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Foreword 1

On March 25, 2015, Amador, my second 12-year-old son returned from his karate 
lessons and began to complain that his right arm and right leg hurt. He said that he 
was having difficulty moving his right limbs. We assumed it was an effect of his 
work in karate. Two days later, Amador could no longer hold a plate with his right 
hand. I also noticed that he spoke fast and skipped some words. The next day, 
Amador walked making the leg to the side, as if it was a neuropathy. He started to 
eat and write with the left hand, since it was impossible to do it with his right hand. 
By Sunday, March 29, Amador no longer moved his right arm in its entirety. We 
took him immediately to the Children’s Hospital, and they informed us that it was a 
neurological issue, and we had to perform a magnetic resonance imaging (MRI).

That evening, he underwent MRI, and it turned out that he had a tumor in the 
brainstem. It was not possible to get a biopsy because of the sensitivity of the very 
delicate location in the medulla. As parents, this was the most painful news that we 
had ever received in our entire lives. We understood what a brain tumor meant, but 
we never guessed how delicate and perhaps fatal a brainstem glioma could be.

In our desperation, we looked for the best possible solution locally as well as 
internationally. We were terrified to hear the words “brain surgery,” so we tried to 
avoid any possibility of an operation.

In the next few days, Amador was better after receiving high-dose steroids; he 
began to talk in a habitual way. He also recovered some movements. On April 6, 
Amador underwent gamma knife radiosurgery. It seemed to be successful, as his 
neurological function continued to improve. He was transferred to a rehabilitation 
center, where he received intense physiotherapy. He had some improvement, but 6 
weeks later, his neurological function began to deteriorate. On Sunday, May 17, 
Amador had irregular respiratory efforts, and he required emergent admission to the 
intensive care unit (ICU).

The doctors informed us that he had a severe pneumonia. The following day, he 
had a respiratory arrest, which required resuscitation. The tumor had not grown but 
developed cystic components instead, which further compressed the important neu-
ral structures. He entered the operating room, and, because part of the inflated cyst 
was outside of the brainstem, they were able to take a biopsy sample. After 7 days 
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of ICU care, Amador started to recover, and he was extubated. He was a very intel-
ligent child. He knew about his condition, and his worst fear was not being able to 
return to home. He suffered from stress when he was separated from his parents, 
since medical protocols in Mexico do not allow parents to stay close to their chil-
dren in the pediatric ICU. Three days passed, and, again, he suffered from another 
respiratory arrest. We decided with the doctors that the best chance was to perform 
a tracheostomy. There was no time to tell Amador, so he was very angry and upset 
when he woke up without being able to speak or breath.

A few days passed, and the wound began to become infected. In turn, the biopsy 
indicated that it was a Grade 2 tumor, and, in other sections, it was a Grade 1 astro-
cytoma. However, there was a study that marked it as Grade 3. The oncology team 
started chemotherapy, but he developed several complications. Obviously, chemo-
therapy lowered his immune defenses, and he developed a wound infection. Amador 
had two ventricular drains to cleanse the infection in the cerebrospinal fluid (CSF). 
After 2 months of being in the ICU, the infection was treated, but the tumor contin-
ued to grow. The strangest thing about brainstem gliomas is that Amador was con-
scious in every minute and every second of this process. We read books, sang, and 
talked to him, and he understood everything; Amador never lost consciousness until 
the last minute.

We were transferred to another specialized unit where the team stabilized him in 
preparation for another surgery. Amador had already turned 13 years old. His condi-
tion was very complicated, but we all had that illusion. On August 13, I had to 
accompany him to the operating room, and he entered surgery at 10 am. At 1:00 pm, 
the surgeons came out to let us know that the surgery had been successful; the tumor 
was still a Grade 1 and was not malignant. Unfortunately, the infection was still 
present in the CSF and in the cyst fluid. The organism was a resistant bacterium.

The day after the surgery, Amador began to move his limbs. It made him happy. 
He laughed, a gesture that he could not do since months before. He moved his lips 
with greater emphasis and could move his toes. The infectious disease specialists 
had the difficult task of treating the Escherichia coli in Amador’s head, since it was 
extremely disseminated throughout his brain. Although he was on the strongest anti-
biotics, we began to see a decline in his mood and neurological function. On the 
morning of August 21, an MRI demonstrated no solid tumor or cyst but inflamma-
tion in his brainstem and spinal cord. Two hours later, Amador went into a coma and 
cardiopulmonary arrest. The ICU and cardiology teams tried to revive his heart 
while we decided if we would connect him to the extracorporeal membrane oxygen-
ation (ECMO) machine or not. However, I said, “Enough has been done.” We had 
discussed the effects and damages after several minutes of cardiopulmonary resus-
citation (CPR). My husband tried to extend what was inevitable, but we finally 
decided to let Amador’s soul fly.

The soul of Amador flew at the hospital in front of 50 doctors who did everything 
possible to save his life. When did the brainstem tumor start to grow in Amador’s 
head? Why do brainstem gliomas develop in children’s brains? Did Amador have 
this tumor when he was born? Could we have detected the tumor in time? So many 
questions arise, and we still do not know the answers. The truth is that some of us 

Foreword 1



ix

have to live this experience that makes us suffer, feel pain, grow, transform, and 
meet people who struggle daily to find these possible answers. Without a doubt, I 
will always fight as Amador’s mother for being part of a world with better answers 
to our endless questions.

Mexico City, Mexico Veronica Martinez Senties

Foreword 1
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Foreword 2

Help crack the code…
“I think we found something…I think we found something.” These are the words 

that will live forever in my mind, my heart, and my soul. These words that, for the 
last 12 years, have been the nemesis of my wife, my family, our community, and 
myself, and which we have chosen to make our fight to conquer and overcome.

One cannot imagine what happens when someone walks into a room and tells 
you that they think they found something. Your head starts spinning, and your mind 
goes all over the place, not knowing where you should turn, what does this mean, 
what should you think, and what should you do. As a parent, there is nothing on 
Earth worse than something happening to any child and, God forbid, your own child.

When faced with the unthinkable, a diagnosis of an inoperable brain tumor in the 
brainstem of our son, we decided not to be bystanders but rather to stand up and 
fight to see the change that we needed to happen, the answer – a cure. We went to 
and spoke with so many doctors and hospitals looking for answers, looking for that 
“special key” that might unlock the door to something, to anything. What we learned 
was that the key does not exist, yet! When we asked why, and where we were at it 
in research, the answer was always the same – “not very far along at all.” When I 
questioned the reason, I was always assured it was not from a lack of brain power 
but rather because of a lack of research funds.

Hence, the Ians Friends Foundation, a pediatric brain tumor research foundation, 
was born. What started as grassroots organization has now grown tremendously and 
has been able to fund pediatric brain tumor research around the country. While 
advancements have been made, with some projects having been successful, and/or 
having led to clinical trials, the unfortunate truth is that we still do not have a cure.

Is it the location that is the biggest issue? Who knows? You always hear in real 
estate: “location, location, location!” Well, I can tell you that this location sucks! Is 
it the lack of federal funding that is the major issue? Probably one of the major 
issues for sure. With less than 4% of all federal funds going to all of kids’ cancers 
and less than 0.5% going to the number one cause of health-related childhood deaths 
in children under the age of 20, we need more funding to get closer to a cure.
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What I can say is that the doctors, many of whom have collaborated in writing 
this book, including Dr. George I. Jallo, are incredible people who happily would 
put themselves out of business. These doctors are desperately trying to find what 
will give a parent the greatest gift they could ever receive, the gift of a cure for their 
child. Again, to date, a cure still does not exist, but with hope, love, and hard work, 
God willing one will be available and hopefully soon.

Through this collaboration of brilliant minds, for the first time, there is now a 
resource, in essence a 360-degree blueprint of brainstem tumors. However, as I 
stated previously, there is still no cure. So, help find one. Yoda said, “Do or not do, 
there is no try!” As someone reading this book, you have now been given the blue-
print to help and join those who are living by the mantra: “TRY just does not work.” 
So, read this book and see if you can help be the one who cracks the code. Unlocking 
the answer to a cure will truly be life-changing. If you are that person or can help in 
any way, I promise you that helping change the life of just one person will help save 
many generations to come.

As the chairman of a pediatric brain tumor research foundation, I thank you for 
reading this book and devoting your time and thought to help solve an issue that so 
many families need a solution for. As a parent of a son with a pediatric brainstem 
tumor, I beg you to help find a cure, to help crack the code!

I sincerely hope this book will give you the insight that you need to be the one to 
help the many. In advance, I thank you for your time and your efforts, and as the 
mantra of Ian’s Friends Foundation goes, “Until there is a cure!”

  Phil Yagoda Atlanta, GA, USA

Foreword 2
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Preface

Over the last 50 years, our understanding of the different lesions affecting the brain-
stem underwent exponential growth, triggering rapid paradigm shifts in the man-
agement strategies for these lesions. Similar to any other central nervous system 
structure, a wide spectrum of pathologies can affect the brainstem, including but not 
limited to tumors (benign or malignant, diffuse or focal, intrinsic or exophytic, 
solid, cystic, or mixed), vascular lesions (hemorrhage, aneurysm, arteriovenous or 
cavernous malformation), infectious lesions (abscess, encephalitis), and inflamma-
tory/demyelinating lesions (multiple sclerosis, neuromyelitis optica spectrum disor-
der, connective tissue diseases). Previously categorized as inoperable, brainstem 
tumors and vascular lesions are more often managed by a multidisciplinary team of 
neurosurgeons, neuro-oncologists, and/or endovascular surgeons today than ever 
before. The ultimate goal of the contemporary management strategies for such 
lesions is to provide a complete cure with minimum invasiveness.

Brainstem pathologies remain the most challenging to manage surgically due to 
the high eloquence and the deep and hidden location of the brainstem, turning surgi-
cal treatment of brainstem pathologies into one of the most complex and demanding 
fields in neurosurgery. In recent years, however, technological advancements have 
allowed us to stretch the once rigid borders and limitations in the treatment of brain-
stem pathologies. Textbooks focusing on brainstem surgery are scarce. Therefore, 
we decided that the inception of this book will involve international leading figures 
in the field of brainstem surgery. Our intention was to cover every aspect of the 
management of brainstem pathologies. It is our sincere hope that this first edition 
will give the reader a thorough and full perspective of brainstem surgery as well as 
the diagnosis and management of related pathologies.

In this first edition, we attempt to guide the reader on this very complex anatomi-
cal territory, in which any pathology will lead to grave consequences. The book will 
take the reader through the depth of understanding the complex architecture of the 
brainstem in the clinical context, emphasizing the current treatment of different 
brainstem pathologies and reviewing what the future holds for the management of 
these pathologies. The book presents a review of the current state-of-the-art preop-
erative assessment modalities and surgical techniques, with extensive details 
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 elaborated by respected experts for every topic, and covers brainstem-related 
pathologies from infancy to adulthood. Altogether, there are 15 chapters in this edi-
tion, focusing on current literature with guidance and pearls from current masters in 
the field.

The book starts with reviewing the history of diagnosing and managing brain-
stem pathologies. The rest of the book is organized in a way that Chaps. 2, 3, and 4 
are focused on describing the complex anatomy, the clinical presentation, and the 
facts and pearls of brainstem imaging, respectively. Chapter 5 thoroughly discusses 
intraoperative neuromonitoring, a crucial tool for any surgical intervention in the 
brainstem. Chapters 6, 7, 8, 9, and 10 deal with a variety of brainstem pathologies 
and their current treatment paradigms. Chapters 11, 12, and 13 offer a comprehen-
sive description of the different surgical approaches to the midbrain, pons, and 
medulla oblongata, respectively. The book is then wrapped up with two chapters 
describing the current and future adjuvant therapies. The thorough text is enriched 
with diagnostic and surgical images that cover almost all types of brainstem lesions 
reported in the literature. The book is written in a way that neurosurgery specialists 
and fellows will feel comfortable navigating throughout its contents, and the enthu-
siastic neurosurgery residents will find this book as a very valuable guide for under-
standing the complex management of brainstem tumors. Thanks to the broad list of 
specialists writing the different chapters, we also believe that this textbook is a 
useful reference book, even for experienced subspecialists dealing with brainstem 
treatment and surgery. Since we have emphasized the breakdown of complexity to 
simple steps and solutions, we believe that this book can also serve as a reference 
book for anyone who is involved in the treatment of patients suffering from brain-
stem pathologies, which may include the medical team, adult and pediatric neuro-
surgeons, neurologists, neuro-oncologists, residents and fellows, clinical 
neuropsychologists, electrophysiologists, neuroradiologists, and medical students 
who have a passion to learn about the assessment and surgical management of 
patients with brainstem diseases.

The contributing authors of this book’s chapters are field experts from around the 
globe and are currently practicing in different countries in Asia, Europe, and North 
America. They represent a wide range of disciplines and experiences. The authors 
were given considerable flexibility and independence in writing the chapters so that 
they can share their own experience and knowledge with the reader without any 
limitation. We are honored to assemble and edit this vast body of work focusing on 
such a complex field in neurosurgery. We are grateful to our contributors for making 
this happen in a relatively short time!

Saint Petersburg, FL, USA  George I. Jallo
Saint Petersburg, FL, USA  Mohammad Hassan A. Noureldine
Danville, PA, USA Nir Shimony  
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Chapter 1
History of Brainstem Glioma Surgery

Andrew J. Kobets and James T. Goodrich

Abbreviations

BG Brain stem glioma
CP Cerebellopontine
EGFR Epidermal growth factor receptor
ICU Intensive care unit
MRI Magnetic resonance imaging

1.1  Introduction

Our understanding of brainstem gliomas (BGs) has matured immensely over the last 
two centuries, but on the scale of our greater understanding of neurological surgery, or 
even posterior fossa surgery, it remains a recent advancement. The incremental unrav-
eling of anatomic relationships and surgical approaches by pioneering individuals in 
the context of improving antisepsis and neurological localization has allowed for the 
progressive comprehension of treatment strategies for BGs, but it has not been until 
the modern era that any meaningful therapeutic advancements have been made. 
Longstanding beliefs held by early surgeons considered the brainstem an extremely 
sensitive region to manipulation in which the patient’s respiration, circulation, and 
wakefulness could rapidly be compromised resulting in significant morbidity and 
even death. Surgeons avoided surgery on this area or lacked the neurophysiological 
awareness to approach lesions in this region outright. The neuroanatomy began to be 
carved out of early renaissance dissections by artistic masters who paved the way for 
generations of anatomists, scientists, and surgeons to follow with further descriptions 
of the brainstem and cranial nerve anatomy as well as post-mortem and early intraop-
erative reports. With the development of posterior fossa approaches, the first pioneers 
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attempted resection with very little success, and it was not until the much later delin-
eation and characterization of the heterogeneous nature of these lesions in the twenti-
eth century that it was demonstrated that long-term survival was possible in a subset 
of patients. Finally, modern treatment paradigms were developed to optimize survival 
in the latter half of the twentieth century, utilizing major advances in imaging and 
stereotactic localization. As we trace the history of BGs, it is apparent that the few 
meaningful successes have unfortunately been riddled by the countless poor outcomes 
in which patients succumbed to their disease. Much remains to be written and discov-
ered about our developing history of BGs, and we are very far from the end of the 
story. This chapter will review the evolution of surgical techniques and management 
of BGs from the first inferences of brainstem function and anatomy, to the first surgi-
cal reports by the early pioneers, to the modern era, with a focus on the individuals 
whose genius propelled our understanding of the brainstem and BGs forward.

1.2  Classical Era

For thousands of years in antiquity, little had been understood about the brain, and 
whatever physiology or anatomy had been known had been riddled with lore and 
myth, and the overwhelming majority of the study of neuroscience had been in the 
context of cranial trauma management. Galen of Pergamon (c. 129 AD – c. 210 AD), 
the well-known surgeon of the gladiators, was the first prominent figure to codify 
treatment strategies for cranial trauma and establish rudimentary anatomic relation-
ships, which whether correct or incorrect, would become dogma for the next millen-
nium and a half [1, 2]. In regard to investigations into the structure and function of the 
brainstem, Galen was the first to study the brainstem in a scientific manner on live 
monkeys and ungulates. He demonstrated that surgery in this region could result in 
cessation of respiratory function, plegia, anesthesia, voice changes, as well as death. 
He voiced the importance of a firm grasp of the anatomy in this region, although the 
methodology was flawed as he attempted to translate much of his knowledge from 
animal to human anatomy unsuccessfully. Nevertheless, his descriptions of the impor-
tance of this structure in maintaining the vital functions of the organism were extremely 
important as a basis for the next advances in our understanding of the brainstem, even 
though these next steps would not be undertaken for centuries to come due the warn-
ings Galen would document of the dangers of study of this region in humans.

1.3  Fifteenth Through Seventeenth Centuries

As stated, it took nearly a millennium and a half for the dogma of antiquity to be 
rebuked by physicians who began to challenge the teachings of the past, which were 
often in conflict with their own bedside observations during anatomical dissections. 
While many barber-surgeons were still hindered by the adherence to the dogmas of 
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the past, which had been deeply engrained in their apprenticeships, few received any 
formal education, and the physicians who did, failed to develop a new perspective on 
anatomic studies as they were still taught the teachings of Galen in a dogmatic man-
ner. It was first the great artists who in fact questioned the growing number of discrep-
ancies arising between Greco-Roman teachings and the anatomic dissections that 
flourished during the renaissance. Michaelangelo di Lodovico Buonarroti Simoni 
(1475–1564), Leonardo da Vinci (1452–1519), and Tiziano Vecelli (Titian, c. 
1488–1576) lead the way for Berengario da Carpi (1470–1550), Johannes Dryander 
(1500–1560), Andreas Vesalius (1514–1564), and others who spearheaded a new 
movement to correct the centuries-old inaccuracies of antiquity by using clinical 
observation to formulate anatomic knowledge of the posterior fossa and brainstem [3, 
4] (Fig. 1.1). While neither a surgeon nor a physician, Leonardo was a key early figure 
in the observation and depiction of the structures in the posterior fossa, in a manner 
that was based on clinical observation, which had never been completed before [5–7]. 
In his lifetime, he created nearly 750 anatomical drawings, depictions of both surface 
and deep anatomy, in order to further his artistic work as well as engage his curiosity 
of the body. William Hunter (1728–1793), upon rediscovery of these works by 
Leonardo after nearly two centuries of being lost, stated, ‘Leonardo had been a gen-

Fig. 1.1 Early depiction of the ventricular system by Leonardo da Vinci, with the first demonstra-
tion of the third and fourth ventricles with rudimentary brainstem in the right lower corner. From 
the senior author’s personal collection
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eral and a deep student. When I consider what pains he has taken upon every part of 
the body, the superiority of his universal genius…and the attention with which such a 
man would examine and see objects which he was to draw, I am fully persuaded that 
Leonardo was the best Anatomist, at that time, in the world.’ [8]. This paradigm shift 
led by Leonardo inspired many other surgeons to work toward further unraveling the 
intricacies of the brain based on observation and direct study and not by the centuries-
old work that few considered to question.

Johannes Dryander (1500–1560), developed his own anatomically accurate 
depictions of the posterior fossa anatomy in his 1537 monograph, detailing the 
earliest known demonstration of the tentorium, an early numbering of the cra-
nial nerves, and early depictions of the anatomical relationship of the cerebel-
lum and the brainstem [9, 10] (Fig.  1.2). Andreas Vesalius (1514–1564) was 
another major figure of the sixteenth century who created impressive anatomical 
plates that are still considered today as one of the best anatomic works of his era 
[11]. He depicted early relationships of posterior fossa structures in an unprec-
edented manner based on his strong belief that the anatomist must perform his 
own dissections. Vesalius published De Humani Corporis Fabrica in 1543, in 
which he included some of the most detailed images of the brainstem to date, 
demonstrating the brainstem by itself, rotated out of the skull base and with the 
exiting cranial nerves (Figs. 1.3, 1.4, and 1.5). The detail depicted by Vesalius 

Fig. 1.2 Dryander 
provides the earliest 
illustration of the posterior 
fossa, cerebellum, and 
brainstem. From the senior 
author’s personal 
collection

A. J. Kobets and J. T. Goodrich



5

was unprecedented and provided anatomical descriptions for surgeons of the 
time unlike what they have ever seen previously.

During the seventeenth century, the anatomic illustrations of the brain became 
far more detailed and refined, namely with the work of Thomas Willis (1621–1675) 
in Cerebri Anatome, where, with the assistance of Christopher Wren (1632–1723), 
illustrations of the brain surface anatomy as well as the brainstem and cranial nerves, 
were depicted with unprecedented realism [12] (Figs. 1.6, 1.7, and 1.8). Humphrey 

Fig. 1.3 Vesalius’s 
depiction of the cerebellum 
and brainstem from his 
masterpiece De Humani 
Corporis Fabrica. From 
the senior author’s personal 
collection

Fig. 1.4 Drawing of the 
brainstem and cranial 
nerves with the cerebellum 
and cerebrum removed, 
which is thought to be 
prepared by Vesalius. From 
the senior author’s personal 
collection

1 History of Brainstem Glioma Surgery



6

Ridley (1653–1708) defined an even more comprehensive review of pineal and pos-
terior fossa anatomy than that of Willis and was the first to demonstrate the correct 
course of the third cranial nerve between the superior cerebellar artery and the pos-
terior cerebral artery. The origins of the cranial nerves were clearly outlined, and the 
anatomy of the brainstem was further defined by Ridley’s more accurate depictions.

The fifteenth through seventeenth centuries heralded in a new era for the descrip-
tion of brain anatomy that questioned the dogmas of the past and reconciled inac-
curacies with clinical observation of cerebral anatomy. While the work of Galen 
stood for so long as the reference for cranial anatomy, this period of the early renais-
sance was a period of refinement, correction, and addition to the works of antiquity, 
which would form the new foundation for our understanding of the brainstem anat-
omy and pathophysiology into the modern era. Neuroanatomy was starting to be 
tied to the physiology of the brain, and scientific societies were beginning to be 
formed in this era to disseminate these medical advancements as had never been 
done before. Surgeons were still rudimentary in their techniques during this period 
but this great advancement in our understanding of brainstem anatomy would set 
the stage for the first surgical explorations and pathophysiological descriptions of 
lesions in the coming centuries.

Fig. 1.5 Vesalius’ drawing 
of the brainstem viewed 
from dorsally, with the 
colliculi and fourth 
ventricle centered in the 
image. An advanced and 
anatomically detailed 
image for the time. From 
the senior author’s personal 
collection
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1.4  Eighteenth Century

The eighteenth century heralded the advancement of education and surgical skills 
amongst surgeons, as they attained higher education and put a greater emphasis on 
bedside evaluation during their studies. For the most part, neurosurgical interven-
tion revolved around trauma and true intraparenchymal surgery was quite rare. The 
identification of tumors was still in its infancy as they were thought to be a type of 
“fungus” or an unexplained growth of the brain. Further advancement of our under-
standing of tumors and other brain lesions would not be refined until the nineteenth 
century. Francois-Sauveur Morand (1697–1773) in 1768 first published a case of a 
large abscess removed successfully from the skull base and posterior fossa in a 
monk who presented with otitis media and mastoiditis, and who was successfully 
drained and survived the procedure [13]. Giovanni Battista Morgagni (1682–1771), 
a student of Valsalva, published his groundbreaking work De sedibus, et causis 

Fig. 1.6 Drawing of 
Thomas Willis at the time 
of writing Cerebri 
Anatome. From the senior 
author’s personal 
collection
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Fig. 1.7 Title page from 
the first edition of Cerebri 
Anatome printed in London 
in 1664. From the senior 
author’s personal 
collection

Fig. 1.8 Illustration of the 
eponymous “circle,” which 
demonstrates the structure 
of the posterior fossa, and 
greater detail of the cranial 
nerve, pontine, brainstem, 
and cerebellar anatomy 
than had been previously 
described. From the senior 
author’s personal 
collection
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morborum per anatomen in 1761, in which he discussed for the first time the cate-
gorization of lesions by pathological diagnosis and began to separate tumors from 
other commonly confused entities that were the result of infectious or inflammatory 
causes [14, 15] (Figs. 1.9 and 1.10). Describing his series of over 700 autopsies, he 
offered an explanation of treatments that were based on the diagnosis and the patho-
logical basis of the disease.

In 1778, Samuel Thomas von Soemmering (1755–1830) was the first to demon-
strate all 12 cranial nerve in history in his book De basi encephali et originibus 
nervorum cranio egredientium, refining the first reports of nine cranial nerves by 
Galen [16] (Figs. 1.11 and 1.12). Félix Vicq D’Azyr (1748–1794), for the first time 
in his Traité d’anatomie et de physiologe, demonstrated hand-colored plates of the 
brain prepared by Alexandre Briceau, a prominent engraver in Paris [17]. The 
detailed, colored sections were the most intricate and advanced of their time, dem-
onstrating cerebellar and brainstem anatomy as it had never been accomplished 
before (Figs. 1.13, 1.14, and 1.15). Jacques Fabian Gautier D’Agoty (1717–1785) 

Fig. 1.9 Portrait of 
Morgagni. From the senior 
author’s personal 
collection
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Fig. 1.10 Title page from 
the first English translation 
of Morgagni’s work The 
Seats and Causes of 
Diseases. From the senior 
author’s personal 
collection

Fig. 1.11 Soemmering’s 
detailed overview of the 12 
cranial nerves. From the 
senior author’s personal 
collection
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Fig. 1.12 Soemmering’s 
depiction of the base of the 
brain, the pons, and the 
emanating cranial nerves. 
From the senior author’s 
personal collection

Fig. 1.13 Title page of 
Traité d’anatomie et de 
physiologe by Vicq 
D’Azyr. From the senior 
author’s personal 
collection
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Fig. 1.14 Illustration by 
Vicq D’Azyr, with detailed 
anatomy of the pons and 
brainstem. From the senior 
author’s personal 
collection

Fig. 1.15 Vicq D’Azyr’s 
cross-section of the 
cerebellum showing the 
folia patterns and details of 
the brainstem. From the 
senior author’s personal 
collection
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produced a similarly astounding work and used his background as a print maker and 
a pioneer in color printing to create life-sized colored plates that further made neu-
roanatomic studies palatable to the common surgeon of the era [18] (Figs. 1.16, 
1.17, 1.18, and 1.19).

1.5  Nineteenth Century

The concept of different pathologies of the brain, coupled with even more real-
istic anatomically-accurate depictions of the brainstem and posterior fossa as 
well as  higher education for surgeons at the time, resulted in incremental 

Fig. 1.16 Title page from 
Gautier D’Agoty’s seminal 
work on brain anatomy. 
From the senior author’s 
personal collection
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Fig. 1.17 Detailed coronal 
section of the brainstem 
and cerebellum by Gautier 
D’Agoty. From the senior 
author’s personal 
collection

Fig. 1.18 Superbly 
detailed and colored view 
of the brain and brainstem 
lifted off the skull base in 
Gautier D’Agoty’s work. 
From the senior author’s 
personal collection

A. J. Kobets and J. T. Goodrich
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advancements of our understanding of brainstem anatomy in the eighteenth 
century, which would herald the first reports of brainstem tumors in the nine-
teenth century, as well as the first surgical explorations of the region that were 
possible largely due to developing antisepsis, anesthesia, and improved neuro-
logical localization [19].

These three key advances allowed for brain surgery to become a routine 
endeavor in a way that had never been possible prior to the nineteenth century. 
Antisepsis allowed for entry of the intracranial cavity without subjecting the 
patient to the 95% mortality risk of the past, largely due to infection. It was Oliver 
Wendell Holmes (1808–1894) and Ignác Fülöp Semmelweis (1818–1865) who 
noticed that obstetricians who had not washed their hands before procedures, 
compared to midwives who entered with clean hands and gowns, had much higher 
rates of infections in their patients [20, 21]. Whatever resistance they met from 
their contemporaries slowly faded with the discoveries of Louis Pasteur 
(1822–1895), Robert Koch (1843–1910), and Joseph Lister (1827–1912) who 
concreted the principle of antisepsis in the field of surgery [22–24] (Figs. 1.20 and 
1.21). Mortality rates plummeted, and these principles took ahold of surgical prac-
tice, supplementing the new use of steam sterilization, sterile gowns and gloves, 
and the use of metal surgical instruments. Improved neurological localization 
allowed surgeons to look for lesions in suspected anatomic regions that could 
potentially produce the patient’s clinical syndrome. Sir Charles Bell (1774–1842), 
a Scottish surgeon and anatomist, composed an extremely detailed rendering of 
the brainstem in his time and described the differentiation between motor and 
sensory components of the cranial nerves [25, 26] (Fig. 1.22). In addition to his 
work on localization of function within the central nervous system, Bell also 
described the first posterior fossa tumor at the cerebellopontine (CP) angle 
(Fig.  1.23). In the 1860s, the so-called “decade of the brain,” G.  T. Fritsch 
(1838–1927), E. Hitzig (1838–1907), and Paul Broca (1824–1880) substantially 
advanced the  localization of function in the brain and started a revolution that 
would allow neurologists and neurosurgeons to localize the pathology based on 

Fig. 1.19 Gautier 
D’Agoty details the venous 
sinuses and cerebellar 
hemispheres along with the 
cervical spine and nerve 
roots in this close-up 
image, with the skull and 
dura removed. From the 
senior author’s personal 
collection
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neurological deficits, nearly a century before the imaging revolution of the twen-
tieth century [27, 28]. David Ferrier (1843–1928) removed brain regions in dogs 
in order to localize neurological function, similar to the work performed  by 
Roberts Bartholow (1831–1904), in which he directly stimulated the brain and 
induced general seizures followed by contralateral weakness in patients in which 
he had been studying tumor localization as it related to clinical symptomatology 
[29–31]. Finally, anesthesia allowed the surgeon to take time with the procedure 
and work on an asleep patient without the threat that the patient would awaken and 
compromise the surgery. In the 1840s, nitrous oxide, ether, and chloroform were 
used for the first time. These discoveries were required to become routine for sur-
gery of the brain and, in particular, for surgeons to endeavor upon surgery of the 
posterior fossa and brainstem.

Jean Cruveilhier (1791–1874) requires special praise for his work describing and 
illustrating posterior fossa pathology and studying the extensive pathological mate-

Fig. 1.20 Depiction of Sir 
Joseph Lister. From the 
senior author’s personal 
collection

A. J. Kobets and J. T. Goodrich
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rial available for him during his post as the first chairman of pathology at the 
University of Paris. He described a CP angle tumor as well as an epidermoid lesion 
of the cerebellum and brainstem with stunningly realistic images in his work 
Anatomie Pathologique de Corpus Humain [32, 33] (Figs. 1.24, 1.25, 1.26, 1.27, 
1.28, and 1.29). As a credit to his accurate and beautiful work, Harvey W. Cushing 
(1869–1939) recognized Cruveilhier and used some of his drawings in his own 
work [34, 35].

Another exceptional early work from the nineteenth century was composed 
by the pathologist Richard Bright (1789–1858), who in the second volume of his 
work Reports of Medical Cases, Selected with a View of Illustrating the Symptoms 
and Cure of Diseases, demonstrated the detailed anatomical relationships of 
structures of the posterior fossa, which would later help define surgical 
approaches to the brainstem [36] (Fig. 1.30). In his first volume, Bright was best 
known for his work on the kidney and was the first to describe glomerulonephri-

Fig. 1.21 Title page of 
Lister’s monograph dealing 
with antiseptic surgery 
principles. From the senior 
author’s personal 
collection
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tis (after which the eponymous Bright’s disease was named), in addition to the 
relationship between edema, albuminuria and kidney disease, as well as 
nephrotic disease, through his astute clinicopathological descriptions. In the 
second volume of his book, published in two parts in 1831, Bright meticulously 
documented over 200 cases, coupled with 25 elegantly drawn plates, which 
would be credited as some of the most exquisite demonstrations of posterior 
fossa anatomy of the time. Bright provided detailed clinical notes on his patients 
and followed up with their pathological findings upon autopsy. Bright was the 
first in this series to describe a pediatric patient with a BG on post- mortem anal-
ysis, termed as tumour of the Pons Varolii. The beautifully detailed plates were 
the first to demonstrate a large expansile lesion in the pons from surface anat-
omy and sagittal sections (Figs.  1.31 and 1.32). This groundbreaking work 
appeared to be the first description of a BG in 1831. Bright’s work, among his 

Fig. 1.22 Bell’s superbly 
detailed description of the 
brainstem and cranial 
nerves. From the senior 
author’s personal 
collection

A. J. Kobets and J. T. Goodrich
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Fig. 1.23 An illustration 
by Charles Bell depicting 
one of the first posterior 
fossa tumors of the 
cerebellopontine angle 
arising from the fifth 
cranial nerve. From the 
senior author’s personal 
collection

Fig. 1.24 Title page from 
Cruveilhier’s Anatomie 
Pathologique de Corpus 
Humain. From the senior 
author’s personal 
collection
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Fig. 1.25 Cruveilhier’s 
depiction of one of the first 
reported infiltrating tumors 
of the pons drawn in his 
work Anatomie 
Pathologique de Corpus 
Humain. From the senior 
author’s personal 
collection

Fig. 1.26 Similar 
infiltrating tumor of the 
brainstem as depicted by 
Cruveilhier with punctate 
hemorrhages noted within 
the brainstem. From the 
senior author’s personal 
collection

Fig. 1.27 Cruveilhier’s 
depiction of an exophytic 
brainstem lesion arising 
from the pontomedullary 
junction. From the senior 
author’s personal 
collection

A. J. Kobets and J. T. Goodrich
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contemporaries and those who preceded him, paved the way for the first true 
brain surgeries that were performed in the last quarter of the nineteenth century.

