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RESUM DE LA TESI DOCTORAL EN LA 
LLENGUA CATALANA

Avaluació de la cirurgia de gliomes de la Insula: tècnica quirúrgica i 
avaluació dels resultats clínics. 

En la present tesis doctoral es presenten els resultats de sis anys d’investigació del 
doctorand sobre els gliomes que afecten el lòbul de l'Insula. La present tesis doctoral es 
divideix en tres parts en les que es desenvolupa un programa seqüencial dirigit a la 
investigació i optimització del tractament quirúrgic de les lesions de la Insula (amb 
especial atenció als gliomes cerebrals d’alt grau). 

En primer lloc es desenvolupa un treball de laboratori per al disseny d’una 
metodologia òptima per a la simulació quirúrgica d’abordatges Neuroquirúrgics 
intracerebrals en un model cadavèric. Es descriuen els mètodes i estratègies per al 
disseny de la composició química del líquid de embalsamament que el cervell humà així 
com la metodologia per avaluar objectivament l’esmentada fórmula química i el mètode 
de embalsamament. Es descriu la superioritat del mètode desenvolupat respecte de 
l’estàndard de preparació de cadàvers però simulació quirúrgica i es discuteixen els 
avantatges principals del mètode dissenyat respecte la investigació referent a la tècnica 
neuroquirúrgica. Aquests són, en breu, la millora substancial d’elastança cerebral que 
permet la retracció del teixit cerebral de forma similar a la cirurgía en ésser humà viu, la 
disminució de l’exposició del personal de recerca a components carcinogènics com el 
formaldehid, la superioritat en la preservació del material cadavèric respecte el teixit no 
embalsamat, etc. L’esmentada metodologia és la base per la segona fase de la present 
tesi doctoral.

En segon lloc es desenvolupa un projecte d’investigació sobre la tècnica quirúrgica 
per la ressecció de lesions del lòbul de l'Insula, amb especial atenció als gliomes insulars. 
Prenent el mètode de simulació neuroquirúrgica desenvolupat a la primera fase 
d’aquesta tesi, es comparen les dues tècniques principals per l’accés a la Insula: 
l’abordatge Transilvià i l’abordatge Transcortical. Es descriuen els perfils quirúrgics 
d’ambdues tècniques quirúrgiques respecte a l’accés a cada una de les parts de la Insula 
(anterior superior, posterior superior, posterior inferior, i anterior inferior). Es descriu, per 
primera vegada, la tècnica quirúrgica més favorable per cada part de la Insula i 
s’introdueixen conceptes claus per la decisió preoperatòria. En termes generals 
l’abordatge transilvià demostra superioritat en tumors que afecten la part anterior de la 
Insula, mentre que l’abordatge transcortical és superior en tumors de la part posterior.



En tercer lloc s’estudien els resultats clínics de les tècniques quirúrgiques estudiades 
en un model de simulació descrit a la fase anterior, per mitjà de la revisió retrospectiva 
de casos clínics en els quals es varen realitzar cirurgies de glioma insular. L’esmentada 
investigació retrospectiva es va desenvolupar a University of California San Francisco, 
Califòrnia, USA (Centre de notable prestigi vers la cirurgia de gliomes insulars), així com a 
Barrow Neurological Institute, Arizona, USA (centre de prestigi mundial en 
microneurocirurgia). En aquesta última fase es resumeixen els resultats de laboratori així 
com l’experiència clínica desenvolupats en aquest treball de tesis doctoral per proveir les 
bases sòlides per la decisió clínica i tècnica vers el tractament de pacients que pateixen 
de glioma insular. Específicament, s’estableix que el grau de resecció quirúrgica 
determina la supervivència del pacient amb glioma insular. Així doncs és important 
identificar l’abordatge quirúrgic (transsilvià o transcortical) que permet arribar als nivells 
de resecció quirúrgica superior al 80% del volum del tumor, per optimitzar el resultats 
clínics tot mantenint la funció cerebral. 
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SUMMARY 

Background:  

Surgical treatment of Insular gliomas is technically challenging and may lead to high 
postoperative morbidity. However, previous research has proven that maximal safe 
resection is critical for maintaining quality of life as well as enhancing overall and 
progression-free survival. Insular gliomas are currently resected through either a 
transsylvian or transcortical approach. However, there is no objective evidence to aid 
surgical management to maximize safe resection rates. 

Objectives:  

To define an optimal treatment strategy for the neurosurgical management of insular 
gliomas using a sequential research protocol. Phase A1- Design a custom embalming 
formula for preserving native brain features in cadavers to optimize the validity and 
clinical applicability of laboratory-based operative research. A2- Design a laboratory 
method to obtain objective data to assess -and compare- neurosurgical techniques in 
cadavers.  Phase B- Define an optimal surgical technique for the management of each 
insular glioma of the Berger-Sanai classification system using our surgical simulation 
method in cadavers. Phase C- Validate the existing anatomical classification of insular 
gliomas to predict extent of resection (extent of resection) and anticipate neurological 
morbidity.  

Methods:  

We aimed to provide sound objective evidence to the surgical management of insular 
gliomas through a multidisciplinary, sequential method including basic laboratory 
research, neurosurgical simulation using cadavers and a prospective clinical study. We 
first developed a customized embalming formula to create a neurosurgical simulation 
method that best resembles life surgery (a). We then used this optimized surgical 
simulation method to objectively determine and quantify the best surgical approach 
(transsylvian vs transcortical) for each type of insular tumor according to the Berger-Sanai 
insular glioma classification (b). Finally, we carried out a prospective clinical study to 
assess the predictability of the Berger-Sanai insular glioma classification regarding extent 
of resection and patient outcomes (c).   
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Results:  

We designed an embalming solution that dramatically improved validity and 
applicability of research using neurosurgical simulation in cadavers. Our formula 
optimizes resemblance to life surgery (lower retraction pressure and greater retraction 
area) compared to the gold standard (formaldehyde). Our embalming method preserved 
specimens for significantly longer use than un-embalmed cadavers, which allows for 
complex research designs (such as Phase B of this work). We described cutting-edge 
surgical simulation techniques to objectivize surgical techniques in the laboratory. Our 
surgical simulation experiments show that the transcortical approach performs better 
than the transsylvian approach on all parameters for zones I and IV. On Zones II and III, 
cortical mapping and specific anatomical features may make the transsylvian approach 
more favorable. Our prospective clinical study showed that the Berger-Sanai insular 
glioma classification is a reliable tool to predict extent of resection (highest on zone I, IV) 
and postoperative complications (lowest on zone II and IV) following surgical treatment.  

Clinical and scientific impact: 

Overall, this work improved the field of neurosurgical simulation research by 
providing a detailed description of cadaver preparation (including public disclosure of 
the embalming chemical formula) and methodology to carry objective measurements to 
compare surgical techniques. For the first time, we provided objective data to aid the 
neurosurgeon in choosing the best surgical approach to maximize resection rates of 
insular gliomas tailored to the Berger-Sanai insular glioma classification. Finally, we 
validated the Berger-Sanai insular glioma classification as a tool to anticipate resection 
rates and postoperative neurological complications. As a whole, this work will 
substantially impact management of insular gliomas and patient informed decisions. 
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INTRODUCTION 

Historical remarks 

The insular lobe of the brain, also known as the Island of Reil, is an extraordinary 
anatomical structure. It is named after Johann Christian Reil, who 
described this anatomical region as separate from the superficial 
cortex and introduced it to the anatomic community as “the 
insula” in a series of reports in 18091. Several devoted anatomists 
dedicated their body of work to the morphological description of 
the cerebral cortex -and particularly the insula- during the 19th 
century2-4. Oscar Eberstaller, who was an exquisite anatomist, 
provided the first most accurate and complete morphological 
description of the Insula in 18875, and his detailed anatomical 
work is still valid today.  

The 20th century brought with it groundbreaking technological advances that allowed 
studying the insula like never before; in the living, and beyond the surface.  It all started 

with Dr Harvey Cushing (USA 1869-1939), who 
is regarded as the “father of neurosurgery”. Dr 
Cushing was an American surgeon with a 
devoted commitment to the study and 
treatment of brain lesions. Influenced by great 
mentors including Dr Halsted, Dr Cushing 
developed many surgical techniques to treat 
brain lesions and 
d e v e l o p e d 
instruments that 
made brain access 
s u r v i v a b l e ( e . g 
electrocautery). 6 

However, Dr Cushing is most laureated for his work and 
influence on the creation of neurological surgery as a 
specialty.7  On March 1905, Dr Harvey Cushing published an 
article entitled “The special field of neurological surgery” in 
a special edition of the Johns Hopkins Hospital bulletin.8 That 
article was the first of many that lead to the establishment of 
neurosurgery as a standalone surgical specialty in 1920.9,10        
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George Heuer (1882–1950), who trained under 
Dr Cushing, developed the Pterional 
craniotomy and reported his surgical 
experience treating intracranial lesions.11 This 
was the first step towards mankind’s surgical 
expedition to the Insula.      

On July 27th, 1927 Dr Moniz introduced the 
cerebral angiography to the world at the 
Congress of Neurological Society in Paris. In 
subsequent studies, the cerebral angiogram 
allowed exquisite anatomical descriptions of 
the middle cerebral artery and its perforating 
branches (lateral lenticulostriate and insular 
perforating arteries) running on and through 
the Insula.12-15 The assessment of the patient’s 
perforating arteries in relation to their insular 
lesions would later be key to the success of 
surgical treatment of insular gliomas.  

In 1980’s, Paul Christian Lauterbur and Sir Peter Mansfield invented the magnetic 
resonance imaging (MRI), for which they received the novel prize. The MRI allowed to see 
the deep nuclei of the living brain, and 
study intracranial lesions with an 
accuracy and detail never seen 
before.16 The MRI was later optimized 
to capture localized function (fMRI) and 
connectivity (diffusion weighted 
imaging), which are at the core of brain 
function research at present time.17,18 
The cerebral angiogram as well as the 
advanced MRI studies provided 
unprecedented images of the brain 
and were at the cornerstone of 
neurosurgical assessment of insular 
lesions. 
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Until the last two decades of the 20th century, neurosurgery was considered a heroic 
surgical discipline, which required the courage to tackle debilitating disease affecting a 

very delicate organ -i.e. the 
brain-. The neurosurgeon would 
often have to navigate through 
long exposures with poor 
i l luminat ion and min imal 
visualization of anatomical 
structures critical to cognitive 
function. It was a dark, risky and 
uncharted surgical field were 
poor outcomes were expected. 
One man would profoundly 
change the once primitive 
neurosurgery into the refined 
microneurosurgery we know 
t o d a y ; D r M a h m u t G a z i 
Yasargil.19 Dr Yasargil (b. 1925 
Turkey) , was a passionate 
neurosurgeon that combined 
the intense bearing of Cushing, 
the surgical skill of Heuer and 
Dandy, the interest for cerebral 
angiography from Moniz and 
the daring verve of Dr Krause. 
A l t h o u g h u s e o f t h e 
microscope in neurosurgery 
h a d b e e n i n t r o d u c e d 
previously by Dr Theodore 

Kurze in the 1950’s, it wasn’t until Dr Yasargil’s work that the operative microscope 
became essential for intracranial surgery.20,21 In his masterpiece “Microneurosurgery”,22 
Dr Yasargil described a neurosurgery roadmap to safely navigate the intracranial space 
through the magnified views of the brain using the microscope. Neurosurgical 
operations became bright, safe and predictable, which made the insula -and other deep 
brain structures- an achievable surgical target. He first described the pterional 
transsylvian approach (which will be core to the scientific development of this thesis), and 
reported his successful experience in resection of tumors of the limbic system, including 
the insula.23 His report included 240 patients operated on through this approach with 
95% of patients experiencing minimal neurological deficits (with the ability to return to 
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normal life). These results proved that surgical resection of insular tumors was safe and 
possible. Dr Yasargil used his body of work, which encompassed the initial anatomical 
descriptions of Reil and Eberstaller, the images using angiography and MRI and his 
surgical observations to formulate the first surgical classification of the insula.23,24 
Although this classification became obsolete, it attracted international neurosurgical 
attention to the treatment of insular and paralimbic lesions, which has steadily improved 
ever since.  

  
During the first two decades of the 

21st century, neurosurgery has evolved 
by the hand of imaging technology, 
improvements in anesthesia and 
intraoperative cortical and subcortical 
mapping. The deve lopment o f 
advanced MRI technology (e.g. diffuse 
weighted imaging) and complex 
algorithmic post-processing have 
enabled cerebral t ractography. 
Cerebral tractography uses  MRI to 
capture vectors of water movement in 
the axons (anisotropy) to display the 
white matter fascicles (bundles of 
axons connecting distant functional 
areas).17 This allows studying the 
connectivity of the insula in the living 
brain in real time, which when paired to 
a functional MRI (fMRI), may provide a 
map of cortical and subcortical 
functions in and around the insula.18 
The development of these advanced 
imaging techniques allowed for a 
substantial improvement in the 
understanding of both the anatomy 
and function of the insula in the research setting.25-28 In the clinical setting, preoperative 
tractography and fMRI enabled the surgeon to understand the relationship between the 
tumor and the eloquent cortex and white matter tracts within the insula. This data allowed 
neurosurgeons to design surgical strategies based on the patient’s specific features and 
better anticipate intraoperative findings.29 Thereafter, preoperative planning for the 
treatment of insular tumors ( e.g. design of trajectory, custom craniotomy size, etc.) 
became extremely refined and tailored to each particular patient.  
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Where the old meets the new. White matter dissection 
using the Klinger technique in cadavers (left column). 
Tractography using Diffusion tensor MRI (right column). 
From Dr Rhoton’s “three-dimensional anatomy of the 
human brain”, 2008



Contemporary to the preoperative imaging revolution was the development of 
intraoperative awake mapping in neurosurgery. The use of electrical stimulation for 
mapping cerebral function was pioneered by Drs. Foerster and Penfield in 1931.30-33 
Although their studies provided a sound basis for our current understanding of function 
localization, their techniques were abandoned because they were extremely risky and 
lead to devastating consequences for their patients.  

The development of neurosurgical anesthesia protocols allowed for prolonged awake 
craniotomies with acceptable risks of intraoperative seizures and/or cardiovascular 
compromise.34,35 This enabled master neurosurgeons like Hugues Duffau, Mitchel Berger 
and Nader Sanai, with specific interest in the treatment of insular gliomas, to embark into 
a fascinating intraoperative challenge: to identify and preserve eloquence using awake 
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insular glioma. Left pterional craniotomy with language mapping (left column). Screenshots of the 
navigation system with white matter tractography (right column) Courtesy of Dr Andreu Gabarrós, 2019



mapping. Awake mapping techniques use electrical stimulation (range of 0.5-2 mA) 
directly to the cerebral cortex with an awake patient under sedation and local anesthetic. 
Cerebral electrical stimulation depolarizes a focal area of cortex which, in turn, evokes 
certain responses. The effects of stimulation in the motor cortex translate into movement. 
However, access to tumors affecting the insula may also require localization of language 
function, especially when operating on the left hemisphere. Mapping -and protecting- 
the language function is complex given that speech production and comprehension uses 
several brain areas connected by a deep fascicle (i.e. arcuate fasciculus). The mechanism 
of stimulation effects on language are not clearly understood. The principle is based 
upon the depolarization of local neurons and also white matter fascicles, inducing local 
excitation or inhibition, as well as the diffusion to more distant areas by way of 
orthodromic or antidromic propagation. 36 However, the development of the bipolar 
probe allowed stimulation precision to fall under 5mm with minimal local diffusion.37 
When used with tenacity and determination, the bipolar stimulator would allow detection 
of language sites in 95-100% of operative cases.38  

An example of positive stimulation during awake mapping of the insula would be 
transitory symptoms observed in conduction aphasia, that is, phonemic paraphasia and 
repetition disturbances.39 To maximize extent of tumor resection while preserving 
function, the neurosurgeon could now design the best surgical approach based on 
preoperative imaging (e.g. MRI-tractography) and implement direct brain mapping 
during surgery with high confidence that important brain function would be 
preserved.34,40,41 Therefore, if the insular tumor is found most reachable at a location 
where preoperative tractography and intraoperative mapping tested negative for 
eloquent function, a transcortical approach -transgressing the cerebral cortex to reach a 
tumor underneath- would be safe. This led to the widespread popularization of the 
transcortical approaches to the insula, and a wave of clinical studies describing surgical 
techniques, compl icat ion avoidance and case ser ies wi th impress ive 
outcomes.34,35,38,40,42-49  This brings the history of neurosurgical discovery of the insula to 
present time.  
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ANATOMY OF THE INSULA 

The insula is a magnificent cerebral lobe confined in the depths of the sylvian fissure. 
To reveal the insula in the living brain, the neurosurgeon has to first “split” the sylvian 
fissure, which in itself requires skill and anatomical mastery. Many features make the 

insu la a s t r ik ing 
anatomical structure 
of unique beauty 
and unparal leled 
m y s t e r y . I t s 
t o p o g ra p h y m a y 
appear of simple 
design to the novice 
eye (three short and 
two long gyri), but its 
t rue archi tecture 
hides within itself 
r i c h d e t a i l i n a 
complex geometric 
form (e.g. accessory, 
transverse gyri and 
the polar sulcus of 
eberstaller5). The 

subtleties of the insular cortex may be used to the advantage of the neurosurgeon in 
many ways. For example, the limen recess may be used to anticipate the nearest 
lenticulostriate artery at danger when navigating the deep sylvian cistern. The insula 
forms the surface from which the middle cerebral arteries will arise to the cerebral cortex, 
shaping their course into the characteristic angiographic “chandelier” course when the 
arteries bounce up at the insula’s superior and inferior limiting sulcus. The large amount 
of minuscule perforating arteries (more than 100) piercing the surface of the insula may 
be discouraging to the novice’s attempt to learn them. However, the devastating 
consequences of severing the wrong perforating branch (e.g. paralysis) should persuade 
the reader to look for the queues that the topography of the insula provides to identify 
and protect them. Although the insula has been, in itself, worth the life’s body of work of 
previous anatomists, the nuclei it confines underneath (basal ganglia and longitudinal 
fascicles) are of similar complexity and neurosurgical relevance; and their relation to the 
insula will be briefly described in this section. Perhaps the aspect of the insula that 
passionates and intrigues most academicians is our primitive understanding of its 
function, which remains a scientific mystery. Thus, this author’s attempt to word the 
anatomy of the insula should be understood within the limits of contemporary 
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knowledge and as prologue of future discovery. Hereby, the anatomy of the insula will be 
divided into: 1- cortical anatomy; 2- arterial anatomy 3- venous anatomy; 4- anatomy 
beyond the insula; and 5- function of the insula. The anatomical description is presented 
from the neurosurgical perspective, as it relates to features relevant to the matter studied 
in this thesis. 

1 Cortical Anatomy of the sylvian fissure and the Insula 

On the Sylvian Fissure 

The sylvian fissure is a deep canyon that spreads from the sphenoid rim -anteriorly- to 
the supramarginal gyrus -posteriorly- in the lateral convexity of the brain. It divides the 
lateral cerebral surface horizontally into the frontal and parietal lobes superiorly, and the 

temporal lobe inferiorly. 
The rims of the sylvian 
fissure are called opercula 
(i.e. frontal, parietal, and 
temporal opercula). The 
sylvian fissure is divided 
into the “stem” anteriorly 
(39mm in length), and the 
p o s t e r i o r r a m u s 
poster ior ly (75mm in 
length). The stem begins 
at the anterior clinoid 
process, extends laterally 
and posteriorly along the 
s p h e n o i d r i d g e 
(sphenoidal section) and 
ends in the cerebra l 

convexity at the level of the pars opercularis of the frontal lobe (operculoinsular section). 
The most relevant features of the stem are relative to the frontal operculum (at the tail of 
the stem), where it gives both the anterior horizontal, and anterior ascending rami.50 The 
anterior horizontal ramus carves the frontal operculum anteriorly into the pars orbitalis 
and pars triangularis (the later resembles a triangle). The anterior ascending ramus starts 
at the tail of its twin -anterior horizontal ramus- and carves a small vertical sulcus into the 
frontal operculum that divides the pars triangularis (anteriorly) from the pars opercularis 
(posteriorly). The confluence of the stem, anterior horizontal and ascending rami, and the 
beginning of the posterior ramus is called “sylvian point”. The sylvian point is where the 
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sylvian fissure is widest therefore facilitating initial dissection into the subarachnoid 
space. The sylvian point can be used to infer the location of the insular apex, 12.6mm 
below it.51  The 
posterior ramus of 
the sylvian fissure 
extends from the 
s y l v i a n p o i n t 
posteriorly into 
the parietal lobe, 
c a r v i n g t h e 
s u p r a m a r g i n a l 
gyrus around its 
tail. The sylvian 
fissure becomes 
d e e p e r a s i t 
t r a n s i t i o n s 
posteriorly, with a 
depth of 25mm 
f r o m t h e 
s u p r a m a r g i n a l 
gyrus. Important eloquent function resides at the edges of the posterior ramus, including 
Broca’s area, and the premotor and facial motor areas at the frontal operculum; the 
primary sensory area of the face at the parietal operculum; and the heshl’s gyrus 
(Auditory function) and the Wernicke’s area at the temporal operculum.  

The sylvian fissure forms a large subarachnoid space -called sylvian cistern- that spans 
from the carotid cistern at its medial and deepest point, to the lateral sylvian membrane 

at its most posterior, lateral edge.52  
The deepest wall of the sylvian 
cistern is found at the sphenoidal 
section of the sylvian fissure, near 
the anterior clinoid. There, the 
sylvian and carotid cisterns meet 
and form the proximal sylvian 
membrane, which divides them. 
The M1 segment of the middle 
cerebral artery pierces through a 
ring of arachnoid formed by the 
proximal sylvian membrane. Above 
the insula surface, the sylvian 
cistern contains three membranes 
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that divide the subarachnoid space into 4 levels.52 The deepest level contains the medial 
sylvian membrane, which attaches to the deepest part of the frontoparietal operculum 
and the surface of the insula; it contains the M2 branches of the middle cerebral artery. 
The M2 branches turn into M3 branches by piercing the medial sylvian membrane. The 
M3 branches, with a lateral trajectory towards the surface of the sylvian fissure, encounter 
another membrane; the intermediate sylvian membrane. Superficial to the intermediate 
sylvian membrane is the lateral sylvian membrane, which serves as the floor of the 
superficial sylvian veins. The M3 branches pierce the lateral sylvian membrane to turn 
into M4 (cortical branches). The superficial veins and branches of the middle cerebral 
artery (M4) will run over the lateral sylvian membrane, which is the most superficial sylvian 
membrane. A global arachnoid membrane covers the whole cerebral convexity: the outer 
arachnoid membrane. The outer arachnoid membrane encases all cortical vessels, and it 
is of stronger and thicker consistency. The sylvian fissure contains the middle cerebral 
artery with its perforators and distal branches, the superficial sylvian vein and the deep 
middle cerebral vein. 

On the Insula 

In the adult, the insula sits at the bottom of the sylvian fissure, covered by the 
opercula.  This anatomical disposition has its mysterious origin in the development of the 
brain.  In the third month of life, the fetus develops a slight triangular depression at the 
anterosuperior aspect of the temporal pole that is noticeable on the cerebral 
hemisphere.  This triangular area will develop into the insula later on, but for reasons yet 
to discover, this process will take place at a slower pace than the rest of the cortex at the 
cerebral convexity.  The opercula are part of the neocortex that grows at a faster rate than 
the insula, which is part of the mesocortex.  As the opercula overgrows the insula, the 
insula gets progressively covered in a process similar to how the tectonic plates shape 
the Earth. The opercula slowly overlap and enclose the insula, resulting in the creation of 
the sylvian fissure later after birth. 

When fully developed, the insula has a triangular pyramidal shape and is separated 
from the surrounding opercula by the superior, inferior and anterior peri-insular sulci. The 
anterior peri-insular sulcus (28mm in length) separates the anterior aspect of the insula 
from the frontal-orbital part of the operculum.53 The anterior peri-insular sulcus 
corresponds to the anterior ascending ramus of the sylvian fissure at the convexity. The 
superior peri-insular sulcus (58mm in length) 53 has a horizontal trajectory parallel to the 
posterior ramus of the sylvian fissure and separates the superior surface of the insula 
from the frontal-parietal operculum.  The superior peri-insular sulcus can be best 
exposed deep to the sylvian point. The inferior peri-insular sulcus divides the inferior 
surface of the insula from the temporal operculum and temporal stem.  The intersection 
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between the anterior and superior peri-insular sulci is called anterior insular point.  The 
anterior insular point can be used as a landmark to guide the trajectory towards the 
anterior limb of the internal capsule, which is located perpendicular and deep to it.  The 
intersection between the superior and posterior peri-insular sulci is called posterior 
insular point.  The posterior insular point indicates the shortest trajectory to the posterior 
limb of the internal capsule as well as the atrial portion of the lateral ventricle.53  

The insular stem is divided into anterior and posterior zones by the central insular 
sulcus.  The central insular sulcus is the primary and deepest sulcus of the insula and its 

course parallels that of 
the central sulcus of 
R o l a n d o i n t h e 
c o n v e x i t y .  
Identification of the 
central sulcus of the 
insula during surgery is 
key because it reminds 
of the position of the 
motor s t r ip in the 
convexity as well as it 
contains the central 
artery (branch of the 
medial cerebral artery 
feeding motor and 
sensory functions).  The 
anterior zone contains 
3 short insular gyri 

(posterior, middle, and anterior), as well as  the transverse and accessory insular gyri.  The 
posterior short insular gyrus is defined by the central insular sulcus posteriorly, and the 
precentral insular sulcus anteriorly.  The middle insular gyrus is defined posteriorly by the 
precentral insular sulcus and anteriorly by the short insular sulcus.  The anterior short 
insular gyrus is defined posteriorly by the short insular sulcus, superiorly by the superior 
peri-insular sulcus and anteriorly by the anterior peri-insular sulcus and limen insulae. The 
anterior short insular gyrus projects superiorly into the sylvian point towards the pars 
triangularis of the frontal operculum, at the anterior insular point.  The area where the 3 
short gyrus of the insula meet –the vertex of the pyramid- is known as the “insular apex”.  
The insular apex is the area where the insula is nearest to the surface. 53 The transverse 
insular gyrus is located inferior to the anterior peri-insular sulcus and serves as a junction 
between the inferior portion of the anterior insula and the posterior frontal orbital region.  
The accessory insular gyrus extends from the anterior portion of the insular apex to the 
frontal orbital operculum at its base. The area where the transverse and accessory insular 
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gyri meet is called insular pole.53 Sometimes there is a small sulcus traversing the insular 
pole, called the sulcus of Eberstaller, forming a gyrus of Eberstaller under it.  Near the 
insular pole is the limen insulae. The limen insulae consists of a slightly elevated ridge 
that marks the transition between the sphenoidal and opercular-insular divisions of the 
sylvian fissure stem. On the surface, the limen insulae is a narrow strip of olfactory cortex 
that overlies the uncinate fasciculus.  During the surgical approach to the insula, the 
limen insulae is the edge of a cliff from which dissection on the insular stem falls into the 
depths of the sphenoidal compartment of the sylvian fissure.  A key concept of any 
neurosurgical approach around the limen insulae is the protection of the lateral 
lenticulostriate perforating arteries.  The lateral lenticulostriate arteries enter the anterior 
perforating substance, which lies just medial to the limen insulae.  Fortunately, there is a 
shallow recess referred to as the “limen recess” between the limen insulae and the most 
lateral –i.e closest to the insula- perforating artery.  At the limen recess, the distance 
between the nearest lateral lenticulostriate artery and the limen insulae is 15 mm (range 
9.7-22 mm).51 

The posterior insular zone contains the insular cortex posterior to the central sulcus of 
the insula.  The postcentral insular sulcus divides the posterior insular zone into anterior 
and posterior long insular gyri.  Both long insular gyri have a horizontal trajectory that 
originates from below the insular apex near the limen insulae and ends posteriorly and 
superiorly towards the frontal and parietal opercula.  The inferior long insular gyrus is 
parallel to the inferior peri-insular sulcus and runs tangential to the transverse gyri of 
Heshl in the temporal operculum. 

Any surgical approach to the insula requires understanding of several key 
relationships between the cortex around the sylvian fissure (i.e. the opercula) and the 
surface of the insula itself.  The cerebral cortex that constitutes the upper rim of the 
sylvian fissure is divided into the frontoorbital operculum and the frontoparietal 
operculum.  The lower rim of the sylvian fissure is formed by the temporal operculum. 

 The frontoorbital operculum is formed by the posterior orbital gyrus, the posterior 
portion of the lateral orbital gyrus, and the pars orbitalis of the inferior frontal gyrus.  The 
frontoorbital operculum relates to the anterior aspect of the superior peri-insular sulcus 
and the anterior peri-insular sulcus (i.e. anterior insular point).  The posteromedial orbital 
lobule is found at the medial part of the transverse orbital sulcus and is formed by the the 
medial portion of the posterior orbital gyrus and the posterior portion of the medial 
orbital gyrus.  These cortex become continuous with the transverse insular gyrus.  The 
posterolateral orbital lobule is found at the lateral and of the transverse orbital sulcus and 
is formed by the lateral portion of the posterior orbital gyrus and the posterior portion of 
the lateral orbital gyrus.  This cortex is found to merge with pars orbitalis and cover the 
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anterior surface of the insula.  The suborbital gyri is continuous with the accessory insular 
gyrus and the anterior surface of the anterior short gyrus.53 51    

The frontoparietal operculum is formed by the pars triangularis as well as the pars 
opercularis of the inferior frontal gyrus; the inferior portions of the precentral and 
postcentral gyri; and the superior portion of the supramarginal gyrus.   The superior peri-
insular sulcus the findings the limits between the frontoparietal operculum and the insula.   

The Subtriangular gyrus is formed by the cortex medial to the pars triangularis, which 
covers and becomes continuous with the anterior short insular gyrus.  The pars 
triangularis is found on average 1.8 cm above the superior peri-insular sulcus.51 The 
subopercular gyrus is the cortex medial to the pars opercularis, which covers the short 
insular sulcus and the middle short insular gyrus.  From the tip of the pars opercula R is to 
the superior peri-insular sulcus measures 2.1 cm. 51  The sub-central gyrus is the cortex 
medial to both the inferior precentral and postcentral gyri, which covers the central 
insular sulcus. The inferior postcentral gyrus and the anterior, middle and posterior 
transverse parietal gyri form the rest of the frontoparietal operculum. The anterior 
transverse parietal gyrus covers the superior portion of the anterior and posterior long 
insular gyri, and together with the anterior Heschl’s gyrus forms the posterior insular 
point.  The middle and posterior transverse parietal gyri cover the transverse temporal 
sulcus and the temporal planum in the posterior aspect of insula. At the end of the 
posterior ramus, the depth of the sylvian fissure is 2.5 cm. The posterior aspect of the 
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frontoparietal operculum limits with the temporal operculum.  These two opercula are 
divided by the post insular sulcus, which is located at the deep portion of the posterior 
ramus of the sylvian fissure.   

The temporal operculum is formed by the superior temporal gyrus, the temporal pole 
and the inferior portion of the supramarginal gyrus.  The temporal pole and polar planum 
cover the limen insulae and the inferior surface of the insula, which are near the inferior 
peri-insular sulcus.  The convolutions of the polar planum are called gyri of Schwalbe.  
These convolutions limited with the anterior part of the inferior peri-insular sulcus.  In the 
lateral surface of the brain, the superior temporal sulcus corresponds to the inferior peri-
insular sulcus. The posterior part of the inferior peri-insular sulcus limits with the anterior 
Heschl’s gyrus, which is 3 cm in length. 

The peri-insular sulci are related to the lateral ventricle.  The superior peri-insular 
sulcus.  course parallel to the frontal horn, atrium and body of the lateral ventricle.  The 
internal capsule separates the peri-insular sulci from the lateral ventricle.  The anterior 
insular point is found approximately 1 cm from the frontal horn of the lateral ventricle.  
The central insular sulcus is found 2 cm lateral to the body of the lateral ventricle.  The 
posterior insular point is found 1 cm lateral to the atrial portion of the lateral ventricle.  
The deep of the temporal horn is found approximately 9 mm from the limen insulae at 
the temporal stem.53 

2 Vascular anatomy – Arteries 

The insula has a surgical, clinical and anatomical relationship with the middle cerebral 
artery.  The insula is supplied entirely 
by an average of 100 small middle 
cerebral artery perforators.  At the 
surface of the insula, about 10% of 
the perforators of the middle cerebral 
artery will dive deep and supply 
important structures including the 
corona radiata and parts of the 
corticospinal tract.  Also, recognizing 
the pattern of the middle cerebral 
artery branches in relation to the 
insular anatomy may allow to protect 
e loquent cortex of the dis ta l 
territories (e.g. M2 of the central 

insular sulcus becomes the central artery at the convexity).  As stated above, 
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understanding the limen recess may be of advantage protecting the lateral 
lenticulostriate arteries during surgery.  Therefore mastery of the anatomical features of 
the middle cerebral artery is critical to any surgical approach to the insula. The middle 
cerebral artery is divided into 4 segments: M1 or sphenoidal, M2 or insular, and 3 or 
opercular, and M4 or cortical.51 At the cerebral surface, the middle cerebral artery forms 
12 named arteries: Temporal polar, anterior temporal, middle temporal, posterior 
temporal, temporooccipital, angular, posterior parietal, anterior parietal, central, 
precentral, prefrontal and orbitofrontal. 

Sphenoidal (M1) segment of the MCA 

The M1segment begins at the origin of the MCA, at the bifurcation of the internal 
carotid artery, and extends laterally within the depths of the sylvian fissure along the 
sphenoid ridge. The M1 segment ends and the M2 segment begins at the site of a 90  ̊
turn, the genu, near the limen insulae. The average angle of the genu measures 97  ̊
(range 90–130 )̊. The average distance of the genu from the limen insulae is 4.8 mm 
(range 2–9 mm). The average diameter of M1 segment is 3.21 mm (range 2.6–4 mm) and 
the average length 23.4 mm (range 15–38 mm).54 distal The M1 bifurcates into superior 
and inferior trunks. However, it can also trifurcate and, in rare occasions, it may divide into 
four or even five stems. The postbifurcation trunks of the M1 segment run nearly parallel 
to each other, diverging only minimally prior to reaching the genu. The genu can be 
easily identified in cerebral angiograms and during surgery, that is why it is 
conventionally accepted that the genu is the transition from M1 to M2.  The M1 is 
perhaps the most dangerous segment of the MCA because it provides the lateral 
lenticulostriate arteries. The lateral lenticulostriate arteries arise from the medial aspect of 
the M1, between the proximal sylvian and the medial sylvian membranes of the 
subarachnoid space. These arteries pierced the central and lateral portions of the 
anterior perforated substance. They are critical to the blood supply of the substantia 
innominata, putamen, globus pallidus, head and body of the caudate nucleus, internal 
capsule and adjacent corona radiata, and the lateral portion of the anterior commissure. 
There are an average of 8 lateral lenticulostriate arteries (range from 1-15) and their 
diameter ranges from 0.1 to 1.5mm (average of 0.5mm). Of note, these arteries do not 
anastomose between themselves within the subarachnoid space. 

17



Insular (M2) segment of the MCA 

After the genu, the MCA turns into M2 and runs first over the limen insulae and then 
over the cortex of the insula until the peri-insular sulci, where it becomes M3 (opercular). 
The beginning of M2 is typically formed by the superior and inferior trunks. The average 
diameter of the superior trunk is 2.5 mm (range 1.6–3 mm) and the average diameter of 
the inferior trunk is 2.3 mm (range 1.3–3 mm). 54 The branches arising from the 
postbifurcation trunks that give rise to two or more cortical arteries are called “stem 
arteries” and do not have specific names. Most of the stem arteries divide into their 
individual cortical branches (final arteries) at or before reaching the peri-insular sulci.  The 
M2 branches supplying the insula arose from the superior and inferior trunks, the stem 
arteries and -when present- the middle trunk and/or an accessory MCA.  

Superior Trunk. The stem arteries and cortical branches arising from the superior trunk 
provide the sole supply to the accessory, transverse, and three short gyri. It also supplies 
the insular apex. The superior trunk together with the inferior trunk supply the anterior 
long gyrus and central insular sulcus. 

Inferior Trunk. The inferior trunk and its branches feed the posterior long gyrus, the 
inferior limiting sulcus, and the limen area. The inferior trunk branches supply the inferior 
limiting sulcus in approximately 90% of the hemispheres. The inferior trunk supplies the 
limen insulae, with minimal contributions from the superior trunk or the early branches. 

Early branches and accessory MCA. The early branches supply any part of the insula, 
except the central insular sulcus. The early branches most commonly supply the inferior 
limiting sulcus, limen area, and anterior limiting sulcus. The accessory MCA originates far 
away, from the A1 segment of the anterior cerebral artery. When present, it supplies the 
accessory, transverse and anterior insular gyri.  

Arterial supply to the Insular cortex 
An average of 96 insular arteries (range 77– 112 insular arteries) are found supplying 

the insula. The average diameter of these arteries was 0.23 mm (range 0.1–0.8 mm). 54 
The insuloopercular artery is a larger caliber insular artery that runs along the surface of 
the insula and provides branches to the medial surface of the operculum. Approximately 
90% of insular arteries are short and supply the insular cortex and extreme capsule. The 
remaining 10% are larger and longer and supply the claustrum and external capsule and 
as far as the corona radiata. These long insular arteries are mostly located in the posterior 
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region of the insula along the long posterior insular gyri. There is no known gross 
anastomosis between the insular and lateral lenticulostriate arteries. Of note, the 
temporopolar artery is the only cortical branch that does not send perforating branches 
to the insula.  

Although the specific arterial supply of the insular cortex is subject to interpersonal 
variability, there is a pattern that may aid surgical navigation at the insula. The accessory 
and transverse gyri are most commonly supplied by the stem arteries and the cortical 
branches arising solely from the superior trunk. The cortical arteries arising from the early 
branches may also contribute. When the orbitofrontal artery gives a perforator to the 
insula, it only reaches these two gyri. The anterior short gyrus is supplied by branches 
arising from the superior trunk. Also, the most common early branch feeding this gyrus is 
the prefrontal artery. The middle short gyrus is supplied by the branches arising from the 
superior trunk. When present, the early branches supplying the middle short gyrus are 
the precentral artery (most often) and the prefrontal artery. The insular apex is mainly 
supplied by stem arteries arising from the superior trunk. The prefrontal and precentral 
arteries (in similar contribution) are the early branches responsible for direct supply to 
the apex as well. The posterior short gyrus is most commonly supplied by branches of 
the superior trunk. The central artery, followed by the precentral and anterior parietal 
arteries are the early branches that contribute directly to the posterior short gyrus.  
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The central insular sulcus and anterior long gyrus are the only insular areas that 
receive branches from both the superior or inferior trunks in similar percentages and are 
sometimes referred to as the “alternated zone” or the “mixed zone” in the literature. The 
central insular sulcus is the most vascularized region in the insula. The central artery 
supplies the central insular sulcus in all cases. Given the critical distal territory of the 
central artery (primary motor and sensory cortex), this anatomical relationship is key to 
the neurosurgeon dissecting on the insular cortex at high magnification. The anterior and 
posterior parietal arteries supply the anterior long gyrus in most cases. The posterior 
long gyrus is supplied by branches from the inferior trunk. The angular and 
temporooccipital arteries exclusively supply the posterior long gyrus. The anterior peri-
insular sulcus is supplied by branches arising from the superior trunk. The orbitofrontal 
and prefrontal arteries exclusively supply this sulcus. The inferior peri-insular sulcus is 
supplied by branches arising from the inferior trunk and the temporooccipital and 
posterior temporal arteries as the early branches. The inferior peri-insular sulcus has the 
most density of perforating arteries after the central insular sulcus. The perforating 
arteries are found most frequently along the posterior half of the inferior peri-insular 
sulcus. The limen insulae is supplied by the initial portion of the inferior trunk. Several 
early branches may contribute to the limen insulae, but the middle temporal artery is the 
most reliable source, sending more perforators than any other early branch.  

Opercular (M3) segment of the MCA 

When the M2 branches reach the peri-insula sulci they turn sharply at the edge of the 
insula with the opercula. This turn, which is best appreciated on a cerebral angiogram, is 
the transition of the M2 to M3 segments. The trajectory of the middle cerebral artery at 
this point is called “arterial candelabra” due to its resemblance on cerebral angiogram.  
The M3 have a straight lateral trajectory and cross the medial, intermediate and lateral 
sylvian membranes within the sylvian cistern.  The M3 arteries supply the cortex of the 
medial surface of the opercula. Of note, when the temporal polar and orbital frontal 
arteries arise from the M1 segment (infrequent), they may skip an M2 segment and 
become M3 directly. 

 Cortical (M4) segment of the MCA 

After traversing the lateral sylvian membrane, the M3 branches turn around the 
margin of the opercula and run on the cortical surface to their distal -and final- supply 
areas. That turn, which is also best seen on cerebral angiogram, is the origin of the M4 
segment. Although there may be some variability on the branching points (origins) of the 
final distal M4 branches, the literature is consistent in that there are 12 M4 arteries 
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(named above). The arteries with special neurosurgical relevance are the central artery, 
because it supplies the primary motor and sensory cortex, the precentral and prefrontal 
arteries in the dominant hemisphere, due to its supply to the Broca’s and premotor areas, 

t h e p o s t e r i o r 
temporal artery 
due to its supply 
to Heschl’s gyrus 
(auditory center), 
the angular and 
temporooccipital 
arteries for their 
contribution to 
wernicke’s area 
and the anterior 
t e m p o r a l 
artery,50,55 given 
its potential for 
i n t r a c r a n i a l 
bypass. 
  

3 Vascular anatomy – Veins 

The venous outflow of the insula uses the main sylvian fissure vessels: the superficial 
sylvian vein and the middle cerebral vein.15 The superficial sylvian vein drains primarily 
into the sphenoparietal sinus, but it can alternatively drain into the cavernous or 
sphenopetrosal sinuses. The middle cerebral vein is the largest outflow channel of the 
insula and it drains primarily into the basal vein of rossenthal although less often it may 
drain into the sphenoparietal sinus. The sylvian fissure may find collateral flow through a)  

the vein of Trollard, along the central sulcus of the convexity, to reach the superior 
sagittal sinus; or b)the vein of Labbé, along the posterior edge of the temporal 
operculum, to reach into the sigmoid sinus. 
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Superficial sylvian vein 

The superficial sylvian vein is the largest vein draining the sylvian fissure. It often 
originates as a single trunk at the posterior edge of the sylvian fissure. The superficial 
sylvian vein runs fairly straight along the posterior ramus of the sylvian fissure, in the 
space between the outer arachnoid membrane and the lateral sylvian membrane in the 
subarachnoid space. In its trajectory along the sylvian fissure, it collects tributaries from 
the opercula: the frontosylvian, perietosylvian and temporosylvian veins.  

At the most anterior 
aspect, the superficial 
sylvian vein curves 
towards the temporal 
opercula and empties 
i n t o t h e 
sphenoparietal sinus, 
a f ter a short run 
under the edge of 
the sphenoid ridge. 
A l ternat ive ly, the 
superficial sylvian 
vein may dive into the 
deep proximal sylvian 
fissure and connect 
d i r e c t l y t o t h e 
cavernous sinus or 
the sphenopetrosal 
complex. 

