe and
feasible surgical option for trans-sulcal, MIPS resection of carefully selected meta-
static brain lesions. Additional benefits with the current approach may include
shorter hospital length of stay, safer tissue acquisition, and optimization of target
volume for subsequent stereotactic radiosurgery.
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Chapter 12

Minimally Invasive Parafascicular Surgery
(MIPS) for Primary and Metastatic Brain
Neoplasms

Check for
updates

J. D. Day

Introduction

Subcortical neoplasms present a particularly challenging problem for surgical
resection in terms of limiting disruption of cortical tissue and white matter. The
lesions are by nature deep in the brain tissue, and therefore access is limited by the
morbidity that is inherent in dissecting cortex and white matter to reach the lesion.
Traditionally, a corticotomy with blunt white matter separation or division followed
by placement of fixed blade retractors to access the lesion has been practiced.
Dissecting through white matter with bipolar forceps is inherently disruptive to the
tracts. Combined with retraction by fixed blade retractors that apply pressure, espe-
cially at the edge of the retractor blades, it is likely that significant damage to white
matter can occur with this method. Further compounding the problem is the charac-
ter of enhancing vision with the surgical microscope that has its own inherent limi-
tations when viewing down a narrow corridor in terms of light delivery and depth of
field. Focal depth is limited with the microscope. Light delivery down a narrow
corridor is limited depending on the width and depth of the approach corridor. Given
our current state of knowledge of brain connectivity, and technological develop-
ments in the areas of optics, computer power, image guidance, and miniaturized
mechanical devices, a better strategy is mandated.

Different methods have been proposed to improve upon our ability to access
such deep lesions while minimizing morbidity [1, 2]. The method that is discussed
in this chapter utilizes a combination of imaging technology (e.g., diffusion tensor
imaging), computerized image guidance, a tubular retraction device, a
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high-definition visualization platform, and a specially designed side-cutting aspira-
tion resection device [3-5] to mitigate against excessive damage to white matter
tracts while accessing subcortical lesions.

Patient Selection

As with most every situation that neurosurgeons are called to intervene, patient
selection for the particular method proposed is critical to a successful outcome.
Even the most technically well-done operation can fail if the lesion is not amenable
to the approach. This technique is certainly and particularly no exception to that
rule. This surgical technique is appropriate for subcortical neoplasms, intracerebral
hematomas [6], and selected intraventricular lesions. This discussion will focus on
appropriate use for neoplasms.

Both primary and secondary subcortical neoplasms may be considered for resec-
tion with this technique. There are a number of considerations to take into account
based upon preoperative imaging. Though lesions of any depth may be considered,
a lesion that presents to the surface is not an ideal candidate for this technique unless
a hybrid approach, incorporating both traditional microsurgery and a trans-sulcal
parafascicular approach, is the operative plan. Many neoplasms that involve the
cortical surface of course can be well handled through a small, targeted (i.e., image-
guided) craniotomy and microsurgically removed. In general, lesions that are below
the cortical surface are good candidates for the technique, especially if deeply
located (Fig. 12.1). Tumors involving the basal ganglia and those that are periven-
tricular or deep within lobar white matter are ideal (Fig. 12.2). Lesions in a cerebel-
lar hemisphere may also be considered. Lesions that arise from, or extend to, the
skull base are probably better treated via an alternative strategy.

Preoperative Preparation and Planning

When considering utilization of this technique for subcortical tumors, complete
imaging information is integral in formulating an operative strategy. Magnetic reso-
nance imaging (MRI) must include diffusion-weighted imaging (DWI) and diffu-
sion tensor imaging (DTI) with three-dimensional tractography studies to assist in
surgical planning (Fig. 12.3). The essential importance of these studies cannot be
overstated.

DWI studies help to determine the character of the neoplasm in terms of water
content, which helps predict the density and firmness of the tumor (Fig. 12.4). This
is particularly important in planning whether to penetrate the port into the tumor, a
so-called depth cannulation, or to target the surface of the tumor, a so-called surface
cannulation. The technical considerations of this will be discussed later in the dis-
cussion. In general, lesions that appear to be soft will be best approached by
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Fig. 12.1 (a) Preoperative MRI T1 axial (i), sagittal (ii), and coronal (iii) views with contrast of a
glioblastoma in a 63-year-old patient treated with the minimally invasive parafascicular surgery
(MIPS) technique. (b) Postoperative MRI T1 axial (i), sagittal (ii), and coronal (iii) films demon-
strating gross total resection. (¢) Screenshot of axial slice of a three-dimensional tractography
study on the patient prior to surgery. (d) (i) Preoperative MRI T1 with DTI mapping overlay dem-
T2 axial and coronal views demonstrating significant peritumoral edema. (e) Postoperative MRI
T1 axial (i), sagittal (ii), and coronal (iii) images demonstrating gross total resection
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Fig. 12.1 (continued)



12 Minimally Invasive Parafascicular Surgery (MIPS) for Primary and Metastatic... 169

Fig. 12.1 (continued)
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Fig. 12.1 (continued)
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Fig. 12.2 Examples of tumors amenable to a MIPS technique. (a) Preoperative MRI T1 with con-
trast axial (i), FLAIR axial (ii), and T2 coronal (iii) views of a left temporal glioblastoma in a 52-year-
old woman. Postoperative T1 with contrast axial (iv, v) views showing approach tract via the superior
temporal sulcus. (b) A 64-year-old woman with short-term memory loss with MRI T1 contrast axial
(1), coronal (ii), and sagittal (iii) views showing a high-grade glioma. Postoperative T1 contrast axial
(iv), coronal (v), and sagittal (vi) postoperative views showing the parieto-occipital approach trajec-
tory. (¢) Large right temporal mass in a 53-year-old man. Preoperative MRI T1 contrast axial (i),
coronal (ii), and sagittal (iii) views prior to a posterior temporal MIPS approach. Axial (iv), coronal
(v), and sagittal (vi) postoperative MRI T1 contrast imaging demonstrated gross total resection
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Fig. 12.2 (continued)
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Fig. 12.2 (continued)
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Fig. 12.3 (a) Example case of a patient with a left parieto-occipital glioblastoma treated with
MIPS utilizing the Synaptive Bright Matter software platform for preoperative evaluation and
planning. Tractography is the first step in evaluating options for trajectory planning. (b) A trajec-
tory to the lesion as parallel as possible to the displaced tracts is planned with a depth cannulation
owing to the soft nature of the tumor determined on DWI. (¢) The craniotomy planning feature of
the software is utilized to help predict the appropriate craniotomy to effectively reach the
entire lesion
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Fig. 12.3 (continued)

targeting a point in the depth of the tumor. More dense, firm lesions are planned so
as to place the BrainPath retractor at the surface of the lesion.

Careful study of the MRI data is critical as part of this technique. The tubular
port (e.g., BrainPath) is inserted in a trans-sulcal manner, and therefore this is an
additional important planning aspect. A combination of the DTI data and the surface
anatomy of the brain is considered in planning the approach (Fig. 12.5). A cannula-
tion that is as parallel as possible to the direction of any major white matter fascicu-
lar bundle is optimal. Also of consideration is the shape of the lesion. As much as
possible, the trajectory of approach should be planned along the long axis of a
lesion. This is an important consideration as in most every case, a degree of toggling
of the port is necessary to reach all portions of the tumor. Any limitation in toggling
of the port must be considered and is included in at least some software packages
for planning based upon the DTI data. A combination of these two factors, fascicu-
lar anatomy and tumor size and shape, is a primary consideration in surgical
planning.

Patients may be operated either under general anesthesia or awake with con-
scious sedation. The selection of anesthetic method depends upon a number of fac-
tors, both patient and lesion location specific. Certainly, tumors in eloquent areas
that lend themselves to physical examination and determination of function are gen-
erally operated in the author’s practice under a protocol for awake craniotomy. An
additional potential advantage of awake craniotomy is a faster recovery and dis-
charge from the hospital. Therefore, it is often advantageous to employ an awake
technique if the patient can tolerate the procedure. Factors that have been found to
be a relative contraindication in the author’s experience to an awake craniotomy are
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Fig. 12.4 Evaluation of the characteristics of the tumor utilizing diffusion-weighted imaging is an
important element of preoperative planning and helps to inform the decision regarding whether a
surface or depth cannulation is most appropriate. (a) Preoperative MRI T1 contrast axial (i), coro-
nal (ii), and sagittal (iii) images in a 34-year-old woman with metastatic lung cancer to the right
parietal region. The diffusion-weighted image sequences, BO, B1000, ISO, DWI, and ADC, indi-
cate that this is a solid tumor. The postoperative axial MRI T'1 contrast images (iv, v) demonstrated
a gross total resection of the tumor. (b) A 53-year-old woman presented with seizures, and the MRI
T1 contrast axial (i, ii, iii) images demonstrated a large left frontal mass consistent with tumor. The
B0, B1000, DWI, and ADC sequences indicated a high water content, soft tumor. Depth cannula-
tion as part of a hybrid approach resulted in gross total resection (iv, v)
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Fig. 12.4 (continued)
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Fig. 12.4 (continued)
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Fig. 12.4 (continued)
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Fig. 12.5 (a) The Bright Matter software system from Synaptive is demonstrated in the case of a
periventricular glioma for planning of the MIPS approach by first considering the white matter
anatomy and its deformation by the tumor. (b) An approach corridor is simulated as a subsequent
step in the planning process, taking note of the white matter tracts that will interact with the can-
nulation of the port. (¢) A final step in planning is determining the size and position of the crani-
otomy that will allow appropriate manipulation of the port to reach the entire extent of the lesion
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Fig. 12.5 (continued)

a history of drug use/abuse, alcohol abuse, psychiatric disorder, and general height-
ened anxiety. Some locations do not control neurologic functions that can be moni-
tored through physical examination and therefore are typically done under general
anesthesia to eliminate the general stress to the patient of an awake craniotomy,
especially if any of the above contraindications are present.

Surgical Technique

The patient is positioned according to the preoperative plan with respect to approach
trajectory. This may call for positioning either supine, lateral, or park bench. Prone
positioning may present particular problems owing to the image guidance platform
requirements for registration. In the author’s experience, the prone position presents
particular challenges with this technique. The author’s preferred alternative is a lat-
eral or park bench position for posterior fossa or occipital lesions. In such cases,
gravity is also a consideration in terms of how the brain will shift as tumor removal
progresses. Accurately predicting how the brain will collapse on a resection cavity
can mean the difference between a gross total and subtotal resection, especially in a
soft tumor like some gliomas. Cavity collapse can result in a deep pocket of tumor
that is missed and will require an early return to the operating room. A part of this
element of preoperative consideration is deep versus surface cannulation with the
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Fig. 12.6 Optimal
positioning of equipment
and viewing screens is
critical for surgeon comfort
and ergonomics

port, depending on the predicted consistency of the neoplasm. Depth cannulation is
generally the plan for soft neoplasms in the author’s practice in order to resect deep
portions of the tumor initially, attempting to avoid the effects of a collapsing resec-
tion cavity.

Once the patient is in position, the optimal positions of the various necessary
equipment are arranged. Arrangement of the operating room is of particular impor-
tance for this technique (Fig. 12.6). Whatever the patient position, care is taken to
place the viewing monitor and the image guidance monitor within direct view of the
surgeon. It is not optimal, or comfortable, to have these monitors in a position that
the surgeon has to turn his/her head while working. The monitors must be in the
direct view of the operating surgeon. Also, of importance, optimal positioning of the
exoscope (e.g., Storz Vitom) on the pneumatic arm (e.g., Mitaka arm) is of vital
importance if utilizing this particular system. Particular care is taken to place the
arm at an optimal position to hold the imaging device along the projected viewing
angle and in a comfortable position for the surgeon. This is the case for any of the
current systems in use.

With the patient positioned and the equipment arranged in the optimal position,
the patient is registered in three-dimensional space with the image guidance system.
A trajectory-centric system is preferred. The preplanned entry point is marked on
the scalp, and it is important to test the preplanned trajectory to make sure it is
attainable as the patient is positioned. After confirming that it is an attainable trajec-
tory as the patient is positioned, the incision is planned. Typically, a slightly curved,
“Lazy S” incision is optimal. The craniotomy required is approximately 2 cm in
diameter; therefore, no more than a 4 cm incision is typically required. Depending
upon the approach trajectory, the craniotomy may be necessarily shifted to accom-
modate the trajectory of the port. A minimum of hair removal is necessary, typically
a thin strip along the line of incision.

The incision and craniotomy are made. It is best to retract the scalp with low-
profile blunt scalp hooks to avoid a potential collision with the port and its holding
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mechanism. This can affect not only the ability to toggle the port as needed but also
the depth the port can be placed. The dural opening is limited to just larger than the
diameter of an average port such as the BrainPath device (13 mm). It may be advis-
able to utilize the ultrasound to confirm the position of the planned sulcus for entry
prior to dural opening. The dural flaps are tacked up with suture. The exoscope is
brought into place to view the cortical surface with magnification. The sulcal entry
point is confirmed with the image guidance probe and adjusted as necessary. The
arachnoid over the sulcus is opened using microsurgical technique. A wide opening
of the arachnoid is not necessary; approximately 3—6 mm is sufficient for introduc-
tion of the port into the sulcus.

The port device is then advanced through the opening in the arachnoid into the
sulcus and to the preplanned depth. The obturator tip is 10 mm beyond the rim of
the retractor tube when using a port such as the BrainPath (Nico Corp., USA); there-
fore, the tube is advanced over the obturator to the preplanned depth and the obtura-
tor removed. In cases of depth cannulation, the port will be within the lesion. For
surface cannulation cases, a cuff of white matter typically is retained over the lesion
and is visible. This will be removed to expose the lesion.

The lesion is then resected utilizing a combination of suction, bipolar cautery,
and a side-cutting aspirator such as the Myriad (Nico Corp., USA) device. Owing to
the small diameter of the BrainPath port, other devices, such as an ultrasonic aspira-
tor, are not small enough to utilize with this device. The optimal technique for resec-
tion is a “two-handed” technique whereby the surgeon uses the Myriad for suction
and resection in one hand and the bipolar cautery for hemostasis and mobilization
of tumor tissue simultaneously in the other. The Myriad device provides a small
diameter suction tube with adjustable pressure in combination with a tissue cutting
function that can be turned off and on. The small diameter of the device is key to
allowing adequate visualization owing to the limited working diameter of the
BrainPath device.

Once hemostasis is obtained, the BrainPath is withdrawn from the brain. A small
piece of Gelfoam is then placed over the exposed brain and the dura closed with
suture. The bone flap is replaced and secured with miniplates and screws. The scalp
is then closed and a dressing applied.

The author’s general practice is to admit the patient to our regular inpatient unit
after post-anesthesia recovery. Patients are observed closely by the nursing staff
with neurologic exam every 2 hours until 12—18 hours after surgery. Hospital length
of stay varies between 1 and 3 days in general.

Discussion

Accessing selected neoplastic subcortical lesions via a trans-sulcal parafascicular
approach using a port retractor device is a viable and generally safe alternative to a
traditional transcortical microsurgical approach. Essentially any primary or meta-
static brain tumor in the subcortical space may be considered to utilize this strategy.
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However, experience with the technique is necessary to make a sound judgment
regarding the suitability of this approach for any particular case. This discussion
will focus on particular surgical pearls that have been gained from the author’s
experience with various lesions.