William Macewen (1848–1924) was one of the most successful early surgeons of 
the era, who – at the age of 40 – presented to the British Medical Association his 
first 21 brain surgeries, after which 18 patients survived for a long term [37, 38]. 
This address was the culmination of the cerebral localization and antiseptic tech-
niques. He operated on four patients with posterior fossa lesions, only one of which 
perished perioperatively; this was an enormous advancement in reducing operative 
mortality for posterior fossa approaches. Macewen also innovated the use of endo-
tracheal intubation over tracheostomy, the use of carbolic acid spray, and the don-
ning of a sterilized operating room gown. Based on Macewen’s experience, 

Fig. 1.28 Sagittal section 
of the brainstem with 
a large epidermoid tumor 
arising from the midbrain 
from Anatomie 
Pathologique de Corpus 
Humain. From the senior 
author’s personal 
collection

Fig. 1.29 Large 
epidermoid tumor of the 
skull base enveloping the 
brainstem, cranial nerves, 
and basilar artery. From the 
senior author’s personal 
collection
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Fig. 1.30 Bright’s seminal 
work on the description of 
diseases of the brain and 
spinal cord. From the 
senior author’s personal 
collection

Fig. 1.31 A case of a 
pontine glioma 
demonstrated from a 
surface view in Bright’s 
work. From the senior 
author’s personal 
collection

A. J. Kobets and J. T. Goodrich
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autopsies, and other’s surgical reports, the great New York neurologist M. Allen 
Starr (1854–1932) recognized and demonstrated that there was a propensity of 
tumors to rest within different cerebral tissues in different patients, for which he 
stated: ‘It is evident . . . that all parts of the brain may be invaded by tumor, but that 
certain parts are invaded with special frequency both in childhood and in adult life. 
These parts are the cerebral axis and the cerebellum in children and the cortex in 
adults.’ [39]. This classification and further refinement of the clinical and neuroana-
tomical characteristics of brain tumors further ushered in a new era of brain surgery.

In 1881, Charles Mills (1845–1930) reported a brainstem lesion in a 32-year-old 
man with intranuclear ophthalmoplegia, defective articulation, and hemiparesis that 
progressed rapidly to diffuse plegia, left facial and right body numbness, torticollis, 
and dysconjugate movements of the eyes, which were associated with a quarter inch 
lesion in the cephalic portion of the pons. The patient was treated medically but suc-
cumbed to his tumor soon after [40]. Post-mortem analysis demonstrated a diffuse 
pontine lesion with cranial and caudal extension, which at the time was thought to 
be something more familiar, a syphilitic gumma (Figs. 1.33 and 1.34). Mills excel-
lently correlated symptomatology and anatomic localization of these lesions with 
the surrounding nuclei and cranial nerves in meticulous detail, demonstrating the 
broad symptomatic profile that these lesions could present with. Such keen neuro-
anatomic localization represented an enormous evolution in our understanding of 
brainstem anatomy, vastly advanced from even 100 years prior. He reported on sev-
eral more of these lesions and those adjacent to the brainstem, labeling them as 
“fibromas” in his texts. His description of these lesions with a thorough review of 

Fig. 1.32 Sectional 
anatomy of the same 
pontine lesion in Bright’s 
Diseases of the Brain and 
Nervous System. From the 
senior author’s personal 
collection
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adjacent brainstem anatomy became a reference for surgeons in the future who 
would refer to Mills’ work in preparation for the first attempted resections of these 
brainstem lesions.

In 1898, Leonardo Gigli (1863–1908) published his first series with his new 
Gigli saw, which was able to protect the dura during a craniotomy and elevated a 
bone flap, especially in the posterior fossa, in a much safer manner that the tech-
niques available previously, including the ‘hammer and chisel’ craniectomy that 
some contemporaries were still clung to [41] (Fig. 1.35).

Reports at the turn of the century by James Collier (1870–1935), Theodore Diller 
(1863–1943), and Mary Putnam Jacobi (1842–1906) further demonstrated addi-
tional infiltrative brainstem lesions, yet they were still incompletely understood in 
regard to their anatomical relationships, and their natural course and heterogeneity 
was only beginning to be defined [42–44]. James Collier was noted to first describe 
tonsillar herniation, as well as early descriptions of uncal herniation, which would 
link rapid neurological decline to these syndromes. Pathological analyses were lim-
ited to post-mortem dissection in these cases. Ventricular tapping was the limitation 

Fig. 1.33 A lesion of the pons described in a case by Mills. From the senior author’s personal 
collection

Fig. 1.34 Gross 
anatomical specimen of the 
pontine lesion described by 
Mills. From the senior 
author’s personal 
collection

A. J. Kobets and J. T. Goodrich
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of intervention available for a majority of these cases, with a report of prolonged 
survival first described by Diller in 1892 as the symptoms of hydrocephalus were 
abated [43].

1.6  Early Twentieth Century

At the turn of the century, neurological localization and operative techniques con-
tinued to incrementally improve with the growth in the number of completed brain 
surgeries, as reported by the early pioneers. Sir Victor Alexander Haden Horsley 
(1857–1916) was an innovator and advocate for the use of posterior fossa decom-
pression for cerebellar tumors and the development of the first stereotactic frame 
[45, 46]. He reported a number of posterior fossa surgeries in 1906 [47]. From these 
reports, Horsley advocated for the internal decompression of posterior fossa tumors 
without a plan for gross total resection, in order to minimize morbidity for the 
patients. Antony Maxine Nicholas Chipault (1866–1920), inspired by the growing 
number of neurosurgical procedures being performed, formed the first dedicated 
neurosurgical journal, Travaux de Neurologie Chirurgicale, as well as a review of 
all the brain tumor cases that had been performed in the world up to that point in 

Fig. 1.35 Gigli saw, a 
hand-driven ebony-handled 
trephine in the lower left, 
and a steel trephine in the 
lower right. From the 
senior author’s personal 
collection
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time with outcomes listed [48, 49]. He also published a historical perspective of 
brain tumor surgery dating back to ancient times [50]. These surgical pioneers and 
the academics who studied and analyzed their cases truly demonstrated that brain 
surgery was maturing and growing out of its infancy. Additional important figures 
developed incremental gains in our understanding of neurological and surgical anat-
omy by building on the works of the early pioneers and utilizing the developing 
technology of the time.

Between 1909–1912, Fedor Krause (1857–1937) published a three-volume 
atlas, Surgery of the Brain and Spinal Cord, in which he built upon the work by 
Horsley, Macewen, Mills and Bright by building on the anatomical understanding 
of the Bright’s era and by imbuing contemporary surgical techniques by Horsley 
and Macewen in the context of neurological localization that was outlined by 
Mills, Starr, and others [51]. Krause, known to be a rather aggressive surgeon, 
described his surgical approach in the context of a procedure to explore progres-
sive hearing loss, right-sided paresis, diplopia, and left facial and tongue weakness 
in a 17-year- old girl. Localization was made to the left side of the pons and the CP 
angle, and surgical exploration was attempted. Krause described a generous dural 
flap, after which a ‘considerable quantity of liquor was drained away’ (Fig. 1.36). 
The cerebellum fell into the surgical field given the sitting position of the patient, 
and the vermis was thoroughly inspected without the lesion being identified. The 
tentorium was traverse, and the petrous bone was inspected to no avail. He 
continued:

No pathologic condition could be recognized. The index finger gliding along the upper 
border of the petrous portion of the temporal bone for a distance of 6 cm, discovered neither 
hardness nor fluctuation. I was able to palpate the pons immediately beneath the brachia 
conjunctiva; its consistency did not differ from that of the normal cerebellar substance. The 
pons was finally punctured with a long cannula passed through the brachium conjunctivum, 
and 1/2 cm3, sero-sanguineous fluid aspirated.

Fig. 1.36 Diagrams on surgical access and durotomy in Krause’s work on surgical approahes to 
the posterior fossa. From the senior author’s personal collection
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He reported that the patient did well postoperatively and survived the procedure 
well, yet the contralateral paresis progressed. This early pioneering work, built on 
the advancements of the past, appears to be the first surgical attempt at entering 
the pons and attempting surgical decompression. This cutting-edge work was fur-
ther elaborated upon in the coming years in his beautifully illustrated cases 
(Figs. 1.37 and 1.38). Finally, Krause was known for his advocacy of preoperative 
ventricular drainage in order to optimize outcomes and decrease intracranial pres-
sure prior to posterior fossa surgery [52]. His work, while appearing aggressive by 
today’s  standards, may have been necessary to advance the field in treating a 
pathology that surgeons were once instructed to avoid due to fears of surgical 
outcomes.

In 1909, Theodore Weisenburg (1876–1934) described another attempt at surgi-
cal resection in a 46-year-old patient with progressive headache, ataxia, ptosis, and 
hearing loss, for which only a cerebellar decompression was performed [53]. No 
identifiable lesion was shown, and normal surface anatomy was demonstrated, sig-

Fig. 1.37 Title page from 
Krause’s neurosurgical 
monograph Surgery of the 
Brain and Spinal Cord. 
From the senior author’s 
personal collection
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nifying that unlike Krause, some surgeons who attempted BG resection were still 
rightfully unwilling to enter and explore the brainstem, knowing the consequences 
that would result for the patient. As a result of this conservative approach, the 
patient’s symptoms did improve mildly, and post-operative care was uneventful. 
The patient survived an additional 6 months, but then succumbed to his tumor. On 
post-mortem analysis, the tumor was demonstrated throughout the medulla, pons, 
cerebellar peduncles, and the cerebellum.

In 1910, Philip Zenner (1852–1956) performed a surgical exploration on a pedi-
atric patient with a BG [54]. His approach was much more aggressive in terms of a 
more detailed exploration of the brainstem. While a pioneer in his approach, given 
the surgical limitations and restricted localization of the time, it was not surprising 
that the patient died quickly after surgery. At best, neurological localization of 
these lesions was gross and unable to determine invasiveness into surrounding 
brainstem tissue, nor to give detailed information regarding anatomical relations to 

Fig. 1.38 Krause’s 
technique for unilateral 
and bilateral osteoplastic 
craniotomies. From the 
senior author’s personal 
collection
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other structures. As a result, surgical procedures were largely of an exploratory 
nature and were nearly uniformly fatal when the brainstem was operated on.

Another noteworthy surgeon was Charles Frazier (1870–1936), who trained with 
Virchow and later became professor of surgery at the University of Pennsylvania. 
Frazier made several important contributions to the field that would further facilitate 
operative approaches to brainstem lesions. He advocated for the prone patient posi-
tion and refined his ‘bloodless’ midline incision and exposure to the posterior fossa 
[55, 56]. He reported his series of posterior fossa surgeries in 1905 with Charles 
Mills and Theodore Weisenburg, among others in which his experience with a 42% 
mortality rate was documented (Fig. 1.39). As noted, for the time and type of expo-
sure Frazier performed, this remained an improvement over contemporary mortality 
rates for posterior fossa surgery.

Harvey Cushing (1869–1939) is considered the father of American Neurosurgery 
and was a pioneer in posterior fossa surgery. While training at Johns Hopkins with 

Fig. 1.39 Monograph by 
Charles Mills, Charles 
Frazier, George 
Schweinitz, Theodore 
Weisenburg, and Edward 
Lodholz detailing their 
experience with tumors of 
the cerebellum, in which 
both clinical evaluation 
and surgical considerations 
are discussed. From the 
senior author’s personal 
collection
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William H. Halsted (1752–1922), it was his travels abroad and work with Theodor 
Kocher (1841–1917) where he gained insight into surgery of the posterior fossa 
[57]. Maintaining his meticulous approach to problem solving and in an effort to 
reverse the widespread belief that surgery of the posterior fossa could not be per-
formed with reliable safety, Cushing worked out several techniques to manage 
tumors in this region and published seminal works on tumors of the cerebellum and 
brainstem [58, 59]. He was an advocate for the “crossbow” incision, which did not 
gain popularity but allowed for adequate cerebellar decompression, retraction, as 
well as for an occipital burr hole to manage hydrocephalus [60] (Fig. 1.40). Similar 
to Horsley, Cushing advocated for tumor debulking, tissue diagnosis, and manage-
ment of hydrocephalus. He published on medulloblastoma and astrocytoma resec-
tion of the cerebellum with an operative mortality rate of only 15% [61]. He first 
reported a case of a pediatric BG in January 1910, for which he performed a suboc-
cipital exploration [62, 63]. During his time at Johns Hopkins Hospital until 1912, 
only a single pediatric BG case was reported. The patient was a 15-year-old girl 

Fig. 1.40 Cushing’s 
“crossbow” incision for 
tumor resection in the 
posterior fossa and for 
management of 
elevated intracranial 
pressure. From the senior 
author’s personal 
collection
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with a 5-month history of cognitive slowing, right-sided ptosis, and right cheek 
numbness that progressed to right ear deafness, vomiting, dizziness, imbalance, 
positional headache and paresthesia in the left hand and foot at 1 week prior to pre-
sentation. On examination, she was found to have right-sided anesthesia, paralysis, 
and nystagmus in all directions. She was bedbound for 10 days later and severely 
dysarthric, for which she was initially treated with potassium iodide. She returned 
home with moderate improvement in neurological function until a rapid deteriora-
tion returned her to her previous state. Cushing performed a wide suboccipital 
exploration to both mastoid processes and caudally to the foramen magnum. The 
dura was exposed down to the arch of C1 and upon opening, the cerebellum began 
to herniate uncontrollably. The decision was then made to open the dura widely 
through which the cerebellum continued to herniate, but no tumor was identified. 
Exploration of the cerebellum was performed to no avail, and the operation was 
aborted. The dura was left open as the muscles and skin were closed in layers. 
Cushing concluded: “It is probable that the tumor actually is a pontial tumor, cer-
ebellar symptoms due to involvement of the superior cerebellar peduncles. This 
accounted for the unusual state of sensory disturbances and for the right conjugate 
paralysis of the ocular movements.” Despite a reportedly uncomplicated surgical 
decompression, the patient’s temperature rose to 105.7  °F within hours, and her 
pulse was found to be weak. She became comatose on the following day and died 
the day afterwards, likely from a profound septic response. An autopsy confirmed a 
“soft gelatinous mass occupying the cerebellopontine region on the right, extending 
from the mid-line and including the triangle, measuring 5 cm in antero-posterior 
diameters. There is a cyst at the outer angle. The cranial nerves from the third to the 
eighth inclusive are definitely involved in the growth. The tumor itself is a most 
variegated affair. In many places, it contains gelatinous cysts, in others bright red 
patches of haemorrhage, many thrombosed vessels, yellowish areas of tissue degen-
eration, and a dry surrounding zone of grayish, opaque tissue evidently growing 
edge, which has the appearance of a section of unripe fruit” (Fig. 1.41). A diagnosis 
of infiltrating glioma of the pons was made. The reason for Cushing’s limited explo-
ration was not discussed, yet he may have considered the fatal consequences of 
extensive brainstem exploration. His report further documented the importance of 
detailed neurological examination for the diagnosis of these lesions, explaining the 
possible close relationship of various nuclei in the brainstem, even though there was 
still, rightfully so, a significant degree of reticence approaching the brainstem. 
Because of this work and his further refinement of operative approaches to infraten-
torial pediatric tumors that further developed the field over the following decades, 
his operative mortality rates fell from 20% to 4% for these approaches by 1928; 
these low rates were never seen before in neurological surgery history [62].

Following the work of Cushing was his former student Walter E.  Dandy 
(1886–1946). Dandy was known to have a more aggressive surgical style and would 
often disagree with his former instructor. In addition to his work on developing 
ventriculography, a postoperative care unit and meticulous postoperative airway and 
electrolyte management, Dandy advocated for gross total resection of tumors in the 
CP angle. Yet understandably, his aggressive surgical nature did not translate to 
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brainstem lesions, where such an approach would not be advocated for at this or any 
time by even the more aggressive surgeon [64–66]. When he passed away in 1946, 
Dandy had performed over 200 operations in the posterior fossa.

These early surgical pioneers demonstrated the frontiers of the operative capability 
at the start of the twentieth century, the limitations of a clinical diagnosis in understand-
ing the complexity of the anatomical nuances of these lesions, and the uniformly fatal 
course that the patients undertook upon invasive surgical exploration of their lesions. 
As described, many cases concluded without tumor identification, and the patients 

Fig. 1.41 Photographs of Cushing’s gross specimen from his pediatric patient with a brainstem 
glioma. Courtesy of The Alan Mason Chesney Archives of The Johns Hopkins Medical Institutions
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were only offered palliative decompression. Donald Matson (1913–1969) stated even 
decades later: “regardless of specific histology, brainstem gliomas must be classified as 
malignant tumors since their location in itself renders them inoperable” [67].

1.7  Mid-to-Late Twentieth Century

At earlier times, with so little known about BGs, they were all considered to be a 
single entity that is distinct from surrounding cystic, infectious, and inflammatory 
collections of the CP angle and otherwise surrounding the brainstem. Little was 
known of the true heterogeneous nature of these lesions, and only over the early 
twentieth century was it discovered that as many as 10% of all pediatric tumors 
were BGs, and that these lesions were a heterogeneous group of entities within the 
midbrain, pons, and medulla, which portended several very different prognostic out-
comes [68–72]. Over the next 50  years, since these early surgeons attempted to 
resect these formidable lesions, little had advanced in regard to the improvement of 
perioperative care. Epidemiological evidence began to arise as more and more cases 
were being reported, neurological localization incrementally improved, imaging 
techniques allowed for subtype classification and localization in an unprecedented 
way, and the utilization of microsurgical techniques slowly moved our management 
of these lesions forward. Additionally, patients of likely focal lesions were delin-
eated as having good outcomes, tempting the surgeons to attempt resection where 
they would otherwise defer treatment.

In 1968, J. Lawrence Pool (1906–2004) was one of the first to describe a series 
of resections of brainstem lesions after which the patients survived between 10 to 
25 years [73]. The first case of this series likely represented an ependymoma of the 
fourth ventricle that abutted the brainstem but was not intrinsically associated with 
it. The patient only experienced papilledema, headaches, and mild nystagmus, 
which resolved postoperatively. X-rays were the only available modality for imag-
ing at the time, and while this was a positive outcome to present, it is unclear as to 
whether this lesion could truly be described as a BG. The second case was that of an 
8-and-half-year-old girl who presented with mild ataxia and headaches that pro-
gressed to multidirectional nystagmus, facial weakness, profound ataxia, and adi-
adochokinesis. A suboccipital craniectomy was performed in 1947, and discoloration 
of the floor of the fourth ventricle was noted and explored. A pontine cyst was 
aspirated for 30 cc of fluid; while some portion of what appeared to be a mural nod-
ule was removed, a substantial amount of tumor was still noted invading the medulla 
and pons. A decision was made to not explore further. The patient did very well 
postoperatively with a resolution of her ataxia, nystagmus, and sensory distur-
bances, which were stable at 13-year follow-up. The final case was performed in 
1957 and represented a 13-year-old boy with papilledema, diplopia, and mild ataxia. 
A ventricular catheter was placed preoperatively, and the surgery was performed 
with a suboccipital approach. A graying tumor was identified in the midbrain and at 
the roof of the sylvian aqueduct and was estimated to be 8 mm in diameter. A biopsy 
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was attempted but resulted in bleeding, which prevented further exploration. A soft 
rubber catheter was placed into the third ventricle and anchored to the subarachnoid 
space of the cisterna magna. The dura was closed in a watertight fashion in an 
uncomplicated manner, and the pathological diagnosis was astrocytoma. The 
patient’s papilledema and ataxia improved, and he did well at 10-year follow-up. 
While it was assuring to other surgeons that survival after operative intervention for 
BG was possible, it is clear that these represented small, focal or cystic lesions, in 
which true and full operative resection was not attempted. It was prudent that Pool 
did not attempt more aggressive resection for better outcomes in his patients, given 
that they survived so long after surgery. However, it did not appear that these were 
aggressive diffuse lesions that others had struggled with; these may have been hand- 
selected cases but were somewhat misleading in the conclusions reached in this 
report by Pool. He states, “appropriate treatment of a brainstem glioma can lead to 
long-term useful survival.” He also credited “X-ray therapy,” which was no more 
than a few intraoperative X-rays, as “obviously prevent[ing] growth of the tumors.” 
Despite his description of these cases’ intraoperative details and patient presenta-
tions, he reassured surgeons that resection of all BGs could afford long-term sur-
vival, with somewhat inaccurate conclusions. However, in his discussion, he notes 
that these lesions were far from homogeneous lesions, which were seemingly 
benign but significantly heterogeneous in their anatomic localization within the 
brainstem and around the fourth ventricle. From this understanding, the true hetero-
geneous nature of these lesions was starting to be defined, and that all BGs were not 
made equally, nor should be treated as such.

Additional reports began to surface over the next three decades of these prognos-
tically favorable outcomes, and it became accepted that this tumor was in fact not 
one, but a spectrum of lesions that have variable management strategies and out-
comes dependent upon the surgical intervention undertaken. Undoubtedly, poor 
outcomes in larger lesions were underreported, yet more knowledge was obtained 
from magnetic resonance imaging (MRI) technology, which exponentially advanced 
our understanding of these lesions.

Over this period, diffuse gliomas were identified as the most common type of 
brainstem tumors, comprising 58–75% of all lesions, by their indistinct margins and 
expansion rather than compression of the brainstem [68, 74]. Clinical correlation 
was then possible between the 80% of children who presented with symptoms of 
less than 2 months, and those with significantly more indolent courses, to the imag-
ing characteristics that would later identify less aggressive lesions with better prog-
nostic profiles from more aggressive subtypes. Several radiographic classification 
systems also emerged, characterizing tumors as being diffuse or focal, exophytic or 
parenchymal, and by their enhancement patterns. Dorsally exophytic lesions were 
identified as arising from the subependymal glial tissue in the fourth ventricle, and 
as clinicians gained experience with their radiographic appearance, they began 
delineating them from choroid plexus papillomas or ependymomas. Focal lesions 
and those arising from either the midbrain or the cervicomedullary junction allowed 
for an understanding that these were usually low-grade, benign lesions that do not 
infiltrate. The differentiation of these tumors from diffuse lesions allowed clinicians 
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to understand why significant long-term survival could be obtained for some patients 
with surgical resection. Historically, surface discoloration or abnormalities in shape 
or quality of the brainstem were solely used as indicators for safe entry during 
exploratory surgery but were then starting to be replaced by a thorough analysis of 
preoperative imaging studies.

Epidemiological factors also were further defined in the 1990s, such as more 
indolent tumors documented in patients with neurofibromatosis type I, and longitu-
dinal analyses of patients with serial MRIs were first being performed to further 
shift our thinking toward monitoring certain patients until the risks of surgery could 
be outweighed by the risks of not operating [75].

The first trials investigating the addition of chemotherapy to radiation therapy 
for children with these diffuse lesions began in the late 1970s in concert with 
advancements in imaging. Vincristine was added to irradiation, yet no differences 
in long- term outcomes were noted, despite a 20% overall survival. Additional tri-
als were performed in the 1980s and 1990s including the use of agents such as 
cyclophosphamide, cisplatin, ifosfamide, and carboplatin prior to an intensive 
radiation therapy regimen; no significant improvement in survival was noted. A 
trial of etoposide with irradiation and vincristine similarly produced no survival 
benefit in the late 1990s [76]. Marrow-ablating chemotherapy also provided no 
survival benefit.

Although once thought to be so rare that multicenter clinical trials would not be 
possible for BGs, radiation oncologists from 13 institutions in 1983 participated for 
the first time in a questionnaire evaluating their success with radiation for BGs over 
the previous decades. Sixty-two patients were identified with a 3-year survival of 
only 23%. Failure of local control meant the ineffectiveness of this trial, with whole 
brain radiation showing no survival benefit. From this first collaborative effort, cli-
nicians soon realized that more of these cooperations would be needed in order to 
make substantial advancements in treatment. Phase I/II trials began investigating 
various radiation schedules and combinations with chemotherapeutics. Trials to 
understand maximal radiation doses from 64.8 to 78 Gy demonstrated no improved 
survival, yet complications of corticosteroid dependency, vascular events, white 
matter changes, hearing loss, and seizures were encountered frequently. Median 
survival was 8–13 months for most trials [71, 72, 76]. Therefore, it was surmised 
from this work that lower radiation doses may be required and would suffice to 
manage lesions perioperatively or as a stand-alone treatment. Limitations of chemo-
therapeutic penetration, the risks of radiation exposure, and the indolent nature of 
some of these slower growing lesions were cited as some of the reasons that these 
trials were not more successful.

Today, the Children’s Oncology Group and the Pediatric Brain Tumor Consortium 
are conducting trials with novel therapeutics including epidermal growth factor 
receptor (EGFR) inhibitors, antiangiogenesis agents, farnesyl transferase inhibitors, 
radiation sensitizers, histone deacetylase inhibitors, as well as agents that were 
proven successful in treating other high-grade gliomas such as temozolomide [71, 
72, 76]. The hope still exists that meaningful tumor control may be achieved with 
these therapeutics, resulting in meaningful long-term survival for patients.
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Even more, modern technological advances have also allowed for incremental 
advancement and evolution of surgical management of these lesions [77]. The 
use of advanced MRI techniques has allowed for better delineation of hemor-
rhage, cysts, and enhancing portions of these lesions in unprecedented ways, 
which lead to optimization of surgical entry locations; this may lead to as little 
transgression of normal surface tissue as possible. Neuronavigation and intraop-
erative imaging has allowed for resection of as much tumor tissue as possible in 
a guided manner, which no longer relies on the exploratory nature that early sur-
gery was dependent upon. Stereotactic biopsies have allowed for the attainment 
of tumor tissue and a tissue diagnosis by planning the safest, least destructive 
path to the lesions in a manner that would have seemed to be science fiction for 
most of our history of understanding BGs. Intraoperative monitoring, including 
cranial nerve evoked potentials, brainstem auditory evoked potentials, motor and 
sensory evoked potentials, brainstem mapping, nerve conduction studies, and 
electromyography, optimizes the surgeon’s awareness of his/her anatomical 
localization to maximize safe resection. Suprafacial and infrafacial entry zones 
have demonstrated safer areas to enter the brainstem, and neurophysiological 
monitoring has become invaluable in the real- time assessment of these entry 
points and the resection limits. Diffusion tensor imaging, demonstrating the dis-
tortion of vital neural tracts displaced by tumor tissue, has allowed for safer 
resection than ever possible. Intraoperative imaging can further be used in real-
time to evaluate the amount of tumor resected, and by loading it into a neuronavi-
gational hardware, it can further guide the rest of the resection of these lesions. 
Improvements in postoperative intensive care unit (ICU) management, oxygen-
ation monitoring, airway protection, and careful swallowing assessments keep 
patients safer perioperatively and improve outcomes. A greater emphasis on 
physical and occupational therapies further optimizes outcomes postoperatively 
for patients with BGs in the modern era.

Even after nearly 200 years of identification and management of these lesions, 
outcomes remain poor for the majority of brainstem  lesions, with only marginal 
improvement in long-term survival for diffuse and aggressive lesions. Adjuvant che-
motherapy and radiotherapy have allowed for minimal survival benefits, yet patient 
selection and proper classification of lesions has the best implications for long-term 
survival, with or without surgical intervention. With improved outcomes, re- 
resection has also become an option for certain patients, which had not been possi-
ble historically [78]. A greater understanding of the genetic profiles of these lesions 
in order to identify targets for therapeutics must be accomplished for the next gen-
eration of treatments to have a meaningful impact on patients’ survival. Substantial 
blood brain barrier disruption may also be required to facilitate entry of novel thera-
peutics, and direct delivery systems may also allow for better tumor control and 
fewer systemic side effects. Despite a long and troubling history of our understand-
ing and management of BGs, diffuse lesions are still arguably not treated any more 
effectively than they have been over a century ago and still portend substantial mor-
tality risk in an overwhelming majority of patients within 2 years. Major advances, 
however, have occurred in our classification of lesions by location and imaging 
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characteristics, which help identify tumors that can be cured by surgical resection. 
With our ever-expanding understanding of the molecular mechanisms of these 
lesions and the acceleration of our technological development, it is possible that 
single pathways, proteins, or interventions may be identified in our lifetime that 
may herald a novel class of effective therapeutics and a new age of treatment that 
will propel our current care forward, far beyond the care delivered in the time of 
Mills, Krause, and Cushing. It is our hope that these lesions will once again be cat-
egorized prognostically in a homogeneous manner, in regard to substantial long- 
term survival achievable for all patients. Having traced the exponentially advancing 
lineage of our understanding of BGs, it is astounding how much has changed over 
the past 30, 100, 200 and 2000 years in regard to our diagnosis and treatment of 
these lesions. Modern surgeons find themselves in a time of technological advance-
ment that was never seen before throughout all our history, and the once asymptotic 
point of cure for BGs may in fact not be far into the future [79].

1.8  Conclusion

On the larger scale of our scientific development, our understanding of BGs is only 
in its infancy. For much of our history, the posterior fossa was a region for surgeons 
to avoid, with transgression into the brainstem resulting in uniform death for 
patients. Only in the last half-century of advanced imaging and a shorter period of 
stereotactic localization, have we scratched the surface of humanity’s potential to 
treat these unrelenting masses of the most precious region of the nervous system. It 
is unclear if surgical resection in such a valuable territory would be the answer for 
curing BGs in the future, but certainly targeted and highly selective therapeutic 
delivery will be required. More than with any other tumor of the body, preservation 
of neurological structure and function of the brainstem is paramount and remains 
the greatest challenge to BG treatment – a warning of non-disruption that has echoed 
throughout our history and resounds again as we look forward to the next therapeu-
tic advancement just beyond the horizon.
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2.1  Introduction

Nestled between the clivus and the cerebellum, the brainstem is a relatively small, 
yet highly interconnected structure. Except for olfaction and vision, all sensory and 
motor pathways flow through the brainstem, making it a primary gateway between 
the mind and body. The complexity of the brainstem, combined with its  concentration 
of vital structures and deep location, creates daunting surgical challenges. Its dense 
network of ascending and descending pathways, and nuclei that are essential for 
vital neurological function, accounts for only a part of its complexity. The surgeon 
must also understand its intricate relationships with surrounding neural, ventricular, 
cisternal, arterial, venous and bony structures. This knowledge will help the surgeon 
to predict what kind of neurological deficits might occur with various surgical tra-
jectories into the brainstem. Of course, the location of the lesion and its proximity 
to the surface are very important factors when planning surgery. The safe entry 
zones for removal of a deeply located lesion have been described, while the two-
point method has also been described for lesions reaching the pial-ependymal layer; 
one point is placed at the center of the lesion and the second point is placed on the 
part of the lesion closest to the pial-ependymal surface to obtain the surgical trajec-
tory [1]. The amalgamation of these two methods, along with the knowledge of 
microsurgical anatomy and neuroimaging techniques, is crucial for maximizing sur-
gical accuracy and safety.

2.2  Developmental Anatomy: Phylogeny and Ontogeny

An understanding of how the brainstem develops can help one grasp its basic sche-
matic organization. It is speculated that the brainstem evolved as a hyper- specialized 
portion of the spinal cord to help the vertebrates adapt to the need for special senses 
and primitive coordination of movements [2]. Sensations related to the immediate 
environment (tactile, taste) might have been an early addition and are localized to the 
hindbrain. Distant sensations (vision, olfaction) emerged later; hence, they are located 
in the midbrain and forebrain. On the other hand, orientation in space (labyrinth) 
originated early along with motor coordination. Hearing later branched as an adapta-
tion of the vestibular system and vibratory perception. Associative and correlative 
functions began to unfold in the midbrain (e.g., optic tectum), followed by the emer-
gence of higher diencephalic centers [2]. Hence, the thalamus anatomically consti-
tutes a rostral continuation of the midbrain with no sulcal separation between the two.

Following its formation at approximately 3 weeks of gestation, the neural tube tis-
sue undergoes rudimentary differentiation into alar (dorsal) and basal (ventral) regions. 
These two parts are delineated by the sulcus limitans – bilateral grooves within the 
lumen of this tube. The alar and basal mantle form the sensory and motor grey matter 
of the spinal cord, respectively. This pattern is initially preserved during the develop-
ment of the brainstem but is later disrupted by the emergence of more complex nuclei 
and by the transit of cortical, spinal and cerebellar projection fibers. Within 4 weeks of 
gestation, the neural tube starts to undergo a pattern of folding and dilation, forming 
the prosencephalon (forebrain), mesencephalon (midbrain) and rhombencephalon 
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(hindbrain). The latter two go on to form the brainstem structures, with the rhomben-
cephalon later differentiating into the metencephalon and myelencephalon [3].

At approximately 3 months of gestation, the neural tube of the brainstem changes 
shape, opening dorsally and expanding the dorsal roof plate over this part of the lumen. 
In most parts of the brainstem, the roof plate is reduced to a thin ependymal layer, 
through which small overlying blood vessels form the choroid plexus [3]. This expan-
sion leads to the repositioning of the sulcus limitans in the brainstem. In the spinal 
cord, the sulcus lies in the lateral walls of the lumen, dividing motor and sensory 
regions into ventral and dorsal locations, respectively. Where the tube has expanded to 
form the brainstem, the sulcus limitans is located anteriorly in the ventricle, appearing 
as a groove running down the posterior surface of the brainstem on either side, separat-
ing the motor and sensory nuclei medially and laterally, respectively. In the midbrain, 
however, the alar plate remains in the posterior position to form the tectum (Latin: 
roof). The quadrigeminal – or tectal – plate forms the roof of the sylvian aqueduct and 
is involved in associative auditory and visual circuitry. Below this level, the roof of the 
fourth ventricle is formed, along with the cerebellar peduncles, by the velum, which is 
a neural membrane whose inferior part has a vestigial neurological function.

The tegmentum (Latin: covering) is derived from the basal plate and forms the floor of 
the brainstem’s ventricular system. The tegmental gray matter gives rise to the cranial 
nerve (CN) nuclei, secretory nuclei, and reticular formation. However, the most anterior 
part of the brainstem is not formed by the tegmentum, but mainly by the corticospinal and 
the corticobulbar fibers within the cerebral peduncles and pyramids. The pons is a special-
ization of the medulla that is prominent only in mammals due to the development of the 
cortico-ponto-cerebellar tracts, corticospinal tracts, and pontine nuclei. The corticospinal 
fibers are separated from the more posterior tegmentum by recognizable landmarks (e.g., 
lateral medullary sulcus, peritrigeminal area, inferior olivary body), which have been 
described in previous anatomical reports in relation to potential safe entry zones to subpial 
brainstem lesions. Sensory fibers such as the medial lemniscus and spinothalamic tract, 
on the other hand, penetrate the brainstem more posteriorly through the tegmentum.