Middle cerebral vein 

The middle cerebral vein is the largest drainage system of the insula. It is formed by 
the confluence of many insular veins near the limen insulae. The middle cerebral vein is 
joined by the frontoorbital vein just before reaching the anterior perforated substance, 
where it receives the olfactory and inferior striate veins.  
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After passing the anterior perforated substance, the middle cerebral vein receives the 
anterior cerebral vein: that is the origin of the basal vein of rosenthal.  The basal vein of 
Rosenthal develops from sequential changes involving anastomosis, the lesions, and re-
anastomosis of primitive pial venous plexuses.15 For this reason, the initial portion of the 
basal vein of Rosenthal is subject to anatomical variability. In less common cases, the 
middle cerebral vein will receive some deep tributaries of the initial segment of the basal 
vein of Rosenthal, form a common stem, and then run forward to empty into the 
sphenoparietal sinus.  Of note, obliteration of the middle cerebral vein or superficial 
sylvian vein along the sphenoid ridge may prove dangerous, potentially causing seizures, 
facial palsy and aphasia. 

Insular venous drainage pattern 

The insular drainage consists of 3 groups: Superficial through the superficial sylvian 
vein, deep through the middle cerebral vein, and transitional, where a complex network 
of connecting veins bridges superficial and deep drainage.  Briefly, the superficial 
drainage primarily includes the middle short gyrus and the insular apex, the deep venous 
drainage includes the limen insula, the central sulcus, the long gyri and the inferior peri-
insular sulcus, and the transitional area includes the remaining cortex of the insula.  The 
insular veins draining these insular regions are named according to their relationship with 
the insular sulci and gyri.  Of note, the central insular vein exclusively drains the central 
insular sulcus and anterior long gyrus, and travels for a short distance along with the 
central insular artery. 

4 Anatomy beyond the insula 

Beyond the pia-matter of the insula starts a microscopic transition of tissues and 
cellular layers that carry core brain functions (e.g. putamen, thalamus, internal capsule) as 
well as function is yet to discover (e.g. claustrum).  As part of the paralimbic system, the 
insula has a very interesting microscopic appearance, similar to other mesocortical 
structures. The insula has a progressive reduction of granular layer 4 which turns into 3 
cytoarchitectural insular areas: Granular, dysgranular, and agranular sections. The 
granular layer is formed by a typical 6 layered structure found in other cortex regions.  
Layer 4 becomes thinner in the dysgranular insula, and finally disappears in the agranular 
insula.  Interestingly, cortical layer 5 is mainly composed of large bipolar neurons with an 
unknown function, as described historically by Santiago Ramon y Cajal and later by 
Constantin von Economo.56  
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Beyond the cortex of the insula is the extreme capsule. The extreme capsule is 
defined in the classic literature as the group of fibers located between the insular cortex 
and the claustrum.57At the dorsal (posterosuperior) part of the extreme capsule, a thin 
layer of short fibers connect the insular gyri and the frontal, parietal, and temporal 
opercula. The ventral (or 
anteroinferior) part of the 
e x t r e m e c o n t a i n s a 
superficial layer of short 
fibers interconnecting the 
insular gyri as well as 
connecting the insula to 
the frontal and temporal 
opercula. It also contains 
a deeper layer formed by 
fibers of the uncinate and 
inferior occipitofrontal 
fasciculi, which cross the 
amygdalar, ventral, or 
fragmented claustrum. 
25,58 

Deeper to the extreme capsule is the claustrum. Although it is easily identifiable on 
computed tomography and MR imaging studies, the functional significance of the 
claustrum in the human brain is unknown. In humans the dorsal claustrum is 
posterosuperior, and the ventral claustrum is anteroinferior. The dorsal (or 
posterosuperior) claustrum is a lamina of gray matter sitting between the putamen (from 
which it is separated by the external capsule) and the insular cortex (from which it is 
separated by the extreme capsule). It has a plate sape, which narrows in the upward 
direction and widens in the downward direction, which forms a triangular shape in 
coronal crosssections of the brain. The ventral (or anteroinferior) claustrum consists of a 
group of diffuse gray masses fragmented by both the uncinated and the inferior 
occipitofrontal fascicle. Some studies further divide the ventral claustrum into two parts: 
superior and inferior.25,58 The superior part of the ventral claustrum is continuous with the 
anteroinferior pole of the dorsal claustrum and extends inferiorly towards the base of the 
frontal lobe, below the putamen, connecting to the prepiriform cortex. The inferior part 
of the ventral claustrum is continuous with the posteroinferior pole of the dorsal 
claustrum, and is directed towards the amygdala. In this area, the ventral claustrum and 
the amygdala are almost fused one to another.  

Beyond the claustrum is the external capsule. The external capsule is classically 
described as a layer of fibers located between the claustrum and the putamen.26 The 
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external capsule contains fibers from the precentral and postcentral gyrus to the dorsal 
claustrum. As well as  fibers running at the from the superior parietal lobule to the dorsal 
claustrum (at the dorsal aspect of the external capsule). The external capsule shows a 

clear attachment to 
the putamen only in 
the deepest layer. 
T h e p u t a m e n , 
i n t e r n a l c a p s u l e , 
g l o b u s p a l l i d u s 
(interna and externa) 
and thalamus nuclei 
are deeper to the 
externa l capsule . 
These structures are 
beyond the supply 
territory of the insular 
perforators, and its 
l e s i o n s m a y b e 
accessed through 
surgical approaches 
u n re l a t e d t o t h e 
scope of this work. 

Beyond the cortical surface of the limen insulae is the uncinate fasciculus. The 
uncinate fasciculus supplies the major source of connectivity between the limbic and 
paralimbic systems. It forms the anterior part of the frontotemporal connection (a.k.a. the 
temporal stem) between the fronto-orbital region and the temporal pole. Deep into the 
medial and anterior aspect of the uncinate fasciculus are the fibers connecting the 
frontomesial (gyrus rectus, subcallosal area) and the temporomesial regions. These 
include the gray matter of the ventral claustrum as it blends into the amygdaloid nucleus, 
which is inferomedial to the uncinate fasciculus. 25,26 The uncinated fasciculus together 
with the anterior commissure, the inferior thalamic peduncle and the basal portion of the 
occipitofrontal fasciculus for the temporal stem. 

Dorsal to the uncinate fasciculus and deep to the anterior insular zone is the inferior 
frontoccipital fasciculus. The inferior frontoccipital fasciculus is a longitudinal tract that 
connect the frontal, insular, temporal and occipital lobes. Its direct stimulation during 
surgery produces semantic paraphasias.38,40 The inferior frontoccipital fasciculus is the 
main substance of the ventral portion of the extreme and external capsule. Along its most 
inferior trajectory, the inferior frontoccipital fasciculus becomes one with the inferior 
longitudinal fasciculus, adding to the high density of interconnections of this region.  
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Beyond the confines of the insula, lateral to the superior and inferior peri-insular sulci, 
is the arcuate fasciculus (also referred as superior longitudinal fasciculus). The arcuate 
fasciculus connects the areas of Broca, Wernicke and other parts of the convexity, and is 
responsible for speech and communication. This fasciculus is described as a reversed C-
shaped structure that surrounds the insula and connects the frontal, parietal and 

temporal lobes. 
Exposure of the 
arcuate fasciculus 
requires excision 
of the cort ical 
gray matter and 
a d j a c e n t 
superficial short 
U-fibers of the 
frontal, temporal, 
a n d p a r i e t a l 
o p e r c u l a ; t h e 
middle frontal , 
s u p e r i o r , a n d 
middle temporal 
g y r i ; a n d t h e 
inferior parietal 
lobule. 25 Many of 
the frontal fibers 
of the ruperior 
part of the arcuate 
fasciculus end at 

the region of the inferior parietal lobule to form the frontoparietal or horizontal segment 
of the superior longitudinal fasciculus. At a deeper level in the temporoparietal area is 
the frontotemporal or arcuate segment of the superior longitudinal fasciculus. This is a 
group of fibers that arch around the posterosuperior insular border and run between the 
posterior temporal region and the prefrontal area. The temporoparietal segment of the 
arcuate fasciculus runs from the anterior temporal lobe in a posterior direction, lateral to 
the inferior peri-sylvian sulcus. This group of fibers forms the inferior longitudinal 
fasciculus or temporo-occipital fasciculus, which is lateral to the optic radiations.18,25,26 
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Left cerebral hemisphere with representation of the major white matter fascicles. 
Red= motor cortex; blue=pars opercularis; green= pars triangularis;  purple= 
Wernicke’s area;SLF= superior longitudinal fasciculus; iFOF= inferior fronto-
occipital fasciculus; ILF= inferior longitudinal fasciculus



5 Function of the insula 

The insula is strategically located at a dense interconnection region, where many 
longitudinal and association fibers connect. As described above, the insula is densely 
connected to the eloquent cortex in the convexity through association fibers, to complex 
cognitive function through longitudinal and association fascicles, to deep emotional 
processes through the limbic association fibers, and to sensory, visceral and motor 
function via thalamic and basal ganglia connectivity.  A large portion of the insula 
receives dense sensory input from both thalamic and cortical efforts which carry auditory, 
olfactory, gustatory, visual and somatosensory information.56 Therefore the insula is 
understood as a multimodal integration site, with potential for modulation, relay and 
processing of sensory function.   

Studies using intraoperative direct stimulation found the somesthetic responses 
predominantly at the posterior insular zone.59 when direct stimulation is applied to the 
posterior zone of the insula intermediate somesthetic responses consisted on warmth 
sensations in the contralateral arm or leg, nonpainful tingling in the contralateral arm, 
nasal tingling, and dysesthesias in both hands.  Gustatory sensations included acid paste 

or “bad” taste or inhability to recognize flavor.40,56 Auditory illusions are commonly 
referred to as hypoacusia of the contralateral ear, visual sensations are described as 
appearance of a “film before the eyes” as well as a pleasant experience phenomenon 
reported as “flying away”. 59 The posterior insula and adjacent medial operculum are 
activated by noxious stimuli.  Interestingly, the posterior insula tends to respond only 
when stimulus intensity has almost reached subjective pain levels and does not show 
saturation for intensities above pain threshold.  Conversely, the operculum responds to 
thermal pulses at perceptive threshold, but do not reflect intensity scale.60 Clinical 
observations in both direct intraoperative cortical stimulation as well as stroke suggest 
that the “experience” of pain can be triggered in the posterior insular cortex. 60 Direct 
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Kaplan-Meier curves revealing the overall survival of patients with Grade II (left) and III (right) insular 
gliomas, stratified by extent of resection. From Sanai et al Recent surgical management of gliomas, ref 35 



electrical stimulation to the anterior insular zone activates his visceromotor and 
viscerosensitive reactions.59 This stimulation is believed to disturb the neuronal network 
implicated in the oroalimentary behavior, with immediate viscerosensitive responses 
such as nausea, epigastric pressure, throat stiffness, or a very unpleasant strangling 
sensation, and visceromotor responses like chewing movements or lip-smacking.  
Specific afferents from the thalamus input signaling from many bodily sensations, such as 
blood oxygenation, carotid baroreceptors and pressure, under and thirst.  Core vital 
modulations, such as heart rate, cardiovascular responses and cerebral blood flow have 
been linked to electrical changes in the insula. 

Connections with the limbic system, in particular with dorsomedial thalamus, stria 
terminalis, hypothalamus, central amygdala, and parahippocampal gyrus suggest a role 
in emotional behavior such as fear and anxiety.  An example of the limbic function 
associated to the insula is that of pain dissociation, where patients recognize pain but do 
not respond negatively to the stimulus.56 As revealed in functional MRI studies, the insular 
cortex is also found to contribute to the processing of empathy. 

Perhaps the most striking function association of the insula is with the articulation of 
speech 34,38,40,43-45,47,51,53,56,59,61-63. Speech is a complex communication ability that 
characterizes and defines the human being. It is considered a cognitive function critical 
to interpersonal and social development, and its dysfunction is extremely debilitating. 
Certain types of brain injury have been associated to speech impairment (known as 
apraxia of speech, or motor aphasia). There is scientific evidence suggesting a strong 
association between the insula and the articulation of speech. 61 In a landmark article 
published in nature, a robust double dissociation was found suggesting that the 
posterior short insular gyrus is responsible for speech articulation. 61 Several authors 
reported their clinical experience and outcomes relative to speech and insular tumors, 
which resonates the evidence supported by basic research.38,40,42,43,45,47,59,63 This body of 
work is of key neurosurgical importance, as it translates into the surgical exposure of the 
insula, specifically in mapping safe entry zones for corticectomy (cortical transgression to 
access deep lesions); reinforcing the importance of preserving the central artery of the 
insula; and the importance of subcortical mapping, to name a few.   
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SURGICAL ASSESSMENT OF INSULAR GLIOMAS 

Many lesions can compromise the insula, including tumors, vascular malformations 
and aneurysms. The most aggressive (and most devastating) tumor affecting the insula is 
the glioma, for its aggressive growth and spread to the deep nuclei, high functional 
eloquence at risk and challenging surgical reach.   

Gliomas account for 27% of all brain and 15% of all primary central nervous system 
(CNS) tumors, according to the American Brain Tumor Association.64 Gliomas are the 
most common intrinsic tumors found in the insular region. The insular lobe and 
paralimbic region are affected by up to 25% of low-grade and 10% of all high-grade 
gliomas.35,65 Insular tumors typically present with debilitating symptoms, such as 
intractable epilepsy or motor dysphasia. 65 For decades, insular tumors were considered 
inoperable due to lack of understanding of the precise functions of the insular and para-
limbic region, in addition to its proximity to eloquent cortices and white matter tracts.40,66 
Over the years, the anatomy and functional aspects of the insula and para-limbic region 
have been described, allowing for refinement of surgical strategies and better 
understanding of this anatomical region.66  

Although lacking class I evidence, there is overwhelming literature documenting the 
independent role of the extent of gross total resection of low grade insular gliomas on 
overall survival, progression free survival as well as improved seizure control.34,35,44,65-70 
The extent of resection is significantly related to clinical outcomes as demonstrated by 
the Kaplan-Meier survival curves.35 In a retrospective series we published before, we 
analyzed perioperative outcomes after 115 consecutive surgical resection of insular 
gliomas focusing on the effect of extent of resection on patient outcomes and morbidity. 
We then proposed an anatomical classification system for insular gliomas to improve 
prediction of the likelihood of extent of tumor resection in the preoperative setting.34  

The insula was divided into four zones using two axis – one in a sagittal plane along 
the sylvian fissure horizontally and another in a  perpendicular plane at the level of the 
Foramen of Monro-,  these included: anterior-superior (Zone I), posteriorsuperior (Zone 
II), posterior-inferior (Zone III), and anterior-inferior quadrants (Zone IV).34 This 
development was considered a cornerstone in the understanding of surgical 
management of these lesions as insular gliomas could be now classified according to 
their location and outcomes.66 In the last stage of this thesis work, we aimed to validate 
our previous extent of resection predictions to complement the laboratory work and 
provide clinical perspective on our surgical technique considerations. We applied our 
previously described insula classification system to a new cohort of insular gliomas to 
determine the inter-observer reliability among physicians at various levels of clinical 
expertise and experience.  
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A l t h o u g h l i f e s a v i n g , 
operative management of 
i n s u l a r g l i o m a s i s 
challenging. In contrast to 
o t h e r re g i o n s o f t h e 
cerebral cortex, surgical 
a c c e s s t o t h e i n s u l a 
s p e c i fi c a l l y d i f fi c u l t 
because its cortex is deep 
to the cerebral convexity, 
at the floor of the sylvian 
fissure and covered by the 
overhang of the opercula 
and many critical vascular 
structures. Additionally, 
several cort ica l areas 
covering the insula are 
very relevant to the core 
a s p e c t s o f h u m a n 
existence. Also, the venous 
system within the sylvian 
fi s s u r e i s o f t e n v e r y 
important  for the drainage 
of the lateral surface of the 
b r a i n a n d m u s t b e 
preserved.71 The presence 
of  a relevant venous 

system further narrows surgical options for tumor removal. For these reasons, these 
tumors were often deemed inoperable. The advent of intraoperative electrophysiological 
monitoring, awake brain mapping, advances in anesthesia and the use of intraoperative 
magnetic resonance imaging (iMRI) has played a significant role to enabling maximal 
resection of these tumors while maintaining a reasonable safety margin.35,66 Prior reports 
suggest that aggressive resection of both low- and high-grade insular gliomas may carry 
acceptable morbidity. 29,34,35,38,40,44-47,65,66,68,69  Surgery in the insular region is associated 
with a 14-59% rate of transient neurologic deficits and upto 20% rate of permanent 
deficits.43,69  Complications associated with insular glioma resection include damage to 
the descending motor fibers, injury to the long M2 perforators or excessive retraction on 
the opercular regions leading to a deficit involving the Broca’s area, horizontal fibers of 
arcuate fasciculus or uncinate fasciculus fibers and accidental damage to the 
lenticulostriate arteries (LSA) which can manifest as hemiplegia.29,54,65  
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Representation of the four major divisions of the insula. Coronal (a) 
and axial (b) sections of a T1-weighted MRI with the cross-axis at the 
foramen of Monro. SC- surgical simulation of a right pterional 
approach with the zones 1-4 of the insula.



Surgical access to insular gliomas may be accomplished through two main 
approaches -the transsylvian (TS) approach and the transcortical (TC) approach-, or a 
combination of both. In 1992, Yasargil et al. first described a safe transsylvian route for 
the tumor resection and proposed a classification system based on the tumor growth 
patterns.23 However, the transsylvian approach requires wide splitting of the superficial 
and deep sylvian cisterns and precise dissection around the opercular arteries and their 
perforators, as well as preservation of the superficial sylvian veins when they are large. It 
also requires opercular retraction, which is often limited by the superficial sylvian veins 
bridging the sylvian fissure.  Thereby the trans-sylvian approach may often not offer 
optimal surgical access to achieve the desired surgical results for large insular lesions. On 
the other hand, the transcortical approach, which uses a trajectory directly traversing the 
cortex, carries risk to the motor functions and potential language deficits. The lateral 
surface of the opercula may be mapped during an awake procedure  with the use of 
cortical and subcortical intraoperative stimulation, allowing identification and 
preservation of functional areas.29,38,41 Removing “silent” cortical areas such as the 
superior temporal gyrus is an emerging strategy to maximize the extent of tumor 
resection while preserving the superficial vascular structures.38,68 We have previously 
reported our transcortical “window” technique, aiming to get transcortical access through 
the smallest trajectory while preserving the cortical vessels.34 In the current clinical 
practice, it is often the experience of the surgeon, rather than a scientifically-based 
rationale, that determines which approach (i.e., transsylvian or transcortical) is used. At 
the time of this work, there is no supportive data based on objective cadaveric surgical 
simulation to determine the differences in surgical access to the insula between the 
transsylvian (TS) and transcortical (TC) approaches.  

There is a lack of evidence as to which technique (i.e transcranial or transsylvian) or a 
combination of the two would yield the optimal maneuverability (i.e.surgical freedom, 
blue), space to access (i.e. surgical window, green) or insular cortex at reach (i.e. surgical 
exposure, red dotted line) to maximize safe extent of resection for each type of insular 
glioma. Using a sequential experimental design, we investigated whether there is a 
significant difference in insular exposure, surgical window, and surgical freedom between 
the following approaches: the TS approach, the TS after cutting the superficial sylvian 
veins bridging over the sylvian fissure (TSVC), and the TC approach. Also, we sought to 
evaluate the venous drainage of the perisylvian region to provide evidence on the 
likelihood of venous dominancy as a limitation for venous sacrifice during a TS approach. 
Additionally, the surgical anatomy related to each procedure along with the final surface 
exposure of the insula was studied. 

Performing this research in patients is not feasible and may be unethical. It is not 
feasible because it requires prolonged and meticulous protocols incompatible with 
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anesthesia times. It 
isn’t ethical because it 
w o u l d i m p l y 
performing human 
experimentation and 
p r o c e d u r e s n o t 
directly related to the 
benefit of the patient. 
T h e r e f o r e w e 
designed a surgical 
simulation protocol 
using cadavers to 
carry this stage of the 
research.  In order to 
have a valid clinical 
t r a n s l a t i o n a n d 
optimal applicability 
o f t h e e v i d e n c e 
o b t a i n e d i n t h e 
l a b o r a t o r y , w e 
sought to improve 
the current cadaver-
based neurosurgical 
simulation research 
methodology before 
c o n d u c t i n g t h i s 
s t a g e o f t h e 
research.  

The most widely accepted method to research in neurosurgical technique is surgical 
simulation using human cadavers, because it provides the closest approximation to a live 
surgical procedure with true human anatomy. The main goal of anatomical cadaveric 
processing is to achieve the most realistic model possible. Several models for 
neurosurgical training and technical development have been described in the 
literature.72-77 There have been several major advances in this field.72,73,76 However, none 
of these reports provides advances in cadaveric embalming methods to maintain the 
physical properties of a living brain while preserving the brain specimen from decay. 
These properties are key to allowing for complex surgical technique development and 
testing.  
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Illustration of the concept of insular exposure, and surgical window and 
freedom. The left transsylvian approach to insular zone one was 
conceptualized by the medical illustrator. The insular exposure (dotted shape) 
is the area over the insular cortex available through a surgical approach. The 
insular exposure is the amount of access to the insular cortex provided by 
each approach. The surgical window (dark shade or green), is the area existing 
between the neurovascular structures limiting the space to access the insula, 
i.e. the corridor. The surgical window provides information on the space 
available to pass instruments to a particular insular zone by each approach. 
The surgical freedom (outer shape or blue) is the area formed by the top of a 
dissector that, while pivoting on a surgical landmark, it contacts the perimeter 
of the surgical opening. The surgical freedom allows measuring the degree of 
maneuverability or ease to manipulate instruments to a particular point in the 
insula.



The major physical properties to be considered when addressing embalming 
research are brain stiffness, preservation time, and biohazard safety. Brain stiffness is at 
the core of simulating live surgical interaction with brain tissue, and is essential to allow 
valid measurement of surgical corridors. Preservation time allows for continued use of a 
dissected specimen for a tedious, sequential acquisition of data during lengthy surgical 
techniques, as well as allowing comparison of different approaches through the same 
anatomy. Performing surgical technique research requires long exposure time to the 
source of data -the cadaver-, which may become unsafe if embalming formulas emanate 
toxic or biohazardous airborne particles (e.g. formaldehyde).  

Two common processing techniques used in cadaveric neurosurgical simulations are 
cryopreservation (unembalmed, stored frozen) and formaldehyde-based preservation. 
Cryopreserved specimens provide optimal brain stiffness but have a short preservation 
time and are considered biohazardous. Formaldehyde-based embalming formulas are 
the standard for long preservation of specimens. However, formaldehyde substantially 
increases brain stiffness, making retraction and surgical simulation very difficult and 
unrealistic.  

Additionally, many studies have reported that long-term exposure to high airborne 
formaldehyde concentrations in the laboratory is hazardous.78-82 In 2006, the 
International Agency for Research on Cancer (IARC)83 and the US Environmental 
Protection Agency84,85 classified formaldehyde as a probable human carcinogen. 
Therefore, there is a need for a customized embalming formula for neurosurgical 
simulation that enhances brain compressibility (a surrogate for surgical retraction) and 
enables retraction while preventing microorganism growth and brain decomposition. 
This becomes extremely important when performing research on the surgical access to 
the insula -given its deep anatomical location- which requires advanced neurosurgical 
techniques.  

After several years of trial and error, and chemical modifications to conventional 
embalming formulas, we have designed an embalming formula specific for neurosurgical 
simulation that enhances brain compressibility and enables retraction while preventing 
microorganism growth and brain decomposition. This cadaveric embalming formula also 
decreases potential chemical biohazards to meet the IARC recommendations for 
laboratory safety. In this first stage of the thesis, we assessed the properties of our 
proposed formula and compared its application to surgical simulation against standard 
postmortem processing techniques—cryopreservation and formaldehyde embalming—in 
a sample of cadaveric specimens. We also analyzed the applications of each technique to 
neurosurgical training and research and provide recommendations on specimen 
preparation for neurosurgical simulation research. This provided the foundation upon we 
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developed stage two, where our surgical simulation method (including the embalming 
formula) was used to study the surgical profile of the approaches to the insula. 

In summary, the current surgical management of insular gliomas is based on 
surgeon’s preference and experience, without an evidence-based guide for surgical 
planning and no clear objective data to support choosing one surgical technique over 
another (transsylvian versus transcortical). Also, the gold standard cadaver preparations 
for neurosurgical technique research is suboptimal, therefore limiting valid and 
applicable conclusions from laboratory investigation.  

This thesis was designed to provide sound evidence on the surgical management of 
insular gliomas using sequential research that is cumulative and uses basic, applied and 
clinical research methods. First, I aimed to develop a customized embalming protocol 
(embalming formula and procedures) to optimize neurosurgical simulation and increase 
applicability and validity of laboratory research. Second, using the embalming procedure 
previously defined, I aimed to determine the technical advantages and disadvantages of 
each surgical technique for insular glioma resection using cadaveric simulations. Finally, I 
aimed to complement the laboratory findings with a retrospective clinical study to 
determine the correlation between the anatomical location of the insular gliomas (in 
zone I-IV) and clinical outcomes and tumor resection rates. The grand view of this 
research was to provide cumulative evidence to define the best surgical technique for 
each insular zone (zones IIV) and refine the expected outcomes –and patient 
expectations- related to treatment of gliomas in each anatomical location. 
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Study Aims 

This thesis aims to define the optimal surgical strategy for the management of insular 
gliomas. The following hypothesis and objectives are sequential and the evidence 
obtained is cumulative.
 

Hypothesis:
 
1.         H0 = The proposed neurosurgical simulation method does provide the same 

brain retraction, environmental safety and lasting time as the formaldehyde and 
cryopreserved (unembalmed, frozen) methods. H1 = The proposed neurosurgical 
simulation method provides more brain retraction, is environmentally safer and last as 
much as the gold standard.

 
2.      H0  =  There is no difference on surgical exposure, freedom or window between 

the studied surgical techniques when applied to each insular region. H1 = There are 
specific differences (advantages and disadvantages) to the transsylvian vs transsylvian 
with venous sacrifice vs transcortical approaches relative to each insular tumor 
depending on the anatomical zone.

 
 
3.         H0 = There is no difference on clinical outcomes or resection rate between each 

insular region. H1 = There is/are difference/es in outcomes and extent of resection rate 
relative to tumors in different regions of the insula.

 
Objectives:
 
1.       To design and customize a surgical simulation method (including our custom 

embalming chemical formula) for preservation of native features of the brain during 
surgery on postmortem human heads. Specifically, the objective is to obtain a 
cadaveric brain retraction profi le statistically equal to that of live surgery to optimize 
applicability and validity of laboratory neurosurgical research using human cadavers. This 
will function as preliminary evidence to strengthen the validity and generalization of aim 
“B”.

 
 
2.   To define the optimal surgical technique for gliomas relative to their location 

in the insula. Specifi cally, to identify which surgical technique (transsylvian vs 
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transsylvian with venous sacrifice vs transcortical) is better for accessing each anatomical 
division of the insula (zone I-IV) using surgical simulation in cadavers

 
3.          To define and validate the correlation between anatomical localization of 

insular gliomas (zone I-IV) and clinical outcomes and resection rates. Specifically, to 
define the surgical outcomes for gliomas related to each insular zone using a 
retrospective clinical review. 
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METHODS 

Objective A – Customization of the Embalming Protocol 

(chemical formula and proceedings) for Preparation of 

Cadaveric Heads 

Eighteen human specimens (age range at death 50–95 years) were prepared for 
surgical simulation to study the properties of 3 cadaveric processing techniques 
(cryopreservation, formaldehyde-based embalming, and customized-formula 
embalming). Donors with premorbid conditions of the CNS were excluded from our 
study. Specimens in the embalmed groups (formaldehyde and custom) were kept 
immersed in their respective embalming fluids for a mean time of 8 months (range 2 
weeks–1 year) before the experiment. Six cryopreserved and 6 formaldehyde embalmed 
specimens were prepared according to conventional processing techniques for 
neurosurgical research.86  

Six additional specimens were prepared using our customized embalming solution. A 
standard pterional approach was performed in all specimens to compare brain 
compressibility, retraction profile, and preservation time. One MR image of 2 specimens 
in each group was obtained. One customized specimen was also prepared to test the 
feasibility of bleeding simulations. 

Head Preparation 

All heads were prepared for optimal neurosurgical simulation. The neck was 
sectioned at vertebrae C5–7 to provide good exposure of cervical vessels and preserve 
the cervical spinal cord. Common carotid and vertebral arteries along with jugular veins 
were identified and isolated. Minimal sharp dissection was performed around vessels to 
prevent undesired rupture of deep arteries and veins, which could cause leakage during 
silicone injection. Cervical arteries and jugular veins in the embalmed groups were 
cannulated according to previously described methods.77,86  Arterial and venous 
systems were cleaned using saline solution until contralateral outflow was clear. This 
procedure was repeated bilaterally on each cannulated vessel, alternating arterial and 
venous irrigation. Once all blood clots were cleared from external and internal vascular 
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systems (carotid and vertebral arteries and jugular veins), the specimens were randomly 
divided into the customized and formaldehyde groups. Because of their fast decay time, 
cryopreserved specimens were not cannulated or injected to maximize their experiment 
time. 

Embalming Procedures 

Customized and standard formaldehyde embalming solutions were used for 
comparative analysis. 
One-half liter of fixative 
was perfused through 
common carotid and 
vertebral arteries (200 
ml) and jugular veins 
(300 ml) in each head. 
The customized mixture 
was prepared in the 
laboratory using the 
f o l l o w i n g f o r m u l a : 
ethanol 62.4%, glycerol 
17%, phenol 10.2%, 
formaldehyde 2.3%, and 
water 8.1% (Fig. 1). A 
c o n v e n t i o n a l 1 0 % 
formaldehyde solution 
w a s u s e d f o r t h e 
formaldehyde group. All 
embalmed heads were 

immersed in a 1:10 
dilution of the respective embalming fluid and stored at 5°C for at least 2 days before 
silicone injection. Cryopreserved specimens were frozen at postmortem Day 1–5 at -15°C 
to -20°C and thawed for approximately 12 hours before proceeding with the surgical 
simulation. 
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Vascular Silicone Injection 

Arterial systems were injected 
with red silicone, and venous 
systems with blue silicone. The 
arterial system—common carotid 
and vertebra l a r ter ies—was 
processed first to secure filling of 
the distal and small thalamo-
perforating arteries. Common 
carotid arteries were bilaterally injected until vertebral artery colored outflow was 
observed. Bilateral vertebral artery injection was then performed until the arterial system 
was fully injected. Finally, the arterial system was clamped except for one carotid artery, 
which was used to increase arterial pressure to force small-caliber vessels to fill. Upon 
completion of arterial silicone injection, jugular veins were processed using the same 
injection principles. 

Comparative Analysis 

The durability and retraction (stiffness) properties of specimens treated with our 
customized formula were compared with the properties of specimens treated with 
cryopreservation and formaldehyde-based preservation. A standard pterional craniotomy 
was performed on each specimen. The dura mater and arachnoid membranes were 
carefully removed, and the temporal lobe was gently retracted dorsally to simulate a 
subtemporal approach. Retraction profiles were measured using an intracranial pressure 
transducer and monitor (Integra Camino parenchymal intracranial pressure monitoring 
kit) inserted 8 mm into the inferior temporal gyrus, 4 cm posterior to the temporal pole.  
Pressure measurements were recorded before temporal lobe retraction and at the tissue 
retraction limit. This limit was set at the highest, most retractile pressure before tissue 
damage and was dependent on the retraction profile of each specimen. The optic and 
oculomotor nerves, supraclinoid internal carotid artery, anterior clinoid process, and 
tentorium were used as surgical landmarks to compare subtemporal surgical exposures 
among the processing techniques. The total retraction surface was also measured. Ten 
pins were inserted along the cortex surface and registered as stereotactic points using a 
surgical navigation system (Stryker Nav3). The pins remained in the same cortical surface 
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location throughout the experiment. Stereotactic coordinates were obtained from each 
pin by touching it with the navigation probe at resting state and at the tissue retraction 
limit (Fig. 3 right). Surface areas were calculated from the stereotactic coordinates using 
dedicated software (Surface Area Calculator, BitWise Ideas Inc.) and recorded in a 
spreadsheet for statistical analysis. Retraction surface was obtained by subtracting the 
area at retraction limit from the area at resting state. 

We also sought to study the durability (preservation time) of specimens. Two 
specimens from each group were prepared and continuously exposed to laboratory 
working conditions for 2 days. We studied changes in tissue consistency, color, and 
decay to compare specimen conditions at observational study spreadsheet was 
completed for the duration of the experiment, and consistency, color, and overall 
appearance were recorded as dichotomous variables (1 = changes observed, 2 = no 
changes observed). Subjective appreciations (odor and texture) were also recorded and 
analyzed after the experiment. To complement the observational study, we administered 
a blinded survey to a sample of 4 neurosurgery residents and 2 attending neurosurgeons 
to evaluate the best specimen group after the experiment ended. The volunteers were 
asked to “please rate hierarchically the images in the attached figure as to their similarity 
to the real brain in terms of color and texture.” Data were collected and descriptive 
statistics was performed using SPSS Statistics Desktop, version 21.0 (IBMCorp.). The 
mean retraction pressures, retraction surfaces, and durability lapsing times were 
compared using independent Student t-test analysis. A p < 0.05 was considered 
statistically significant. 
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Photographs of the specimen preparation for the morphometric experiments. A; A pterional craniotomy 
was carried out to expose the lateral surface of the brain. The pressure sensor was introduced into the 
inferior temporal gyrus near the retractor spatula. B; Ten pins were inserted into the lateral surface of the 
brain to measure the retraction area in all specimens.



Imaging and Post-processing Techniques  

Radiological studies are very important in neurosurgical simulation and research; 
therefore, 3-T T1-weighted FLAIR MRI was performed on 2 heads from each group on the 
same day as specimen processing. The radiological images were used to compare the 
quality and preservation of internal nuclei, cortex, white matter, and the whole 
encephalon before starting the surgical simulations. In one case, a cryopreserved 
specimen received on postmortem Day 8 was scanned. Although this specimen provided 
clear radiological evidence of the decay process in cryopreserved specimens, it was 
excluded from the morphometric study. The bleeding model for neurosurgical simulation 
was prepared and tested in 1 customized specimen as described elsewhere.72,76  
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Objective B – To Compare the Transsylvian Approach and 

the Transcortical Approach for Insular Glioma Resection 

using Cadaveric Surgical Simulation 

We studied and compared the surgical corridors of the TransSylvian (TS), TransSylvian 
with bridging veins cut (TSVC) and transcortical (TC) approaches (independent variables) 
to the insula at the UCSF skull base and cerebrovascular laboratory.  

 
An experimental laboratory 
investigation was designed to 
measure the insular exposure, 
surgical window and surgical 
f r e e d o m  ( d e p e n d e n t 
variables) resulting from each 
corridor in 10 specimens (all 
continuous ratio variables). 
Additionally, we carried out a 
descr ipt ive s tudy in 16 
specimens to complement 
the experimental design 
providing critical information 
for the surgical planning and 
approach selection process. 

The descriptive study included categorical dichotomus variables such as the presence of 
bridging veins over the Sylvian fissure; dominance of the superficial Sylvian vein 
complex, presence of vein clustering, continuity from the artery of the central sulcus of 
the insula to the Rolandic artery, and the relationship between the superior segment of 
the squamosal suture and the Sylvian fissure. Additionally, the number of M2, M3 and M4, 
(continuous interval variables), distance from the external acoustic meatus to the foramen 
of Monro (anterior-posterior and cranial-caudal) and the distance from the temporal pole 
to the cortical resection margin (continuous ratio variables) were recorded.    
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Insula surgical classification 

T o f a c i l i t a t e d a t a  
interpretation and enhance the 
surgical relevance of this study, 
the Berger-Sana i surg ica l 
classification scheme of the 
insula was used to subdivide the 
insula into 4 zones.34 Therefore, 
th e insula was divided into 
anterior and posterior from the 
axial projection of the foramen 
of Monro; and superior to 
inferior by the Sylvian fissure line 
projected over the insular 
cortex. Zone 1 was the anterior-
superior quadrant; zone 2 was 
the posterior-superior quadrant; 
zone 3 was the posterior-inferior 
quadrant and zone 4 was the 
anterior-inferior quadrant. 

Description of the Variables 

Independent Variables:  

The TS approach utilizes only the Sylvian fissure split and retraction over the opercula 
or inferior Rolandic cortex to expose the insula. In this approach, the superficial and deep 
Sylvian cisterns are opened widely throughout the fissure. The TSVC uses the same 
surgical route created previously by the TS approach with the addition of cutting the 
bridging veins crossing the Sylvian fissure, therefore allowing additional retraction to the 
opercula and Rolandic cortex. The TC approach uses different degrees of cortical 
resection to expose the insula. In the TC, the bridging veins are preserved and the space 
to access the insula results from multiple windows between the middle cerebral arteries 
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The Berger-Sanai classi cation of insular gliomas separates 
insular gliomas based on their location above or below the 
sylvian ssure and anterior or posterior to the foramen of Monro. 
Artist: Kenneth Probst. Copyright Department of Neurological 
Surgery, University of California, San Francisco. 



and the superficial Sylvian veins that will remain intact throughout the procedure. In 
zones 2 and 3, the TC was further divided into two subcategories. In zone 2, the first set 
of dependent variables was taken before and after the operculum portion of the 
precentral gyrus was resected. In zone 3, the first set of dependent variables was taken 
before and after removing the cortex of Heshl’s gyrus. This sub-categorization was set in 
the experimental design to include the option for a less invasive cortical resection and to 
investigate the significance of the sacrifice of such cortical areas during a TC approach to 
the insula. 

Dependent Variables:  

The insula exposure is the area (cm2) of insular cortex exposed and surgically 
reachable for bi-manual dissection. The area was obtained by touching the cortical 
perimeter with the navigation probe to obtain the stereotactic coordinates as previously 
described.87 The surgical window is a polygonal area limited by the structures that, in 
more superficial planes, confine the surgical route to the insula. The arteries, veins and 
cerebral cortex were the typical structures limiting the surgical window. The surgical 
window area was calculated using stereotactic coordinates obtained by touching the 
limiting structures of the surgical corridor with the navigation probe. Finally, the surgical 
freedom was also measured. The surgical freedom provides an objective assessment on 
how freely an instrument can be moved within a surgical corridor and in relation to a 
particular target. We used a point in the center of each insular zone to determine the 
surgical freedom (cm2). A Rhoton # 5 dissector was pivoted at the center of each insular 
zone. Then the handle was moved 
in the perimeter of the surgical 
window to capture the contour of 
the corridor. The navigation probe 
touched the tip of the dissector 
handle in each major limiting point 
( c h a n g e i n t r a j e c t o r y ) a n d 
recorded a set of stereotactic 
coordinates.87 Additionally the 
extent of cortical resection after a 
transcortical approach to each 
insular zone was measured. Three 
stereotactic points were obtained 
in each zone by touching the lips 
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Screenshot of the navigation system after a full experiment 
on a study cadaver. The coordinates where then processed 
with dedicated software to obtain the measurements



of the sylvian fissure with the navigation probe. Then the cortex was resected simulating a 
transcortical approach to the insult at each zone. After the resection was complete, the 
same points  along the Sylvian fissure were touched with the navigation probe now over 
the resection rim. Three linear measurements were obtained by calculating the distance 
between each point obtained over the lip of the sylvian fissure (pre-resection) and its 
equivalent at the resection margin (post-resection). 

Specimen preparation 

We selected and prepared 16 embalmed human cadaveric specimens (n=16) without 
previous history of head and neck pathology and with a postmortem window of 72 hours. 
The specimens were embalmed with our proposed customized formula for neurosurgical 
simulation. After 5 days immersed in embalming solution, the specimens were prepared 
for surgical research following our guidelines.87 A 3-Tesla T-1 weighted magnetic 
resonance imaging sequence was obtained from all specimens before the study. 
Radiological data were uploaded to the navigation station. These studies were co-
registered to the specimens before each experiment. 

Experiment design 

The experiments were conducted following a thorough standardized protocol with a 
detailed stepwise checklist. All significant surgical steps were recorded using 
stereoscopic (3D) video (Truevision®) and photography (Nikon®). The specimen was 
rigidly fixed in a three-pin surgical freedom clamp (Mizuho®) attached to a surgical table 
and then positioned for a pterional approach to the insula. A question mark skin incision 
was based roughly 1 cm before the tragus, widened 1 cm posterior to the pinna and 
finished in the midline behind the hairline. The skull was exposed after standard galea 
dissection and temporalis muscle retraction. At this point, the foramen of Monro was 
navigated with the stereotactic probe and reference measurements to the external 
acoustic meatus were obtained. The relationship between the squamosal suture and the 
Sylvian fissure was obtained with the aid of navigation. The Sylvian fissure was then 
marked with a skin pen on the skull. A wide pterional craniotomy was designed based 
on: A) the foramen of Monro, B) the Sylvian fissure (already marked in the skull) and C) 
the opercula including at least 3 cm of extra cortical surface to allow for retraction. The 
dura was incised and turned anteriorly over the sphenoid ridge. 

The Sylvian fissure was completely split as previously described.49 All venous channels 
were carefully dissected and preserved. Self-retaining retractors were applied to the zone 
1 operculum and constantly repositioned following the navigation probe as the insular 
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exposure, surgical window and surgical freedom stereotactic measurements were taken. 
Dynamic retraction was selected to better reflect a real surgical scenario, where the 
retraction blades are constantly re-positioned to provide the best space in each surgical 
maneuver. The amount of retraction, which was measured in length, was the maximum 
allowed by the bridging veins or before cortical damage. The same procedure was 
repeated for zones 2, 3 and 4. The arterial and venous cortical systems were manually 
drawn separately in a printed hemispheric template (one set for each side) map. Number, 
size and trajectory of the veins were recorded as well.     

Next, the veins crossing the Sylvian fissure were marked and cut. All dependent 
variables were measured again in the zones previously limited by bridging veins (anterior 
bridging veins = zones 1&4 vs posterior bridging veins = zones 2&3). Following this, the 
veins previously cut were anastomosed using 6-0 or 8-0 sutures and a Lawton bypass set 
(Mizuho America).  

After restoring the 
venous sys tem 
completely, the 
TC approach was 
s t a r t e d . T h e 
corticotomy was 
b a s e d o n t h e 
cortical surface 
identification of 
the peri-insular 
sulci with the aid 
of navigation. The 
corticotomy was 
performed using 
m i c r o s u r g i c a l 
instruments and 
m a g n i fi e d 
dissection under 

the surgical microscope (Carl Zeiss Pentero ®), with caution to preserve M3 & M4 arteries 
transitioning to the cortical surface. Multiple arterial-venous windows were generated 
after removal of the operculum at the end of each corticotomy. All dependent variables 
were measured at this point, including the TC subdivision into zone 2 with and without 
the precentral motor cortex and zone 3 with and without Heshl’s gyrus. Reference pins 
were set along the margins of the corticotomy to reference the previous position of the 
operculum limits in each case and guide the transition to the next zone. The cortical limits 
after the corticotomy were drawn in a lateral cortical hemispheric template map to track 
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Surgical simulation photograph after a right pterional approach with exposure of 
the sylvian fissure. The superficial sylvian vein was prepared for reanastomosis.



the anatomical structures resected. The distances between the cortical resection margin 
and both the operculum and the temporal pole were also taken at this point. After 
completion of the TC approach to all zones, all M2 branches were drawn over an insular 
template map previously printed.     