Primary Brain Tumors

Glial tumors located in a subcortical location are reasonable candidates for utiliza-
tion of this strategy. High-grade tumors that are generally soft in consistency are
well suited based upon the ability to resect the tumor essentially from the inside-out.
Abnormal tumor tissue that is readily discernible from surrounding white matter
can be well resected with suction or the Myriad® device. Adjustments in viewing
angle and toggling the BrainPath® appropriately to resect the tumor in all quadrants
can result in a gross total resection of the enhancing portion of the lesion. The abil-
ity to obtain a gross total resection is dependent upon the location, size, and experi-
ence with this technique.

In general, the author’s strategy is to perform a depth cannulation if the DWI
information indicates that the tumor will be sufficiently soft. The reasons for this are
multiple. First, resecting the deep portion first allows for a soft tumor to collapse
into the cavity created, thus delivering itself in large part into the cavity much like
what is experienced in evacuation through the port in an intracerebral hematoma
case. It is important to identify any predetermined anatomical landmarks in the
depth prior to retracting the port more superficially. As the port is gradually retracted,
it is toggled appropriately to resect tumor until normal-appearing white matter is
encountered at all margins of the cavity. As always, the author advocates a two-
handed technique whereby the side-cutting aspirator is held in the non-dominant
hand and used to suction and resect tumor while the dominant hand utilizes the
bipolar cautery forceps to continually manage hemostasis and to mobilize tumor
tissue toward the resection device. This technique provides an efficient way to resect
tumor while maintaining a hemostatic field.

In many specialized centers, the importance of tumor genetics has taken on a
central role in treatment decisions for glial tumors. This technique has been incor-
porated and expanded in the author’s institution as a part of the movement toward
personalized medicine treatment of brain tumors. Targeted tumor collection is made
efficient with this technique to sample particular areas of interest that may better
define therapeutic targets on a molecular genetic basis, in particular the periven-
tricular progenitor zone.

A hybrid approach is incorporated in selected cases to provide certain advan-
tages of both port-based resection and traditional open microsurgery. In such cases,
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typical is a tumor that extends from the periventricular area out to the cortical sur-
face. In these cases, the deep portion of the tumor is planned for resection via a port
technique, passing through the tumor, in order to sample and resect the hypothe-
sized progenitor zone. Subcortical stimulation is used when appropriate to help pre-
serve motor function. This zone is that which is expected to harbor the least amount
of genetic heterogeneity, thus potentially offering the most accurate determination
of potential therapeutic targets. In performing such a hybrid approach, the surface
involvement of the tumor is taken into account necessarily, and therefore the crani-
otomy is appropriately sized. Once the deep portion is resected, the sulcal borders
of the tumor at the surface are utilized to complete the resection with a traditional
microsurgical approach. Utilization of 5-ALA is also routine in our practice and can
be viewed both microsurgically and through the port (Fig. 12.7).

Fig. 12.7 (a) A 57-year-old man presented with mass effect symptoms and imaging suggestive of
a high-grade glioma (MRI T1 with contrast axial (i), coronal (ii), and sagittal (iii)). (b) The opera-
tive plan was developed based upon tractography, utilizing a frontal trajectory (i, ii, iii). The patient
was administered 5-ALA which is visible through the port with the appropriate 450 nM filter. (c)
Postoperative MRI T1 contrast axial (i), coronal (ii), and sagittal (iii) images demonstrated a gross
total resection



Fig. 12.7 (continued)
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Fig. 12.7 (continued)
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Metastatic Tumors

Aside from location, a particularly important element of preoperative evaluation in
cases of metastatic tumors is an analysis of the DWI. Predicting the character of the
tumor tissue with respect to its firmness based upon water content is helpful in terms
of selecting the depth of cannulation with a port such as the BrainPath®. As in high-
grade primary lesions, a soft lesion is amenable to a so-called depth cannulation,
targeting the tube depth to a point within the tumor. This results in a resection strat-
egy characterized by an inside-out resection, stopping at the white matter borders of
the lesion. Metastatic tumors with a high degree of central tumor necrosis are ame-
nable to this strategy. However, this is not an appropriate strategy with this method
in the case of a firm tumor.

In the case of a firm tumor, a so-called “surface cannulation” is appropriate, tar-
geting the capsule of the mass and not penetrating the tumor tissue. Many metastatic
lesions are firm enough that they will not be penetrable with a port. Whether the
lesion is large or small, a firm tumor may be displaced by the port if firm and a depth
cannulation is attempted. This is a result of the tumor “rolling” out of the field of
view by displacement during cannulation. Awareness of this particular potential pit-
fall will help mitigate the possibility of difficulty localizing the mass. Experience
also helps in predicting how a lesion may roll out of the pathway of the port. Also
helpful in such situations is utilizing ultrasound down the port to visualize the tumor.

Resection of metastatic tumors through the port is very much like doing so with
a microsurgical technique. The firm nature of most metastatic tumors lends itself to
following the margins of the lesion around the tumor and resecting with a side-
cutting aspirator device. This is an outside-to-inside technique in contrast to resect-
ing soft tumors via a depth cannulation. In general, the author’s experience
demonstrates that a gross total resection of deep subcortical metastatic tumors,
while minimizing tissue disruption, is possible with this technique and has become
the preferred method in practice. Surgical resection is typically followed up with
adjuvant stereotactic radiosurgery.

Intraventricular Lesions

Intraventricular lesions can be well suited to this technique. Operative planning
must take into consideration how the port will access the ventricle. In most tumor
cases, the tumor extends to the ventricular lumen from the wall of the ventricle. In
such cases, the ventricle is essentially entered through the tumor as part of the resec-
tion. Good examples of this are ependymomas (Fig. 12.8) and subependymal giant
cell astrocytomas. In other cases, such as a central neurocytoma, for example, the
origin of the tumor is deep, and the path the port will take into the ventricular lumen
must be taken into account. With insufficient ventricular caliber and a particular
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trajectory, it is possible that the port could shear off structures in the wall of the
ventricle, such as the caudate head. Visualization of the ventricular anatomy is at
least equivalent to that obtained endoscopically. A particular advantage in visualiza-
tion with the exoscope through the port is if any significant bleeding is encountered.
The ability to isolate and coagulate the bleeding point is superior in this technique
versus the endoscopic technique when blood in cerebrospinal fluid can greatly
obscure vision. The port technique allows operating in a dry field and is more effi-
cient to resect a tumor of any significant size.

Fig. 12.8 Intraventricular lesions can be addressed with the MIPS technique when proper consid-
erations are taken into account. (a) This patient had two foci of metastatic ependymoma and was
responsive to prior treatment with a good Karnofsky performance score. Two procedures were
performed to resect the lesions in the right frontal horn and the left atrium as seen on the T1 con-
trast axial (i, ii) and sagittal (iii) images. (b) Postoperative MRI T1 contrast axial (i) and sagittal
(i, iii, iv) images demonstrated gross total resection of the lesions
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Fig. 12.8 (continued)

Conclusion

The current armamentarium of minimally invasive techniques in cranial surgery
includes a number of strategies that take advantage of our current state of technol-
ogy in advanced imaging, high-definition viewing platforms, and innovative instru-
mentation. The BrainPath® device for access to subcortical lesions is being adopted
across multiple centers as an attractive alternative to traditional microsurgical trans-
cortical techniques. Accumulated experience with this technique will lead to further
refinements in defining the indications for this approach, as well as improvements
in instrumentation and operative technique.
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Chapter 13
Trans-sulcal, Channel-Based
Parafascicular Biopsy Techniques

Evan D. Bander and Rohan Ramakrishna

Introduction

Advancing tools in genetic analysis, epigenetics, and proteomics have revealed the
wide genetic heterogeneity of tumors. Simple histopathology and microscopic diag-
noses are no longer sufficient to classify tumors in neuro-oncology. The new World
Health Organization (WHO) grading of central nervous system tumors has acknowl-
edged this by making molecular markers a critical element of an integrated diagno-
sis. These molecular markers can be essential indicators of prognosis [1-5] and
response to treatment/chemotherapy [6, 7] and represent targets for innovative new
therapies.

With these scientific advances comes the need to tailor our clinical management.
The need for larger quantities of tissue for advanced analysis and biobanking is now
of paramount importance to help guide patient therapies. Obtaining minimal tissue
for the purpose of only histologic diagnosis is no longer sufficient. With the growing
need for tissue, tools such as tubular/channel-based retractors have become opera-
tive adjuncts in biopsies to maximize access and visualization of deep-seated lesions
while minimizing collateral tissue damage compared to fixed blade retractors [8, 9].
Tubular retractors have been recognized for use in the resection of deep intracranial
tumors and for evacuation of subcortical hematomas and neoplastic lesions of the
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brainstem, basal ganglia, and ventricles [10-33]. Now their use has also been refined
to obtain biopsy samples via small craniotomies and a trans-sulcal course for the
tubular retractor.

Traditional/Alternative Approaches

Before turning to the use of channel-based biopsies, we first must consider the alter-
natives. Traditionally, deep-seated unresectable tumors or those in highly eloquent
locations had been sampled using navigated stereotactic frame-based or frameless
needle biopsies [34-39]. These needle biopsies provide small volume specimens
and sample tissue from limited locations along the same trajectory. Multiple speci-
mens can be taken from the same or different locations in the tumor; however, each
pass of the needle incurs a further risk of hematoma. Diagnostic success with this
technique varies widely, but success rates can be as low as 60-70% in some cases
[40—44]. Non-diagnostic samples can occur at high rates (13%, Table 13.1), some-
times requiring repeat operations to obtain a diagnosis [9]. Furthermore, there is a
non-trivial rate of misdiagnosis or under-grading of tumors, which has been reported
to occur in 9.2-28.0% of neoplastic lesions, respectively [43, 45]. Finally, for high-
grade lesions, retrieved tissue may often be necrotic, limiting the diagnostic utility.

Given that stereotactic biopsies are minimally invasive and blind procedures,
visualization of hemostasis cannot be achieved. As such, hematomas related to the
procedure often cannot be diagnosed and treated until after the operation. Standard
of care varies between institutions, but in a survey of surgeons, Warnick et al. found
that ~59% of respondents obtain post-operative CT on all stereotactic biopsy
patients [46]. The rate of immediate post-operative hematoma in the literature varies
between 2% and 8% [9, 46—49]. Many of these post-operative hematomas remain

Table 13.1 Comparison of stereotactic and tubular biopsy outcomes

Stereotactic biopsy Transtubular biopsy

(n = 146) (n=18)

Mean (SD) or freq (%) | Mean (SD) or freq (%) | p-value®
Biopsy/pathology outcomes
Non-diagnostic sample obtained | 19 (13.0%) 0 (0%) 0.1346
Permanent section volume 0.3 (0.9) 1.26 (1.1) <0.0001
(cm’)
Patient outcomes
Post-biopsy hemorrhage 32.1%)° 1(5.6%)* 0.3691
Re-operation necessary for 6 (4.1%) 0 (0%) 1.000
diagnosis

Adapted from Bander et al. [9]

*All categorical variables were analyzed using Fisher’s exact test. All continuous variables were
analyzed using the Wilcoxon rank sum test
All post-biopsy hemorrhages remained clinically silent and none required clinical intervention
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clinically silent, but rarely these can require surgical intervention and cause neuro-
logic morbidity.

Open craniotomy for biopsy of a mass is also a practical alternative to stereotac-
tic and tubular biopsy techniques. This approach allows for a significant volume of
tissue for sampling, debulking of tumor, and direct visualization of hemostasis. It
also allows for approaches to regions of the brain not easily accessible to channel-
based methods (subtemporal, midbrain, pineal, lesions arising from the skull
base, etc.).

Channel-Based Benefits and Patient Selection

The passage of a tubular retractor parallel to white matter tracts theoretically mini-
mizes the damage and transection of these subcortical fascicles. Meanwhile, the
single passage of a tubular retractor offers the ability to sample tumor at multiple
points along the retractor’s path through the tumor while also allowing for intra-
operative hemostasis to be obtained under direct visualization. Tubular/channel-
based biopsy can be offered for deep lesions that are “unresectable,” in that the risks
of near total resection outweigh the potential oncologic benefits. Subcortical, insu-
lar, corpus callosum, thalamic, periventricular, and/or bilateral masses (“butterfly
lesions”), for which more extensive resections would result in post-operative neuro-
logic deficits, are considered good candidates for transtubular biopsy (Fig. 13.1).
Compared to stereotactic needle biopsy, the tubular retractor system allows the sur-
geon to transition their surgical goals with ease intra-operatively, all while maintain-
ing a minimally invasive approach. The tubular approach provides for significant
tissue for frozen diagnosis, and in the case of lesions where pathology suggests that
a debulking may be clinically beneficial, the channel-based system can allow for
subsequent minimally invasive debulking of the tumor within the limits of preserv-
ing neurologic function.

We suggest that transtubular biopsies be considered with any subcortical lesion.
In particular, diffuse tumors with little to no contrast enhancement may uniquely
benefit from the extensive tissue generated from this technique. These latter cases
are most prone to misdiagnosis or under-grading and therefore mostly likely to
benefit from larger tissue volumes. Evidence suggests that pathologic diagnosis
from stereotactic biopsy of low-grade gliomas agrees with open resection patho-
logic type and grade in only 36% of cases and can result in over-grading of tumors
in 11% and under-grading in 28% of cases [43]. For these same reasons, patients
with recurrent gliomas are an ideal and important patient population to consider for
channel-based biopsy. While these patients already have a diagnosis, the tumors are
highly heterogeneous [50], at risk for sampling bias, and the tumor genetics can be
important in determining late-stage treatment decisions. Moreover, these tumors
evolve over time so the tumor genetics at initial presentation may not be representa-
tive at recurrence. These patients historically have been offered stereotactic needle
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Fig. 13.1 Examples of appropriate tumors and trajectories for channel-based biopsy. (a, b) Axial
and sagittal T1 + contrast MR images of bilateral enhancing mass of splenium of corpus callosum,
biopsied through a tubular retractor. (¢) Recurrent left-sided, dominant insular, enhancing tumor
with prior diagnosis of anaplastic astrocytoma. (d) Intra-operative navigation demonstrating
channel-based trajectory for biopsy. Pathology consistent with glioblastoma. (e, f) Examples of
pre-operative trajectory plans made using Brainlab software for channel-based biopsies
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biopsy, but given the potential for inadequate sampling and insufficient material for
genetic testing, tubular biopsy is a viable alternative to provide more tissue to the
pathologist.

Tubular retractors offer their greatest benefit when accessing a deep lesion with
a significant volume of intervening normal tissue between the cortex. Masses that
have deep components but come close to the cortical surface and/or could be easily
reached by a small craniotomy and corticectomy without the need for deep dissec-
tion through normal tissue are better offered open procedures. However, if deep
lesions approach the cortex in eloquent areas, an alternative approach could be the
introduction of a tubular retractor via a more distant sulcus in non-eloquent brain.
The trajectory of the tubular retractor in these cases would need to be determined by
the fiber tracts surrounding the tumor in these cases. Stereotactic needle or open
biopsies are favored in brainstem or cerebellar lesions. These tissues contain a high
density of white matter tracts that are not easily separated by a retractor. Furthermore,
tumors arising from the skull base are often most easily accessed via open craniot-
omy, and channel-based approaches offer little benefit.