2.3  Anatomical Features of the Brainstem

It is important to know the external features of the brainstem and how they relate to 
the underlying structures. The surgeon should be familiar with the anatomy sur-
rounding the brainstem at each level. In every direction, except for the middle cer-
ebellar peduncle and fourth ventricle, there is a subarachnoid cerebrospinal fluid 
(CSF) cistern immediately adjacent to the brainstem. Each of these typically con-
tains vessels and one or more CNs (Fig. 2.1).

2.3.1  Mesencephalon (Midbrain)

The midbrain extends from the thalamus to the pontomesencephalic sulcus. 
Anteriorly, from lateral to medial, the cerebral peduncles are formed by the ipsilat-
eral array of occipito-parieto-temporopontine, corticospinal, corticobulbar and 
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frontopontine fibers descending from the internal capsule. Between the two pedun-
cles is a gap, called the interpeduncular fossa, which contains a cistern of the same 
name and is bounded posteriorly by the posterior perforated substance, which 
accepts perforators arising from the posterior cerebral artery (PCA) near the basilar 
apex. The oculomotor nerve has its origin at the medial aspect of the cerebral pedun-
cle and is contained by the cistern that surrounds the remainder of the peduncle – the 
crural cistern. Beyond the peduncle and lateral mesencephalic sulcus, the postero-
lateral portion of the mesencephalon is enclosed by the ambient cistern. An incision 
in the lateral mesencephalic sulcus directed anteriorly leads to the medial lemnis-
cus, which carries contralateral touch and position sense to the thalamus. The sub-
stantia nigra, which is part of the extrapyramidal system, separates the descending 
fibers of the peduncle anteriorly and ascending tracts posteriorly (medial lemniscus, 
ventral spinothalamic, ventral trigemino-thalamic and dentato-rubro-thalamic 
tracts). The red nucleus is located medial to the ascending tracts and is crossed by 
fibers of the third nerve. Fibers of the superior cerebellar peduncle course medial 
and posterior to the medial lemniscus to reach the red nucleus and thalamus.

Moving posteriorly in the midline, the sylvian aqueduct communicates the third 
ventricle with the fourth. The periaqueductal tegmentum holds a dense collection of 
nuclei including the periaqueductal gray, reticular formation, raphe nuclei, and 
nuclei of the third and fourth CNs. Fibers of the latter curve postero-medially around 
the periaqueductal gray matter and cross the midline to emerge from the posterior 
surface of the brainstem. More laterally, and in the most inferior sections of the 
midbrain, another series of ascending tracts can be found, including the lateral lem-
niscus, carrying auditory afferents, and the dorsal spinothalamic tract, contributing 

Fig. 2.1 Brainstem seen from the anterolateral perspective. Abbreviations: Sulc., sulcus; CN, cra-
nial nerve
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to temperature and pain sensation. Posterior to the aqueduct is the quadrigeminal 
plate, containing the superior and inferior colliculi, which are concerned with visual 
and auditory reflexes, respectively. The quadrigeminal cistern separates the quadri-
geminal plate from the lingula of the cerebellum posteriorly [4].

2.3.2  Pons (Bridge)

The pons is a convex structure extending from the pontomesencephalic sulcus supe-
riorly to the pontomedullary sulcus inferiorly. The descending fibers (corticospinal 
and corticobulbar tracts) located in its anterior half are mixed with transverse fibers 
arising from pontine nuclei and flowing into the contralateral middle cerebellar 
peduncle. Intertwined between these cranio-caudal and latero-lateral systems of 
fibers, the pontine nuclei integrate a wide variety of inputs to the cortico-ponto- 
cerebellar circuit, which are thought to provide error correction for motor learning. 
At the midlevel of the pons convexity, fibers originating in the sensory nucleus of 
the trigeminal nerve converge to form the sensory root of CN V, anterior to the 
emergence of the middle cerebellar peduncle. The motor rootlets arise superior to 
the sensory root before merging with it. Most of the ascending tracts (e.g., medial 
and lateral lemniscus, ventral and dorsal spinothalamic tracts) are located posterior 
to the transverse pontine fibers and anterior to the reticular formation.

The posterior aspect of the pons can be considered as the superior half of the floor 
of the fourth ventricle, which approximates the shape of a rhombus with CSF flowing 
through openings at each of its vertices: lateral recesses (Luschka) on either side 
draining into the cerebellopontine cistern, obex (Magendie) inferiorly draining into 
the cisterna magna and ependymal canal, and the sylvian aqueduct superiorly. Between 
these vertices, the rhombus is outlined by the cerebellar peduncles. The floor of the 
fourth ventricle is divided vertically by the median sulcus, paramedian sulcus and 
sulcus limitans; and horizontally by an imaginary line between the two lateral recesses 
that divides it into superior (pontine) and inferior (medullary) halves. The medullary 
striae follow this line to the lateral recesses, entering the acoustic area. There are sev-
eral CN nuclei near the floor of the fourth ventricle, divided by the sulcus limitans into 
medial motor and lateral sensory areas. In the superior half, the most prominent struc-
ture is the facial colliculus. Located in the medial eminence, this structure overlies 
both the abducens nucleus and facial nerve fibers that course around it after originat-
ing in the facial nucleus more anteriorly near the pontomedullary sulcus [4].

2.3.3  Medulla Oblongata

The medulla oblongata is the most inferior segment of the brainstem. Its anterior 
surface is dominated by the pyramids, which contain the corticospinal and corti-
cobulbar tracts. In the most inferior (closed) portion of the medulla, the corticospi-
nal tract decussates, with 85% of its fibers crossing the midline before flowing into 
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the contralateral spinal cord. Lateral to the pyramids, the olivary eminence  – or 
body – is limited by the pre-olivary sulcus anteriorly, where the hypoglossal rootlets 
emerge. Posterior to the olive, the retro-olivary sulcus holds the origins of CNs IX, 
X and XI [5, 6]. Continuing posteriorly, the lateral eminence features the trigeminal 
tubercle (tuberculum cinereum), which is the prominence containing the spinal tri-
geminal nucleus and tract; then, more posteriorly are the cuneate and gracile tuber-
cles that contain the continuation of the dorsal column fibers and their respective 
nuclei, where they synapse before decussating as internal arcuate fibers. This “sen-
sory decussation” is more superior than the pyramidal decussation, continuing 
superiorly as the medial lemniscus, which travels posterior to the pyramids near the 
midline in the upper medulla.

The superior (open) part of the medulla faces the fourth ventricle posteriorly. 
Visible landmarks here include the hypoglossal nucleus medially, which is flanked 
by the dorsal nucleus of the vagus nerve and the vestibular nuclei laterally. Deep to 
the vestibular area are the solitary tract and nucleus. Within the medulla, the hypo-
glossal fibers leave their nucleus and course anteriorly between the pyramid and the 
inferior olivary nucleus. Posterior to the olive and anterior to the floor of the fourth 
ventricle and its nuclei lies the reticular formation of the medulla, which contains 
neurons projecting to several areas of the brain and spinal cord, and through which 
the vestibulospinal tracts pass. Laterally in the reticular formation, the fibers of the 
nucleus ambiguus join the motor fibers of the dorsal vagus nucleus, and then exit the 
medulla as the rootlets of the vagus nerve [4].

2.4  Vascular Anatomy of the Brainstem

2.4.1  Arterial Supply [7, 8]

2.4.1.1  Midbrain

Most of the mesencephalon is vascularized by perforator branches from the PCA, 
but branches of the anterior choroidal artery often contribute blood supply to the 
cerebral peduncle and substantia nigra, and posterior communicating branches 
may penetrate the posterior perforated substance. Another exception is the inferior 
quadrigeminal plate that is irrigated by the superior cerebellar artery (SCA). The 
anteromedial segments of the midbrain are perfused by paramedian perforators 
originating from the basilar bifurcation and P1 arteries that enter the posterior per-
forated substance in the interpeduncular fossa. Structures in this region include the 
red nucleus, medial longitudinal fasciculus, and oculomotor and Edinger-Westphal 
nuclei. Anterolateral structures of the midbrain, including parts of the cerebral 
peduncle and medial lemniscus, gain blood supply from small branches of the 
quadrigeminal and medial posterior choroidal arteries. There has been some varia-
tion reported in the origin of the quadrigeminal artery, including from the P1, prox-
imal P2 or distal P2. The quadrigeminal plate is supplied by the quadrigeminal 

J. Basma et al.



47

artery, with input also from the posterior medial choroidal arteries superiorly and 
the SCA inferiorly. Lateral to the cerebral peduncles lie the geniculate bodies of 
the thalamus, supplied by the thalamogeniculate vessels arising from the PCA 
(Figs. 2.2 and 2.3).

2.4.1.2  Pons

The most medial region of the pons (occupied by structures such as the abducens 
nucleus, medial longitudinal fasciculus and corticospinal fibers) is perfused by 
paramedian branches of the basilar artery. More laterally, the anterolateral portion 

Fig. 2.2 Sections through the brainstem and their relationship to the vasculature and skull base. 
(a) Midbrain. (b) Pons. (c) Open medulla. (d) Closed medulla. Abbreviations: Ant., anterior; Cav., 
cavernous; M.  Lemniscus, medial lemniscus; PICA, posterior inferior cerebellar artery; SCA, 
superior cerebellar artery; Sub. Nigra, substantia nigra; Sup., superior
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of the pons is irrigated by the short circumferential branches of the basilar artery. 
The posterolateral pons is perfused by long circumferential arteries. The long cir-
cumferential blood supply is augmented by the SCA rostrally and posteriorly, and 
by the anterior inferior cerebellar artery (AICA) caudally and anteriorly. The middle 
cerebellar peduncle is perfused by the SCA superiorly and AICA inferiorly (see 
Figs. 2.2 and 2.3).

2.4.1.3  Medulla

The paramedian perforators from the caudal basilar artery also supply the medial 
rostral medulla; this is augmented by small branches from the vertebral arteries 
(VAs). Structures falling within this region include the medial longitudinal fascicu-
lus, tectospinal tract, medial lemniscus and corticospinal tracts. More caudally, 
these structures and the hypoglossal nucleus are perfused by the anterior spinal 
artery. The VA gives rise to the anterior spinal artery, which fuses with its contralat-

a

b

Fig. 2.3 Neurovascular 
relationships of the 
brainstem. (a) Anterior 
view. (b) Lateral view. 
Abbreviations: III, 
oculomotor nerve; IV, 
trochlear nerve; V, 
trigeminal nerve; VII, 
facial nerve; VIII, 
vestibulocochlear nerve; 
IX, glossopharyngeal 
nerve; X, vagus nerve; XI, 
spinal accessory nerve; 
XII, hypoglossal nerve; 
AICA, anterior inferior 
cerebellar artery; PICA, 
posterior inferior cerebellar 
artery; SCA, superior 
cerebellar artery
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eral artery to descend along the anterior median fissure on the surface of the medulla 
and spinal cord, contributing to the lower medulla’s irrigation. Similar to the pons, 
the medial structures of the medulla form one distinct vascular territory, with the 
lateral regions forming multiple territories perfused by different vessels. In the 
medulla, the lateral region is supplied by the VA anteriorly and posterior inferior 
cerebellar artery (PICA) posteriorly. The vascular territories of the caudal medulla 
mirror those of the spinal cord: the posterior spinal arteries supply all of the poste-
rior structures, and the anterior spinal artery, coursing over the ventral median 
 sulcus, intermittently gives off perforators that become sulcocommissural arteries 
(see Figs. 2.2 and 2.3).

2.4.2  Venous Anatomy [9]

Venous drainage of the brainstem is highly variable. There is usually a network of 
horizontal and vertical veins. Many of these veins course in anatomical sulci and 
fissures and, hence, take their names (see Fig. 2.3).

2.4.2.1  Midbrain

The midbrain is encircled by a network of veins. Anteriorly, in the interpeduncular 
fossa, resides the medial anterior pontomesencephalic vein. In some cases, this vein 
may be duplicated, with two veins coursing upwards between the oculomotor 
nerves, joined by a commissural vein. The medial anterior pontomesencephalic 
veins drain into the peduncular vein, which in turn converges with the basal vein of 
Rosenthal. The lateral midbrain is drained by the lateral mesencephalic veins, which 
in turn also drain into the peduncular veins. These lateral mesencephalic veins form 
anastomoses with the vein of the pontomesencephalic sulcus, which itself courses 
anteriorly, joining the pontomesencephalic vein.

2.4.2.2  Pons

As in the midbrain, the pontomesencephalic vein courses along the anterior sur-
face of the pons. There is some normal variation in its anatomy, and it may be 
duplicated. Various transverse tributaries deliver venous blood from more lat-
eral portions of the pons to the anterior pontomesencephalic vein. Veins of the 
middle cerebellar peduncle take a vertical course more laterally on the pons and 
converge with the veins of the cerebellar fissures and transverse pontine veins to 
form the superior petrosal vein (Dandy’s vein). Various bridging veins are emit-
ted from the anastomotic venous network over the brainstem, draining into the 
dural sinuses.

2 Anatomy of the Brainstem



50

2.4.2.3  Medulla

The medulla is drained by a network of vertical vessels, intermittently forming 
anastomoses with one another via transverse medullary veins. The medial anterior 
medullary vein is the most anterior of these, with the pre-olivary and retro-olivary 
veins lying more posteriorly. Although the medullary veins partially drain into the 
pontine venous network, they also emit bridging veins draining into the marginal 
sinus of the foramen magnum and the veins of the hypoglossal canal.

2.4.3  Vascular Relationships and the Rule of Three [8]

Dr. Albert Rhoton Jr. divided the posterior fossa into three groups of structures, each 
organized around a major posterior fossa artery. Branches of the vertebrobasilar 
system supply the brainstem and cerebellum. The VAs pierce the posterior fossa 
dura medial to the occipital condyles and pass anterior to the lower CNs before 
converging at the vertebrobasilar junction, near the pontomedullary junction. The 
basilar artery sends short and long circumflex arteries to the pons before it ulti-
mately bifurcates into the PCAs at the level of the midbrain. Three pairs of cerebel-
lar arteries arise from the vertebrobasilar system and have specific neural 
relationships during their course. While learning posterior fossa anatomy, it is help-
ful to relate the major posterior fossa arteries to the cisterns, brainstem and cerebel-
lar surfaces, and CNs (see Figs. 2.2 and 2.3).

The upper neurovascular complex follows the SCA and includes the midbrain and 
upper pons, trigeminal nerve, trochlear nerve, superior petrosal vein and its tributar-
ies, and the superior surface of the cerebellum. After arising near the basilar apex, the 
SCA travels immediately inferior to the oculomotor nerve before curving around the 
brainstem close to the pontomesencephalic junction. It often bifurcates into rostral 
and caudal branches. Laterally, these branches enter the cerebellomesencephalic fis-
sure, where they travel with the trochlear nerve. Before entering this fissure, one of its 
branches may loop inferiorly to contact the trigeminal nerve, possibly causing tri-
geminal neuralgia. After coursing posteriorly around the superior cerebellar peduncle, 
then emerging from the cerebellomesencephalic fissure, the branches supply the supe-
rior surface of the vermis and cerebellar hemispheres. Perforating branches enter the 
superior cerebellar peduncle and supply deeper structures such as the dentate nucleus.

The middle neurovascular complex follows the AICA and includes the lower 
pons, middle cerebellar peduncle, cerebellopontine angle, and facial and vestibulo-
cochlear nerves. The AICA usually originates from the lower half of the basilar 
artery. As it courses around the brainstem, it may pass near any of the CNs emerging 
from the pontomedullary fissure  – the abducens, facial, cochlear and vestibular 
nerves. Impingement of the root entry zone of the facial nerve may cause hemifacial 
spasm. AICA enters the cerebellopontine angle to supply the middle cerebellar 
peduncle and the portion of the cerebellum facing the petrous temporal bone. Often, 
a loop of AICA extends into the internal auditory canal (IAC) and may impinge 
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upon the nervus intermedius to cause geniculate neuralgia. The AICA may also pass 
between the nerves of the VII/VIII complex before they enter the IAC.

The lower neurovascular complex follows the PICA and includes the medulla, 
lower CNs and inferior cerebellum. The PICA typically arises from the distal VA but 
can arise from any part of the VA, including its extradural portion, or from the proxi-
mal basilar artery. The PICA courses posteriorly from the anterior medulla either 
above or below the hypoglossal nerve rootles. As it reaches the lateral medulla, it 
turns inferiorly before reaching the cerebellar tonsil and then passes anterior or pos-
terior to the glossopharyngeal, vagus and spinal-accessory nerves in a variable man-
ner. After forming its caudal loop, the PICA ascends along the inferior cerebellar 
peduncle, deep to the cerebellar tonsil, before bifurcating into branches supplying 
the inferior vermis and inferior hemisphere. Prior to this bifurcation, there are also 
branches supplying the choroid plexus of the fourth ventricle via the tela choroidea.

2.5  Special Microsurgical Regions and Surgical Safe Entry 
Zones

Given the high concentration of eloquent structures in the brainstem, lesions are 
usually resected through their exophytic portion, if present. When the lesion does 
not present itself to the pial surface, anatomical entry zones [10–14] can be exploited 
to access it with the least possible risk of neural injury. Below is a list of the 
described zones, which are also summarized in Table 2.1.

2.5.1  Interpeduncular Fossa and Cerebral Peduncles [15, 16]

The interpeduncular fossa is typically exposed to treat basilar apex aneurysms or 
tumors extending inferiorly from the parasellar and perichiasmatic areas. It is accessed 
through the optic-carotid and the carotid-oculomotor windows by opening Liliequist’s 
membrane, which has a variable configuration [15]. This exposure can be expanded 
by mobilizing the carotid artery and the optic or oculomotor nerves. Performing an 
anterior clinoidectomy and dissecting the posterior cavernous sinus and posterior cli-
noid process widens these windows and permits access through the oculomotor-ten-
torial corridor, lateral to the third nerve [17]. Alternatively, the interpeduncular fossa 
can be approached endoscopically by transposing the pituitary gland and drilling the 
dorsum sella. For lesions in the anterior midbrain, the perioculomotor entry zone has 
been proposed (Fig. 2.4a). This zone lies between the pyramidal tract and the oculo-
motor nerve’s emergence. A vertical incision here usually interrupts the frontopontine 
fibers and should be limited to less than one-fourth of the cerebral peduncle in width. 
The interpeduncular fossa approach directed between the mammillary bodies and the 
tip of the basilar artery and through the  interpeduncular fossa can be alternatively 
used for lesions located in the ventromedian midbrain [18] (see Fig. 2.4a).
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2.5.2  Quadrigeminal and Ambient Cisterns

The pineal region is the most rostral and posterior aspect of the brainstem and includes 
the pineal gland (part of the epithalamus) and quadrigeminal plate (posterior midbrain). 
It is enveloped by the quadrigeminal cistern and occupies a transition zone at the pos-
terior incisura, interconnecting the infratentorial contents of the posterior fossa and the 
supratentorial forebrain. Therefore, it can be exposed through supra- or infra-tentorial 
approaches. The superior boundaries of this region are the thalamic pulvinar anterome-

Table 2.1 Safe entry zones to the brainstem

Region Safe Entry Zone(s) Limits Surgical Approach(s)

Midbrain

Ventral Perioculomotor 
zone

Pyramidal tract and exit of CN 
III

Pterional/
FOZ-Transcavernous

Antero- 
lateral

Lateral 
mesencephalic 
sulcus

Cerebral peduncle and tectal 
area

Subtemporal
Lateral infratentorial

Posterior Supracollicular 
zone

Transverse line above the 
superior colliculi

SCIT
Occipital trans-tentorial

Infracollicular zone Transverse line below the 
inferior colliculi

Intercollicular zone Vertical line between colliculi
Pons

Antero- 
lateral

Peritrigeminal zone Vertical line on the medial 
aspect of CNs V and VII entry 
points, lateral to pyramidal tract

Retrosigmoid
Transpetrosal approaches

Area lateral to CNs 
V-VII; MCP

Lateral to entry points of CNs 
V and VII

Dorsal Median sulcus Midline between bilateral 
MLFs

Transcerebellomedullary 
fissure telovelar
TransvermianSuprafacial 

collicular zone
Above facial colliculus

Infrafacial 
collicular zone

Facial colliculus and 
hypoglossal trigone

Medulla

Antero- 
lateral

Pre-olivary sulcus Olive and pyramidal tract Far lateral
Retro-olivary 
sulcus

Olive and ICP/CNs IX and X

Dorsal Posterior median 
sulcus

Bilateral gracile tubercles Suboccipital

Posterior 
intermediate sulcus

Gracile and cuneate tubercles

Posterior lateral 
sulcus

Lateral to cuneate tubercle

Abbreviations: CN cranial nerve, FOZ fronto-orbito-zygomatic, ICP inferior cerebellar peduncle, 
MCP middle cerebellar peduncle, MLF medial longitudinal fasciculus, SCIT supracerebellar- 
infratentorial
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dially and the splenium of the corpus callosum centrally, which may be divided during 
supratentorial approaches [15]. The fornices are lateral, coursing superior to the pulvi-
nar, but their commissure lies ventral to the corpus callosum in this area. Also, in the 
roof of this region, an arachnoid cloak inferior to the splenium joins anteriorly with the 
tela choroidea and velum interpositum to house a complex venous network. From 
anteromedially, the internal cerebral veins emerge from the velum interpositum to join 
with the laterally coursing basal vein of Rosenthal to drain into the vein of Galen pos-
teromedially. It is here where tributary veins from both the supratentorial and infraten-
torial brain converge and form an estuary of venous outflow to the straight sinus.

Fig. 2.4 Safe entry zones to the midbrain. (a) Anterior view of cerebral peduncles and interpedun-
cular fossa. (b) Left lateral view of midbrain. (c) Left lateral view of midbrain with dissection. (d) 
Posterior view of midbrain. (e) Posterior view of midbrain with dissection. Abbreviations: CN, 
cranial nerve; Coll., colliculus; CTT, central tegmental tract; Inf., inferior; Lat., lateral; Mes., mes-
encephalic; Nucl., nucleus; Periocc., perioculomotor; Sulc., sulcus; Sup., superior
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The pillar of the pineal region is formed anteriorly. Rostral to the gland and medial 
to the habenular trigone is the suprapineal recess of the third ventricle. Inferior to the 
pineal gland, the posterior commissure lies above the superior colliculi, sending 
fibers dorsally around the periaqueductal gray. Inferomedial to the inferior colliculi, 
the trochlear nerve (CN IV) emerges. Caudally, at the level of the cerebellomesence-
phalic fissure is the superior medullary velum medially and the superior cerebellar 
peduncle. The lateral margins of the pineal region consist of the ambient cisterns and 
their contents. Inferior to the venous structures listed above, branches of the PCA and 
SCA emerge from the ambient cistern and help supply medial structures in the quad-
rigeminal cistern [15]. The medial posterior choroidal artery branch of the PCA fol-
lows this path and turns medially and anteriorly past the pineal body to supply the 
velum interpositum, which roofs the posterior third ventricle. Perforating branches of 
the PCA also supply the lateral brainstem above the groove between the superior and 
inferior colliculi. The SCA conversely supplies the brainstem below this intracollicu-
lar groove, before sending branches to the vermis and the cerebellar hemispheres.

Posterior approaches to midbrain lesions typically employ one of four entry 
zones. The supracollicular area is a transverse linear zone above the superior col-
liculi and is limited by the pineal body and habenula superiorly. Deep dissection 
should stop at the level of the aqueduct to avoid oculomotor nerve and medial lon-
gitudinal fasciculus injury. The area is usually covered by the precentral cerebellar 
veins draining into the vein of Galen, and care must be taken when dissecting them. 
The infracollicular area is a transverse linear zone below the inferior colliculi and 
above the trochlear nerve, and the intercollicular incision is oriented vertically in 
the midline of the quadrigeminal plate (see Fig. 2.4). Deep dissection here should 
also stop at the level of the aqueduct to prevent trespassing the trochlear nucleus, 
medial longitudinal fasciculus, and superior cerebellar decussating fibers. Finally, 
the lateral mesencephalic sulcus is near the boundary between the cerebral peduncle 
and the mesencephalic tegmentum. It can be accessed through a lateral infratentorial 
or subtemporal approach. It is limited by the cerebral peduncle medially and the 
tectal colliculi laterally, the pontomesencephalic sulcus inferiorly, and the medial 
geniculate body superiorly. The lateral mesencephalic vein overlies the sulcus and is 
a helpful landmark to identify it. An incision here can access the substantia nigra, 
medial lemniscus, and more posterior regions. The red nucleus and oculomotor and 
trochlear nerve nuclei are at risk as dissection proceeds deeper [10–14].

2.5.3  Floor of Fourth Ventricle [4, 19]

As described previously, the median sulcus divides the floor of the fourth ventricle 
vertically, while the sulcus limitans separates the motor and sensory areas (Fig. 2.5). 
Lateral to the median sulcus is the medial eminence, a prominent elevation in the 
superior half of the floor, which in turn is bounded laterally by the sulcus limitans. 
Lateral to the sulcus limitans in the upper fourth ventricle is the triangular superior 
fovea, which is bounded by the superior cerebellar peduncle above and the vestibu-
lar area below. At the superior end of the sulcus limitans, in the lateral part of the 

J. Basma et al.



55

floor, there is a bluish-gray area known as the locus coeruleus, which sends norepi-
nephrine secreting fibers to many areas of the brain. The color is given by the under-
lying pigmented cells containing melanin. Lateral to this structure is the vestibular 
area. The medial eminence contains the facial colliculus – a prominence formed by 
the abducens nucleus and facial motor fibers wrapping around it. Below the medial 
eminence lie three triangular areas, which give the inferior part of the floor the 
shape of a pen nib, thus the name “calamus scriptorius.” The triangles are named 
according to the structures beneath them: the hypoglossal triangle containing the 
hypoglossal nucleus is the most medial structure, just lateral to the median sulcus. 
Lateral to hypoglossal triangle is the vagal triangle that contains the dorsal motor 
nucleus of the vagus nerve. The area postrema is lateral to the vagal triangle at the 
most inferior part of the fourth ventricle near the central canal.

Several safe entry zones to the brainstem through the fourth ventricle, typically 
accessed through a telovelar approach, have been described. The median sulcus may 
be opened to approach midline lesions above the facial colliculi, but this dorsal 
sulcus separates the two medial longitudinal fasciculi; therefore, this approach car-
ries a high risk of causing internuclear ophthalmoplegia. The suprafacial collicular 
zone is located just above the facial colliculus. It is limited medially by the medial 
longitudinal fasciculus and laterally by the sulcus limitans, to avoid the locus 
 coeruleus and the fibers deep to it, such as the trigeminal mesencephalic tract and 

Fig. 2.5 Safe entry zones through the fourth ventricle. (a) Posterior view of brainstem and fourth 
ventricle. (b) Posterior view of brainstem and fourth ventricle with dissection. Abbreviations: CN, 
cranial nerve; Coll., colliculus; CTT, central tegmental tract; Hypo., hypoglossal; Inf., inferior; 
Intermed., intermediate; Lat., lateral; Limit., limitans; Med., median; MLF, medial longitudinal 
fasciculus; Rec., recess; SCP, superior cerebellar peduncle; Sulc., sulcus; Sup., superior; TMT, 
trigeminal mesencephalic tract; TST, trigeminal spinal tract
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central tegmental tract. Superiorly, it is limited by the frenulum veli containing the 
trochlear nerve. The infrafacial collicular zone lies below the facial colliculus and 
above the hypoglossal trigone. A transverse incision could be made in the lateral 
recess of the fourth ventricle, just above the medullary striae. This area is also lim-
ited by the medial longitudinal fasciculus medially and the facial nucleus and 
nucleus ambiguus laterally. The superior fovea triangle approach, which is limited 
by the superior cerebellar peduncle superolaterally, vestibular area inferolaterally, 
and sulcus limitans medially, is used for dorsally located lesions at the level of the 
facial colliculus in the pons [20].

2.5.4  Cerebellopontine Angle and Related Cisterns

The cerebellopontine angle is a space situated between the superior and inferior 
parts of the cerebellopontine fissure, bordered by the petrosal surface of the cerebel-
lum posteriorly, the middle cerebellar peduncle medially, and the petrous bone 
anterolaterally [5]. The 4-to-11th CNs are within or near the cerebellopontine angle, 
which must be considered when planning an incision into the brainstem. The pre-
pontine and premedullary cisterns face the clivus. The premedullary cistern harbors 
the hypoglossal nerve, which originates between the pyramid and inferior olive, as 
well as the VA as it enters the cranial cavity and gives rise to the anterior spinal 
artery [15]. The cerebello-medullary cistern is limited by the cerebellar tonsil medi-
ally, and foramen magnum, occipital condyle and jugular tubercle laterally. Its con-
tents include the VA, CNs IX-XII, and the origin of PICA. It is separated from the 
premedullary cistern by arachnoid trabeculae anterior to CN IX-XI at the dorsal 
aspect of the inferior olive (retro-olivary sulcus) [21]. The cerebello-medullary fis-
sure is formed by the tonsillo-medullary and the uvulo-tonsillar spaces, which 
together form its L-shaped structure. While it communicates medially with the cis-
terna magna, it extends laterally towards the cerebello-medullary and cerebello- 
pontine cisterns. Antero-superiorly, the fissure is limited by the inferior and middle 
cerebellar peduncles. Dissection of the uvulo-tonsillar and tonsillo-medullary fis-
sures are key steps to mobilize the cerebellar tonsil and expose the lateral recess 
during a telovelar approach [21].

Approaches to the brainstem should account for the anatomy related to the 
CNs. The trochlear nerve is the most superior and travels near the level of the 
incisura before reaching the cavernous sinus. After exiting the lateral pons ante-
rior to the middle cerebellar peduncle, the trigeminal nerve travels anteriorly 
and superiorly towards the petrous apex, then below the superior petrosal sinus 
before entering Meckel’s cave in the middle cranial fossa. The 6th, 7th and 8th 
CNs emerge from the pontomedullary sulcus. The more medial 6th CN travels 
upwards, pierces the dura and enters Dorello’s canal to enter the paraclival 
venous confluence and cavernous sinus. The more lateral 7th and 8th CNs travel 
together laterally towards the IAC. The 9th, 10th and 11th CNs arise posterior 
to the olive and course laterally to enter the jugular foramen, whereas the 12th 
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CN has multiple rootlets exiting the pre-olivary sulcus, which exit the posterior 
fossa though the hypoglossal canal, just below the jugular foramen [5].

Entry zones through these areas include the peritrigeminal zone, described as a 
vertical zone in the medial aspect of the space between the exits of CNs V and VII, 
lateral to the pyramidal tract (Fig. 2.6) [11]. Dissection deep to this zone crosses the 

Fig. 2.6 Safe entry zones to the ventral and dorsal parts of the pons and medulla. (a) Left lateral 
view of pons and medulla with entry zones. (b) Lateral view of brainstem with dissection. (c) 
Posterior view of medulla with dissection and entry zones. Abbreviations: CN, cranial nerves; ICP, 
inferior cerebellar peduncle; Ped, peduncle; PICA, posterior inferior cerebellar artery; Sulc., sul-
cus; TST, trigeminal spinal tract
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transverse pontine fibers and eventually leads to the pontine nuclei. The trigeminal 
motor nucleus is located about 1 cm dorsomedial to the junction of the trigeminal 
nerve with the pons. The nucleus of the facial nerve is encountered caudal to the 
emergence of the facial nerve. More laterally, the middle cerebellar peduncle may 
be incised. The petrosal fissure of the cerebellum is opened to minimize the need for 
cerebellar retraction [22]. The middle cerebellar peduncle carries pontocerebellar 
afferent fibers traveling from the pontine nuclei to the cerebellar hemisphere, and 
lesions here may cause ataxia and dysmetria with hypotonia during voluntary move-
ment of the ipsilateral extremity. The pial incision should be carried out parallel to 
the pontocerebellar tract to minimize the number of disrupted fibers. Stereotactic 
navigation can be used to direct the dissection towards the deeper parts of the pons.

In the medulla, the pre-olivary (anterolateral) sulcus is a small zone anterior to 
the medullary olive and posterolateral to the pyramidal tract (see Fig.  2.6). It is 
located between the hypoglossal nerve and C1 rootlets. The pyramidal tract lies 
immediately medial to it and is at risk of injury. The retro-olivary sulcus is an entry 
zone located posterior to the olive and anterior to the inferior cerebellar peduncle 
and rootlets of the glossopharyngeal and vagus nerves [10–14]. The nucleus 
 ambiguus within the reticular formation is at risk deep in this zone. For more dor-
sally located lesions, the lateral medullary zone over the inferior cerebellar pedun-
cle is incised [23]. The dorsal medullary zone, in the caudal dorsal part of the 
medulla, contains multiple sulci that can be identified below the obex of the fourth 
ventricle and represent natural extensions of spinal cord sulci. The posterior median 
sulcus separates the two gracile tubercles. The posterior intermediate sulcus is 
located between the gracile and cuneate tubercles, while the posterior lateral sulcus 
is lateral to the cuneate tubercle. The spinal trigeminal tract could be inadvertently 
entered, as it lies deep and lateral to the cuneate fasciculus (see Fig. 2.6) [10–14].

2.6  Conclusion

Although not an exhaustive treatise on brainstem anatomy, we have presented an 
overview of surgically relevant external anatomical landmarks and related neuro-
logical structures. There are no completely “safe” entry zones to the brainstem, but 
knowledge of brainstem anatomy and how it relates to a particular lesion will help 
guide the surgeon to the best approach.