Statistical analysis 

All data collected in this study was entered in a spreadsheet that was uploaded into 
statistical software (JMP® v. 11.0, SAS institute) for statistical processing. Unpaired 
student t-tests were calculated on the dependent continuous variables to determine 
significance between the compared variables and groups.  A p-value of 0.05 was 
considered significant. Mean and standard deviation (SD) for continuous variables and 
percentages for continuous and categorical variables were also calculated from the 
spreadsheet.  
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OBJECTIVE C – CORRELATION BETWEEN ANATOMICAL 

CLASSIFICATION OF INSULAR GLIOMAS AND SURGICAL 
OUTCOMES 

Patient Selection 

Using a prospectively collected database of insular gliomas assigned to one of the 
previously described zones, we studied 114 consecutive patients treated in 129 
restections within the last decade. Patients were all adults older than 18 years of age who 
had undergone surgery at the University of California, San Francisco. Perioperative 
patient parameters including zone classification based on preoperative and FLAIR and T1 
post contrast MRI, symptom at presentation, handedness, age at diagnosis, immediate 
postoperative MRI (within 48 hours of surgery), and histopathology review (in accordance 
with WHO guidelines) were prospectively collected. Given substantial differences in their 
natural history patients with WHO I histology, those with multifocal glioma, and 
gliomatosis cerebri were excluded from analysis. All microsurgical tumor removal was 
performed as outlined by our prior.34 The University of California, San Francisco 
Committee on Human Research approved this study. 

Inter-observer reliability of Berger-Sanai Insular Glioma Classification 
System 

According to our prior published protocol the insular was divided into 4 zones. Along 
the horizontal plane in a sagittal view, the insular was bisected along the Sylvian fissure. 
This plane was intersected by a perpendicular plane at the level of the foramen of Monro. 
Tumor location was assigned to 1 or more of these zones. 34 For tumors occupying more 
than 1 zone, this condition was denoted as such (ex. Zone I + II). For cases in which the 
tumor occupied all 4 zones, these insular gliomas were defined as “giant”. Using this 
method a total of 9 possible options existed for classification (Zones I, II, III, IV, I-II, I-IV, II-
III, III-IV, Giant).  
  

To test agreement of insular zone assignment between clinicians, a subset of 80 cases 
with a newly diagnosed insular glioma were independently scored by three examiners. 
With the goal of testing clinicians across a varied distribution of clinical experiences, one 
junior level neurosurgery resident, one junior level neurosurgery faculty, and one senior 
neurosurgeon were chosen to participate. Participants were blinded to each other’s 
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score. The kappa coefficient was used to determine the significance of this agreement. 
Interpretation of the kappa coefficient was performed in accordance to prior published 
reports in which 0 indicated agreement equivalent to chance; 0.01-0.20 slight 
agreement; 0.21-0.40 fair agreement; 0.41-0.60 moderate agreement; 0.61-0.80 
substantial agreement; 0.81-0.99 almost perfect agreement; and a kappa coefficient of 1 
indicated perfect agreement (Griessenauer 2014). 

Patient outcome measurements 

Patients underwent sequential neurological examinations by four clinicians: the senior 
attending neurosurgeon, a neurosurgical resident, a speech and language 
neurophysiologist, and attending neuro-oncologist. Clinical examinations were 
performed preoperatively, every day during the postoperative period, and at each follow 
up appointment (4-6 weeks, and 3-6 months following surgery). Short-term neurological 
morbidity was defined as new onset language, or sensorimotor deficits within the first 3-5 
postoperative days. Long-term neurological morbidity was defined as dysfunction 90 
days after surgical intervention. Our protocol for language function testing has been 
described in prior publications. 29 Differences between findings of the 4 examiners were 
adjudicated by accepting the results showing greater impairment. Magnetic resonance 
imaging results were studied to confirm that the patient’s symptoms were not a result of 
tumor progression. Malignant progression was defined as a change in histopathology for 
WHO grade II and III tumors to higher-grade lesions on a subsequent surgery (including 
biopsy or re-operation). 

Volumetric Analyses 

Low- and high-grade tumors were analyzed volumetrically by measuring hyperintense 
regions on axial T2 fluid-attenuated inversion-recovery (FLAIR) (low-grade gliomas) and 
T1-weighted contrast-enhanced MR images (high-grade gliomas). Each tumor was 
segmented manually across all slices with region-of-interest analysis to compute pre- and 
postoperative volumes in cm3. The extent of resection (ER) was calculated as follows: 
[100 – (postoperative tumor volume/preoperative tumor volume)*100], with 100% 
indicating gross total resection (GTR) and <100% representing subtotal resection (STR). 
We did not consider clinical outcome when determining tumor volume and ER.  
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Statistical Analyses 

Descriptive statistics were calculated for all variables and stated as median unless 
otherwise specified for continuous variables and frequency of distribution for categorical 
variables. Cross-contabulations were generated, and Wilcoxon signed rank test (for 
continuous variables) and chi-square (for categorical variables) tests were used to 
compare distributions. The Fisher exact test was used if more than 80% of values were 
less than 5. The Kappa coefficient was used to determine strength of agreement between 
clinicians. All p values were obtained from 2-sided tests, with statistical significance 
defined as p<0.05. All statistics were analyzed using JMP statistical software version 
10.0.2 (SAS Institute, Inc., Cary, NC).  The UCSF Institutional Review Board approved the 
study. 

Ethical Review 

This study protocol has been reviewed and approved by the University of California, 
San Francisco committee on human research (official approval number: 14-13002). An 
informed consent was obtained at the time of admission from all study participants 
enrolled in the clinical phase of the study. 
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RESULTS 

Objective A: Customized embalming formula versus the 

Formaldehyde and Cryopreservation subgroups 

All formaldehyde and customized specimens were completely embalmed. The cortex 
surface along the watershed area was uniformly embalmed. Surgical simulation 
experiments were successfully performed in all specimens included for morphometric 

study. One cryopreserved specimen with advanced decay observed during MRI was 
excluded from the morphometric experiment sample and replaced.  

Retraction profiles 

The subtemporal approach was completed in all specimens. Retraction profiles 
(retraction pressure and surface) of customized and cryopreserved specimens were very 
similar to each other and clearly better than the formaldehyde specimen. The 
subtemporal approach provided equivalent exposure of the entire incisural space and 
the cavernous sinus in cryopreserved and customized specimens. However, only the 
tentorium and the superior cerebellar artery in the middle incisural space were exposed 
in the formaldehyde group. At maximal retraction, deep plane maneuvering and 
dissection around the parasellar region were identical in the customized and 
cryopreserved groups and very difficult in the formaldehyde group.  
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Retraction Pressure 

Retraction pressure studies were performed to assess the brain compliance and 
retraction capabilities of each group.  Overall mean retraction pressures were maximal in 
the formaldehyde group and lowest in the cryopreserved group. At maximal retraction 
point, our customized formula provided a retraction pressure almost 3x lower than 
formaldehyde [36+/-3 (SD) mmHg vs. 103+/-14 mmHg, P<0.01], but slightly higher than 
cryopreservation [36+/-3 (SD) mmHg vs. 24+/-6 mmHg, P<0.01].  
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Retraction profile graphic of the study groups. The formaldehyde group had the highest mean 
pressure at tissue break (over 100 mmHg, Bar) and provided the least retraction area (0.5 cm2, 
line). The customized and cryopreserved groups had similar retraction profiles. The 
customized group offered almost three times less resistance to retraction than the 
formaldehyde. The cryopreserved group provided the largest retraction surface (2.3 cm2, line) 
with lowest retraction pressure (24 mmHg Bar).



Retraction surface 

Retraction surface was calculated to 
assess brain st i ffness during a 
standardized neurosurgical procedure 
and to compare the surgical area 
gained during retraction. There was no 
statistical difference between the 
customized and cryopreserved groups 
(P=0.13). The retraction area of the 
customized group was almost four 
t i m e s l a rg e r t h a n t h at o f t h e 
formaldehyde group [1.44+/-0.4cm2 
(SD) vs 0.46+/-0.1cm2, P<0.01]. These 
retraction profiles provided different 
access to the incisural space and 
posterior fossa structures. 
  

Specimen condition 

We have observed that flushing the vascular system with isotonic saline solution 
instead of tap water both prevents brain and tissue edema and provides optimal 
cleaning of blood clots. In our experience, the low osmolality of the tap water produced 
massive edema in all cases. This was prevented by the use of isosmolal saline solution 
instead of tap water. In addition to the use of saline solutions, manually injecting at low 
pressure and repeated cleansing of the vessels is also preferable. This procedure 
increased the illustrative quality in all specimens, but especially in those treated with our 
customized formula. Complete silicone injection was achieved in all specimens 
regardless of their embalming method. All thalamoperforator arteries and other distal 
vessels were fully injected and no subarachnoid silicone leak was observed. The 
customized specimens exhibited color and texture closer to life-like properties than the 
formaldehyde-preserved specimens.  
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Box plot of the retraction area of each group. The 
formaldehyde specimens provided less retraction 
area than the other groups. There was no statistical 
d i f f e r e n c e b e t w e e n t h e c u s t o m a n d t h e 
cryopreserved specimens, which had more variability 
and one outlier



Using only a 2.3% 
of formaldehyde in 
t h e c u s t o m i z e d 
formula, we reduced 
formaldehyde content 
by 78% compared to 
standard embalming 
solutions. Texture and 
color were similar for 
the cryopreserved 
and the customized 
specimens at the time 
of brain exposure. 
H o w e v e r , 
formaldehyde-fixed 
specimens were stiffer 
and of slightly darker 
color. Degradation of 
tissue consistency and 
color were observed 
in the cryopreserved 
specimens after being 
continuously exposed 
t o t h e w o r k i n g 
environment for 4 
hours, whereas customized and formaldehyde-preserved specimens maintained their 
properties throughout the entire experiment. While evident signs of brain liquefaction 
were observed in the cryopreserved specimens after working hour 40, consistency and 
color were preserved in both customized and formaldehyde-fixed specimens. The 
customized specimens were consistently rated favorably to the formaldehyde and 
cryopreserved group at the end of the experiment. Changes in consistency were 
observed in the cryopreserved group from hour 2. All the observational variables –color, 
consistency and overall appearance- were rated 1 (change observed) from hour 4 
consistently throughout the experiment. Sporadic changes in color and overall 
appearance were noted in both embalmed groups, which resolved with tissue hydration.  

Formaldehyde vapors emanated by formaldehyde-fixed specimens were noticeable 
in the working environment immediately after positioning the head for dissection. 
Placing the specimens under running water for 15 minutes before dissection diluted the 
vapors. Unpleasant, aggressive odor from decay and microorganism growth prevented 
researchers from continuing dissection of cryopreserved specimens at working hour 7. In 
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Photographic report of the specimen condition. The customized (a); 
cryopreserved –non-embalmed- (b and d); and formaldehyde (c) groups 
were exposed to continuous dissection during 48 hours. The color and 
texture of the customized and cryopreserved specimens was similar. The 
formaldehyde group was darker in color and stiffer in texture than the other 
groups. All specimens were maintained wet during the experiment time. The 
customized and formaldehyde groups maintained the initial conditions and 
no changes were noticed. In contrast, the cryopreserved specimen showed 
advanced signs of decay at hour 40 (d).



contrast, no microorganism growth or brain decay was obvious in the embalmed 
specimens during the study.  

Imaging and post-processing techniques 

O v e ra l l , ra d i o l o g i c s t u d i e s 
performed on the customized 
specimens showed equivalence 
with the cryopreserved group, 
whereas the formaldehyde group 
imaging was notably worse. 
Although T1-weighted MRI of the 
customized group showed optimal 
definition of the cortex, sulci, and 
white matter, some artifacts and 
hyperintensities were observed 
randomly aong the internal nuclei. 
The best images of the internal 
nuclei were obtained from the 
c r y o p r e s e r v e d g r o u p . T h e 
embalmed specimens had better 

tissue preservation than the cryopreserved, which showed signs of brain shrinking and a 
frontal pneumoencephalus. At postmortem day 8, the cryopreserved specimen showed 
signs of advanced decay compared to the embalmed groups.  

The bleeding model for neurosurgical 
simulation reported by Aboud et.al72 was also 
tested in one customized specimen. Brain 
movements encompassing arterial beating 
were observed at a normal arterial pressure 
resembling live surgery. Hemorrhage from 
deliberate arterial rupture permitted deep 
surgical field hemostasis simulation. Gentle 
retraction of the sylvian fissure together with 
careful sharp dissection and hemostasis 
allowed exposition of the middle cerebral 
artery in a highly simulative surgical scenario. 
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Radiologic study of the sample. An axial (a,b,c) and sagittal 
(d,e,f) 3D T1-weighted magnetic resonance imaging of the 
formaldehyde (a,d); customized (b, e) and cryopreserved (c,f) 
specimens showed better overall results in the customized 
group. The cortex and subcortical nuclei were best identified 
in the cryopreserved group and not identified in the 
formaldehyde group. The cryopreserved specimen showed 
signs of decay and pneumoencephalus.

Coronal 3D T-1 magnetic resonance imaging of 
the customized (a) and cryopreserved (b) 
specimens at postmortem day 8. The 
cryopreserved specimen showed evident signs 
of decay in the form of mount of fuji 
pneumoencephalus with its superior surface 
tethered to the superior sagittal sinus.



OBJECTIVE B: ASSESSMENT OF THE SURGICAL 

APPROACHES TO INSULAR GLIOMAS 

Data collected in the present study includes quantitative analysis of surgical variables, 
- surgical window, insular exposure and surgical freedom-, for each approach. It also 
includes a descriptive analysis of the surgical anatomy of the trans-Sylvian and 
transcortical approaches to the insula. 
  

Morphometric assessment 

To ease the data interpretation, insular exposure and surgical freedom for each 
technique, i.e. TS, TSVC and TC, were grouped and provided for each insular zone. 

Zone 1 

The TC corridor yielded the best exposure of the insula in zone 1 compared to both 
TS [4.62±0.6 (SD) vs. 7.21±0.8 cm2, P <0.05] and TSVC [5.21±0.98 (SD) versus 7.21±0.8 
cm2, P <0.05]. Even when the veins were cut, the TC approach offered 140% more insula 
exposure than the trans-Sylvian approach. In addition, sacrificing the bridging veins in 
zone 1 did not increase either the final insula exposure or the surgical freedom when the 
trans-Sylvian corridor was used. The mean surgical window obtained in the TC was larger 
than the TS [6.18±0.6 (SD) versus 9.65±1.7 cm2, P <0.05].  The maximal retraction length 
at zone 1 was 1±3 cm. Cortical resection for total exposure of zone one was 1.5±0.5cm at 
the inferior frontal gyrus. Although the TC provided significant increase in surgical 
freedom compared to that of the TS (137%, P<0.05), there was no statistical difference 
when compared to the TSVC.  

Zone 2 

Results obtained in zone 2 were proportional to the degree of the corticotomy. During 
the TC dissection, when the opercular rim of the precentral gyrus was preserved, the 
surgical window, the insular exposure, and surgical freedom were equivalent to that of 
the TSVC. The mean insula exposure in the TC group was larger than the TS [2.76±0.8 
(SD) versus 3.51±0.8 cm2, P <0.05] but comparable to that of the TSVC [3.56±0.7 (SD) 
versus 3.51±0.8 cm2, P =0.9]. There was no statistical difference in insular exposure 
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between the TS and the TSVC, therefore cutting the bridging veins was not advantageous 
in zone 2.  

The mean surgical window provided by the TS was greater than that of the TC (with 
precentral gyrus preserved) [4.43±1.1 (SD) versus 3.42±0.7 cm2, P <0.05]. The maximal 
retraction length at zone 1 was 1.2±2 cm. The surgical freedom between the TS, TSVC 
and TC was similar.  

On the other hand, resection of the opercular rim of the precentral gyrus during the 
TC, provided a clear advantage on the TC over all other groups. Specially, the insula 
exposure obtained in the TC was 146% that of the TSVC (P<0.05). Also, the surgical 
windows obtained during the TC and TS were similar [5.08±0.8 (SD)versus 4.43±1.1 cm2, 
P =0.16]. Moreover, the mean surgical freedom obtained in the TC was 171% that of the 
TSVC (P< 0.05). Complete TC exposure of the insular cortex at zone 2 required removal 
of the inferior 1.2±0.2cm of the precentral and postcentral gyri. This allowed complete 
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Summary of the comparative analysis between the TS, TSVC, and TC approaches to each zone of the left 
insula. A photograph of the surgical simulation after a left TC approach was taken and used to illustrate the 
division of the insular cortex into 4 zones according to the Berger-Sanai classification of the insula. The sylvian 
line (anterior-posterior dashed line) divides the insula into ventral and dorsal parts. The Monro foramen and its 
lateral projection (superior-inferior dashed line) divide the insula into rostral and caudal parts. Zone II is further 
divided into 2 groups depending on the degree of frontoparietal opercula corticotomy during the TC 
approach. In Zone III, the TC group includes partial resection of Heschl’s gyrus. All results included in the 
vignettes are statistically significant. PrC = precentral gyrus; TC= transcortical; TS= transsylvian; TSVC= 
transsylvian with veins cut.



exposure of the superior peri-insular 
sulcus, the anterior and posterior long 
gyri and Heshl’s gyrus in the temporal 
operculum. 

Zone 3 

The TC approach provided better 
surgical exposure than the TS [3.89±0.6 
(SD) versus 2.85±0.4 cm2, P <0.05]. If 
Heshl’s gyrus was removed, the insula 
exposure of the TC was superior to that 
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Graph of the statistical analysis of the insular 
exposure (upper) and surgical freedom (lower) 
obtained during the transsylvian approach (TS), 
transsylvian approach with bridging veins cut 
(TSVC) and transcortical approach (TC). The 
mean, standard deviation (error bars), and 
statistical significance of the difference in insular 
exposure (upper) or surgical freedom (lower) for 
the TS, TSVC, and TC approaches to the insula 
are shown for each zone. The TC approach 
provides more insular exposure than the TS and 
TSVC except in Zone II. Only when the opercular 
rim of the precentral gyrus was resected did the 
TC approach provide more exposure than the 

Surgical simulation of the transSylvian (A), 
transSylvian approach with bridging veins 
cut (B), transcortical (C), and transcortical 
with the precentral gyrus resected (D, E) 
approaches for the zone 2 of the insula 
(F) in the right side. The superficial and 
deep sylvian cisterns were widely 
dissected posteriorly with great care to 
protect all the vessels. The posterior 
aspect of the frontal operculum and the 
parietal operculum over the zone 2 of the 
insula were retracted to simulate a 
transSylvian approach (A). Next (B), the 
main trunk of the superficial sylvian vein 
was cut and the self-retaining retractors 
were re-located to simulate the surgical 
approach with the bridging veins cut. The 
veins were then re-anastomosed and the

opercula were allowed to return to its natural position. The transcortical approach was performed 
respecting both the cortex of the pre-central gyrus and the venous complex and the large veins to the 
dorsal aspect of the parietal lobe (C). Next (D and E), the opercular rim of the pre-central gyrus was 
resected to simulate a complete transcortical approach. A close-up picture of the transcortical approach to 
zone 2 reveals that the insular cortex of such zone was completely exposed and the superior peri-insular 
sulcus was also accessible (E). Multiple windows were created between the M3 arteries and the superior 
sylvian veins, forming multiple flexible corridors to the insular surface. A typical zone 2 insular tumor was 
photographically fused to the surgical simulation to illustrate the relationship to the cortex (F). An axial –
superior- and sagittal –inferior- views of a typical zone 2 insular tumor were included in figure F to show the 
relation of the tumor to the Monro line (yellow) and the Sylvian line (red). Abbreviations: SPIS; superior 
peri-insular sulcus, PreC; pre-central gyrus, the yellow semi-transparent labels represent the surgical 
corridor provided by each approach to the insula.



of the TSVC. Cutting the bridging veins during the TS at zone 3 increased insular 
exposure substantially [3.64±0.8 (SD) vs. 2.85±0.4 cm2, P <0.05]. ). Resecting Heshl’s 
gyrus provides 156% of the insula exposure obtained during a TC approach. When the 
TC included resection of Heshl’s gyrus, the insular exposure obtained was 164% that of 
TSVC, which was statistically significant (P<0.05). When Heshl’s gyrus was resected during 
TC, the surgical window was 176% that of the TS (P<0.05). The TC group provided 
greater  surgical freedom than that of the TS group [334.16±43 (SD) vs. 221.14±105 cm2, 
P <0.05] but similar to that of the TSVC (P=0.75). However, after Heshl’s gyrus resection, 
the surgical freedom obtained in the TC was the greatest (P<0.05). Cutting the bridging 
veins during the TS approach did not increase the surgical freedom (P=0.09). The 
maximal retraction length at zone 3 was 1±2 cm. Cortical resection for complete 
exposure of zone 3 was 1.3±0.3cm of the superior temporal gyrus 

Zone 4 

The TC corridor provided greater insular exposure than both TS [5.2±0.6 (SD) versus 
3.44±0.8 cm2, P <0.05] and TSVC [5.2±0.6 (SD) versus 4.11±0.5 cm2, P <0.05]. Cutting 
the veins during the TS approach did not increase insula exposure [TSVC 4.11±0.5 (SD) 
versus TS 3.44±0.8 cm2, P =0.08]. There was no difference in the surgical window 
between the TC and the TS [5.96±1.1 (SD) versus 5.38±1.2 cm2, P =0.28]. The TC 
provided greater surgical freedom than the TS [508.8±131 (SD) versus 341.7±101 cm2, P 
<0.05], but equivalent to that of the TSVC [508.8±131 (SD) versus 513.14±87 cm2, P 
<0.05]. TSVC yielded superior surgical freedom than TS [513.14±87 (SD) versus 
341.76±101 cm2, P <0.05]. The maximal retraction length at zone 4 was 1±3 cm. To 
achieve complete exposure of the inferior peri-insular sulcus we had to resect the entire 
width of the superior temporal gyrus from the foramen of Monro anteriorly to 1.5±0.6 cm 
posterior to the temporal pole. 

Surgical anatomy 

In zone 1, the TS corridor allowed exposure to the insular apex and the cortex just 
below the Sylvian fissure, however only the TC corridor provided exposure of the 
superior peri-insular sulci. The TSVC corridor provided exposure to 64% of zone 1, which 
included the apical portion of the accessory gyrus as well as the proximal portion of the 
anterior, middle and posterior short gyri. A vein cluster arising from the prefrontal cortex 
in 57% of cases severely limited exposure to the middle short gyrus and the posterior 
half of the anterior short gyrus. The middle short gyrus of the insula was better accessed 
when the TSVC corridor was used, because the main bridging veins cross the Sylvian 
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fissure at this region. However, the TSVC did not provide a significant increase in surgical 

exposure. Only the TC corridor provided complete exposure of the superior peri-insular 
sulcus and the entire area of the anterior, middle, posterior and accessory insular gyri in 
zone 1. In addition, if  the head turned down 15 degrees (by either increasing 
trendelenburg or tilting the back rest down) and the surgical table was tilted to the 
ipsilateral side, the Eberstaller gyrus and the lateral lenticulostriate arteries were also 
exposed. The corticotomy necessary to reach zone 1 completely required excision of 
60% of the pars orbicularis and opercularis, and 20% of the pars triangularis.  
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Surgical simulation of the transSylvian (A), transSylvian approach with bridging veins cut (B), and 
transcortical (C) approaches for the zone 1 of the right insula (D). A right-side pterional approach was 
carried out and the dura was incised and reflected towards the sphenoid bone. The superficial and deep 
sylvian cisterns were dissected completely with great care to protect all the vessels. The frontal operculum 
over the zone 1 of the insula was retracted to simulate a transSylvian approach (A). Next (B), the superficial 
sylvian vein was cut and the self-retaining retractors were re-located to simulate the surgical approach with 
the bridging veins cut. The veins were then re-anastomosed and the frontal operculum was allowed to 
return to its natural position. The transcortical approach was performed respecting the venous complex 
and the large veins to the dorsal and orbital aspect of the frontal lobe (C). A typical zone 1 insular tumor 
was photographically fused to the surgical simulation to illustrate the relationship to the cortex before any 
surgical maneuver was started (D). An axial –superior- and sagittal –inferior- views of a typical zone 1 
insular tumor were included to show the relation of the tumor to the Monro line (yellow) and the Sylvian 
line (red). Abbreviations: P; pars, yellow semi-transparent labels in each photograph represent the surgical 
corridor provided by each approach to the insula.



In zone 2, the insular exposure through the TS corridor was limited to the Sylvian line 
whereas removing the lateral rim of precentral gyrus during the TC corridor allowed 
greater exposure of the posterior long gyrus and the anterior long gyrus. The narrow 
shape of the posterior half of the Sylvian fissure limited the TS corridor severely. Even 
cutting the bridging veins during the TSVC approach and retracting under maximal 
pressure, only 73% of the total area of the anterior and posterior long gyri was exposed. 
The TSVC could not expose the superior peri-insular sulcus. When the lateral rim of the 
precentral gyrus was preserved, the majority of the anterior long gyrus was covered 
underneath. For this reason, when the TSVC was used and maximal retraction was 
applied along the entire frontal-parietal opercula, exposure of zone 2 was not 
significantly different between these two groups.  

In zone 3, cutting the bridging veins (TSVC) while using a TS approach allowed for 
greater exposure of the inferior part of the anterior and posterior long gyri. However the 
planum temporalis and inferior peri-insular sulcus were only completely exposed 
through the TC approach. Heshl’s gyrus is a large portion of the posterior part of the 
temporal operculum. It stays on the surgical trajectory to the planum temporalis and 
inferior and posterior aspect of the posterior long gyrus of the insula. Therefore, if Heshl’s 
gyrus is kept intact during the TC, the final insular exposure is similar to that of a TSVC 
with maximal retraction applied uniformly to the superior temporal gyrus. However,  if 
Heshl’s gyrus is removed as part of the TC approach, zone 3 of the insula may be 
exposed  completely along with the inferior peri-insular sulcus. Ninety percent of Heshl’s 
gyrus was excised to expose zone 3 completely. Also, the long gyri can be further 
dissected towards zone 2 if the head is tilted down 10-20 degrees (trendelenburg or 
lowering the back rest of the surgical table). 
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I n zone 4, 
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Surgical simulation of the transSylvian (A), transSylvian approach with bridging veins cut (B), transcortical 
(C) and transcortical with the Heshl’s gurys resected (D,E) approaches for the zone 3 of the right insula (F). 
The superficial and deep sylvian cisterns were completely exposed with great care to protect all the 
vessels transitioning to the cortex. The posterior segment of the temporal operculum over the zone 3 of 
the insula was retracted to simulate a transSylvian approach (A). Following this, the superficial sylvian vein 
was cut and the self-retaining retractors were re-oriented to simulate the surgical approach with the 
bridging veins cut (B). Next, the veins were re-anastomosed and the temporal operculum was allowed to 
return to its original position. The transcortical approach was performed next, preserving both Heshl’s 
gyrus and the Sylvian venous complex (C).  Following this, Heshl’s gyrus was resected for a complete 
transcortical approach to the zone 3 of the insula (D and E). A close-up photograph of the transcortical 
exposure of the insula revealed complete exposure of the zone 3 cortex as well as the planum temporale 
and inferior peri-insular sulcus (E).The large veins to the dorsal aspect of the temporal and occipital lobes 
and the Labbé complex as well as the transitioning M4 branches were preserved during all the 
transcortical dissection. These vessels formed multiple corridors to access the surface of the insula. A 
typical zone 3 insular tumor was photographically fused to the surgical simulation to illustrate the 
relationship to the cortex before starting the surgical simulation (F). An axial –superior- and sagittal –
inferior- views of a typical zone 3 insular tumor were included to illustrate the relation of the tumor to the 
Monro line (yellow) and the Sylvian line (red). Abbreviations: ALG; anterior long gyrus, PLG; posterior long 
gyrus, IPIS; inferior peri-insular sulcus, PT; planum temporale; yellow semi-transparent labels= surgical 
corridor provided by each approach to the insula.



exposure of the insula did not significantly increase by cutting the bridging veins (TSVC) 
during a TS corridor. In the other hand  the TC allowed full insula exposure. The TS 
corridor exposed the anterior portion of the anterior long gyrus and the insular apex. In 
more than half of our specimens, there was a large bridging vein limiting the inferior 

exposure of the insula in 
zone 4 through the TS 
corridor. When this vein was 
cut (TSVC) the arachnoid 
dissection could be further 
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Surgical simulation of the 
transSylvian (A), transSylvian 
approach with bridging veins 
cut (B), and transcortical (C) 
approaches for the zone 4 of 
the right insula (D). The 
superficial and deep sylvian 
cisterns were completely 
dissected with great care to 
preserve all the transiting 
v e s s e l s . T h e t e m p o r a l 
operculum over zone 4 of the 
insula was retracted to 
s imulate a t ransSy lv ian 
approach (A). Following this 
(B), the superficial sylvian 

Parameter N o . ( % ) 
n=129Age at diagnosis (years)

Median 41
Range 18-72
Sex
Male 74 (57)
Female 55 (43)
Side of tumor
Left 68 (53)
Right 61 (47)
WHO tumor grade
II 70 (54)
III 44 (34)
IV 15 (12)
Tumor Volume (cm3)
Median 48.5
Range 0.11-245.7
Insular glioma location by zone

I 40 (31)
II 2 (1.6)
III 17 (13.2)
IV 14 (10.9)
I-II 4 (3.1)
I-IV 21 (16.3)
II-III 7 (5.4)
III-IV 12 (9.2)
Giant 12 (9.2)
Handedness
Right 126 (97.7)
Left 3 (2.3)

Table: Patient demographics



dissected towards the 
i n f e r i o r p e r i - i n s u l a r 
sulcus, which was seen 
upon maximal retraction 
of the superior temporal 
gyrus and by tilting the 
h e a d u p w a r d s 2 0 
degrees. However, there 
w a s a s t a t i s t i c a l l y 
significant increase in 
insula exposure in zone 4 
when the TC was used. 
This exposure included 
the inferior peri-insular 
sulcus and the insular 
portion of the planum 
polaris. 

Venous drainage 

The venous drainage 
patterns of the lateral 
surface of the brain were 
care fu l l y s tud ied to 
d e t e r m i n e t h e i r 
dominance in the venous 
outflow. Specifically the 
number of bridging veins 
and their relationship to 
the different zones, and 
the clustering patterns 
were recorded. The data 
on the venous drainage 
patterns provided below 
c o u l d p r o v i d e t h e 
n e u r o s u r g e o n w i t h 
valuable evidence on the 
number of cases were 
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Symptoms at presentation

Seizure 88 (68)
Cognitive decline 3 (2.3)
Headache 9 (7)
Incidental 2 (1.6)
Language deficit 1 (1)
Motor deficit 3 (2.3)
Asymptomatic recurrence 23 (17.8)

Type of surgery
Motor mapping 122 (94.6)
Language mapping 58 (45)
Awake surgery 58 (45)
New 80 (62)
Re-operation 49 (38)
Adjuvant oncologic treatment

Patients with post op chemotherapy 107 (82.9)

Patients with post op radiation 82 (63.6)

Malignant progression 49 (38)
Clinical follow up (years)

Median 3.5
Range 0.26-25.8
Extent of resection (%)
0-40% 1 (1)
41-69% 19 (14)
70-89% 58 (45)
>90% 51 (40)
Median 85
Range 40-100

Table: Patient demographics, continued



the TSVC option would not be viable.   

We found bridging veins crossing the Sylvian fissure in 70% (11/16) of the specimens. 
A dominant drainage pattern was determined if the number and size of veins draining 
anteriorly was greater compared to the number and size draining to the Labbé complex 
and bridging veins to the superior sinus. We found it in 87% (14/16) of our sample. Of 
the dominant venous patterns, 50% (8/16) had good alternative outflow through either 
anastomoses to the superior sagittal sinus bridging veins, the Labbé complex or parallel 
veins that do not cross the Sylvian fissure or a combination. There were dominant 
bridging veins with poor collateral drainage in 30% of specimens.  Venous clustering 
around the pre-frontal or premotor cortex draining the lower part of the lateral surface of 
the frontal lobe was found in 56% (9/16) of the specimens. 

Surgical landmarks 

From the observational and descriptive analysis of the surgical anatomy of the 
pterional trans-Sylvian approach, three key relationships were consistent throughout the 
study: the relationship between the middle cerebral artery (M2) at the central sulcus of 
the insula and the rolandic artery (M4); the relationship between the Sylvian fissure the 
superior segment of the squamosal suture; and, the craniometric relation between 
foramen of Monro and the external acoustic meatus at the surface of the skull. 
Additionally, the corticotomy maps drawn during the TC step of the experiment were 
consistent throughout the study. 

There were 2-4 trunks of the M2 that branched into 12±2 M3 branches on the insular 
surface. In all our specimens, the M2 branches running through the central sulcus of the 
insula became the precentral (Rolandic) artery, feeding the precentral and postcentral 
gyri. In the majority of cases (81%; 13/16) , this artery remained on the surface of the 
operculum easily identifiable on the lateral surface of the brain. However, in 18% (3/16) of 
cases, the M3 component of the artery running in the central sulcus of the insula coursed 
in the depth of the precentral sulcus of the brain and became superficial at 0.8±0.2 cm 
from the operculum rim. 

Since the foramen of Monro plays a critical role in the surgical division of the insula 
and the design of a tailored minimally invasive craniotomy, superficial references to 
identify it were seen and recorded in all the specimens. The external acoustic meatus was 
identified in all surgical simulations. It was used as a key landmark to approaximate the 
position of foramen of Monro. Therefore it served as a reliable proxy to establish the 

65



division of the insula into anterior (1&4) and posterior (2&3) zones before performing the 
craniotomy. The foramen of Monro was 1.9±0.26 cm anterior and 4.42±0.6 cm cranial to 
the external acoustic meatus.  

The squamosal suture was a reliable landmark to infer the position of the Sylvian 
fissure, which defined the surgical division of the insula into superior (1&2) and inferior 
(3&4) zones. The superior portion of the squamosal suture, from the pterion anteriorly to 
its major inferior bend posteriorly corresponded to the Sylvian fissure in the majority 
(14/16) of the sample and was inferior to the Sylvian fissure in only one (8%) specimen. 
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OBJECTIVE C: CORRELATION BETWEEN ANATOMICAL 
CLASSIFICATION OF INSULAR GLIOMAS AND SURGICAL 

OUTCOMES. 

Patient Demographics 

 The study population included 74 men and 55 women with a median age of 41 years 
(range 18-72) (table). Eighty patients (62%) underwent primary craniotomy, whereas 49 
(38%) had undergone at least 1 prior procedure. Sixty-eight patients (53%) had left sided 
tumors and there were 58 (45%) awake craniotomy procedures. Patients most commonly 
presented with new onset seizures (n=88, 68%), asymptomatic glioma progression (n=23, 
17.8%), motor deficits (n=3, 2.3%), cognitive decline (n=3, 2.3%), and language deficits 
(n=1, 1%). Incidental insular gliomas were rare, representing 1.6% of cases (2 patients). 
Of the 129 operations, the most common tumor histological grade was WHO II (n=70, 
54%), followed by WHO grade III (n=44, 34%), and WHO grade IV (n=15, 12%). Median 
tumor volume was 48.5 cm3 with a range between 0.11-245.7 cm3. Fifteen percent 
(n=19) of insular tumors were confined within the insula while the majority (85%) were 
based in the insula  and extended outwards to involve the frontal, temporal, or parietal 
lobes. One hundred and seven patients (82.9%) were treated with postoperative 
chemotherapy and 82 (63.6%) underwent postoperative radiation therapy. Median follow 
up was 3.5 years (range 0.26-25.8 years). Malignant transformation from WHO grade II to 
WHO grade III or WHO grade III to WHO grade IV happened in 49 (38%) patients. Tumor 
laterality was evenly distributed (table ). 
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Insular Glioma Location 

Based on our prior report (Sanai 2010), insular gliomas were assigned to one of 9 
zones. The majority of insular gliomas were located in the anterior part of the insula 
(anterior to the foramen of Monro) and 31% (40 cases) within the anterior-superior 
quadrant (Zone I), 10.9% (14 cases) within the anterior inferior quadrant (zone IV), and 
16.3% (21 cases) within zone I-IV (total of 58.2% of cases within the anterior insular). 
Twelve insular gliomas (9.2%) were “giant”, involving all 4 zones. 

Inter-observer reliability of Berger-Sanai Insular Glioma Classification 
System 

Inter-observer reliability was tested using preoperative FLAIR or T1 gadolinium 
enhanced MRI in 80 patients with new WHO II, III, and IV insular gliomas. Three 
neurosurgeons with a range of clinical experience scored the location of each tumor 
according to our previously published zone classification criteria (Sanai 2010). Inter-
observer agreement was 89% (41 of 46 patients) for WHO II gliomas, 84% (21 of 25 
patients) for WHO III anaplastic gliomas, and 100% (9 of 9 patients) for WHO IV gliomas. 
Overall intra-observer agreement was 89%. We found a strong inter-observer reliability 
tagreement with a kappa coefficient of 0.857 (95% confidence interval; CI 0.77-0.94, 
p<0.001). There was no correlation between observer agreement and WHO Grade  
(p=0.42). 

Extent of Resection 

Following tumor resection, 1 patient (1%) had an extent of resection less than or equal 
to 40%. Nineteen patients (14%) had extent of resection between 41-69%, Fifty-eight 
(45%) had extent of resection between 70-89%, and 51 (40%) had more than 90% extent 
of resection. The median extent of resection was 85 (range between 40-100%) and mean 
extent of resection was 83 across all zones.  Among WHO grade II gliomas (70 patients), 
the median extent of resection was 81% and fifty-five patients (79%) had an extent of 
resection greater than or equal to 70% (this included 32 patients (46%) with a 70-89% 
resection and 23 (33%) with an >90% resection). A total of 44 patients had anaplastic 
astrocytoma with a median extent of resection of 88%. Forty-one patients (93%) had 
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extent of resection greater than or equal to 70% (this included 23 patients (52%) with a 
70-89% resection and 18 (41%) with a >90% resection).   

Among WHO IV gliomas (15 patients), the median extent of resection was 97% and 13 
patients (87%) had an extent of resection greater than or equal to 70% (this included 3 
patients (20%) with 70-89% resection and 10 (67%) with >90% resection). Zone II insular 
gliomas were the smallest with median tumor volume of 11.4 cm3 while “giant” insular 
gliomas had a median volume of 91.2 cm3 . The greatest extent of resection was 
accomplished in tumors located in Zone I (median Extent of resection 90.1%) and IV 
(median extent of resection 89.5%). In our initial series the smallest extent of resection 
was associated with zone II tumors, however with a greater willingness to maximize 
resections using a transcortical surgical corridor through face motor cortex, extent of 
resection increased to 83.5%. Zone continued to be predictive of mean extent of 
resection with highest mean extent of resection demonstrated in zone I (87.2%) and III 
(88%) tumors while mean extent of resection was most modest in zone I-IV (75%), Giant 
(76%), and III-IV (78%) tumors [mean Extent of resection of zone II, IV, I-II, and II-III insular 
gliomas was 83.5%, 87.4%, 84%, and 84% respectively] (p=0.002). There were no 
differences in mean extent of resection after comparing mean extent of resection 
between tumors across all zones in our two insular glioma series.  

In addition to the fact that zone remain a good predictor of mean extent of resection, 
there was also a positive correlation between tumor size and extent of resection. Mean 
glioma volume was highest in giant (91.6 cm3), followed by zone I-II (72 cm3), and zone 
II-III (63.8 cm3) tumors. Smallest mean tumor volumes were observed in zone II (11 cm3), 
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Zone V o l u m e 
(cm3)

WHO II  
no. (%)

WHO III no. 
(%)

WHO IV  
no. (%)

Median EOR 
(% )

Prior series  
( S a n a i 
2010)

P value*

I (n=40) 49.1 24 (60) 12 (30) 4 (10) 90.1 93.8 0.47

II (n=2) 11.4 0 (0) 1 (50) 1 (50) 83.5 67.4 0.41

III (n=17) 22 9 (53) 4 (23.5) 4 (23.5) 88 90 0.75

IV (n=14) 20.1 5 (35.7) 7 (50) 2 (14.3) 89.5 88.8 0.79

I-II (n=4) 72 2 (50) 1 (25) 1 (25) 86.5 71.3 0.35

I-IV (n=21) 52.3 1 2 
(57.1)

8 (38.1) 1 (4.8) 75 81 0.06

II-III (n=7) 63.8 5 (71.4) 1 (14.3) 1 (14.3) 85 82.9 0.77

I I I - I V 
(n=12)

41.4 6 (50) 5 (41.7) 1 (8.3) 82 84 0.61

G i a n t 
(n=12)

91.2 7 (58.3) 5 (41.7) 0 (0) 80 72.7 0.60

Table: Summary of resected gliomas by zone. Distribution and extent of resection of insular gliomas. 
Dark column highlights prior study.



zone III (22 cm3), and zone IV (20.1 cm3) tumors (p=0.002). Patients with extent of 
resection <40% had a median tumor size of 38 cm3 (mean 38 cm3), those with extent of 
resection 41-69% had median tumor volume of 46 cm3 (mean 61 cm3), extent of 
resection 70-89% had median volume of 62 cm3 (mean 62 cm3), while those with an 
extent of resection >90 had median glioma volume of 25 cm3 (mean 46 cm3) 
(p=0.0183).  

Impact of glioma molecular characterization on Extent of resection 

The literature is inconsistent regarding the rate of 1p and 19q chromosomal co-
deletions in insular gliomas (Wu 2010, Goze 2009). In our series we found 60 tumors  

(47% of tumors), which were WHO grade II oligodendroglioma (n=24), WHO II 
oligoastrocytoma (n=24), or WHO III anaplastic oligodendroglioma or oligoastrocytoma 
(n=12). Forty-three percent (n=23) of WHO II and III insular oligodendroglioma and 
oligoastrocytomas has 1p19q chromosomal co-deletions while fifty-seven percent (n=31) 
of insular oligodendrogliomas did not have a chromosomal 1p19q co-deletion (p=0.04). 

Previously published reports have suggested that IDH status confers a higher degree of 
resectability on WHO III and IV gliomas. Therefore we analyzed extent of resection 
focusing on IDH+ insular gliomas. Within WHO II insular glioma population, IDH+ tumors 
had a mean extent of resection of 81%, while IDH- WHO II insular gliomas had a mean 
extent of resection of 86% (p=0.62). WHO III IDH+ insular gliomas had a mean extent of 
resection of 79% while IDH- WHO III insular gliomas had a mean extent of resection of 
88% (p=0.06). The mean extent of resection for WHO IV IDH+ insular gliomas was 83%, 
while IDH- WHO IV insular gliomas had a mean extent of resection of 95% (p=0.31). After 
controlling for WHO grade, we found no correlation between glioma molecular markers 
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<40% 41-69% 70-89% >90 P value

PTEN deletion (n=32) 0 (0%) 2 (10%) 6 (29%) 13 (62%) 0.22

P53+  (n=62) 0 (0%) 6 (13%) 19 (44%) 22 (47%) 0.2816

EGFR amplification 
(n=33)

0 (0%) 1 (8%) 5 (38.5%) 7 (54%) 532

IDH1 (132) mutation 
(n=71)

0 (0%) 11 (21%) 23 (43%) 19 (36%) 0.09

1p19q co-deletion 
(n=69)

0 (0%) 4 (16%) 14 (56%) 7 (28%) 453

Table: Impact of tumor molecular characteristics on extent of resection



(PTEN, p53, EGFR amplification, IDH1 mutation, and 1p19q co-deletion) and extent of 
resection or zone classification.  