Few studies have assessed the diagnostic accuracy and complication rate of tubu-
lar biopsy. Channel-based techniques were initially viewed as a rescue, minimally
invasive approach for non-diagnostic stereotactic biopsies [51]. However, this
approach is beginning to gain attention as a primary biopsy method. In a study of 18
consecutive channel-based biopsies, 100% of surgeries resulted in a pathologic
diagnosis [9] (Table 13.1). Furthermore, channel-based biopsies allow for a signifi-
cantly larger (~4x) volume of specimen for permanent pathology compared to ste-
reotactic approaches. No study has yet determined if the larger volume of tissue
obtained results in more diagnostic/genetic/research testing, but the theoretic advan-
tage remains. Complications from these procedures also remain a concern as there
is little data for comparison. The rate of hemorrhage, despite the ability to obtain
hemostasis, remains present (~5%). To better define the role and limitations of
channel-based biopsy, further work must be done.

Surgical Technique

General principles of trans-sulcal channel-based surgery have been extensively dis-
cussed elsewhere [10-13, 26, 27]. The goal of a channel-based biopsy is to avoid the
major pitfalls of under-grading and misdiagnosis that plague other minimally inva-
sive biopsy techniques such as stereotactic biopsy. As with other techniques, the
target of the biopsy should be planned to sample an area that recapitulates the most
aggressive features of that tumor. Pre-operative imaging is vital in this regard.
Identifying a region with increased permeability (i.e., contrast enhancement) and/or
the region with a high level of perfusion/metabolic activity on PET or MR perfusion
imaging can help minimize the risk of under-grading and misdiagnosis [52-54].
Diffusion tensor imaging (DTTI) can also be used to determine a path that runs paral-
lel to and minimizes the retractor crossing major white matter fascicles. With a
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stereotactic biopsy, each separate target, depth, or region of interest requires a sepa-
rate pass of the biopsy needle, and each pass of the needle carries a risk of causing
complications. However, using a channel-based method, the cannula is inserted
along the long axis of the tumor, and samples can be taken from multiple depths
along the retractor’s trajectory without repeated passes of the retractor. Tubular
retractor length can be chosen based on the distance to the chosen target. The diam-
eter of the retractor can be chosen by surgeon preference. An 11-mm-diameter
channel allows for minimal footprint, while also suitable access for suctioning and
use of a small pituitary forceps for sampling and bipolar cautery for hemostasis.
Operative instrumentation used in endoscopic endonasal surgery can be quite useful
for working at depths in the tubular retractor.

Once the trajectory has been chosen using the pre-operative imaging, a small
craniotomy can be made over the chosen sulcal entry point. Using the intra-operative
navigation system, the retractor with an introducer/obturator in place can be guided
along the planned trajectory. Depending on the retractor system, the introducer may
extend different lengths beyond the channel retractor itself, and this must be kept in
mind when passing the system to the appropriate depth. The retractor should be
passed to the maximal depth of the planned biopsy, and the introducer is then
removed from the retractor. If there is concern based on imaging that the lesion may
be fibrous, dense, or firm, the retractor can be passed to the surface of the lesion and
biopsy be taken from the lesion’s surface. An operating microscope or an exoscope
can be used for visualization at the depth of the retractor. Samples can then be taken
with pituitary forceps and sent for frozen pathology. After taking a sample, any
hemostatic agent and bipolar cautery can be used to obtain hemostasis. The tubular
retractor can then be slowly removed to allow for further sampling of tumor at
shorter depths along the planned trajectory. Obtaining hemostasis after each sample
is paramount and a significant advantage of this biopsy technique. After removal of
the retractor, ultrasound can be used to confirm no immediate hematoma has resulted
from the biopsy, prior to closure of the dura and replacement of the bone plate.
Figure 13.2 demonstrates the steps of the procedure.

Post-operative management may vary per institution, but patients can be moni-
tored in the recovery room and then overnight in either an intensive care unit or
step-down unit. Imaging can be reserved for patients with neurologic deficit given
the intra-operative visualization of hemostasis.

Future Advances

The current use of channel-based approaches to biopsy remains understudied. While
channel-based approaches are becoming increasingly popular, studies comparing
complication rates, diagnostic success rates, and rate of tissue utilization all remain
unclear. This technique offers theoretical advantages over traditional open and ste-
reotactic biopsy techniques in appropriately chosen patients, but large-scale, ran-
domized, or prospective trials could better define these advantages. Furthermore,
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Fig. 13.2 Procedural steps of channel-based biopsy. (a) Localized, small incision and craniotomy
are planned. (b) Trans-sulcal introduction of the tubular retractor using image guidance. (¢) Two-
handed biopsy using suction and pituitary forceps. (d) Removal of retractor under direct visualiza-
tion with attention paid to hemorrhage or potential biopsy at other depths

while early evidence demonstrates a relatively similar safety profile to stereotactic
biopsy, this requires further confirmation.

The potential benefits of combining channel-based biopsy techniques with
advances in intra-operative identification of tumor tissue are clear. Fluorescent
agents such as fluorescein or 5-aminolevulinic acid can allow for intra-operative
confirmation of diagnostic specimens with a high positive predictive value [55, 56].
Raman spectroscopy, which can identify the presence of tumor cells in a specimen
with a high sensitivity, represents yet another intra-operative adjunct to increase the
likelihood of obtaining diagnostic specimens [57-60]. The use of these technolo-
gies could balance the need for obtaining larger volumes of tissue, by accurately
predicting the presence of diagnostic tissue in the specimen.

Ultimately, while obtaining larger volumes of tumor tissue has become a prime
goal for genetic and epigenetic testing, evidence remains lacking that this data can
shift the curve on patient survival and outcomes. Currently, early evidence, includ-
ing the SHIVA trial, has not supported molecularly targeted treatments, or precision
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medicine, improving outcomes [61]. As such, in order to continue qualifying the
goal of obtaining large tissue samples for these molecular tests, we must show that
the patient will clinically benefit from this data.
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Chapter 14
Trans-sulcal, Channel-Based
Parafascicular Surgery for Colloid Cysts

Lina Marenco-Hillembrand and Kaisorn L. Chaichana

Introduction

Colloid cysts are rare, slow-growing intracranial tumors that represent <1% of all
intracranial malignancies [1]. These lesions classically occur within the third ven-
tricle and can block the foramina of Monro, causing isolated hydrocephalus of the
lateral ventricles [2]. Surgery for these lesions is technically demanding and can be
associated with significant morbidity and mortality because of the challenges in
access, visualization, ability to achieve hemostasis, and potential for morbidity of
surrounding structures [3—5]. Conventional microsurgical approaches for accessing
and resecting colloid cysts within the intraventricular space involve a large craniot-
omy, extensive white matter dissection, and use of several fixed retractor blades to
provide an adequate corridor for resection [6]. More recently, with the development
of specialized tubular or channel-based retractors, resection can be achieved through
these protected corridors with smaller openings, less white matter dissection, and
minimal collateral damage [7-9]. In this chapter, we will discuss the techniques of
a trans-sulcal, channel-based approach for the surgical resection of colloid cysts.

Ventricular Anatomy

The ventricles consist of the lateral (right and left), third, and fourth ventricles [10].
The anatomy of the ventricles can be difficult to understand because of the com-
plexity of anatomical structures in close proximity to each of the ventricles that are
variable in the axial, coronal, and sagittal planes [10].
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The lateral ventricles are bilateral cavities that consist of a frontal horn, body,
atrium and occipital horn, and temporal horn [10]. The frontal horn of the lateral
ventricle extends from the genu of the corpus callosum to the foramen of Monro,
where at the anterior surface resides the forceps minor of the genu of the corpus
callosum, the superior surface is the body of the corpus callosum, the lateral surface
is the head of the caudate nucleus, the medial surface is the septum pellucidum, and
the inferior surface is the rostrum of the corpus callosum [10]. The body of the lat-
eral ventricle extends from the foramen of Monro to the point where the corpus
callosum attaches to the fornix posteriorly to the septum pellucidum, where the
superior surface is the body of the corpus callosum, the lateral surface is the body of
the caudate, the medial surface is the septum pellucidum, the medial inferior surface
is the fornix, and the lateral inferior surface is the thalamus [10]. The atrium and
occipital horn resemble a triangle with the apex oriented posteriorly, where the ante-
rior surface are the fornix medially and the thalamus laterally, the superior surface
is the corpus callosum, the lateral surface are the tapetum of the corpus callosum
and tail of the caudate nucleus, the medial surface are the calcar avis and the bulb of
the corpus callosum, and the inferior surface is the collateral triangle [10]. The tem-
poral horn extends from the amygdala to the anterior wall of the atrium, where its
anterior surface is the amygdala; the superior surface are the amygdala, head of the
hippocampus, sublenticular portion of the internal capsule, and tail of the caudate
nucleus; the lateral surface are the optic radiations (which also extend into the supe-
rior surface) and tapetum of the corpus callosum; the medial surface is the choroidal
fissure; and the inferior surface are the hippocampus medially and the collateral
eminence laterally [10].

The third ventricle is a midline cavity that communicates with the lateral ventri-
cles through the bilateral foramen of Monro and with the fourth ventricle through
the cerebral aqueduct [10]. Colloid cysts most commonly occur in the rostral third
ventricle near the foramen of Monro [1]. The anterior surface of the third ventricle
consists of the lamina terminalis; the superior surface has four layers and consists of
the fornices and hippocampal commissure, the superior membrane of the tela cho-
roidea, a vascular layer with the two internal cerebral veins and branches of the
medial posterior choroidal arteries, and the inferior membrane of the tela choroidea;
the lateral surface is the hypothalamic sulcus; the posterior surface are the superior
pineal recess, habenular commissure, pineal recess, and posterior commissure; and
the inferior surface are the optic recess, infundibular recess, tuber cinereum, mam-
millary bodies, and posterior perforated substance [10]. The fourth ventricle is a
midline cavity located between the brainstem and cerebellum and connects to the
third ventricle through the cerebral aqueduct and to the cisterna magna through the
foramina of Magendie and Luschka [10]. The superior surface consists of the supe-
rior medullary velum between the superior cerebellar peduncles, the inferior surface
are the tela choroidea and the inferior medullary velum, the anterior surface or the
floor are the pons and medulla, and the posterior surface or roof is the cerebel-
lum [10].
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Approaches to the Ventricular System

The ventricles can be accessed safely through the different corridors that can be
divided into skull base and trans-calvarial approaches. The lateral ventricles are
accessed primarily through trans-calvarial approaches, which can further be divided
into intra- and extra-axial routes. This intra-axial or trans-cortical route to the lateral
ventricles is typically preferred when the ventricles are large in caliber [11]. The
advantages of this approach are that it minimizes manipulation of the anterior cere-
bral arteries, corpus callosum, and cingulate gyri, but the disadvantages are there is
a potential for increased risk of seizures and damage to the superficial cortex and
white matter [12]. For lesions involving the frontal horn or body of the lateral ven-
tricle, an intra-axial route involves the frontal lobe at Kocher’s point [11, 13]. This
frontal lobe location is typically in the mid-pupillary line in the sagittal plane and
4-6 centimeters in front of the coronal suture [11, 13]. This point allows avoidance
of the superior longitudinal fasciculus laterally, the sagittal striatum medially, and
the corticospinal tracts posteriorly [11, 13]. For lesions involving the atrium and
occipital horn, an intra-axial route involves a superior parietal lobule approach in
the mid-pupillary line [11]. This parietal lobe location avoids the somatosensory
and motor cortex anteriorly, the visual cortex posteriorly, and the superior longitu-
dinal fasciculus laterally [11]. For lesions involving the temporal horn, an intra-
axial route involves a direct lateral approach, with an understanding that visual field
fibers reside along the lateral walls of the temporal horns of the lateral ventricle, as
well as potentially in the superior longitudinal fasciculus and inferior longitudinal
fasciculus more posteriorly [11].

An alternative approach to the lateral ventricles for the frontal horn, body, atrium,
and occipital horn is a trans-calvarial approach through primarily an extra-axial
route [12, 13]. This extra-axial, as compared to intra-axial, route involves an inter-
hemispheric approach, where the anterior-posterior entry is dependent on which
portion of the lateral ventricle is targeted [12, 13]. A more frontal interhemispheric
approach is preferred for the frontal horn and body, while a parietal interhemi-
spheric approach is preferred for the occipital horn and atrium [12, 13]. This extra-
axial, interhemispheric route is typically preferred when the ventricles are small in
caliber [12, 13]. The advantages of this approach are that it avoids cortical and
subcortical entry and violation, thus minimizing the potential for seizures, but the
disadvantages are potential injury to the cingulate gyrus, anterior cerebral arteries,
and corpus callosum, as well as increased time of dissection [12, 13]. In this
approach, the trajectory is between the hemispheres until the corpus callosum is
identified. The corpus callosum is sectioned and the lateral ventricles are entered
[12, 13]. The sectioning of the corpus callosum is typically limited to 2-3 cm, and
entry in the anterior third of the corpus callosum is preferred to minimize potential
disconnection problems that are more common posteriorly [12, 13].

The third ventricle can be entered in both skull base and trans-calvarial approaches
along its anterior, posterior, inferior, and superior surfaces [12, 13]. The anterior
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access to the third ventricle is through the lamina terminalis through a skull base,
subfrontal, extra-axial approach [12, 13]. The inferior access is through the interpe-
duncular cistern through a skull base, extra-axial, endoscopic transsphenoidal trans-
sellar approach [12, 13]. The posterior access is through the pineal region typically
through a trans-cranial, extra-axial, supracerebellar infratentorial or occipital trans-
tentorial approaches [12, 13]. The superior access is through the lateral ventricles
through a trans-calvarial approach as detailed in the above [12, 13]. This can be
done through either an intra-axial, trans-cortical or extra-axial, interhemispheric,
transcallosal route [12, 13]. Once the lateral ventricles are entered, the choroidal
fissure along the roof of the third ventricle can be opened to enter the cavity of the
third ventricle [12, 13]. The choroidal fissure should be opened on the forniceal side
of the fissure medial to the internal cerebral veins in order to avoid the veins on the
thalamic side of the fissure [12, 13].

The fourth ventricle is accessed through a trans-calvarial approach with either an
extra-axial or intra-axial route [12, 13]. The advantage of the extra-axial route is that
it avoids manipulation of the cerebellar vermis and hemispheres to minimize post-
operative ataxia, but the disadvantages are potential injury to branches of the poste-
rior inferior cerebellar arteries [12, 13]. The most commonly used approach is an
extra-axial, telovelar approach [12, 13]. In this approach, a midline suboccipital
craniotomy is done, and the cerebellomedullary fissure is opened to exposure the
tela choroidea and inferior medullary velum to expose the floor of the fourth ven-
tricle from the obex to the aqueduct [12, 13]. Alternatively, the fourth ventricle can
be accessed through an intra-axial approach, where a midline suboccipital craniot-
omy is done followed by splitting the inferior vermis to enter the fourth ventricle
[12, 13]. The splitting of the inferior vermis should be limited to the bottom half as
involvement of the superior vermis can potentially lead to cerebellar mutism
[12, 13].

Open Microsurgery: Extra-axial Versus Intra-axial
Approaches to the Ventricles

The general neurosurgical tenet is to minimize collateral damage. For intra-axial
surgery, this typically involves taking advantage of the extra-axial space to mini-
mize distance to the intraparenchymal lesion [14]. For access to the lateral ventri-
cles and to the superior roof of the third ventricle, many neurosurgeons prefer an
interhemispheric transcallosal approach to the lateral ventricle and opening of the
choroidal fissure to access the third ventricle if needed [12, 13]. This approach mini-
mizes the amount of brain substance that has to be violated and limits the potential
parenchymal injury and therefore is associated with less risk of postoperative sei-
zures [12, 13]. However, this approach puts several potential vascular structures at
risk including the sagittal sinus and the anterior cerebral artery and its branches, as
well as the cingulate gyrus and corpus callosum [12, 13]. Similarly, the extra-axial
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approaches to the third ventricle including the subfrontal trans-lamina terminalis
and endonasal transsphenoidal transsellar approaches as well the telovelar approach
to the fourth ventricle are preferred because they avoid traversing brain parenchyma
[12, 13].