When planning an operation on the brainstem, an approach that minimizes mor-
bidity should be selected. When a lesion reaches the surface, adjacent critical struc-
tures have already been displaced away from the surgical trajectory, so the risks are 
generally lower. Deeper lesions entail greater risks as healthy neural tissue must be 
injured to some degree to gain access. This requires an understanding of the rela-
tionship between external brainstem landmarks and underlying critical structures, 
such as CN nuclei or fiber tracts, which may be injured during surgical exposure. 
Because of the high density of important structures, no approach into the brainstem 
is without risk. Nonetheless, experience with a variety of “safe entry zones” that are 
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guided by anatomical principles described in this chapter has been growing. Perhaps 
nowhere else in the brain is knowledge of anatomy is as important for surgical 
planning.
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Chapter 3
Imaging of Brainstem Lesions
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Abbreviations

18F-FDG PET 18F-2-fluoro-2-deoxy-D-glucose positron emission tomography
18F-FET PET 18F-fluoro-ethyl-tyrosine positron emission tomography
1H-MRS 1H-MR-spectroscopy
1H-MRSI 1H-Magnetic resonance spectroscopic imaging
3D Three-dimensional
ADC Apparent diffusion coefficient
ADEM Acute disseminated encephalomyelitis
ASL Arterial spin labeling
AVM Arterio-venous malformation
BBB Blood brain barrier
BSCMs Brainstem cavernous malformations
BSGs Brainstem Gliomas
b-SSFP Balanced steady-state free procession
CBF Cerebral blood flow
CBV Cerebral blood volume
Cho Choline
CISS Constructive interference in steady state CN: cranial nerve
CNS Central nervous system
CPA Cerebellopontine angle cistern
Cr Creatine
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CSF Cerebral spinal fluid
CT Computed tomography
DCE Dynamic contrast enhancement
DIPG Diffuse intrinsic pontine glioma
DRO Dentate-rubro-olivary
DSC Dynamic susceptibility contrast
DTI Diffusion tensor imaging
DTT Diffusion tensor tractography
DVA Developmental venous anomaly
DWI Diffusion weighted imaging
DWI/DTI Diffusion weighted or tensor imaging
ED Emergency department
EV71 Enterovirus 71
FA Fractional anisotropy
FIESTA Fast imaging employing steady-state acquisition
FLAIR Fluid-attenuated inversion recovery
HOD Hypertrophic olivary degeneration
HSV1 Herpes simplex virus 1
HU Hounsfield units
IAC Internal auditory canal
ICH Intracranial hemorrhage
ION Inferior olivary nucleus
IV Intravenous
MRI Magnetic resonance imaging
MS Multiple sclerosis
MTT Mean transit time
NAA N-acetylaspartate
ODS Osmotic demyelination syndrome
PCNSL Primary central nervous system lymphoma
PET Positron emission tomography
PPH Primary pontine hemorrhage
PWI Perfusion weighted imaging
rCBV Relative cerebral blood volume
RE Rhombencephalitis
SWI Susceptibility-weighted imaging
TB Tuberculosis
TTP Time-to-peak
WHO World Health Organization

3.1  Introduction

Brainstem lesions are defined as those centered within the midbrain, pons, or 
medulla oblongata. The brainstem serves to facilitate and control vital functions 
necessary for sustaining life, with many anatomic components located within a 
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compact space. In addition to facilitating/transmitting information between the 
cerebrum, cerebellum and spinal cord, the brainstem also contributes to regulation 
of consciousness, muscle tone/posture, and respiration [1]. Also, there are multiple 
cranial nerve (CN) nuclei that are centered within the brainstem and extend to the 
brainstem surface. Due to the high density of structures within the brainstem, even 
small intra-axial or extra-axial lesion(s), with associated mass-effect, may result in 
profound deficits [1]. Furthermore, lesions located within the brainstem may result 
in obstructive hydrocephalus secondary to compression of the cerebral aqueduct or 
fourth ventricle.

Lesions arising from the adjacent cerebellar peduncles, while not considered of 
primary brainstem origin [2], may extend into or exert mass-effect on the brain-
stem. Similarly, extra-axial lesions arising from adjacent structures may also result 
in significant mass-effect on the brainstem, most commonly arising from the cer-
ebellopontine angle (CPA)  cistern. Extra-axial lesions may also arise from the 
pineal gland region, clivus or cavernous sinus, or extend from the suprasellar 
region dorsally.

Neuroimaging of brainstem lesions may include magnetic resonance imaging 
(MRI), computed tomography (CT), and/or positron emission tomography (PET) 
imaging. Ultrasound imaging may be utilized to evaluate the posterior fossa of 
newborns.

3.2  Imaging Techniques

3.2.1  Magnetic Resonance Imaging (MRI)

MR imaging is the modality of choice for the evaluation of lesions involving the 
brainstem. MRI offers superior tissue contrast compared with the other common 
imaging modalities and allows for detailed evaluation of signal characteristics, 
lesion location, intrinsic features, and overall extent [3]. Furthermore, advanced 
MRI sequences, including diffusion-weighted or tensor imaging (DWI/DTI), 
perfusion- weighted imaging (PWI), susceptibility-weighted imaging (SWI) and 
1H-MR-spectroscopy (1H-MRS) generate complementary information that allows 
for additional characterization of a lesion. Image acquisition, however, may con-
sume a considerable amount of time, is sensitive to motion, and typically requires 
the patient to place their head within a “head coil” while in the scanner. Patient 
compliance may be especially limiting in pediatric patients, as well as in adult 
patients with behavioral issues.

Standard MR imaging sequences allow for structural characterization of brain-
stem lesions, such as primary location, overall size, contrast enhancement pattern, 
and differentiation between cystic and solid components. T1-weighted images 
allow for anatomical evaluation and for detection of contrast enhancement, sec-
ondary to blood brain barrier (BBB) breakdown, following intravenous (IV) gado-
linium administration. Isotropic, or near-isotropic three-dimensional (3D), 
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T1-weighted images can be acquired within a reasonable amount of time [4]. This 
allows for better evaluation of brainstem anatomy and increased conspicuity of 
sub-centimetric lesions. 3D datasets allow for multi-planar reconstructions. 
Common lesions that are hyperintense on T1-weighted imaging include fat, lip-
ids, proteinaceous content, and subacute blood products. Evaluation of any lesion 
with pre-contrast T1-weighted imaging is essential before reviewing post-contrast 
T1-weighted imaging, as a lesion may demonstrate intrinsic T1 shortening (T1 
hyperintense signal not related to contrast enhancement), suggesting an associ-
ated fat content or hemorrhage.

T2-weighted MR imaging allows for further evaluation of the anatomy and offers 
superior contrast at the junctions between brainstem parenchyma, or lesion, and 
cerebral spinal fluid (CSF), either within the ventricles or subarachnoid space. 
Additionally, review of T2-weighted images is essential when evaluating a highly 
vascular lesion considering that vessels result in highly conspicuous “flow-related 
signal voids” and appear hypointense on T2-weighted imaging relative to the adja-
cent parenchyma and CSF.  Common lesions/findings that are hyperintense on 
T2-weighted imaging include water/fluid content and chronic blood products (e.g., 
hemosiderin).

T2 fluid-attenuated inversion recovery (FLAIR) images suppress simple fluid, 
including CSF. T2-FLAIR images allow for increased conspicuity of parenchymal 
edema (vasogenic or cytotoxic) and/or intrinsically T2 hyperintense lesions that 
may otherwise be difficult to detect, especially if they are in close proximity to the 
ventricular system.

High-resolution 3D balanced steady-state free procession (b-SSFP) gradient- 
echo MR imaging accentuates CSF-soft tissue contrast and provides high spatial 
resolution. Examples of 3D b-SSFP sequences include constructive interference in 
steady state (CISS, Siemens) and fast imaging employing steady-state acquisition 
(FIESTA, GE). These sequences are well-suited for the evaluation of cranial nerves 
extending from the brainstem [5, 6]. Sagittal, high-resolution images obtained at 
midline may be used to evaluate the patency of the cerebral aqueduct in the setting 
of a mass-effect secondary to a brainstem lesion. The major disadvantage of b-SSFP 
MR imaging stems from its intrinsic lack of soft tissue contrast, which limits the 
evaluation of parenchymal lesions.

Susceptibility-weighted imaging (SWI) provides enhanced detection of blood 
products and calcifications [4]. SWI is more sensitive in the detection of blood and 
calcium relative to T2∗ gradient recalled echo (GRE) MR imaging, though images 
take longer to acquire. Diffusion-weighted imaging (DWI) allows for the detection 
of abnormal diffusion characteristics. Reduced, or restricted, diffusion [DWI hyper-
intense signal with matching low values on the apparent diffusion coefficient (ADC) 
map] is most commonly seen in the setting of ischemia or tumor hypercellularity. 
Caution is advised when interpreting DWI/ADC information in the setting of hem-
orrhage or calcification as their presence will result in a perceived signal abnormal-
ity. Facilitated, or enhanced, diffusion is typically seen secondary to vasogenic 
edema surrounding a tumor or focus of infection. Facilitated diffusion is typically 
hyperintense on DWI with matching elevated (bright) ADC values.
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Diffusion tensor imaging (DTI) is created by measuring the full tensor of the 
diffusion, thus allowing for the study of the 3D shape, magnitude, and principal 
direction of diffusion [3]. Fractional anisotropy (FA) maps can be derived from 
DTI, with lower values correlating with higher-grade tumors [3, 7, 8]. Data gener-
ated by the FA maps can be post-processed to generate images depicting different 
tracts within the brain and brainstem, known as diffusion tensor tractography (DTT). 
Fiber tractography may be especially beneficial in the evaluation of brainstem 
lesions as it allows for detection of fiber tract deviation, infiltration, or disruption by 
an adjacent lesion [3]. The presurgical utilization of DTI/DTT for the purposes of 
surgical planning of brainstem lesions has been extensively described in the litera-
ture [9–14].

Perfusion-weighted imaging (PWI) involves the rapid and repeated acquisition 
of images through the brain following IV gadolinium administration. Imaging 
may be performed using dynamic susceptibility contrast (DSC) or dynamic con-
trast enhancement (DCE), with DSC representing the most commonly employed 
technique. The collected data is then post-processed to generate various perfusion 
maps, including cerebral blood flow (CBF), cerebral blood volume (CBV), time-
to-peak (TTP), and mean transit time (MTT). Relative cerebral blood volume 
(rCBV) is also generated, with increased rCBV correlating with neovascularity in 
a brain lesion [2]. rCBV may also be utilized to evaluate tumor progression, such 
as progression from a grade I/II glioma to a grade III/IV, and to help differentiate 
between tumor progression and post-treatment changes [2, 15]. Arterial spin 
labeling (ASL) is an alternative non-contrast enhanced technique utilized to gen-
erate a single CBF perfusion map. Perfusion imaging at the level of the brainstem 
may be limited secondary to susceptibility artifacts from the skull base [2]. Also, 
as previously noted with DWI/ADC, caution is advised in the setting of hemor-
rhage and/or calcifications, as the presence of either may render the perfusion 
imaging non-diagnostic.

1H-Magnetic resonance spectroscopic imaging (1H-MRSI) allows for noninva-
sive evaluation of metabolic indices within a given voxel involving normal brain 
parenchyma and/or a brainstem lesion [16]. Acquisition of MR spectral data can be 
achieved using a single or multivoxel technique. 1H-Magnetic resonance spectros-
copy (1H-MRS) is used to evaluate specific metabolites, including choline (Cho), 
N-acetylaspartate (NAA), lactate, lipids, and creatine (Cr) [15]. Concentrations of 
these metabolites may be used to evaluate for malignancy or tumor progression. For 
example, an increased ratio of Cho/NAA has been shown to represent underlying 
malignancy [15]. 1H-MRS of posterior fossa lesions is technically more difficult 
compared to supratentorial lesions, because of the small brainstem size, adjacent 
skull base [2] and paranasal sinuses. As a result, imaging may be degraded by sus-
ceptibility artifacts from adjacent bone, fat, and air surfaces [16].

Pediatric imaging with MRI offers exquisite detail of posterior fossa structures. 
3D T1-/T2-weighted sequences, T2-FLAIR, DWI/ADC, and SWI should be 
obtained; slice thickness should not exceed 4 mm. DWI, with a corresponding ADC 
map, are invaluable in the detection of acute cytotoxic/vasogenic edema resulting 
from inflammation, infection, or ischemia within the posterior fossa. SWI provides 
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increased sensitivity for the detection of posterior fossa hemorrhage. In the setting 
of infection or inflammation, 0.2 mL/kg of IV gadolinium chelate may be adminis-
tered [17].

3.2.2  Computed Tomography (CT)

CT is especially valuable in the acute neuroradiological work-up. Advantages of CT 
include faster image acquisition, greater accessibility, and reduced cost relative to 
MRI.  Disadvantages include radiation exposure and limited tissue contrast. 
Furthermore, lesions involving the brainstem may be particularly challenging to 
visualize on CT imaging secondary to beam-hardening artifact produced by the 
dense temporal bones of the skull base (Fig. 3.1) [18].

Primary indications for CT imaging include acute head trauma, suspected ischemic 
stroke or hemorrhage, suspected hydrocephalus and/or brain herniation, and postop-
erative intracranial assessment [19]. Patients with posterior fossa lesions, including 
the brainstem, often present with symptoms of nausea, vomiting, and ataxia. These 
patients will benefit from initial CT imaging for the reasons mentioned above.

3.2.3  Positron Emission Tomography (PET)

18F-2-fluoro-2-deoxy-D-glucose positron emission tomography (18F-FDG PET) 
may be used to evaluate brainstem lesions for hypermetabolic activity secondary to 
increased glucose consumption. Uptake may be seen with neoplastic and non- 

cba

Fig. 3.1 CT skull base artifact limits evaluation through the brainstem (pons). (a) CT axial image 
at the level of the pons demonstrates linear horizontal bands of hypoattenuation (white arrow) 
produced by beam-hardening skull base artifact. MR imaging at the same level reveals a right 
paramedian pontine infarct evidenced by restricted diffusion with hyperintense signal on DWI (b) 
and matching low values on ADC map (c)
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neoplastic lesions. In the setting of a brainstem glioma, hypermetabolic activity is 
associated with prognosis [2]. However, there is high background 18F-FDG activity 
within the brain, particularly in the cortex and basal ganglia, resulting in degrada-
tion of signal-to-noise ratio [20].

18F-fluoro-ethyl-tyrosine positron emission tomography (18F-FET PET) may also 
be performed for brainstem lesions and provides complimentary metabolic infor-
mation, with neoplastic lesions demonstrating significantly higher 18F-FET PET 
uptake when compared with non-neoplastic lesions [2]. Unlike 18F-FDG PET, 18F- 
FET PET is an amino acid tracer, resulting in lower brain background activity [20].

3.2.4  Ultrasound

In the prenatal/perinatal patient population, ultrasound allows for the evaluation of 
a posterior fossa congenital abnormality or lesion without the required radiation by 
CT or prolonged acquisition time by MRI [4]. Use of ultrasound is limited to the 
first few months of life secondary to subsequent closure of the acoustic windows 
(e.g., cranial fontanelles) [17]. A study on preterm infants has noted superior detec-
tion of cerebellar hemorrhages using the mastoid fontanelle rather than the anterior 
fontanelle [17]. However, the limited deep spatial resolution and the single image 
contrast limits the use of ultrasound to a primarily screening technique for fetuses/
neonates that present with macrocephaly secondary to hydrocephalus. Further eval-
uation of a detected abnormality should be performed utilizing pre- and/or post- 
natal MRI.

3.3  Intra-Axial Lesions: Neoplastic

3.3.1  Brainstem Glioma

Brainstem gliomas (BSGs) are the most common primary tumor arising from the 
brainstem, both in children and adults, with a bimodal age distribution [2].

Pediatric BSGs most commonly arise during the first decade of life and account 
for approximately 10–20% of all pediatric central nervous system (CNS) tumors [2, 
21, 22]. Generally speaking, BSGs can be separated into 2 major subtypes: focal or 
diffuse brainstem gliomas, the former of which is typically low-grade and the latter 
of which is typically of higher grade [21, 23]. Focal gliomas account for 20% to 
35% of BSGs and are more common in the midbrain and medulla. Focal subtypes 
include focal midbrain, dorsal exophytic from the pons, and cervicomedullary [21]. 
Diffuse gliomas most commonly arise within the pons and, unfortunately, account 
for 75% to 85% of BSGs in the pediatric population [21].

Adult BSGs most commonly arise during the 4th decade of life, accounting for 
1–2% of all CNS tumors [2]. Imaging characteristics and location are important for 
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prognosis and classification, consisting of 4 subgroups: (a) diffuse intrinsic low- 
grade gliomas, (b) enhancing malignant gliomas, (c) focal tectal gliomas, and (d) 
exophytic gliomas/other subtypes [2, 21]. The most common subtype in adults is the 
diffuse, low-grade type. Approximately 60% of these gliomas are centered within 
the medulla and 30% within the pons [2].

3.3.1.1  Imaging

MRI characteristics of BSGs will vary depending on the underlying tumor grade, its 
location, and the patient’s age.

Low-Grade Gliomas Pediatric BSGs are focal in appearance and demonstrate 
well-circumscribed margins. Gliomas will demonstrate hypointense to isointense 
signal on T1- and hyperintense signal on T2-weighted imaging relative to adjacent 
brain parenchyma. Lesions will demonstrate intrinsic T2-FLAIR signal, though 
lacking adjacent vasogenic edema [2, 21]. Tectal gliomas are focal gliomas that are 
centered within the tectum of the brainstem (Fig. 3.2). Focal midbrain gliomas may 
demonstrate minimal post-contrast enhancement and typically exert mass-effect on 
the cerebral aqueduct, possibly resulting in hydrocephalus. Dorsal exophytic lower 
brainstem gliomas may show mild post-contrast enhancement, predominantly 
involving the exophytic component [21].

Adult low-grade gliomas can have a focal or diffusely infiltrative appearance on 
MR imaging. Focal gliomas demonstrate hypointense and hyperintense signal on 
T1-weighted and T2-weighted/T2-FLAIR imaging, respectively, and may demon-
strate associated post-contrast enhancement. Focal gliomas in the adult population 
may also have an exophytic component as seen in children (Fig. 3.3). Diffuse intrin-
sic low-grade gliomas will demonstrate similar T1/T2 signal to that seen with focal 
gliomas, but are not associated with post-contrast enhancement, areas of restricted 
diffusion on DWI/ADC, or internal necrosis [2].

dcba

Fig. 3.2 Tectal glioma. Axial MR images demonstrate a focal mass centered within the left tectum 
of the midbrain. This mass is associated with hyperintense signal on T2-weighted and T2-FLAIR 
images, (a) and (b) respectively. Pre-contrast T1-weighted imaging (c) shows mild hypointense 
signal abnormality with no associated enhancement following administration of IV contrast (d)
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DTI/DTT in pediatric and adult low-grade gliomas can help visualize displace-
ment of traversing fiber tracts within the brainstem, providing invaluable preopera-
tive information to the neurosurgeon regarding altered anatomy [2].

High-Grade Gliomas Pediatric diffuse midline gliomas, formerly known as dif-
fuse intrinsic pontine glioma (DIPG), represent a new distinct entity under the 2016 
World Health Organization (WHO) classification [24]. According to the 2016 WHO 
classification, an associated mutation at position K27  in the gene for histone H3 
automatically classifies the glioma as a grade IV, regardless of morphologic features 
[24]. The new name also recognizes the fact that these high-grade gliomas may 
occur throughout the midline extending from the thalamus to the spinal cord. 
Typical imaging characteristics include a diffusely expansile mass centered within 
the pons (Figs. 3.4 and 3.5). When centered within the pons, it is not uncommon to 
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Fig. 3.3 Focal low-grade glioma (Adult). Sagittal T2-FLAIR (a) imaging demonstrates an intrin-
sically hyperintense exophytic mass within the dorsal aspect of the medulla. This mass is diffusely 
hypointense on pre-contrast T1-weighted imaging (b) with no associated enhancement (c). 
Perfusion imaging (d) demonstrates no elevation of cerebral blood volume

cba

Fig. 3.4 Diffuse midline glioma (pediatrics). Axial T2-weighted (a), pre-contrast T1-weighted (b), 
and post-contrast T1-weighted (c) images demonstrate characteristic, diffuse expansion of the pons. 
The mass has ill-defined margins on both T1-weighted and T2-weighted images with associated 
hyperintense signal on T2-weighted images (a). Note the characteristic ventral displacement and 
encasement of the basilar artery (b, arrow). (Case and images courtesy of Dr. Thierry A.G.M. Huisman)
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have ventral neoplastic expansion with resultant encasement of the basilar artery 
[24]. These gliomas will demonstrate hypointense signal on T1- and hyperintense 
signal on T2-weighted imaging. Post-contrast enhancement typically involves less 
than 25% of the tumor volume, and the enhancement pattern is non-characteristic 
[24]. Leptomeningeal dissemination has been observed in approximately one-third 
of patients at the time of presentation [21].

1H-MRS in diffuse midline gliomas has been shown to have a significant prog-
nostic value. One study demonstrated that patients with an elevated ratio of Cho/
NAA >4.5 had 100% mortality at 63 weeks. Patients with a Cho/NAA ratio <4.5 
had a 50% chance of survival at 63 weeks [21].

Adult high-grade gliomas (grade III/IV) will have hypointense signal on T1- and 
hyperintense signal on T2-weighted imaging. Diffuse midline gliomas (grade IV) 
are also seen in adults. High-grade gliomas will demonstrate ill-defined post- 
contrast enhancement and may contain areas of necrosis and/or post-contrast 
enhancement (Fig.  3.6). Perfusion imaging may show elevated rCBV within the 
original tumor and helps in evaluating for treatment response. Perfusion imaging 
can also help in distinguishing neoplastic progression from post-treatment 
changes [2].

Non-necrotic, high-grade components of the lesion will demonstrate restricted 
diffusion on DWI/ADC. DTI/DTT can be used to identify neoplastic infiltration of 
the traversing fiber tracts within the brainstem [2].

a b c
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Fig. 3.5 Diffuse midline glioma (pediatrics). Classic expansion of the pons with hyperintense 
signal on T2-weighted imaging (a, b, c) and hypointense signal on pre-contrast T1-weighted imag-
ing (d, e). No associated enhancement detected on post-contrast T1-weighted imaging (f). (Case 
courtesy of Dr. Daniel Bess)
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1H-MRS can be utilized for baseline evaluation of metabolites. Elevated Cho/
NAA ratio at baseline has been associated with shorter survival. Follow-up 
 evaluation can help monitor for treatment response versus tumor progression, with 
neoplastic progression demonstrating progressive elevation of Cho/NAA [15]. 
Malignant BSGs will also have a characteristic lipid-lactate peak suggestive of 
necrosis [2].

18F-FET PET will provide information regarding the biologic activity of BSGs. 
It has been shown that gliomas of increasing tumor grade demonstrate increased 
propensity for 18F-FET PET uptake, with 100% of grade IV gliomas demonstrating 
hypermetabolic activity [2]. Metabolic assessment may also prove valuable in the 
post-treatment setting, or in the evaluation of tumor grade progression [2].

3.3.2  Lymphoma

Primary CNS lymphoma (PCNSL) more commonly affects immunocompromised, 
rather than immunocompetent, individuals and accounts for less than 2% of primary 
brain neoplasms. PCNSL primarily centered within the brainstem is rare and occurs 
in 3% of patients with PCNSL [25–27]. The majority of primary lymphomas involv-
ing the brainstem are of T-cell origin [28]. PCNSL of the brainstem typically affects 
older individuals within their 7th and 8th decades of life [29]. PCNSL is exquisitely 
rare in the pediatric population.
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Fig. 3.6 Diffuse midline glioma, H3 K27  M-mutant (Adult). The mass is centered within the 
medulla and demonstrates hyperintense signal on axial MR T2-weighted (a) and T2-FLAIR (b) 
images. Sagittal and axial T1-weighted image (c, d) demonstrates associated expansion of the 
medulla, ill-defined margins, and hypointense T1 signal. There is associated enhancement on 
axial post-contrast T1-weighted image (e) without evidence for hyperperfusion on corrected CBV 
map (f)
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3.3.2.1  Imaging

PCNSL involvement of the brainstem does not demonstrate a propensity for a spe-
cific location [25]. Of note, the use of corticosteroids may alter the enhancement 
pattern of the brain lesion(s) and can initiate apoptosis/necrosis within the lesion(s) 
[30]. Alternately, complete remission/disappearance of PCNSL has also been 
reported following corticosteroid therapy, for which PCNSL is sometimes referred 
to as “the ghost tumor” [31].

Magnetic Resonance Imaging (MRI) MR imaging appearance is variable and 
will vary based on the immune status. Immunocompetent individuals will present 
with a homogeneously enhancing mass in the majority of cases (Fig.  3.7). 
Immunocompromised individuals are more likely to have a ring-enhancing mass 
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Fig. 3.7 Lymphoma. CT imaging through the posterior fossa is typically limited secondary to 
artifacts (a). However, the hypercellular composition of lymphoma will typically result in a well- 
defined, hyperattenuating mass (a) seen on the sagittal reformatted CT images. MR imaging dem-
onstrates a focal medullary mass with intrinsic hypointense signal on T1-weighted imaging (b) and 
associated homogeneous enhancement (c). Additional MR images demonstrate restricted diffusion 
with hyperintense signal on DWI (d) and matching low values on ADC map (e)
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revealed on post-contrast T1-weighted imaging with internal regions of necrosis 
[30]. This pattern of ring-enhancement will be seen in 75% of patients [30]. Lesions 
may be associated with a variable degree of adjacent vasogenic edema.

PCNSL is a hypercellular neoplasm and demonstrates restricted diffusion on 
DWI/ADC, often demonstrating markedly low values on ADC.  Multiple studies 
have compared the quantitative ADC values of lymphoma versus glioblastoma and 
reported lower ADC values with lymphoma [30]. Furthermore, ADC values have 
been shown to have a prognostic significance. One study demonstrated that areas of 
tumor enhancement, which corresponded with low ADC values, correlated with 
shorter progression-free survival and overall survival [32].

Supratentorial PCNSL may demonstrate elevated rCBV compared with the nor-
mal contralateral cerebral hemisphere [33]. Specific perfusion imaging of brainstem 
PCNSL has not been performed to the best of our knowledge. rCBV of brainstem 
PCNSL may be less revealing considering the limitations at the level of the skull base.

Computed Tomography (CT) CT imaging may demonstrate a nonspecific 
isodense-to-hyperdense lesion within the brainstem with associated mass-effect 
[34]. Hyperattenuation on CT imaging, in the absence of hemorrhage, is secondary 
to hypercellularity.

3.3.3  Metastatic Disease

Intracranial metastatic disease may involve the supratentorial brain, infratentorial 
brain, or dura. Metastatic disease is the most common intracranial neoplasm in the 
adult population, with an incidence of approximately 8.3–11 per 100,000 [35]. 
Intracranial metastatic disease of tumors remote to the CNS is uncommon in the 
pediatric population, with an incidence of 2–6% [3], and more commonly second-
ary to neuroblastoma with a propensity for metastases to the skull and dura. 
Intracranial metastatic dissemination in pediatric patients typically results from pri-
mary brain tumors, which most frequently include high-grade/anaplastic gliomas, 
ependymomas, and medulloblastomas.

3.3.3.1  Imaging

Imaging findings for metastatic disease are nonspecific, though the probability 
increases in the setting of a known primary malignancy. Intracranial metastatic dis-
ease will usually present with multiple lesions. Parenchymal involvement favors the 
supratentorial brain and cerebellar hemispheres, though lesions can also involve the 
brainstem.

Magnetic Resonance Imaging (MRI) MR imaging is preferred, with higher field 
strength magnets improving detection of metastatic lesions [20]. Volumetric 3D 
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T1-weighted imaging can be acquired to improve visualization of smaller metastases. 
Lesions will typically demonstrate hypointense signal on pre-contrast T1-weighted 
imaging with subsequent enhancement on post-contrast T1-weighted imaging 
(Fig. 3.8). Time-delayed post-contrast acquisition (15–20 minutes) has been shown to 
increase the detection of metastatic lesions, specifically in those less than 10 mm [20]. 
Time-delayed post-contrast imaging may offer particular benefit when imaging meta-
static disease within the posterior fossa [20]. T2-FLAIR imaging will demonstrate 
hyperintense signal associated with the lesion(s) and reveal any associated vasogenic 
edema as confluent, perilesional T2-FLAIR hyperintense signal abnormality. 
Metastatic lesions are often associated with reduced/restricted diffusion on DWI/
ADC, an imaging finding that may facilitate the detection of metastatic lesions.

Lesions with subacute hemorrhage will contain foci of hyperintense signal on 
T1-weighted imaging. Chronic blood products will contain hemosiderin and dem-
onstrate marked hypointense signal on T2-weighted imaging. Intrinsic foci of T1 
hyperintense signal may also be seen in lesions containing melanin, though these 
are uncommon. SWI offers increased sensitivity for the detection of small hemor-
rhagic metastatic lesions [20].

Computed Tomography (CT) CT imaging serves as a screening tool in patients 
with acute neurological deficits and known intracranial metastatic disease. 
Nonenhanced CT imaging may demonstrate the development/progression of mass- 
effect, hydrocephalus, and hemorrhage [20]. Detection of parenchymal metastatic 
lesions may be associated with focal hypoattenuation secondary to vasogenic 
edema. Sensitivity for small lesions is limited, though administration of IV contrast 
improves detection [20].

Positron Emission Tomography (PET) 18F-FET PET, an amino acid tracer, is 
currently being investigated for use in imaging/evaluation of brain metastatic dis-
ease [20].

a b c

Fig. 3.8 Metastatic disease. Axial T2-weighted (a), T2-FLAIR (b), and post-contrast T1-weighted 
(c) images demonstrate metastatic lesions within the right pons
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3.4  Intra-Axial Lesions: Non-Neoplastic

3.4.1  Cavernous Malformation

Cavernomas, or brainstem cavernous malformations (BSCMs), are one of four 
major cerebral vascular malformations, the remaining three of which consist of cap-
illary telangiectasia, developmental venous anomaly (DVA), and arterio-venous 
malformation (AVM) [36]. BSCMs are low-flow venous vascular malformations 
that consist of dilated, malformed capillaries [37] and are commonly associated 
with an adjacent DVA. BSCMs are less common than their supratentorial counter-
parts and account for approximately 20% of all intracranial cavernous malforma-
tions. The prevalence of spontaneously occurring intracranial cavernous 
malformations is estimated at 0.16% to 0.5% [38]. The most common location for a 
BSCM is within the pons, followed by the midbrain and medulla, respectively. 
Differences in lesion size based on brainstem location has been described, with 
medullary lesions typically on the smaller end of the spectrum and lesions at the 
pontomesencephalic junction on the larger end of the spectrum [39]. BSCMs mea-
suring larger than 15 mm in diameter have been associated with a less favorable 
postsurgical outcome in a retrospective review consisting of a Latin American 
patient population [37]. BSCM may occur spontaneously, as part of a hereditary/
familial etiology, or secondary to remote radiation treatment. If multiple caverno-
mas are identified without a history of radiation treatment, MR examination of 
direct relatives should be considered to rule out a familial etiology.

3.4.1.1  Imaging

Imaging plays an important role in the identification and evaluation of BSCMs, as 
detailed by the Angioma Alliance in the Synopsis of Guidelines for the Clinical 
Management of Cerebral Cavernous Malformations. MRI is considered the pre-
ferred imaging modality [38, 40]. Evaluation within 2 weeks of symptom onset is 
preferred, adding increased sensitivity and specificity in the detection of cavernous 
malformations [38].

Magnetic Resonance Imaging (MRI) Cavernous malformations demonstrate 
intrinsic signal associated with evolving blood products on T1- and T2-weighted 
MR imaging. The combination of evolving blood products produce a characteris-
tic appearance on T1-weighted images commonly described as a “popcorn” 
 appearance [41]. Hyperintense signal on T1-weighted imaging suggests subacute 
blood products between 2 to 3 days and 2 months. Hypointense signal on T1- and 
T2-weighted imaging suggests chronic blood products. A peripheral rim of T2 
hypointense signal may be present secondary to chronic hemosiderin deposition 
and is considered characteristic (Fig. 3.9) [41]. T2-FLAIR images may demon-
strate adjacent hyperintense signal secondary to vasogenic edema in the setting of 
recent hemorrhage.
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Evolving hemoglobin breakdown and subsequent hemosiderin deposition result 
in susceptibility, or “blooming,” artifact on T2-weighted GRE and SWI [40]. This 
artifact is exploited in the detection of cavernous malformations and provides 
increased sensitivity compared with conventional T1- and T2-weighted sequences. 
Furthermore, SWI provides greater sensitivity in the detection of cavernous malfor-
mations compared with GRE imaging [40, 42, 43]. Post-contrast T1-weighted 
imaging may serve to identify associated DVAs, a finding that should be reported, 
particularly in the preoperative setting. SWI may also serve to identify associated 
DVAs. Lesions are expansile and may enlarge over time secondary to intralesional 
hemorrhage; no intralesional white or gray matter should be present.

In the surgical candidate, preoperative DTI/DTT may provide invaluable infor-
mation regarding spatial location of the BSCM relative to the densely packed elo-
quent areas/fibers within the brainstem [40, 44]. Furthermore, DTI/DTT may be 
beneficial during the planning of intervention to help decide on the surgical approach 
[9, 40, 45, 46].

Computed Tomography (CT) CT imaging may demonstrate an amorphous 
hyperdense appearance or punctate foci of mineralization. However, published 
guidelines discourage  the use of CT beyond 1 week of symptom onset [38]. CT 
imaging may be utilized in the acute setting to evaluate for hemorrhage or ventricu-
lar obstruction secondary to mass-effect on or within the brainstem.

3.4.2  Capillary Telangiectasia

Capillary telangiectasia is a type of cerebral vascular malformation that represents 
a collection of thin-walled, ectatic vessels on a background of normal neuropil [36, 
47]. These lesions are typically found incidentally on MRI. One study evaluating 
6399 contrast-enhanced MRIs demonstrated a prevalence of 0.67% [47]. An 
increased incidence has been reported in Sturge-Weber-Dimitri syndrome as well as 

a b c d

Fig. 3.9 Cavernous malformation. The lesion is centered within the right ventrolateral pons with 
a characteristic hypointense peripheral rim on T2-weighted image (a, arrow). Axial SWI image (b) 
demonstrates marked susceptibility artifact secondary to the paramagnetic effects of the associated 
blood products. Pre-contrast T1-weighted image demonstrates stippled intrinsic hyperintense foci 
(c); there is minimal associated enhancement on post-contrast T1-weighted image (d)
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in Rendu-Osler-Weber syndrome. Capillary telangiectasias most commonly occur 
within the pons, though a small percentage can have an extrapontine location [36].