Morbidity Profile 

The overall short-term complication rate was 26.4% (34 complications in 129 
procedures). Short-term neurological complications (within 3–5 days after surgery) were 
most frequently found after procedures involving Zone 1 and Giant insular gliomas. New 
motor neurological deficits excluding face motor weakness (within 3–5 days after surgery) 

were found in 7.8% of the procedures (10 of 129). New face motor deficits were 
observed in 9.3% (12 of 129). Early postoperative language deficits occurred in 16.3% 
(21 of 129). At 3-month follow-up, 99.2% of face motor deficits resolved. The overall long-
term (90- day) neurological deficit rate was 3.2%. All but 1 language deficit resolved 
(0.8%), while the long-term rate of motor disability also remained low at 1.6% (n = 2). 
These rates compared favorably with outcomes we reported in prior retrospective series. 
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short-term* Long-term** Pr ior ser ies long-term 
disability

Language deficit 21 (16%) 0 (0%) 0 (0%)

Motor deficit 10 (7.7%) 2 (1.6%) 2 (1.7%)

Face motor deficit 12 (9.5%) 1 (0.8%) 2 (1.7%)

Table: Postoperative morbidity. Short term= 3-5 days. Long term= >90days

Zone No complications Early complications

I 31 (33%) 9 (26%)

II 2 (2%) 0 (0%)

III 14 (15%) 3 (8.8%)

IV 13 (14%) 1 (3%)

I-II 2 (2%) 2 (5.9%)

I-IV 17 (18%) 4 (12%)

II-III 2 (2%) 5 (15%)

III-IV 8 (8%) 4 (12%)

Giant 6 (6%) 6 (18%)

Table: Short-term complications based on insular zone classification



DISCUSSION  

  

Objective A: Customized embalming formula 
versus the Formaldehyde and 

Cryopreservation subgroups  

This study shows that the customized embalming formula provides optimal brain 
retraction profile, long use time, and low biohazard risk for neurosurgical simulation in 
cadavers. Overall, the customized group provided the best feature combination for 
cadaveric neurosurgical research. We found that the specimens embalmed with the 
customized formula offered three times less retraction pressure while providing four 
times more surgical retraction area compared to the formaldehyde group. When surgical 
simulation was performed, we obtained best access to surgical landmarks and 
maneuverability in the customized and the cryopreserved groups. Nevertheless, 
cryopreserved specimens had a very limited working time due to fast decay (4 hours for 
research purposes). Moreover, our radiological studies showed that the customized and 
cryopreserved groups provided better anatomical detail than the formaldehyde group, 
although random hyperintense artifacts were identified in the customized specimens.  
Also, we have tested that surgical bleeding simulation is feasible in our customized-
embalmed specimens.  

The key concept when choosing the processing technique is to know exactly the 
dissection objectives and requirements of the proposed work, together with a thorough 
understanding of the different properties of the available preservative methods. There 
are many specimen-processing techniques available for laboratory use, and each has 
specific advantages and disadvantages.   

Solutions containing large formaldehyde concentrations have been used as the 
standard in specimen preservation because they provide long-term preservation and 
prevent microorganism growth. Even though these are desired properties, formaldehyde 
remains a suboptimal fixation method for neurosurgical simulation because the brain 
stiffness it produces makes retraction very challenging. However, this property has 
provided researchers with an excellent processing method for gross anatomy teaching 
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and white matter dissection. Formaldehyde-related brain hardening combined with 
sequential freezing cause axons to separate from each other, thus facilitating dissection 
of fine fiber bundles25,26,90,91. In contrast, color distortion is a well-known drawback that 
has an important impact on the illustrative work. White, pallid cortical and subcortical 
structures are far from natural brain color and sometimes can be difficult to contrast with 
cranial nerves during surgical simulation.  

It has been widely accepted that cryopreservation (not embalmed) is the cadaveric 
processing technique that less modifies the biological properties of brain tissue. 
Nonetheless, the natural appearance of the brain only lasts a very limited time. At 
working hour 4 (around post-mortem day 2-5), specimens are no longer useful for 
neurosurgical simulation research as liquefaction prevents reliable morphometric 
analysis and tissue distortion becomes evident. This is a major drawback during hands-on 
courses or other teaching activities where an extended period of time but reliable 
anatomy and surgical maneuverability are needed to understand and practice the 
different surgical approaches.  Another significant drawback of cryopreserved specimen 
is biohazard safety. Because unembalmed specimens lack germicide agents, 
uncontrolled microorganism growth can occur early in the dissection process. However, 
unembalmed specimens continue to be used in procedure demonstrations and 
educational workshops because they used to be the only method to offer features most 
similar to a living brain in the operating room (i.e., the possibility of brain retraction). In 
our opinion, our customized embalming technique, opens a new possibility that enables 
brain retraction and provides brain features similar to those of cryopreserved specimens, 
while offers a more cost-effective and safer option.  

The customized embalming formula takes advantage of the best formaldehyde 
properties – long preservation time and microorganism growth prevention – combined 
with a retraction profile and physical properties similar to what can be achieved with 
cryopreservation. Also, a substantial reduction in formaldehyde concentration makes this 
option safer for researchers according to IARC recommendations. 

Surgical simulation profiles   

Despite important advances in surgical simulation72,74,77,86,92 an embalming formula 
customized to enable brain retraction while preserving living brain properties still 
remained necessary to recreate neurosurgical scenarios in cadavers. In 2002, Aboud 
et.al. introduced a revolutionary laboratory model for neurosurgical training that enabled 
blood hemorrhage simulation in cadaveric specimen.72 This advance represented a 
breakthrough in neurosurgical approach recreation because it allowed training of 
bleeding avoidance, management and control in a human cadaveric surgical scenario. 
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However, one of the major limitations reported in their study was not directly related to 
the model but to brain embalming. Formaldehyde-related brain stiffness was reported to 
be a major limitation for surgical exposure and cerebral retraction. To overcome this 
limitation, they used cryopreserved, partially embalmed cadavers. Although brain 
relaxation allowed retraction and wide surgical exposure in this case, specimen working 
time was reported to be very limited.72 In the present study, we observed the same 
limitations in cryopreserved –unembalmed- and formaldehyde-preserved specimens. 
However, customized-preserved specimens overcame these limitations. In addition, 
prolonged and multi-session work is possible because embalming fixatives preserve the 
brain for at least two days of continued exposure to the working environment.  In this 
study, the customized and formaldehyde specimens were kept immersed into their 
respective embalming fluid for 8 months (mean 8 months, range 2weeks-1 year), which in 
our experience represents the approximate embalming-time at the time of use of the 
specimens in the laboratory. Immersion in embalming fluid during storage and 
prevention of specimen desiccation during dissection is critical in preserving the original 
qualities in both the formaldehyde and customized groups and determines its prolonged 
use. In our experience using this embalming fluid for our studies during the last 5 years, 
this specimens maintain their properties for months, even years, if maintained in optimal 
conditions (nonfrozen and submerged in embalming fluid.” 

Imaging and post-processing techniques 

Radiologic studies in cadaveric specimen represent an excellent option to 
complement training and research in neurosurgical laboratories. Computerized 
tomography and MRI of the specimens provide useful spatial orientation and become 
essential in assisting new landmark and approach research during surgical simulation 
experiments. In our study, radiological imaging obtained from customized specimens 
provided more detail of the anatomical structures than the formaldehyde group and 
showed less decay distortion (e.g., pneumoencephalus) than the cryopreserved group. 
Artifacts detected in T1-weighted MRI of the customized group are likely to be caused by 
the high glycerol content of the embalming mixture rather than a fixation failure. Post-
dissection cross-sectional examination confirmed distal and uniform embalming 
perfusion.    

The customized specimens provided an unparalleled surgical scenario when using 
the bleeding model. Our formula provided brain retraction capabilities, allowing surgical 
exposure, vascular dissection, and bleeding control in a very realistic scenario.  
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Biohazard risk and health standards 

Health protection is a primary concern and has to be seriously considered in a 
surgical-simulation laboratory. Although general protection standards (physical barriers) 
always have to be used, special measures tailored to embalming chemicals are necessary 
to provide a safe workplace.  

Neurosurgical simulation, especially for research and illustrative purposes, takes time, 
and a continued dissection process demands a high level of concentration to perform 
meticulous and precise anatomical exposures. In our study, microorganism growth 
together with unpleasant aggressive odor and evident signs of tissue decomposition 
forced researchers using cryopreserved specimens to finish dissection prematurely. This 
situation can be frustrating because dissection targets and research objectives most 
often are achieved in the last steps of dissection work. Moreover, intense continued work 
in a crowded workplace (e.g., hands-on workshops) lowers the ventilation rate and 
increases room temperature, thus increasing the decay rate in cryopreserved specimen 
and formaldehyde airborne particles when using formaldehyde specimens. Maintaining 
these circumstances over prolonged time can potentially result in a harmful biohazard 
situation. Therefore, the federal government and the State of California have established 
permissible exposure limits for chemical exposures in the workplace. 

Airborne formaldehyde is the most harmful volatile chemical among those included 
in the present study and has the strictest biohazard security control codes. 93 It has also 
been considered a carcinogenic agent by many institutions and government regulations. 
80-82,93,94 Although formaldehyde is still needed to prevent microorganism growth 
(specially fungi), Formaldehyde content in the customized embalming fluid described 
here was almost 80% less than conventional formaldehyde mixture. Furthermore, 
customized specimens provided a less aggressive and contaminated environment than 
formaldehyde and cryopreserved specimens. Researchers noticed no airway or mucosal 
irritations when working with either the customized or cryopreserved group. However, 
slight to mild oropharynx and eye mucosal irritation was present when using 
formaldehyde specimens.  

75



Fixative and germicidal properties of the customized embalming formula are 
provided mainly by phenol and ethanol. Although phenol is considered to be more 
hazardous than ethanol, its toxic effects are limited to skin contact. Furthermore, IARC 
evaluation on phenol concludes that it is “not classifiable as to its carcinogenicity to 
humans”.95 Thus, biohazard airborne particles in the laboratory are drastically reduced 
when using customized specimen. However, pertinent physical barriers are strongly 
recommended during specimen or embalming mixture manipulation and high 
ventilation rate of the workplace as well. 
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OBJECTIVE B: ASSESSMENT OF THE SURGICAL 
APPROACHES TO INSULAR GLIOMAS 

The laboratory research from objective B shows that the TC corridor provides the 
greatest access to lesions, such as gliomas, within the insular region. The evidence is that 
even when the comparison between TC, TS and TSVC is limited to the confines of the 
insula, the TC still provides the best overall surgical exposure, window and freedom. In 
our dissections, the degree of corticotomy in zones 2 and 3 provided significantly 
different surgical profiles. We found that the value of cutting the bridging veins during a 
TS approach was maximal in zone 3, where it provided a significant increase in insular 
exposure. From our observations of the venous drainage of the lateral surface of the 
brain, we identified a venous pattern that would make the TSVC unsafe in 30% of cases 
due to the existence of large dominant Sylvian bridging veins with poor alternative 
outflow to the Labbé or superior sagittal sinus complex. Also, venous clustering at the 
pars triangularis, opercularis and motor cortex was observed in 56% (9/16) of specimens, 
further limiting the transSylvian corridor to zones 1 and 2. 

The present study suggests that the optimal surgical strategy to obtain maximal 
exposure for an insular glioma requires careful assessment of each patient’s tumor 
location within the insula. Determining the tumor location in relation to the different 
zones of the insula allows for pre-operative estimation of the extent of tumor resection34 
and anticipation of the surgical approach that will be required once the cortex is 
exposed. If the tumor is limited at the Sylvian line in zones 1 and 4 (anterior), our data 
suggests that the tumor could be sufficiently exposed through a transSylvian approach. 
However, if the tumor is located in zones 2 and 3 (posterior), using a transSylvian 
approach may require splitting the Sylvian fissure completely and using both extensive 
retraction and venous sacrifice. This is especially important if the tumor invades into zone 
3.  However, if the tumor is located either in the periphery of the Sylvian line or expands 
to or beyond the peri-insular sulci, only the transcortical approach will provide a sufficient 
surgical profile to attempt maximal resection, regardless of the zone. In such cases, direct 
cortical and subcortical mapping will determine the trajectory and degree of resection in 
each particular patient.  

Whereas cutting the Sylvian bridging veins during TS might seem reasonable, our 
results suggest that such an option could entail serious venous drainage problems in 
30% of cases. Also, we identified clustering of veins in the opercula in more than half of 
our specimens. Regardless of the overall venous pattern, we consider that a cluster of 
bridging veins draining the majority of blood from the inferior frontal gyrus and inferior 
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parietal lobule is, in itself, a limitation to the TSVC. In his study on the cerebral veins, 
Seeger identified that the direction of the venous blood flow at the lateral surface of the 
brain was towards the Sylvian fissure in 56% of cases, followed by the Labbé complex 
and the bridging veins to the superior sagittal sinus.97 This finding confirms the important 
role that the Sylvian venous system plays in the venous outflow of the lateral surface of 
the brain. In the subset of patients harvesting critical bridging veins that must be 
preserved, our findings suggest that the TS approach might be insufficient to expose 
tumors sitting within the Sylvian line, especially in the posterior zones (2&3).  

There are a few reports on the surgical technique and clinical outcomes of the 
transSylvian approach to insular tumors.23,43,45,46,63,98 There is common consensus 
between all groups that large amounts of retraction are required to expose the insula 
when using the transSylvian corridor, which we have confirmed in our study. However, 
none of these reports mention the rate in which the Sylvian bridging veins were cut. In 
their series, Lang et al stated that 2-2.5 cm of retraction was required to expose the 
insular tumor43,63. However the authors did not mention the standard deviation of their 
measurements, whether they found significant differences in the different parts of the 
opercula or if the measure referred to the retraction length to one operculum or the 
distance between opercula after splitting the Sylvian fissure. We addressed this 
uncertainty in our study by measuring the maximal retraction length that could be 
applied to each operculum without damaging the venous system. In all our specimens, 
we could not apply 2cm of retraction length without cutting the bridging veins. Also, 
when preserving the venous system (TS) the insular exposure was limited and 
significantly inferior to that of TSVC and TC. From these findings, we suspect that the 
majority of large insular tumors successfully removed via the TS were, instead, TSVC. 
Although a TSVC corridor would be an acceptable option for those cases where the 
venous bridging veins could be spared (70%) and the insular tumor is within the confines 
of the peri-insular sulci, we find a major limitation of this strategy in the remaining 30% of 
patients, in which a TC approach would potentially overcome this limitation.  

Previous studies have shown that TC approaches to subcortical lesions are 
safe34,38,63,98. Furthermore, our group has reported the first large surgical experience for 
insular tumors using the transcortical approach34. Our data suggests that the TC 
approach provides a better surgical profile than the other options. In fact, the maximal 
difference in insular exposure between the TC and the TSVC was observed in the 
posterior insular zones, where the TS corridor is severely limited by the narrow Sylvian 
cistern. However, the surgical profile of the TC approach to the posterior zones is highly 
dependent on brain mapping and therefore impossible to predict before surgery. 
Although cortical sacrifice is inherent to the TC corridor, direct cortical and subcortical 
stimulation during awake surgery allows the neurosurgeon to identify function and work 
around eloquent areas. In contrast, when dissecting the Sylvian cistern, especially the 
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posterior portion, the neurosurgeon has to perform meticulous dissection of critical 
neurovascular structures in a very narrow corridor. In a study of surgical approaches to 
temporal tumors in 235 patients, Schramm et. al. 98,99 reported that the TS approach was 
associated with the highest combined rate of complications, which could be caused by 
inadvertent subpial dissection or transection of an insular artery. Using a transSylvian 
approach to insular tumors, Hentschel et. al. reported a post-operative speech 
complication rate of 30%, which they attributed to transient ischemia related to both 
retraction and arterial dissection. These results are congruent with the evidence of our 
morphometric analysis, where large amounts of retraction over the opercula, including 
the pars opercularis and the precentral gyrus, are required for maximal insular exposure.   

The transcortical approach to the insula uses direct cortical and subcortical 
stimulation to assess and preserve cortical function. While the anatomical location of 
cortical function is variable, there are general patterns of functional anatomy that may 
guide surgical planning. In zone 1, the transcortical approach transgressed 60% of pars 
orbicularis and opercularis, and 20% of pars triangularis. In the dominant hemisphere, 
language function is classically described in Brodmann areas 44 and 45 (also known as 
Broca’s area). In our experience, only the posterior aspect of pars opercularis of the 
dominant hemisphere is highly involved in speech production100. However, in patients 
with tumors affecting pars opercularis, transcortical resection using constant cortical 
mapping may be safe.100 In zone II, the opercular segment of the precentral gyrus, which 
may account for the contralateral motor control of the face, sits above of the anterior 
long gyrus of the insula. Our data show that removing the opercular portion of the 
precentral gyrus provides 146%  insular exposure and 171% surgical freedom compared 
to TSVC. There is evidence of recovery after resection of the facial motor cortex in the 
non-dominant hemisphere,101 which has been in line with the surgical results published 
by our group34 and that of  Duffau et. al.40  If resection of the facial motor cortex in the 
dominant hemisphere is attempted, it should be limited to pure facial expression, which 
will cause transient central facial paralysis. After studying a series of 14 patients who 
underwent an awake transcortical approach for tumors affecting zone 2 of the insula and 
the inferior parietal lobule, Maldonado et.al. identified speech function in the majority of 
cases. Interestingly, they found high inter-individual variability in the anatomical location 
of language.  Therefore, awake cortical and subcortical stimulation must be performed in 
each case to assess the location of functional cortex and white matter tracts for language, 
which will further characterize the final transcortical corridor in each patient.102 The 
posterior margin of the transcortical approach in zone 2 involved 1 cm of the postcentral 
gyrus, which may account for the somatosensory function of the contralateral half of the 
face. In zone 3, exposure of the posterior long gyrus and planum temporalis requires 
excision, to some degree, of Heshl’s gyrus. When Heshl’s gyrus is resected along with the 
anterior segment of the superior temporal gyrus, the insular exposure becomes 164% 
that of the TSVC. The primary auditory cortex, located at the Heshl’s gyrus in both 
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hemispheres, receives bilateral afferent sensory signaling from the cochlear and superior 
olivary nucleus via the inferior colliculus and medial geniculate body of the thalamus.103 
In a recent study, Javad et.al. provided evidence of a link between the auditory areas 
through interhemispheric transcallosal pathways using diffusion tensor imaging in 
humans104. Hence, complete resection of Heshl’s gyrus in one hemisphere (e.g. TC to 
zone 3 of the insula) should not cause a perceivable loss in audition. Nonetheless, our 
experience is congruent with other authors in that resection of the superior temporal 
gyrus under direct cortical stimulation is safe.34,40 Cortical resection to expose zone 3 
does not involve the angular gyrus, or regions posterior to Heshl’s gyri, which, in the 
dominant hemisphere, may account for wernicke’s area (Brodmann area 22). When 
resecting tumors in zone 2 and 3 of the insula, constant direct cortical and subcortical 
stimulation of the superior temporal gyrus and parietal operculum are performed before 
any corticectomy to assess for language function, especially in the dominant 
hemisphere.40 The arcuate and middle longitudinal fascicles, and Wernicke’s area, which 
are in the vicinity of Heshl’s gyrus, are presumed to be a core part of the language 
pathway, therefore potentially limiting the transcortical corridor around the primary 
auditory cortex in the dominant hemisphere. However, the location and composition of 
such areas and tracts varies considerably in the population. Therefore intraoperative 
functional mapping becomes essential to guide the resection in each patient. 

Although the use of intraoperative navigation is very important in modern 
neurosurgery, it should not replace anatomical knowledge. In this study, we identified 
two anatomical landmarks that may be used to infer the location of the insular zones 
before opening the skull. We found a strong correlation between the division of the 
insular lobe into anterior and posterior parts and the external acoustic meatus over the 
skull surface. Also, we found that the superior segment of the squamosal suture could be 
used to infer the location of the Sylvian fissure, which divides the insular lobe into dorsal 
and ventral segments. Knowledge of these anatomical relations may aid in tailoring the 
craniotomy to the insular lesion.  

Thorough knowledge of the arterial blood supply beyond M2 is critical to preserve 
function while dissecting an insular tumor. When using microsurgical dissection around 
the insula, the high power magnification reduces peripheral view. It is crucial to recognize 
the cortical distribution related to each M2 artery transiting within the middle cerebral 
artery’s candelabra, as it is being dissected. We have found that the M2 artery running 
over the central sulcus of the insula becomes the Rolandic artery in 100% of our 
specimens, which is in agreement to the findings reported by Ture et. al. in their study on 
the insular arteries54. Interestingly, we observed that the M3 segment of the Rolandic 
artery runs in the depth of the operculum in 18% (3/16) of cases, which requires careful 
dissection when using the TC corridor to approach zones 1 or 2. 
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Limitations of Objective B 

Human postmortem surgical simulation provides the best alternative to surgical 
experimentation because it is safe, provides a very realistic scenario of the human 
anatomy, and allows for prolonged research time. On the first stage of this work,87 we 
described our customized surgical simulation methodology for neurosurgical research. 
One of the most relevant findings of the study was that he retraction profile was not 
statistical different between specimens prepared with our customized embalming 
formula and un-embalmed (i.e. fresh) cadavers.87  

This new method overcomes the major limitations for surgical simulation when using 
classical cadaver processing techniques (brain stiffness and inability to retract), allowing 
for a very realistic surgical simulation with life-like manipulation of the brain. Therefore, 
the comparison of surgical access to the insula in this work uses the most advanced 
cadaveric neurosurgical research methods to determine the surgical profile of the 
transSylvian and transcortical approaches to the insula.  

However several limitations may limit direct application of our findings to clinical 
practice. These limitations are intrinsic to all postmortem research. These limitations 
include absence of anatomical distortion due to mass-effect; the lack of effective brain 
relaxation; and the impossibility to study cortical function. Evacuation of cerebrospinal 
fluid, thorough dissection of arachnoid adhesions, and opercular retraction allowed 
splitting the sylvian fissure widely in all our simulations. However, clinical maneuvers such 
as brain relaxation techniques such hyperventilation and the use of brain osmotic agents 
could not be applied therefore limiting the surgical results of the study. The mass effect 
related to insular lesions may cause substantial anatomical distortion and should be 
considered in the pre-operative planning. However mass effect is highly variable and 
case-specific. We used specimens without known brain lesions to maximize statistical 
power and internal validity when comparing surgical approaches.  

Direct assessment of cortical function is an inherent limitation of postmortem research 
and may limit the clinical application of this study. Localization of brain function is specific 
to each patient and situation (e.g. neural plasticity) and therefore the impact of cortical 
function location to the transcortical approach is inherently diverse and should be 
assessed in every case.  
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OBJECTIVE C: CORRELATION BETWEEN ANATOMICAL 
CLASSIFICATION OF INSULAR GLIOMAS AND SURGICAL 

OUTCOMES. 

Prior studies showed that maximal surgical resection of insular gliomas enhances 
overall survival, progression free survival, and seizure outcome 42 34,35,38. Furthermore 
surgery can be accomplished with a median EOR of 80-82% and minimal morbidity of 
long-term language (0%) and motor function (2.6%)34,38,43,44. In our previously published 
retrospective series of patients with insular gliomas we assessed postoperative morbidity 
and patient survival while describing an anatomical grading system for the classification 
of intrinsic insular tumors. Using this classification system we now analyze prospectively 
collected data for a wide distribution of patients with insular gliomas to determine the 
significance of the “Berger-Sanai” classification system with respect to extent of resection 
and inter-observer variability between clinicians. We found this system to be highly 
reliable with minimal variability between clinicians and highly predictive of the expected 
mean EOR across all zones. 

Few insular based gliomas are confined entirely within the insula (15% in this series). 
Furthermore depending on where within the insula a glioma is based the surgical 
approach and anatomical considerations vary. For this reason a common terminology is 
helpful when discussing individual lesions. Yasargil et al proposed a classification system 
based on whether the lesion is restricted to the insula (type 3), part of the insula (type 
3A), or include the adjacent operculum (3B),23 In this classification system, insular lesions 
that involve one of the paralimbic orbitofrontal and temporopolar areas are classified as 
type 5A and if both areas are involved then it is considered type 5B 23.  We found this 
classification system failed to address several of the anatomical features relevant to 
surgical treatment of insular gliomas such as proximity to potentially functional areas.  

Therefore we proposed an anatomical classification system based on splitting the 
insula along the sylvian fissure and foramen of Monro, thereby dividing it into 4 parts 
(Zones I-IV)34. This approach has allowed us to think about and describe each insular 
tumor in relation to (1) the perisylvian language network (above and below the sylvian 
fissure in the dominant hemisphere), (2) primary sensory and motor areas (commonly for 
zone I or II gliomas), (3) Heschl’s gyrus (zone III gliomas), (4) and middle cerebral artery 
branches (particularly lateral lenticulostriate branches found within the suprasylvian 
region of zone I). It is critically important that a classification system have little variability 
between examiners. We tested this by asking 3 clinicians at varying stages in their careers 
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to rate a cohort of insular gliomas finding strong correlation between examiners (kappa 
coefficient 0.857). 

Furthermore, we set out to determine if zone classification was predictive of EOR. We 
found no differences in mean EOR between the 2 published series. In this prospective 
series we reconfirmed our prior observation that zone classification was predictive of 
EOR with highest mean EOR seen in Zone I and III tumors. We also showed that zone 
classification appears to be predictive of short-term postoperative morbidity with a 
modestly higher early complication rate seen in Giant and zone I tumors and lowest 
complication rates seen in zone II and IV tumors (p=0.03). In this current series we 
identified a slightly higher rate of short-term face motor deficits, which likely corresponds 
to the improved EOR seen in zone I and II insular gliomas due to a greater willingness to 
extent a trans-cortical window of entry through face motor areas for purposes of 
enhancing EOR. Long-term patient morbidity continued to be minimal at 2.3% and 
virtually unchanged from our initial series.  

Recently published reports suggest that insular oligodendrogliomas have a higher 
rate of chromosome 1p and 19q deletions and that the presence of an IDH1 mutation in 
WHO III and IV gliomas might suggest a greater degree of surgical respectability105,106. 
We therefore integrated tumor molecular characterization in our analysis and similar to 
Wu et al found a high (43%) incidence of 1p19q co-deletion in insular 
oligodendrogliomas.106 This might contribute to the prolonged overall and progression 
free survival common to insular gliomas34,35. We however found no differences in surgical 
resectability of insular gliomas of any grade or zone based on IDH status.  

To the authors’ knowledge, the combined experience of our published data 
represents the largest series of patients with insular gliomas at the time this thesis was 
prepared. Even so, there are study limitations that which must be considered. Though 
we’ve previously demonstrated the importance of EOR on survival and malignant 
transformation, the number of patients between the 2 series remains insufficient to 
accurately demonstrate an extent of resection threshold for low and high-grade insular 
gliomas. Furthermore, though there was little inter-observer variability between clinicians 
with varying degrees of clinical experience and expertise, it remained an internal single 
institution validation. The adoption of this classification system with external multi-
institution validation is a topic of future direction. 
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Integrated discussion of all objectives 

The evidence collected in this sequential research supports that our customized 
surgical simulation method for neurosurgical technique research is superior to the gold 
standard.88 Data from our comparative analysis –objective A- showed that our custom 
embalming method provides durable life-like brain features with lower biohazardous 
exposure to the researcher. A more realistic simulation model enhances the clinical 
translation of any findings obtained using neurosurgical simulation in cadavers. There are 
different embalming options available in the market than those included in the study. 96 
Also, there are tissue softeners that presumably reduce brain stiffness by removing 
formaldehyde (fixative) out of the specimen. Although it is beyond the scope of this study 
to compare all the available processing techniques, the proposed customized 
embalming formula is easier to produce and use than other techniques that require 
special chemicals, successive embalming and softening steps, or complex 
measurements. We chose to assess our customized formula relative to the gold 
standards (formaldehyde-based and unembalmed methods) which are widely used 
internationally. This laboratory research allowed us to launch a complex technical 
cadaveric assessment of the neurosurgical approaches to the insula, with the reassurance 
that our methods were the most robust in the literature.  

Therefore the research on neurosurgical simulation on cadavers in objective A was 
foundational to the development of objective B, which follows. The evidence from the 
objective B of this work showed that the transcranial approach offered the best overall 
surgical exposure, window and freedom in zones II and III (posterior) of the insula.62 
There are 3 surgical strategies and techniques to approach insular gliomas; the 
transSylvian approach; the transSylvian approach with the bridging veins cut; and the 
transcortical approach. Overall, the transcortical approach provided improved access to 
the insula than the transSylvian approach. Although in some circumstances the TC  and 
TSVC provide similar surgical exposure and surgical freedom, cutting bridging veins may 
be unsafe in 30% of patients. Cortical and subcortical mapping is critical before and 
during the transcortical approach to the posterior zones (2 and 3). That is because the 
facial motor and somatosensory functions (zone2) and the language pathways (zone 3) 
may be involved. The greatest insular exposure in zones 2 and 3 is found after resection 
of the precentral gyrus and superior temporal gyrus.  While the TC and TSVC provide 
equivalent access to the insula in zones 1 and 2, a TC approach may be superior to 
access zones 3 and 4 (inferior). Therefore preoperative radiological assessment and our 
insula classification scheme are the only reliable tools in guiding preoperative surgical 
planning. This section of the thesis demonstrates that the TC approach may be superior 
to the TSVC approach in resecting gliomas that, while primarily within the confines of the 
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insula, extend to and beyond the peri-insular sulcus. With this said, neurosurgeons may 
consider the TS and TSVC approaches for small to moderate size tumors located within 
the confines of the insula. Selecting the surgical option providing the greatest insular 
exposure should also help reduce surgical morbidity. 

Finally, in objective C of this work we used the cumulative knowledge in objectives A 
& B as foundation to transition into clinical research. We found that the insula 
classification used in objective B was predictive of surgical success (best extent of 
resection seen in zones I and IV),  postoperative morbidity (worst complication rate in 
Zone I and least in zone II &IV). We also proven that the insula classification used in 
objective B is robust and has little interobserver reliability.89 Maximal resection of insular 
gliomas within safe surgical limits continues to be the best strategy to improve patient 
outcome with acceptable morbidity. Our proposed classification system is highly reliable 
and provides valuable information to anticipate insular glioma EOR and short-term 
morbidity. The information provided by this body of work may be of extreme relevance 
when communicating to our patients because it allows, for the first time, to explain 
anticipated outcomes and reasonable treatment expectations based on the patient’s 
specific tumor class. The combined experience of our patient group in objective C and 
our previously published report represents the largest series of insular glioma resections 
in the world at the time of this thesis.  

Scientific and clinical impact of the thesis

The results of this doctoral work have a direct and transformational impact in each of 
the topics involved. The scientific breakthroughs and most important advances in the 
field are as follows:

1.   The development of a neurosurgical simulation method that is life like an 
applicable the real surgery. This is a transformational change in methodology in the 
field of neurosurgical research because it allows a high fidelity simulation and 
therefore better clinical application of the findings in the surgical laboratory. 

2.   The objective definition of the benefits and limitations of each surgical 
approach to the insula. Up to now, there has not been objective data regarding the 
surgical profile (advantages and disadvantages) of the different surgical corridors to 
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the insula. 

3. Validation of the surgical- anatomical classification of the insula and it’s 
correlation with survival and extent of tumor resection. This validation is critical to 
decision making and surgical planning and offers a robust scientific background to 
patient decision making. 

4. Improvement on the general knowledge regarding clinical expectations on each 
of the subtypes of insular gliomas. Clinical expectations and options are key in 
insular glioma decision making, this research improves our knowledge of the 
behavior as well as the surgical success custom to each insular glioma region. 

5. Advancements regarding the understanding of the clinical behavior on each  
glioma subgroup in reference to their anatomical localization. This allows for a more 
tailored advice to a patient with a specific tumor within the insula. 
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Reflexió Personal de cloenda 

El diagnòstic de glioma insular es devastador tant per al pacient com pel seu entorn 
pròxim. Invariablement, el pacient es troba amb la necessitat existencial d'esbrinar "quant 
de temps em queda de vida". En la gran majoria de casos les expectatives no superen els 
24 mesos d'esperança de vida al diagnòstic, la qual cosa relativitza de manera 
extraordinària el valor atribuït a cada Mes de vida i, per a molts, "cada dia es inavaluable". 
És en aquesta circumstància quan l'evidència fruit del treball comprès en l'objectiu C és 
fonamental per a  la formació d’expectatives d’evolució clínica i esperança de vida dels 
pacients amb glioma insular. El treball investigador en l'objectiu C ha estat motivat 
específicament per millorar -sinó resoldre- l'asfixiant incertesa temporal i crisi existencial 
que pateixen la majoria dels pacients diagnosticats de glioma insular. És per a aquests 
pacients, a qui la vida els afligeix amb un diagnòstic terminal inesperat, que tot esforç 
científic es imprescindible i necessari. 
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CONCLUSIONS 

The following are the most substantial conclusions of this work: 

1. The customized embalming formula for neurosurgical simulation designed in this 

work provides optimal brain retraction profile, long use time, and low biohazard risk 

for neurosurgical simulation in cadavers. 

2. Specimens embalmed with the customized formula displayed three times less 

retraction pressure while providing four times more surgical retraction area compared 

to the formaldehyde group 

3. Cryopreserved specimens had a very limited working time due to fast decay (4 

hours for research purposes) 

4. Radiological studies showed that the customized and cryopreserved groups 

provided better anatomical detail than the formaldehyde group, although random 

hyperintense artifacts were identified in the customized specimens 

5. The customized embalming formula takes advantage of the best formaldehyde 

properties – long preservation time and microorganism growth prevention – 

combined with a retraction profile and physical properties similar to what can be 

achieved with cryopreservation. Also, a substantial reduction in formaldehyde 

concentration makes this option safer for researchers 

6. The optimal surgical strategy to obtain maximal exposure for an insular glioma 

requires careful assessment of each patient’s tumor location within the insula 

7. If the tumor is limited at the Sylvian line in zones 1 and 4 (anterior), it could be 

sufficiently exposed through a transSylvian approach. However, if the tumor is located 

in zones 2 and 3 (posterior), the Transcortical approach with mapping is superior.   
8. If the tumor is located either in the periphery of the Sylvian line or expands to or 

beyond the peri-insular sulci, only the transcortical approach will provide a sufficient 

surgical profile to attempt maximal resection, regardless of the zone. 

9. Cutting the bridging veins during a TS approach provided maximal advantage in 

zone 3, where it provided a significant increase in insular exposure. 
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10.Whereas cutting the Sylvian bridging veins during TS might seem reasonable, our 

results suggest that such an option could entail serious venous drainage problems in 

30% of cases. 

11.We have found that the M2 artery running over the central sulcus of the insula 

becomes the Rolandic artery in 100% of our specimens 

12. Maximal surgical resection of insular gliomas enhances overall survival, 

progression free survival, and seizure outcome. 

13. Zone classification was predictive of EOR with highest mean EOR seen in Zone I 

and III tumors. 

14. Zone classification appears to be predictive of short-term postoperative morbidity 

with a modestly higher early complication rate seen in Giant and zone I tumors and 

lowest complication rates seen in zone II and IV tumors (p=0.03).  

15. We however found no differences in surgical resectability of insular gliomas of any 

grade or zone based on IDH status 
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NEUROSURGERY is one of the most challenging surgi-
cal specialties because it deals with the most com-
plex and fragile organ in the human body—the 

brain—and because it requires a combination of precise 
technical skills, experience in the surgical setting, and 
superb knowledge of anatomy. Surgical simulation using 

a cadaveric human head is one of the most valid strat-
egies for neurosurgical research and training because it 
provides the closest approximation to a live surgical pro-
cedure with true human anatomy.

Several models for neurosurgical training have been 
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Object. Surgical simulation using postmortem human heads is one of the most valid strategies for neurosurgical 
UHVHDUFK�DQG�WUDLQLQJ��7KH�DXWKRUV�FXVWRPL]HG�DQ�HPEDOPLQJ�IRUPXOD�WKDW�SURYLGHV�DQ�RSWLPDO�UHWUDFWLRQ�SURÀOH�DQG�
lifelike physical properties while preventing microorganism growth and brain decay for neurosurgical simulations in 
cadavers. They studied the properties of the customized formula and compared its use with the standard postmortem 
processing techniques: cryopreservation and formaldehyde-based embalming.

Methods. Eighteen specimens were prepared for neurosurgical simulation: 6 formaldehyde embalmed, 6 cryo-
preserved, and 6 custom embalmed. The customized formula is a mixture of ethanol 62.4%, glycerol 17%, phenol 
�������IRUPDOGHK\GH�������DQG�ZDWHU�������$IWHU�D�VWDQGDUG�SWHULRQDO�FUDQLRWRP\��UHWUDFWLRQ�SURÀOHV�DQG�EUDLQ�VWLII-
ness were studied using an intracranial pressure transducer and monitor. Preservation time—that is, time that tissue 
remained in optimal condition—between specimen groups was also compared through periodical reports during a 
48-hour simulation.

Results. The mean (( standard deviation) retraction pressures were highest in the formaldehyde group and low-
est in the cryopreserved group. The customized formula provided a mean retraction pressure almost 3 times lower 
than formaldehyde (36 ( 3 vs 103 ( 14 mm Hg, p < 0.01) and very similar to cryopreservation (24 ( 6 mm Hg, p < 
0.01). For research purposes, preservation time in the cryopreserved group was limited to 4 hours and was unlimited 
for the customized and formaldehyde groups for the duration of the experiment.

Conclusions. The customized embalming solution described herein is optimal for allowing retraction and surgi-
FDO�PDQHXYHUDELOLW\�ZKLOH�SUHYHQWLQJ�GHFD\��7KH�DXWKRUV�ZHUH�DEOH�WR�VLJQLÀFDQWO\�ORZHU�WKH�IRUPDOGHK\GH�FRQWHQW�
DV�FRPSDUHG�ZLWK�WKDW�LQ�VWDQGDUG�IRUPXODV��7KH�FXVWRP�HPEDOPLQJ�VROXWLRQ�KDV�WKH�EHQHÀWV�IURP�ERWK�FU\RSUHVHUYD-
tion (for example, biological brain tissue properties) and formaldehyde embalming (for example, preservation time 
and microorganism growth prevention) and minimizes their drawbacks, that is, rapid decay in the former and stiff-
ness in the latter. The presented embalming formula provides an important advance for neurosurgical simulations in 
research and teaching.
(http://thejns.org/doi/abs/10.3171/2014.1.JNS131857)
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described in the literature.1,4,14,16,17 The main goal of ana-
tomical cadaveric processing is to achieve the most realis-
tic model possible. There have been several major break-
WKURXJKV� LQ� WKLV� ÀHOG�1,4,16 However, none of these cited 
studies provides advances in cadaveric embalming meth-
ods to maintain the physical properties of a living brain 
while preserving the brain specimen from decay.

The major physical properties to be considered when 
addressing embalming research are brain stiffness, preser-
vation time, and biohazard safety. Two common process-
ing techniques used in cadaveric neurosurgical simulations 
are cryopreservation (unembalmed) and formaldehyde-
based preservation. Cryopreserved specimens provide op-
timal brain stiffness but have a short preservation time and 
are considered biohazardous. Formaldehyde-based em-
balming formulas are the standard for long preservation of 
specimens. However, formaldehyde substantially increases 
brain stiffness, making retraction and surgical simulation 
YHU\� GLIÀFXOW�� $GGLWLRQDOO\�� PDQ\� VWXGLHV� KDYH� UHSRUWHG�
that long-term exposure to high airborne formaldehyde 
concentrations in the laboratory is hazardous.6,9,10,11,15 In 
2006, the International Agency for Research on Cancer 
(IARC)22 and the US Environmental Protection Agency19 
FODVVLÀHG�IRUPDOGHK\GH�DV�D�SUREDEOH�KXPDQ�FDUFLQRJHQ�

We have customized an embalming formula for neu-
rosurgical simulations that enhances brain compressibili-
ty and enables retraction while preventing microorganism 
growth and brain decomposition. This cadaveric embalm-
ing formula also decreases potential chemical biohazards 
to meet the IARC recommendations for laboratory safety.

In the present work, we studied the properties of our 
customized formula and compared its use with standard 
postmortem processing techniques—cryopreservation and 
formaldehyde embalming—in a sample of cadaveric spec-
imens. We also analyzed the applications of each tech-
nique to neurosurgical training and research and provide 
recommendations on specimen preparation for neurosur-
gical simulations.

0HWKRGV
To study the properties of 3 cadaveric processing 

techniques (cryopreservation, formaldehyde-based em-
balming, and customized-formula embalming), 18 human 
specimens (age range at death 50–95 years) were prepared 
for surgical simulation. Donors with premorbid conditions 
of the CNS were excluded from our study. Specimens in 
the embalmed groups (formaldehyde and custom) were 
NHSW� LPPHUVHG� LQ� WKHLU� UHVSHFWLYH� HPEDOPLQJ� ÁXLGV� IRU�
a mean time of 8 months (range 2 weeks–1 year) before 
the experiment. Six cryopreserved and 6 formaldehyde-
embalmed specimens were prepared according to conven-
tional processing techniques for neurosurgical research.2 
Six additional specimens were prepared using our cus-
tomized embalming solution. A standard pterional ap-
proach was performed in all specimens to compare brain 
FRPSUHVVLELOLW\��UHWUDFWLRQ�SURÀOH��DQG�SUHVHUYDWLRQ�WLPH��
One MR image of 2 specimens in each group was ob-
tained. One customized specimen was also prepared to 
test the feasibility of bleeding simulations.

Head Preparation
All heads were prepared for optimal neurosurgical 

simulation. The neck was sectioned at vertebrae C5–7 to 
provide good exposure of cervical vessels and preserve the 
cervical spinal cord. Common carotid and vertebral arter-
LHV�DORQJ�ZLWK�MXJXODU�YHLQV�ZHUH�LGHQWLÀHG�DQG�LVRODWHG��
Minimal sharp dissection was performed around vessels 
to prevent undesired rupture of deep arteries and veins, 
which could cause leakage during silicone injection. Cer-
vical arteries and jugular veins in the embalmed groups 
were cannulated according to previously described meth-
ods.2,17 Arterial and venous systems were cleaned using 
VDOLQH�VROXWLRQ�XQWLO�FRQWUDODWHUDO�RXWÁRZ�ZDV�FOHDU��7KLV�
procedure was repeated bilaterally on each cannulated 
vessel, alternating arterial and venous irrigation. Once all 
blood clots were cleared from external and internal vas-
cular systems (carotid and vertebral arteries and jugular 
veins), the specimens were randomly divided into the cus-
tomized and formaldehyde groups. Because of their fast 
decay time, cryopreserved specimens were not cannulated 
or injected to maximize their experiment time.