The trans-cortical approach was generally avoided in the past because of poten-
tial parenchymal injury since this approach involves a large craniotomy, large corti-
cectomy through the gyrus, extensive white matter resection, and placement of
bladed retractors before entering the ventricle [14]. The morbidity associated with
cortical and subcortical violations can be relatively significant and may explain the
increased risk of seizures, venous strokes, and/or encephalomalacia [14]. The corti-
cal approach, regardless of method, is often preferred for cases of hydrocephalus
since the enlarged ventricles provide not only a protected corridor for ventricular
surgery but decreased distance of brain that needs to be violated to enter the ven-
tricle [14].

The risks and complications of the trans-cortical approach can be minimized
[14]. Minimally invasive approaches can have similar, if not improved, risk profiles
to extra-axial approaches [6-9]. This is because modern channel-based retractors
may be used to reduce potential surgical risks [6-9]. These retractors can displace
rather than sever white matter tracts to allow parafascicular access to the ventricle,
thus minimizing subcortical injury [6-9]. Additionally, these retractors provide cir-
cumferential equivalent retraction forces to minimize shear forces on the white mat-
ter [6-9]. Furthermore, these channeled retractors provide a protected corridor for
access and resection [6-9]. In addition, a trans-sulcal approach can be used in com-
bination with the channel-based retractor [6-9]. The use of trans-sulcal approaches
utilizes the sulcus instead of the gyrus, which minimizes the working distance to the
ventricle and the cortex that needs to be violated [6-9]. Therefore, the modern trans-
cortical, trans-sulcal parafascicular approach can minimize potential cortical and
subcortical injury while not subjecting critical vascular structures to risk and can be
safely utilized for third ventricular access [6-9, 12, 13].

Patient Selection and Indications for Surgical Removal
of Colloid Cysts

Surgical management of colloid cysts is indicated in the presence of symptoms
associated with increased intracranial pressure (headaches, visual changes, reduced
level of consciousness) or progression on neurological imaging (including hydro-
cephalus) [1]. The main goal of surgery is to remove the cystic contents as well as
the capsule in order to prevent recurrence [15, 16]. The techniques that are currently
available for the surgical management of colloid cysts include stereotactic aspira-
tion, endoscopy, and microsurgery [17]. Stereotactic aspiration is largely reserved
for patients who are unsuitable for a craniotomy due to medical comorbidities [18].
Open microsurgery remains the gold standard for the treatment of colloid cyst of the
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third ventricle. However, this technique involves the transgression of neural tissue
which can lead to complications including postoperative seizures and requires pro-
longed brain retraction leading to increased edema and higher rates of postoperative
neurological deficits [17, 19]. In order to minimize the damage to eloquent brain
parenchyma that is experienced with open approaches and the use of flat blade
retractors, minimally invasive surgery such as neuroendoscopy or the trans-sulcal
insertion of port systems has become widely utilized within the last couple of
decades [19, 20]. Despite neuroendoscopy being advocated as superior to microsur-
gery, the drawbacks associated with this technique include the lack of stereoscopic
vision and difficulty in conducting a bimanual technique; it is also not optimal for
large cysts and overall is associated with lower extents of resection and higher
recurrence rates due to incomplete removal of the capsule [21]. In contrast, mini-
mally invasive parafascicular surgery (MIPS) reduces the likelihood of brain injury
during resection by using naturally occurring corridors to access the ventricles
while simultaneously minimizing damage to the underlying association fibers [19].

Retractors Used for the Resection of Colloid Cysts

Retractors are critical for trans-cortical approaches to the ventricles regardless if
they are trans-sulcal or trans-gyral [6-9]. The cortex and white matter need to be
retracted in order to gain access to the ventricle, allow for illumination, provide a
view for microscopic magnification, and prevent inadvertent tissue injury during
lesion resection [6-9]. The retractors that are available come in two varieties —
bladed retractors and channel-based retractors. There are a variety of bladed retrac-
tor systems including Leyla, Fukushima, Greenberg, and Budde’ systems, among
others. In these retractor systems, a retractor blade made of silicone or metal is
inserted into the brain and retracted with a fixed arm. For ventricular access, one,
two, three, or four retractors are placed into the brain to retract the cortex and sub-
cortical white matter. The advantages of the bladed retractor system are that they
can provide a large corridor for microscopic visualization and surgical resection,
ease of use, and familiarity to neurosurgeons. The disadvantages are that they pro-
vide inequivalent forces which can cause white matter shearing, they do not provide
a protected corridor where brain tissue can be damaged with repeated entry into the
surgical site, and prolonged pressure can lead to tissue ischemia, venous congestion,
and eventual encephalomalacia [6].

Channel-based retractors provided a channel in which the ventricle can be
accessed and the lesion can be resected [3-5, 7-9, 22-27]. The most commonly
used channel-based retractors are the peel-away catheters (Fig. 14.1), ovular-shaped
retractor (Vycor ViewSite™), and circular sheath (Nico BrainPath™) (Fig. 14.2)
retractors [3-5, 7-9, 22-27]. This concept of a retractor system for intracranial
pathology began with Dr. Patrick Kelly in the 1980s where he used metal-based,
channel retractors to access deep-seated intraparenchymal lesions that where ste-
reotactically mapped [26-28]. Peel-away catheters allow for endoscopic-assisted
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Fig. 14.1 Trans-sulcal approach to the right lateral ventricle with a peel-away, channel-based
retractor. A peel-away channel-based retractor was used to access a colloid cyst for endoscopic-
guided resection. (a, b) preoperative MRI demonstrating a colloid cyst and obstructive hydro-
cephalus; (¢) peel-away catheter with view through the endoscope of the right lateral ventricle;
(d, e) postoperative MRI demonstrating gross total resection of the colloid cyst; (f) view through
the endoscope after gross total resection

surgery through working-channel endoscopes and vary in diameter from 8 French
to 16 French. Surgery through the peel-away catheter leaves the smallest footprint
on the brain of the retractors because of its small dimensions, but surgery is limited
to endoscopic working channels. This usually translates into lack of bimanual tech-
niques and difficulty with simultaneous resection and hemostasis. The ovular-
shaped retractor is oval-shaped, is transparent, and comes in different diameters
(12-28 mm) and lengths (30-70 mm) [4, 5]. This retractor provides a larger work-
ing corridor for microscopic or exoscopic visualization and bimanual techniques,
but its oval shape limits its use to trans-gyral instead of trans-sulcal approaches [4,
5]. The circular sheath is circle-shaped, is transparent, can be navigationally guided,
and also comes in different diameters (11.5-13.5 mm) and lengths (50-95 mm) [3,
8,9, 22, 24]. The circular sheath, like the ovular retractor, provides a sufficient cor-
ridor for both microscopic or exoscopic visualization and bimanual techniques, but
it can be used with both trans-sulcal and trans-gyral approaches, and its smaller
diameter puts less white matter tracts at risk [3, 8, 9, 22, 24]. The smaller corridor,
however, can be challenging for resection and hemostasis as compared to the larger
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Fig. 14.2 Trans-sulcal approach to the right lateral ventricle with a circular-shaped, channel-based
retractor for the resection a large colloid cyst. A circular-shaped retractor (BrainPath™) was used
to access the colloid cyst under microscopic guided resection. (a—c) Preoperative MRI demonstrat-
ing a large, ring-enhancing, T1/T2 hyperintense lesion within the third ventricle and obstructive
hydrocephalus. (d—f) Postoperative MRI showing gross total resection of the lesion and resolution
of the hydrocephalus

ovular-shaped retractors [3, 8, 9, 22, 24]. Regardless of channel-based retractor
type, they are advantageous for trans-calvarial, intra-axial approaches because they
provide equivalent circumferential retraction forces to minimize shearing of the
white matter tracts, create a protected corridor to minimize collateral damage during
the resection, and can be used to access deep lesions [3, 8, 9, 22, 24]. The disadvan-
tages of these channel-based retractors, however, are the corridor is smaller, achiev-
ing hemostasis may be more challenging, and a limited number of instruments can
be utilized and exclude ultrasonic aspirators [3, 8, 9, 22, 24].

Surgical Technique

Prior to surgery, the patient undergoes high-resolution magnetic resonance imaging
(MRI) with thin-cut (1.5 mm) T2-weighted images to delineate the sulcal anatomy.
If there is concern of eloquent white matter tract involvement, then diffusion tensor
imaging (DTI) is also done to help delineate the white matter tracts. In general, the
sulcus that is in a non-eloquent area of the brain (i.e., avoidance of motor or
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somatosensory cortex) would be targeted. Sometimes, this is not possible given the
location of the lesion. This chosen sulcus should be non-eloquent and provide the
shortest corridor between the bottom of the sulcus and the ventricle. Using naviga-
tion guidance, a linear skin incision approximately 3—4 cm is made over the chosen
sulcus. A 3 cm craniotomy is done with the sulcus in the center of the craniotomy
flap. The dura is opened in a cruciate fashion. Under exoscope visualization, the
sulcus is opened sharply to mobilize the sulcal arteries and veins and opened to the
bottom of the sulcus. Under navigation guidance, the channel-based retractor is
passed into the ventricle, and the obturator will be withdrawn. The retractor is then
locked in place with the retractor system. For small ventricles, ultrasound can help
with surgical trajectory.

Resection within the ventricle is then done meticulously and precisely. The cor-
ridor within the channel-based retractor is much smaller than the corridor created by
a bladed retractor system. In the bladed retractor system, the blades can be manipu-
lated to generate larger spaces with more force, while the channel-based retractor is
fixed. However, the access provided by the channel-based retractor should be suffi-
cient for a wide range of lesion sizes if the surgery is done carefully. When working
within the ventricle, it is important to understand that bleeding can escape within the
ventricular system and not be visualized. Moreover, it is important to remember that
the ventricles are surrounded by critical neurovascular structures. Hemostasis
should be obtained before cyst debulking to minimize intraventricular bleeding.
Resection should also be methodical and systematic to avoid multiple sites of bleed-
ing that would be difficult to address. Cyst decompression is performed first so the
cyst capsule can be identified and excised safely. The use of a side-cutting aspiration
device (Nico Myriad™) can facilitate cyst debulking as other devices such as an
ultrasonic aspirator will not fit down the channel. The channel-based retractor can
also be toggled to facilitate resecting larger lesions. After the resection, if there is
concern of potential for unilateral obstruction, a septum pellucidotomy is done, and
an extraventricular drain (EVD) is left. The dura, bone, and skin are closed in stan-
dard fashion.

Case Examples

Case #1: Peel-Away Channel-Based Retractor Resection
of a Medium-Sized Colloid Cyst

A 32-year-old male with no significant past medical history presented with progres-
sive headaches and intermittent nausea and vomiting. Head CT and MRI demon-
strated a ring-enhancing lesion at the foramen of Monro with obstructive
hydrocephalus (Fig. 14.1). He underwent a right frontal burr hole at Kocher’s point,
sulcal opening under microscopic guidance, and placement of a 14-French peel-
away catheter into the ventricle. The peel-away catheter was used as a channel for
endoscopic-guided resection (Storz Lotta™) of the mass. A septum pellucidotomy
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was also done prophylactically in case the foramen became obstructed. An extra-
ventricular drain was kept for 1 day. The patient was discharged on postoperative
day 2 to home with an intact neurological exam and resolution of his headache and
fatigue. Final pathology was a colloid cyst. He was 24 months from surgery without
evidence of recurrence, and the ventricles have decreased in caliber.

Case #2: Oval-Shaped, Channel-Based Retractor Resection
of a Medium-Sized Colloid Cyst

A 34-year-old right-handed female presented with a long-standing history of head-
aches associated with nausea, vomiting, and visual changes. A previous MRI
revealed a T1 hyperintense, T2 hypointense lesion at the foramen of Monro, consis-
tent with a colloid cyst. On follow-up imaging, there was a progressive enlargement
in the size of the lesion as well as obstructive hydrocephalus. She initially opted for
endoscopic removal of the cyst, but the procedure was aborted due to inadequate
visualization. Subsequently, she underwent a right frontal craniotomy for the
removal of the cyst. Kocher’s point was located using neuro-navigation, the previ-
ous incision was identified and extended anteriorly as well as inferiorly, and the
craniotomy was performed to encompass the EVD. An oval-shaped, channel-based
retractor (Vycor ViewSite™) was inserted adjacent to the EVD under navigation
guidance for microscopic resection of the mass. The superficial aspect of the right
frontal horn was entered, and the catheter was followed down to identify the fora-
men of Monro. The cyst was identified and debulked, achieving gross total resec-
tion. The EVD was removed on postoperative day 2, and the patient was discharged
on postoperative day 3 with an intact neurological examination. The final pathology
was consistent with a colloid cyst. She is 3 months out from surgery; her headaches
have resolved and show no evidence of recurrence.

Case #3: Circular-Shaped, Channel-Based Retractor Resection
of a Large Colloid Cyst

A 26-year-old right-handed male with developmental delay presented due to pro-
gressive headaches accompanied by nausea and vomiting. A CT scan was performed
and revealed a large third ventricular mass. A subsequent MRI showed a large, ring-
enhancing, T1/T2 hyperintense, third ventricular brain lesion measuring 5 cm in
diameter with uncompensated obstructive hydrocephalus, consistent with a large
colloid cyst (Fig. 14.2). Urgent surgical resection was indicated to obtain relief of
the mass effect. The patient underwent a right frontal trans-sulcal approach for a
colloid cyst. Kocher’s point was identified on the right side, an anterior trajectory to
the frontal horn was chosen, and a burr hole was drilled at the future position of the
EVD. A 50 mm circular sheath (Nico BrainPath™) was passed under navigation
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guidance through the superior frontal sulcus into the anterior part of the frontal horn
and cannulated superficially into the outer part of the ventricle. The colloid cyst was
identified and cauterized. Following cauterization, the cyst was internally debulked
using suction with the NICO Myriad, after which the cyst walls were coagulated.
On the contralateral side, the tumor was debulked until the contralateral lateral wall
was identified. An EVD was passed through the BrainPath device and placed into
the lateral ventricle. Following surgery, the patient was transferred to the neuro-ICU
for observation and then to the general floor. The drain was removed on postopera-
tive day 5. The patient was discharged to rehab 1 month after the surgery. Final
pathology was positive for a colloid cyst. At 2-month follow-up, the patient is doing
well, his headaches have ceased, and he denies any new cognitive or neurological
deficits after surgery. Follow-up imaging shows gross total resection of the cyst and
resolution of the hydrocephalus.