3.4.2.1  Imaging

MR imaging is the preferred modality for the visualization of these lesions as they 
are occult on conventional angiography and not visualized on CT imaging.

Magnetic Resonance Imaging (MRI) Capillary telangiectasias are most com-
monly isointense to the adjacent parenchyma on conventional T1- and T2-weighted 
images. Approximately 39% of lesions may demonstrate subtle signal alteration on 
T1-weighted, T2-weighted, or T2-FLAIR images (Fig. 3.10) [47]. Characteristically, 
T2-FLAIR signal will be strikingly normal, or near normal, in contrast to findings 
on other imaging sequences. Signal alteration on T1-weighted imaging will show 
hypointense signal relative to the adjacent parenchyma; T2-weighted imaging will 
show hyperintense signal relative to the adjacent parenchyma. Nearly all lesions 
will demonstrate faint, homogeneous enhancement on post-contrast MRI, which 
may appear web-like, possibly reflecting underlying ectatic vessels [47].

Evaluation with SWI is useful, considering that all lesions should demonstrate asso-
ciated signal loss. One study has suggested that signal loss on SWI with associated post-
contrast enhancement in the setting of unremarkable signal alteration on T1-/T2-weighted 
imaging is highly specific for a brainstem capillary telangiectasia [47].

3.4.3  Hemorrhage/Hematoma

Acute hemorrhage within the brainstem may occur secondary to an underlying 
lesion, such as an AVM or BSCM, or may occur spontaneously. In general, the inci-
dence of intracranial hemorrhage (ICH) is 13.9 (men) and 12.3 (women) per 100,000 

a b c d

Fig. 3.10 Capillary telangiectasia. A subtle lesion is centered within the left paramedian pons with 
no significant mass-effect (a–d). Axial T2-FLAIR image (a) demonstrates isointense signal to 
adjacent parenchyma and no vasogenic edema. The lesion demonstrates mild hypointense signal 
on pre-contrast T1-weighted image (c) with faint, homogenous enhancement on post-contrast 
T1-weighted image (d). There is mild susceptibility artifact on SWI image (b)
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per year, according to one prospective study [48]. Spontaneous brainstem hemor-
rhage more commonly involves the pons, with primary pontine hemorrhage (PPH) 
accounting for up to 10% of all intracranial hemorrhages [49, 50]. Two studies 
specifically evaluating PPH included patients in their 30s–90s; neither study con-
tained pediatric patients [49, 50]. The leading cause for PPH is arterial hyperten-
sion, accounting for 90%, with additional etiologies including anticoagulation and 
underlying amyloid angiopathy [50]. Brainstem hemorrhage secondary to antico-
agulation is typically larger and portend a poorer prognosis [51]. Generally speak-
ing, poor prognostic indicators include comatose presentation, intraventricular 
extension of blood products, and acute hydrocephalus [50].

3.4.3.1  Imaging

Patients presenting acutely to the emergency department (ED) will first undergo CT 
imaging. This initial imaging will identify critical findings possibly requiring urgent 
intervention. MRI may be performed once the patient is stabilized in order to evalu-
ate for an underlying vascular anomaly or neoplasm.

Magnetic Resonance Imaging (MRI) In the setting of parenchymal hemor-
rhage, conventional T1- and T2-weighted sequences provide invaluable informa-
tion regarding the age of the blood products. For example, T1-weighted imaging 
can help distinguish between hyperacute/acute and early/late subacute blood 
products, with the former demonstrating hypo-to-isointense signal and the latter 
demonstrating hyperintense signal. Effectively, identification of hyperintense sig-
nal on T1-weighted imaging suggests subacute hemorrhage (Fig.  3.11). 
Furthermore, T2-weighted imaging can be used to distinguish between early sub-
acute and late subacute blood products, with the former demonstrating hypoin-
tense signal and the latter demonstrating hyperintense signal [52]. T2-weighted 
and T2-FLAIR images will demonstrate associated vasogenic edema adjacent to 
the hematoma.

SWI will demonstrate associated hypointense signal with blood products that are 
no longer considered hyperacute (>12 hours). This occurs secondary to the evolu-
tion of blood from oxy-hemoglobin into deoxy-hemoglobin and the resultant para-
magnetic effects of deoxy-hemoglobin [52].

Post-contrast T1-weighted imaging may be obtained to evaluate for an under-
lying etiology, though evolving subacute hematoma may demonstrate associ-
ated enhancement. Associated enhancement, however, may be difficult to detect 
within a subacute timeframe considering the degree of hyperintense signal on 
T1-weighted imaging. Furthermore, the acute hemorrhage may compress and 
limit the identification of the underlying culprit lesion, such as a vascular anom-
aly or neoplasm.

Time-resolved contrast-enhanced MR angiography can also be used for further 
evaluation of a vascular anomaly and may be considered in the diagnostic work-up 
of an acute/subacute focal hemorrhage [53].
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Computed Tomography (CT) As previously noted, patients presenting to the ED 
with brainstem hemorrhage will invariably undergo CT imaging. Prompt imaging will 
identify hyperacute/acute hemorrhage, as well as associated complications, such as acute 
hydrocephalus secondary to mass-effect. Hyperacute hemorrhage will appear isodense 
to adjacent brain parenchyma, with increased attenuation of the hematoma developing 
within hours of hemorrhage [52]. Continued evolution of the hematoma will result in 
decreased attenuation, with resultant isoattenuation to the adjacent parenchyma during 
the subacute timeframe. Subacute hematomas may be difficult to visualize considering 
the isodense attenuation on non-contrast CT imaging, but may demonstrate peripheral 
contrast enhancement secondary to breakdown of the blood brain barrier [52, 54].

3.4.4  Infarction

Acute ischemic stroke is considered a leading cause of serious physical and cogni-
tive long-term disability in adults [55]. One study examining acute ischemic stroke 
in a United States population noted an incidence of 3.29 per 1000 [55], with 1/3 
involving the vertebrobasilar system [51]. When acute ischemic stroke involves the 
vertebrobasilar circulation, ischemic injury within the pons is the most common 

a b

Fig. 3.11 Primary pontine hemorrhage. Focal signal abnormality centered within the left dorsal 
pons with associated mass-effect (a, b) and subtle vasogenic edema on the left dorsolateral margin 
(b). There is associated hyperintense signal on T1-weighted (a) and FLAIR (b) images consistent 
with late subacute blood products
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location [56]. Pediatric brainstem ischemia is rare. However, it may occur in chil-
dren with systemic hematologic disorders such as sickle cell disease or leukemia. 
Ischemia may also occur secondary to focal radiation treatment.

3.4.4.1  Imaging

Patients presenting to the ED with symptoms of acute stroke will initially undergo 
CT imaging. However, as previously discussed, CT evaluation through the level of 
the brainstem is significantly limited secondary to artifacts. If acute ischemic stroke 
involving the brainstem is clinically suspected, MRI is the preferred modality for 
further evaluation.

Magnetic Resonance Imaging (MRI) Ischemic injury involving the supratento-
rial or infratentorial brain will demonstrate associated signal abnormality secondary 
to the restricted diffusion of water molecules, visualized as hyperintense signal on 
DWI with matching low values on ADC map (Figs.  3.12 and 3.13). DWI/ADC 
 evaluation of the supratentorial brain, perfused by the anterior circulation, is highly 
sensitive and specific, with a false-negative rate of 2% [51]. However, parenchymal 
evaluation within the posterior circulation may yield a false-negative in up to 31% 
of cases [51]. Impaired detection of posterior circulation infarction with DWI/ADC 
occurs secondary to limited resolution and magnetic susceptibility artifacts typi-
cally experienced at the level of the skull base [51]. DWI/ADC may also help in the 
detection of thrombus within a vessel, demonstrating DWI hyperintense signal.

Infarcts involving the pons and medulla may demonstrate a characteristic imag-
ing appearance with sharp margins and a paramedian location, best visualized on 
T2-weighted imaging. Infarcts will also demonstrate orientation along the axis of 
the supplying pontine perforating artery [51]. In the setting of basilar occlusion, 
infarction may involve the majority of the bilateral pons. MR imaging in acute isch-

a b

Fig. 3.12 Right medial medullary infarction. MRI demonstrates restriction of diffusion involving 
the right medial medulla. There is hyperintense signal on DWI (a) with matching low values on 
ADC map (b)
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emic stroke will demonstrate associated restricted diffusion and hyperintense signal 
on T2-weighted imaging reflecting cytotoxic edema.

Computed Tomography (CT) The role of CT imaging in acute brainstem infarc-
tion is limited, as noted above. However, CT may provide information regarding 
hemorrhagic transformation or reveal a hyperdense vessel (basilar artery) suggest-
ing thrombosis [51]. Hyperdense vessels, particularly within the posterior fossa, 
must be interpreted with caution, as the hyperattenuation may be artifactual.

3.4.5  Hypertrophic Olivary Degeneration

Hypertrophic olivary degeneration (HOD) refers to the transsynaptic (or transneuro-
nal) degeneration of the inferior olivary nucleus (ION) that results from disruption of 
the dentate-rubro-olivary (DRO) pathway, also known as Guillain-Mollaret triangle 
[57–59]. Disruption of the DRO pathway may occur secondary to infarction/hemor-
rhage, a brainstem lesion (neoplastic/non-neoplastic), surgery, or trauma [57–59]. 
However, the majority of cases reported in the literature are secondary to a cavernous 
malformation, tumor, or hematoma [57]. Histopathological analysis has demonstrated 
that macroscopic hypertrophy occurs secondary to neuronal cytoplasmic vacuoliza-
tion, hypertrophy of astrocytes, and increased gliosis and demyelination of the ION 
[58, 60]. Palatal myoclonus is a classic clinical manifestation associated with HOD, 
occurring at 10–11 months subsequent to the anatomic insult [57–59].

3.4.5.1  Imaging

HOD is typically diagnosed in patients undergoing routine MRI surveillance 
for a primary lesion and are generally asymptomatic at diagnosis [57]. 
Familiarity with this entity is important to avoid confusion with alternative 

a b c

Fig. 3.13 Diffuse pontine infarction. The pons demonstrate abnormal T2-FLAIR hyperintense 
signal with resultant expansion (a), consistent with edema. There is diffuse restriction of diffusion 
with hyperintense signal on DWI (b) and matching low values on ADC map (c). Additional focus 
of restricted diffusion is noted involving the ventral right cerebellar hemisphere
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pathologies, and identification of a primary lesion that results in disruption of 
the DRO pathway is essential for diagnosis [58].

Magnetic Resonance Imaging (MRI) Once there is disruption of the afferent 
fibers extending to the ION, hyperintense signal on T2-weighted imaging will 
develop within 1–2 months [58, 59]. The ION will subsequently undergo hypertro-
phic changes detectable on MRI as early as 6 months following the anatomic insult, 
with hypertrophy of the ION persisting for up to 3–4 years (Fig. 3.14). Eventually, 
the hypertrophic changes will evolve, and the ION will undergo atrophy, though its 
hyperintense signal on T2-weighted imaging may resolve or persist indefinitely 
[57–59].

HOD is not associated with post-contrast gadolinium enhancement [57, 58]. 
Detection of enhancement should prompt consideration of underlying tumor or 
infection/inflammation [58].

DTI may demonstrate decreased axial/radial diffusivity during initial hypertro-
phy of the ION with subsequent increase in axial/radial diffusivity on follow-up 
imaging, possibly secondary to astrocytic proliferation and gliosis [61]. Preoperative 
DTI/DTT may be utilized to evaluate for involvement of the DRO pathway due to a 
brainstem lesion, as well as its anatomical relationship. This information can be 
used to assess the postoperative risk of developing HOD. It has been suggested that 
the  integration of DTT into stereo-navigational systems, along with T1-weighted 

a b

Fig. 3.14 Hypertrophic olivary degeneration. An axial T2-FLAIR image through the medulla 
demonstrates focal hyperintense signal and mild enlargement of the left inferior olivary nucleus (a, 
arrow). Evaluation through the pons reveals a site of prior hemorrhage that most likely resulted in 
disruption of the Guillain-Mollaret triangle (b, arrow)
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anatomical images, may reduce the risk of surgical DRO pathway injury resulting in 
the development of HOD [61].

Computed Tomography (CT) Conventional CT imaging is limited in the evalua-
tion of HOD. However, 18F-FDG PET/CT may demonstrate hypermetabolic activity 
localizing to the affected ION [57, 62].

3.4.6  Demyelination

Brainstem demyelination may occur secondary to multiple etiologies, including 
inflammation or acquired/inborn metabolic disorders [63, 64]. Multiple sclerosis 
(MS) and acute disseminated encephalomyelitis (ADEM) are examples of 
inflammatory demyelination that may involve the brainstem. Early-onset MS, 
affecting patients younger than 18 years of age, accounts for 2–10% of all MS 
cases [17]. Osmotic demyelination syndrome (ODS) occurs secondary to a meta-
bolic etiology, characteristically following the rapid correction of hyponatremia 
[65]. Although brainstem demyelination may demonstrate overlapping imaging 
features, correlation of the imaging findings with the clinical presentation can 
help identify the underlying pathology. For example, symptomatology secondary 
to ADEM may be seen following a viral infection or immunization [66]. Patients 
with ODS will have a history of hyponatremia with subsequent rapid overcorrec-
tion. Classic clinical symptoms include spastic quadriparesis and pseudobulbar 
palsy [65, 67].

3.4.6.1  Imaging

MR imaging findings of inflammatory versus metabolic demyelination may share 
overlapping features. In addition to the clinical context, evaluation of the brainstem 
lesion location and identification of characteristic imaging findings will be helpful. 
Evaluation of the supratentorial brain can also provide invaluable information. In 
children, inborn errors of metabolism may result in focal brainstem lesions with 
associated post-contrast enhancement on T1-weighted MR imaging, possibly mim-
icking a primary malignancy. An example of brainstem involvement can be seen in 
Alexander disease (Fig. 3.15) [63, 64].

Magnetic Resonance Imaging (MRI)
• Inflammatory Demyelination: Differences in lesion location and signal charac-

teristics have been described in the setting of MS or ADEM. Lesions visualized 
in patients with MS favor the pons, are more likely asymmetrical/unilateral, and 
more commonly demonstrate well-circumscribed margins on T2-weighted imag-
ing (Fig. 3.16). Conversely, lesions in a patient with ADEM are more likely to 
have poorly-defined margins on T2-weighted imaging and favor a symmetric/
bilateral distribution within the brainstem (Fig.  3.17) [66]. Evaluation of the 
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a b c

Fig. 3.15 Alexander disease (pediatrics). Axial T2-weighted (a) and T2-FLAIR (b) images dem-
onstrate multiple hyperintense lesions within the lower pons; there is associated enhancement on 
post-contrast T1-weighted imaging (c). (Case and images courtesy of Dr. Thierry A.G.M. Huisman)

a b c

Fig. 3.16 Multiple sclerosis. Sagittal T1-weighted (a, arrow) and T2-weighted (b, c, arrows) 
images demonstrate a well-circumscribed medullary lesion that is hypointense on T1-weighted 
and hyperintense on T2-weighted imaging. Note the additional lesions within the pons and upper 
dorsal cervical spinal cord

a b c

Fig. 3.17 Acute demyelinating encephalomyelitis versus multiple sclerosis (pediatrics). An axial 
T2-weighted image in a patient with ADEM demonstrates diffuse hyperintense signal within the 
pons with associated ill-defined margins (a). In contrast, imaging of a patient with pediatric onset 
MS revealed a single, well-circumscribed lesion within the left dorsal pons, with extension into the 
left superior cerebellar peduncle (b, c). (Image [a] courtesy of Dr. Thierry A.G.M. Huisman)
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supratentorial brain in patients with suspected MS may help in the differentiation 
or confirmation of diagnosis. MS lesions are the manifestations of perivenular 
inflammation (Fig. 3.18) [65]. Lesions, therefore, are best identified as hyperin-
tense lesions on T2-weighted and T2-FLAIR images in a perivenular distribu-
tion, characteristically appearing orthogonal to the plane of the lateral 
ventricles.

• Metabolic Demyelination: Osmotic demyelination most commonly involves the 
central pons and results in a symmetric hyperintense signal on T2-weighted and 
T2-FLAIR images (Fig. 3.19). Characteristic central pontine signal abnormality 
on T2-weighted/T2-FLAIR images may resemble a “trident-shape,” which 

a b

Fig. 3.18 Multiple sclerosis. Sagittal T1- and T2-weighted (a, b) MR imaging at 7 T demonstrates 
a supratentorial, periventricular lesion within a perivenular distribution (b, arrow)

a b

Fig. 3.19 Osmotic demyelination syndrome. Axial T2-FLAIR image through the pons (a) demon-
strates diffuse abnormal hyperintense signal with relative sparing of the right, greater than the left, 
ventrolateral pons. Evaluation of the supratentorial brain in the same patient revealed abnormal 
T2-FLAIR signal symmetrically within the external capsules and basal ganglia (b)
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results from sparing of the ventrolateral pons and corticospinal tracts [65]. Early 
MRI findings may include restricted diffusion on DWI/ADC within the central 
pons [65]. Evaluation of the supratentorial brain may demonstrate hyperintense 
signal abnormality on T2-weighted imaging involving the external and extreme 
capsules, basal ganglia, thalami, and lateral geniculate nuclei [65, 67, 68].

Computed Tomography (CT) Considering the lack of mass-effect and hemor-
rhage, lesions are readily undetectable on CT imaging. Nonspecific hypoattenuation 
may be visualized within the pons in patients with ODS, though conspicuity will be 
severely hampered secondary to skull base artifacts [67].

3.4.7  Infection

The rhombencephalon, known as the “hindbrain,” consists of the pons, medulla 
oblongata, and cerebellum. Despite exclusion of the mesencephalon, the midbrain, 
the term rhombencephalitis (RE) has been used interchangeably with “brainstem 
encephalitis” [17, 69, 70]; it will be used to denote brainstem encephalitis, including 
the midbrain, within this section. RE may occur secondary to an infectious, autoim-
mune, or paraneoplastic etiology [69]. The most common infectious culprits affect-
ing adults and children, in order of decreasing incidence, are Listeria, enterovirus 71 
(EV71), and herpes viruses [17, 69, 70]. Listeria is a gram-positive, facultative 
anaerobic, intracellular rod and is the leading pathogen resulting in RE, affecting 
patients aged 14–79 [69].

3.4.7.1  Imaging

MRI is the modality of choice for evaluation of infectious RE, though findings may 
be nonspecific [70]. MR imaging allows for superior contrast resolution and ability 
to image through the posterior fossa without the artifacts and radiation encountered 
with CT imaging. Additionally, it has been reported that in patients with infectious 
RE, MR imaging will be abnormal in greater than 70% of cases [17]. In patients 
with RE secondary to Listeria, MR imaging will be abnormal in 100% of cases [69].

Magnetic Resonance Imaging (MRI) MR imaging in patients with RE typically 
demonstrates hyperintense signal on T2-weighted and T2-FLAIR images involving 
the pons, medulla, upper cervical cord, cerebellum, and midbrain [17, 69]. Listeria 
will demonstrate nonspecific signal abnormality involving the brainstem. 
However, unlike the aforementioned viral etiologies, Listeria may progress into 
parenchymal ring-enhancing lesions on post-contrast T1-weighted imaging sec-
ondary to abscess formation [69]. Bacterial abscesses are typically associated 
with central restricted diffusion on DWI/ADC map and hyperintense signal on 
T2-weighted images. In contrast, brainstem tuberculomas secondary to tuberculo-
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sis (TB) will demonstrate characteristic central hypointense signal on T1- and 
T2-weighted images [70, 71], without associated diffusion restriction on DWI/
ADC map (Fig. 3.20) [71].

RE secondary to EV71 may result in characteristic hypointense and hyperintense 
signal on T1- and T2-weighted images, respectively, along the dorsal aspect of the 
brainstem at the pontomedullary junction. This signal abnormality may appear uni-
lateral or bilateral [17].

Herpes simplex viruses will demonstrate hyperintense signal abnormality on 
T2-weighted and T2-FLAIR images, preferentially involving the medulla and upper 
cervical cord [69]. Herpes simplex virus 1 (HSV1) has been noted to have an affin-
ity for the cerebellar peduncles [17].

1H-MRS may demonstrate elevated Cho/Cr and decreased NAA/Cr  ratios. 
Identification of peaks including succinate or acetate have been strongly associated 
with infection [17].

3.5  Extra-Axial Lesions

Extra-axial lesions can arise from various locations adjacent to the brainstem and 
exert significant mass-effect. As noted at the beginning of the chapter, origins for 
extra-axial lesions include the CPA, the pineal gland region, the clivus or cavern-
ous sinus, or the suprasellar region. Associated mass-effect may result in paren-
chymal edema or, at times, even mimic an intra-axial mass (Fig. 3.21). Lesions 
arising from the CPA are the most common and account for 5–10% of all intracra-
nial masses in adults [72]. The most common lesions encountered in the CPA 
include schwannomas, meningiomas, and epidermoid cysts, in order of decreas-
ing frequency [72].

a b c

Fig. 3.20 Tuberculoma. Axial images demonstrate a round lesion centered within the region of the 
right facial colliculus. T2-weighted image reveals a central region of hypointense signal (a, arrow) 
and associated peripheral enhancement (b). ADC map does not demonstrate associated low values 
to suggest restriction of diffusion (c)
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3.5.1  Schwannoma

3.5.1.1  Imaging

Magnetic Resonance Imaging (MRI) MR imaging of a schwannoma typically 
demonstrates hypo/isointense and hyperintense signal on T1- and T2-weighted 
images, respectively. Post-contrast T1-weighted imaging typically demonstrates 
homogeneous enhancement centered within the internal auditory canal (IAC). As 
they enlarge, schwannomas are characteristically associated with bony expansion of 
the IAC and extension into the CPA, resulting in an “ice cream cone” appearance 
(Fig.  3.22). Cisternal component of the schwannoma may demonstrate cystic 
changes on T2-weighted imaging [72]. High-resolution 3D heavily T2-weighted 
imaging may facilitate identification of the compressed/displaced adjacent cranial 
nerves.

Computed Tomography (CT) CT imaging is preferred for evaluation of bony 
remodeling involving the IAC.

a b c

d e f

Fig. 3.21 Germinoma (pineal region mass mimicking intra-axial origin [a–e]). Sagittal reformat-
ted CT image (a) demonstrates a mass centered within the pineal gland region with intrinsic hyper-
attenuation, reflecting hypercellularity. Pre- (b) and post-contrast (c) MR T1-weighted images 
demonstrate enhancement and associated mass-effect on the midbrain. There is elevated cerebral 
blood volume on perfusion imaging (f). (Case courtesy of Dr. Gary Gong)
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3.5.2  Meningioma

3.5.2.1  Imaging

Magnetic Resonance Imaging (MRI) MR imaging of a meningioma typically 
demonstrates hypo/isointense on T1-weighted imaging and, unlike schwannomas, 
remain hypo/isointense on T2-weighted imaging. Meningiomas will show marked 
enhancement on post-contrast T1-weighted imaging and may have associated dural 
enhancement, reflecting a “dural tail” (Fig. 3.23). Dural enhancement may reflect 
infiltration or reactive changes. The epicenter of a meningioma is located along the 
CPA, and not within the IAC. Therefore, ipsilateral expansion of the IAC is not 
compatible with a meningioma. However, meningiomas will typically develop 
hyperostosis involving the underlying bone [72].

Computed Tomography (CT) CT imaging is preferred for the evaluation of 
hyperostosis involving bony structures subjacent to the meningioma.

3.5.3  Epidermoid Cyst

3.5.3.1  Imaging

Magnetic Resonance Imaging (MRI) MR imaging of an epidermoid cyst is 
pathognomonic. These lesions will have a predominant hypointense signal on T1- 
and hyperintense signal on T2-weighted imaging, typically with incomplete sup-

a b c

Fig. 3.22 Schwannoma. Axial high-resolution CISS (a) and post-contrast T1-weighted (b) images 
demonstrate a solid and cystic mass centered within the left IAC, which extends into the CPA. Left 
IAC mass results in mild expansion of the porus acusticus (a, arrow) relative to the right. Post- 
contrast T1-weighted image (c) demonstrates bilateral masses arising from the IACs and extending 
into the CPAs in a patient with neurofibromatosis type 2. Bilateral IAC masses (c) exert mass- 
effect on the pons and cerebellum on the right greater than the left side
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pression on T2-FLAIR images. MR images may demonstrate a lamellated 
(onion-skin) appearance secondary to accumulation of desquamated material. DWI/
ADC will demonstrate reduced/restricted diffusion secondary to internal protein-
aceous and/or lipid content (Fig. 3.24) [72]. The resultant hyperintense signal on 
DWI significantly enhances the lesion conspicuity, given the juxtaposition of DWI- 
hypointense CSF within the basal cisterns. The degree of mass effect on the adja-
cent brainstem is well depicted by MRI.

a b

Fig. 3.23 Meningioma. Axial T2-weighted (a) and post-contrast T1-weighted (b) images demon-
strate a T2 hypointense mass arising from the right cavernous sinus and extending posteriorly into 
the prepontine cistern. The mass demonstrates homogenous enhancement (b) and exerts mass- 
effect on the right ventrolateral pons

a b c d

Fig. 3.24 Epidermoid cyst. Axial T2-weighted image (a) demonstrates a cystic lesion within the 
left prepontine cistern that extends into the left CPA cistern. The cystic lesion is isointense to CSF 
on T2-weighted imaging (a) and not associated with post-contrast enhancement (b). However, 
there is associated restriction of diffusion with hyperintense signal on DWI (c) and matching low 
values on ADC map (d). (Case and images courtesy of Dr. Thierry A.G.M. Huisman)
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Computed Tomography (CT) CT imaging may contain foci of low attenuation 
reflecting internal lipid content at approximately 10-to-20 Hounsfield units (HU). 
Evaluation of the adjacent bone may demonstrate scalloping, depending on the 
location.

3.6  Conclusion

Brainstem lesions represent a wide spectrum of pathologies. A parenchymal mass 
may be secondary to a primary neoplasm (benign or malignant), metastatic disease, 
congenital vascular malformation, infection, infarction, or inflammation. In addi-
tion, pseudolesions may also be identified within the brainstem, as previously seen 
with HOD. Evaluation of the supratentorial brain should also be performed to iden-
tify associated findings that may help in the  diagnosis, such as periventricular 
lesions within a perivenular distribution in patients with MS. Although different 
imaging modalities may be utilized, MRI remains the preferred modality for 
the evaluation of brainstem lesions. Lesion-specific imaging appearance can pro-
vide invaluable pre-treatment information to aid in the diagnosis, assess impact on 
adjacent structures, assist in treatment planning, and evaluate for treatment 
response.
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Clinical Presentation and Assessment 
for Brainstem Tumors
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Abbreviations

LCN Lower cranial nerves
MLF Medial longitudinal fasciculus

4.1  Introduction

Brainstem tumors comprise 10–20% of all central nervous system tumors in the pedi-
atric age group [1]. Brainstem tumors includes tumors that arise from the midbrain, 
pons, medulla oblongata, and upper cervical cord [2]. Their peak incidence is between 
7 and 9 years of age. They do not show sex predilection [3]. These tumors may grow 
as focal or diffuse lesions [4]. According to their location and growth pattern, they are 
classified as diffuse, focal, dorsal exophytic, and cervico-medullary tumors [4, 5]. 
Nearly 75% of brainstem tumors are diffuse gliomas with dismal prognosis, whereas 
focal ones are amenable to surgical excision with favorable prognosis [5, 6].

4.2  Patient History

Patients with brainstem gliomas present with variable patient history and neurologi-
cal deficits depending on the tumors’ growth pattern and location within the brain-
stem. Patients with a history of more acute onset with signs of involvement of 
several brainstem nuclei most probably have diffuse brainstem tumors with poor 
prognosis. On the other hand, patients with focal brainstem lesions generally have 
history of symptoms with longer durations [7–9]. Patient history may reveal subtle 
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symptoms of brainstem tumors such as failure to thrive because of profuse vomit-
ing, head tilt, low school performance because of double vision, dysphonia, altered 
facial expressions, and coughing secondary to swallowing problems due to cranial 
nerve nuclei involvement [2, 10].

4.3  Neurological Examination

Neurological examination findings of patients with brainstem gliomas may be clas-
sified under different categories, such as cranial nerve palsies, pyramidal tract signs, 
truncal ataxia, and funduscopic changes [11]. Selvapandian et al. reported that the 
most common clinical sign in pediatric patients with brainstem gliomas are pyrami-
dal weakness (83.1%) and facial palsy (80.3%), followed by cerebellar signs 
(76.1%) and palatal palsy (69%). They also reported that the most common clinical 
signs in adult patients with brainstem glioma are facial palsy (86.7%) and pyramidal 
weakness (83.3%), followed by palatal palsy (80%) and cerebellar signs (76.7%). 
Papilledema was also encountered in 21.1% of pediatric and 40% of adult patients 
with brainstem gliomas [12].

4.3.1  Cranial Nerve Palsies

4.3.1.1  Trochlear Nerve Palsy

The trochlear nerve nucleus is placed inferior to the oculomotor nucleus, posterior 
to the medial longitudinal fasciculus (MLF), and anterolateral to the cerebral 
aqueduct at the level of the inferior colliculus [13, 14]. Motor fibers emerge from 
the trochlear nerve nucleus, pass around the cerebral aqueduct and decussate at 
the superior medullary velum [15]. Then, the trochlear nerve emerges from the 
lower midbrain, just caudal to the inferior colliculus. Trochlear nerve fibers exit 
the brainstem on the contralateral side of their nucleus [16]. The trochlear nerve 
is the thinnest cranial nerve with a long intracranial course. It is also the only 
cranial nerve that exits the brainstem from the posterior side [15]. It supplies 
motor impulses to the superior oblique muscle. The major function of the troch-
lear nerve is intorsion of the eyeball. Other functions are depression and abduc-
tion of the eyeball [13]. Lesions involving the midbrain or superior medullary 
velum may cause trochlear nerve palsies [17]. Since one of the functions of the 
superior oblique muscle is to depress the eyeball, palsy of the superior oblique 
muscle results in upward deviation of the eyeball. These patients suffer from ver-
tical diplopia, especially during downward gaze and while looking towards the 
contralateral side of the affected superior oblique muscle [13]. Many patients tend 
to tilt their heads to the contralateral side of the effected eye to avoid the double 
vision (Fig. 4.1).
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4.3.1.2  Trigeminal Nerve Palsy

The trigeminal nerve has sensory and motor fibers. It has a main sensory nucleus, a 
spinal nucleus, a mesencephalic nucleus, and a motor nucleus [18, 19]. The main 
sensory nucleus is located at the posterior part of pons, just lateral to the trigeminal 
motor nucleus [20, 21]. Facial sensations of pressure and touch are carried by affer-
ent nerve fibers that terminate at the trigeminal main sensory nucleus [22, 23].

The spinal nucleus continues superiorly as the main sensory nucleus of the tri-
geminal nerve within the pons and passes through the whole medulla oblongata infe-
riorly until the C2 level of the spinal cord [20, 24, 25]. Sensations of facial pain and 
temperature are transferred to the spinal nucleus of the trigeminal nerve. The inferior 
part of the spinal nucleus receives sensory fibers from the ophthalmic division of the 
trigeminal nerve. The middle part of the spinal nucleus receives fibers from the max-
illary division of trigeminal nerve, and the superior part of the trigeminal nucleus 
receives fibers from the mandibular division of the trigeminal nerve [20, 26]. The 
mesencephalic nucleus of the trigeminal nerve is located within the mesencephalon 
and elongates until the level of the main sensory nucleus within the pons [24]. It 
receives proprioceptive impulses from the muscles of mastication, facial muscles, 
and extraocular muscles [20, 27]. The motor nucleus of the trigeminal nerve is 
located at the level of the pons, medial to the main sensory nucleus of the trigeminal 
nerve. It innervates the anterior belly of the digastric muscle, the mylohyoid muscle, 
the tensor tympani, the tensor veli palatini, and the muscles of mastication [27].

When the trigeminal nerve is affected by a brainstem tumor, the patient will most 
probably experience unilateral loss of corneal sensation and reflex, weakness in the 
muscles of mastication, and hemifacial hypoesthesia with contralateral hypoesthe-
sia of the body [11] (Fig. 4.2).

a b

Fig. 4.1 (a) A patient with a brainstem tumor (arrow) has paralysis of his right superior oblique 
muscle secondary to involvement of the left trochlear nerve nucleus. (b) The patient tends to tilt his 
head to the left side to compensate for the extortion of the right eyeball and to correct the double vision
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4.3.1.3  Abducens Nerve Palsy

The abducens nucleus is located in the lower part of the pons and abducts the ipsi-
lateral eyeball [28]. It is in close contact with the MLF, which is responsible for 
conjugate eye movements [24, 29, 30]. The MLF is the main pathway that connects 
the vestibular and cochlear nerve nuclei with the oculomotor, trochlear and abdu-
cens nerve nuclei; it is located in the floor of the fourth ventricle, just posterior to 
the abducens nuclei [20, 21, 25].

The abducens nerve is the most commonly involved cranial nerve in brain-
stem gliomas. Unilateral or bilateral involvement may be observed. Patients 
have strabismus and double vision during horizontal gaze. The affected eye 
looks medially because of the unbalanced tonus of the ipsilateral orbital mus-
cles that are innervated by the third nerve [11, 31]. Abducens nuclei injuries 
such as those sustained by brainstem tumors impair ipsilateral conjugate gaze of 
both eyes; this is because of the interneurons that make connections with the 
contralateral third nerve nucleus via the MLF [32]. For this reason, patients with 
brainstem lesions have a horizontal conjugate gaze palsy toward the side of the 
lesion. These patients may also have signs of ipsilateral or bilateral facial nerve 
involvement [33] (Fig. 4.3).