Embalming Procedures
Customized and standard formaldehyde embalming 

solutions were used for comparative analysis. One-half 
OLWHU� RI� À[DWLYH� ZDV� SHUIXVHG� WKURXJK� FRPPRQ� FDURWLG�
and vertebral arteries (200 ml) and jugular veins (300 
ml) in each head. The customized mixture was prepared 
in the laboratory using the following formula: ethanol 
62.4%, glycerol 17%, phenol 10.2%, formaldehyde 2.3%, 
and water 8.1% (Fig. 1). A conventional 10% formalde-
hyde solution was used for the formaldehyde group. All 
embalmed heads were immersed in a 1:10 dilution of the 
UHVSHFWLYH�HPEDOPLQJ�ÁXLG�DQG�VWRUHG�DW���&�IRU�DW�OHDVW�
2 days before silicone injection. Cryopreserved specimens 
were frozen at postmortem Day 1–5 at <���&� WR�<���&�
and thawed for approximately 12 hours before proceeding 
with the surgical simulation.

Vascular Silicone Injection
Arterial systems were injected with red silicone, 

and venous systems with blue silicone (Fig. 2). The arte-
rial system—common carotid and vertebral arteries—was 
SURFHVVHG� ÀUVW� WR� VHFXUH� ÀOOLQJ� RI� WKH� GLVWDO� DQG� VPDOO�
thalamoperforating arteries. Common carotid arteries 
were bilaterally injected until vertebral artery colored 
RXWÁRZ�ZDV�REVHUYHG��%LODWHUDO�YHUWHEUDO�DUWHU\�LQMHFWLRQ�
was then performed until the arterial system was fully in-
jected. Finally, the arterial system was clamped except for 
1 carotid artery, which was used to increase arterial pres-
VXUH�WR�IRUFH�VPDOO�FDOLEHU�YHVVHOV�WR�ÀOO��8SRQ�FRPSOHWLRQ�
of arterial silicone injection, jugular veins were processed 
using the same injection principles.

Comparative Analysis
The durability and retraction (stiffness) properties 

of specimens treated with our customized formula were 
compared with the properties of specimens treated with 
cryopreservation and formaldehyde-based preservation. 
A standard pterional craniotomy was performed on each 
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specimen. The dura mater and arachnoid membranes 
were carefully removed, and the temporal lobe was gen-
tly retracted dorsally to simulate a subtemporal approach. 
5HWUDFWLRQ� SURÀOHV�ZHUH�PHDVXUHG� XVLQJ� DQ� LQWUDFUDQLDO�
pressure transducer and monitor (Integra Camino paren-
chymal intracranial pressure monitoring kit) inserted 8 
mm into the inferior temporal gyrus, 4 cm posterior to 
the temporal pole (Fig. 3). Pressure measurements were 
recorded before temporal lobe retraction and at the tissue 
retraction limit. This limit was set at the highest, most re-
tractile pressure before tissue damage and was dependent 
RQ�WKH�UHWUDFWLRQ�SURÀOH�RI�HDFK�VSHFLPHQ��7KH�RSWLF�DQG�
oculomotor nerves, supraclinoid internal carotid artery, 
anterior clinoid process, and tentorium were used as surgi-
cal landmarks to compare subtemporal surgical exposures 
among the processing techniques.

The total retraction surface was also measured. Ten 
pins were inserted along the cortex surface and registered 
as stereotactic points using a surgical navigation system 
(Stryker Nav3). The pins remained in the same cortical 
surface location throughout the experiment. Stereotactic 
coordinates were obtained from each pin by touching it 
with the navigation probe at resting state and at the tissue 
retraction limit (Fig. 3 right). Surface areas were calculat-
ed from the stereotactic coordinates using dedicated soft-
ware (Surface Area Calculator, BitWise Ideas Inc.) and re-
corded in a spreadsheet for statistical analysis. Retraction 
surface was obtained by subtracting the area at retraction 
limit from the area at resting state.

We also sought to study the durability (preservation 
time) of specimens. Two specimens from each group were 
prepared and continuously exposed to laboratory working 
conditions for 2 days. We studied changes in tissue consis-
tency, color, and decay to compare specimen conditions at 

2-hour intervals for 2 consecutive days. An itemized ob-
servational study spreadsheet was completed for the dura-
tion of the experiment, and consistency, color, and overall 
appearance were recorded as dichotomous variables (1 = 
changes observed, 2 = no changes observed). Subjective 
appreciations (odor and texture) were also recorded and 
analyzed after the experiment. To complement the ob-
servational study, we administered a blinded survey to a 
sample of 4 neurosurgery residents and 2 attending neuro-
surgeons to evaluate the best specimen group after the ex-
periment ended. The volunteers were asked to “please rate 
KLHUDUFKLFDOO\�WKH�LPDJHV�LQ�WKH�DWWDFKHG�ÀJXUH�DV�WR�WKHLU�
similarity to the real brain in terms of color and texture.”

Data were collected and descriptive statistics was per-
formed using SPSS Statistics Desktop, version 21.0 (IBM 
Corp.). The mean retraction pressures, retraction surfaces, 
and durability lapsing times were compared using inde-
pendent Student t-test analysis. A p < 0.05 was considered 
VWDWLVWLFDOO\�VLJQLÀFDQW�

Imaging and Postprocessing Techniques
Radiological studies are very important in neurosur-

gical simulation and research; therefore, 3-T T1-weighted 
FLAIR MRI was performed on 2 heads from each group 
on the same day as specimen processing. The radiological 
images were used to compare the quality and preserva-
tion of internal nuclei, cortex, white matter, and the whole 

Fig. 1. Pie chart showing the chemicals used in the customized em-
balming formula containing a base of ethanol and a small amount of 
formaldehyde, both of which are used to preserve the cellular structure 
of the cadaveric specimen. Glycerol is used to reduce stiffness pro-
GXFHG�E\�WKH�¿[DWLYH�FKHPLFDOV��3KHQRO� LV�DGGHG�IRU� LWV�EURDG�JHUPL-
cidal effect.

Fig. 2.� &RPSRVLWLRQ�RI�WKH�VLOLFRQH�PL[WXUH�IRU�YDVFXODU�LQMHFWLRQ��7KH�
YDVFXODWXUH�ZDV�LQMHFWHG�ZLWK�UHG���DUWHULHV��DQG�EOXH���YHLQV��FRORUHG�
VLOLFRQH� WR� HQKDQFH� GLVVHFWLRQ� DQG� YHVVHO� LGHQWL¿FDWLRQ�� 7KH� YHQRXV�
V\VWHP�PL[WXUH� (right) contained a 1:1 thinner/silicone ratio, whereas 
the arterial system (left) required more thinner to reach the small-caliber 
DUWHULHV���������WKLQQHU�VLOLFRQH�UDWLR���7ZHQW\�WKUHH�PLOOLOLWHUV�RI�FDWDO\VW�
IRU�HYHU\�����PO�RI�PL[WXUH�ZDV�DGGHG�EHIRUH�LQMHFWLQJ�WKH�YHVVHOV�WR�
decrease the curing time.

Fig. 3. Photographs of specimen preparation for the morphometric 
H[SHULPHQWV�� Left:�$�SWHULRQDO�FUDQLRWRP\�ZDV�SHUIRUPHG�WR�H[SRVH�
WKH� ODWHUDO� VXUIDFH�RI� WKH�EUDLQ��7KH�SUHVVXUH�VHQVRU�ZDV� LQWURGXFHG�
into the inferior temporal gyrus near the retractor spatula. Right:�7HQ�
pins were inserted into the lateral surface of each brain to measure the 
retraction area.
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encephalon before starting the surgical simulations. In 1 
case, a cryopreserved specimen received on postmortem 
Day 8 was scanned. Although this specimen provided 
clear radiological evidence of the decay process in cryo-
preserved specimens, it was excluded from the morpho-
metric study.

The bleeding model for neurosurgical simulation 
was prepared and tested in 1 customized specimen as de-
scribed elsewhere.1,16

5HVXOWV
All formaldehyde and customized specimens were 

completely embalmed. The cortex surface along the wa-
tershed area was uniformly embalmed. Surgical simu-
lation experiments were successfully performed in all 
specimens included for morphometric study. One cryo-
preserved specimen with advanced decay on MRI was 
excluded from the morphometric experiment sample and 
replaced.

5HWUDFWLRQ�3URÀOHV
The subtemporal approach was completed in all spec-

LPHQV��5HWUDFWLRQ�SURÀOHV��UHWUDFWLRQ�SUHVVXUH�DQG�VXUIDFH��
of the customized and cryopreserved specimens were very 
similar to each other and clearly better than that of the 
formaldehyde specimen. The subtemporal approach pro-
vided equivalent exposure of the entire incisural space 
and cavernous sinus in cryopreserved and customized 
specimens. However, only the tentorium and superior cer-
ebellar artery in the middle incisural space were exposed 
in the formaldehyde group. At maximal retraction, deep 
plane maneuvering and dissection around the parasellar 
region were identical in the customized and cryopreserved 
JURXSV�DQG�YHU\�GLIÀFXOW�LQ�WKH�IRUPDOGHK\GH�JURXS�

Retraction Pressure. Retraction pressure studies were 
performed to assess the brain compliance and retraction 
capabilities of each group (Table 1). Overall mean retrac-
tion pressures were highest in the formaldehyde group and 
lowest in the cryopreserved group. At the maximal retrac-
tion point, our customized formula provided a mean re-
traction pressure almost 3 times lower than formaldehyde 
(36 ( 3 vs 103 ( 14 mm Hg, p < 0.01) but slightly higher 

than cryopreservation (36 ( 3 vs 24 ( 6 mm Hg, p < 0.01; 
Fig. 4).

Retraction Surface. Retraction surface was calculated 
to assess brain stiffness during a standardized neurosur-
gical procedure and to compare the surgical area gained 
during retraction. There was no statistical difference be-
tween the customized and cryopreserved groups (p = 
0.13), but the retraction area of the customized group was 
almost 4 times larger than that of the formaldehyde group 
(1.44 ( 0.4 vs 0.46 ( 0.1 cm2, p < 0.01; Fig. 5). These re-
WUDFWLRQ�SURÀOHV�SURYLGHG�GLIIHUHQW�DFFHVV�WR�WKH�LQFLVXUDO�
space and posterior fossa structures.

Specimen Condition
:H�KDYH�REVHUYHG� WKDW�ÁXVKLQJ� WKH�YDVFXODU�V\VWHP�

with isotonic saline solution instead of tap water both pre-
vents brain and tissue edema and provides optimal clean-
ing of blood clots. In our experience, the low osmolality 
of the tap water produced massive edema in all cases. It 
was prevented by the use of an isosmolar saline solution 
instead of tap water. In addition to using saline solutions, 
we preferred to repeatedly manually inject at low pres-
sure to cleanse the vessels. This procedure increased the 
overall quality as relates to color, texture, brightness, and 
clarity of all specimens, but especially those treated with 
our customized formula. Silicone injection was completed 
in all specimens regardless of the embalming method. All 
thalamoperforating arteries and other distal vessels were 
fully injected, and no subarachnoid silicone leak was ob-
served. The customized specimens, as compared with the 
formaldehyde-preserved specimens, exhibited color and 
texture closer to those in real life.

Using only 2.3% of formaldehyde in the customized 
formula, we reduced the formaldehyde content by 78%, 
as compared with standard embalming solutions. Texture 
and color were similar for the cryopreserved and custom-
ized specimens at the time of brain exposure (Fig. 6A and 
%���+RZHYHU�� IRUPDOGHK\GH�À[HG�VSHFLPHQV�ZHUH� VWLIIHU�
and slightly darker (Fig. 6C). Degradation of tissue con-
sistency and color was observed in the cryopreserved 
specimens after continuous exposure to the working en-
vironment for 4 hours, whereas customized and formal-
dehyde-preserved specimens maintained their properties 

TABLE 1: Descriptive statistics for the study sample*

Group Measure No. of Specimens Min 0D[ Mean ( SD

formaldehyde FRQWURO�SUHVVXUH��PP�+J� 6 0 �� 10.00 ( 12.198
SUHVVXUH�DW�WLVVXH�UHWUDFWLRQ�OLPLW��PP�+J� 6 �� 125 �������(�������
UHWUDFWLRQ�DUHD��FP2� 6 ���� 0.69 �������(��������

customized FRQWURO�SUHVVXUH��PP�+J� 6 1 18 6.50 ( 5.992
SUHVVXUH�DW�WLVVXH�UHWUDFWLRQ�OLPLW��PP�+J� 6 �� �� ������(������
UHWUDFWLRQ�DUHD��FP2� 6 0.89 ���� �������(��������

cryopreserved FRQWURO�SUHVVXUH��PP�+J� 6 0 8 �����(������
SUHVVXUH�DW�WLVVXH�UHWUDFWLRQ�OLPLW��PP�+J� 6 18 �� ������( 5.981
UHWUDFWLRQ�DUHD��FP2� 6 ���� ���� 2.1100 (��������

* Control pressure, pressure tissue break, and retraction area were measured in each specimen.
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throughout the entire experiment. While evident signs of 
brain liquefaction were noted in the cryopreserved speci-
mens after working Hour 40 (Fig. 6D), consistency and 
color were preserved in both customized and formalde-
K\GH�À[HG� VSHFLPHQV�� 7KH� FXVWRPL]HG� VSHFLPHQV� ZHUH�
consistently rated favorably, as compared with the form-
aldehyde and cryopreserved specimens at the end of the 
experiment. Changes in consistency were observed in the 
cryopreserved group from Hour 2. All the observational 
variables—color, consistency, and overall appearance—
were consistently rated 1 (change observed) from Hour 4 
throughout the experiment. Sporadic changes in color and 
overall appearance were noted in both embalmed groups, 
which resolved with tissue hydration.

Formaldehyde vapors emanating from the formalde-
K\GH�À[HG�VSHFLPHQV�ZHUH�QRWLFHDEOH�LQ�WKH�ZRUNLQJ�HQ-
vironment immediately after positioning the head for dis-
section. Placing the specimens under running water for 15 
minutes before dissection diluted the vapors. Unpleasant, 
aggressive odor from decay and microorganism growth 
prevented researchers from continuing dissection of cryo-
preserved specimens at working Hour 7. In contrast, no 
microorganism growth or brain decay was obvious in the 
embalmed specimens during the study.

Imaging and Postprocessing Techniques
Overall, radiological studies of the customized speci-

mens were similar to and better than those of the cryopre-
served group, whereas the formaldehyde group imaging 
was notably worse in terms of the level of anatomical de-
tail and MRI signal contrast. Although T1-weighted MRI 
RI�WKH�FXVWRPL]HG�JURXS�VKRZHG�RSWLPDO�GHÀQLWLRQ�RI�WKH�
cortex, sulci, and white matter, some artifacts and hyper-

intensities were observed randomly along the internal nu-
clei (Fig. 7B and E). The best images of the internal nuclei 
were obtained from the cryopreserved group (Fig. 7C and 
F). The embalmed specimens had better tissue preserva-
tion than the cryopreserved specimens, which showed 
signs of brain shrinking and frontal pneumocephalus. At 
postmortem Day 8, the cryopreserved specimens showed 
signs of advanced decay compared with the embalmed 
specimens (Fig. 8).

The bleeding model for neurosurgical simulation de-

Fig. 4.� 5HWUDFWLRQ�SUR¿OH�JUDSK�RI�WKH�VWXG\�JURXSV��7KH�IRUPDOGH-
K\GH�JURXS�KDG�WKH�KLJKHVW�PHDQ�SUHVVXUH�DW� WLVVXH�EUHDN��RYHU�����
PP�+J��bar��DQG�SURYLGHG�WKH�OHDVW�UHWUDFWLRQ�DUHD������FP2, black line���
7KH�FXVWRPL]HG�DQG�FU\RSUHVHUYHG�JURXSV�KDG�VLPLODU�UHWUDFWLRQ�SUR-
¿OHV��7KH�FXVWRPL]HG�JURXS�RIIHUHG�DOPRVW���WLPHV�OHVV�UHVLVWDQFH�WR�
UHWUDFWLRQ�WKDQ�WKH�IRUPDOGHK\GH�JURXS��7KH�FU\RSUHVHUYHG�JURXS�SUR-
YLGHG�WKH�ODUJHVW�UHWUDFWLRQ�VXUIDFH������FP2, black line��ZLWK�WKH�ORZHVW�
UHWUDFWLRQ�SUHVVXUH�����PP�+J��bar��

Fig. 5.� %R[�SORW�RI�WKH�UHWUDFWLRQ�DUHD�IRU�HDFK�JURXS��7KH�IRUPDOGH-
hyde specimens provided less retraction area than the other groups. 
7KHUH�ZDV�QR�VWDWLVWLFDO�GLIIHUHQFH�EHWZHHQ�WKH�FXVWRPL]HG�DQG�FU\R-
preserved specimens, which had more variability and 1 outlier.

Fig. 6.� 3KRWRJUDSKV�VKRZLQJ�VSHFLPHQ�FRQGLWLRQV��7KH�FXVWRPL]HG�
(A), cryopreserved (B and D), and formaldehyde (C)�JURXSV�ZHUH�H[-
SRVHG�WR�FRQWLQXRXV�GLVVHFWLRQ�IRU����KRXUV��7KH�FRORU�DQG�WH[WXUH�RI�
the customized and cryopreserved specimens were similar. Specimens 
LQ� WKH� IRUPDOGHK\GH�JURXS�ZHUH� GDUNHU� LQ� FRORU� DQG� VWLIIHU� LQ� WH[WXUH�
than those in the other groups. All specimens were kept wet during the 
H[SHULPHQW��7KH�FXVWRPL]HG�DQG�IRUPDOGHK\GH�VSHFLPHQV�PDLQWDLQHG�
initial conditions, and no changes were noticed. In contrast, the cryo-
SUHVHUYHG�VSHFLPHQV�VKRZHG�DGYDQFHG�VLJQV�RI�GHFD\�DW�+RXU����(D).
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scribed by Aboud et al.1 was also tested in 1 customized 
specimen. Brain movements encompassing arterial beat-
ing were observed at a normal arterial pressure resem-
bling live surgery. Hemorrhage from deliberate arterial 
UXSWXUH�SHUPLWWHG�GHHS�VXUJLFDO�ÀHOG�KHPRVWDVLV�VLPXOD-
WLRQ��*HQWOH�UHWUDFWLRQ�RI�WKH�V\OYLDQ�ÀVVXUH�WRJHWKHU�ZLWK�
careful sharp dissection and hemostasis allowed exposi-
tion of the middle cerebral artery in a highly simulative 
surgical scenario.

'LVFXVVLRQ
Results of this study show that the customized em-

balming formula provides an optimal brain retraction 
SURÀOH��ORQJ�XVH�WLPH��DQG�ORZ�ELRKD]DUG�ULVN�IRU�QHXUR-
surgical simulation in cadavers. Overall, the customized 
group provided the best feature combination for cadav-
eric neurosurgical research. We found that specimens 

embalmed with our customized formula offered 3 times 
less retraction pressure and 4 times larger surgical retrac-
tion area than the specimens in the formaldehyde group. 
When surgical simulation was performed, we obtained 
best access to surgical landmarks and maneuverability 
in the customized and cryopreserved groups. Neverthe-
less, cryopreserved specimens had a very limited working 
time because of fast decay (4 hours for research purposes). 
Moreover, radiological studies showed that the custom-
ized and cryopreserved groups provided better anatomi-
cal detail than the formaldehyde group, although random 
K\SHULQWHQVH� DUWLIDFWV�ZHUH� LGHQWLÀHG� LQ� WKH� FXVWRPL]HG�
specimens. Furthermore, we demonstrated that surgical 
bleeding simulation is feasible in our custom-embalmed 
specimens.

The key concept when choosing a processing tech-
nique is to know exactly the dissection objectives and re-
quirements of the proposed work and to have a thorough 
understanding of the different properties of the available 
preservation methods. Many specimen-processing tech-
niques are available for laboratory use, and each has spe-
FLÀF�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�

Solutions containing large formaldehyde concentra-
tions have been used as the standard in specimen pres-
ervation because they offer long-term preservation and 
prevent microorganism growth. Despite these desired 
properties, however, formaldehyde remains a suboptimal 
À[DWLRQ�PHWKRG�IRU�QHXURVXUJLFDO�VLPXODWLRQ�EHFDXVH�WKH�
brain stiffness it produces makes retraction very challeng-
ing. Nonetheless, formaldehyde embalming has provided 
researchers with an excellent processing method for gross 
anatomy teaching and white matter dissection. Formalde-
hyde-related brain hardening combined with sequential 
freezing causes axons to separate from each other, thus 
IDFLOLWDWLQJ� WKH� GLVVHFWLRQ� RI�ÀQH�ÀEHU� EXQGOHV�8,12,13,18 In 
contrast, color distortion is a well-known drawback that 
has an important impact on the overall quality of the illus-
trative work in terms of more lifelike and better contrast. 
White, pallid cortical and subcortical structures are far 

Fig. 7.� 5DGLRORJLFDO�VWXGLHV�RI�VSHFLPHQV��$[LDO�DQG�VDJLWWDO��'�7��ZHLJKWHG�05�LPDJHV�RI�WKH�IRUPDOGHK\GH�(A and D), cus-
tomized (B and E), and cryopreserved (C and F)�VSHFLPHQV�UHYHDOHG�EHWWHU�RYHUDOO�UHVXOWV�LQ�WKH�FXVWRPL]HG�JURXS��7KH�FRUWH[�
DQG�VXEFRUWLFDO�QXFOHL�ZHUH�EHVW�LGHQWLILHG�LQ�WKH�FU\RSUHVHUYHG�JURXS�DQG�ZHUH�QRW�LGHQWLILHG�LQ�WKH�IRUPDOGHK\GH�JURXS��7KH�
cryopreserved specimen showed signs of decay and pneumocephalus.

Fig. 8.� &RURQDO��'�7��ZHLJKWHG�05�LPDJHV�RI�WKH�FXVWRPL]HG�(left) 
and cryopreserved (right)�VSHFLPHQV�DW�SRVWPRUWHP�'D\����7KH�FU\R-
SUHVHUYHG�VSHFLPHQ�VKRZHG�HYLGHQW�VLJQV�RI�GHFD\²0RXQW�)XML�VLJQ�
of pneumocephalus with its superior surface tethered to the superior 
sagittal sinus.
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IURP�QDWXUDO�EUDLQ�FRORU�DQG�FDQ�VRPHWLPHV�EH�GLIÀFXOW�WR�
contrast with cranial nerves during surgical simulations.

It has been widely accepted that cryopreservation 
(not embalmed) is the cadaveric processing technique 
WKDW� OHDVW�PRGLÀHV� WKH�ELRORJLFDO�SURSHUWLHV�RI�EUDLQ� WLV-
sue. Nonetheless, the natural appearance of the brain only 
lasts for a very limited time. At working Hour 4 (around 
postmortem Day 2–5), specimens are no longer useful 
for neurosurgical simulation research, as liquefaction 
prevents reliable morphometric analysis and tissue dis-
tortion becomes evident. This fast degradation is a ma-
jor drawback during hands-on courses or other teaching 
activities where an extended period of time but reliable 
anatomy and surgical maneuverability are needed to un-
derstand and practice the different surgical approaches. 
$QRWKHU�VLJQLÀFDQW�GUDZEDFN�RI�FU\RSUHVHUYHG�VSHFLPHQV�
is biohazard safety. Because unembalmed specimens lack 
germicidal agents, uncontrolled microorganism growth 
can occur early in the dissection process. However, un-
embalmed specimens continue to be used in procedure 
demonstrations and educational workshops because they 
used to be the only means of obtaining features most simi-
lar to those of a living brain in the operating room (that 
is, the possibility of brain retraction). In our opinion, our 
customized embalming technique opens a new possibility 
for brain retraction and provides brain features similar to 
those of cryopreserved specimens while also offering a 
more cost-effective and safer option.

The customized embalming formula takes advantage 
of the best formaldehyde properties—long preservation 
time and microorganism growth prevention—combined 
ZLWK� D� UHWUDFWLRQ� SURÀOH� DQG� SK\VLFDO� SURSHUWLHV� VLPL-
lar to those attained with cryopreservation. Moreover, a 
substantial reduction in the formaldehyde concentration 
makes this option safer for researchers according to IARC 
recommendations.

6XUJLFDO�6LPXODWLRQ�3URÀOHV
Despite important advances in surgical simulation,1,2, 

14,16,17 an embalming formula customized to allow brain 
retraction while preserving living brain properties is nec-
essary to recreate neurosurgical scenarios in cadavers. In 
2002, Aboud et al. introduced a revolutionary laboratory 
model for neurosurgical training that enabled blood hem-
orrhage simulations in cadaveric specimens.1 This advance 
represented a breakthrough in the recreation of neurosur-
gical approaches because it allowed training in bleeding 
avoidance, management, and control in a cadaveric human 
surgical scenario. However, one of the major limitations 
of that study was not directly related to the model but to 
brain embalming. Formaldehyde-related brain stiffness 
constrained surgical exposure and cerebral retraction. 
To overcome these limitations, the authors used cryo-
preserved, partially embalmed cadavers. Although brain 
relaxation allowed retraction and wide surgical exposure, 
specimen working time was restricted.1 In the present 
study, we observed the same limitations in cryopreserved 
(unembalmed) and formaldehyde-embalmed specimens. 
How ever, our custom-embalmed specimens overcame 
these limitations. In addition, prolonged and multisession 
ZRUN�ZDV�SRVVLEOH�EHFDXVH�HPEDOPLQJ�À[DWLYHV�SUHVHUYHG�

the brain for at least 2 days of continued exposure to the 
working environment. The customized and formaldehyde 
VSHFLPHQV�UHPDLQHG�LPPHUVHG�LQ�HPEDOPLQJ�ÁXLG�IRU���
months (mean 8 months, range 2 weeks–1 year), which 
in our experience represents the approximate embalming 
time when using specimens in the laboratory. Immersion 
LQ�HPEDOPLQJ�ÁXLG�GXULQJ�VWRUDJH�DQG�WKH�SUHYHQWLRQ�RI�
specimen desiccation during dissection is critical in pre-
serving the original qualities in both the formaldehyde and 
customized specimens and determines prolonged use. In 
RXU�H[SHULHQFH�XVLQJ�WKLV�HPEDOPLQJ�ÁXLG�LQ�RXU�VWXGLHV�
over the last 5 years, the specimens maintain their proper-
ties for months, even years, if maintained in optimal con-
GLWLRQV��QRQIUR]HQ�DQG�VXEPHUJHG�LQ�HPEDOPLQJ�ÁXLG��

Imaging and Postprocessing Techniques
Radiological studies of cadaveric specimens represent 

an excellent option to complement training and research 
in neurosurgical laboratories. Computerized tomography 
and MRI of the specimens provide useful spatial orien-
tation and become essential in assisting new landmark 
and approach research during surgical simulations. In 
our study, radiological images of the customized speci-
mens offered more detail of the anatomical structures 
than those of the formaldehyde specimens and showed 
less decay distortion (for example, pneumocephalus) than 
the cryopreserved specimens. Artifacts on T1-weighted 
MR images of the customized specimens are likely to 
be caused by the high glycerol content of the embalm-
LQJ�PL[WXUH�UDWKHU� WKDQ�D�À[DWLRQ�IDLOXUH��3RVWGLVVHFWLRQ�
FURVV�VHFWLRQDO�H[DPLQDWLRQ�FRQÀUPHG�GLVWDO�DQG�XQLIRUP�
embalming perfusion.

The customized specimens provided an unparalleled 
surgical scenario when using the bleeding model. Our for-
mula provided good brain retraction capabilities, allowing 
surgical exposure, vascular dissection, and bleeding con-
trol in a very realistic scenario.

Biohazard Risk and Health Standards
Health protection is a primary concern and must be 

seriously considered in a surgical simulation laboratory. 
Although general protection standards (physical barriers) 
must always be used, special measures tailored to em-
balming chemicals are necessary to provide a safe work-
place.

Neurosurgical simulation, especially for research and 
illustrative purposes, takes time, and a continuous dis-
section process demands a high level of concentration to 
perform meticulous and precise anatomical exposures. In 
our study, microorganism growth together with unpleas-
ant aggressive odor and evident signs of tissue decompo-
sition forced researchers using cryopreserved specimens 
WR� ÀQLVK� GLVVHFWLRQ� SUHPDWXUHO\�� 7KLV� VLWXDWLRQ� FDQ� EH�
frustrating because dissection targets and research objec-
tives are most often achieved in the last steps of dissec-
tion work. Moreover, intense continuous work in a crowd-
ed workplace (for example, hands-on workshops) lowers 
the ventilation rate and increases room temperature, thus 
increasing the decay rate in cryopreserved specimens and 
airborne formaldehyde particles when using formalde-
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hyde-preserved specimens. Maintaining these circum-
stances over a prolonged time could result in a harmful 
biohazard situation. Therefore, the federal government 
and the state of California have established permissible 
exposure limits for chemical exposures in the workplace.7

Airborne formaldehyde is the most harmful volatile 
chemical among those included in the present study and 
has the strictest biohazard security control codes.3,7,19,22 
Many institutions and government regulations have con-
sidered it to be a carcinogenic agent.3,5,7,10,11,15,19,22 Although 
formaldehyde is still needed to prevent microorganism 
growth (especially fungi), formaldehyde content in the 
FXVWRPL]HG� HPEDOPLQJ�ÁXLG�GHVFULEHG�KHUH�ZDV� DOPRVW�
80% less than in a conventional formaldehyde mixture. 
Furthermore, customized specimens provided a less ag-
gressive and contaminated environment than the form-
aldehyde and cryopreserved specimens. Researchers no-
ticed no airway or mucosal irritations when working with 
either the customized or cryopreserved group. However, 
slight to mild oropharynx and eye mucosal irritation was 
present when using formaldehyde specimens.

Fixative and germicidal properties of the customized 
embalming formula are provided mainly by phenol and 
ethanol. Although phenol is considered to be more haz-
ardous than ethanol, its toxic effects are limited to skin 
contact.7 Furthermore, IARC evaluation of phenol con-
FOXGHV�WKDW�LW� LV�´QRW�FODVVLÀDEOH�DV�WR�LWV�FDUFLQRJHQLFLW\�
to humans.”21 Thus, airborne biohazard particles in the 
laboratory are drastically reduced when using a speci-
men preserved with our customized embalming formula. 
However, pertinent physical barriers as well as a high ven-
tilation rate in the workplace are strongly recommended 
while manipulating specimens or the embalming mixture.

Study Limitations
Although most laboratories do not disclose their em-

balming formulas, we chose to share our customized for-
mula for neurosurgical simulations and evaluated its prop-
erties through a comparative analysis. Embalming options 
other than those included in this study are also available 
on the market.20 Moreover, there are tissue softeners that 
presumably reduce brain stiffness by removing formalde-
K\GH��À[DWLYH��IURP�WKH�VSHFLPHQ��$OWKRXJK�LW�LV�EH\RQG�
the scope of this study to compare all of the available pro-
cessing techniques, the proposed customized embalming 
formula is easier to produce than other special chemicals 
and easier to use than the successive embalming and soft-
ening steps or complex measurements in other techniques.

&RQFOXVLRQV
Evidence in the present study supports the use of 

specimens embalmed with a customized formula for ca-
daveric neurosurgical simulations, especially for work 
times lasting more than 4 hours. Moreover, this embalm-
ing technique provides a better balance of the major 
physical properties to be considered in embalming re-
search—brain stiffness, preservation time, and biohazard 
safety—than cryopreserved or classic formaldehyde-based 
processing methods.
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YHQRXV�GUDLQDJH�ZDV�IRXQG�LQ�����RI�WKH�VSHFLPHQV��,Q�WKLV�JURXS������RI�WKH�VSHFLPHQV�KDG�JRRG�DOWHUQDWLYH�YHQRXV�
GUDLQDJH��7KH�V\OYLDQ�¿VVXUH�FRUUHVSRQGHG�WR�WKH�VXSHULRU�VHJPHQW�RI�WKH�VTXDPRVDO�VXWXUH�LQ����RI����VSHFLPHQV��7KH�
IRUDPHQ�RI�0RQUR�ZDV�����FP�DQWHULRU�DQG������FP�VXSHULRU�WR�WKH�H[WHUQDO�DFRXVWLF�PHDWXV��7KH�02�EUDQFK�RYHU�WKH�
FHQWUDO�VXOFXV�RI�WKH�LQVXOD�EHFDPH�WKH�SUHFHQWUDO�04��URODQGLF��DUWHU\�LQ�DOO�VSHFLPHQV�
coNclusioNs 2YHUDOO��WKH�7&�DSSURDFK�WR�WKH�LQVXOD�SURYLGHG�EHWWHU�LQVXOD�H[SRVXUH�DQG�VXUJLFDO�IUHHGRP�FRPSDUHG�
ZLWK�WKH�76�DQG�WKH�769&��&RUWLFDO�DQG�VXEFRUWLFDO�PDSSLQJ�LV�FULWLFDO�GXULQJ�WKH�7&�DSSURDFK�WR�WKH�SRVWHULRU�]RQHV��,,�
DQG�,,,���DV�WKH�IDFLDO�PRWRU�DQG�VRPDWRVHQVRU\�IXQFWLRQV��=RQH�,,��DQG�ODQJXDJH�DUHDV��=RQH�,,,��PD\�EH�LQYROYHG��7KH�
HYLGHQFH�SURYLGHG�LQ�WKLV�VWXG\�PD\�KHOS�WKH�QHXURVXUJHRQ�ZKHQ�DSSURDFKLQJ�LQVXODU�JOLRPDV�WR�DFKLHYH�D�JUHDWHU�H[-
WHQW�RI�WXPRU�UHVHFWLRQ�YLD�DQ�RSWLPDO�H[SRVXUH�
KWWS���WKHMQV�RUJ�GRL�DEV�����������������-16������
Key words LQVXOD��JOLRPD��WUDQVV\OYLDQ�DSSURDFK��WUDQVFRUWLFDO�DSSURDFK��EUDLQ�WXPRU��V\OYLDQ�ILVVXUH��RQFRORJ\��
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INSULAR gliomas are among the most challenging le-
sions to manage in neurosurgery. In contrast to other 
regions of the cerebral cortex, the insular lobe is lo-

cated beyond the cerebral surface, in the depth of the syl-
YLDQ�ÀVVXUH�DQG�FRYHUHG�E\�WKH�RSHUFXOD�DQG�PDQ\�FULWLFDO�
vascular structures. Additionally, a fair amount of cortical 
areas covering the insula are functional. Also, the venous 
FRPSOH[�FRYHULQJ� WKH� V\OYLDQ�ÀVVXUH�RIWHQ�FRQWDLQV� LP-
portant drainage that must be preserved, further narrowing 
surgical options for tumor removal. Despite this challeng-
ing situation, there is evidence that the extent of tumor 
resection greatly impacts survival in patients with insular 
gliomas.3,6,13,17 Therefore, although surgically complex, 
neurosurgeons should be able to aggressively, yet safely, 
resect these tumors.

Insular gliomas were initially accessed through the syl-
YLDQ�ÀVVXUH�YLD� WKH� WUDQVV\OYLDQ�DSSURDFK�� DV�SUHYLRXVO\�
GHVFULEHG�E\�<DüDUJLO�DQG�IXUWKHU�GHYHORSHG�LQ�WKH�ODVW���
decades.����������7KH�WUDQVV\OYLDQ�ÀVVXUH�DSSURDFK�UHTXLUHV�
ZLGH�RSHQLQJ�RI�WKH�VXSHUÀFLDO�DQG�GHHS�V\OYLDQ�FLVWHUQV�
and careful protection of the opercular arteries and their 
perforators, as well as preservation of the dominant su-
SHUÀFLDO� V\OYLDQ�YHLQV��7KH� WUDQVV\OYLDQ�DSSURDFK� WR� WKH�
LQVXOD�UHTXLUHV�RSHUFXODU�UHWUDFWLRQ��ZKLFK�LV�RIWHQ�OLPLWHG�
E\� WKH� VXSHUÀFLDO� V\OYLDQ�YHLQV�EULGJLQJ� WKH� V\OYLDQ�ÀV-
sure. Thus, for larger insular lesions, this approach will 
not yield optimal surgical access to achieve the desired 
surgical results.

With the use of cortical and subcortical electrical stim-
ulation, the lateral surface of the opercula may be mapped 
GXULQJ� DQ� DZDNH� SURFHGXUH�� DOORZLQJ� LGHQWLÀFDWLRQ� DQG�
preservation of functional areas. Removing silent corti-
cal areas such as the operculum and superior temporal 
gyrus is an emerging strategy to maximize the extent of 
WXPRU�UHVHFWLRQ�ZKLOH�SUHVHUYLQJ�WKH�VXSHUÀFLDO�YDVFXODU�
structures.4 We have previously reported our transcortical 
´ZLQGRZµ� WHFKQLTXH� DQG� GHYHORSHG� DQ� DQDWRPLFDO� GLYL-
sion of the insula that enabled a preoperative prediction 
for extent of resection.13 Nevertheless, it is often the expe-
rience of the surgeon, rather than the rationale to enhance 
exposure of the insula, that determines which approach 
(i.e., transsylvian or transcortical) is optimal.

At present, there are no supportive data based on ca-
daveric surgical simulation to determine the differences 
in surgical access to the insula between the transsylvian 
(TS) and transcortical (TC) approach. Furthermore, there 
LV�D�ODFN�RI�HYLGHQFH�DV�WR�ZKLFK�WHFKQLTXH�RU�D�FRPELQD-
tion of the two would yield the optimal surgical window to 
maximize the extent of resection safely.

,Q�WKLV�VWXG\��ZH�DVVHVVHG�WKH�VXUJLFDO�SURÀOH��L�H���LQ-
sula exposure, surgical window, and surgical freedom) of 
the TS and TC approaches to the insula using a cadaveric 
VXUJLFDO�VLPXODWLRQ�PRGHO��8VLQJ�D�VHTXHQWLDO�H[SHULPHQ-
WDO�GHVLJQ��ZH�DVNHG�ZKHWKHU�WKHUH�LV�D�VLJQLÀFDQW�GLIIHU-
ence in insular exposure, surgical window, and surgical 
freedom (Fig. 1) between the following approaches: the 
76�DSSURDFK��WKH�76�DIWHU�FXWWLQJ�WKH�VXSHUÀFLDO�V\OYLDQ�
YHLQV�EULGJLQJ�RYHU�WKH�V\OYLDQ�ÀVVXUH��769&���DQG�WKH�7&�
approach. Also, we sought to evaluate the venous drainage 
of the perisylvian region to provide evidence on the likeli-
hood of venous dominancy as a limitation for venous sac-

ULÀFH�GXULQJ�D�76�DSSURDFK��$GGLWLRQDOO\��ZH�VWXGLHG�WKH�
surgical anatomy related to each procedure along with the 
ÀQDO�VXUIDFH�H[SRVXUH�RI�WKH�LQVXOD��)LQDOO\��ZH�GHVFULEH�
��VNXOO�VXUIDFH�UHIHUHQFH�SRLQWV�WR�LQIHU�WKH�SRVLWLRQ�RI�WKH�
insular zones.

methods
study design

To study and compare the surgical corridors of the 
transsylvian (TS), transsylvian with bridging veins cut 
�769&���DQG�WUDQVFRUWLFDO��7&��DSSURDFKHV��LQGHSHQGHQW�
variables) to the insula, an experimental laboratory inves-
tigation was designed. Measurements included insular ex-
posure, surgical window, and surgical freedom (dependent 
YDULDEOHV��UHVXOWLQJ�IURP�HDFK�DSSURDFK�LQ����VSHFLPHQV�
(all continuous ratio variables). Additionally, we carried 
out a descriptive study in 16 specimens, providing critical 
information for the surgical planning and approach selec-
tion process. The descriptive study included categorical 
dichotomous variables, such as the presence of bridging 
YHLQV�RYHU�WKH�V\OYLDQ�ÀVVXUH��GRPLQDQFH�RI�WKH�VXSHUÀFLDO�
sylvian vein complex, presence of vein clustering, continu-
ity from the artery of the central sulcus of the insula to the 
rolandic artery, and the relationship between the superior 
VHJPHQW�RI�WKH�VTXDPRVDO�VXWXUH�DQG�WKH�V\OYLDQ�ÀVVXUH��
Additionally, the number of M�, M3, and M4 (continuous 
interval variables), the distance from the external acoustic 
meatus to the foramen of Monro (anterior-posterior and 
cranial-caudal), and the distance from the temporal pole 

Fig. 1.�,OOXVWUDWLRQ�RI�WKH�FRQFHSWV�RI�LQVXODU�H[SRVXUH�DQG�VXUJLFDO�ZLQ-
GRZ�DQG�IUHHGRP��7KH�OHIW�WUDQVV\OYLDQ�DSSURDFK�WR�LQVXODU�=RQH�,�ZDV�
FRQFHSWXDOL]HG�E\�WKH�PHGLFDO�LOOXVWUDWRU��7KH�LQVXODU�H[SRVXUH�(dotted 
shape)�LV�WKH�DUHD�RYHU�WKH�LQVXODU�FRUWH[�DYDLODEOH�WKURXJK�D�VXUJLFDO�
DSSURDFK��7KH�LQVXODU�H[SRVXUH�LV�WKH�DPRXQW�RI�DFFHVV�WR�WKH�LQVXODU�
FRUWH[�SURYLGHG�E\�HDFK�DSSURDFK��7KH�VXUJLFDO�ZLQGRZ��green >VKDGHG�
DUHD�LQ�FHQWHU�RI�¿JXUH@��LV�WKH�DUHD�H[LVWLQJ�EHWZHHQ�WKH�QHXURYDVFXODU�
VWUXFWXUHV�OLPLWLQJ�WKH�VSDFH�WR�DFFHVV�WKH�LQVXOD��L�H���WKH�FRUULGRU��7KH�
VXUJLFDO�ZLQGRZ�SURYLGHV�LQIRUPDWLRQ�RQ�WKH�VSDFH�DYDLODEOH�WR�SDVV�
LQVWUXPHQWV�WR�D�SDUWLFXODU�LQVXODU�]RQH�E\�HDFK�DSSURDFK��7KH�VXUJLFDO�
IUHHGRP��blue >RXWHU�VKDSH@��LV�WKH�DUHD�IRUPHG�E\�WKH�WRS�RI�D�GLVVHF-
WRU�WKDW��ZKLOH�SLYRWLQJ�RQ�D�VXUJLFDO�ODQGPDUN��FRQWDFWV�WKH�SHULPHWHU�
RI�WKH�VXUJLFDO�RSHQLQJ��7KH�VXUJLFDO�IUHHGRP�SURYLGHV�D�PHDVXUH�RI�
WKH�GHJUHH�RI�PDQHXYHUDELOLW\�RU�HDVH�RI�PDQLSXODWLQJ�LQVWUXPHQWV�WR�
D�SDUWLFXODU�SRLQW�LQ�WKH�LQVXOD��&RS\ULJKW�$UQDX�%HQHW��3XEOLVKHG�ZLWK�
SHUPLVVLRQ��)LJXUH�LV�DYDLODEOH�LQ�FRORU�RQOLQH�RQO\��
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to the cortical resection margin (continuous ratio vari-
ables) were recorded.