Conclusions

Traditional microsurgical techniques used to access colloid cysts involve large cra-
niotomies, extensive white matter dissection, and bladed retractor systems, which
can introduce significant morbidity just with access alone. In recent years, the use
of channel-based retractor systems, which include peel-away catheters, ovular
retractors, and circular sheaths, has allowed entrance to the ventricles through mini-
mally invasive approaches reducing collateral injury. These channel-based retrac-
tors allow for binocular vision and bimanual handling of tissues and provide access
via the trans-sulcal instead of the trans-gyral space to minimize cortical injury and
approach the ventricles in a parafascicular manner.
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Trans-sulcal, Channel-Based
Parafascicular Surgery for Intracerebral
Hematoma

Rima Sestokas Rindler and Gustavo Pradilla

Introduction

Primary, spontaneous intracerebral hemorrhage (ICH) is a significant cause of mor-
bidity and mortality worldwide [1, 2]. There has been a tremendous effort over the
last few decades to employ surgical hematoma evacuation to improve the functional
outcome of patients that survive their stroke event [3]. Each clinical trial to date has
offered some modification to the previous one in the hopes of discovering “the opti-
mal way.” Despite our excellent collective ability to attain near-complete hematoma
evacuation with current techniques, there is no clear established impact on overall
long-term patient outcome [4—6]. Approach-related morbidity has been invoked as
a potential culprit, specifically with regard to disruption of cerebral cortex and white
matter tracts. As a result, current-day efforts are focused on refining how the lesion
is accessed while adhering to two principles: maximal hematoma evacuation while
maintaining minimal disruption of normal brain tissue. Novel or enhanced tech-
nologies from the last decade have allowed surgeons to trial different approaches to
hematoma evacuation while staying true to these principles.

These efforts have culminated in the development of the trans-sulcal, channel-
based parafascicular surgery as one such approach. Each component of the tech-
nique has been carefully selected for certain perceived advantages of achieving the
surgical goals. The basis for the approach is to provide adequate access to and visu-
alization of deep subcortical hematomas (exoscope-assisted port-based channel),
minimize cortical disruption (trans-sulcal entry), and maintain the integrity of white
matter tracts through a corridor that runs parallel to the tracts (parafascicular).
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Advanced technologies in operative instrumentation, optical and biomechanical sci-
ences, and neuroimaging provide critical support for successfully executing this
approach. In this chapter, we will detail the historical context and rationale for each
component of the approach and describe the current state of technological
innovation.

The Principles for Surgical Evacuation
of Intracerebral Hematoma

Patient and Pathology Selection

The impact of surgical evacuation of primary, spontaneous ICH on improving
patient long-term functional outcome is still up for debate [4, 7]. Several factors
must be considered in the decision to evacuate an ICH, including its location and
size, as well as the clinical status of the patient. The vast majority of spontaneous
intracerebral hemorrhages occur in either the deep gray matter or the subcortical
white matter of the cerebral hemispheres. There is little evidence, including in the
most recent trials, that any form of evacuation of deep gray matter hemorrhages has
any impact on overall outcome, but that lobar hemorrhages (e.g., frontal, temporal,
occipital, parietal) may experience some benefit. There is evidence that blood and
blood breakdown products are cytotoxic and might lead to secondary neurological
injury that impedes or worsens patient recovery if left to reabsorb naturally [8]. The
size of presenting hematomas also matters. Size can range from a tiny blush to an
almost holo-hemispheric hemorrhage. In our institution, a potentially “operative”
hematoma is considered to be >30 cm?, especially if associated with significant
midline shift or clinical herniation syndromes. Finally, the current and pre-ictus
clinical status of the patient becomes important: surgical intervention is pursued for
non-elderly patients with a good baseline medical and functional status (modified
Rankin Scale score 0 or 1), in a normal coagulation state, with a non-moribund
neurological exam (Glasgow Coma Scale, GCS score >5). Some argue that hema-
toma evacuation, if complete, can relieve elevated intracranial pressure and local
mass effect on the brain, thereby also potentially avoiding the need for a decompres-
sive hemicraniectomy and its associated risks. Given the clinical equipoise still
present in many of these situations, it is ultimately at the treating neurosurgeon’s
discretion, in discussion with the patient and/or the patient’s family, whether to
proceed with ICH evacuation.

Our institution has employed the channel-based parafascicular approach to deep
and lobar ICHs in patients with selected criteria above, as described in a prospec-
tive, multicenter, observational study by Labib et al. [9]. The approach to the clot is
based on the integrity and location of the white matter tracts adjacent to the
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hematoma, The early collective experience in 39 patients from 11 centers achieved
statistically significant improvements in postoperative GCS, with a clot evacuation
of >90% in 72% of patients. The Cleveland Clinic series evaluated 18 patients with
similar results, including improvement of the median GCS from 10 preoperatively
to 14 postoperatively [10]. Our institutional experience of 17 patients suggests
equivalent safety profile and a slight functional benefit to minimally invasive sur-
gery over medical management [11]. From these experiences, a multicenter ran-
domized controlled trial (Early MiNimally-invasive Removal of IntraCerebral
Hemorrhage, ENRICH) was designed to specifically address the question of whether
minimal cortical and subcortical disruption for hematoma evacuation improves out-
comes (www.enrichtrial.com, NCT02880878). The trial remains ongoing antici-
pated through 2021.

Principle I: Maximal Hematoma Evacuation

Hematoma evacuation is maximized in order to prevent secondary cytotoxic brain
injury caused by the presence of the blood breakdown products or hypoxic brain
injury caused by decreased perfusion from local mass effect. Complete hematoma
evacuation requires sufficient tools for access and visibility. Intracerebral hemato-
mas generally maintain a circular or oval shape and typically involve a single brain
region or compartment. Past strategies have involved planning the surgical trajectory
along the long axis of the lesion (STITCH I and II) in an open, non-port-based tech-
nique [6, 12]. The proximal-most face of the clot is first encountered and is then
“chased” to its base. As the clot is debulked from the center, the surrounding rind of
clot can be collapsed into the field, much like a tumor resection. This technique is
most easily applied for superficial clots that reach the cortical surface, but more chal-
lenging for deeper clots. Port-based methods and visual intraoperative technologies
have thus been applied to such cases to overcome these issues [9]. Port-based
approaches maintain an unobstructed surgical corridor without excessive retraction
or shearing of the surrounding brain. In contrast to standard microsurgical approaches,
the primary target for port-based navigation is at the distal base of the clot. The
resection then proceeds in a distal to proximal fashion. The clot in the direct field of
view is evacuated, and clot from the surrounding rind falls into view. The tube can
be adjusted 10-15 degrees in a radial fashion for added visibility. Addition of an
exoscope or microscope is requisite to enhanced lighting and magnification of the
surgical field. Advantages of the exoscope include uniform illumination and magni-
fication of the entire surgical field, including proximal and deep targets; creation of
a wide focal field that can be projected onto a high-definition screen viewed by the
surgeon and team; and long focal length (15-31 mm) and working distance
(20-65 cm) [13]. All of these factors enhance visibility of the hematoma target.
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Principle I1: Maintaining the Integrity of Cerebral Cortex
and Subcortical White Matter Tracts

The second principle for successful hematoma evacuation is minimizing disruption
to normal brain tissue along the planned surgical trajectory to the hematoma and the
tissue at risk immediately adjacent to the hematoma. These principles can be upheld
again with port-based technologies and through careful planning of the surgical
trajectory. In a port-based technique, a single and no more than two trajectories are
attempted toward the target. Once docked, the tube acts as a physical barrier for
healthy brain against the instruments as they are passed to and from the target. Even
more importantly, however, the choice of cortical entry point and trajectory is criti-
cal for protecting undisturbed white matter tracts and avoiding iatrogenic neurologi-
cal deficits. A trans-sulcal entry point through a non-eloquent area is optimal in
order to prevent injury to the cortical mantle or cerebral vasculature. The planned
trajectory should be parafascicular, or parallel to the major white matter tracts, espe-
cially if they are not injured by the primary hemorrhagic event.

For proper execution of these principles, it is necessary to (1) visualize the tracts
and (2) note the relationship of the tracts to the hematoma, particularly the location
and extent of destruction. High-quality neuroimaging is critical for this purpose in
the form of high-resolution, three-dimensional, volumetric MRI with whole brain
tractography [diffuse tensor imaging (DTI)]. DTI characterizes the anisotropic, or
asymmetric, diffusion of water molecules along white matter tracts to identify the
density and location of these tracts within the brain [14, 15]. Differences in this
anisotropy between each imaged voxel are used to create a 2D grayscale map that is
then reconstructed in a 3D color-coded fashion [16]. In this way, the most salient
white matter tracts can be visualized in relation to the hemorrhage and planned
operative trajectory and avoided. Of particular importance are the projection fibers
of the optic radiations and pyramidal/corticospinal tracts and the unilateral associa-
tion fibers of the arcuate fasciculus (AF), superior longitudinal fasciculus (SLF),
inferior longitudinal fasciculus (ILF), uncinate fasciculus (UF), inferior fronto-
occipital fasciculus (IFO), and cingulate fasciculus (CF). The chosen path from the
cortical surface to the hematoma should traverse parallel to these fibers as much as
possible. An anterior, frontal approach is best utilized for anterior basal ganglia
hemorrhages, taking advantage of the corridor between the SLF and CF. For poste-
rior hematomas, the parieto-occipital sulcus is the entry point to the lesion, posterior
to the primary sensory cortex fibers. A directly lateral approach to deeper lesions is
ideally avoided, as this would transgress tracts in a perpendicular fashion, but may
be appropriate for lesions that come directly to the cortical surface [17].

Obtaining such high-quality imaging with DTI does come with challenges. In
pathologies such as ICH, peri-hematomal edema or primary tract violation may
decrease tract anisotropy and introduce artifact that leads to poor visualization of
preserved tracts. Additionally, DTI post-processing requires time and neuroradio-
logical expertise, which could impact valuable time to treatment. Finally,
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intraoperative shifts in brain parenchyma could also affect the accuracy of DTI neu-
ronavigation during the operation [18].

Once a trajectory is planned, the surgical technique and tools are critical to main-
taining the integrity of the surrounding brain during access and hematoma removal.
For this reason, port or channel-based instruments are valuable for gaining access to
deep lesions, as they typically cause temporary and circumferential stretching rather
than tissue destruction along the path. Hematoma removal should employ non-
ablative, non-thermal techniques unless absolutely necessary.

Surgical Technique

To adhere to the principles outlined above, our group has adopted specific tech-
niques, tools, and workflow to efficiently plan and safely execute evacuation of
acute ICH [17].

Preoperative Planning

We utilize the Synaptive neuronavigation system (Synaptive Medical, Toronto,
Canada) for preoperative planning purposes to visualize the target and subcortical
tracts and plan the operative corridor (Fig. 15.1). The system imports and overlays
standard MRI sequences (T1, T2, and DTI) to automatically incorporate and display
whole brain tractography (Modus Plan™, Bright Matter™; Fig. 15.2). We use the
system for trajectory planning and have found that the overlay of white matter tracts
with respect to location of the hematoma is especially useful. As we simulate our
planned surgical corridor, we are able to identify any traversing fiber tracts that are
at risk of damage and adjust the plan accordingly. We then utilize the neuronaviga-
tion system in real time to guide the BrainPath unit along our planned trajectory to
the lesion (Figs. 15.1 and 15.2). Other neuronavigation systems are also well suited
for this purpose.

Fig. 15.1 The Synaptive Integrated Suite. (a) From left to right, intraoperative exoscope monitor,
neuronavigation screen with BrightMatter Guide, Modus Plan workstation, Modus robotic exo-
scope. (b) The Synaptive Integrated Suite intraoperative setup
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Fig. 15.2 Magnetic resonance imaging of the brain with overlayed diffusion tensor imaging of
white matter tracts overlayed into cortical and subcortical brain matter using Synaptive Modus
Plan (a), intraoperative neuronavigation using BrightMatter with a neuronavigation probe in blue
(b), and port-based entry (c)

Operative Equipment

We use the BrainPath® system (NICO Corporation, Indianapolis, IN) as our port-
based channel (Fig. 15.3) [19]. This was designed specifically for trans-sulcal access
to deep-seated lesions with a special focus on minimizing injury to adjacent tissue.
The system is comprised of a hollow, metallic obturator that inserts into a clear,
plastic cylindrical sheath. The obturator accommodates a stereotactic pointer
through its center that assists with intraoperative navigation during initial placement
of the port. The obturator, sheath, and navigation probe are assembled and advanced
as a unit to the intracranial target. The obturator has a blunt, cone-shaped tip that
extends either 8§ mm or 15 mm beyond the edge of the sheath. The tip of the obtura-
tor is 2 mm and dilates to a 13.5 mm diameter. It comes in a variety of lengths (50,
60, 75, 95 mm). The sheath is made of frosted plastic to minimize glare to the sur-
geon. The working diameter of the port is 12 mm that allows for bimanual micro-
surgical technique.

Visualization for microsurgical dissection is maintained with a mounted exo-
scope (Vitom HD exoscope, Optronics, Goleta, CA; VisionSense, VisionSense,
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I

Fig. 15.3 NICO BrainPath a
channel-based intracranial
access equipment. (a)
Assembly of inner cannula
and plastic obturator sheath
in various widths and
lengths. (b) BrainPath
inner cannula tip size
relative to a dime. (c)
BrainPath inner cannula
insertion into brain
parenchyma via
corticectomy, magnified
view from exoscope

bl

Philadelphia, PA; BrightMatter Vision, Synaptive Medical, Toronto, Canada). The
manual mount employs gas-powered push-button mechanism for zero-gravity
mobilization (i.e., Point Setter, Mitaka Kohki Co, Tokyo, Japan) (Fig. 15.4).
Alternatively, a robotic-mounted exoscope automatically realigns to the neuronavi-
gation probe to maintain coaxial visibility with the sheath (ModusV™, Synaptive
Medical, Toronto, Canada; Fig. 15.1). Clot removal is performed with a motor-
driven, suction-debriding device, in addition to regular suction tips, for clot removal
(NICO Myriad NOVUS®, NICO Corporation, Indianapolis, IN; Fig. 15.5).
Additional lighting is available with certain suction-aspiration handpieces that
enhances intraoperative visibility (NICO Myriad-LX Light Source ®, NICO
Corporation, Indianapolis, IN). A comprehensive list of additional tools and equip-
ment necessary to execute the procedure is included in Fig. 15.6 as our group has
previously published [13].