4.3.1.4  Facial Nerve Palsy

The facial nerve has both motor and sensory fibers. It has one motor nucleus called 
the facial motor nucleus, one parasympathetic nucleus called the superior salivatory 
nucleus, and a sensory nucleus called the solitary nucleus. Motor fibers of the facial 

a b

Fig. 4.2 (a) A 12-year-old patient with facial asymmetry had a diagnosis of diffuse midline gli-
oma. (b) She has multiple cranial nerve palsies including marked right-sided atrophy of the mas-
seter muscle (arrows) secondary to trigeminal nerve motor nucleus involvement
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nerve originate from the facial nucleus in front of the abducens nucleus [21, 34]. 
They run posteromedially, pass around the abducens nucleus underneath the facial 
colliculus in the floor of the fourth ventricle, and then turn anteriorly to exit the 
brainstem through the pontomedullary sulcus [20, 25, 31].

It is the second most commonly affected cranial nerve by brainstem gliomas after 
the abducens nerve. The facial nerve motor nuclei lie very close to the floor of the 
fourth ventricle. For this reason, facial nerve motor nuclei can easily be affected by 
any pathology involving the floor of the fourth ventricle, such as brainstem tumors 
[11]. Affected patients will experience weakness in the muscles of facial expression. 
These patients will have effacement of the infrapalpebral and nasolabial sulci [35] 
(Fig. 4.4). Severely affected patients will have a difficulty in eye closure, which may 
lead to development of keratitis as the disease becomes chronic (Fig. 4.5).

a b

Fig. 4.3 A 6-year-old boy with a histone-mutant diffuse midline glioma (a) who presented with 
left-sided abducens paralysis (b)

a b

Fig. 4.4 (a) A 9-year-old boy, who had a diffuse midline glioma that also invaded the facial col-
liculus (arrow), presented with right sided peripheral facial paralysis (b). Please note the efface-
ment of the right nasolabial and infrapalpebral sulci (arrows)
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4.3.1.5  Lower Cranial Nerves Palsy

The term lower cranial nerves (LCN) designates the paired glossopharyngeal, 
vagus, accessory and hypoglossal nerves. Motor nuclei of all these nerves are 
located within the medulla oblongata [21].

These nerves are responsible for the functional gag reflex, coordination of swal-
lowing, function of vocal cords, and movement of tongue and neck muscles. 
Brainstem tumors involving the medulla oblongata may result in functional loss of 
the muscles innervated by these nerves [11].

Affected patients may have dysphagia, dysarthria, dysphonia, diminished gag 
reflex, hypoglossal weakness, and atrophy of the tongue. Patients may also have 
hiccup attacks and, rarely, palatal myoclonus [36] (Figs. 4.6, 4.7, and 4.8).

4.3.2  Pyramidal Tract Signs

Corticospinal tracts are the axons of the pyramidal cells within the cerebral cortex. 
Thirty percent of fibers originate from the primary motor cortex, another 30% origi-
nate from the pre-motor cortex and supplementary motor areas, and the remaining 
40% originate from the somatosensory area, parietal lobe, and cingulate gyrus [37, 
38]. While descending, they converge to give rise to the corona radiata, then pass 
through the internal capsule  and crus cerebri, to finally  arrive in the pons. After 
passing through the pons, the  corticospinal tract fibers arrive in the medulla 
 oblongata, and at the upper part of the anterior medulla oblongata, they form two 
swellings called the pyramids. At the junction of the medulla oblongata and the 
spinal cord, more than 80% of pyramidal fibers cross the midline to the contralateral 
side. This anatomical structure is called the decussation of pyramids. Decussated 
corticospinal fibers continue as the lateral corticospinal tracts on the lateral sides of 
the spinal cord. The remaining non-decussated fibers continue as the anterior corti-
cospinal tracts in front of the spinal cord [20, 39].

Fig. 4.5 A 12-year-old boy with a brainstem pilocytic astrocytoma. The right abducens nucleus 
and right facial motor nucleus were involved. Since the disease had a slowly progressive course, 
the patient suffered from keratitis and conjunctivitis in the right eye secondary to a long-standing 
difficulty in right eye closure and subsequent chronic corneal irritation
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Patients with brainstem tumors that disrupt the corticospinal tracts will have hyper-
active reflexes, most markedly in the lower extremities. Unilateral or bilateral Babinski 
sign or clonus affecting lower extremities are common. Diminished superficial 
abdominal reflexes and positive Hoffmann’s sign may be seen. These patients may 
experience motor paralysis in the form of hemiplegia, diplegia, or quadriplegia [11]. 
If hemiplegia occurs, it is generally on the contralateral side of any unilateral motor 
nuclear paralysis [11]. Even when motor paralysis is unilateral, there is generally 

a b

Fig. 4.6 (a) A 16-year-old boy with a histone-mutant exophytic brainstem tumor who had ataxia 
and difficulty in swallowing. (b) His neurological examination revealed left-sided deviation of the 
uvula (arrow) secondary to paralysis of the right-sided lower cranial nerves (mainly the vagus 
nerve)

a b

Fig. 4.7 (a) A 4-year-old boy with a right-sided brainstem tumor involving the lower cranial 
nerves. (b) There is a right-sided shoulder drop secondary to involvement of the right accessory 
nerve
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bilateral hyperactive deep tendon reflexes. As the disease progresses, unilateral paral-
ysis may evolve to bilateral paralysis [8, 11]. In a patient with spastic diplegia and 
normal bladder function, with no level of sensory loss and with accompanying upper 
motor neuron and cranial nerve signs, a brainstem tumor must be ruled out [40].

4.3.3  Truncal Ataxia

Gait disturbance is one of the major signs among patients with brainstem tumors. This 
is hypothesized to occur due to disruption of the pontocerebellar tracts and infiltration 
of the vestibular nucleus by tumor cells [33]. Affected patients walk with a wide-
based gait as well as a pelvis tilted forward and a trunk tilted backward. These patients 
are more prone to fall backward during walking. Extremity ataxia may be minimal 
[11]. These patients typically do not have hypotonia, which is one of the other cerebel-
lar signs. Thus, the presence of truncal ataxia without hypotonia is in favor of a brain-
stem tumor. Nystagmus and other cerebellar signs are less commonly seen [11].

4.3.4  Fundoscopic Changes

This is the major sign that differentiates a brainstem glioma from the majority 
of other posterior fossa tumors. Papilledema is generally absent in patients with 
intrinsic brainstem tumors. When papilledema is found in a patient with symp-

a b

Fig. 4.8 (a) Partial paralysis of the hypoglossal nerve secondary to a medulla oblongata tumor 
results in deviation of the tongue to the affected side. The picture shows deviation of the tongue 
towards the left secondary to involvement of the left hypoglossal nerve nucleus. (b) More chronic 
and pronounced paralysis of the hypoglossal nerve in another patient with a medullary tumor. The 
picture shows overt atrophy of the tongue muscles on the left side
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toms of a posterior fossa tumor, the most probable diagnosis is cerebellar or 
fourth ventricular tumor obstructing the fourth ventricle instead of a brainstem 
glioma, most probably because hydrocephalus due to compression of the aque-
duct and related papilledema are late signs of intrinsic brainstem tumors [2, 11]. 
Including diffuse midline gliomas affecting the brainstem, the overall risk of 
developing hydrocephalus is less than 10% in patients with intrinsic brainstem 
tumors [40].

4.3.5  Nystagmus

Nystagmus is the involuntary movement of eyes in any direction. When the eyes 
move in a sinusoidal direction like a pendulum with no fast phase, this instability 
of gaze is called pendular nystagmus, which is generally seen in patients with 
visual problems [33]. If the nystagmus is rapid and the amplitude of movements 
is not equal, it is called jerk nystagmus. Vestibular system abnormalities cause 
gaze- evoked jerk nystagmus, whereas vertical nystagmus may point to a brain-
stem tumor [41]. Downbeat nystagmus may be seen in patients with medullary 
compression around the foramen magnum. Chiari malformations, tumors of the 
medulla oblongata, and vascular and demyelinating diseases may cause downbeat 
nystagmus [33]. Upbeat nystagmus generally indicates the presence of a gray 
matter lesion around the pontomesencephalic and pontomedullary junctions or 
tumoral lesions of the vermis [42, 43]. Seesaw nystagmus is characterized by 
involuntary eye movements in which one eye moves up and other one moves 
down. In addition to the contradictory vertical movements of the eyes, there is 
also a rotational component [44]. This kind of nystagmus is generally seen is 
midline diencephalic and hypothalamic tumors. Childhood optic gliomas may 
also present with rotational nystagmus [33]. Periodic alternating nystagmus is a 
jerky nystagmus seen on horizontal gaze but periodically shifting its direction 
from right to left and left to right [45]; it may designate diffuse bilateral brainstem 
pathology [33].

4.4  Brainstem Syndromes Associated with Tumors

4.4.1  Midbrain Syndromes

Midbrain tumors may result in intranuclear ophthalmoplegia and Parinaud syn-
drome [33]. Intranuclear ophthalmoplegia is manifested as paralysis of the adduct-
ing eye and horizontal nystagmus that is more marked in the abducting eye during 
horizontal gaze. There may be additional deficits such as ptosis and paralysis of 
vertical gaze. Convergence, however, is preserved in both eyes. The combination of 
these palsies with vertical nystagmus generally points to brainstem lesions [46].
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Parinaud syndrome manifests mainly as a vertical upward gaze palsy with or 
without a pupillary palsy. It is generally secondary to aqueductal compression due 
to a pineal or tectal plate tumor, which results in obstructive hydrocephalus with 
increased intracranial pressure. If the tumor grows into the tegmentum, an addi-
tional third and/or fourth nerve palsy may accompany this syndrome [11].

4.4.2  Pontine Syndromes

Tumoral lesions involving the pons may result in spastic paralysis of the extremities 
due to disruption of the corticospinal tracts, facial and abducens nerve paralysis, 
ataxia due to damage to pontocerebellar tracts, and conjugate eye movement defects 
due to damage to the MLF and pontine gaze centers [33]. The dorsolateral pontine 
syndrome is characterized by ipsilateral gaze palsy and contralateral hemiple-
gia; this syndrome points to a lesion in the tegmentum of the pons [47]. Another 
pontine syndrome associated with tumoral or vascular lesions of the pons is the 
ventral pontine syndrome; which is characterized by unilateral abducens and facial 
nerve palsy and contralateral hemiplegia [48].

4.4.3  Medullary Syndromes

Medullary syndromes are mainly due to decreased blood flow to the medulla, which 
results in medullary ischemia and infarction. Less frequently, medullary tumors 
and/or their post-surgical complications may also cause medullary syndromes [49]. 
Medial medullary (Dejerine) and lateral medullary (Wallenberg) are the most fre-
quently encountered syndromes. There are also rare medullary syndromes such as 
Babinski-Nageotte syndrome (ipsilateral sensory deficit of face, Horner’s syn-
drome, cerebellar ataxia, and contralateral hemiparesis and sensory loss), Cestan- 
Chenais syndrome (ipsilateral hemiasynergia and lateropulsion, paralysis of larynx 
and soft palate, Horner’s syndrome, and contralateral hemiplegia and hemianesthe-
sia), and Reinhold syndrome (ipsilateral palate and vocal cord paralysis, nystagmus, 
upper limb ataxia, and contralateral anesthesia and flaccid hemiplegia), all of which 
have overlapping clinical signs of both lateral and medial medullary syndromes 
with variable degrees [50–53].

The medial medullary (Dejerine) syndrome is manifested by ipsilateral hypo-
glossal nerve palsy, and contralateral hemiparesis and loss of proprioception and 
vibration senses. These clinical presentations are due to involvement of the cortico-
spinal tracts and medial lemniscus above the decussation of pyramids in close prox-
imity to the hypoglossal nerve nucleus [54–56].

The lateral medullary (Wallenberg) syndrome is mainly caused by infarction 
involving the posterior inferior cerebellar artery territory within the lateral medulla. 
Rarely, brainstem tumors or their post-surgical complications may also mimic signs 
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and symptoms of the lateral medullary syndrome. Patients suffer from vertigo, nys-
tagmus, nausea and vomiting due to inferior vestibular nucleus involvement; diffi-
culty in swallowing, hoarseness and ipsilateral loss of gag reflex due to involvement 
of ninth and tenth cranial nerves; Horner syndrome due to involvement of sympa-
thetic fibers; ataxia due to involvement of inferior cerebellar peduncle, spinocere-
bellar fibers and inferior part of cerebellum; ipsilateral loss of pain and temperature 
sensations in the face due to involvement of ipsilateral descending trigeminal tract; 
and contralateral loss of pain and temperature sensations in extremities due to ipsi-
lateral spinothalamic tract involvement [57–59].

4.5  Conclusion

Brainstem tumors are quite  concerning in terms of their anatomical loca-
tions  and growth patterns, and are usually associated with distinctive  clinical 
presentations and physical examination findings. The patient’s clinical history 
and neurological examination can give some clues about the growth pattern of 
the tumor. If the patient’s symptoms started recently, and the neurological 
examination reveals involvement of multiple cranial nerve nuclei, one must sus-
pect a diffuse pathology. On the other hand, symptoms with insidious onset and 
single cranial nerve involvement point to focal brainstem tumors. After obtan-
ing  a  thorough neurological examination, physicians generally have an idea 
about the tumor location according to the involved cranial nerves, with or with-
out concomitant neurological syndromes. During neurological examination, 
trochlear nerve involvement with a Parinaud syndrome points to mesencephalic 
lesions, abducent and/or facial nerve involvement with MLF syndrome desig-
nates pontine lesions, whereas LCN involvement with signs of lateral medullary 
syndrome designates tumors of the medulla oblongata. Thorough medical his-
tory with detailed neurological examination is the cornerstone of the diagnos-
tic approach for brainstem tumors.
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Chapter 5
Intraoperative Neurophysiological 
Monitoring During Brainstem Surgery

Francesco Sala and Alberto D’Amico

Abbreviations

APB Abductor pollicis brevis
BAEPs Brainstem auditory evoked potentials
CMAP Compound muscle action potential
CSF Cerebrospinal fluid
CSTs Corticospinal tracts
DTI Diffusor tensor imaging
EMG Electromyography
ION Intraoperative neurophysiology
MEPs Motor evoked potentials
mMEP Muscle motor evoked potential
SSEPs Somatosensory evoked potentials
TA Tibialis anterior
TES Transcranial electrical stimulation

5.1  Introduction

Brainstem surgery is still considered among the most challenging neurosurgical 
procedures due to the significant risk of neurological morbidity. The high concen-
tration of essential neural structures such as cranial nerve nuclei, sensorimotor and 
auditory pathways, as well as the reticular formation makes the brainstem a real 
minefield. Therefore, even a small injury to the brainstem can hinder the functional 
integrity of one or more of these neural pathways and result in neurological deficits. 
In fact, brainstem surgical morbidity is significantly higher than that of other areas 
of the central nervous system due to the lack of structural redundancy and plasticity. 
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Aggressive surgical treatment of tumors in the medulla oblongata increases the risk 
of compromising the respiratory function and threatens the patient’s ability to swal-
low or protect the airways; this may ultimately result in the need for gastrostomy 
and tracheostomy. An overall risk of 15% of permanent lower cranial nerve injury 
has been reported in children who underwent surgery for medullary tumors [1]. 
Rostrally, surgery in the pons and midbrain can result in diplopia – due to internu-
clear ophthalmoplegia – as well as sixth and seventh nerve palsy [2–4].

During the 90s, a number of authors discussed the functional anatomy of the 
brainstem, particularly with regards to the floor of the fourth ventricle, as most of 
the surgical approaches were through this posterior route. If the tumor is exophyting 
outside the brainstem surface, its removal begins at such outgrowth. In these cases, 
the tumor itself creates the entry path into the brainstem. However, when the tumor 
is truly intrinsic, i.e., lacking a surface component, a deep knowledge of the under-
lying local functional anatomy is required.

On the basis of a detailed map of the most dangerous surgical approaches to the 
brainstem, some relatively safe entry zones – mainly to the posterior brainstem – have 
been identified based on anatomical landmarks [5–7]. However, these landmarks 
turned out to often be unreliable due to the distortion of normal anatomy secondary to 
the tumor mass effect. For example, when approaching pontine tumors, the facial col-
liculus and/or striae medullaris were rarely recognizable at the beginning of the sur-
gery and could not assist the surgeon in selecting the best entry zone [8].

Injury to brainstem neural structures can occur either during the attempt to 
approach an intrinsic lesion by selecting the wrong entry zone and/or during the 
removal of the lesion due to excessive manipulation of the brainstem, including 
traction, misplacement of retractors, and inadvertent coagulation of perforating 
vessels.

Intraoperative neurophysiology (ION) has emerged over the past two decades as 
a discipline aimed not merely to predict but also to prevent neurological injury, 
thanks to the tailored intraoperative use of standard clinical neurophysiological 
techniques such as electromyography (EMG), and somatosensory (SSEPs), brain-
stem auditory (BAEPs) and motor evoked potentials (MEPs). Monitoring these 
potentials allows to prevent an injury to the long pathways within the brainstem. In 
addition, the so-called mapping techniques provide a functional identification of 
critical anatomical landmarks – such as the facial colliculus, the cerebral peduncle 
or the lower motor cranial nerve nuclei – to avoid an injury to these structures when 
selecting the safest entry route to the brainstem [8–10] (Figs. 5.1 and 5.2).

Since the mid-90s, a number of ION monitoring and mapping techniques have 
been developed to assist neurosurgeons during brainstem surgery. Some of these 
techniques are nowadays considered standard and have well passed the test of time. 
Others are less popular and/or are considered less reliable because of the risk of 
false positive and false negative results.

In this chapter we will critically review, for each anatomical location – midbrain, 
pons, and medulla oblongata, the various ION mapping and monitoring techniques 
that can be used during surgery for brainstem lesions.
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Fig. 5.1 Schematic 
classification of 
intraoperative 
neurophysiology mapping 
techniques in the posterior 
fossa. These techniques 
allow for the identification 
of functional landmarks 
such as the nuclei of motor 
cranial nerves on the floor 
of the fourth ventricle. (a) 
A handheld monopolar (or 
bipolar concentric) probe 
is used to electrically 
stimulate the rhomboid 
fossa. (b) Compound 
muscle action potentials 
(CMAPs) are recorded 
from the muscles 
innervated by motor 
cranial nerves (see text for 
details). VII: CMAP 
recorded from the 
orbicularis oris for the 
facial nerve. IX/X: CMAP 
recorded from the posterior 
wall of the pharynx for the 
glossopharyngeal/vagus 
complex. XII: CMAP 
recorded from the tongue 
muscles for the 
hypoglossal nerve. 
(Reprinted with permission 
from Sala et al. [56])
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5.2  Surgery of the Midbrain

5.2.1  Mapping

5.2.1.1  Identification of the Oculomotor Nerve Nuclei at the Level 
of the Tectal Plate

The midbrain occupies the notch of the tentorium and consists of a dorsal part 
(i.e., tectal plate), a large ventral portion (i.e., tegmentum), and the cerebral 
peduncles. Dorsal approaches, through either the supracerebellar infratentorial 
route or the occipital transtentorial route, can be used to approach intrinsic mid-
brain lesions.

Neurophysiological monitoring

C4 Cz C3

C2 C1

6cm

Transcranial electrical
stimulation

MEPs (corticobular tracts)

CBT monitoring

125 µV VII

IN IIN

BAEPs
(lateral lemniscus)

SEPs
(medial lemniscus)

10.2

I II IVIII
V

MEPs (corticospinal tracts)

10 milliseconds

Fig. 5.2 Schematic classification of neurophysiological monitoring techniques. These allow to 
monitor the functional integrity of neural pathways (motor, sensory, auditory) within the brain-
stem on-line, throughout the surgery. See the text for further details on each monitoring technique. 
Abbreviations: MEPs, motor evoked potentials; SEPs, somatosensory evoked potentials; BAERs, 
brainstem auditory evoked responses; CBT, corticobulbar tract. (Modified with permission from 
Sala et al. [56])
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Avoiding injury to the oculomotor nerve nuclei and their intramedullary tracts is 
important to avoid oculomotor deficits, such as Parinaud syndrome, which can com-
promise the quality of life of the patients. Midbrain tumors are quite common in the 
pediatric age group; while most of these lesions may have an indolent course with 
little tendency to grow and no surgical indication, surgery is indicated for growing 
lesions.

Direct neurophysiological mapping of the tectal plate can be used to identify safe 
entry zones to approach intrinsic midbrain lesions. Vice versa, the need for intraop-
erative mapping of peripheral oculomotor nerves is anecdotal in brainstem surgery, 
but it may be used for tumors involving the cisternal, cavernous or intraorbital seg-
ment of these nerves.

For direct identification of the peripheral cranial nerves III, IV, and VI, either a 
handheld monopolar probe or a bipolar concentric probe can be used. Rectangular 
pulses of 0.2 ms duration at 1–3 Hz and intensity up to 0.5–3 mA can be used. In 
general, the advantage of using a bipolar concentric probe is the higher focality of 
the stimulation and limited spreading of the current. For direct stimulation of the 
brainstem, the current is usually kept very low, starting at 0.05 mA and not exceed-
ing 1–1.5 mA.

Recordings are obtained by placing tiny wire Teflon-coated electrodes in mus-
cles innervated by the respective cranial nerves. Typically, responses are recorded 
from the external (lateral) rectus for cranial nerve VI, superior rectus for cranial 
nerve III, and superior oblique for cranial nerve IV. When placing the recording 
electrodes in extrinsic ocular muscles, care should be taken to avoid misplacement 
of the electrodes, which may cause an injury to the ocular bulb.

Muscle responses from extraocular muscles are usually of low amplitude because 
the muscle units have a small number of fibers innervated by a single axon. The 
latency of the response depends on the point of stimulation along the peripheral 
nerve or within the midbrain, ranging anywhere between 2 and 5 ms [11, 12].

We have repeatedly attempted direct identification of the superior colliculi 
through brain mapping. However, this has been mostly unsuccessful. One of the 
reasons could be related to the fact that the superficial layers of the colliculus con-
nect to the visual system by projection to the thalamus and the lateral geniculate 
nuclei. Additionally, the nuclei of the oculomotor nerves are embedded in the 
 periaqueductal grey matter, too deep to be activated by superficial stimulation 
(Fig. 5.3). Although reports on direct stimulation of the colliculi are anecdotal [12–
14], similar limitations have been reported by Ishihara et al., who found that direct 
mapping is of little help to decide on the site of the incision [14].

5.2.1.2  Identification of the Corticospinal Tract at the Level 
of the Cerebral Peduncle

When dealing with lesions close to the cerebral peduncle or the ventral part of the 
medulla, injury to the corticospinal tracts (CSTs) is of concern. Mapping of the CST 
at the level of the cerebral peduncle is valuable to prevent injury.
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Fig. 5.3 Identification of the oculomotor nerve nuclei at the level of the tectal plate. (a) Sagittal 
(left), coronal (middle), and axial (right) magnetic resonance images of a left paramedian midbrain 
cavernoma. (b) Upon exposure of the superior colliculi, initial (time 12:33) direct stimulation of 
the left colliculus does not elicit any response from the oculomotor muscles innervated by the III 
and VI cranial nerves (c). (d) Later on (time 13:41), stimulation from inside the surgical cavity, 
during removal of the cavernoma, elicits a consistent response (red arrow) from the left upper 
rectus muscles (Left III), indicating stimulation of the nearby nuclei (e). Abbreviations: Right III, 
right upper rectus muscle; Left III, left upper rectus muscle; Right VI, right lateral rectus muscle; 
Left VI: left lateral rectus muscle. (Modified with permission from Sala et al. [36])
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Nowadays, diffusor tensor imaging (DTI) plays an important role in the pre- 
surgical planning of surgery for brain gliomas to determine subcortical functional 
boundaries. The role of DTI in brainstem and spinal cord tumor surgery is more 
controversial; only few studies have specifically addressed the role of DTI in brain-
stem surgery [15, 16], but it is expected that DTI may guide neurophysiological 
mapping techniques, which remain the gold standard to localize the CST 
intraoperatively.

To identify the CST, we used for many years a handheld monopolar stimulator 
(tip diameter 0.75 mm) as cathode, with a needle electrode inserted in nearby mus-
cles as anode (Fig. 5.4). More recently, we have switched to the use of a bipolar 
concentric electrode. The response is recorded as a compound muscle action poten-
tial (CMAP) from the contralateral limb, following a train of five stimuli of 0.5 ms 
duration at 1–2 Hz. Stimulation intensity is progressively increased up to 2 mA, 
starting from 0.5 mA, until a motor response is recorded. At this point, the probe is 

mMEP

Train of stimuli

Direct mapping of the CST at the cerebral peduncle

10 ms
100 µV

1:RA+/RA- 2:LA+/LA- 3:RT+/RT- 4:LT+/LT-
16:17

a

d

b

c

Fig. 5.4 Identification of the corticospinal tract at the level of the cerebral peduncle. (a) Enhanced 
T1-weighted images of a pilocytic astrocytoma of the left cerebral peduncle; coronal (left), sagittal 
(middle), and axial (right) view. (b) Schematic illustration of direct stimulation of the corticospinal 
tract at the level of the cerebral peduncle using a monopolar handheld probe (reference needle in 
the paraspinal muscles) with a short train of stimuli (each stimulus has a 0.5 ms duration) at 1 Hz 
and current up to 2 mA (left panel). Intraoperative view of stimulation of the left cerebral peduncle 
in the patient depicted in (a). The tumor was approached through a left lateral supracerebellar 
infratentorial route (right panel). (c) Muscle motor evoked potential (mMEP) recorded from the 
left abductor pollicis brevis (LA), while no responses were recorded in the left tibialis anterior 
muscle (LT) and right-sided muscles (RA and RT). (d) The tumor was then removed by entering 
the lateral midbrain posterior to the zone where the motor response was elicited. Postoperative 
gadolinium-enhanced T1-weighted images documented complete removal of the lesion. The 
patient presented with no additional motor deficits. (Modified with permission from Sala et al. 
[36])
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moved in small increments of 1 mm in order to find the lowest threshold to elicit that 
response. The lowest threshold corresponds to the closest point to the CST. In the 
case of a cystic lesion, mapping is sometimes negative at the beginning of the pro-
cedure, but CMAPs can be recorded during mapping from within the cystic cavity 
towards the CST.

In principle, mapping of the CST along the brainstem is equivalent to subcortical 
CST mapping during brain tumor surgery. The technique is straightforward and 
well established. In supratentorial surgery, it is assumed that a roughly linear cor-
relation exists between the threshold intensity in mA – to elicit a CMAP – and the 
distance from the CST in mm [17, 18]. This has not been investigated at the level of 
the brainstem, but one may expect a similar correlation.

5.2.2  Monitoring

5.2.2.1  Monitoring of Motor Evoked Potentials

Muscle motor evoked potential (mMEP) monitoring is a standard technique to 
assess the functional integrity of the CST.

During brainstem surgery, mMEP monitoring is likely more relevant for lesions 
involving or adjacent to the cerebral peduncle as well as during surgery in the 
medulla oblongata. Pontine tumors are mainly approached through the floor of the 
fourth ventricle, whereas the CSTs run ventrally, thus an injury to these pathways is 
quite unlikely.

To elicit mMEPs, the primary motor cortex is activated by a short train of stimuli 
delivered through transcranial electrical stimulation (TES). The short train of stim-
uli overcomes the blocking effects of anesthetic agents at the level of the alpha 
motoneuron and allows to record a muscle response [19–21]. TES is performed 
using scalp corkscrew-like electrodes placed at C1-C2 scalp sites for the upper 
extremities, while a Cz-C6 cm montage is usually preferred for the lower extremi-
ties, where Cz is placed at 1 cm behind the typical Cz point (see Fig. 5.2). A stimu-
lus duration of 0.5 ms and an interstimulus interval of 4 ms is applied, at a repetition 
rate of 1–2 Hz. TES is usually safe [22], although a tongue bite block should always 
be inserted to avoid tongue injury by strong jaw muscle twitches that may occur 
during high intensity stimulation.

Muscle responses are recorded via pairs of needle electrodes inserted into the 
upper and lower extremity muscles. We usually monitor the abductor pollicis brevis 
(APB) for the upper extremity and the tibialis anterior (TA) or the abductor hallucis 
for the lower extremity. Since the CST fibers are concentrated in a very small ventral 
area in the brainstem, a selective injury to either upper extremity or lower extremity 
CST fibers is very unlikely to occur and, per se, monitoring the APB may suffice.

Warning criteria for mMEP monitoring during brainstem surgery are not well 
defined. Neuloh et  al. [23] observed that stable or only transiently deteriorated 
MEPs warranted unchanged motor outcomes, while both irreversible deterioration 
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(namely, >50% drop in the amplitude) or a reversible loss were predictive of tran-
sient motor deficits in 37% of the cases; irreversible MEP loss was predictive of 
long-term, severe paresis. They concluded that, in comparison to supratentorial sur-
gery, new deficits in brainstem surgery could occur only after more pronounced 
mMEP changes, but the “all or none” criterion – commonly used in spinal cord 
tumor surgery – was too little sensitive, potentially leading to false negative results.

Kodama et al. reported that SSEP and/or MEP decrements were observed during 
brainstem surgery at higher rates (47.5%) than in any other location within the pos-
terior fossa [24]. In the same study, more than 50% of patients with SSEP and/or 
MEP decline during surgery had a hemiparesis at the time of hospital discharge, 
suggesting that MEP changes are indicative of at least short-term motor deficit.

In a surgical series focusing only on brainstem cavernomas, Shiban et  al. 
observed an MEP sensitivity and specificity of 33% and 88%, respectively [25]. In 
general, low specificity may increase the risk of unjustified termination of surgery, 
potentially leading to incomplete tumor removal. Another observation by these 
authors was the fact that most of the MEP changes were rapid rather than progres-
sive, with limited chances to alert the surgeon in time to take corrective measures. 
Overall, acute MEP deterioration is quite unusual and, when it occurs, is mainly due 
to a vascular injury that is related to arterial perforators during brainstem surgery. 
However, the main limitation of this study was the fact that because of MEP changes 
that occurred during non-critical stages of the operation, the surgeons never termi-
nated the surgery prematurely despite ION alerts. Therefore, ION did not influence 
the surgical course.

In conclusion, during mMEP monitoring in brainstem surgery, the same limita-
tions of MEP monitoring in supratentorial surgery apply, and quantitative warning 
criteria based on amplitude drop or increased threshold are still not ideal. Yet, in 
most studies, preservation of mMEPs remains a reliable predictor of good motor 
outcome.

5.2.2.2  Monitoring of Brainstem Auditory Evoked Potentials

Brainstem auditory evoked potentials (BAEPs) represent responses of the auditory 
nerve, the brainstem, and probably higher subcortical structures to acoustic stimuli. 
BAEPs are represented by seven different waves with different latencies [26] 
(Fig. 5.5).

The first wave (I) is the first negative near-field potential recorded near the ipsi-
lateral stimulated ear and arises from the distal auditory nerve action potentials. The 
second wave (II) probably originates from both the proximal portion of the auditory 
nerve and the presynaptic activity of the auditory nerve ending at the cochlear 
nucleus. Wave III is thought to originate in the lower pons, at the level of the supe-
rior olivary complex. It is important to point out that ascending projections from the 
cochlear nucleus are bilateral, so wave III may receive contributions from brainstem 
auditory structures both ipsilateral and contralateral to the stimulated ear. The fourth 
and fifth waves usually join to form an IV-V complex, with anatomical generators 
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that are in close proximity. Wave IV is thought to be generated in the high pons or 
lower midbrain at the level of the lateral lemniscus, and wave V is generated at the 
level of the inferior colliculus. During brainstem surgery, these two waves are com-
monly together either affected or unaffected, with some exceptions. Finally, waves 
VI and VII are supposed to arise at the level of the medial geniculate nucleus and 
auditory radiations, respectively, but these two waves are highly variable and not 
used in clinical practice.

BAEPs are elicited by transient acoustic 90–100  dB click stimuli (trains of 
100-microsecond duration, electrical square pulses) delivered to the involved ear. 
White noise masking at 60–70 dB is simultaneously delivered to the contralateral 
ear. Alternating click polarities are often utilized during intraoperative BAEPs mon-
itoring to minimize stimulus artefacts. Recording of BAEPs is performed with cork-
screw/monopolar electrodes positioned at Cz (according to 10–20 International 
System) and monopolar needle at the earlobes (A1-generally left/A2-generally 
right, or Ai-ipsilateral/Ac-contralateral) or the mastoid process (Mi-ipsilateral/
Mc-contralateral).

The recommended system bandpass for BAEPs is 100–150  Hz to 3000  Hz; 
BAEPs usually require 1000 or more acquisitions, with an adequate signal-to- 
noise ratio.
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Superior olivary complex
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Fig. 5.5 Schematic illustration of brainstem auditory evoked potentials (BAEPs). Waves I to V 
and their generators are indicated (see text for details). (Republished with permission of McGraw- 
Hill Education, from Intraoperative Neuromonitoring, Christopher M.  Loftus, Josè Biller, Eli 
M. Baron, 1st ed., 2014; permission conveyed through Copyright Clearance Center, Inc.)
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Standard criteria to interpret BAEP changes are based on amplitude and/or 
latency changes of waves I, III, and V. Changes in amplitude are more common than 
changes in latency. A 50% decrease in the amplitude and/or a 1-millisecond prolon-
gation in the absolute latency of wave V or the I-V interpeak interval are considered 
warning criteria. A more sensitive criterion for changes in latency is a delay of more 
than 10% of the baseline peak V latency [27].