,QVXOD�6XUJLFDO�&ODVVL¿FDWLRQ
To facilitate data interpretation and enhance the sur-

gical relevance of this study, the Berger-Sanai surgical 
FODVVLÀFDWLRQ�VFKHPH�RI�WKH�LQVXOD�ZDV�XVHG�WR�VXEGLYLGH�
the insula into 4 zones.13 Therefore, the insula was divided 
into anterior and posterior from the axial projection of the 
foramen of Monro; and superior to inferior by the sylvian 
ÀVVXUH�OLQH�SURMHFWHG�RYHU�WKH�LQVXODU�FRUWH[��)LJ�����

description of the variables
,QGHSHQGHQW�9DULDEOHV

7KH�76�DSSURDFK�XWLOL]HV�RQO\�WKH�V\OYLDQ�ÀVVXUH�VSOLW�
and retraction over the opercula to expose the insula. In 
WKLV� DSSURDFK�� WKH� VXSHUÀFLDO� DQG� GHHS� V\OYLDQ� FLVWHUQV�
DUH�RSHQHG�ZLGHO\�WKURXJKRXW�WKH�ÀVVXUH��7KH�769&�DO-
lows additional retraction to the TS by cutting the bridg-
LQJ�YHLQV� FURVVLQJ� WKH� V\OYLDQ�ÀVVXUH��7KH�7&�DSSURDFK�
uses different degrees of cortical resection to expose the 

insula. In the TC, the bridging veins are preserved and the 
space to access the insula results from multiple windows 
EHWZHHQ� WKH�PLGGOH�FHUHEUDO� DUWHULHV� DQG� WKH� VXSHUÀFLDO�
V\OYLDQ�YHLQV�� ,Q�=RQHV���DQG���� WKH�7&�ZDV� IXUWKHU�GL-
YLGHG�LQWR�WZR�VXEFDWHJRULHV��,Q�=RQH�,,��WKH�ÀUVW�VHW�RI�GH-
pendent variables was taken before and after the opercu-
lum portion of the precentral gyrus was resected. In Zone 
,,,�� WKH�ÀUVW�VHW�RI�GHSHQGHQW�YDULDEOHV�ZDV� WDNHQ�EHIRUH�
and after removing Heschl’s gyrus. This subcategorization 
was set in the experimental design to include the option 
for a less invasive cortical resection and to investigate the 
VLJQLÀFDQFH�WKDW�UHVHFWLQJ�WKHVH�DUHDV�PD\�KDYH�GXULQJ�D�
TC approach.

'HSHQGHQW�9DULDEOHV
The insula exposure is the area (in cm�) of insular cortex 

exposed and surgically reachable for bimanual dissection. 
This area was obtained by touching the insular cortex with 
the navigation probe to obtain the stereotactic coordinates 
as previously described.1 The surgical window is a polygo-
QDO�DUHD�IRUPHG�E\�WKH�VWUXFWXUHV�WKDW��LQ�PRUH�VXSHUÀFLDO�
planes, limit the corridor to the insula exposure. Typical 
structures limiting the surgical window were arteries, 
veins and cerebral cortex. The surgical window area was 
obtained by touching the limiting structures of the corri-
dor with the navigation. The surgical freedom provides an 
objective indication on how freely an instrument can be 
moved in relation to a particular target. In our study, the 
surgical freedom (cm�) was targeted to a point in the center 
of each insular zone. A Rhoton No. 5 dissector was piv-
oted to a target selected at the center of each insular zone 
and its handle moved in the perimeter of the surgical win-
dow to capture the contour of the corridor. The navigation 
probe touched the tip of the dissector handle in each major 
change in trajectory and recorded a set of stereotactic co-
ordinates.1 Additionally, we measured the extent of corti-
cal resection after a transcortical approach to each insular 
zone. Three stereotactic points were obtained in each zone 
E\�WRXFKLQJ�WKH�OLSV�RI�WKH�V\OYLDQ�ÀVVXUH�ZLWK�WKH�QDYLJD-
tion probe. After the resection was complete for each zone, 
the same points were touched with the navigation probe 
over the resection rim. Three linear measurements were 
obtained by calculating the distance between each point 
REWDLQHG�RYHU� WKH� OLS�RI� WKH�V\OYLDQ�ÀVVXUH��SUHUHVHFWLRQ��
DQG�LWV�HTXLYDOHQW�DW�WKH�UHVHFWLRQ�PDUJLQ��SRVWUHVHFWLRQ��

specimen preparation
We included 16 embalmed human cadaveric specimens 

from donors without previous history of head and neck pa-
WKRORJ\�DQG�ZLWK�D�SRVWPRUWHP�ZLQGRZ�RI����KRXUV��7KH�
specimens were embalmed with our customized formula 
for neurosurgical simulation and prepared for surgical 
research as described by our group.1 A 3-T T1-weighted 
05�LPDJHV�ZHUH�DFTXLUHG�IURP�DOO�VSHFLPHQV�EHIRUH�WKH�
study. Radiological data were uploaded to the navigation 
V\VWHP��6WU\NHU�1$9���DQG�UHJLVWHUHG�WR�WKH�VSHFLPHQ�EH-
fore each experiment.

experiment design
The specimen was positioned for a pterional approach 

Fig. 2.�$QDWRPLFDO�FODVVL¿FDWLRQ�RI�WKH�LQVXOD��$�7��ZHLJKWHG�05�LPDJH�
ZDV�REWDLQHG�IURP�HDFK�VSHFLPHQ��DQG�WKH�IRUDPHQ�RI�0RQUR�ZDV�LGHQ-
WL¿HG�LQ�HDFK�YROXPH��$�OLQNHG�UDGLRORJLFDO�GLVSOD\�ZDV�XVHG�WR�LGHQWLI\�
WKH�SURMHFWHG�SRLQW�RI�WKH�IRUDPHQ�RI�0RQUR�LQ�WKH�LQVXOD�FRUWH[�(a–c)��
,Q�WKH�FRURQDO�YLHZ��$���WKH�LQVXOD�LV�GLYLGHG�LQWR�VXSHULRU�DQG�LQIHULRU�
KDOYHV�E\�WKH�V\OYLDQ�OLQH²WKH�V\OYLDQ�¿VVXUH�SURMHFWHG�WR�WKH�LQVXODU�
FRUWH[��,Q�WKH�D[LDO�YLHZ��%���WKH�SURMHFWLRQ�RI�WKH�IRUDPHQ�RI�0RQUR�ZDV�
XVHG�WR�GLYLGH�WKH�LQVXOD�LQWR�DQWHULRU�DQG�SRVWHULRU�KDOYHV��$�SKRWRJUDSK�
RI�WKH�LQWUDGXUDO�SKDVH�RI�D�ULJKW�SWHULRQDO�DSSURDFK�ZDV�WDNHQ�WR�VX-
SHULPSRVH�WKH�LQVXOD�(yellow label)�RQ�WKH�FRUWLFDO�VXUIDFH��&���7KH�OLQH�
SDVVLQJ�WKURXJK�WKH�IRUDPHQ�RI�0RQUR�DQG�WKH�OLQH�SURMHFWHG�IURP�WKH�
V\OYLDQ�¿VVXUH�GLYLGH�WKH�LQVXOD�LQ���]RQHV��0� �SURMHFWHG�OLQH�RI�WKH�IRUD-
PHQ�RI�0RQUR��6� �SURMHFWHG�OLQH�RI�WKH�V\OYLDQ�¿VVXUH�
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to the insula and rigidly attached to a surgical table. After 
H[SRVXUH�RI�WKH�VNXOO��WKH�IRUDPHQ�RI�0RQUR�ZDV�LGHQWLÀHG�
with the aid of navigation and measurements referenced to 
WKH�H[WHUQDO�DFRXVWLF�PHDWXV�ZHUH�WDNHQ��7KH�VTXDPRVDO�
suture was touched with the navigation probe to identify 
WKH�UHODWLRQVKLS�WR�WKH�V\OYLDQ�ÀVVXUH��ZKLFK�LQ�WXUQ�ZDV�
marked on the skull. A wide pterional craniotomy was de-
VLJQHG�EDVHG�RQ�WKH�IRUDPHQ�RI�0RQUR��WKH�V\OYLDQ�ÀVVXUH�
(already marked in the skull) and the opercula including 
at least 3 cm of extra cortical surface to allow retraction. 
7KH�GXUD�PDWHU�ZDV�LQFLVHG�DQG�UHÁHFWHG�DQWHULRUO\�RYHU�
the sphenoid ridge.

7KH�V\OYLDQ�ÀVVXUH�ZDV�FRPSOHWHO\�VSOLW�DV�SUHYLRXVO\�
described.�� All venous channels were carefully dissected 
and preserved. Dynamic retraction was applied to each 
zone’s operculum following the navigation probe as the 
stereotactic measurements were taken. The amount of re-
traction, which was measured in length, was the maximum 
allowed by the bridging veins or before cortical damage. 
The arterial and venous cortical systems were manually 
drawn separately in a printed hemispheric template map. 
The number, size, and trajectory of the veins were record-
ed as well.

1H[W��WKH�YHLQV�FURVVLQJ�WKH�V\OYLDQ�ÀVVXUH�ZHUH�PDUNHG�
and cut. All dependent variables were measured again in 
the zones previously limited by bridging veins. Following 
WKLV��WKH�YHLQV�SUHYLRXVO\�FXW�ZHUH�DQDVWRPRVHG�XVLQJ�����
sutures and a Lawton bypass set (Mizuho America).

After restoring the venous system completely, the TC 
approach was started. The corticotomy was performed us-
LQJ�PLFURVXUJLFDO� LQVWUXPHQWV� DQG�PDJQLÀHG� GLVVHFWLRQ�
under the surgical microscope (Carl Zeiss Pentero), with 
caution taken to preserve M3 and M4 arteries transitioning 
to the cortical surface. Multiple arterial-venous windows 
were generated by the end of each corticotomy. All depen-
dent variables were measured at this point, including the 
TC subdivision into Zone II with and without the precen-
tral motor cortex and Zone III with and without Heschl’s 
gyrus. Reference pins were set along the margins of the 
corticotomy to guide the transition to the next zone. The 
cortical limits after the corticotomy were drawn into the 
hemispheric template map to track the extent of cortical 
resection. The distances between the cortical resection 
margin and both the operculum and the temporal pole 
were also taken at this point. Finally, the insular vascula-
ture was also drawn.

statistical analysis
All data collected in this study were entered in a 

spreadsheet that was uploaded into statistical software 
�-03�Y��������6$6�LQVWLWXWH��IRU�VWDWLVWLFDO�SURFHVVLQJ��8Q-
paired Student t-tests were calculated on the dependent 
FRQWLQXRXV� YDULDEOHV� WR� GHWHUPLQH� VLJQLÀFDQFH� EHWZHHQ�
WKH�FRPSDUHG�YDULDEOHV�DQG�JURXSV��$�S�YDOXH�RI������ZDV�
FRQVLGHUHG�VLJQLÀFDQW��7KH�PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�
for continuous variables and percentages for continuous 
and categorical variables were also calculated from the 
spreadsheet.

results
'DWD�FROOHFWHG�LQ�WKH�SUHVHQW�VWXG\�LQFOXGH�TXDQWLWDWLYH�

analysis of surgical variables (i.e., insular exposure, surgi-
cal window, and surgical freedom) for each approach as 
well as a descriptive analysis of the surgical anatomy of 
the transsylvian and transcortical approaches to the insula.

morphometric assessment
To ease data interpretation, insular exposure and surgi-

cal freedom for each approach were grouped and provided 
for each insular zone (Figs. 3 and 4).

=RQH�,
The TC corridor provided the best insular exposure in 

=RQH�,�FRPSDUHG�ZLWK�ERWK�76�������������>6'@�YV������
������FP���S���������DQG�769&��������������YV������������
cm���S����������(YHQ�ZLWK�WKH�YHLQV�FXW��WKH�7&�DSSURDFK�
SURYLGHG������PRUH�LQVXOD�H[SRVXUH�WKDQ�WKH�76��$OVR��
cutting the bridging veins in Zone I did not provide a sig-
QLÀFDQW�LQFUHDVH�LQ�HLWKHU�WKH�ÀQDO�LQVXOD�H[SRVXUH�RU�WKH�

Fig. 3.�*UDSK�RI�WKH�VWDWLVWLFDO�DQDO\VLV�RI�WKH�LQVXODU�H[SRVXUH�(upper) 
DQG�VXUJLFDO�IUHHGRP�(lower)�REWDLQHG�GXULQJ�WKH�WUDQVV\OYLDQ�DSSURDFK�
�76���WUDQVV\OYLDQ�DSSURDFK�ZLWK�EULGJLQJ�YHLQV�FXW��769&��DQG�WUDQV-
FRUWLFDO�DSSURDFK��7&���7KH�PHDQ��VWDQGDUG�GHYLDWLRQ�(error bars)��DQG�
VWDWLVWLFDO�VLJQL¿FDQFH�RI�WKH�GLIIHUHQFH�LQ�LQVXODU�H[SRVXUH��XSSHU��RU�
VXUJLFDO�IUHHGRP��ORZHU��IRU�WKH�76��769&��DQG�7&�DSSURDFKHV�WR�WKH�
LQVXOD�DUH�VKRZQ�IRU�HDFK�]RQH� 7KH�7&�DSSURDFK�SURYLGHV�PRUH�LQVX-
ODU�H[SRVXUH�WKDQ�WKH�76�DQG�769&�H[FHSW�LQ�=RQH�,,��2QO\�ZKHQ�WKH�
RSHUFXODU�ULP�RI�WKH�SUHFHQWUDO�J\UXV�ZDV�UHVHFWHG�GLG�WKH�7&�DSSURDFK�
SURYLGH�PRUH�H[SRVXUH�WKDQ�WKH�769&��7KH�PD[LPXP�GLIIHUHQFH�LQ�
LQVXODU�H[SRVXUH�ZDV�IRXQG�LQ�=RQH�,�DQG�,,,K��2YHUDOO��VXUJLFDO�IUHHGRP�
LV�VPDOOHVW�LQ�WKH�76�JURXS�DQG�ODUJHVW�LQ�WKH�7&�JURXS��H[FHSW�LQ�=RQH�
,9��6XUJLFDO�IUHHGRP�REWDLQHG�GXULQJ�D�FRPSOHWH�7&�DSSURDFK�ZDV�VLJ-
QL¿FDQWO\�JUHDWHU�WKDQ�LQ�WKH�76&9��&XWWLQJ�WKH�EULGJLQJ�YHLQV�SURYLGHG�
JUHDWHU�VXUJLFDO�IUHHGRP�LQ�=RQH�,9�RQO\��Y�� �EULGJLQJ�YHLQV��=RQH�,,P�
 �=RQH�,,�ZKHUH�WKH�RSHUFXODU�ULP�RI�WKH�SUHFHQWUDO�J\UXV�ZDV�UHVHFWHG�
GXULQJ�WKH�WUDQVFRUWLFDO�DSSURDFK��=RQH�,,,K� �=RQH�,,,�ZKHUH�+HVFKO¶V�
J\UXV�ZDV�SDUWLDOO\�UHVHFWHG�GXULQJ�WKH�WUDQVFRUWLFDO�DSSURDFK�
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surgical freedom when the TS was used. The mean sur-
gical window obtained in the TC was larger than in the 
76�������������YV������������FP���S����������7KH�PD[LPDO�
UHWUDFWLRQ�OHQJWK�DW�=RQH�,�ZDV�������FP��&RUWLFDO�UHVHFWLRQ�
IRU�WRWDO�H[SRVXUH�RI�=RQH�,�ZDV�����������FP�DW�WKH�LQIHULRU�
IURQWDO�J\UXV��$OWKRXJK�WKH�7&�SURYLGHG�D�VLJQLÀFDQW�LQ-
FUHDVH�LQ�VXUJLFDO�IUHHGRP�FRPSDUHG�ZLWK�WKH�76��������
S����������WKHUH�ZDV�QR�VWDWLVWLFDOO\�VLJQLÀFDQW�GLIIHUHQFH�
LQ�FRPSDULVRQ�ZLWK�WKH�769&�

=RQH�,,
Results obtained in Zone II were dependent on the de-

gree of the corticotomy. When the precentral gyrus was 
preserved during the TC dissection, the insular exposure, 
VXUJLFDO�ZLQGRZ��DQG�VXUJLFDO�IUHHGRP�ZHUH�HTXLYDOHQW�WR�
WKDW�RI�WKH�769&��7KH�PHDQ�LQVXODU�H[SRVXUH�LQ�WKH�7&�
JURXS�ZDV�JUHDWHU� WKDQ�WKH�76�������������YV������������
cm���S���������EXW�VLPLODU�WR�WKDW�RI�WKH�769&�������������
YV������������FP���S� �������7KHUH�ZDV�QR�VWDWLVWLFDOO\�VLJ-
QLÀFDQW�GLIIHUHQFH�LQ�LQVXODU�H[SRVXUH�EHWZHHQ�WKH�76�DQG�
WKH�769&��WKXV�FXWWLQJ�WKH�EULGJLQJ�YHLQV�ZDV�QRW�DGYDQ-
tageous in Zone II. The mean surgical window obtained 
in the TS (obtained by applying maximal retraction along 
the opercular lip at the inferior parietal lobule) was greater 
than that of the TC (with the precentral gyrus preserved) 
������������YV������������FP���S����������7KH�PD[LPDO�UH-
WUDFWLRQ�OHQJWK�DW�=RQH�,�ZDV���������FP��7KHUH�ZHUH�QR�
GLIIHUHQFHV� LQ� VXUJLFDO� IUHHGRP�EHWZHHQ� WKH�76��769&��
and TC.

On the other hand, when the opercular rim of the pre-
central gyrus was removed during the TC dissection, there 
was a clear advantage on the TC over all other groups. 

6SHFLÀFDOO\��WKH�LQVXOD�H[SRVXUH�REWDLQHG�LQ�WKH�7&�ZDV�
�����WKDW�RI�WKH�769&��S����������$OVR��WKH�VXUJLFDO�ZLQ-
GRZV�REWDLQHG�GXULQJ�WKH�7&�DQG�76�ZHUH�VLPLODU�������
������YV������������ FP��� S� ��������0RUHRYHU�� WKH�PHDQ�
VXUJLFDO� IUHHGRP� REWDLQHG� LQ� WKH� 7&�ZDV� ����� WKDW� RI�
WKH�769&� �S����������&RPSOHWH�7&�H[SRVXUH� RI� WKH� LQ-
VXODU� FRUWH[� DW�=RQH� ,,� UHTXLUHG� H[FLVLRQ�RI� WKH� LQIHULRU�
����������FP�RI�WKH�SUHFHQWUDO�DQG�SRVWFHQWUDO�J\UL��ZKLFK�
completely exposed the superior peri-insular sulcus, the 
anterior and posterior long gyri and Heschl’s gyrus in the 
temporal operculum.

=RQH�,,,
In Zone III, The TC approach provided better surgi-

FDO�H[SRVXUH� WKDQ�WKH�76�������������YV������������FP�, 
S����������+RZHYHU�� LI�+HVFKO·V�J\UXV�ZDV� UHPRYHG�� WKH�
insula exposure of the TC was superior to that of the 
769&��,Q�WKLV�]RQH��FXWWLQJ�WKH�EULGJLQJ�YHLQV�GXULQJ�WKH�
76�LQFUHDVHG�LQVXODU�H[SRVXUH�VXEVWDQWLDOO\�������������YV�
�����������FP���S����������5HVHFWLQJ�+HVFKO·V�J\UXV�SUR-
YLGHG������RI�WKH�LQVXOD�H[SRVXUH�REWDLQHG�GXULQJ�D�7&�
approach. Also, when the TC included resection of Hes-
FKO·V�J\UXV��WKH�LQVXODU�H[SRVXUH�REWDLQHG�ZDV������WKDW�
RI�769&��ZKLFK�ZDV�D�VWDWLVWLFDOO\�VLJQLÀFDQW�LQFUHDVH��S�
���������:KHQ�+HVFKO·V�J\UXV�ZDV�UHVHFWHG�GXULQJ�7&��WKH�
VXUJLFDO�ZLQGRZ�ZDV������WKDW�RI�WKH�76��S����������7KH�
surgical freedom obtained in the TC group was greater 
WKDQ�WKDW�RI�WKH�76�JURXS��������������YV��������������FP�, 
S���������EXW�VLPLODU�WR�WKDW�RI�WKH�769&��S� ��������+RZ-
ever, after resection of Heschl’s gyrus, the surgical free-
dom obtained in the TC was greater than in either of the 
RWKHU�JURXSV��S����������&XWWLQJ�WKH�EULGJLQJ�YHLQV�GXULQJ�

Fig. 4.�6XPPDU\�RI�WKH�FRPSDUDWLYH�DQDO\VLV�EHWZHHQ�WKH�76��769&��DQG�7&�DSSURDFKHV�WR�HDFK�]RQH�RI�WKH�OHIW�LQVXOD��$�SKR-
WRJUDSK�RI�WKH�VXUJLFDO�VLPXODWLRQ�DIWHU�D�OHIW�7&�DSSURDFK�ZDV�WDNHQ�DQG�XVHG�WR�LOOXVWUDWH�WKH�GLYLVLRQ�RI�WKH�LQVXODU�FRUWH[�LQWR���
]RQHV�DFFRUGLQJ�WR�WKH�%HUJHU�6DQDL�FODVVLILFDWLRQ�RI�WKH�LQVXOD��7KH�V\OYLDQ�OLQH�(anterior-posterior dashed line) GLYLGHV�WKH�LQVXOD�
LQWR�YHQWUDO�DQG�GRUVDO�SDUWV��7KH�0RQUR�IRUDPHQ�DQG�LWV�ODWHUDO�SURMHFWLRQ�(superior-inferior dashed line) GLYLGH�WKH�LQVXOD�LQWR�
URVWUDO�DQG�FDXGDO�SDUWV��=RQH�,,�LV�IXUWKHU�GLYLGHG�LQWR���JURXSV�GHSHQGLQJ�RQ�WKH�GHJUHH�RI�IURQWRSDULHWDO�RSHUFXOD�FRUWLFRWRP\�
GXULQJ�WKH�7&�DSSURDFK��,Q�=RQH�,,,��WKH�7&�JURXS�LQFOXGHV�SDUWLDO�UHVHFWLRQ�RI�+HVFKO¶V�J\UXV��$OO�UHVXOWV�LQFOXGHG�LQ�WKH�YLJQHWWHV�
DUH�VWDWLVWLFDOO\�VLJQLILFDQW��3U&� �SUHFHQWUDO�J\UXV�
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the TS approach did not increase the surgical freedom (p 
 ��������7KH�PD[LPDO�UHWUDFWLRQ�OHQJWK�DW�=RQH�,,,�ZDV�����
��FP��&RUWLFDO�UHVHFWLRQ�IRU�FRPSOHWH�H[SRVXUH�RI�=RQH�,,,�
ZDV�����������FP�RI�WKH�VXSHULRU�WHPSRUDO�J\UXV�

=RQH�,9
The TC corridor provided greater insular exposure than 

ERWK�WKH�76������������YV������������FP���S���������DQG�WKH�
769&������������YV������������FP���S����������&XWWLQJ�WKH�
veins during the TS approach did not increase insula ex-
SRVXUH��769&������������YV�76������������FP���S� ��������
There was no difference between the TC and the TS with 
UHVSHFW�WR�VXUJLFDO�ZLQGRZ�������������YV������������FP�, 
S� ��������7KH�7&�SURYLGHG�JUHDWHU�VXUJLFDO�IUHHGRP�WKDQ�
WKH�76� ��������� ���� YV� �������� ���� FP��� S��� ������� EXW�
HTXLYDOHQW� WR� WKDW�RI� WKH�769&��������������YV����������
87 cm��� S� �� �������7KH�769&�SURYLGHG� JUHDWHU� VXUJLFDO�
IUHHGRP�WKDQ�WKH�76��������������YV��������������FP�, p < 
�������7KH�PD[LPDO�UHWUDFWLRQ�OHQJWK�DW�=RQH�,9�ZDV�������
cm. Complete exposure of the inferior peri-insular sulcus 
UHTXLUHG�UHVHFWLRQ�RI�WKH�HQWLUH�ZLGWK�RI�WKH�VXSHULRU�WHP-
SRUDO�J\UXV�IURP�WKH�IRUDPHQ�RI�0RQUR�DQWHULRUO\�WR�������
����FP�SRVWHULRU�WR�WKH�WHPSRUDO�SROH�

surgical anatomy
In Zone I, the TS corridor provided exposure of the 

insular apex and the sylvian line, and only the TC pro-

vided exposure of the superior peri-insular sulci (Fig. 5). 
7KH�769&�SURYLGHG� H[SRVXUH� WR� ����RI�=RQH� ,��ZKLFK�
included the proximal portion of the anterior, middle and 
posterior short gyri as well as the apical portion of the 
DFFHVVRU\� J\UXV�� ,Q� ����RI� FDVHV�� D� YHLQ� FOXVWHU� DULVLQJ�
from the prefrontal cortex severely limited exposure to the 
middle short gyrus and the posterior half of the anterior 
VKRUW�J\UXV��:KHQ�WKH�769&�ZDV�XVHG��WKH�PLGGOH�VKRUW�
gyrus of the insula was better accessed, as the main bridg-
LQJ�YHLQV�FURVV�WKH�V\OYLDQ�ÀVVXUH�DW�WKLV�UHJLRQ��+RZHYHU��
LW�GLG�QRW�SURYLGH�D�VLJQLÀFDQW�LQFUHDVH�LQ�VXUJLFDO�H[SR-
sure. Only the TC corridor allowed complete exposure of 
the superior peri-insular sulcus and the entire area of the 
anterior, middle, posterior and accessory insular gyri in 
Zone I. Moreover, if the surgical table was tilted to the 
ipsilateral side and the head turned down 15$ (by either 
increasing Trendelenburg or tilting the back rest down), 
WKH�(EHUVWDOOHU�J\UXV�DQG�WKH�ODWHUDO�OHQWLFXORVWULDWH�DUWHU-
ies were also exposed. The corticotomy necessary to reach 
=RQH�,�FRPSOHWHO\�UHTXLUHG�H[FLVLRQ�RI�����RI�WKH�SDUV�RU-
ELFXODULV�DQG�RSHUFXODULV��DQG�����RI�WKH�SDUV�WULDQJXODULV�

In Zone II, the TS corridor provided insular exposure 
limited to the sylvian line whereas the TC corridor al-
lowed greater exposure of the posterior long gyrus and the 
anterior long gyrus. The TS corridor was severely limited 
E\�WKH�QDUURZ�VKDSH�RI�WKH�SRVWHULRU�KDOI�RI�WKH�V\OYLDQ�ÀV-
VXUH��)LJ������(YHQ�ZKHQ�WKH�EULGJLQJ�YHLQV�ZHUH�FXW�GXU-

Fig. 5.�6XUJLFDO�VLPXODWLRQ�RI�WKH�76�(a)��769&�(b)��DQG�7&�(c)�DSSURDFKHV�IRU�WKH�=RQH�,�RI�WKH�ULJKW�LQVXOD�(d)��$�ULJKW�VLGH�SWHUL-
RQDO�DSSURDFK�ZDV�FDUULHG�RXW��DQG�WKH�GXUD�ZDV�LQFLVHG�DQG�UHIOHFWHG�WRZDUG�WKH�VSKHQRLG�ERQH��7KH�VXSHUILFLDO�DQG�GHHS�V\OYLDQ�
FLVWHUQV�ZHUH�GLVVHFWHG�FRPSOHWHO\�ZLWK�JUHDW�FDUH�WR�SURWHFW�DOO�WKH�YHVVHOV��7KH�IURQWDO�RSHUFXOXP�RYHU�=RQH�,�RI�WKH�LQVXOD�ZDV�
UHWUDFWHG�WR�VLPXODWH�D�76�DSSURDFK��$���1H[W��%���WKH�VXSHUILFLDO�V\OYLDQ�YHLQ�ZDV�FXW�DQG�WKH�VHOI�UHWDLQLQJ�UHWUDFWRUV�ZHUH�UHOR-
FDWHG�WR�VLPXODWH�WKH�769&��7KH�YHLQV�ZHUH�WKHQ�UH�DQDVWRPRVHG��DQG�WKH�IURQWDO�RSHUFXOXP�ZDV�DOORZHG�WR�UHWXUQ�WR�LWV�QDWXUDO�
SRVLWLRQ��7KH�WUDQVFRUWLFDO�DSSURDFK�ZDV�SHUIRUPHG�UHVSHFWLQJ�WKH�YHQRXV�FRPSOH[�DQG�WKH�ODUJH�YHLQV�WR�WKH�GRUVDO�DQG�RUELWDO�
DVSHFW�RI�WKH�IURQWDO�OREH��&���$�W\SLFDO�=RQH�,�LQVXODU�WXPRU�ZDV�SKRWRJUDSKLFDOO\�IXVHG�WR�WKH�VXUJLFDO�VLPXODWLRQ�WR�LOOXVWUDWH�WKH�
UHODWLRQVKLS�WR�WKH�FRUWH[�EHIRUH�DQ\�VXUJLFDO�PDQHXYHU�ZDV�VWDUWHG��'���$[LDO�VXSHULRU�DQG�VDJLWWDO�LQIHULRU�YLHZV�RI�D�W\SLFDO�=RQH�
,�LQVXODU�WXPRU�DUH�LQFOXGHG�WR�VKRZ�WKH�UHODWLRQ�RI�WKH�WXPRU�WR�WKH�0RQUR�OLQH�(yellow)�DQG�WKH�V\OYLDQ�OLQH�(red)��7KH�yellow semi-
transparent labels�LQ�HDFK�SKRWRJUDSK�UHSUHVHQW�WKH�VXUJLFDO�FRUULGRU�SURYLGHG�E\�HDFK�DSSURDFK�WR�WKH�LQVXOD��3�� �SDUV�
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LQJ�WKH�769&�DSSURDFK�DQG�PD[LPDO�UHWUDFWLRQ�SUHVVXUH�
ZDV�DSSOLHG��RQO\�����RI�WKH�WRWDO�DUHD�RI�WKH�DQWHULRU�DQG�
posterior long gyri could be exposed. The superior peri-
LQVXODU� VXOFXV�ZDV� QRW� H[SRVHG� WKURXJK� WKH� 769&��7KH�
precentral gyrus covers the majority of the anterior long 
gyrus of the insula. Only when the opercular portion of 
the precentral gyrus was removed, the TC provided more 
LQVXODU�H[SRVXUH�WKDQ�WKH�769&�

,Q�=RQH�,,,��WKH�769&�SURYLGHG�JUHDWHU�H[SRVXUH�RI�WKH�
inferior part of the anterior and posterior long gyri, yet the 
planum temporalis and inferior peri-insular sulcus were 

only completely exposed through the TC approach (Fig. 
7). Heschl’s gyrus is a large portion of the posterior aspect 
of the temporal operculum that blocks the surgical trajec-
tory to the planum temporalis and the posterior long gyrus 
of the insula. Thus, if Heschl’s gyrus is preserved during 
WKH�7&� FRUULGRU�� WKH� ÀQDO� LQVXODU� H[SRVXUH� LV� VLPLODU� WR�
WKDW�RI�D�769&�ZLWK�PD[LPDO�UHWUDFWLRQ�DSSOLHG�XQLIRUP-
ly to the superior temporal gyrus. Zone III of the insula, 
including the inferior peri-insular sulcus, could only be 
FRPSOHWHO\�H[SRVHG�ZKHQ�����RI�WKH�+HVFKO·V�J\UXV�ZDV�
removed during a TC. Also, if the head was tilted down 

Fig. 6.�6XUJLFDO�VLPXODWLRQ�RI�WKH�76�(a)��769&�(b)��7&�(c)��DQG�7&�ZLWK�WKH�SUHFHQWUDO�J\UXV�UHVHFWHG�(d and e) DSSURDFKHV�IRU�
=RQH�,,�RI�WKH�LQVXOD�(F)�RQ�WKH�ULJKW�VLGH��7KH�VXSHUILFLDO�DQG�GHHS�V\OYLDQ�FLVWHUQV�ZHUH�ZLGHO\�GLVVHFWHG�SRVWHULRUO\�ZLWK�JUHDW�
FDUH�WR�SURWHFW�DOO�WKH�YHVVHOV��7KH�SRVWHULRU�DVSHFW�RI�WKH�IURQWDO�RSHUFXOXP�DQG�WKH�SDULHWDO�RSHUFXOXP�RYHU�=RQH�,,�RI�WKH�LQVXOD�
ZHUH�UHWUDFWHG�WR�VLPXODWH�D�76�DSSURDFK��$���1H[W��%���WKH�PDLQ�WUXQN�RI�WKH�VXSHUILFLDO�V\OYLDQ�YHLQ�ZDV�FXW�DQG�WKH�VHOI�UHWDLQLQJ�
UHWUDFWRUV�ZHUH�UHORFDWHG�WR�VLPXODWH�WKH�VXUJLFDO�DSSURDFK�ZLWK�WKH�EULGJLQJ�YHLQV�FXW��7KH�YHLQV�ZHUH�WKHQ�UH�DQDVWRPRVHG��DQG�
WKH�RSHUFXOD�ZHUH�DOORZHG�RZHG�WR�UHWXUQ�WR�WKHLU�QDWXUDO�SRVLWLRQ��7KH�WUDQVFRUWLFDO�DSSURDFK�ZDV�SHUIRUPHG�UHVSHFWLQJ�WKH�FRUWH[�
RI�WKH�SUHFHQWUDO�J\UXV�DV�ZHOO�DV�WKH�YHQRXV�FRPSOH[�DQG�WKH�ODUJH�YHLQV�WR�WKH�GRUVDO�DVSHFW�RI�WKH�SDULHWDO�OREH��&���1H[W��'�DQG�
(���WKH�RSHUFXODU�ULP�RI�WKH�SUHFHQWUDO�J\UXV�ZDV�UHVHFWHG�WR�VLPXODWH�D�FRPSOHWH�7&�DSSURDFK��$�FORVH�XS�SLFWXUH�RI�WKH�7&�DS-
SURDFK�WR�=RQH�,,�UHYHDOV�WKDW�WKH�LQVXODU�FRUWH[�RI�WKLV�]RQH�ZDV�FRPSOHWHO\�H[SRVHG�DQG�WKH�VXSHULRU�SHUL�LQVXODU�VXOFXV�ZDV�DOVR�
DFFHVVLEOH��(���0XOWLSOH�ZLQGRZV�ZHUH�FUHDWHG�EHWZHHQ�WKH�0��DUWHULHV�DQG�WKH�VXSHULRU�V\OYLDQ�YHLQV��IRUPLQJ�PXOWLSOH�IOH[LEOH�
FRUULGRUV�WR�WKH�LQVXODU�VXUIDFH��$�W\SLFDO�=RQH�,,�LQVXODU�WXPRU�ZDV�SKRWRJUDSKLFDOO\�IXVHG�WR�WKH�VXUJLFDO�VLPXODWLRQ�WR�LOOXVWUDWH�WKH�
UHODWLRQVKLS�WR�WKH�FRUWH[��)���$[LDO�VXSHULRU�DQG�VDJLWWDO�LQIHULRU�YLHZV�RI�D�W\SLFDO�=RQH�,,�LQVXODU�WXPRU�DUH�LQFOXGHG�LQ�3DQHO�)�WR�
VKRZ�WKH�UHODWLRQ�RI�WKH�WXPRU�WR�WKH�0RQUR�OLQH�(yellow)�DQG�WKH�V\OYLDQ�OLQH�(red)��7KH�yellow semitransparent labels UHSUHVHQW�WKH�
VXUJLFDO�FRUULGRU�SURYLGHG�E\�HDFK�DSSURDFK�WR�WKH�LQVXOD��3UH&� �SUHFHQWUDO�J\UXV��63,6� �VXSHULRU�SHUL�LQVXODU�VXOFXV��
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��$²��$ (Trendelenburg or turning down the back rest of 
the surgical table), the long gyri could be further dissected 
toward Zone II.

,Q�=RQH�,9��FXWWLQJ�WKH�EULGJLQJ�YHLQV��769&��GLG�QRW�
VLJQLÀFDQWO\� LQFUHDVH� LQVXODU�H[SRVXUH�GXULQJ�D�76�FRU-
ridor, which was completely exposed only through the TC 
corridor (Fig. 8). The TS corridor exposed the anterior 
portion of the anterior long gyrus and the insular apex. A 
large bridging vein limited insular exposure in more than 
����RI�VSHFLPHQV��([SRVXUH�RI�WKH�LQIHULRU�SHUL�LQVXODU�

VXOFXV�ZDV�DFKLHYHG�E\�FXWWLQJ�WKLV�YHLQ��769&���DSSO\LQJ�
maximal retraction to the superior temporal gyrus, and 
WLOWLQJ� WKH� KHDG� XSZDUG� ��$. However, the TC provided 
PRUH�LQVXODU�H[SRVXUH�WKDQ�WKH�769&��7KH�LQIHULRU�SHUL�
LQVXODU�VXOFXV�LQ�=RQH�,9�DQG�WKH�LQVXODU�SRUWLRQ�RI�WKH�
planum polaris were completely exposed through the TC 
corridor.

venous drainage
The venous drainage patterns were carefully studied to 

Fig. 7.�6XUJLFDO�VLPXODWLRQ�RI�WKH�76�(a)��769&�(b)��7&�(c)��DQG�7&�ZLWK�WKH�+HVFKO¶V�J\UXV�UHVHFWHG�(d and e) DSSURDFKHV�IRU�
=RQH�,,,�RI�WKH�ULJKW�LQVXOD�(F)��7KH�VXSHUILFLDO�DQG�GHHS�V\OYLDQ�FLVWHUQV�ZHUH�FRPSOHWHO\�H[SRVHG�ZLWK�JUHDW�FDUH�WR�SURWHFW�DOO�WKH�
YHVVHOV�WUDQVLWLRQLQJ�WR�WKH�FRUWH[��7KH�SRVWHULRU�VHJPHQW�RI�WKH�WHPSRUDO�RSHUFXOXP�RYHU�=RQH�,,,�RI�WKH�LQVXOD�ZDV�UHWUDFWHG�WR�
VLPXODWH�D�76�DSSURDFK��$���)ROORZLQJ�WKLV��WKH�VXSHUILFLDO�V\OYLDQ�YHLQ�ZDV�FXW�DQG�WKH�VHOI�UHWDLQLQJ�UHWUDFWRUV�ZHUH�UHRULHQWHG�WR�
VLPXODWH�WKH�VXUJLFDO�DSSURDFK�ZLWK�WKH�EULGJLQJ�YHLQV�FXW��%���7KH�YHLQV�ZHUH�WKHQ�UH�DQDVWRPRVHG��DQG�WKH�WHPSRUDO�RSHUFX-
OXP�ZDV�DOORZHG�WR�UHWXUQ�WR�LWV�RULJLQDO�SRVLWLRQ��7KH�7&�DSSURDFK�ZDV�SHUIRUPHG�QH[W��SUHVHUYLQJ�ERWK�+HVFKO¶V�J\UXV�DQG�WKH�
V\OYLDQ�YHQRXV�FRPSOH[��&���)ROORZLQJ�WKLV��+HVFKO¶V�J\UXV�ZDV�UHVHFWHG�IRU�D�FRPSOHWH�7&�DSSURDFK�WR�=RQH�,,,�RI�WKH�LQVXOD��'�
DQG�(���$�FORVH�XS�SKRWRJUDSK�RI�WKH�7&�H[SRVXUH�RI�WKH�LQVXOD�UHYHDOHG�FRPSOHWH�H[SRVXUH�RI�WKH�=RQH�,,,�FRUWH[�DV�ZHOO�DV�WKH�
SODQXP�WHPSRUDOH�DQG�LQIHULRU�SHUL�LQVXODU�VXOFXV��(���7KH�ODUJH�YHLQV�WR�WKH�GRUVDO�DVSHFW�RI�WKH�WHPSRUDO�DQG�RFFLSLWDO�OREHV�DQG�
WKH�/DEEp�FRPSOH[�DV�ZHOO�DV�WKH�WUDQVLWLRQLQJ�04�EUDQFKHV�ZHUH�SUHVHUYHG�GXULQJ�DOO�WKH�WUDQVFRUWLFDO�GLVVHFWLRQ� 7KHVH�YHVVHOV�
IRUPHG�PXOWLSOH�FRUULGRUV�WR�DFFHVV�WKH�VXUIDFH�RI�WKH�LQVXOD��$�W\SLFDO�=RQH�,,,�LQVXODU�WXPRU�ZDV�SKRWRJUDSKLFDOO\�IXVHG�WR�WKH�
VXUJLFDO�VLPXODWLRQ�WR�LOOXVWUDWH�WKH�UHODWLRQVKLS�WR�WKH�FRUWH[�EHIRUH�VWDUWLQJ�WKH�VXUJLFDO�VLPXODWLRQ��)���$[LDO�VXSHULRU�DQG�VDJLWWDO�
LQIHULRU�YLHZV�RI�D�W\SLFDO�=RQH�,,,�LQVXODU�WXPRU�ZHUH�LQFOXGHG�WR�LOOXVWUDWH�WKH�UHODWLRQ�RI�WKH�WXPRU�WR�WKH�0RQUR�OLQH�(yellow)�DQG�
WKH�V\OYLDQ�OLQH�(red)��7KH�yellow semitransparent labels�UHSUHVHQW�WKH�VXUJLFDO�FRUULGRU�SURYLGHG�E\�HDFK�DSSURDFK�WR�WKH�LQVXOD��
$/*� �DQWHULRU�ORQJ�J\UXV��,3,6� �LQIHULRU�SHUL�LQVXODU�VXOFXV��3/*� �SRVWHULRU�ORQJ�J\UXV��37� �SODQXP�WHPSRUDOH��
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GHWHUPLQH� WKHLU�GRPLQDQFH� LQ� WKH�YHQRXV�RXWÁRZ�RI� WKH�
lateral surface of the brain, the number of bridging veins 
and their relationship to the different zones, and the clus-
tering patterns.

:H�IRXQG�EULGJLQJ�YHLQV�FURVVLQJ�WKH�V\OYLDQ�ÀVVXUH�LQ�
������������RI�WKH�VWXGLHG�VSHFLPHQV��$�GRPLQDQW�GUDLQ-
DJH�SDWWHUQ�ZDV�IRXQG�LQ�������������RI�FDVHV��ZKHUH�WKH�
number and size of veins draining anteriorly was greater 
than the number and size draining to both the Labbé com-
plex and the superior sagittal sinus. Good alternative out-
ÁRZ�ZDV�LGHQWLÀHG�LQ������������RI�WKH�GRPLQDQW�YHQRXV�
SDWWHUQV��,Q�����RI�VSHFLPHQV��WKHUH�ZHUH�GRPLQDQW�EULGJ-
ing veins with poor collateral drainage. Moreover, venous 
clustering around the premotor and prefrontal cortex 
draining the lower part of the lateral surface of the frontal 
OREH�ZDV�IRXQG�LQ������������RI�WKH�VSHFLPHQV�

surgical landmarks
The observational and descriptive analysis of the surgi-

cal anatomy of the pterional transsylvian approach provid-
ed 3 key relationships that were consistent: the relationship 
between the middle cerebral artery running in the central 
sulcus of the insula (M�) and the rolandic artery (M4); the 
UHODWLRQVKLS�EHWZHHQ�WKH�VXSHULRU�VHJPHQW�RI�WKH�VTXDPR-
VDO�VXWXUH�DQG�WKH�V\OYLDQ�ÀVVXUH��DQG�WKH�ORFDOL]DWLRQ�RI�

the foramen of Monro in relation to the external acoustic 
meatus at the surface of the skull.