Perioperative Care

The patient is stabilized from a cardiopulmonary standpoint prior to transfer to the
operating room. This may require endotracheal intubation, supplementary oxygen-
ation, or vasoactive agents to maintain a systolic blood pressure <160 mmHg. As
patients presenting with acute ICH often are hypertensive at baseline, it is important
to avoid hypotension and precipitate watershed ischemia while controlling
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Fig. 15.4 2D exoscope (a, b; VITOM HD 0-degree Endoskope KARL STORZ Endoscopy-
America, Inc.) mounted on a pneumatic, zero-gravity Point Setter arm (a Mitaka Kohki Company).
VITOM 3D 4 K exoscope (¢), mounted on a VERSACRANE holding arm connected to a 3D moni-
tor, IMAGEIS Connect camera control unit (top), IMAGELS D3-Link (middle), Xenon Light
Source (bottom). Surgeon holding the IMAGE1 Pilot

Fig. 15.5 NICO Myriad equipment for mechanical suction-aspiration of intraparenchymal hema-
toma (a). NICO Myriad NOVUS LX with light source to improve visibility within the BrainPath
sheath. (b) The side-aspiration window at the tip of the Myriad device is shown with a fiber-optic
attachment to maximize illumination at the bottom of the port

hypertension to prevent progressive hemorrhage. If the patient is not exhibiting
clinical herniation syndromes, then hyperosmotic agents are withheld; temporary
intracranial hypertension is advantageous during the initial cannulation procedure
to provide backpressure against the port and assist with clot delivery into the port.
For patients who are protecting their airway preoperatively, immediate post-
procedure extubation is attempted.
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BrainPath Evacuation of Intracerebral Hemorrhage

Operating Room Checklist

- Mayfield headholder skull pins
- Mayfield bed adapter
- Synaptive neuronavigation suite
- Synaptive navigation reference frame
- stereotactic pointer, non-sterile
- stereotactic pointer, sterile
(requires 4 sterile optical navigation spheres)
- navigation reference frame sterile sleeve
- Storz endoscope tower
- Storz exoscope camera and light source-sterile
- Mitaka pneumatic arm
- clear plastic sterile drape
- NICO Myriad console
- portable nitrogen tank
- Myriad handpiece, needs to be primed

- irrigating bipolar
- long black neuro bipolar
- electric high-speed drill

- perforator drill bit
- straight bit with footplate
- insulated monopolar cautery

- suctions

- rubber extensions
- Frazier suctions size 10Fr and 12Fr

- Mizuho suction tips size 5 and 7, long and extra-long
- Leyla bar retractor system

- Greenberg retractor system

- Fishooks

- Gelfoam powder, Surgiflo with long applicator

- Surgicel
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- NICO BrainPath obturators
- NICO BrainPath sheaths
- NICO Shepherd’s hook
- operating chair
- pads for arm rests
- sterile plastic sheaths for each arm rest
- sterile gown for back of chair

- cottonoids in 0.5x0.5 inch and 1x1 inch squares soaked in thrombin
- bone plating system

- small Duragen dural regeneration matrix

- Adherus dural sealant

- hydroxyapatite bone cement

- Vancomycin powder

Fig. 15.6 Comprehensive checklist of equipment necessary for channel-based parafascicular
evacuation of subcortical intracerebral hemorrhage. Equipment can be substituted as necessary and
as resources are available for specific operative settings

Patient and Head Positioning

Following radiographic target and trajectory planning, the patient’s head is affixed
to a three-point head fixation device to maintain stability and neuronavigation accu-
racy. The site of the craniotomy is planned preoperatively based on the port entry
point and trajectory. This location is positioned at the highest point in the field. The
head may remain in a neutral and slightly extended position for anterior corridors or
turned for lateral or posterior corridors. The latter may require supporting the body
with a bump or turning the body to a lateral position in order to maintain a neutral
neck position. The incision is marked accordingly over the planned craniotomy. An
incision in the eyebrow or forehead crease may accommodate an anterior approach,
whereas a small vertical linear incision (~4-5 cm) over the parietal, temporal, or
occipital bones would be suitable for lateral or posterior approaches. The patient’s
preoperative imaging is co-registered to his or her craniofacial features using the
chosen stereotactic neuronavigation system. Incision is made, and the subperiosteal
plane dissected. A small craniotomy the size of the skin opening is turned to accom-
modate the width of the port and still allow for adequate range of motion to align
with the trajectory. The dura is opened sharply in a cruciate fashion just barely
larger than the port; this contains the edematous brain tissue out of the field and
maintains a seal around the port (Fig. 15.3). The exoscope is draped and brought
into the field. A sulcus is selected for port entry, and the arachnoid sharply dissected.
Adjacent vascular structures are mobilized and preserved as needed.
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Accessing the Lesion

The BrainPath obturator, sheath, and compatible neuronavigation probe are assem-
bled and entered as a unit into the sulcus along the planned trajectory to the base of
the target. Once the target is reached, the obturator and navigation probe are
removed, and the sheath is docked in place with a retaining hook and retractor sys-
tem (NICO Shepherd’s Hook-Greenberg™, NICO Corporation, Indianapolis, IN;
Greenberg® Retractor, Symmetry Surgical, Antioch, TN). This serves as the stable
channel to the lesion for the remainder of the operation.

Resection Techniques

Coagulated hematoma often extrudes spontaneously into the sheath channel. The
hematoma is mechanically evacuated in a systematic fashion (NICO Myriad
NOVUS®). The hematoma is gently guided into the sheath’s channel and resected.
Once healthy-appearing white matter is visualized, hemostasis is achieved in this
location with bipolar electrocautery provided by long bayoneted forceps, flowable
matrix with thrombin, or thrombin-soaked gelatin sponges. The retractor system is
loosened, and the sheath is retracted by 1 cm increments for complete hematoma
evacuation until it reaches the end of the cavity or cortical surface. Additionally, the
sheath may be angulated in 10-15-degree increments if needed to access material
that is out of site of the initial trajectory. The dura is reapproximated as able or
closed with a dural substitute inlay. The craniotomy flap is replaced and secured to
the skull with titanium miniplates and screws. The galea is reapproximated, and the
skin closed with absorbable suture.

Postoperative Care

All patients are admitted to the neurocritical care unit for close neurological mon-
itoring. Patients with radiographic evidence of elevated intracranial pressure,
cerebral edema, or obstructive hydrocephalus undergo placement of a ventriculos-
tomy for external cerebrospinal fluid diversion and monitoring of intracranial
pressures. The patients undergo immediate postoperative head CT to assess the
resection cavity. The systolic blood pressure is maintained <180 mmHg.
Prophylactic anticoagulation for the prevention of deep venous thrombosis is
resumed 48 hours postoperatively if there is no evidence of recurrent hemorrhage.
Levetiracetam is administered for 7 days or longer if the presentation is compli-
cated by ongoing seizures. Alimentation by mouth or by a Dobhoff tube is resumed
within 24 hours.
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Case Example

The patient is a 74-year-old Hispanic woman who presented to our institution. She
had a history of type 2 diabetes mellitus and hypertension. Neuroimaging revealed
a right spontaneous intraparenchymal hematoma centered in the basal ganglia mea-
suring 4.8 x 3.0 x 4.0 cm (approximately 29 cc in volume) causing mass effect on
the right lateral ventricle and 5 mm of right to left midline shift. CT angiography
was negative for a vascular malformation or aneurysm. The presumed etiology was
hypertension. On initial neurological examination, she was intubated, opening eyes
to voice, briskly localizing with the right arm, withdrawing the right leg, and flaccid
in the left extremities (GCS 9 T, ICH score 2). She underwent immediate MRI with
DTI (Fig. 15.7). She was taken to the operating room emergently for a right frontal
craniotomy through a forehead crease incision. The dura was opened, and the
BrainPath port was inserted under image guidance to the base of the hematoma,
which was resected with the use of a suction-aspiration device. The dura and skull
defect were reconstructed. The patient ultimately made a reasonable postoperative
recovery and was discharged to a subacute rehabilitation facility with residual left-
sided hemiparesis.

Fig. 15.7 Magnetic resonance imaging with diffusion tensor sequences of a spontaneous right
basal ganglia intraparenchymal hematoma in axial, sagittal, and coronal planes. Note the partial
destruction and medial displacement of the corticospinal tracts in blue (coronal) and destruction
and lateral displacement of the inferior longitudinal fasciculus in green (axial) (a)

Stereotactic guidance trajectory views of the planned approach to the intraparenchymal hematoma
utilizing the Synaptive neuronavigation system. Note the 15-degree range of motion in all directions
(left image), the 3D image of the trajectory and hematoma in relation to white matter tracts (middle
image), and the sagittal trajectory view through the planned frontal craniotomy (right image) (b)
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Conclusion

Acute intracerebral hemorrhages located in deep subcortical white matter can be
safely and efficiently accessed and evacuated with a trans-sulcal, parafascicular
port-based technique. This technique, and the technology that enables its execution,
aims to provide access and visibility to the lesion at hand while minimally disturb-
ing intervening and adjacent brain matter. The techniques described here have been
successfully employed at our institution, but can be modified to fit the neurosur-
geon’s particular context and resources.
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Chapter 16

Trans-sulcal, Channel-Based
Parafascicular Surgery for Cavernous
Angiomas and Other Vascular Lesions

Benjamin B. Whiting and Mark D. Bain

Abbreviations

AVM  Arteriovenous malformation

DTI  Diffusion tensor imaging

fMRI  Functional magnetic resonance imaging
ICH  Intracerebral hemorrhage

MRI  Magnetic resonance imaging

Cavernous angiomas represent vascular lesions comprised of densely compacted
capillaries without intervening cerebral tissue and surrounded by hemosiderin and
gliosis [1]. While these have relatively low incidence in the general population
(0.4-0.8%), they are the most common vascular malformation and can result in
significant morbidity, most commonly via headaches, seizures, progressive neuro-
logical deficits, and intracranial hemorrhage [1]. Treatment options for cavernous
angiomas include microsurgical resection, radiosurgery, and observation, each with
their own associated risks. Often, open microsurgical intervention is deferred when
these lesions are located in deep or eloquent brain tissue, even when these lesions
are symptomatic. There is literature describing microsurgical approaches to these
lesions with favorable neurological outcomes [2, 3]. However, these are technically
difficult approaches that may not confer similar neurological results when applied
to the general vascular neurosurgeon population. These deep and eloquently located
lesions require significant dissection and retraction to obtain access. As such, there
is a continuing effort in developing further approaches and techniques to minimize
these approach-related issues. The use of a channel-based approach, entering
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through a sulcus and traveling parallel to important fiber tracts, has shown particular
promise in this regard.

The use of stereotaxis has been a mainstay of the treatment of deep-seated
lesions, and vascular lesions are no exception. In 1960, Guiot and co-authors
described the use of a stereotactic apparatus for the approach to two deeply located
vascular malformations, both resulting in successful surgical treatment [4]. Riechert
and Mundinger further advanced this technique in their description of the treatment
of four patients with previously deemed inoperable arteriovenous angiomas via a
stereotactic channel-based approach [5]. In their technique, the stereotactic appara-
tus was constructed, and the target point and coordinates were identified via angiog-
raphy. Subsequent trephination was performed, and target needle was applied to the
stereotactic frame. The dura was opened, and a small corticectomy was performed
at the tip of the target needle. The needle was advanced to within 5 mm of the lesion.
At this point, a channel was created by suctioning the layer of cerebral tissue sur-
rounding the needle until the supplying blood vessel of the target was identified.
The needle was subsequently removed, and the vascular lesion was treated along
this channel. All four patients were treated successfully, and the authors described
this as an indicated treatment option for subcortical lesions, particularly when these
lesions are located in functionally important regions of the brain.

In the following years, stereotactic approach to deep-seated vascular lesions was
evaluated using a number of different treatment methods, including anodal elec-
trolysis, magnetic thrombosis, and direct electric current [6-8]. In 1977, Kandel and
Peresedov described a technique using a conical device to allow access to deep-
seated aneurysms and AVMs for clipping through this cannula [8]. They began with
angiography to identify feeding/origin vessels and select a target point. A burr hole
was placed at a site chosen to avoid functionally important regions of the brain dur-
ing insertion of the stereotactic device. After burr hole placement, the stereotactic
device was affixed with the first of two attachments inserted within the cannula, and
the combination was passed to the previously selected target point. Angiography
was performed to confirm accurate placement at the target site. The first attachment
was then replaced with a second attachment, a specially designed device with an
aneurysm clip at the distal tip. The clip was deployed with controls on the proximal
end of the device. After clip placement through the cannula, angiography was per-
formed to confirm effective clip placement, and the patient was subsequently awak-
ened to ensure normal function. Once deemed satisfactory, the patient was again
anesthetized, and the cannula with attached device was removed from the brain.
They published a series of eight patients (ten lesions) treated with this procedure/
device (four aneurysms and six AVMs). With this stereotactic approach, they expe-
rienced no mortalities with only a single case of hemiparesis lasting several days. In
a similar stereotactic method, Sisti resected ten small, deeply located AVMs.
Importantly, he utilized a trans-sulcal approach to these malformations as a means
to “preserve the surrounding cortex” [9].

In 1982, Kelly utilized a similar stereotactic/stereoscopic angiography localiza-
tion method when he first described the use of a uniquely designed self-retaining
retractor passed parallel to the white matter fibers to approach and remove a



16  Trans-sulcal, Channel-Based Parafascicular Surgery for Cavernous Angiomas... 233

deep-seated vascular malformation [10]. In subsequent publications, he was the first
to describe a cylindrical retractor system that allowed access to deep-seated lesions
[11, 12]. This device consisted of a hollow cylinder (either 2 or 3 cm in diameter)
with dilators that fit inside with a wedged distal tip to allow ease of passing. They
felt a cylindrical retractor resulted in less damage to surrounding brain tissue. While
the majority of his experience was with tumors, his initial publication in 1986
described the treatment of nine vascular lesions (two cavernous angiomas, five
thrombosed AVMs, and two active AVMs). Otsuki utilized a thin-walled cylindrical
tube in conjunction with an endoscope to resect two cavernous angiomas [13]. Ross
described a cylindrical retractor system for the resection of a diverse array of lesions,
including cavernous angiomas [14]. He utilized a pial opening at the gyral crest and
directly visualized lesions via a microscope aimed through the cylinder.

By the 2000s, publications regarding surgical approaches to deep lesions utiliz-
ing stereotaxis and cylindrical or tubular retractors were becoming more common-
place. In 2006, Ogura used a cylinder made of thin polyester as a conduit to deeply
located lesions [15]. A transparent 0.1-mm-thick polyester film was cut into sheets
and rolled around a holding needle. The needle was introduced into the brain trans-
cortically to the target, and the holding needle was removed, allowing the polyester
to naturally expand in the shape of a cylinder. Lesional resection was performed
along this cylindrical path. The pressure exerted on the surrounding brain tissue by
this cylinder was measured in two cases and was found to never exceed 10 mmHg
(well below the pressures Rosenorn described as causing a considerable reduction
in cerebral blood flow [30 mmHg] and ultimately resulting in cortical damage) [16].
The authors utilized this technique to remove 11 lesions, 1 of which was a cavern-
ous angioma. Greenfield and colleagues used a spinal surgery tubular retractor sys-
tem to access deep lesions, including one cavernous malformation [17]. Their
technique consisted of a cortical entry site in non-eloquent location using an inci-
sion in the gyral crest. They described two main advantages of a tubular retraction
system: (1) equal distribution of pressures to minimize injury and (2) splitting of
deep white matter tracts, as opposed to transection. They also surmised the use of
DTI and/or fMRI may aid in the surgical planning when these techniques are used.
Fahim (2009) and Almenawer (2013) each used a similar technique with a spine
tubular retraction system to resect, respectively, a choroidal AVM and two caverno-
mas [18, 19].

As channel-based approaches to deep-seated lesions increased in frequency,
devices to aid these techniques became available on the market. One of these devices
that has become particularly prominent is the BrainPath™ tubular retractor system
(NICO Corp, Indianapolis, IN, USA). The BrainPath™ system includes a sheath
and an obturator, the former being disposable and the latter reusable. The sheath is
transparent and allows the obturator to fit within it. The head of the obturator is
tapered to an atraumatic tip that extends beyond the distal edge of the sheath. To
insert the device, a 3 cm craniotomy is turned with a small dural opening. The
arachnoid is opened, and the sheath (with obturator inserted) is passed through the
brain to the target point. When the appropriate depth has been reached, the obturator
is removed, allowing a cylindrical channel within which the lesion can be addressed
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(either 11 or 13.5 mm in diameter). This requires the use of neuronavigation to plan
an appropriate trajectory. As seen in techniques described previously, a trans-sulcal
approach is ideal, as this reduces the amount of brain tissue manipulation.
Additionally, when planning the trajectory, specific attention should be paid to
avoiding disruption of important white matter tracts.