A number of surgical maneuvers can induce dysfunction or injury to the auditory 
pathways during posterior fossa surgery, including vascular derangements at the 
level of the cochlea, the auditory nerve, or the brainstem. Within the brainstem, the 
use of ultrasonic aspiration can also induce mechanical injury to the auditory path-
ways. An abrupt drop in the BAEP amplitude is more indicative of a vascular injury, 
but the majority of BAEP changes occur in a stepwise, reversible fashion. Therefore, 
if feedback to the neurosurgeon is promptly provided, there is enough time to take 
corrective measures and reverse an impending injury to the brainstem.

Some BAEP changes are more indicative of brainstem injury and retain some 
localizing value within the brainstem. For example, damage to the lower pons – near 
the area of the cochlear nucleus or the superior olivary complex – will induce a wave 
III and V delay or loss. Damage to the brainstem rostral to the lower pons, but below 
the level of the mesencephalon will affect wave V, but not waves I or III. Loss of 
wave V is not necessarily predictive of hearing loss, as it may just reflect temporal 
dispersion without a true, irreversible conduction block.

On the other hand, it should be pointed out that BAEPs assess only a very 
restricted area of the brainstem. At the level of the pons, likely no more than 20% of 
the brainstem area is covered by simultaneous SSEP and BAEP monitoring, sug-
gesting that significant brainstem injury could occur in the absence of BAEP 
changes [28].

In our experience, while BAEP monitoring can offer an overview on the general 
“well-being” of the brainstem, it has rather been anecdotal to change the intraopera-
tive surgical strategy exclusively on the basis of BAEP changes. BAEPs are  therefore 
better interpreted in the context of a multimodal monitoring approach, where this 
information is integrated with that from SSEPs and mMEP monitoring.

5.3  Surgery of the Pons

5.3.1  Mapping

5.3.1.1  Mapping of the Facial Colliculus on the Floor of the Fourth 
Ventricle

Entering the floor of the fourth ventricle carries a significant risk of neurological 
injury due to the high concentration of eloquent neural structures in a very small 
area. At the level of the pons, the facial colliculus represents a highly dangerous 
brainstem “entry zone” through the rhomboid fossa [6]. Damage to this area causes 
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facial (VII) and abducens (VI) nerve paralysis as well as lateral gaze disturbances 
due to an injury to the paramedian pontine reticular formation. A midline injury 
involving the medial longitudinal fasciculus bilaterally may result in internuclear 
ophthalmoplegia.

Although the facial colliculus represents a classic anatomical landmark, its iden-
tification can be challenging when anatomy is significantly distorted by the tumor, 
and neurophysiological mapping could be the only way to functionally identify the 
nuclei or the intramedullary roots of the VI and VII cranial nerves.

A handheld bipolar concentric electrode could be used. A single stimulus of 
0.2 ms duration is delivered at a frequency of 1–2 Hz. In general, two different map-
ping strategies can be used to identify the facial colliculus. In the first case, the 
surgeon looks for each site at the lowest threshold intensity, which allows to record 
a CMAP from the orbicularis oculi and/or the orbicularis oris muscles. By moving 
the stimulator 1 mm apart, it is possible to explore the floor of the fourth ventricle 
and identify the area closer to either the nucleus or the intramedullary root of the 
nerve. The other method is to work with a fixed intensity of approximately 0.5–1 mA 
and determine the amplitude of the muscle response for each point. The point cor-
responding to the highest amplitude indicates proximity to the mapped nucleus, 
while small amplitudes or no response at all suggest a safe distance from the nucleus 
or tracts.

There are yet two main limitations in the reliability of the mapping of the facial 
colliculus. The first is related to the fact that it cannot detect an injury to the supra-
nuclear tracts originating in the motor cortex and ending on the cranial nerve motor 
nuclei. Therefore, preservation of the lower motoneuron per se may not exclude a 
postoperative facial palsy if the corticobulbar pathway has been injured proximal to 
the nucleus. The second limitation is that the possibility of stimulating the intramed-
ullary root of the facial nerve, rather than the nuclei itself, exists. Therefore, this 
could result in a peripheral response that will still be recorded despite an injury to 
the motor nuclei [8] and, consequently, a postoperative facial palsy.

Even with these limitations, facial mapping remains a standard, very valuable 
ION technique, which undoubtedly facilitates the identification of the facial nerves/
nuclei whenever the anatomy is ambiguous.

5.3.2  Monitoring

5.3.2.1  Monitoring of the Facial Nerve

Free-Running Electromyography While mapping techniques allow to identify 
the facial colliculus to select the safest entry zone through the floor of the fourth 
ventricle, only monitoring techniques can continuously assess the functional integ-
rity of the facial nerve during surgery. Free-running EMG has been for many years 
the gold standard for facial nerve monitoring and is still widely used [11, 29, 30]. 
The spontaneous activity of the facial nerve is recorded through needle electrodes 
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placed in the muscles innervated by the facial nerve. Therefore, this is not an evoked 
potential. Different criteria have been proposed to interpret EMG activity, but con-
vincing data regarding the correlation between EMG patterns and clinical outcome 
are still lacking [11, 30]. Paradoxically, the lack of spontaneous activity usually 
indicates no injury, but it could also be observed after a complete sectioning of the 
peripheral nerve. On the other hand, neurotonic discharges could reflect injury 
activity but sometimes occur following simple irrigation of the surgical field with 
cold saline. So, the real specificity and sensitivity of free-running EMG remains 
disputable. A higher degree of reliability has been documented for a specific pattern 
of high frequency, sustained neurotonic discharges, called A-trains. The occurrence 
and duration of A-trains has proved to be highly predictive of postoperative facial 
palsy. However, the A-train analysis is performed offline, and the predictive value 
of this specific pattern of EMG activity has been described only with regards to the 
surgery for vestibular schwannomas [31, 32], not in brainstem surgery.

Facial Motor Evoked Potentials A second method to monitor the functional 
integrity of the facial nerve is represented by corticobulbar MEPs (see Fig. 5.2). 
Essentially, the same principle of MEP monitoring for limb muscles is herein 
extended to the muscles innervated by motor cranial nerves. Facial MEPs are elic-
ited through TES using a train of 4 stimuli, 0.5 ms each at a rate of 1–2 Hz and 
intensity ranging between 60 and 120 mA. The electrode montage is usually C3/Cz 
for right-sided muscles and C4/Cz for left-sided muscles. For recording, the same 
electrodes used during mapping of the facial nerve are used, and muscle responses 
can be recorded by both the orbicularis oris and oculi or any other muscle inner-
vated by branches of the facial nerve. Facial MEPs are true evoked potentials, which 
assess the integrity of the corticobulbar pathway from the motor cortex to the 
 muscles. Although there are no standard warning criteria for facial MEP interpreta-
tion, irreversible MEP loss is a poor prognostic sign, correlating with severe and 
long- lasting facial palsy [33]. The preservation of MEPs usually predicts no deficits 
or only minor and transient facial palsy, while significant amplitude drops – in our 
experience, in the range of 50% to 80% of baseline values – are indicative of at least 
a transient deficit.

One of the limitations of facial MEP monitoring is that the use of a lateral mon-
tage, with C3 or C4 as an anodal stimulating electrode, increases the risk that a 
strong TES may activate the corticobulbar pathways deep in the brain or at the level 
of the brainstem and foramen magnum [34]. This would increase the risk of a direct 
activation of the peripheral facial nerve. If this occurs, an injury to the corticobulbar 
pathway rostral to the point of activation of the facial nerve will not be recognized, 
and the patient will wake up from surgery with a facial palsy in spite of the preserva-
tion of facial MEPs. To minimize the risk of these false-negative results, it is always 
recommended to keep the stimulation intensity as low as possible. However, the 
only possibility to predict the threshold for peripheral activation is to repeat the 
same stimulation while keeping the same parameters (stimulus duration, intensity, 
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and frequency), except for the number of stimuli, which is decreased from 4 to 1. A 
single pulse TES should not elicit muscle MEPs during general anesthesia because 
neural transmission through a polysynaptic pathway would be blocked by the anes-
thetics; if a muscle response is still present, this response should be interpreted as a 
direct activation of the cranial nerve and is, therefore, not reliable for monitoring. 
Alternatively, a muscle response that is present with a train of stimuli and absent 
following a single stimulus is likely generated by a true corticobulbar activation and 
can be used for monitoring [35, 36]. Due to the physiological variation of this 
threshold during surgery, secondary to anesthesia, room temperature or other fac-
tors, it is important to re-check the threshold for peripheral activation several times 
during surgery. For example, if surgery is performed in a semi-sitting position, a 
significant cerebrospinal fluid (CSF) leak occurs after opening the dura and may 
produce pneumocephalus; the presence of air between the cortex and the skull will 
increase the threshold for TES and, therefore, new corticobulbar MEP baselines 
should be taken after the dura is opened.

Acioly et al. [37] have recently reviewed the literature on facial nerve monitoring 
in skull base and cerebellopontine angle surgery, concluding that: “Although there 
is a general agreement on the satisfactory functional prediction of different electro-
physiological criteria, the lack of standardization in electrode montage and stimula-
tion parameters precludes a definite conclusion regarding the best method.” These 
considerations can certainly be extended to facial nerve monitoring in brainstem 
surgery.

5.4  Surgery of the Medulla Oblongata

Surgery of the medulla carries a significant risk of neurological morbidity because 
an injury to the lower cranial nerves or the cardiorespiratory centers can be life- 
threatening. Here, within the small concavity of the calamus scriptorius, between 
the obex and the striae medullaris, lie the hypoglossal and vagal triangles. 
Immediately below the two medial triangles lie the hypoglossal nuclei, which con-
trol the muscles of the tongue. Severe tongue paralysis and atrophy secondary to 
hypoglossal injury represents one of the most devastating cranial nerve deficits, and 
even a minor injury in this area must be avoided. Lateral to the hypoglossal triangles 
are the vagal triangles and under these triangles lie the dorsal nuclei of the vagus 
nerves. These provide motor fibers to the bronchi, heart, and stomach. Slightly 
deeper and lateral lies the nucleus ambiguous, which provides fibers to the glosso-
pharyngeal (IX), vagus (X), and accessory (XI) nerves. These fibers ultimately 
innervate the musculature of the palate, pharynx, and larynx. Therefore, even a 
small injury to this area can cause dysphonia and may impair the swallowing and 
coughing reflexes, exposing the patient to the risk of aspiration pneumonia and/or 
inability to eat or drink [38, 39].
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5.4.1  Mapping

5.4.1.1  Mapping the IX/X, XI and XII Cranial Nerve Nuclei

Neurophysiological mapping of the lower motor cranial nerves is performed simi-
larly to mapping of the facial colliculus. The stimulating parameters are the same, 
with emphasis that at the level of the medulla – due to the close proximity of the 
cardiovascular centers – no intensity higher than 2 mA should be used as it may 
induce severe bradycardia and even cardiac arrest [40]. A bipolar concentric elec-
trode is preferred for more focal stimulation. CMAPs are recorded from wire elec-
trodes inserted in the muscles innervated by the lower cranial nerves. It should be 
pointed out that the glossopharyngeal nerve provides motor fibers only to the stylo-
pharyngeus muscle, which elevates the pharynx during swallowing and speech. 
However, selective placement of recording electrodes in the stylopharyngeus mus-
cle only is not possible, and it is expected that most of the muscle activity recorded 
from the pharyngeal muscles or soft palate likely reflects a mixed activation of both 
the IX and X cranial nerves. Another limitation of mapping of the glossopharyngeal 
nuclei is that stimulation on the floor of the fourth ventricle assesses only the func-
tional integrity of the efferent arc of the swallowing reflex, while no information on 
the integrity of afferent pathways and afferent/efferent connections within the brain-
stem is obtained [41].

To record CMAPs for the IX/X and XII cranial nerves, we generally prefer to 
use tiny wire electrodes inserted in the posterior wall of the pharynx (inserted 
lateral to the endotracheal tube, bilaterally) and the tongue muscles, respectively. 
Other techniques to place recording electrodes either directly on the endotracheal 
tube or transcutaneously in other vocalis muscles can be used [42–44]. For the 
accessory nerve, regular needle recording electrodes are inserted in the trape-
zius muscle.

Morota et al. [8, 45] suggested that medullary tumors tend to displace the motor 
cranial nerve nuclei ventrally. So, whether the tumor is intra-axial or a fourth ven-
tricular tumor – such as a medulloblastoma or an ependymoma – infiltrating the 
floor, neurophysiological mapping can be used to select the entry zone in the first 
case and to determine when to stop resection in both cases (Figs. 5.6 and 5.7). It 
should be considered that a positive mapping response with a low threshold inten-
sity, lower than 0.5 mA, suggests a close proximity to the nuclei, which lie just a few 
millimeters below the ependyma. In this case, we recommend abandoning tumor 
resection as the risk of injuring the nuclei and/or the intramedullary roots is high, 
and this will expose the patient to life-threatening conditions. While a subtotal 
removal may be undesirable for medulloblastomas and ependymomas, most of the 
intra-axial medullary tumors, especially in children, are low-grade gliomas, and 
even if a tiny sole of the tumor is left on the floor of the fourth ventricle, close neu-
roradiological follow-up may suffice with no need to start adjuvant therapies 
upfront [46].
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5.4.2  Monitoring

5.4.2.1  Lower Cranial Nerve Monitoring

Free-Running Electromyography Despite the fact that recording of free-running 
EMG for the facial nerve in vestibular schwannoma surgery has proved to be reli-
able [31, 32, 47], the overall reliability of free-running EMG for other motor cranial 
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Fig. 5.6 Schematic illustration of the role of neurophysiological mapping on the floor of the 
fourth ventricle, for fully intra-axial brainstem tumors (a). Direct stimulation of the floor of the 
fourth ventricle is performed with either a monopolar or bipolar concentric stimulator (arrows). A 
positive mapping result (red arrow) indicates proximity to either cranial nerve nuclei or their intra- 
axial roots. Therefore, this is not a safe entry zone (b). Alternatively, negative stimulation (green 
arrow) or a stimulation requiring much higher intensity, indicates safe distance from the nuclei or 
their intra-axial roots, and can be used as an entry zone to the brainstem and the tumor (c)
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Fig. 5.7 Schematic illustration of the role of neurophysiological mapping on the floor of the 
fourth ventricle, for dorsally exophytic brainstem tumors or for fourth ventricular tumors infiltrat-
ing the floor (a). In these cases, neurophysiological mapping is often negative at the beginning of 
the case because the nuclei are displaced ventral to the tumor, especially at the level of the medulla 
(b). However, when stimulation of the last sole of tumor elicits a positive mapping response at low 
intensity (c), this is the time to stop resection in order not to violate and injure the lower cranial 
nerve nuclei or their intra-axial roots, which are only few millimeters underneath
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nerves remains controversial [11, 30]. In particular, Schlake et  al. [48] observed 
rather high rates of false positive and, of most concern, false negative results, con-
cluding that the predictive value of free-running EMG is limited.

Corticobulbar Motor Evoked Potentials As an alternative to free-running EMG, 
some authors [36, 49, 50] in the past 20 years have extended the use of facial nerve 
corticobulbar MEPs to the lower cranial nerves. The same parameters of stimulation 
and the same criteria (namely, a single stimulus versus a train of stimuli) to differ-
entiate a real corticobulbar response from a peripheral activation of lower cranial 
nerves apply. Recordings are obtained from the same wire electrodes used for neu-
rophysiological mapping. In our experience, MEPs from the hypoglossal nerve, 
recorded from the tongue, are very stable with little spontaneous activity and can be 
well monitored throughout the surgical procedure. Alternatively, MEPs for the IX/X 
nerves are unstable, and their interpretation is sometimes complicated by a more 
frequent spontaneous activity as compared to cranial nerve XII.

Finally, it should be considered that at the current state-of-the-art ION tech-
niques, only efferent pathways are monitorable for the lower cranial nerve-mediated 
reflexes such as swallowing and coughing. Therefore, an injury to the afferent arch 
of these reflexes will not be recognized by current monitoring and mapping tech-
niques [41]. This explains why discrepancies between ION data and postoperative 
neurological outcomes can occur. Very recently, Sinclair et al. [51] documented the 
possibility to monitor the laryngeal abductor reflex during thyroid surgery. Since 
this reflex is mediated at the level of the lower brainstem, it can indirectly provide 
information on the functional integrity of the involved area. Although this is still a 
very preliminary report on a small number of patients, it has certainly shed new 
light on the ION monitoring of the lower brainstem [52]. Hopefully, monitoring of 
brainstem-mediated reflexes, such as the laryngeal abductor reflex or the blink 
reflex, will improve the reliability of ION monitoring in surgeries of the pons and 
medulla oblongata.

5.5  Other Monitoring Techniques in the Brainstem

Some other methodologies related to the monitoring of trigeminal SSEPs (T-SSEPs) 
and brainstem reflexes have emerged over the past few years. A reliable methodol-
ogy for eliciting T-SSEPs under general anesthesia was described by Malcharek 
et al. [53]. They recorded long-latency T-SSEPs from the scalp after simultaneously 
stimulating V2 and V3 branches of the trigeminal nerve. Although this method was 
tested in patients undergoing carotid endarterectomy, it may be important to assess 
the functional integrity of sensory fibers of the trigeminal nerve during brainstem 
surgery.

The blink reflex has also been monitored under general anesthesia [54]. This 
reflex is mediated by an afferent pathway – the nasociliary branch of the ophthalmic 
branch (V1) of the trigeminal nerve, and an efferent pathway – the temporal and 
zygomatic branches of the facial nerve. Deletis et al. were able to elicit the R1 com-
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ponent in 86% of 27 patients aged 1 to 78 years. They applied one to seven rectan-
gular constant-current stimuli with an interstimulus interval of 2 ms, an intensity of 
20–40  mA, and a train repetition rate of 0.4  Hz over the supraorbital nerve. 
Recording was done from the ipsilateral orbicularis oculi muscle [54]. The integrity 
of this reflex reflects the functional integrity of the neural structures involved at the 
level of the pons.

Finally, the masseter reflex, also known as the jaw jerk reflex, can be monitored 
intraoperatively by inserting percutaneous hook-wire electrodes just under the 
zygomatic arch, approximately 5 mm lateral to the temporomandibular joint. Single 
stimuli with a duration of 0.2–0.5  ms and progressively increasing intensity are 
applied. The insertion depth of the stimulating wire electrode is determined when 
the stimulation elicits a response in the masseter and temporalis muscles. Recordings 
are obtained by inserting subdermal needle electrodes into the ipsilateral masseter 
and temporalis muscles [55].

5.6  Conclusion

Surgery of brainstem lesions remains challenging despite all the remarkable 
advancements in the field of neuroanesthesia, postoperative intensive care, and pre-
surgical planning, including tractography. This small region of the central nervous 
system represents a minefield even for the experienced neurosurgeon.

To date, ION remains essential to improve the safety of brainstem surgery. With 
the only exception of the localization of oculomotor nerve nuclei following stimula-
tion of the superior colliculi, mapping techniques are reliable and very useful in 
determining the safest entry route for intrinsic, focal brainstem lesions. Additionally, 
these techniques help to decide when to stop the removal of fourth ventricular 
tumors infiltrating the floor, in order to avoid an injury to the VII, IX/X and XII 
cranial nerve nuclei.

ION monitoring can nowadays support the surgeon in two ways: (1) by provid-
ing functional information aimed to identify ambiguous neural structures – this may 
assist in identifying the safest entry zone to intra-axial lesions and/or determine the 
proximity of cranial nerve nuclei to stop the resection of brainstem exophytic tumors 
or fourth ventricular tumors infiltrating the ependyma; and (2) by on-line monitor-
ing of the functional integrity of somatosensory, motor and auditory pathways to 
minimize the risk of a permanent injury.

SSEPs and BAERs are well established techniques since many years but 
only  cover a small area of the brainstem, and focal injury may occur despite 
their preservation. Therefore, a multimodal neuromonitoring approach, includ-
ing corticospinal and corticobulbar MEPs, should be used instead. MEPs, in 
general, are good predictors of motor outcome, though warning criteria in the 
brainstem are not well set, especially for corticobulbar MEPs of the lower cra-
nial nerves, where only few studies are reported in the literature. Nevertheless, 
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corticobulbar MEPs, for the VII and especially for the IX/X and XII cranial 
nerves, are a valid alternative to free- running EMG, which often lacks specific-
ity and sensitivity.

The lack of ION techniques to reliably monitor afferent pathways of the lower 
brainstem mediated reflexes, such as swallowing and coughing, remains problem-
atic. Recently, however, novel techniques have been proposed to monitor brainstem 
reflexes at the level of the pons and medulla oblongata, and these developments are 
opening new perspectives to further enhance the reliability of brainstem monitoring 
in neurosurgery.
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PNET Primitive neuroectodermal tumors
TIVA Total intravenous anesthesia
WHO World Health Organization

6.1  Introduction

Low-grade (a.k.a. benign) brainstem gliomas (LGBSG) in children include a diverse 
group of tumors with different presenting symptoms and tumor configurations that 
lead to a plethora of biological behaviors and variable prognoses. Brainstem gliomas 
(BSG) represent 10–20% of all pediatric brain tumors and about 20–30% of infraten-
torial tumors. About 60–70% of all pediatric brainstem tumors are diffuse pontine 
gliomas (DPG), and most others include a spectrum of low-grade gliomas (LGG).

BSG are diagnosed at all ages. However, they are rarely diagnosed before the age 
of 5 years, and their occurrence peaks at around the age of 10 years. Males and 
females are more-or-less equally affected.

As opposed to cerebellar and many supratentorial tumors, LGBSG involve super- 
eloquent neural tissue, and thus were previously considered inoperable. However, 
as has been showed by Epstein and others, in selected subgroups of tumors and with 
the integration of intraoperative mapping and monitoring, resection is feasible with 
reasonable neurological and oncological outcomes [1–3]. With the addition of 
gentle- chemotherapy and modern radiation techniques, decision-making on the 
combination of treatment options has become more complex. Currently, there is no 
unified management approach for LGBSG. The treatment is dictated by tumor loca-
tion, configuration, and biological behavior. In this chapter, we review the various 
LGBSG tumors and propose a schematic treatment paradigm.

6.2  Classification

With improvements in neuroimaging, the diagnosis and classification of BSG has 
been refined, depending mainly on the location, texture and tumor configuration 
(e.g., whether the tumor is focal, cystic, or diffuse), as follows:

 A. Configuration: Generally speaking, focal and cystic tumors tend to be low- 
grade and behave in a more indolent manner, while diffuse tumors tend to be 
high-grade and behave aggressively. This concept is true for all brainstem 
locations.

 B. Location: BSG may be located in the midbrain, pons, or medulla, with some 
overlap depending on the extent of the tumor.

 (a) Midbrain tumors include:

(i) Tectal tumors (with or without exophytic components) (Fig. 6.1)
(ii) Aqueductal tumors (Fig. 6.2)
(iii) Tegmental tumors

J. Roth et al.



133

 (b) Pontine tumors include:

(i) Focal (isolated) pontine tumors, or pontine tumors with extension to the 
brachium pontis (middle cerebellar peduncle)

(ii) Diffuse (intrinsic) pontine gliomas (DPG, DIPG)

 (c) Medullary tumors include:

(i) Dorsal exophytic tumors (Figs. 6.3 and 6.4)
(ii) Cervico-medullary tumors
(iii) Focal intrinsic medullary tumors
(iv) Diffuse medullary tumors

a b

Fig. 6.1 Axial (a) and sagittal (b) T2-weighted MRI showing a tectal glioma. Note the flow arti-
fact on the sagittal view (arrow, following an endoscopic third ventriculostomy), and the extension 
to the left thalamus/pulvinar (arrowhead)

a b

Fig. 6.2 Aqueductal tumor – ependymoma. Preoperative (a) and postoperative (b) T2-weighted 
images. The tumor was resected through a trans-fourth ventricular approach
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6.3  Symptoms

BSG may produce several types of symptoms [4]:

 A. Elevated intracranial pressure (ICP): BSG may cause hydrocephalus by 
obstructing the aqueduct, fourth ventricle, or fourth ventricular outlet. 
Hydrocephalus may develop gradually or acutely, leading to headache, vomit-
ing, and drowsiness.

 B. Cranial nerve (CN) deficits: These may occur in any location and are related 
to CN nuclei involvement by the tumors, or from injuries to the CN 
themselves.

Upper brainstem tumors may cause pseudobulbar palsy.
Midbrain region tumors may cause Parinaud syndrome (secondary to pres-

sure on the upper tectal region and hydrocephalus) and third or fourth CN pal-
sies. Oculomotor nerve palsy may include pupil dilation if the Edinger-Westphal 
nucleus is involved.

a b c

Fig. 6.3 (a) Exophytic and (b, c) focal medullary gliomas. Both pathologies were pilocytic 
astrocytomas

a b c d

Fig. 6.4 (a) Exophytic medullary pilocytic astrocytoma. (b) Intraoperative picture after partial 
tumor resection. The tumor’s infiltrative part was left intact; the arrowhead shows the border 
between the tumor and the medulla. Preoperative (a) and postoperative (c) T2-weighted images 
showing the tumor before and after resection. (d) A T2-weighted image at 10 months after surgery. 
In spite of several cycles of chemotherapy (vincristine, carboplatin, cyclophosphamide, cisplatin), 
tumor progression is observed
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Pontine tumors may cause facial or abducens nerve palsy. Cochlear and tri-
geminal nerve symptoms are rare.

Medullary tumors may cause lower cranial nerve deficits, manifesting with 
hoarseness and difficulty in swallowing as well as recurrent aspirations. Failure 
to thrive may occur in infants.

Torticollis is a common finding in cervico-medullary tumors, which cause 
impaction of the foramen magnum and compression of the spinal accessory 
nerve.

 C. Long-tract symptoms: These include general weakness and pyramidal signs. 
Sensory symptoms are relatively rare, most probably as they are less overt.

 D. Cerebellar symptoms: These are more common in pontine tumors, especially 
those involving the brachium pontis.

 E. Other symptoms, such as respiratory decline and abnormal respiratory pat-
terns. These occur secondary to involvement of the medullary and lower pontine 
respiratory centers, and secondary to generalized decreased respiratory muscle 
innervation. Vomiting is a common symptom of tumors involving the obex and 
may be the sole presenting symptom. Thus, brain magnetic resonance imaging 
(MRI) should be part of the evaluation of children with recurrent vomiting, even 
in the absence of other symptoms or signs.

Symptoms may evolve slowly, over the course of a few months, or in an acceler-
ated fashion, within days to weeks. Fast symptom eruption is associated with high-
grade tumors, such as DPG, and are less common in LGBSG [5].

6.4  Diagnosis and Imaging

The diagnostic gold standard is brain MRI, including T1-weighted with and without 
contrast, T2-weighted, and fluid-attenuated inversion recovery (FLAIR) images. 
These images will accurately outline the location of the tumor, relationship of the 
tumor to neighboring structures such as the aqueduct, fourth ventricle and blood 
vessels, enhancing components, ventricular size and orientation, and leptomenin-
geal spread. Most LGBSG are hypointense on T1, hyperintense on T2 and FLAIR, 
and may have an enhancing component. Importantly, enhancing tumors are not nec-
essarily high-grade; World Health Organization (WHO) grade I lesions often have 
an enhancing component.

T1-T2 overlap is an important sign of focal BSG. When the T1 hypointensity 
overlaps with the T2 hyperintense signal, this suggests a non-infiltrative or low- 
grade tumor. However, DPG typically presents with a diffuse T1 hypointensity of 
the pons, which overlaps with the T2 hyperintensity. Thus, the T1-T2 overlap must 
be assessed in the wider context of other radiological and clinical findings. DPG 
typically shows a generalized swelling of the pons, with engulfment of the basilar 
artery anteriorly, as well as a progressive clinical course.
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Diffusion-weighted imaging (DWI) is important when assessing pontine tumors, 
as primitive neuroectodermal tumors (PNET) may mimic DPG [6], and are associ-
ated with a restricted signal on DWI.

Tectal tumors have a typical radiological appearance. They are epicentered in the 
tectum (posterior to the aqueduct), though they may extend to the medial aspect of 
the pulvinar (see Fig. 6.1). They are hypo-isointense on T1, hyperintense on T2, and 
usually do not enhance. Tectal tumors typically compress the aqueduct, leading to 
obstructive hydrocephalus. Enhancing tectal tumors tend to have a more aggressive 
behavior, as they tend to grow.

Aqueductal tumors are distinct from tectal or other pineal-region tumors, as they 
are epicentered within the aqueduct, and the tectum is placed posterior to the tumor 
[7]. Radiologically, sagittal T2 and non-contrast sagittal T1 sequences assist to dif-
ferentiate between aqueductal and tectal tumors, although an overlap exists.

Magnetic resonance spectroscopy (MRS) has been proposed as part of the evalu-
ation of BSG to distinguish between low- and high-grade tumors. However, there is 
currently no consensus regarding the role of MRS. Note that some BSG (such as 
DPG) may have a low-grade histological and MRS appearance, but have an aggres-
sive biological behavior similar to high-grade tumors. Thus, MRS may be part of 
the diagnostic workup, but only as a complementary tool.

O-(2-18F-fluoroethyl)-L-tyrosine (18F-FET) positron emission tomography (PET) 
has been used to differentiate between supratentorial low- and high-grade gliomas. 
A recent study suggested its use to evaluate brainstem tumors too, especially when 
MRI is equivocal [8].

Although BSG rarely metastasize, it is a good policy to perform spinal MRI as 
part of the primary screening, especially if there are symptoms suggesting spinal 
seeding, or in the presence of brain leptomeningeal spread.

6.5  Pathology

BSG include all WHO grades I-IV astrocytomas. Grade I tumors (pilocytic astrocy-
tomas) usually present as discrete lesions, often with a cystic component; however, 
they may present as dorsally exophytic tectal or medullary (and cervico-medullary) 
tumors. They usually enhance following gadolinium injection and may be associ-
ated with significant edema (for instance, in the cervical spine). Often, the tumor 
includes non-enhancing components too. Another group of grade I tumors are the 
gangliogliomas. These are rare tumors, which tend to enhance, and are usually 
located at the cervico-medullary region.

WHO grade II tumors (diffuse low-grade astrocytomas) may present in any loca-
tion along the brainstem [9]. Their biological behavior is very diverse. Tectal and 
exophytic tumors usually have a very indolent course. On the other hand, DPG may 
have the histological appearance of WHO grade II tumors but behave aggressively 
[9]. WHO grade II astrocytomas usually do not enhance and are hypointense on T1 
and hyperintense on T2 and FLAIR.

J. Roth et al.



137

Other glial pathologies may rarely arise in the brainstem, including oligodendro-
gliomas [10], gangliogliomas, and pilomyxoid astrocytomas [4].

6.6  Differential Diagnosis

Other types of lesions that may mimic BSG include:

 1. Inflammatory changes (such as multiple sclerosis, acute disseminated 
encephalomyelitis)

 2. Other oncological pathologies (such as brainstem PNET)
 3. Non-specific benign findings (such as neurofibromatosis (NF) hamartomas-NF 

spots)
 4. Vascular lesions (such as cavernomas, vasculitis)

Thus, the diagnosis depends on the specific clinical and radiological aspects.

6.7  Treatment Rationale

Depending on the clinical status, mass effect, location, and radiological suspicion of 
a high-grade lesion, LGBSG may be followed and treated once they change their 
radiological appearance or cause symptoms. Thus, small “benign” appearing lesions 
do not necessitate any active treatment, be it surgical, chemotherapeutic, or radia-
tion [11].

The rationale for treatment is for lesions suspicious of being high-grade (or other 
unknown pathology as discussed below), for lesions causing mass effect-related 
symptoms or hydrocephalus, or for growing lesions.

6.8  Biopsy Considerations

Both tectal tumors and DPG are usually diagnosed radiologically, with no need for 
a biopsy. The biopsy considerations in DPG are beyond the scope of this chapter, 
and are discussed elsewhere in this book; however, most agree that typical radio-
logical appearance is sufficient for diagnosis, and that biopsy should only be per-
formed in atypical lesions (e.g., eccentric pontine lesions, or lesions that are 
restricted on DWI) or as part of trial protocols.

Aqueductal tumors may be of various pathologies, including low- and high- 
grade astrocytomas or ependymomas, and thus we recommend performing an endo-
scopic biopsy as part of the surgery to treat the related hydrocephalus with an 
endoscopic third ventriculostomy (ETV) [7] (see Sect. 6.9.1 for technical 
considerations).
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Focal intrinsic or exophytic tumors are usually low-grade; however, high-grade 
lesions may have a similar radiological pattern, and thus a biopsy may be recom-
mended [5]. Stereotactic biopsies of brainstem tumors are associated with a perma-
nent morbidity of about 1.7% and mortality of about 1% [12], and are associated 
with a high accuracy rate.

6.9  Surgical Treatment

The surgical treatment for BSG must address two aspects: alleviating secondary 
hydrocephalus and treating the tumor.

6.9.1  Treatment of Hydrocephalus

Since the hydrocephalus is obstructive, an ETV is often the preferred treatment. 
Tectal gliomas are an example of BSG that typically favor ETV, and, as explained 
previously, there is no need to perform a biopsy of the lesion. Long-term success 
rates are about 80–95% [13].

As opposed to typical tectal gliomas, aqueductal tumors are rare and may 
include other pathologies such as high-grade gliomas and ependymomas. 
Therefore, we recommend performing an endoscopic biopsy as part of the ETV 
procedure [7]. Various techniques may be used to combine an ETV with an 
endoscopic biopsy, such as using a rigid endoscope for the ETV and a flexible 
endoscope for the biopsy. The advantage of this approach is that the entry point 
planned for the ETV can be used for the biopsy too. Another option is to per-
form two entry holes, one for the ETV, and another one, more anteriorly, for the 
biopsy. The disadvantage of such an approach is the need for two openings and 
two trajectories through the tissue. A third option is to create a compromise 
opening midway between the ideal entry point for the ETV and the ideal entry 
point for the biopsy. The downside of this approach is the fact that this approach 
is not optimal for either procedure; the surgeon is actually compromising on the 
ideal trajectories for both tasks. As recently published, a combination of rigid 
and flexible endoscopy may be a valid technical option to perform an ETV con-
currently with a biopsy of a lesion at the posterior region of the third ventri-
cle [14].