7KHUH�ZHUH��²��WUXQNV�RI�WKH�0��WKDW�EUDQFKHG�LQWR����
����03 branches on the insular surface. In all our speci-
mens, the M� branches running through the central sulcus 
of the insula became the precentral (rolandic) artery, feed-
LQJ� WKH�SUHFHQWUDO� DQG�SRVWFHQWUDO� J\UL�� ,Q�����RI� FDVHV�
���������WKLV�DUWHU\�UHPDLQHG�DW�WKH�VXUIDFH�RI�WKH�RSHUFX-
OXP��+RZHYHU��LQ������������RI�FDVHV��WKH�03 component of 
the artery running in the central sulcus of the insula ran in 
the depth of the precentral sulcus of the brain and became 
VXSHUÀFLDO�DW�����������FP�IURP�WKH�RSHUFXODU�ULP�

7KH�H[WHUQDO�DFRXVWLF�PHDWXV�ZDV�HDVLO\�LGHQWLÀHG�LQ�DOO�
surgical simulations and used as a landmark to infer the 
position of the foramen of Monro and, therefore, the divi-
VLRQ�RI�WKH�LQVXOD�LQWR�DQWHULRU��,�,9��DQG�SRVWHULRU��,,�,,,��
zones before the craniotomy was done. The foramen of 
0RQUR�ZDV������������FP�DQWHULRU�DQG������������FP�FUD-
nial to the external acoustic meatus.

7KH�VTXDPRVDO�VXWXUH�ZDV�D�UHOLDEOH�ODQGPDUN�WR�LQIHU�
WKH�SRVLWLRQ�RI�WKH�V\OYLDQ�ÀVVXUH��ZKLFK�GHÀQHG�WKH�VXUJL-
cal division of the insula into superior (I+II) and inferior 
�,,,�,9��]RQHV��7KH�VXSHULRU�SRUWLRQ�RI�WKH�VTXDPRVDO�VX-
ture, from the pterion anteriorly to its major inferior bend 
SRVWHULRUO\�FRUUHVSRQGHG�WR�WKH�V\OYLDQ�ÀVVXUH�LQ�WKH�PD-

Fig. 8.�6XUJLFDO�VLPXODWLRQ�RI�WKH�76�(a)��769&�(b)��DQG�7&�(c)�DSSURDFKHV�IRU�=RQH�,9�RI�WKH�ULJKW�LQVXOD�(d)��7KH�VXSHUILFLDO�DQG�
GHHS�V\OYLDQ�FLVWHUQV�ZHUH�FRPSOHWHO\�GLVVHFWHG�ZLWK�JUHDW�FDUH�WR�SUHVHUYH�DOO�WKH�WUDQVLWLQJ�YHVVHOV��7KH�WHPSRUDO�RSHUFXOXP�
RYHU�=RQH�,9�ZDV�UHWUDFWHG�WR�VLPXODWH�D�76�DSSURDFK��$���)ROORZLQJ�WKLV��%���WKH�VXSHUILFLDO�V\OYLDQ�YHLQ�ZDV�FXW�DQG�WKH�VHOI�
UHWDLQLQJ�UHWUDFWRUV�ZHUH�UHRULHQWHG�WR�VLPXODWH�WKH�VXUJLFDO�DSSURDFK�ZLWK�WKH�EULGJLQJ�YHLQV�FXW��1H[W��WKH�YHLQV�ZHUH�UH�DQDVWR-
PRVHG��DQG�WKH�WHPSRUDO�RSHUFXOXP�ZDV�DOORZHG�WR�UHWXUQ�WR�LWV�QDWXUDO�SRVLWLRQ��7KH�7&�DSSURDFK�ZDV�SHUIRUPHG�UHVSHFWLQJ�WKH�
YHQRXV�FRPSOH[�DQG�WKH�ODUJH�YHLQV�WR�WKH�GRUVDO�DVSHFW�RI�WKH�WHPSRUDO�OREH�DQG�WKH�WHPSRUDO�SROH��&���1XPHURXV�DUWHULRYHQRXV�
ZLQGRZV�ZHUH�FUHDWHG�DIWHU�WKH�FRUWLFDO�UHVHFWLRQ�DQG�XVHG�WR�DFFHVV�WKH�LQVXODU�VXUIDFH��$�W\SLFDO�=RQH�,9�LQVXODU�WXPRU�ZDV�
SKRWRJUDSKLFDOO\�IXVHG�WR�WKH�VXUJLFDO�VLPXODWLRQ�H[SRVXUH�WR�VKRZ�WKH�UHODWLRQVKLS�WR�WKH�FRUWH[�EHIRUH�DQ\�VXUJLFDO�PDQHXYHU�ZDV�
VWDUWHG��'���$[LDO�VXSHULRU�DQG�VDJLWWDO�LQIHULRU�YLHZV�RI�D�W\SLFDO�=RQH�,�LQVXODU�WXPRU�DUH�LQFOXGHG�WR�VKRZ�WKH�UHODWLRQ�RI�WKH�WXPRU�
WR�WKH�0RQUR�OLQH�(yellow)�DQG�WKH�V\OYLDQ�OLQH�(red)��7KH�yellow semitransparent labels�UHSUHVHQW�WKH�VXUJLFDO�FRUULGRU�SURYLGHG�E\�
HDFK�DSSURDFK�WR�WKH�LQVXOD�
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MRULW\�RI�VSHFLPHQV���������DQG�ZDV�LQIHULRU�WR�WKH�V\OYLDQ�
ÀVVXUH�LQ�RQO\���VSHFLPHQ�������

discussion
This study shows that the TC corridor provides the 

greatest access to lesions, such as gliomas, within the insu-
lar region. The evidence is that even when the comparison 
EHWZHHQ�7&��76��DQG�769&�LV�OLPLWHG�WR�WKH�FRQÀQHV�RI�WKH�
insula, the TC still provides the best overall surgical expo-
sure, window, and freedom. In our dissections, the degree 
RI�FRUWLFRWRP\�LQ�=RQHV�,,�DQG�,,,�SURYLGHG�VLJQLÀFDQWO\�
GLIIHUHQW�VXUJLFDO�SURÀOHV��:H�IRXQG�WKDW�WKH�YDOXH�RI�FXW-
ting the bridging veins during a TS approach was maxi-
PDO�LQ�=RQH�,,,��ZKHUH�LW�SURYLGHG�D�VLJQLÀFDQW� LQFUHDVH�
in insular exposure. From our observations of the venous 
GUDLQDJH�RI�WKH�ODWHUDO�VXUIDFH�RI�WKH�EUDLQ��ZH�LGHQWLÀHG�D�
YHQRXV�SDWWHUQ�WKDW�ZRXOG�PDNH�WKH�769&�XQVDIH�LQ�����
of cases due to the existence of large dominant sylvian 
EULGJLQJ�YHLQV�ZLWK�SRRU�DOWHUQDWLYH�RXWÁRZ�WR�WKH�/DEEp�
or superior sagittal sinus complex. Also, venous clustering 
at the pars triangularis, opercularis and motor cortex was 
REVHUYHG�LQ�����RI�VSHFLPHQV���������IXUWKHU�OLPLWLQJ�WKH�
transsylvian corridor to Zones I and II. 

The present study suggests that the optimal surgical 
strategy to obtain maximal exposure for an insular glioma 
UHTXLUHV�FDUHIXO�DVVHVVPHQW�RI�HDFK�SDWLHQW·V�WXPRU�ORFD-
tion within the insula. Determining the tumor location in 
relation to the different zones of the insula allows for pre-
operative estimation of the extent of tumor resection13 and 
DQWLFLSDWLRQ�RI�WKH�VXUJLFDO�DSSURDFK�WKDW�ZLOO�EH�UHTXLUHG�
once the cortex is exposed. If the tumor is limited at the 
V\OYLDQ�OLQH�LQ�=RQHV�,�DQG�,9��DQWHULRU���RXU�GDWD�VXJJHVW�
WKDW� WKH� WXPRU� FRXOG� EH� VXIÀFLHQWO\� H[SRVHG� WKURXJK� D�
transsylvian approach. However, if the tumor is located in 
Zones II and III (posterior), using a transsylvian approach 
PD\�UHTXLUH�VSOLWWLQJ�WKH�V\OYLDQ�ÀVVXUH�FRPSOHWHO\�DQG�XV-
LQJ�ERWK�H[WHQVLYH�UHWUDFWLRQ�DQG�YHQRXV�VDFULÀFH��7KLV�LV�
especially important if the tumor invades into Zone III. 
However, if the tumor is located either in the periphery of 
the sylvian line or expands to or beyond the peri-insular 
sulci, only the transcortical approach will provide a suf-
ÀFLHQW� VXUJLFDO�SURÀOH� WR� DWWHPSW�PD[LPDO� UHVHFWLRQ�� UH-
gardless of the zone. In such cases, direct cortical and sub-
cortical mapping will determine the trajectory and degree 
of resection in each particular patient.

Whereas cutting the sylvian bridging veins during TS 
might seem reasonable, our results suggest that such an op-
WLRQ�FRXOG�HQWDLO�VHULRXV�YHQRXV�GUDLQDJH�SUREOHPV�LQ�����
RI�FDVHV��$OVR��ZH�LGHQWLÀHG�FOXVWHULQJ�RI�YHLQV�LQ�WKH�RSHU-
cula in more than half of our specimens. Regardless of the 
overall venous pattern, we consider that a cluster of bridg-
ing veins drainingmost of the blood from the inferior fron-
tal gyrus and inferior parietal lobule is, in itself, a limita-
WLRQ�WR�WKH�769&��,Q�KLV�VWXG\�RQ�WKH�FHUHEUDO�YHLQV��6HHJHU�
LGHQWLÀHG�WKDW�WKH�GLUHFWLRQ�RI�WKH�YHQRXV�EORRG�ÁRZ�DW�WKH�
ODWHUDO�VXUIDFH�RI�WKH�EUDLQ�ZDV�WRZDUG�WKH�V\OYLDQ�ÀVVXUH�
LQ�����RI�FDVHV��IROORZHG�E\�WKH�/DEEp�FRPSOH[�DQG�WKH�
bridging veins to the superior sagittal sinus.16�7KLV�ÀQGLQJ�
adds to the important role of the sylvian venous system in 
WKH�YHQRXV�RXWÁRZ�RI�WKH�ODWHUDO�VXUIDFH�RI�WKH�EUDLQ��,Q�WKH�

subgroup of patients who have critical bridging veins that 
PXVW� EH� SUHVHUYHG�� RXU�ÀQGLQJV� VXJJHVW� WKDW� WKH�76� DS-
SURDFK�PLJKW�EH�LQVXIÀFLHQW�HYHQ�WR�H[SRVH�WXPRUV�VLWWLQJ�
within the sylvian line, especially in the posterior zones 
(II+III). 

7KHUH� DUH� VHYHUDO� UHSRUWV� RQ� WKH� VXUJLFDO� WHFKQLTXH�
and outcomes of the transsylvian approach to insular tu-
mors.���������²�� There is common consensus between all 
JURXSV� WKDW� ODUJH� DPRXQWV� RI� UHWUDFWLRQ� DUH� UHTXLUHG� WR�
expose the insula when using the transsylvian corridor, 
ZKLFK� ZH� KDYH� FRQÀUPHG� LQ� RXU� VWXG\�� +RZHYHU�� QRQH�
of these reports mention the rate in which the sylvian 
bridging veins were cut. In their series, Lang et al.9 and 
Hentschel and Lang5�VWDWHG�WKDW��²����FP�RI�UHWUDFWLRQ�ZDV�
UHTXLUHG�WR�H[SRVH�WKH�LQVXODU�WXPRU��+RZHYHU��WKH�DXWKRUV�
did not mention the standard deviation of their measure-
PHQWV��ZKHWKHU� WKH\� IRXQG� VLJQLÀFDQW� GLIIHUHQFHV� LQ� WKH�
different parts of the opercula or if the measure referred 
to the retraction length to one operculum or the distance 
EHWZHHQ� RSHUFXOD� DIWHU� VSOLWWLQJ� WKH� V\OYLDQ� ÀVVXUH��:H�
addressed this uncertainty in our study by measuring the 
maximal retraction length that could be applied to each 
operculum without damaging the venous system. In all our 
VSHFLPHQV��ZH�FRXOG�QRW�DSSO\���FP�RI�UHWUDFWLRQ�OHQJWK�
without cutting the bridging veins. Also, when preserv-
ing the venous system (TS approach) the insular exposure 
ZDV�OLPLWHG�DQG�VLJQLÀFDQWO\�LQIHULRU�WR�WKDW�RI�WKH�769&�
DQG�7&��2Q� WKH� EDVLV� RI� WKHVH�ÀQGLQJV��ZH� VXVSHFW� WKDW�
in the majority cases in which large insular tumors were 
described as being successfully removed through a TS 
DSSURDFK�� WKH� DSSURDFK�ZDV� DFWXDOO\�769&��$OWKRXJK� D�
769&�FRUULGRU�ZRXOG�EH� DQ� DFFHSWDEOH�RSWLRQ� IRU� WKRVH�
FDVHV�LQ�ZKLFK�WKH�YHQRXV�EULGJLQJ�YHLQV�FDQ�EH�VDFULÀFHG�
������DQG�WKH�LQVXODU�WXPRU�LV�ZLWKLQ�WKH�FRQÀQHV�RI�WKH�
SHUL�LQVXODU�VXOFL��ZH�ÀQG�D�PDMRU�OLPLWDWLRQ�RI�WKLV�VWUDWH-
J\�LQ�WKH�UHPDLQLQJ�����RI�FDVHV��LQ�ZKLFK�D�7&�DSSURDFK�
would potentially overcome this limitation.

Previous studies have shown that TC approaches to 
subcortical lesions are safe.3,5,13,14 Furthermore, our group 
KDV� UHSRUWHG� WKH�ÀUVW� ODUJH� VXUJLFDO� H[SHULHQFH� IRU� LQVX-
lar tumors using the TC approach.13 Our data suggest that 
WKH�7&�DSSURDFK�SURYLGHV�D�EHWWHU�VXUJLFDO�SURÀOH�WKDQ�WKH�
other options. In fact, the maximum difference in insular 
H[SRVXUH�EHWZHHQ�WKH�7&�DQG�WKH�769&�ZDV�REVHUYHG�LQ�
the posterior insular zones, where the TS corridor is se-
verely limited by the narrow sylvian cistern. However, the 
VXUJLFDO�SURÀOH�RI�WKH�7&�DSSURDFK�WR�WKH�SRVWHULRU�]RQHV�
is highly dependent on brain mapping and therefore im-
possible to predict before surgery. Although cortical sac-
ULÀFH� LV� LQKHUHQW� WR� WKH�7&� FRUULGRU�� GLUHFW� FRUWLFDO� DQG�
subcortical stimulation during awake surgery allows the 
neurosurgeon to identify function and work around elo-
TXHQW�DUHDV��,Q�FRQWUDVW��ZKHQ�GLVVHFWLQJ�WKH�V\OYLDQ�FLV-
tern, especially the posterior portion, the neurosurgeon has 
to perform meticulous dissection of critical neurovascular 
structures in a very narrow corridor. In a study of surgical 
DSSURDFKHV�WR�WHPSRUDO�WXPRUV�LQ�����SDWLHQWV��6FKUDPP�
et al.14,15 reported that the TS approach was associated with 
the highest combined rate of complications, which could 
be caused by inadvertent subpial dissection or transection 
of an insular artery. Using a transsylvian approach to in-
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sular tumors, Hentschel and Lang reported a postoperative 
VSHHFK�FRPSOLFDWLRQ�UDWH�RI������ZKLFK�WKH\�DWWULEXWHG�WR�
transient ischemia related to both retraction and arterial 
dissection. These results are congruent with the evidence 
of our morphometric analysis, where large amounts of re-
traction over the opercula, including the pars opercularis 
DQG�WKH�SUHFHQWUDO�J\UXV��DUH�UHTXLUHG�IRU�PD[LPDO�LQVXODU�
exposure.

The transcortical approach to the insula uses direct 
cortical and subcortical stimulation to assess and pre-
serve cortical function. While the anatomical location of 
cortical function is variable, there are general patterns of 
functional anatomy that may guide surgical planning. In 
=RQH� ,�� WKH� WUDQVFRUWLFDO� DSSURDFK� WUDQVJUHVVHG� ���� RI�
SDUV�RUELFXODULV� DQG�RSHUFXODULV�� DQG�����RI�SDUV� WULDQ-
gularis. In the dominant hemisphere, language function is 
classically described in Brodmann Areas 44 and 45 (also 
known as Broca’s area). In our experience, only the pos-
terior aspect of pars opercularis of the dominant hemi-
sphere is highly involved in speech production.8 However, 
in those patients with tumors affecting pars opercularis, 
transcortical resection under constant cortical mapping 
may be safe.8 In Zone II, the opercular segment of the 
precentral gyrus, which may account for the contralateral 
motor control of the face, sits on top of the anterior long 
gyrus of the insula. Our data show that if the opercular 
portion of the precentral gyrus is removed, the insular 
H[SRVXUH�LV�������DQG�WKH�VXUJLFDO�IUHHGRP�LV������WKDW�
RI�769&��7KHUH�LV�HYLGHQFH�RI�UHFRYHU\�DIWHU�UHVHFWLRQ�RI�
the facial motor cortex in the nondominant hemisphere,�� 
which has been congruent with the surgical results pub-
lished by our group13 and that of Duffau et al.4 If resection 
of the facial motor cortex in the dominant hemisphere is 
attempted, it should be limited to pure facial expression, 
which will cause transient central facial paralysis. After 
studying a series of 14 patients who underwent an awake 
transcortical approach for tumors affecting Zone II of the 
insula and the inferior parietal lobule, Maldonado et al. 
LGHQWLÀHG�VSHHFK�IXQFWLRQ�LQ�WKH�PDMRULW\�RI�FDVHV��,QWHU-
estingly, they found high interindividual variability in the 
anatomical location of language. Therefore, awake corti-
cal and subcortical stimulation must be performed in each 
case to assess the location of functional cortex and white 
matter tracts for language, which will further character-
L]H� WKH�ÀQDO� WUDQVFRUWLFDO� FRUULGRU� LQ� HDFK�SDWLHQW�11 The 
posterior margin of the transcortical approach in Zone II 
involved 1 cm of the postcentral gyrus, which may account 
for the somatosensory function of the contralateral half of 
the face. In Zone III, exposure of the posterior long gyrus 
DQG�SODQXP�WHPSRUDOLV�UHTXLUHV�H[FLVLRQ��WR�VRPH�GHJUHH��
of Heschl’s gyrus. When Heschl’s gyrus is resected along 
with the anterior segment of the superior temporal gyrus, 
WKH�LQVXODU�H[SRVXUH�EHFRPHV������WKDW�RI�WKH�769&��7KH�
primary auditory cortex, located at the Heschl’s gyrus in 
both hemispheres, receives bilateral afferent sensory sig-
naling from the cochlear and superior olivary nucleus via 
the inferior colliculus and medial geniculate body of the 
thalamus.� In a recent study, Javad et al. provided evidence 
of interhemispheric transcallosal linkage between the au-
ditory areas using diffusion tensor imaging in humans.7 
Hence, complete resection of Heschl’s gyrus in 1 hemi-

sphere (e.g., TC to Zone III of the insula) should not cause 
a perceivable loss in audition. Nonetheless, our experience 
is congruent with other authors in that resection of the su-
perior temporal gyrus under direct cortical stimulation is 
safe.4,13 Cortical resection to expose Zone III does not in-
volve the angular gyrus, or regions posterior to Heschl’s 
gyri, which, in the dominant hemisphere, may account for 
:HUQLFNH·V�DUHD��%URGPDQQ�$UHD������:KHQ�UHVHFWLQJ�WX-
mors in Zone II and III of the insula, constant direct corti-
cal and subcortical stimulation of the superior temporal 
gyrus and parietal operculum are performed before any 
corticectomy to assess for language function, especially 
in the dominant hemisphere.4 The arcuate and middle 
longitudinal fascicles, and Wernicke’s area, which are in 
the vicinity of Heschl’s gyrus, are presumed to be a core 
part of the language pathway, therefore potentially limit-
ing the transcortical corridor around the primary auditory 
cortex in the dominant hemisphere. However, the location 
and composition of such areas and tracts varies consider-
ably in the population. Therefore intraoperative functional 
mapping becomes essential to guide the resection in each 
patient.

Although the use of intraoperative navigation is very 
important in modern neurosurgery, it should not replace 
DQDWRPLFDO�NQRZOHGJH��,Q�WKLV�VWXG\��ZH�LGHQWLÀHG�WZR�DQ-
atomical landmarks that may be used to infer the location 
of the insular zones before opening the skull. We found a 
strong correlation between the division of the insular lobe 
into anterior and posterior parts and the external acoustic 
meatus over the skull surface. Also, we found that the su-
SHULRU�VHJPHQW�RI�WKH�VTXDPRVDO�VXWXUH�FRXOG�EH�XVHG�WR�
LQIHU�WKH�ORFDWLRQ�RI�WKH�V\OYLDQ�ÀVVXUH��ZKLFK�GLYLGHV�WKH�
insular lobe into dorsal and ventral segments. Knowledge 
of these anatomical relations may aid in tailoring the cra-
niotomy to the insular lesion.

Thorough knowledge of the arterial blood supply be-
yond M� is critical to preserve function while dissecting 
an insular tumor. When using microsurgical dissection 
DURXQG�WKH� LQVXOD�� WKH�KLJK�SRZHU�PDJQLÀFDWLRQ�UHGXFHV�
peripheral view. It is crucial to recognize the cortical dis-
tribution related to each M� artery transiting within the 
middle cerebral artery’s candelabra, as it is being dis-
sected. We have found that the M� artery running over the 
central sulcus of the insula becomes the rolandic artery in 
�����RI�RXU�VSHFLPHQV��ZKLFK�LV�LQ�DJUHHPHQW�WR�WKH�ÀQG-
ings reported by Türe et al. in their study on the insular 
arteries.18 Interestingly, we observed that the M3 segment 
of the rolandic artery runs in the depth of the operculum 
LQ�����RI��������FDVHV��ZKLFK�UHTXLUHV�FDUHIXO�GLVVHFWLRQ�
when using the TC corridor to approach Zone I or II.

study limitations
Human postmortem surgical simulation provides the 

best alternative to surgical experimentation because it 
is safe, provides a very realistic scenario of the human 
anatomy, and allows for prolonged research time. In our 
recent publication,1 we described our customized surgical 
simulation method for neurosurgical research. One of the 
PRVW�LQWHUHVWLQJ�ÀQGLQJV�RI�WKH�VWXG\�ZDV�WKDW�WKHUH�ZHUH�
QR�GLIIHUHQFHV�RQ�WKH�UHWUDFWLRQ�SURÀOH�EHWZHHQ�WKH�VSHFL-
mens prepared with our customized embalming formula 
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and that of unembalmed (i.e., fresh) cadavers.1 This new 
method overcomes the major limitations for surgical simu-
ODWLRQ�ZKHQ�XVLQJ�FODVVLFDO�FDGDYHU�SURFHVVLQJ�WHFKQLTXHV�
(brain stiffness and inability to retract), allowing a very 
realistic surgical simulation with life-like manipulation 
of the brain. Therefore, the present study uses the most 
advanced cadaveric neurosurgical research methods to 
SURYLGH�LQIRUPDWLRQ�RQ�WKH�VXUJLFDO�SURÀOH�RI�WKH�WUDQVV\O-
vian and transcortical approaches to the insula. However, 
several limitations, intrinsic to postmortem research, may 
OLPLW� GLUHFW� DSSOLFDWLRQ� RI� RXU� ÀQGLQJV� WR� FOLQLFDO� SUDF-
tice. These limitations include the lack of effective brain 
relaxation; absence of anatomical distortion due to mass-
effect; and the impossibility to study cortical function. In 
this study, thorough dissection of arachnoid adhesions, 
HYDFXDWLRQ� RI� FHUHEURVSLQDO� ÁXLG�� DQG� RSHUFXODU� UHWUDF-
WLRQ�DOORZHG�VSOLWWLQJ�WKH�V\OYLDQ�ÀVVXUH�ZLGHO\��+RZHYHU��
EUDLQ�UHOD[DWLRQ�WHFKQLTXHV�VXFK�K\SHUYHQWLODWLRQ�DQG�WKH�
use of brain osmotic agents could not be applied therefore 
limiting the surgical results of the study. The mass effect 
related to insular lesions may cause substantial anatomi-
cal distortion and should be considered in the preoperative 
planning. However mass effect is highly variable and case-
VSHFLÀF��:H�XVHG�VSHFLPHQV�ZLWKRXW�NQRZQ�EUDLQ�SDWKRO-
ogy to maximize statistical power and internal validity 
when comparing surgical approaches. Direct assessment 
of cortical function is an inherent limitation of postmor-
tem research and may limit the clinical application of this 
study. However, the anatomical location of brain function 
LV�VSHFLÀF�WR�HDFK�SDWLHQW�DQG�VLWXDWLRQ��H�J���QHXUDO�SODVWLF-
ity) and therefore the impact of cortical function location 
to the transcortical approach should be assessed in every 
case using intraoperative stimulation mapping of the lan-
guage function.

conclusions
There are 3 surgical options to approach insular glio-

mas: the transsylvian approach, the transsylvian approach 
with the bridging veins cut, and the transcortical approach 
�UHIHUUHG� WR� LQ� WKLV�SDSHU�DV�76��769&��DQG�7&�� UHVSHF-
tively). Overall, the TC approach provided better insula 
access than the TS approach. Although in some circum-
stances the TC provides similar surgical exposure and sur-
JLFDO�IUHHGRP�WR�WKDW�RI�WKH�769&��FXWWLQJ�EULGJLQJ�YHLQV�
PD\�EH�XQVDIH�LQ�����RI�SDWLHQWV��&RUWLFDO�DQG�VXEFRUWL-
cal mapping is critical before and during the transcortical 
approach to the posterior zones (Zones II and III), as the 
facial motor and somatosensory functions (Zone II) and 
the language pathways (Zone III) are involved. The great-
HVW� LQVXODU� H[SRVXUH� LQ� =RQHV� ,,� DQG� ,,,� UHTXLUHV� UHVHF-
tion of the precentral gyrus and superior temporal gyrus. 
:KLOH�WKH�7&�DQG�769&�SURYLGH�HTXLYDOHQW�DFFHVV�WR�WKH�
insula in Zones I and II, a TC approach may be needed to 
PD[LPL]H�DFFHVV�=RQHV�,,,�DQG�,9��LQIHULRU���7KXV��SUHRS-
erative assessment using radiological imaging and our in-
VXOD�FODVVLÀFDWLRQ�VFKHPH�LV�XVHIXO�LQ�JXLGLQJ�WKH�VXUJLFDO�
planning. This study demonstrates that the TC approach 
PD\�EH�VXSHULRU�WR�WKH�769&�DSSURDFK�LQ�DFFHVVLQJ�JOLR-
mas that, while primarily within the insula, extend to and 
beyond the peri-insular sulcus. However, neurosurgeons 

PD\�DOVR�FRQVLGHU�WKH�76�DQG�769&�DSSURDFKHV�IRU�VPDOO�
WR�PRGHUDWH�VL]H�OHVLRQV�ORFDWHG�ZLWKLQ�WKH�FRQÀQHV�RI�WKH�
insula. Selecting the surgical option providing the greatest 
insular exposure should also help reduce surgical morbid-
ity.
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INSULAR gliomas remain a challenge to manage. Given 
the complexity of the insular lobe, its proximity to 
IXQFWLRQDOO\� VLJQLÀFDQW� DUHDV�� DQG� LWV� LQWLPDWH� UHOD-

WLRQVKLS�ZLWK�PLGGOH� FHUHEUDO� DQG� OHQWLFXORVWULDWH� DUWHU\�
EUDQFKHV��WKHVH�WXPRUV�ZHUH�RIWHQ�GHHPHG�WRR�GDQJHURXV�
for surgical treatment. However, improvements in neuro-
DQHVWKHVLD��PLFURVXUJLFDO�WHFKQLTXH��DQG�IXQFWLRQDO�PDS-
SLQJ�KDYH�DOORZHG�JUHDWHU�DFFHVV� WR� WKHVH� WXPRUV�ZLWK�D�
ORZ�FRPSOLFDWLRQ�UDWH��3ULRU�SXEOLVKHG�UHSRUWV�VXJJHVW�WKDW�
DJJUHVVLYH�UHVHFWLRQ�RI�ERWK�ORZ��DQG�KLJK�JUDGH�LQVXODU�

JOLRPDV�PD\�EH�DFFRPSOLVKHG�ZLWK�DQ�DFFHSWDEOH�PRUELG-
LW\�SURÀOH�2,3,7–10,13,14,17 Maximal extent of resection (EOR) 
SUHGLFWV�VXSHULRU�RYHUDOO�DQG�SURJUHVVLRQ�IUHH�VXUYLYDO�DV�
ZHOO�DV�LPSURYHG�VHL]XUH�FRQWURO�6,11,13 The majority of in-
sular gliomas not only involve the insular lobe but can also 
LQÀOWUDWH�LQWR�SRUWLRQV�RI�WKH�IURQWDO�RSHUFXOXP�DQG�WHPSR-
UDO�OREH��*LYHQ�WKHLU�SUR[LPLW\�WR�IXQFWLRQDO�ODQJXDJH�DQG�
PRWRU�QHWZRUNV��WKH�VXUJLFDO�DSSURDFK�PD\�YDU\�GHSHQG-
LQJ� RQ� WKH� SUHGRPLQDQW� FRPSRQHQW� RI� WKH� WXPRU�ZLWKLQ�
WKH�LQVXOD��5HFHQW�SXEOLFDWLRQV�KDYH�IRFXVHG�RQ�WKH�UROH�RI�

abbreviatioNs (25� �H[WHQW�RI�UHVHFWLRQ��)/$,5� �IOXLG�DWWHQXDWHG�LQYHUVLRQ�UHFRYHU\��,'+� �LVRFLWUDWH�GHK\GURJHQDVH��:+2� �:RUOG�+HDOWK�2UJDQL]DWLRQ��
submitted -DQXDU\���������� accepted $SULO���������
iNclude wheN citiNg 3XEOLVKHG�RQOLQH�6HSWHPEHU����������'2,�����������������-16�����

Surgical assessment of the insula. Part 2: validation of 
WKH�%HUJHU�6DQDL�]RQH�FODVVLÀFDWLRQ�V\VWHP�IRU�SUHGLFWLQJ�
extent of glioma resection
shawn l. hervey-Jumper, md, Jing li, md, Joseph a. osorio, md, phd, darryl lau, md,  
annette m. molinaro, phd, arnau benet, md, and mitchel s. berger, md
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RI�UHVHFWLRQ��(25��LQ�SDWLHQWV�ZLWK�LQVXODU�JOLRPDV�
methods 7KH�VWXG\�SRSXODWLRQ�LQFOXGHG�DGXOWV�ZKR�KDG�XQGHUJRQH�UHVHFWLRQ�RI�:+2�*UDGH�,,��,,,��RU�,9�LQVXODU�JOLR�
PDV��,Q�DFFRUGDQFH�ZLWK�RXU�SULRU�SXEOLVKHG�UHSRUW��WXPRU�ORFDWLRQ�ZDV�FODVVL¿HG�DFFRUGLQJ�WR�WKH�%HUJHU�6DQDL�TXDG�
UDQW�VW\OH�FODVVL¿FDWLRQ�V\VWHP�LQWR�=RQHV�,�WKURXJK�,9��,QWHUREVHUYHU�YDULDELOLW\�ZDV�DQDO\]HG�XVLQJ�D�FRKRUW�RI�QHZO\�
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insular glioma zone classification

surgery to improve survival for patients with insular glio-
mas.6,8,13–15�,Q�RXU�SULRU�UHWURVSHFWLYH�VHULHV��ZH�DQDO\]HG�
perioperative outcomes after surgery for 115 consecutive 
LQVXODU�JOLRPDV� IRFXVLQJ�RQ�PRUELGLW\� DQG� WKH� HIIHFW� RI�
(25� RQ� SDWLHQW� RXWFRPH� DQG� SURSRVHG� DQ� DQDWRPLFDO�
FODVVLÀFDWLRQ�V\VWHP�IRU�LQVXODU�JOLRPDV�WR�KHOS�SUHRSHUD-
WLYHO\�SUHGLFW�WKH�OLNHO\�H[WHQW�RI�WXPRU�UHVHFWLRQ�13 In this 
FXUUHQW�VWXG\��ZH�DVVLJQ�WKH�SUHYLRXVO\�GHVFULEHG�´%HUJ-
HU�6DQDLµ�FODVVLÀFDWLRQ�V\VWHP�WR�D�QHZ�FRKRUW�RI�LQVXODU�
JOLRPDV�WR�GHWHUPLQH�WKH�LQWHUREVHUYHU�UHOLDELOLW\�DPRQJ�
FOLQLFLDQV�DW�GLIIHUHQW�OHYHOV�RI�FOLQLFDO�H[SHULHQFH�DQG�H[-
SHUWLVH�LQ�RUGHU�WR�YDOLGDWH�RXU�SUHYLRXV�(25�SUHGLFWLRQV�

methods
patient selection

8VLQJ� D� SURVSHFWLYHO\� FROOHFWHG� GDWDEDVH� RI� LQVXODU�
JOLRPDV�DVVLJQHG�WR�RQH�RI���SUHYLRXVO\�GHVFULEHG�]RQHV�13 
ZH�VWXGLHG�����FRQVHFXWLYH�SDWLHQWV�XQGHUJRLQJ�D�WRWDO�����
UHVHFWLRQV�EHWZHHQ�6HSWHPEHU������DQG�$SULO�������$OO�
SURFHGXUHV�ZHUH�SHUIRUPHG�E\� WKH�VWXG\·V� VHQLRU�DXWKRU�
�0�6�%���3DWLHQWV�ZHUH�DOO�DGXOWV�ROGHU�WKDQ����\HDUV�RI�DJH�
ZKR�KDG�XQGHUJRQH�VXUJHU\�DW�WKH�8QLYHUVLW\�RI�&DOLIRUQLD��
6DQ�)UDQFLVFR��3HULRSHUDWLYH�SDWLHQW�SDUDPHWHUV�LQFOXGLQJ�
]RQH�FODVVLÀFDWLRQ�EDVHG�RQ�SUHRSHUDWLYH�ÁXLG�DWWHQXDWHG�
LQYHUVLRQ�UHFRYHU\��)/$,5��DQG�7��ZHLJKWHG�SRVWFRQWUDVW�
05�LPDJHV��FOLQLFDO�SUHVHQWDWLRQ��KDQGHGQHVV��DJH�DW�GL-
DJQRVLV�� LPPHGLDWH�SRVWRSHUDWLYH�05,� �ZLWKLQ����KRXUV�
RI� VXUJHU\��� DQG� KLVWRSDWKRORJ\� UHYLHZ� �LQ� DFFRUGDQFH�
ZLWK�:RUOG�+HDOWK�2UJDQL]DWLRQ�>:+2@�JXLGHOLQHV��ZHUH�
SURVSHFWLYHO\� FROOHFWHG��*LYHQ� VXEVWDQWLDO� GLIIHUHQFHV� LQ�
WKHLU�QDWXUDO�KLVWRU\��SDWLHQWV�ZLWK�:+2�*UDGH�,�KLVWRO-
RJ\��WKRVH�ZLWK�PXOWLIRFDO�JOLRPD��DQG�JOLRPDWRVLV�FHUHEUL�
ZHUH�H[FOXGHG�IURP�DQDO\VLV��$OO�DVSHFWV�RI�PLFURVXUJLFDO�
WXPRU�UHPRYDO�� LQFOXGLQJ�D�GHVFULSWLRQ�RI� WKH�IXQFWLRQDO�
PDSSLQJ��KDYH�EHHQ�SUHYLRXVO\�GHVFULEHG�LQ�RXU�SULRU�SXE-
lication on insular gliomas.13�$SSURYDO�IRU�WKLV�VWXG\�ZDV�
JUDQWHG� E\� WKH� 8QLYHUVLW\� RI� &DOLIRUQLD�� 6DQ� )UDQFLVFR�
&RPPLWWHH�RQ�+XPDQ�5HVHDUFK�

interobserver reliability of berger-sanai insular glioma 
&ODVVLÀFDWLRQ�6\VWHP

$FFRUGLQJ� WR�RXU�SULRU�SXEOLVKHG�SURWRFRO�� WKH� LQVXOD�
ZDV� GLYLGHG� LQWR� �� ]RQHV� �)LJ�� ����$ORQJ� WKH� KRUL]RQWDO�
SODQH� LQ� D� VDJLWWDO� YLHZ�� WKH� LQVXOD�ZDV� VHHQ� WR� VWUDGGOH�
WKH�RYHUO\LQJ�V\OYLDQ�ÀVVXUH��7KLV�SODQH�ZDV� LQWHUVHFWHG�
E\�D�SHUSHQGLFXODU�OLQH�DW�WKH�IRUDPHQ�RI�0RQUR��7XPRU�
ORFDWLRQ�ZDV�DVVLJQHG�WR�RQH�RU�PRUH�RI�WKHVH�]RQHV�13 For 
WXPRUV�RFFXS\LQJ�PRUH� WKDQ���]RQH�� WKLV� FRQGLWLRQ�ZDV�
GHQRWHG�DV�VXFK��H�J���=RQHV�,�,,���)RU�FDVHV�LQ�ZKLFK�WKH�
WXPRU� RFFXSLHG� DOO� �� ]RQHV�� WKHVH� LQVXODU� JOLRPDV�ZHUH�
GHÀQHG�DV�́ *LDQW�µ�8VLQJ�WKLV�PHWKRG��D�WRWDO�RI���SRVVLEOH�
RSWLRQV�H[LVWHG�IRU�FODVVLÀFDWLRQ��=RQHV�,��,,��,,,��,9��,�,,��
,�,9��,,�,,,��DQG�,,,�,9�DQG�*LDQW�

7R�WHVW�DJUHHPHQW�RI�LQVXODU�]RQH�DVVLJQPHQW�EHWZHHQ�
FOLQLFLDQV��D�VXEVHW�RI����FDVHV�RI�QHZO\�GLDJQRVHG�LQVXODU�
JOLRPD�ZHUH�LQGHSHQGHQWO\�VFRUHG�E\���H[DPLQHUV��:LWK�
WKH�JRDO�RI�WHVWLQJ�FOLQLFLDQV�DFURVV�D�YDULHG�GLVWULEXWLRQ�RI�
FOLQLFDO�H[SHULHQFHV����MXQLRU�OHYHO�QHXURVXUJHU\�UHVLGHQW�
(J.O.), 1 junior level neurosurgery faculty member (S.H.J.), 
DQG���VHQLRU�QHXURVXUJHRQ��0�6�%���ZHUH�FKRVHQ�WR�SDU-
WLFLSDWH��3DUWLFLSDQWV�ZHUH�EOLQGHG� WR� HDFK�RWKHU·V� VFRUH��

7KH�NDSSD�FRHIÀFLHQW�ZDV�XVHG�WR�GHWHUPLQH�WKH�VLJQLÀ-
cance of this agreement. Interpretation of the kappa co-
HIÀFLHQW�ZDV�SHUIRUPHG�LQ�DFFRUGDQFH�WR�SULRU�SXEOLVKHG�
UHSRUWV� LQ� ZKLFK� �� LQGLFDWHG� DJUHHPHQW� HTXLYDOHQW� WR�
chance, 0.01–0.20 slight agreement, 0.21–0.40 fair agree-
PHQW������²�����PRGHUDWH�DJUHHPHQW������²�����VXEVWDQ-
WLDO�DJUHHPHQW������²�����DOPRVW�SHUIHFW�DJUHHPHQW��DQG�D�
NDSSD�FRHIÀFLHQW�RI���LQGLFDWHG�SHUIHFW�DJUHHPHQW�5

patient outcome measurements
3DWLHQWV� XQGHUZHQW� VHTXHQWLDO� QHXURORJLFDO� H[DPLQD-