The BrainPath™ device has been used to treat a wide variety of deeply or elo-
quently located lesions (e.g., brain tumors, ICH, abscesses), and vascular lesions are
no exception. One of the first published uses of this device for a vascular lesion was
a case series by Ding and colleagues [20]. The authors discussed a channel-based,
trans-sulcal resection of three cavernomas via BrainPath™. The first of three
patients treated by this group was a young female who presented with ICH but was
found to have a 4.5 cm cavernous malformation located in the anterior body of the
corpus callosum with intraventricular extension. Using the BrainPath™ device via
a right frontal approach, the lesion was initially debulked internally followed by
circumferential dissection of the capsule after the lesion retracted inwardly. The
patient was discharged 2 days after surgery without deficit, and post-operative MRI
at 2 months demonstrated 8 mm residual. The second patient treated was another
young female with a 7 mm cavernoma in the left inferior frontal lobe, posterior to
Broca’s area. Functional MRI demonstrated left dominant speech. As such, awake
speech mapping was utilized during resection. The approach was via a left frontal
craniotomy with trajectory obliquely through the left middle frontal gyrus. The cav-
ernoma was resected en bloc, and the patient was discharged at her baseline exam.
Post-operative MRI at 3 months showed complete resection of cavernoma. Lastly,
the third patient presented with a 10 mm cavernoma within the left anterior body of
the corpus callosum. A left frontal craniotomy was performed, and the lesion was
resected en bloc. She was discharged without deficits, and post-operative MRI at
12 months demonstrated complete resection. Chen and colleagues described the use
of the BrainPath™ system for the treatment of a ruptured periventricular aneurysm
[21]. In the report, the patient was found to have a periventricular aneurysm located
in the wall of the right lateral ventricular atrium. Feeding vessel was deemed to be
the posterior choroidal artery. Endovascular treatment was attempted but was unable
to be performed due to inability to safely access the distally located vessel and the
significant amount of brain parenchyma supplied distal to the aneurysm. As such,
the authors decided to move forward with channel-based treatment via BrainPath™.
The sheath was advanced into the atrium of the right lateral ventricle. Hematoma
was encountered and evacuated. The aneurysm was found to be fusiform and clip-
ping was unable to be performed and electrocautery ligation of the aneurysm was
performed. Scranton and colleagues further described the use of BrainPath™ for a
trans-sulcal, parafascicular resection of two subcortical cavernomas [22]. The first
case was a hemorrhagic cavernoma within the right thalamus with extension into
the midbrain and cerebral peduncle. The second was a hemorrhagic cavernoma
within the subcortical white matter, deep to the superior temporal and supramar-
ginal gyri. Both cases utilized pre-operative DTI imaging for trajectory planning,
and one utilized functional MRI. Witek and colleagues utilized a similar approach
to resect a subcortical AVM adjacent to the right lateral ventricle [23]. Post-operative
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angiogram demonstrated complete resection of the AVM. While the authors state
that AVMs amenable to this type of resection are likely rare, they demonstrated this
system should be a consideration when planning treatment of small, deep, rup-
tured AVMs.

The use of trans-sulcal, channel-based techniques has been a long process of trial
and error, with great strides in recent years. While the majority of this work has been
in the treatment of tumors and intracerebral hemorrhage, there has been a consistent
push toward more vascular applications, as demonstrated in this chapter. When con-
sidering the use of this technique for a vascular pathology, a number of factors must
be considered. The sheath diameter is 13.5 mm which provides a suitable working
space when tasked with treating a small- to moderate-sized lesion. However, this
may not provide proper visualization and control for treating larger lesions, in par-
ticular large cavernous angiomas and arteriovenous malformations. Additionally,
this window of visualization is less than ideal for treating lesions with high flow
characteristics. As such, these types of lesions are not recommended for treatment
with these channel-based approaches [23]. As with all trans-sulcal, parafascicular
approaches, the surgeon must critically evaluate the trajectory of the channel to the
lesion. If important white matter fibers are disrupted, the benefits of these less inva-
sive techniques are negated. MRI with fiber tracking (i.e., DTI) and functional MRI
can be useful in the pre-operative stages of planning. As expected, there is a learning
curve with the application of these techniques, as greater experience allows greater
comfortability with operating through a channel. If selecting a trans-sulcal, parafas-
cicular channel-based approach for the treatment of a vascular lesion, the surgeon
should have sufficient experience with using the devices and techniques.

Deep-seated and eloquently located vascular lesions remain some of the most
challenging pathologies to treat, as the approach alone can subject the patient to
significant morbidity and mortality. There has been significant effort in describing
novel treatment options for these lesions that reduce these associated risks and pro-
vide patients with better outcomes. The application of trans-sulcal, channel-based
parafascicular surgery for deep-seated cavernous angiomas and other vascular
lesions has demonstrated to be a promising new option in carefully selected cases.
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Chapter 17

Surgical Resection of Intraventricular
Tumors Using a Minimally Invasive
Parafascicular (MIP) Approach

with a Navigated Tubular Retractor
System

Jonathan Weyhenmeyer, Robert A. Scranton, Charles Kulwin,
and Mitesh V. Shah

Traditional Approaches

The ventricular system is found deep within the brain, and the overlying neuro-
anatomy and intricate vasculature can make surgical approaches challenging. The
lateral ventricle encompasses a large area of the brain and can anatomically be
divided into the frontal horn, body, atrium, occipital horn, and temporal horn. There
are a variety of both primary and secondary pathologies that may appear in these
areas (see Table 17.1). Additionally, the blood supply and venous drainage around
and to various pathologies must also be considered during the approach. The venous
drainage is especially important as violation may result in significant morbidity. The
lateral ventricles contain the septal, caudate, and thalamostriate veins. The roof of
the third ventricle contains the major outflow of the ventricle, basal ganglia, and
thalamic veins, e.g., the internal cerebral veins, in the velum interpositum. Mass
occupying pathologies in the lateral and third ventricles will distort the typical land-
marks for ventricular surgery and may distort the locations of the major venous
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Tablg 17.1 Tumolrs of the Lateral ventricle Third ventricle

ventricles by location Neurocytoma Colloid cyst
Subependymoma Craniopharyngioma
Giant cell astrocytoma Pineocytoma
Meningioma Pineoblastoma
Choroid plexus papilloma Germ cell tumors

anatomy. As such, ventricular surgery requires careful study of the pre-operative
MRI and, when indicated, vascular imaging including MR angiography, CT angiog-
raphy, or digital subtraction angiography prior to the operation (Table 17.1).

Surgical approaches to the frontal horn include the frontal trans-basal, frontal
transcortical, and anterior interhemispheric transcallosal. The frontal transcortical
and anterior interhemispheric transcallosal approaches may be used for approach-
ing the body as well. The frontal transcortical approach provides excellent visual-
ization of large unilateral ventricular pathology, while the anterior interhemispheric
transcallosal approach affords better visualization of the contralateral lateral ven-
tricle. Several reports detail a higher post-operative seizure risk with a frontal trans-
cortical approach as compared to the anterior interhemispheric transcallosal [5, 9,
15]; however, conflicting data does exist [13]. The frontal trans-basal approach has
historically been used for pathology that emanates from the sellar or suprasellar
cistern through the lamina terminalis. The operating angles for this approach require
access to the third ventricle through the lamina terminalis. Given the tight working
angles and eloquent surrounding anatomy, e.g., optic chiasm inferiorly, hypothala-
mus bilaterally, and close proximity to the cerebral vasculature, this approach is
fraught with difficulty.

Anterior Interhemispheric Approach

The most technically demanding approach to the frontal portion of the lateral ven-
tricle is the anterior interhemispheric transcallosal approach. Through this approach,
either ventricle may be accessed, tumors arising from the midline can be easily
approached from either side, and if a lesion arises from the lateral wall, it is best
visualized when a contralateral approach is used. For example, a mass arising from
the lateral wall of the left lateral ventricle can be seen with a good working trajec-
tory from a craniotomy performed on the right. While the approach may be imple-
mented from either side, it is technically more challenging to perform on the left due
to concern for draining veins from the dominant hemisphere.

First, a craniotomy is performed with exposure of the midline centered two thirds
anterior to the coronal suture, one third posterior to the coronal suture. Bony removal
must encompass exposure of the edge of the sagittal sinus in order to facilitate the
interhemispheric trajectory. The dura is flapped toward midline with the base at the
edge of the sagittal sinus. Retention sutures are placed to provide adequate
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retraction. Next, an interhemispheric dissection is performed taking care not to
avulse any veins that may be attached to the superior sagittal sinus. In general, tribu-
tary veins to the anterior third of the sagittal sinus can be sacrificed without conse-
quence; however, attempts should be made to save large tributaries. The
interhemispheric dissection continues with small retractor blades until the bright
white of the corpus callosum is seen. This dissection should occur in a plane parallel
to a plane drawn from the coronal suture to the external auditory meatus (EAM) as
this will point directly toward the foramen of Monro. The cingulate gyrus is often
confused with the corpus callosum, which is seen as a bright white surface without
the delicate vasculature typically seen on the cortical surface. The dissection may be
aided with the use of an external ventricular drain or lumbar drain to relax the brain
prior to dissection depending upon the pathology and presence of obstructive hydro-
cephalus. Attention is also paid to preserving the small arterioles arising from the
pericallosal and callosomarginal artery. Identification of the pericallosal arteries
overlying the corpus callosum is not required prior to the callosotomy provided the
surgeon is comfortable that the corpus has been properly identified. Once the corpus
callosum is reached, a 2-3 cm incision oriented in the sagittal plane is made to enter
the ventricle. The incision should stay within the anterior third of the body. If the
pericallosal arteries are identified, the incision should be placed between the arteries
to avoid violation of their branching vessels. The laterality of the ventricle of entry
is determined based on anatomic landmarks, e.g., choroid plexus, septal vein, and
thalamostriate veins [14]. Care must be taken not to injure the fornix which can
result in post-operative memory deficits. Techniques using both fixed and dynamic
retraction have been described in the interhemispheric approach. Use of a fixed
blade retraction system may lead to cortical and subcortical ischemia and/or contu-
sion with extended time and excessive retraction force [1, 16]. Importantly, if too
large of an incision is made in the corpus callosum, the surgeon runs the risk of
performing a true callosotomy causing disconnection syndrome whereby the patient
may present post-operatively with agnosia, ideational apraxia, alien hand, and/
or alexia.

Transcortical Approach

The transcortical route avoids some of the pitfalls of the transcallosal route but still
comes with its own set of complications. The craniotomy for the transcortical
approach is larger as the surgeon will require a wider medial-to-lateral working cor-
ridor. The craniotomy is centered approximately two thirds anterior to the coronal
suture and runs 7—8 cm lateral to the sagittal suture. The sagittal sinus does not need
to be exposed, and there is no requirement for coagulating venous tributaries. Once
the dura is opened, the middle frontal gyrus is identified. A 2-3 cm corticectomy is
made in the gyrus. Depending on the length for dissection, e.g., the degree of hydro-
cephalus present, a larger incision may be required due to the increased amount of
tissue. Maintaining the planes of subcortical dissection in this approach is critical to
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ensure that the surgeon is able to reach the ventricle without significant complica-
tion. Some surgeons will place a ventricular catheter as guide for appropriately tra-
versing to the ventricle. Another method involves the usage of surface anatomy. The
anterior-posterior trajectory should be parallel to a plane drawn from the EAM to
the coronal suture. The medial-lateral trajectory should proceed in line with a plane
drawn from the ipsilateral middle frontal gyrus to the contralateral medial canthus
[14]. Once the ventricle is entered, the surgeon should again orient based on the
ventricular anatomy previously mentioned. Dynamic or fixed retraction can be used
throughout the remainder of the procedure.

As discussed, it is unclear which approach represents a greater post-operative
seizure risk. The transcortical route is an excellent choice for midline pathology
such as colloid cysts given the trajectory; however, in more laterally based patholo-
gies, it may be more difficult to visualize all the margins and vascular supply early
in the operation. A challenging aspect of the transcortical route is the difficulty in
limiting damage to the cortex and subcortical white matter pathways during resec-
tion or while instruments transit along the route. Unprotected repeated placement of
instruments can lead to cortical injury. Traditionally a cotton patty or retractor blade
may be placed along the path to assist in maintaining the operative corridor with the
use of fixed retraction, dynamic retraction, or a combination of the two. The entry
point and trajectory are often visualized using a hand-held navigation probe. The
lack of continuous navigation can, at times, make a precise approach to the pathol-
ogy difficult. Navigation instruments must be placed and removed during the phase
of identifying the ventricle. Initial cortical opening can vary and can enlarge with
blade retractors as necessary to access the depth of the lesion. Often the planned
opening is enlarged more than anticipated by using the blade retractors.

Tubular Retractor Systems

Many of these issues have been ameliorated with use of a navigated tubular retractor
system such as the BrainPath (NICO Corporation, Indianapolis, Indiana). The clos-
est historical corollary is Patrick Kelly’s description of his use of a tubular retractor
on a stereotactic arc for resection of deep-seated lesions [11]. The BrainPath device
is a modern version where a small tubular retractor (inner diameter of 13.5 mm)
system with inner cannula of varying lengths is combined with frameless stereotac-
tic neuronavigation. A standard neuronavigational pointer can be inserted into the
center of the cannula for continuous navigation while approaching a target destina-
tion. Additionally, a custom navigation array may be placed on the tubular retractor
itself for use with a navigation guidance system (e.g., Synaptive guidance system).
The advantage of this custom array is that it affords continuous navigation for the
entirety of the procedure rather than just during the initial approach. This results in
fewer instruments that are passed between the surgeon and assistant throughout the
course of the operation creating a more efficient procedure, thereby decreasing sur-
geon fatigue and anesthetic time. The advantage of continuous navigation during
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the procedure becomes more obvious when approaching and resecting subcortical
pathology as the visual anatomic clues available in ventricular surgery are lost.

Another decided advantage of a tubular retractor system for cranial neurosurgery
is in the equal dispersion of the retraction force on the cortex and subcortical white
matter [2]. This likely results in less trauma to these structures throughout the opera-
tion than with standard fixed retraction systems [4, 16]. Additionally, these tubular
retractors are typically made of plastic, which is less likely to stick to the paren-
chyma as compared to a cotton patty.

At present, tubular retraction systems have been employed in a vast array of
clinical scenarios for subcortical and intraventricular lesions. The most frequent
usage of the system has been for the evacuation of spontaneous intracerebral hemor-
rhage, for which there are ongoing trials [12]. In addition, the tubular retractor has
been utilized for subcortical high-grade gliomas, metastasis, vascular lesions, and
intraventricular lesions such as colloid cysts and ependymal tumors [3, 68, 10].

Tubular Retractor Implementation

Use of the modern tubular retractor begins with pre-operative planning to define a
specific trajectory to the lesion that utilizes a sulcus and minimizes the need to tra-
verse eloquent subcortical pathways. The sulcal approach minimizes the distance to
the lesion traversed by the retractor. The craniotomy is usually 3—4 c¢m in diameter
with the selected sulcus centrally located. Large veins that need to be dissected and
preserved or avoided all together can often be found on the post-contrast MR imag-
ing during the planning phase. The craniotomy is larger than the tubular retractor
(about the size of a dime), but much smaller than an open approach, in order to
permit for multiple degrees of freedom for rotating the retractor in the long axis in
order to improve visualization, a maneuver often referred to as “wanding.” Once the
craniotomy is performed, stereotactic navigation is used to identify the entry point,
and then a dural incision is made overlying the sulcus. Typically, this incision is
small, approximately 1/2 inch by 1/2 inch, performed in the cruciate fashion, to
permit entry of the retractor and trocar while preventing spinal fluid egress and brain
shift. Care must be taken to not hyperventilate the patient or use hyperosmolar treat-
ment to decrease the ICP when MIPS is used. This helps to avoid cortical sinking
and injury to the veins that are tributaries to the midline. The minimal craniotomy
and dural opening decrease brain shift, maintaining the accuracy of neural naviga-
tion. The tubular retractor and trocar are then assembled (Fig. 17.1a). The trocar
extends 15 mm beyond the edge of the tubular retractor to facilitate parallel fascicu-
lar dissection during placement. The stereotactic navigation will provide feedback
on the location of the tip of the retractor with the navigation guidance system; oth-
erwise, a projection must be added. When the pre-selected intracranial target is
reached, the tubular retractor must be advanced 15 mm before removing the trocar.
We prefer to cannulate past the ependymal lining but just superficial to the lesion
wall. The tubular retractor is then held in place, and a Shepherd’s hook retractor
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Fig. 17.1 Retractor system and hands-free application. (a) Trocar and tubular retractor assembled
with both Stealth and Synaptive navigation systems. (b) Implanted tubular retractor with Synaptive
navigation and Shepherd’s hook for hands-free stabilization

/'.""

Fig. 17.2 Intra-operative ultrasound. (a) Intra-operative ultrasound is used through the tubular
retractor to appropriately visualize the tumor. (b) An intra-operative ultrasound image showing a
heterogeneous tumor

system is assembled for stability (Fig. 17.1b). The loss of CSF from the ventricle
may affect the accuracy of navigation. We utilize an intra-operative ultrasound
probe which fits thru the retractor system to document successful cannulation next
to lesion and as a guidance for confirming gross total removal (Fig. 17.2). We have
also performed these cases in the IMRIS room, and we can safely get iMRI with
tube left in the ventricle and the Shepherd’s hook and navigation system removed
from the wound. Following cannulation, the surgeon has the option of utilizing
either an operating microscope or an exoscope. At our institution, we have predomi-
nantly utilized the Synaptive exoscope for most BrainPath cases. The advantages of
the robotic digital microscope are the greater light, optical magnification, and
greater depth of field than the standard microscopes. The robotic alignment down
the axis of the navigated tube permits an efficient system to seamlessly remove
deep-seated tumors. The robotic exoscopes now allows for stereoscopy. Olympus
has developed a 3D exoscope, but it has manual arms and shorter working distance.
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The key portion of the procedure is then performed. Continuous transgressions into
the ventricle using bimanual techniques can be performed safely without both corti-
cal and subcortical injury using a tubular system. Once the intracranial portion of
the case is complete, the tubular retractor is detached from the Shepherd’s hook and
slowly removed from the brain under direct visualization. As the retractor is
removed, careful attention is paid to the subcortical walls, and any bleeding, if
encountered, is managed. This is typically not necessary with this system. Following
removal of the retractor, the dura, craniotomy, and incision are closed in the usual
fashion.

Case Illustration 1

A 22-year-old male presented to the emergency room with complaints of fever,
headaches, nausea, emesis, and blurry vision. He was initially worked up for sinus-
itis and meningitis. A head CT was obtained that demonstrated obstructive hydro-
cephalus and a cystic mass at the foramen of Monro consistent with a colloid cyst
(Fig. 17.3a, b). Given his symptomatic obstructive hydrocephalus, he was offered
resection utilizing transcortical approach using the BrainPath system.

The BrainPath and Stealth (Medtronic, Minneapolis, MN, USA) neuronaviga-
tion systems were appropriately registered, and an incision and craniotomy were
planned such that they provided access to the right lateral ventricle and foramen of
Monro via the chosen sulcus. After the craniotomy, a small 1/2 inch by 1/2 inch
incision was made in the dura in a cruciate fashion. The arachnoid overlying the
chosen sulcus was cut with an arachnoid knife. A 7.5 cm BrainPath tubular retrac-
tor was then paired with the trocar and placed in the sulcus. The navigation pointer
was inserted into the center of the trocar and a 15 mm projection added to the
pointer. The BrainPath trocar system was then passed into the right lateral ventricle
under continuous navigation with careful attention to avoid entering the cyst at the
foramen of Monro. After the trocar was removed and the BrainPath was fixed into
place with the Shepherd’s hook, the operating microscope was brought into the
field. The cyst was readily visualized bulging out of the foramen of Monro.
Anatomic cues, such as location of the septum pellucidum and the septal and thala-
mostriate veins, confirmed the laterality shown on the neuronavigation system. The
cyst resection proceeded by decompressing the cyst, followed by piecemeal resec-
tion of the cyst capsule with careful attention to preserve the internal cerebral veins
as well as the fornices. Following resection, the BrainPath was removed, and an
EVD was left in the operative cavity. The patient was then sent to the ICU. A fol-
low-up head CT was performed that showed adequate resection and decreased size
of the lateral ventricles (Fig. 17.3c). The EVD was weaned over the coming days,
and the patient was discharged to home. He did well post-operatively, returning to
work within 1 month.
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Fig.17.3 Pre- and post-operative images of a third ventricular colloid syst. (a) T2-weighted sagit-
tal image with ventriculomegaly and clearly defined colloid cyst occupying the third ventricle. (b)
T1 post-contrast image that shows the colloid cyst and venous anatomy with the internal cerebral
veins coursing posteriorly around the cyst. (¢) Post-operative CT showing ventricular decompres-
sion and resection of colloid cyst without significant intraventricular blood products

Case Illustration 2

A 68-year-old female with a past medical history significant for breast cancer pre-
sented with headaches and nausea. A head CT and subsequent MRI were obtained
that showed an intraventricular mass with hydrocephalus (Fig. 17.4a, b).

The patient was brought to the operating room and positioned supine. The Stealth
(Medtronic) and Synaptive navigation systems were registered, and a right frontal
approach with trans-sulcal access was planned to the ventricle. A 4 cm craniotomy
was subsequently preformed, and the dura was opened in a cruciate fashion overly-
ing the sulcus of interest. The right lateral ventricle was then accessed as previously
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Fig. 17.4 Pre- and post-operative images of an intraventricular subependymoma. (a, b) Pre-
operative FLAIR MRI, sagittal, and axial slices displaying the intraventicular location and bowing
of the septum pellucidum. (¢) and (d). Post-operative FLAIR MRI, sagittal, and axial slices show-
ing gross total resection of the lesion

described. Laterality was again conformed using anatomic cues and neuronaviga-
tion. The tumor was then visualized and resected using the NICO Myriad suction
system, bipolar electrocautery, and microdissection techniques. After removal of
the subependymoma, a septostomy was performed, connecting the two lateral ven-
tricles. An EVD was left in place to monitor pressure post-operatively. She was sent
to the ICU for close post-operative monitoring. Her post-operative MRI confirmed
a gross total resection (Fig. 17.4c, d). She did well post-operatively but required
discharge to inpatient rehabilitation for further balance and gait training prior to
returning home.
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Case Illustration 3

A 49-year-old male presented after multiple episodes where he fell asleep while
driving. A non-contrast head CT was obtained, and he was noted to have obstructive
hydrocephalus secondary to an intraventricular mass. An MRI demonstrated a large
sellar and suprasellar mass that extended through the third ventricle into the lateral
ventricle with a cystic component in the lateral ventricle and notable obstructive
hydrocephalus (Fig. 17.5a, b). Given the extent to which the tumor extended

Fig. 17.5 (a, b) Pre-operative T1-weighted post-contrast images of a pituitary adenoma extending
into the third and lateral ventricles. (¢, d) Intra-operative T1-weighted post-contrast images after
resection of the lateral ventricular portion of the tumor via tubular retractor allowing for ventricular
decompression. (e, f) Post-operative T1-weighted post-contrast images after transsphenoidal
resection of remaining tumor. There is a small remnant along the right carotid artery
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superiorly, we did not feel that this lesion could be appropriately addressed through
a single transsphenoidal or transcranial approach. As such, the patient was offered a
staged procedure whereby the lateral ventricular portion of the pituitary macroade-
noma was removed with a trans-sulcal BrainPath approach first in order to address
the hydrocephalus. The remainder of the tumor would then be removed through an
endoscopic transsphenoidal approach.

An incision and craniotomy were planned that allowed for use of a sulcus to
access the ventricle at a trajectory that would facilitate resection. The tubular retrac-
tor system was constructed, the arachnoid opened, and the sulcus cannulated as
described previously. The tumor within the lateral ventricle was readily visible and
resected with the assistance of an exoscope for visualization. Following resection,
an intra-operative MRI was obtained (Fig. 17.5¢c, d) demonstrating significant deb-
ulking of the tumor and resolution of the ventricular obstruction. Three weeks later,
the patient returned to the operating room for an endonasal transsphenoidal approach
to complete the resection. Figure 17.5e, f shows the post-operative imaging at
6 months with a small amount of residual tumor in the right suprasellar region,
adjacent to the cavernous sinus. There was no optic apparatus compression or
hydrocephalus. The patient had no neurological deficits on exam, but has developed
panhypopituitarism.

Discussion

The trans-sulcal parafascicular approach with a tubular retractor affords a number
of advantages when attempting to resect deep-seated lesions. The trans-sulcal
approach helps to minimize cortical damage as compared to a standard open trans-
cortical approach. Additionally, the trocar and tubular retractor help to disperse
fibers radially rather than transect fascicles when traversing the subcortical white
matter to the pathology of interest. The radial dispersion of forces also holds when
the tubular retractor is fixed into place as the force on the brain parenchyma is
applied in a radial fashion to all of the surrounding brain, rather than to a single side
as is the case with a fixed straight retractor. In theory, this should result in less dam-
age secondary to retraction as the force is spread out over a greater area. The tubular
retractor also allows for easy “wanding” to assist in visualization in any plane.
Finally, the 360-degree nature of the tube helps to protect the brain parenchyma
when entering and exiting the operative field with instruments. In comparison to
endoscopy, we have found that there is significantly less trauma to the ventricular
ependymoma with the tubular retractor approach. The MIPS tube is significantly
more robust than the endoscopic sheath and does not allow for shearing of the epen-
dymal lining with varying degrees of forces. Coupled with the lack of a long lever
arm, contrary to endoscopy, the surrounding tissues are readily protected. The other
advantage of a tubular retractor system is that it permits a bimanual operation which
greatly facilitates lesion resection in a timely manner.
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It is important to emphasize that BrainPath is not the first tubular retractor engi-
neered for minimally invasive cranially surgery. As noted previously, Patrick Kelly
developed a tubular retractor system based on passing successively larger tubes to
cannulate the parenchyma to the lesion of interest. More recently, Vycor has devel-
oped a ViewSite system that traverses the parenchyma via a corticectomy that is
approximately the diameter of the retractor. From our perspective, there is an inher-
ent advantage in utilizing a trans-sulcal as opposed to a transcortical approach in
that the cortex is not violated. While vascular anatomy does run within the sulci, we
have not found it difficult to avoid injury the superficial vascular structures with
either the initial pial opening or during passing of the tubular retractor. From the
time the sulcus entry point is identified to decannulation, it takes 1.5-2 minutes.

Implementation of any tubular retractor system for minimally invasive cranial
surgery does come with a learning curve. It is necessary for the operator to become
accustomed to operating within a tubular system as the visualization and angles
required may at first seem challenging. Bayonetted instruments are required to
allow for visualization while working in the operative field. While some surgeons
utilize the BrainPath system with a traditional operating microscope, we have found
improved visualization with an exoscope. The Synaptive exoscope increases the
field of view for the surgeon and permits a comfortable viewing experience such
that awkward positioning is not required.

In this chapter, we have presented three different cases of intraventricular tumors
that were accessed and successfully resected with the BrainPath system. These
cases encompassed a simple colloid cyst to a vastly overgrown pituitary macroade-
noma with significant compression on surrounding neural structures. Resection of a
colloid cyst with the BrainPath system should be considered similar to the more
traditional interhemispheric approach in that both require operating in tight corri-
dors and anatomic recognition to ensure that the surgeon is the proper ventricle. As
such, the colloid cyst provides a good opportunity for a surgeon who is new to the
BrainPath system. We consider both the subependymoma and pituitary macroade-
noma to be more complex lesions to resect owing to their size and effect on ven-
tricular morphology. If the decision is made to implement the BrainPath system,
then it is preferred that the surgeon have some prior experience with the system
before attempting to resect more complicated lesions located in the ventricles.
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Chapter 18 )
Future Directions Check or

Gabriel Zada, Gustavo Pradilla, and J. D. Day

In this text, the editors have attempted to, for the first time, comprehensively present
an informed approach pertaining to the structure, function, advanced neuro-imaging
features, relevant pathology, access, instrumentation, and surgical techniques facili-
tating modern and safe surgery of the subcortical and intraventricular spaces of the
human brain. The expertise and perspectives offered by leading neurological sur-
geons who have helped to shape this rapidly evolving niche of neurological surgery,
and contributed to this reference, collectively provide a curated catalogue for stu-
dents, trainees, and practicing surgeons who may be interested in current practices
guiding treatment of complex subcortical pathology while always maintaining at
the forefront of consideration the minimization of collateral damage and preserva-
tion of neurological function. It is without question that the particular topic covered
by this compendium has been based considerably on recent advancements in neuro-
imaging as well as optical and surgical instrumentation technology. Together, these
capabilities have created a confluence of various working systems that neurological
surgeons can now utilize with greater ease to accurately and more safely access
deeper, more intricate, and potentially more eloquent neuroanatomical regions,
definitively and safely treating a challenging subset of deeply located vascular and
neoplastic lesions. The small field of neurological surgery is limited by its inability
to routinely perform large, randomized controlled surgical trials to test the efficacy
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of each surgical approach or instrument. It is only with gradual evolution and step-
wise advancements that surgeons share with one another, via references such as this,
that neurosurgical practice can advance until supported by the required levels of
evidence to definitively change practice. As an example, neurosurgeons may be on
the verge of a new horizon with respect to the management of intracerebral hemor-
rhage, which is rapidly evolving and may indeed be supported by Level I evidence
in the next several years. Advanced neuro-imaging such as diffusion tensor imaging
has provided an ability to image and understand previously ignored subcortical fas-
cicles. This has enhanced the ability to select best approaches to navigate around
critical white matter tracts in a continuous effort to improve neurological outcomes
while maximizing access to deeper subcortical regions. In conjunction with inte-
grated neuro-navigation and ever-evolving miniaturized instrumentation and tech-
nology, surgical port retractors provide access to subcortical anatomical
compartments with which a variety of tumors and vascular pathology can now be
treated. Mapping out the future of this evolution is exciting and encouraging, and
we will no doubt see the introduction of fully robotic systems that will provide
additional miniaturization and potential for unparalleled tissue handling and maneu-
verability that is currently unachievable. Multi-port access to deep-seated lesions is
another possibility that has not yet been fully harnessed by neurological surgeons,
although has become a pillar of minimally invasive surgery in other anatomical
compartments such as the thorax and abdomen. It is important to also consider that
the entire landscape of management for tumor pathology is changing based on
advancements in optical fluorescence and targeted and immune-based treatments.
In the future, the role of the surgeon may evolve as tissue sampling and molecular
characterization become even more paramount. It is an exciting time for neurologi-
cal surgeons who perform complex cranial surgery in the subcortical space. The
editors are honored to be a part of this journey and to collaborate with leaders in the
field who have given these issues thorough consideration and will continue to help
shape the future of subcortical neurosurgery for the benefit of generations of patients
to come.
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