WLRQV� SHUIRUPHG�E\� �� FOLQLFLDQV� GXULQJ� WKH� SHULRSHUDWLYH�
SHULRG��WKH�VHQLRU�DWWHQGLQJ�QHXURVXUJHRQ��D�QHXURVXUJLFDO�
UHVLGHQW��D�VSHHFK�DQG�ODQJXDJH�QHXURSK\VLRORJLVW��DQG�WKH�
DWWHQGLQJ� QHXUR�RQFRORJLVW�� &OLQLFDO� H[DPLQDWLRQV� ZHUH�
SHUIRUPHG�SUHRSHUDWLYHO\��HYHU\�GD\�GXULQJ�WKH�SRVWRSHUD-
WLYH�SHULRG��DQG�DW�HDFK�IROORZ�XS�DSSRLQWPHQW�E\�DW�OHDVW�
��RI�WKH�DERYH�PHQWLRQHG�FOLQLFLDQV���²��ZHHNV�DQG��²��
months following surgery). Short-term neurological mor-
ELGLW\�ZDV�GHÀQHG�DV�QHZ�RQVHW�ODQJXDJH�RU�VHQVRULPRWRU�
GHÀFLWV�ZLWKLQ�WKH�ÀUVW��²��SRVWRSHUDWLYH�GD\V��/RQJ�WHUP�
QHXURORJLFDO�PRUELGLW\�ZDV�GHÀQHG�DV�SHUVLVWHQW�G\VIXQF-
WLRQ����GD\V�DIWHU�VXUJLFDO� LQWHUYHQWLRQ��2XU�SURWRFRO� IRU�
ODQJXDJH�IXQFWLRQ�WHVWLQJ�KDV�EHHQ�SUHYLRXVO\�GHVFULEHG�12 
'LIIHUHQFHV�EHWZHHQ�ÀQGLQJV�RI�WKH���H[DPLQHUV�ZHUH�DG-
MXGLFDWHG�E\�DFFHSWLQJ�WKH�UHVXOWV�VKRZLQJ�WKH�JUHDWHVW�LP-
SDLUPHQW�LI�PRUH�WKDQ���H[DPLQHU�ZDV�LQYROYHG�DW�D�JLYHQ�
WLPH�SRLQW��05,�UHVXOWV�ZHUH�UHYLHZHG�WR�FRQÀUP�WKDW�WKH�
SDWLHQW·V�V\PSWRPV�ZHUH�QRW�D�IXQFWLRQ�RI�WXPRU�SURJUHV-
VLRQ�DW�HDFK�WLPH�SRLQW��0DOLJQDQW�SURJUHVVLRQ�ZDV�GHÀQHG�
DV�D�FKDQJH�LQ�KLVWRSDWKRORJ\�RI�:+2�*UDGH�,,�RU�,,,�WX-
PRUV�WR�KLJKHU�JUDGH�OHVLRQV�RQ�D�VXEVHTXHQW�SURFHGXUH�

volumetric analyses
2QH�DXWKRU� �-�/��� FRQGXFWHG�YROXPHWULF�PHDVXUHPHQW�

RI� SUH�� DQG� SRVWRSHUDWLYH� LPDJLQJ�� (DFK� PHDVXUHPHQW�
DQG� FDOFXODWLRQ� ZDV� H[DPLQHG� IRU� DFFXUDF\� E\� DQRWKHU�
DXWKRU� �6�+�-��� DQG� WKH� SULPDU\� VXUJHRQ� �0�6�%����/RZ��
DQG�KLJK�JUDGH� WXPRUV�ZHUH�YROXPHWULFDOO\�DQDO\]HG�E\�
PHDVXULQJ� K\SHULQWHQVH� UHJLRQV� RQ� D[LDO� 7��ZHLJKWHG�
)/$,5�05�LPDJHV��ORZ�JUDGH�JOLRPDV��DQG�7��ZHLJKWHG�
FRQWUDVW�HQKDQFHG�05�LPDJHV��KLJK�JUDGH�JOLRPDV���)RU�
HDFK�FDVH��WKH�WXPRU�ZDV�VHJPHQWHG�PDQXDOO\�DFURVV�DOO�
VOLFHV�ZLWK�UHJLRQ�RI�LQWHUHVW�DQDO\VLV�WR�FRPSXWH�SUH��DQG�
postoperative volumes in cubic centimeters. The EOR was 
FDOFXODWHG�DV�IROORZV��>����< (postoperative tumor volume/
SUHRSHUDWLYH� WXPRU� YROXPH�
���@��ZLWK� ����� LQGLFDWLQJ�
JURVV� WRWDO� UHVHFWLRQ� DQG� �� ����� UHSUHVHQWLQJ� VXEWRWDO�
UHVHFWLRQ��'HWHUPLQDWLRQ�RI�WXPRU�YROXPH�DQG�(25�ZDV�
PDGH�ZLWKRXW�FRQVLGHUDWLRQ�RI�WKH�FOLQLFDO�RXWFRPH�

statistical analyses
'HVFULSWLYH�VWDWLVWLFV�ZHUH�FDOFXODWHG� IRU�DOO�YDULDEOHV�

DQG�VWDWHG�DV�PHGLDQ��XQOHVV�RWKHUZLVH�VSHFLÀHG��IRU�FRQ-
WLQXRXV� YDULDEOHV� DQG� IUHTXHQF\� RI� GLVWULEXWLRQ� IRU� FDW-
HJRULFDO�YDULDEOHV��&URVV�WDEXODWLRQV�ZHUH�JHQHUDWHG��DQG�
WKH�:LOFR[RQ�VLJQHG�UDQN� WHVW� �IRU�FRQWLQXRXV�YDULDEOHV��
DQG�FKL�VTXDUH��IRU�FDWHJRULFDO�YDULDEOHV��WHVWV�ZHUH�XVHG�
WR�FRPSDUH�GLVWULEXWLRQV��7KH�)LVKHU�H[DFW�WHVW�ZDV�XVHG�LI�
PRUH�WKDQ�����RI�YDOXHV�ZHUH�OHVV�WKDQ����7KH�NDSSD�FR-
HIÀFLHQW�ZDV�XVHG�WR�GHWHUPLQH�VWUHQJWK�RI�DJUHHPHQW�EH-
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WZHHQ�FOLQLFLDQV��$OO�S�YDOXHV�ZHUH�REWDLQHG�IURP���VLGHG�
WHVWV��ZLWK�VWDWLVWLFDO� VLJQLÀFDQFH�GHÀQHG�DV�S���������$�
ELRVWDWLVWLFLDQ��$�0���DVVLVWHG�ZLWK�VWDWLVWLFDO�DQDO\VHV�LQ�
WKLV�VWXG\��XVLQJ�-03�VWDWLVWLFDO� VRIWZDUH��YHUVLRQ��������
�6$6�,QVWLWXWH��,QF���

results
patient demographics

7KH�VWXG\�SRSXODWLRQ�LQFOXGHG�����FRQVHFXWLYH�SDWLHQWV�
IRU�D�WRWDO�RI�����SURFHGXUHV�UHSUHVHQWLQJ����PHQ�DQG����
ZRPHQ�ZLWK�D�PHGLDQ�DJH�RI����\HDUV��UDQJH���²���\HDUV��
�7DEOH�����7KH�VWXG\�SRSXODWLRQ�IURP�RXU�SUHYLRXVO\�SXE-
OLVKHG�H[SHULHQFH� LQFOXGHG�����SURFHGXUHV� LQYROYLQJ�����
SDWLHQWV��$V�VXFK��RXU�WRWDO�H[SHULHQFH�LQFOXGHG�����SUR-
FHGXUHV�LQYROYLQJ�����SDWLHQWV�ZLWK�LQVXODU�JOLRPD�WUHDWHG�
DW�RXU�LQVWLWXWLRQ��(LJKW\���������RI�WKH�����SURFHGXUHV�LQ�
WKH�FXUUHQW�H[SHULHQFH�UHSUHVHQWHG�SULPDU\�FUDQLRWRPLHV��
ZKHUHDV� ��� �������� RI� WKH� RSHUDWLRQV� LQYROYHG� SDWLHQWV�
ZKR�KDG�XQGHUJRQH�DW�OHDVW���SULRU�VXUJLFDO�SURFHGXUH�IRU�
the treatment of insular glioma. 6L[W\�HLJKW���������RI�WKH�
SURFHGXUHV�ZHUH�IRU�WKH�WUHDWPHQW�RI�OHIW�VLGHG�WXPRUV��DQG�
WKHUH�ZHUH����DZDNH�FUDQLRWRP\�SURFHGXUHV����������3D-

WLHQWV�PRVW�FRPPRQO\�SUHVHQWHG�ZLWK�QHZ�RQVHW�VHL]XUHV�
����FDVHV����������RU�DV\PSWRPDWLF�WXPRU�SURJUHVVLRQ�����
FDVHV�� �������� RWKHU� SUHVHQWDWLRQV� LQFOXGHG� KHDGDFKHV� ���
FDVHV���������FRJQLWLYH�GHFOLQH����FDVHV���������PRWRU�GHÀ-
FLWV� ���FDVHV���������DQG� ODQJXDJH�GHÀFLWV� ���FDVH���������
,QVXODU� JOLRPDV�ZHUH� UDUHO\� GLVFRYHUHG� LQFLGHQWDOO\�� UHS-
UHVHQWLQJ������RI�FDVHV����SDWLHQWV���,Q�WKH�����RSHUDWLRQV��
WKH�PRVW�FRPPRQ�KLVWRORJLFDO�JUDGH�ZDV�:+2�*UDGH�,,�
���� WXPRUV���������� IROORZHG�E\�:+2�*UDGH�,,,� ���� WX-
PRUV�� �������� DQG�:+2� *UDGH� ,9� ���� WXPRUV�� ��������
7KH�PHGLDQ�WXPRU�YROXPH�ZDV������FP3 (range 0.11–245.7 
cm3���)LIWHHQ�SHUFHQW�RI�LQVXODU�WXPRUV������ZHUH�FRQÀQHG�
HQWLUHO\�ZLWKLQ�WKH�LQVXOD��ZKLOH�����RI�WXPRUV�ZHUH�SUL-
PDULO\�EDVHG�LQ�WKH�LQVXOD��L�H���!������ZLWK�WXPRU�H[WHQG-
LQJ� EH\RQG� WKH� LQVXOD� WR� LQYROYH� SRUWLRQV� RI� WKH� IURQWDO��
WHPSRUDO��RU�SDULHWDO�OREHV��7KH�PHGLDQ�GXUDWLRQ�RI�FOLQL-
FDO� IROORZ�XS�ZDV�����\HDUV� �UDQJH�����²�����\HDUV��DQG��
DV�SDUW�RI�SODQQHG�DGMXYDQW�WKHUDS\������SDWLHQWV���������
ZHUH�WUHDWHG�ZLWK�FKHPRWKHUDS\�DQG������������XQGHUZHQW�
UDGLDWLRQ�WKHUDS\�DIWHU�VXUJHU\��GHFLVLRQV�DERXW�XVH�RI�DG-
MXYDQW�FKHPR�UDGLDWLRQ�ZHUH�PDGH�RQ�D�FDVH�E\�FDVH�EDVLV�
GHSHQGHQW�RQ� WXPRU�UHFXUUHQFH��:+2�JUDGH��DQG�KLVWRO-

Fig. 1.�,OOXVWUDWLRQ�VKRZLQJ�LQVXODU�VXUIDFH�ZLWK�%HUJHU�6DQDL�LQVXODU�JOLRPD�FODVVLILFDWLRQ�V\VWHP�� a: 7KH�LQVXOD�LV�FRYHUHG�E\�WKH�
IURQWRSDULHWDO�DQG�WHPSRUDO�RSHUFXOD�� b:�=RQHV�,�WR�,9�DUH�GLYLGHG�DORQJ�WKH�V\OYLDQ�ILVVXUH�DQG�D�SHUSHQGLFXODU�SODQH�FURVVLQJ�WKH�
IRUDPHQ�RI�0RQUR�� c:�,QVXODU�WXPRU�ORFDWLRQ�LV�GHWHUPLQHG�E\�WKH�SRVLWLRQ�RI�WKH�PDMRULW\�RI�WKH�WXPRU�PDVV�� d:�$[LDO�LOOXVWUDWLRQ�
RI�=RQHV�,�DQG�,,�ORFDWHG�DQWHULRU�WR�WKH�IRUDPHQ�RI�0RQUR�DQG�=RQHV�,,�DQG�,,,�ORFDWHG�EHKLQG�WKH�IRUDPHQ�RI�0RQUR��&RS\ULJKW�
.HQQHWK�;��3UREVW��3XEOLVKHG�ZLWK�SHUPLVVLRQ�
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insular glioma zone classification

RJ\��� +LVWRORJLFDOO\� FRQÀUPHG�PDOLJQDQW� WUDQVIRUPDWLRQ�
IURP�:+2�*UDGH� ,,� WR�:+2�*UDGH� ,,,� RU� IURP�:+2�
*UDGH�,,,�WR�:+2�*UDGH�,9�RFFXUUHG�LQ����FDVHV����������
7XPRU�ODWHUDOLW\�ZDV�HYHQO\�GLVWULEXWHG��7DEOH����

distribution of insular glioma location
%DVHG�RQ�RXU�SULRU�SXEOLVKHG�UHSRUW�13 insular gliomas 

ZHUH�DVVLJQHG�WR���RI���]RQHV��7DEOH�����7KH�PDMRULW\�RI�
LQVXODU�JOLRPDV�ZHUH�ORFDWHG�LQ�WKH�DQWHULRU�SRUWLRQ�RI�WKH�
LQVXOD��DQWHULRU�WR�WKH�IRUDPHQ�RI�0RQUR���ZLWK�����������
FDVHV��ZLWKLQ�WKH�DQWHULRU�VXSHULRU�TXDGUDQW��=RQH�,���������
����FDVHV��ZLWKLQ�WKH�DQWHULRU�LQIHULRU�TXDGUDQW��=RQH�,9���
DQG�����������FDVHV��ZLWKLQ�=RQHV�,�,9��WRWDO�RI�������RI�
cases within the anterior insula). Twelve insular gliomas 
�������ZHUH�FODVVLÀHG�DV�*LDQW��RFFXS\LQJ�DOO���]RQHV�

interobserver reliability of berger-sanai insular glioma 
&ODVVLÀFDWLRQ�6\VWHP

,QWHUREVHUYHU�UHOLDELOLW\�ZDV�WHVWHG�XVLQJ�SUHRSHUDWLYH�
)/$,5�RU�7��ZHLJKWHG�JDGROLQLXP�HQKDQFHG�05�LPDJHV�
REWDLQHG�LQ����SDWLHQWV�ZLWK�QHZ�:+2�*UDGH�,,��,,,��RU�
,9� LQVXODU� JOLRPDV�� 7KUHH� QHXURVXUJHRQV� ZLWK� YDU\LQJ�
DPRXQWV�RI�FOLQLFDO�H[SHULHQFH�VFRUHG�HDFK�WXPRU·V�ORFD-
WLRQ�DFFRUGLQJ�WR�RXU�SUHYLRXVO\�SXEOLVKHG�]RQH�FODVVLÀFD-
tion criteria.13� ,QWHUREVHUYHU�DJUHHPHQW�ZDV�����������RI�
��� FDVHV�� IRU�:+2�*UDGH� ,,� JOLRPDV�� ������ ���� RI� ���
FDVHV��IRU�:+2�*UDGH�,,,�DQDSODVWLF�JOLRPDV��DQG������
���RI��� FDVHV�� IRU�:+2�*UDGH� ,9�JOLRPDV��2YHUDOO�RE-
VHUYHU�DJUHHPHQW�ZDV������,QWHUREVHUYHU�UHOLDELOLW\�WHVW-
LQJ�VKRZHG�VWURQJ�DJUHHPHQW�ZLWK�D�NDSSD�FRHIÀFLHQW�RI�

table 1. demographic and clinical characteristics of study 
patients who underwent surgery for treatment of insular glioma 
(129 procedures)*

3DUDPHWHU 9DOXH

$JH�DW�GLDJQRVLV��\UV�
� 0HGLDQ 41
� 5DQJH� ��±��
6H[�
� 0DOH ����������
� )HPDOH ����������
6LGH�RI�WXPRU
� /HIW ����������
� 5LJKW ����������
:+2�WXPRU�JUDGH
� ,, ����������
� ,,, ����������
� ,9 ����������
7XPRU�YROXPH��FP��
� 0HGLDQ �����
� 5DQJH ����±�����
,QVXODU�JOLRPD�ORFDWLRQ�E\�]RQH
� ,� ����������
� ,,� ��������
� ,,,� ����������
� ,9� ����������
� ,�,,� ��������
� ,�,9� ����������
� ,,�,,,� ��������
� ,,,�,9� ���������
� *LDQW ���������
0HGLDQ�LQVXODU�JOLRPD�YROXPH�E\�]RQH��FP��
� , ����
� ,, ����
� ,,, 22
� ,9 ����
� ,�,, ��
� ,�,9 ����
� ,,�,,, ����
� ,,,�,9 ����
� *LDQW ����
+DQGHGQHVV
� 5LJKW �����������
� /HIW� ��������
6\PSWRPV�DW�SUHVHQWDWLRQ
� 6HL]XUH� ����������
� &RJQLWLYH�GHFOLQH ��������
� +HDGDFKH� ��������
� ,QFLGHQWDO� ��������
� /DQJXDJH�GH¿FLW ��������
� 0RWRU�GH¿FLW� ��������
� $V\PSWRPDWLF�UHFXUUHQFH� ����������

(continued)

table 1. demographic and clinical characteristics of study 
patients who underwent surgery for treatment of insular glioma 
(129 procedures)* (continued)

3DUDPHWHU 9DOXH

7\SH�RI�VXUJHU\
� 0RWRU�PDSSLQJ �����������
� /DQJXDJH�PDSSLQJ ����������
� $ZDNH�VXUJHU\� ����������
� 1HZ� ����������
� 5HRSHUDWLRQ� ����������
$GMXYDQW�RQFRORJLF�WUHDWPHQW
� 3DWLHQWV�ZLWK�SRVWRSHUDWLYH�FKHPRWKHUDS\ �����������
� 3DWLHQWV�ZLWK�SRVWRSHUDWLYH�UDGLDWLRQ ����������
� 0DOLJQDQW�WUDQVIRUPDWLRQ ����������
&OLQLFDO�IROORZ�XS��\UV�
� 0HGLDQ ���
� 5DQJH ����±����
EOR
� �±��� ��������
� ��±��� ����������
� ��±��� ����������
� !��� ����������
� 0HGLDQ ���
� 5DQJH ��±����


� 9DOXHV�LQGLFDWH�QXPEHUV�RI�FDVHV��E\�SURFHGXUH��XQOHVV�RWKHUZLVH�LQGLFDWHG�
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�����������&,�����²������S�����������7KHUH�ZDV�QR�FRU-
UHODWLRQ�EHWZHHQ�REVHUYHU�DJUHHPHQW�DQG�:+2�JUDGH��S�
= 0.42).

extent of resection 
(25�ZDV�GHWHUPLQHG�DV�IROORZV��LQ���FDVH���������WKH�

(25�ZDV�OHVV�WKDQ�RU�HTXDO�WR������LQ�������������LW�ZDV�
EHWZHHQ� ���� DQG� ����� LQ� ��� ��������� LW� ZDV� EHWZHHQ�
����DQ������DQG�LQ�������������LW�ZDV�JUHDWHU�WKDQ������
7KH�PHGLDQ�(25�ZDV������UDQJH����²������DFURVV�DOO�
]RQHV��7DEOH�����$PRQJ�FDVHV�RI�:+2�*UDGH�,,�JOLRPD�
����FDVHV���WKH�PHGLDQ�(25�ZDV������LQ����FDVHV����������
WKH�(25�ZDV�JUHDWHU�WKDQ�RU�HTXDO�WR������WKLV�LQFOXGHG�
���FDVHV�>�����@�ZLWK����²����UHVHFWLRQ�DQG����>�����@�
ZLWK�!�����UHVHFWLRQ���$�WRWDO�RI����RSHUDWLRQV�ZHUH�IRU�
WUHDWPHQW� RI� DQDSODVWLF� DVWURF\WRPD� �:+2� *UDGH� ,,,���
ZLWK�D�PHGLDQ�(25�RI������,Q����FDVHV����������WKH�(25�
ZDV�����RU�JUHDWHU��WKLV�LQFOXGHG����FDVHV�>�����@�ZLWK�D�
���²����UHVHFWLRQ�DQG����>�����@�ZLWK�D�!�����UHVHF-
WLRQ���$PRQJ�FDVHV�RI�:+2�*UDGH�,9�JOLRPD�����FDVHV���
WKH�PHGLDQ�(25�ZDV������DQG����FDVHV���������KDG�DQ�
(25�JUHDWHU�WKDQ�RU�HTXDO�WR������WKLV�LQFOXGHG���FDVHV�
>�����@�ZLWK����²����UHVHFWLRQ�DQG����>�����@�ZLWK�!�
����UHVHFWLRQ���=RQH�,,� LQVXODU�JOLRPDV�ZHUH� WKH�VPDOO-
HVW��ZLWK�D�PHGLDQ�WXPRU�YROXPH�RI������FP3, while Giant 
LQVXODU�JOLRPDV�KDG�D�PHGLDQ�YROXPH�RI������FP3 (Table 
����7KH�JUHDWHVW�(25�ZDV�DFFRPSOLVKHG�LQ�WXPRUV�ORFDWHG�
LQ� =RQHV� ,� �PHGLDQ� (25� ������� DQG� ,9� �PHGLDQ� (25�
�������� FRPSDUHG�ZLWK�=RQHV� ,�,9� �PHGLDQ�(25������
DQG�*LDQW�WXPRUV��PHGLDQ�(25�������S� ���������7DEOH�
����,Q�RXU�LQLWLDO�VHULHV��WKH�VPDOOHVW�(25�ZDV�DVVRFLDWHG�
ZLWK�=RQH�,,�WXPRUV��KRZHYHU��ZLWK�D�JUHDWHU�ZLOOLQJQHVV�
WR�PD[LPL]H�UHVHFWLRQV�XVLQJ�HLWKHU�D�WUDQVFRUWLFDO�VXUJL-
FDO�FRUULGRU�WKURXJK�VLOHQW�SRUWLRQV�RI�WKH�IDFH�PRWRU�FRU-
WH[� RU� VSOLWWLQJ� WKH� SRVWHULRU� V\OYLDQ�ÀVVXUH�� WKH�PHGLDQ�
(25�LQFUHDVHG�WR��������7KHUH�ZHUH�QR�VLJQLÀFDQW�GLIIHU-
HQFHV�LQ�PHGLDQ�(25�EHWZHHQ�WXPRUV�DFURVV�DOO�]RQHV�LQ�
our 2 insular glioma series (Table 2).

,Q�DGGLWLRQ�WR�]RQHV�SUHGLFWLYH�RI�(25��WKHUH�ZDV�DOVR�
D�SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�WXPRU�VL]H�DQG�(25��7KH�
PHGLDQ�JOLRPD�YROXPH�ZDV�KLJKHVW� LQ�*LDQW� ������FP3), 
=RQH�,�,,�������FP3���DQG�=RQH�,,�,,,�������FP3) tumors. 
7KH� VPDOOHVW� PHGLDQ� WXPRU� YROXPHV� ZHUH� REVHUYHG� LQ�

=RQH�,,�������FP3���=RQH�,,,�������FP3���DQG�=RQH�,9�������
cm3��WXPRUV��PHGLDQ�YROXPHV�IRU�=RQH�,��=RQH�,�,9��DQG�
=RQH� ,,,�,9� WXPRUV�ZHUH� ����� FP3, 52.3 cm3�� DQG� �����
cm3��UHVSHFWLYHO\���S� ���������,Q�FDVHV�ZLWK�(25��������
WKH�PHGLDQ�WXPRU�YROXPH�ZDV����FP3 (mean 38 cm3���LQ�
WKRVH�ZLWK�(25�RI����²�����WKH�PHGLDQ�WXPRU�YROXPH�
was 46 cm3 (mean 61 cm3���LQ�WKRVH�ZLWK�(25�RI����²
�����WKH�PHGLDQ�YROXPH�ZDV����FP3 (mean 62 cm3���DQG�
LQ�WKRVH�ZLWK�DQ�(25�!������WKH�PHGLDQ�JOLRPD�YROXPH�
was 25 cm3 (mean 46 cm3) (p = 0.0183). This suggests a 
more complete resection for smaller insular tumors.

insular glioma molecular characteristics and impact on 
eor

7KHUH� LV� LQFRQVLVWHQF\� LQ� WKH� OLWHUDWXUH� UHJDUGLQJ� WKH�
UDWH�RI��S�DQG���T�FKURPRVRPDO� FR�GHOHWLRQV� LQ� LQVXODU�
gliomas.4,16�,Q������������RI�WKH�FDVHV�LQ�RXU�QHZ�VHULHV��
WKH� WXPRUV�ZHUH�HLWKHU�:+2�*UDGH� ,,�ROLJRGHQGURJOLR-
PD��Q� ������:+2�*UDGH� ,,�ROLJRDVWURF\WRPD��Q� ������
RU�:+2�*UDGH� ,,,�DQDSODVWLF�ROLJRGHQGURJOLRPD�RU�ROL-
goastrocytoma (n = 12). Forty-three percent (n = 23) of 
:+2�*UDGH�,,�DQG�,,,�LQVXODU�ROLJRGHQGURJOLRPD�DQG�ROL-
JRDVWURF\WRPDV�KDG��S��T�FR�GHOHWLRQV��S� ��������2WKHU�
SUHYLRXVO\� SXEOLVKHG� UHSRUWV� KDYH� VXJJHVWHG� WKDW� LVRFL-
WUDWH�GHK\GURJHQDVH��,'+��VWDWXV�FRQIHUV�D�KLJKHU�GHJUHH�
RI�UHVHFWDELOLW\�RQ�:+2�*UDGH�,,,�DQG�,9�JOLRPDV�1 We 
WKHUHIRUH�DQDO\]HG�(25�IRFXVLQJ�RQ�LQVXODU�JOLRPDV�WKDW�
ZHUH�SRVLWLYH�IRU�WKH�,'+�PXWDWLRQ��,'+����7KHUH�ZDV�QR�
VLJQLÀFDQW�GLIIHUHQFH�LQ�WKH�YROXPH�RI�,'+��DQG�QRQPX-
WDWHG��,'+<��LQVXODU�JOLRPDV��,'+��JOLRPDV�KDG�D�PHGL-
an tumor volume of 47.1 cm3, while IDH< insular gliomas 
KDG�D�PHGLDQ�WXPRU�YROXPH�RI������FP3��S� ��������)XU-
WKHUPRUH�� ,'+��LQVXODU�JOLRPDV�ZHUH�HYHQO\�GLVWULEXWHG�
DFURVV�]RQHV��ZLWK�QR�VWDWLVWLFDOO\�VLJQLÀFDQW�GLIIHUHQFHV�
QRWHG� �=RQH� ,�� �����=RQH� ,,�� ����=RQH� ,,,�� �����=RQH�
,9������=RQHV� ,�,,������=RQHV� ,�,9�������=RQHV� ,,�,,,��
����=RQHV�,,,�,9������*LDQW������S� ��������$PRQJ�:+2�
*UDGH� ,,� LQVXODU� JOLRPDV�� ,'+�� WXPRUV� KDG� D� PHGLDQ�
(25�RI������ZKLOH�,'+<�:+2�*UDGH�,,�LQVXODU�JOLRPDV�
KDG�D�PHGLDQ�(25�RI������S� ��������:+2�*UDGH� ,,,�
,'+��LQVXODU�JOLRPDV�KDG�D�PHGLDQ�(25�RI������ZKLOH�
IDH<�:+2�*UDGH�,,,�LQVXODU�JOLRPDV�KDG�D�PHGLDQ�(25�
RI������S� ��������7KH�PHGLDQ�(25�IRU�:+2�*UDGH�,9�

table 2. summary of resected insular gliomas by zone (n = 244)

=RQH :+2�*UDGH�,, :+2�*UDGH�,,, :+2�*UDGH�,9
0HGLDQ�(25����

�QHZ�VHULHV��Q� �����
0HGLDQ�(25���� 

�FRPELQHG�VHULHV��Q �����
 S�9DOXH�

,��Q� ���� ��������� ��������� �������� ���� 92 ����
,,��Q� ��� �������� �������� �������� ���� 75.5 ����
,,,��Q� ���� ��������� �������� �������� 88 89 ����
,9��Q� ���� �������� �������� �������� ���� 89.2 ����
,�,,��Q� ��� �������� �������� �������� ���� 78.9 ����
,�,9��Q� ���� ��������� ��������� ������� �� 78 ����
,,�,,,��Q� ���� ��������� �������� ������� �� 84 ����
,,,�,9��Q� ���� �������� �������� �������� 82 83 ����
*LDQW��Q� ���� ��������� �������� ������� �� 76.4 ����
7RWDOV ���������� ��������� ���������


� %ROG�W\SH�LV�XVHG�WR�KLJKOLJKW�WKH�YDOXHV�IRU�WKH�FRPELQHG�VHULHV�
�� )RU�FRPSDULVRQ�RI�(25�EHWZHHQ�6DQDL�HW�DO����DQG�WKH�FXUUHQW�VHULHV�
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insular glioma zone classification

,'+��LQVXODU�JOLRPDV�ZDV������ZKLOH�,'+<�:+2�*UDGH�
,9�LQVXODU�JOLRPDV�KDG�D�PHGLDQ�(25�RI������S� �������

0RUELGLW\�3URÀOH
7KHUH�ZHUH�QR�GHDWKV�UHODWHG�WR�VXUJHU\�LQ�WKLV�VHULHV��

7KH�RYHUDOO� VKRUW�WHUP�FRPSOLFDWLRQ� UDWH�ZDV������� ����
FRPSOLFDWLRQV� LQ� ���� SURFHGXUHV�� �7DEOH� ���� 6KRUW�WHUP�
�ZLWKLQ��²��GD\V�DIWHU�VXUJHU\��QHXURORJLFDO�FRPSOLFDWLRQV�
RFFXUUHG�PRVW�IUHTXHQWO\�DIWHU�SURFHGXUHV�LQYROYLQJ�=RQH�
��DQG�*LDQW�LQVXODU�JOLRPDV��1HZ�PRWRU�QHXURORJLFDO�GHÀ-
FLWV�H[FOXGLQJ�IDFH�PRWRU�ZHDNQHVV��ZLWKLQ��²��GD\V�DI-
WHU�VXUJHU\��RFFXUUHG�DIWHU������RI�WKH�SURFHGXUHV�����RI�
������1HZ�IDFH�PRWRU�GHÀFLWV�RFFXUUHG�DIWHU����������RI�
������(DUO\�SRVWRSHUDWLYH�ODQJXDJH�GHÀFLWV�RFFXUUHG�DIWHU�
����������RI�������$W�WKH���PRQWK�IROORZ�XS�YLVLW��������
RI�IDFH�PRWRU�GHÀFLWV�UHVROYHG��7KH�RYHUDOO�ORQJ�WHUP�����
GD\��QHXURORJLFDO�GHÀFLW�UDWH�ZDV�������$OO�EXW���ODQJXDJH�
GHÀFLW�UHVROYHG���������ZKLOH�WKH�ORQJ�WHUP�UDWH�RI�PRWRU�
GLVDELOLW\�DOVR�UHPDLQHG�ORZ�DW�������Q� �����7KHVH�UDWHV�
FRPSDUHG�IDYRUDEO\�ZLWK�UHVXOWV�IURP�RXU�SULRU�UHWURVSHF-
tive series.

discussion
7KH�LQVXOD·V�SUR[LPLW\�WR�PLGGOH�FHUHEUDO�DUWHU\�YHVVHOV��

SULPDU\�PRWRU�DQG�VHQVRU\�DUHDV��DQG�WKH�SHULV\OYLDQ�ODQ-
JXDJH�QHWZRUN�PDNHV�DFFHVVLQJ�DQG�UHVHFWLQJ�JOLRPDV�LQ�
WKLV�DUHD�FKDOOHQJLQJ��3ULRU�VWXGLHV�GHPRQVWUDWHG�WKDW�PD[-
LPDO�UHVHFWLRQ�RI�LQVXODU�JOLRPDV�HQKDQFHV�RYHUDOO�DQG�SUR-
JUHVVLRQ�IUHH�VXUYLYDO�DQG�LPSURYHV�VHL]XUH�RXWFRPH�6,11,13 
)XUWKHUPRUH��VXUJHU\�FDQ�EH�DFFRPSOLVKHG�ZLWK�D�PHGLDQ�
(25� RI� ���²���� DQG�PLQLPDO�PRUELGLW\� RI� ORQJ�WHUP�
ODQJXDJH��������DQG�PRWRU�IXQFWLRQ��������2,3,8,13,14 The sig-
QLÀFDQFH�RI�YROXPHWULF�(25�RQ�RYHUDOO�VXUYLYDO�IRU�SDWLHQWV�
ZLWK� ERWK� ORZ�� DQG� KLJK�JUDGH� LQVXODU� JOLRPDV� KDV� EHHQ�
GHPRQVWUDWHG�LQ�PXOWLSOH�SUHYLRXVO\�SXEOLVKHG�UHSRUWV�6,13,14 
6DQDL�HW�DO��DQDO\]HG�����SURFHGXUHV�LQYROYLQJ�����SDWLHQWV�
ZLWK�LQVXODU�JOLRPD�DQG�GHPRQVWUDWHG�D���\HDU�RYHUDOO�VXU-
YLYDO�RI������ZKHQ� WKH�(25�ZDV�����DQG����� IRU� DQ�
(25�OHVV�WKDQ�����LQ�FDVHV�RI�ORZ�JUDGH�JOLRPD��,Q�FDVHV�
RI�KLJK�JUDGH�JOLRPD��WKH���\HDU�RYHUDOO�VXUYLYDO�ZDV�����
ZLWK�DQ�(25�RI�����DQG�����ZKHQ�WKH�(25�ZDV�OHVV�WKDQ�
����13�7KLV�REVHUYDWLRQ�ZDV� ODWHU�FRQÀUPHG�E\�6NUDS�HW�
DO���ZKR�IRXQG�DQ�RYHUDOO�VXUYLYDO�RI�����IRU�SDWLHQWV�ZLWK�
DQ�(25�JUHDWHU�WKDQ�����DQG�RYHUDOO�VXUYLYDO�RI�����IRU�
WKRVH�ZLWK�DQ�(25�OHVV�WKDQ�����14 With respect to WHO 
*UDGH�,,,�JOLRPDV��JUHDWHU�WKDQ�����(25�KDV�EHHQ�VKRZQ�
WR�EH�DVVRFLDWHG�ZLWK�D���\HDU�RYHUDOO�VXUYLYDO�RI������LQ�
FRQWUDVW�ZLWK� OHVV� WKDQ�����(25��ZKLFK�ZDV� DVVRFLDWHG�
ZLWK�D���\HDU�RYHUDOO� VXUYLYDO�RI�������14 Recently it has 
EHHQ�IXUWKHU�GHPRQVWUDWHG�WKDW�(25�JUHDWHU�WKDQ�����IRU�
LQVXODU�JOLRPDV� LV�SUHGLFWLYH�RI�D� IDYRUDEOH�SRVWRSHUDWLYH�
VHL]XUH�RXWFRPH�6

,Q�RXU�SUHYLRXVO\�SXEOLVKHG�UHWURVSHFWLYH�VHULHV�RI�SD-
WLHQWV� ZLWK� LQVXODU� JOLRPDV�� ZH� DVVHVVHG� SRVWRSHUDWLYH�
PRUELGLW\� DQG� SDWLHQW� VXUYLYDO�ZKLOH� GHVFULELQJ� DQ� DQD-
WRPLFDO�FKDUDFWHUL]DWLRQ�V\VWHP�WR�KHOS�SUHGLFW�H[WHQW�RI�
WXPRU�UHVHFWLRQ��,Q� WKLV�VWXG\��ZH�XVH� WKH�SUHYLRXVO\�GH-
VFULEHG�FODVVLÀFDWLRQ�VFKHPH�WR����GHWHUPLQH�LI�LW�LV�UREXVW�
ZKHQ�XVHG�E\�RWKHU�VXUJHRQV�DQG����GHWHUPLQH�LI�LW�FRQWLQ-
XHV�WR�EH�SUHGLFWLYH�RI�H[WHQW�RI�WXPRU�UHVHFWLRQ��:H�IRXQG�
this system to be highly reliable with minimal variability 

EHWZHHQ�FOLQLFLDQV�DQG�KLJKO\�SUHGLFWLYH�RI�WKH�H[SHFWHG�
(25�DFURVV�DOO�]RQHV�

)HZ�LQVXOD�EDVHG�JOLRPDV�DUH�FRQÀQHG�HQWLUHO\�ZLWKLQ�
WKH� LQVXOD� ����� LQ� WKLV� VHULHV��� )XUWKHUPRUH�� GHSHQGLQJ�
RQ�ZKHUH�ZLWKLQ� WKH� LQVXOD�D�JOLRPD� LV�EDVHG�� WKH�VXUJL-
FDO�DSSURDFK�DQG�DQDWRPLFDO�FRQVLGHUDWLRQV�YDU\��)RU�WKLV�
UHDVRQ��D�FRPPRQ�WHUPLQRORJ\�LV�KHOSIXO�ZKHQ�GLVFXVVLQJ�
LQGLYLGXDO�OHVLRQV��<DüDUJLO�HW�DO��SURSRVHG�D�FODVVLÀFDWLRQ�
V\VWHP�EDVHG�RQ�ZKHWKHU�WKH�OHVLRQ�LV�UHVWULFWHG�WR�WKH�LQ-
VXOD� �7\SH� ���� SDUW� RI� WKH� LQVXOD� �7\SH� �$��� RU� LQFOXGHG�
LQ�WKH�DGMDFHQW�RSHUFXOXP��7\SH��%��������,Q�WKDW�FODVVLÀFD-
tion system, insular lesions involving one or both of the 
SDUDOLPELF�RUELWRIURQWDO�DQG�WHPSRURSRODU�DUHDV�DUH�FODV-
VLÀHG��UHVSHFWLYHO\��DV�7\SH��$�RU�7\SH��%�������:H�IRXQG�
WKDW� WKLV� FODVVLÀFDWLRQ� V\VWHP� IDLOHG� WR� DGGUHVV�PDQ\� RI�
the anatomical features relevant to surgery for insular gli-
omas, such as proximity to potentially functional areas. 
$GGLWLRQDOO\��LW�LV�GLIÀFXOW�WR�XVH�WKLV�FODVVLÀFDWLRQ�WR�SUH-
RSHUDWLYHO\�SUHGLFW�(25��:H�WKHUHIRUH�SURSRVHG�D�FODVVL-
ÀFDWLRQ�V\VWHP�EDVHG�RQ�DQ�DQDWRPLFDO�VSOLW�RI�WKH�LQVXOD�
DORQJ�WKH�V\OYLDQ�ÀVVXUH�DQG�IRUDPHQ�RI�0RQUR�� WKHUHE\�
GLYLGLQJ� LW� LQWR� �� SDUWV� �=RQHV� ,²,9�� XVLQJ�SUHRSHUDWLYH�
high-resolution MR images.13� 7KLV� DSSURDFK� DOORZHG� XV�
WR�FRQVLGHU�DQG�GHVFULEH�HDFK�LQVXODU�WXPRU�LQ�UHODWLRQ�WR�
���WKH�SHULV\OYLDQ�ODQJXDJH�QHWZRUN��DERYH�DQG�EHORZ�WKH�
V\OYLDQ� ÀVVXUH� LQ� WKH� GRPLQDQW� KHPLVSKHUH��� ��� SULPDU\�
VHQVRU\�DQG�PRWRU�DUHDV��FRPPRQO\�IRU�=RQH�,�RU�,,�JOLR-
PDV������+HVFKO·V�J\UXV��=RQH�,,,�JOLRPDV���DQG����PLGGOH�
cerebral artery branches (particularly lateral lenticulostri-
DWH�EUDQFKHV�IRXQG�ZLWKLQ�WKH�VXSUDV\OYLDQ�UHJLRQ�RI�=RQH�
,���,W�LV�FULWLFDOO\�LPSRUWDQW�WKDW�D�FODVVLÀFDWLRQ�V\VWHP�KDYH�
OLWWOH�YDULDELOLW\�EHWZHHQ�H[DPLQHUV��:H�WHVWHG�WKLV�E\�DVN-
ing 3 clinicians at varying stages in their careers to rate a 
FRKRUW�RI�LQVXODU�JOLRPDV��DQG�IRXQG�D�VWURQJ�FRUUHODWLRQ�
DPRQJ�H[DPLQHUV��NDSSD�FRHIÀFLHQW��������

table 3. postoperative morbidity and complication rates in 129 
procedures

9DULDEOH 6KRUW�7HUP

/RQJ�
7HUP�

3ULRU�6HULHV�
/RQJ�7HUP�
'LVDELOLW\

S�
9DOXHÁ

0RUELGLW\
� /DQJXDJH�GH¿FLW ���������� �������� ��������
� 0RWRU�GH¿FLW ��������� �������� ��������
� )DFH�PRWRU�GH¿FLW ��������� �������� ��������
&RPSOLFDWLRQ�UDWHV 0.03
� =RQH�,� �������
� =RQH�,,� ������
� =RQH�,,,� ��������
� =RQH�,9� ������
� =RQHV�,�,,� ��������
� =RQHV�,�,9� �������
� =RQHV�,,�,,, �������
� =RQHV�,,,�,9� �������
� *LDQW� �������


� 2FFXUULQJ�SRVWRSHUDWLYH�'D\V��±��
�� 5HPDLQLQJ�DW����GD\�SRVWRSHUDWLYH�H[DPLQDWLRQ�
Á� %ROGIDFH�LQGLFDWHV�VWDWLVWLFDO�VLJQL¿FDQFH�
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s. l. hervey-Jumper et al.

:H�VHW�RXW�WR�GHWHUPLQH�LI�WKH�]RQH�FODVVLÀFDWLRQ�ZDV�
SUHGLFWLYH�RI�(25�EDVHG�RQ�WKH�SUHYLRXVO\�GHVFULEHG�(25�
LQ� RXU� RULJLQDO� VHULHV��:H� IRXQG� QR� GLIIHUHQFHV� LQ�(25�
IRU�DQ\�]RQH�EHWZHHQ�WKHVH���VHULHV��,Q�WKLV�FXUUHQW�SDWLHQW�
VHULHV��ZH�WKHUHIRUH�UHFRQÀUPHG�RXU�SULRU�REVHUYDWLRQ�WKDW�
]RQH�FODVVLÀFDWLRQ�ZDV�SUHGLFWLYH�RI�(25��ZLWK�WKH�KLJKHVW�
(25�VHHQ�LQ�=RQH�,�DQG�=RQH�,9�WXPRUV��:H�DOVR�VKRZHG�
WKDW� WKH� ]RQH� FODVVLÀFDWLRQ� DSSHDUV� WR� EH� SUHGLFWLYH� RI�
VKRUW�WHUP�SRVWRSHUDWLYH�PRUELGLW\��ZLWK�D�PRGHVWO\�KLJK-
HU�HDUO\�FRPSOLFDWLRQ�UDWH�VHHQ�LQ�*LDQW�DQG�=RQH�,�WXPRUV��
DQG� ORZHVW�FRPSOLFDWLRQ� UDWHV�VHHQ� LQ�=RQH� ,,�DQG�=RQH�
,9�WXPRUV��S� ��������,Q�WKLV�FXUUHQW�VHULHV�RI�SDWLHQWV��ZH�
LGHQWLÀHG�D�VOLJKWO\�KLJKHU� UDWH�RI� VKRUW�WHUP�IDFH�PRWRU�
GHÀFLWV��ZKLFK�OLNHO\�FRUUHVSRQGV�WR�XVLQJ�D�WUDQVFRUWLFDO�
ZLQGRZ�RI�HQWU\� WKURXJK�VLOHQW�SRUWLRQV�RI� WKH�IDFH�PR-
tor area for purposes of enhancing exposure. The rate of 
ORQJ�WHUP�PRUELGLW\�FRQWLQXHG�WR�EH�PLQLPDO�DW������DQG�
YLUWXDOO\�XQFKDQJHG�IURP�RXU�LQLWLDO�VHULHV��������13

7R� RXU� NQRZOHGJH�� WKH� FRPELQHG� H[SHULHQFH� RI� WKLV�
DQG� RXU� SUHYLRXVO\� SXEOLVKHG� UHSRUW� UHSUHVHQWV� WKH� ODUJ-
HVW�VHULHV�RI� LQVXODU�JOLRPD�UHVHFWLRQV��7KH�%HUJHU�6DQDL�
FODVVLÀFDWLRQ� V\VWHP� LV� UREXVW� ZLWK� OLWWOH� LQWHUREVHUYHU�
YDULDELOLW\�� DQG�DSSHDUV� WR�YDOLGDWH�RXU�RULJLQDO�GHVFULS-
WLRQ�XVLQJ�WKLV�FODVVLÀFDWLRQ�WR�SUHGLFW�(25��(YHQ�VR��WKHUH�
DUH� VWXG\� OLPLWDWLRQV� WKDW�PXVW� EH� FRQVLGHUHG��$OWKRXJK�
there was little interobserver variability between clinicians 
ZLWK�YDU\LQJ�GHJUHHV�RI�FOLQLFDO�H[SHULHQFH�DQG�H[SHUWLVH��
WKH�LQYHVWLJDWLRQ�UHPDLQHG�D�VLQJOH�LQVWLWXWLRQ�VWXG\��7KH�
DGRSWLRQ�RI�WKLV�FODVVLÀFDWLRQ�V\VWHP�ZLWK�H[WHUQDO�FOLQLFDO�
YDOLGDWLRQ�LV�D�WRSLF�RI�IXWXUH�VWXG\�

conclusions
Maximal safe resection of insular gliomas continues 

WR�EH�DVVRFLDWHG�ZLWK� LPSURYHG�SDWLHQW�RXWFRPH�DQG�DF-
FHSWDEOH�PRUELGLW\��2XU�SUHYLRXVO\�SURSRVHG�FODVVLÀFDWLRQ�
V\VWHP�LV�KLJKO\�UHOLDEOH�DQG�SUHGLFWLYH�RI�LQVXODU�JOLRPD�
(25�DQG�SHULRSHUDWLYH�PRUELGLW\�
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