With secondary hydrocephalus caused by other BSG, such as midbrain or pon-
tine tumors, the tumors may severely distort the anatomy, pushing the basilar artery 
anteriorly and diminishing the brainstem-clival distance. Despite these limitations, 
an ETV may be performed addressing the anatomical nuances with a low related 
risk [15]. However, for DPG-associated hydrocephalus, due to a significant distor-
tion of the basilar artery, a shunt is preferred.
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6.9.2  Tumor Resection

Before discussing the technical aspects of BSG surgery, it is important to stress the 
multimodality approach necessary for such tumors. Over the recent years, radiation 
and chemotherapy have proven to be efficient treatments for focal and low-grade 
tumors [16]. Thus, careful decision-making regarding the role of maximally-safe 
surgery as well as additional treatments is paramount.

Tectal gliomas and diffuse brainstem tumors are not amenable to resection. The 
role of resection is for treatment of focal tumors, especially for tumors exhibiting an 
exophytic component. It is generally accepted that, similar to low-grade astrocyto-
mas located elsewhere in the central nervous system (CNS), aggressive resection of 
focal BSG (which are often low-grade) may increase the progression free survival 
(PFS) and overall survival (OS). When possible, removal of a focal tumor (which 
often is the enhancing part of the lesion) or the exophytic component of the tumor 
is considered the surgical goal [17, 18]. Often, gross total resection (GTR) may not 
be performed safely, and thus, an extensive resection (even if subtotal) is done [9]. 
Most focal tumors are exophytic medullary or cervico-medullary tumors; however, 
they may be located in any part of the brainstem.

Successful BSG resection heavily relies on intraoperative monitoring (IOM) and 
mapping [1–3]. These include long-tract monitoring (such as motor evoked poten-
tials and somatosensory evoked potentials) as well as electromyographic (EMG) 
monitoring of cranial nerves (including CN V, VII, IX, X, XI, and XII). Mapping 
includes direct monopolar or bipolar stimulation of brainstem regions to identify the 
CN nuclei locations and continuity of the CNs. The surgical approaches to the 
brainstem are vast, depending on the exact lesion location, as well as IOM-defined 
“safe zones” [19].

Diffusion tensor imaging (DTI) is important when operating on tegmental lesions 
(in the midbrain or pons). DTI outlines the location of the pyramidal tracts and 
assists in surgical planning [20]. DTI should not replace IOM, as the accuracy of the 
DTI is limited.

Anesthesia protocols must enable optimal electrophysiological monitoring, and 
thus mainly include total intravenous anesthesia (TIVA) with propofol and remifen-
tanyl. Volatile anesthesia may negatively affect the accuracy of the monitoring.

Surgical approaches include midline suboccipital telovelar approaches (for para-
ventricular pontine and medullary tumors, cervico-medullary tumors, and tumors 
located in the lower part of the aqueduct). Paramedian approaches are useful for 
laterally located exophytic medullary BSG. Transtemporal approaches are used for 
focal laterally extending midbrain tumors. Supracerebellar-infratentorial, occipital- 
transtentorial, or interparietal-transsplenial approaches are used for dorsal exo-
phytic tectal gliomas. For cervico-medullary tumors, upper cervical laminectomies 
or laminotomies are performed.

Regardless of the surgical approach, careful and judicious resection should be 
performed, focusing only on clearly pathological tissue [18]. The cavitron aspirator 
is a recommended tool for resection of BSG.
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6.9.3  Postoperative Complications

Resection of BSG may lead to specific neurological complications, including cra-
nial neuropathy, sensory deficits (deep, superficial, and pain), and motor deficits.

Other complications, depending on the surgical region, may include a decline in 
consciousness (upper brainstem), respiratory insufficiency (lower brainstem), and 
vomiting (obex).

Thus, extubation should only be performed once the patient is awake and able to 
demonstrate a positive gag reflex and cough. Over the first few hours and days fol-
lowing the surgery, the patient should be monitored with focus on the presence of 
gag reflex, cough, aspiration, and apnea.

6.10  Adjuvant Oncological Treatments

As stated above, treatment of LGBSG is multimodal, with an aim to perform a radi-
cal resection when possible; however, given the surgical-related morbidity in this 
highly functional region, a limited resection or a biopsy are often performed. This is 
not to state that a LGBSG should be actively treated, as spontaneous involution has 
been described, and many tumor residuals remain stable. However, for growing or 
symptomatic residual tumors, adjuvant treatment with chemotherapy or radiation 
should be considered [16, 18].

Different chemotherapeutic regimens have been described, which are similar to 
supratentorial and chiasmatic-hypothalamic low-grade tumors (such as vincristine- 
carboplatin) [21]. Over the recent years, newer drugs, aimed at the BRAF and MEK 
pathways have been implemented as secondary treatment lines, depending on the 
molecular profile of the tumor [22].

Radiotherapy has been applied in treating LGBSG too [18]. Generally, radiation 
is precluded for the younger ages due to secondary brain injury and the potential to 
induce secondary tumors. Thus, in children under 10 years of age, chemotherapy 
will usually be the primary adjuvant treatment. Various radiation technologies exist 
such as radiosurgery, proton beam therapy, among others [23]. The discussion on 
these technologies is beyond the scope of this chapter.

6.11  Outcome and Prognostic Factors

In a recent long-term follow-up study of pediatric LGBSG, the median OS was 
nearly 15 years, with a 1-, 5-, and 10-year OS of 85%, 67%, and 59%, respectively 
[9]. GTR was associated with improved OS compared to biopsy. Improved OS was 
also linked to tumor grade. Location of the tumor was associated with OS and PFS, 
especially for focal intrinsic and cervico-medullary tumors. Other studies have 
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found even higher OS and PFS rates reaching 100% and 70% over 10 years, respec-
tively [16, 18].

Molecular markers, such as BRAF V600E mutations, have been shown to be a 
risk factor for ganglioglioma grade I recurrence [24]. Similar mutations have been 
shown to be a risk factor for the malignant transformation of LGG, including those 
in the posterior fossa [25].

6.12  Follow-Up Modalities

The standard follow-up method is by conventional MRI. However, in recent years, 
more accurate techniques such as volumetrics have been applied to measure 
the tumor size. This enables a better understanding of the true growth rate and may 
aid in decision-making regarding treatment timing.

In addition to the radiological follow-up, recent studies underlined the need for 
functional and cognitive follow-up in patients with a history of pediatric LGBSG [4, 
26]. According to these studies, a significant proportion of these patients suffer from 
various cognitive deficits and neurological decline, often associated with a lower 
baseline function at diagnosis [4]. Thus, awareness among the general medical prac-
titioners to the importance of early diagnosis and treatment of LGBSG may reduce 
the long-term morbidity.

6.13  Adult Low-Grade Brainstem Tumors

Most brainstem gliomas present in childhood and are low-grade, whereas adult 
brainstem tumors are rare [27]. LGBSG tend to occur in younger adults, present 
over a longer course, and are located in the pons with an exophytic component, 
compared to high-grade tumors [28]. Similar to children, some high-grade tumors 
in adults may resemble LGBSG and present as focal exophytic tumors too [29]. 
LGBSG in adults include a histopathological differential diagnosis similar to that in 
the pediatric group [27, 28, 30]. Generally speaking, presenting symptoms are simi-
lar to those in the pediatric tumors and are usually of subacute-to-chronic nature.

Non-invasive diagnosis is made using imaging, including MRS and PET, and is 
generally similar to the pediatric modalities. However, differential diagnosis in 
adults should also include ischemic changes, demyelinating diseases, and metabolic 
diseases (e.g., central pontine myelinolysis) [31]. Other pathologies, such as metas-
tases, hemangioblastomas, and vascular lesions should be contemplated too.

Similar to the pediatric group, molecular profiling of adult BSG correlates with 
prognosis. H3 K27  M mutations define a subgroup of isocitrate dehydrogenase 
(IDH)-wild-type gliomas behaving like a grade IV glioma, despite a low-grade his-
topathological diagnosis [32, 33].
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As opposed to children, chemotherapy is less effective for adult-related LGBSG, 
and radiation is commonly administered [34]. Other treatments, such as interstitial 
brachytherapy have been described [35]; however, they are not widely accepted.

6.14  Conclusion

Low-grade brainstem gliomas constitute a heterogeneous pathological entity. The 
main factors affecting tumor growth, treatment, and patient outcomes include tumor 
location, clinical course, presence of hydrocephalus, and radiological 
characteristics.

Treatment of LGBSG is multimodal. Some lesions are followed up conserva-
tively. The role of surgery and oncological treatments (chemotherapy and radiation) 
have been discussed in this chapter.
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7.1  Adult Malignant Brainstem Tumors

7.1.1  Introduction

Hare and Wolf (1934) discussed intramedullary tumors of the brainstem, based on 
Cushing’s clinical documentation of brainstem tumors [1]. White (1963) evaluated a 
series of 44 patients accumulated over 31  years at the Neurological Institute in 
New York, and the mean age of the patients was 42 years (range is 17–68 years); most 
of those who were studied pathologically had astrocytic tumors of various grades [2]. 
The clinical presentation and course of patients in this adult brainstem glioma series 
was comparable to the pediatric series studied earlier at the same institution [2]. Adult 
brainstem gliomas are rare tumors (~2%) and are slightly more common in males in 
their 30s [3]. Over 60% of adult brainstem tumors are found in the pons, about a 
quarter of them are found in the medulla oblongata, and the rest are encountered in 
the midbrain [4]. It is also important to note that brainstem lesions that are diffuse 
have a wide differential, including tumors such as gliomas and lymphomas, vasculi-
tis, brainstem injury, infections, central pontine myelinolysis, amongst others [5].

7.1.2  Clinical Presentation

Brainstem gliomas in adults are subdivided based upon clinicopathological and 
radiographic characteristics: diffuse intrinsic, low-grade brainstem gliomas; focal, 
malignant brainstem gliomas; focal tectal gliomas; and exophytic growing tumors 
[4]. The focus of this section is not on the diffuse tumor type, but all other types of 
tumors, which are less frequent: focal malignant brainstem gliomas (~25%), tectal 
gliomas (~3–8%) and other brainstem tumors (~15%) [4]. The clinical signs corre-
late with the anatomy of the lesion, and these include cranial nerve dysfunction 
(87% of patients), gait disturbances (61% of patients), and long-tract signs (~58% 
of patients). Headaches and raised intracranial pressure symptoms are variable in 
this patient group [5]. Patients older than 40 with a higher pathological grade and a 
non-Caucasian ethnicity have been identified as unfavorable prognostic factors [6]. 
In a study conducted by Dellaretti and colleagues, the histological grade was a sig-
nificant prognostic factor in terms of patient survival [7].

7.1.3  Imaging and Histopathological Diagnosis

7.1.3.1  Focal Malignant Brainstem Gliomas

These tend to be localized, discrete masses, and can occupy <50% of the greatest 
dimension of the brainstem [4]. These tumors occur in patients older than 40 and are 
characterized by the rapid onset and progression of brainstem dysfunction [8]. 
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Radiographically, these tumors have been described to exhibit ring-like enhance-
ment of contrast that is ill-defined (Fig. 7.1) [4]. Neuropathology of these tumors is 
often consistent with anaplastic astrocytomas (World Health Organization (WHO) 
Grade III) or glioblastomas (GBM) (WHO Grade IV tumors) [9, 10]. As suggested 
by the high grades of these tumors, the prognosis is poor and median survival is 
12.5 months [8]. Molecular markers that should be checked for these tumors include: 
O6-methylguanine–DNA methyltransferase (MGMT), phosphatase and tensin 

a b

c d

Fig. 7.1 Midbrain and pontine high-grade glioma. (a) Fluid-attenuated inversion recovery 
(FLAIR) demonstrates an expansile mass in the right anterior midbrain and pons. (b) Pre- and (c, 
d) post-contrast T1-weighted images show a mass with heterogenous and avid enhancement with 
central necrosis. This mass was treated as a high-grade glioma without biopsy
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homolog (PTEN) loss, R132H isocitrate dehydrogenase-1 (IDH1) mutation, epider-
mal growth factor receptor vIII variant, histone H3.3, and activating A receptor type 
1 mutations [4].

7.1.3.2  Focal Tectal Gliomas

The presentation is often innocuous and can be incidentally identified. The most 
common presentation is headaches, and patients are found to have obstructive 
hydrocephalus. Due to their clinical presentation and radiologic appearance 
(Fig. 7.2), surgical biopsy is often deemed unnecessary. If biopsied, they tend to be 
WHO Grade II oligoastrocytomas, and higher grades are exceedingly rare [9]. 
These types of tumors are typically indolent and are associated with a more favor-
able prognosis. In a recent review, survival has been around 84 months irrespective 
of tumor treatment [4].

7.1.3.3  Other Brainstem Gliomas

These include dorsally exophytic brainstem gliomas, oligodendrogliomas, and glial 
tumors associated with Neurofibromatosis type 1. Note that in adults, these exo-
phytic gliomas are usually contrast-enhancing and highly aggressive, thus surgical 
resection and pathologic evaluation is key, if possible [4].

7.1.4  Chemotherapy

Unfortunately, the role of chemotherapy in treating adults with brainstem gliomas is 
unclear. Salmaggi et  al. described a retrospective analysis of 20 patients who 
received either temozolomide (18 patients received 75 mg/m2 temozolomide during 

a b c

Fig. 7.2 Midbrain and tectal glioblastoma (biopsy-proven). (a) FLAIR demonstrates an expansile 
mass in the superior aspect of the midbrain and tectum. (b) Pre- and (c) post-contrast T1-weighted 
images show a mass with heterogenous and avid enhancement
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radiation, followed by adjuvant temozolomide 200 mg/m2), and the 2 other patients 
received combined procarbazine, lomustine (CCNU) and vincristine (PCV) 
 (procarbazine 75 mg/m2 days 8–21, CCNU 110 mg/m2 on day 1, and vincristine 
1 mg/m2 on days 8–28) with radiation (48–54 Gy in 1.8 Gy fractions) [3]. Only 50% 
of these patients had disease stabilization by imaging, and the patients who received 
PCV had grade 3 and 4 myelotoxicity, in addition to 6 of the patients who received 
temozolomide who also had the same level of myelotoxicity. At the time of recur-
rence, the role of chemotherapy is even less clear, the use of PCV, carboplatin, cis-
platin, salvage bevacizumab, etoposide and paclitaxel have been reported, and these 
options cause significant chemotoxicity in patients, who need to be carefully moni-
tored [4].

7.1.5  Conclusion

Brainstem gliomas are just as heterogeneous in terms of genetic complexity as their 
supratentorial counterparts [11]. In adult brainstem gliomas, the most significant 
gene alterations are IDH1 and H3F3A(K27M). One hopes that more targeted thera-
pies are an option in the future, as opposed to concomitant radiation and temozolo-
mide, and during recurrent salvage radiotherapy. The rarity of IDH1 mutations in 
brainstem gliomas is also emphasized in an earlier work by Theeler et  al. [12]. 
Interestingly, in 1998, Landolfi et al. mentioned that adults with brainstem gliomas 
fare better in terms of survival than children [13]. In addition, they recommended 
that patients with tectal or cervicomedullary tumors can be managed by observation 
alone, and very little has changed in terms of current management since these 
authors initially recommended this conservative strategy.

7.2  Pediatric Malignant Brainstem Tumors, Excluding 
Diffuse Intrinsic Pontine Gliomas (DIPG)

7.2.1  Introduction

Neoplasms that arise in the brainstem account for 10–15% of pediatric brain tumors 
[14, 15]. The majority of these tumors (80%) are DIPG, with the remainder being 
predominantly focal low-grade gliomas. Thus, non-DIPG pediatric malignant brain-
stem tumors are exceedingly rare. In one retrospective review from a single institu-
tion, non-DIPG malignant brainstem tumors constituted less than 5% of all pediatric 
brainstem tumors [16]. Non-DIPG malignant histologic types of the brainstem in 
children have been recognized as either: (1) high-grade glial neoplasms (~60%), 
including WHO Grade IV glioblastoma (GBM) or WHO Grade III anaplastic astro-
cytoma, oligodendroglioma and ganglioglioma, occurring within the midbrain, 
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medulla or eccentrically displaced within less than one-third of the pons (non- 
DIPG); or (2) embryonal tumors (~40%), including atypical teratoid rhabdoid tumor 
(ATRT), embryonal tumor with multilayered rosettes (ETMR), and what had previ-
ously been classified as central nervous system primitive neuroectodermal tumor 
(CNS-PNET) [14–16]. In 2016, the WHO classification for CNS tumors removed 
CNS-PNET as a unique histological entity based on evidence from molecular pro-
filing studies showing that the majority of these tumors are actually a diverse group 
of other known histologic entities, including high-grade gliomas (HGG) [17, 18]. 
Furthermore, according to the 2016 revised WHO classification, midline gliomas 
that harbor H3K27M mutation are now considered a single histologic entity termed 
as diffuse midline glioma (WHO Grade IV), irrespective of location, further blur-
ring what constitutes a DIPG from a non-DIPG. Thus, the precise histologic types 
of malignant non-DIPG brainstem tumors and their incidence are unclear. Individual 
case reports have also described the presence of astroblastoma and angiocentric 
glioma in the brainstem of children [19, 20]; however, this review will attempt to 
summarize the key features in the diagnosis and management of the most com-
monly encountered non-DIPG pediatric malignant brainstem tumors.

7.2.2  Clinical Presentation

The mean age of non-DIPG brainstem tumors in children has been reported to be 
approximately 7.5 years (peak age range is 5–10 years), with the majority (90%) 
occurring in those less than 18 years of age [14–16]. The tumor location is either the 
pons or pontocerebellar junction in over half of the cases, followed by the medulla 
or pontomedullary junction (~20%), and finally the midbrain (~15%) [14–16]. 
Nearly half of the cases will have an exophytic portion of the tumor on imaging 
[15]. The most common presenting signs and symptoms relate to tumor location 
within the brainstem, irrespective of histology, and include cranial nerve deficits, 
pyramidal tract signs, and ataxia [14–16, 21]. In general, patients typically present 
with progressive neurological symptoms of short duration.

7.2.3  Imaging and Histopathological Diagnosis

7.2.3.1  High-Grade Gliomas (HGG)

The majority of non-DIPG HGG of the brainstem will present in the middle cerebel-
lar peduncle junction or pontomedullary junction (80–90%); however, it is unclear 
whether the HGG tumors in these locations that harbor the H3K27M mutation, a 
hallmark of DIPG, would now be considered eccentrically displaced “atypical- 
appearing DIPG” given the 2016 WHO re-classification of H3K27M-mutated dif-
fuse midline gliomas as a single entity [17]. The remaining HGG (10–20%) occur 
in the midbrain.
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On magnetic resonance imaging (MRI), these tumors have the typical character-
istics of HGG as in other locations (Fig. 7.3). The imaging features include hetero-
geneous signal intensities, prominent heterogeneous and ring-like enhancement 
with poorly defined margins, and multi-centricity or extra-axial metastases. 
Likewise, the histopathology of brainstem HGGs is identical to that of the corre-
sponding Grade III and Grade IV HGGs in other locations. Histologic diagnostic 
features include infiltrative tumor cells with nuclear atypia, high mitotic activity, 
pseudopalisading necrosis, and florid microvascular proliferation.

7.2.3.2  Atypical Teratoid Rhabdoid Tumor (ATRT)

ATRT is a rare, highly malignant WHO Grade IV tumor that occurs in children and 
adults but has a predilection for infants, with 70% presenting in children <1 year old 
and 90% under the age of 3 years [22]. On MRI, ATRT is generally circumscribed, 
with heterogeneous contrast enhancement and signal intensity, usually secondary to 
areas of hemorrhage and necrosis (Fig. 7.4). Leptomeningeal spread is a common 
radiological finding, being present in approximately a quarter of cases at diagno-
sis [22].

Histological heterogeneity is characteristic of ATRT, with neuroectodermal, 
mesenchymal, and, rarely, epithelial differentiation being evident [22]. The neuro-
ectodermal component can closely mimic medulloblastoma. Most ATRTs are com-
posed of sheets of pleomorphic cells that typically have large nuclei with open, 
vesicular chromatin and prominent nucleoli, and a small-to-moderate amount of 
lightly eosinophilic cytoplasm. Many cases have at least focal rhabdoid morphol-
ogy; however, the presence of rhabdoid morphology is not required for the diagno-
sis of ATRT [22].

a b c

Fig. 7.3 Midline pontomedullary glioma, H3K27M-mutant. (a) FLAIR demonstrates an expans-
ile mass in the right anterior and midline pons. (b) Pre- and (c) post-contrast T1-weighted images 
show a mass with no post-contrast enhancement. This lesion was biopsied and was found to be an 
H3K27M-mutated midline glioma
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Unlike other CNS neoplasms, ATRTs demonstrate remarkable uniformity in 
genetic alterations of the SMARCB1 locus on chromosome 22q11.2 [23]. Reported 
alterations include homogenous and heterozygous deletions, loss of heterozygosity, 
and mutations of SMARCB1, especially in exons 5 or 9 [23]. Since loss of expres-
sion or function of INI1 is thought to be a key molecular event in the formation of 
ATRT, demonstration of its loss or mutation is a reliable way to diagnose ATRT in 
patients who present with an embryonal brain tumor (Fig. 7.5). Use of fluorescence 
in situ hybridization (FISH) along with genomic sequencing permits identification 
of more than 75% of ATRTs [24]. While there are embryonal brain tumors that 
exhibit histologies that are consistent with ATRT but positive immunohistochemical 
staining for the SMARCB1 protein, INI1, these are considered even more rare and 
are thought to represent only 2% of all ATRTs [25]. ATRTs that retain wild-type 
SMARCB1 and its protein product often have a mutation in SMARCA4 and its 
related chromatin modeling protein, BRG1, which, along with SMARCB1, is an 

Fig. 7.5 Atypical teratoid 
rhabdoid tumor (ATRT). 
Immunohistochemistry 
demonstrates loss of INI1 
expression in tumor cells, 
while native endothelial 
cells retain staining 
(brown) for INI1

a b c d

Fig. 7.4 Atypical teratoid rhabdoid tumor (ATRT). (a) Computed tomography (CT) image show-
ing a hyperdense and partially calcified mass with obstructive hydrocephalus. (b) T2-weighted 
image demonstrates a markedly heterogenous mass. (c) Axial and (d) sagittal post-contrast 
T1-weighted images show a mass with heterogenous and avid enhancement involving the tectum 
and superior vermis with compression of the midbrain and pons
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important component of the SWI/SNF complex, which plays an important role in 
lineage specification and stem cell maintenance [26].

7.2.3.3  Embryonal Tumor with Multilayered Rosettes (ETMR) 
and Historical Central Nervous System Primitive 
Neuroectodermal Tumor (CNS-PNET)

Recent identification of focal amplification of a micro-RNA cluster on chromosome 
19q13.42 (C19MC) has led to a new designation of ETMR (ETMR, C19MC- 
altered), which encompasses medulloepithelioma, ependymoblastoma, and the 
previously-described entity, embryonal tumor with abundant neuropil and true 
rosettes (ETANTR) [27, 28]. ETMR occurs in young children, with a mean age of 
about 2 years, reaching up to almost 5 years, with a female predominance of around 
2:1 female-to-male ratio. The most common MRI appearance is a heterogeneously- 
enhancing, well-circumscribed, solid mass [29].

The histological appearance consists of islands of embryonal tumor cells in a 
sea of neuropil-like matrix, forming luminal or “ependymoblastic” rosettes 
(Fig. 7.6). The ependymoblastic rosettes appear in both the hypo- and hyper-cellu-
lar areas, and are formed of multi-layered, elongated tumor cells that are arranged 
radially around a well- defined, round to slit-like lumen. Similar to nodular medul-
loblastomas, ETANTR tumor cells show varying levels of differentiation, from 
embryonal within the areas of cellularity to neurocytic, and even occasionally gan-
glionic, within the hypocellular areas. Although the undifferentiated cells within 
the clusters generally fail to stain for neuronal or glial markers, NeuN, synaptophy-
sin and neurofilament staining can be strong within the more differentiated cells of 
the neuropil-like areas.

CNS-PNETs, which account for 1% of pediatric brain tumors, are a heteroge-
neous group of undifferentiated, highly malignant tumors that are histologically 

Fig. 7.6 Embryonal tumor 
with multilayered rosettes 
(ETMR). Although the 
hematoxylin and eosin 
stain demonstrates 
relatively low cellularity 
compared to other CNS 
malignancies, ETMR is a 
highly aggressive 
embryonal tumor
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composed of neuroepithelial-like cells. MRI characteristics of CNS-PNETs include 
a focal intrinsic or exophytic non-enhancing brainstem tumor with low T1- and high 
T2-weighted signals [16]. Hydrocephalus and leptomeningeal dissemination are 
common presenting features. More recently, methylation profiling studies have 
found that CNS-PNETs do not cluster distinctly from other pediatric CNS tumors. 
Among the 323 analyzed CNS-PNETs, 61% were re-classified as another tumor 
type based on molecular profiling. Of the remaining CNS-PNETs, 11% clustered 
with known ETMRs, 15% formed small clusters that failed to associate with each 
other or with other known pediatric CNS tumors, and 24% formed four distinct, 
novel entities: CNS neuroblastoma with FOXR2 activation (14%), CNS Ewing sar-
coma family tumor with CIC alteration (4%), CNS high-grade neuroepithelial 
tumor with MN1 alteration (3%), and CNS high-grade neuroepithelial tumor with 
BCOR alteration (3%) [18]. The 2016 WHO revised classification of CNS tumors 
thereby removed the term CNS-PNET; thus, the actual occurrence and distribution 
of these distinct entities within the brainstem is unknown.

7.2.4  Treatment and Outcome

It is estimated that the majority of children (>90%) with non-DIPG high-grade 
tumors of the brainstem can successfully undergo either surgical biopsy (open or 
stereotactic needle) or partial tumor resection as part of the initial management plan 
[14–16]. In the absence of non-surgical treatment, gross total resection of  malignant 
brainstem tumors at the time of diagnosis is not feasible. The treatments adminis-
tered, and the associated outcomes, are specific for the tumor type (as described 
below); however, survival in general is dismal for this group of patients as a whole, 
with at least one report describing a median overall survival (OS) of 6.4 months fol-
lowing the diagnosis, and only 31% of patients surviving more than 1 year [15].

7.2.4.1  Atypical Teratoid Rhabdoid Tumor (ATRT)

ATRT is an aggressive tumor that carries a poor overall prognosis. Published studies 
report a median survival from 8 to 17 months from diagnosis. Two factors that have 
repeatedly been associated with a poor outcome are age less than 3 years at diagno-
sis and the presence of metastatic disease [30]. Treatment considerations for ATRT 
of the brainstem would be the same as that for non-brainstem ATRT. The role of 
conventional versus high-dose chemotherapy (HDC) with autologous stem cell res-
cue remains controversial. At least two published studies reported a greater than 
50% survival when patients with an ATRT were treated with a carboplatin-thiotepa-
based HDC regimen [31]. The only prospective, front-line ATRT study using a 
modified rhabdomyosarcoma-type IRS-III regimen along with intrathecal chemo-
therapy and either focal or cranio-spinal irradiation reported a 2-year progression-
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free survival (PFS) and OS of 53% and 70%, respectively [32]. Also controversial 
are the role and timing of radiotherapy; some clinicians consider radiotherapy as 
crucial to the treatment of ATRT, while others prefer to defer the use of irradiation 
due to its potentially devastating side-effects on cognition when used in young chil-
dren [33]. Data from St. Jude Children’s Hospital lend support to the early use of 
irradiation for ATRT [30]. Overall, newer treatment regimens have improved the 
prognosis for ATRT and led to a long-term cure in a minority of patients. Due to the 
paucity of cases, it is not yet known whether the outcome is significantly different 
in brainstem ATRT compared to ATRT in other locations.

7.2.4.2  Embryonal Tumor with Multilayered Rosettes (ETMR) 
and Historical Central Nervous System Primitive 
Neuroectodermal Tumor (CNS-PNET)

Due to historically poor outcomes, children with CNS-PNET have been treated 
according to the high-risk arm of treatment protocols for medulloblastoma. Yet, 
5-year survival has remained around 50–60% in children [34]. The median survival 
in patients with ETMR is 13 months from diagnosis, although clinical outcome has 
been accurately documented in only 48 patients to date [35]. In six patients with 
subtotal surgical resection and aggressive adjuvant therapy with radiation and/or 
chemotherapy, only one patient was reported alive without disease at 34 months 
after diagnosis following multiple resections and HDC [36]. Of the 48 cases reported 
to date, 6 children have survived beyond 30 months. The longest reported survival 
is 42 months [35]. Similar to other histologic entities, due to the rarity of this tumor 
type overall, it is unclear whether the outcome is different for brainstem ETMRs 
compared to ETMRs in non-brainstem locations. There is a case report of a 
17-month-old boy with an ETANTR of the brainstem, and despite chemotherapy, 
the child died 3 months after initial diagnosis [37].

In a retrospective report of 83 children with brainstem CNS-PNETs treated 
between 1973–2013, the median OS was reported as 53 months [38]. A survival 
advantage was observed for patients older than 4 years of age, those who received 
surgery, chemotherapy and radiation, and those with gross or subtotal tumor resec-
tion. Another report described the outcome for 6 children with histologically-proven 
brainstem CNS-PNET and 2 with brainstem ependymoblastoma who were treated 
according to the multimodal HIT protocol therapy [21]. All patients had postopera-
tive residual disease, including one with metastasis. All tumors progressed, with 
one exception, within 2.5–10.4  months. After progression, patients succumbed 
early to their disease resulting in a 1-year OS rate of 25%. The only surviving 
patient had a partially resected tumor, received chemotherapy and was reported 
without progression at 14 months after diagnosis [21]. With the recent evidence that 
the majority of PNETs are actually other known histologies, the optimal treatment 
and outcomes for each histologic type observed in the brainstem remains to be 
determined.
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7.2.4.3  High-Grade Gliomas (HGG)

Treatment for HGG of the brainstem is identical to that for DIPG, namely, local 
irradiation of the tumor to 54  Gy in 1.8-Gy fractions using intensity-modulated 
radiation therapy (IMRT); this is administered alone, as standard therapy, or in con-
junction with an investigational therapy on a clinical trial. As of yet, there has been 
no clinical benefit observed with any therapy apart from radiation. Multiple case 
reports indicate that secondary GBM with distinct histological features can arise 
after treatment for childhood medulloblastoma [39]. Other reports indicate that sec-
ondary HGG may result from malignant transformation of low-grade glial neo-
plasms, especially those harboring the BRAFV600E mutation and CDKN2A 
deletion [40]. Indeed, the majority of gangliogliomas of the brainstem have the 
BRAFV600E mutation, and HGG with this mutation may be treated with BRAF 
inhibitors on clinical trials evaluating the efficacy of these new agents [41]. The 
precise portion of these secondary HGG that arise in the brainstem secondary to 
radiation and/or underlying BRAFV600E mutation/CDKN2A deletion is unclear. 
However, secondary HGG of the brainstem appear to have a particularly dismal 
prognosis, with one report demonstrating median OS of 124  days compared to 
6 months for the presumed primary HGG of the brainstem [15]. OS for brainstem 
HGG also appears to be worse than the median OS of 9–12 months for pediatric 
DIPG and HGG in non- brainstem locations [15].

7.2.5  Conclusion

Non-DIPG pediatric high-grade tumors of the brainstem are uncommon, but tend to 
occur in younger aged patients, almost always present with at least cranial neuropa-
thies of short duration, and typically have a very poor prognosis, with relatively 
rapid disease progression despite multi-modality therapy. Larger prospective stud-
ies are needed, especially for the group of tumors that had been classified as CNS- 
PNETs, given the new molecular information indicating that these are actually 
composed of a highly diverse group of different histologic tumors.
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ICP Intracranial pressure
LPS Lansky play scale
MRI Magnetic resonance imaging
MRS Magnetic resonance spectroscopy
mTOR Mammalian target of rapamycin
NAA N-acetyl aspartate
Olig2 Oligodendrocyte transcription factor 2
PDGFR Platelet-derived growth factor receptor
PET Positron emission tomography
PNET Primitive neuroectodermal tumor
PPCs Precursor-like cells
PRC2 Polycomb repressive complex 2
RTK Receptor tyrosine kinase
SAHA Vorinostat
SPECT Single photon emission computed tomography
SWI Susceptibility-weighted imaging
TMZ Temozolomide
T2∗-GRE T2∗-weighted gradient echo
WHO World Health Organization

8.1  Introduction

The first published case of potential diffuse intrinsic pontine glioma (DIPG), to our 
knowledge, was reported by Dr. Edward H. Henoch from Charité hospital, Berlin, in 
1880. He described an 11 years old girl who suffered from ataxia, swallowing and 
speech problems, and cranial nerve (CN) VI palsy. Autopsy showed an isolated pon-
tine mass with no sharp boundaries that seemed to extend diffusely into the sub-
stance of the pons from multiple small foci secondary to the principal mass [1]. 
Another potential case was presented in detail by Dr. Henry Hun to the American 
Neurological Association in 1887. It was referred to by Dr. Mary Putnam Jacobi in 
an article published in 1889, reporting a similar case in terms of clinical presentation 
and progression but without obtaining an autopsy [2]. The outstanding explanation 
of the clinical assessment and follow-up as well as the autopsy and microscopic 
examination of the pontine tumor tissue of Dr. Hun’s 6-year-old female patient still 
stands out as accurate compared to today’s description of DIPG. Quoting Dr. Jacobi 
on describing the autopsy result of Dr. Hun’s patient, some of the interesting state-
ments were, “Dr. Hun ascribes the incoordination of movements to pressure upon 
the transverse fibres of the pons, and the origin of the crura cerebelli; the absence of 
the absolute paralysis to the fact that the nerve elements were compressed but not 
destroyed by the infiltration. He explains the absence of sensory disturbance by a 
greater resistance of sensory function, even when sensory fibres are submitted to the 
same pressure as motor fibres” [2]. Subsequent reports of similar cases were even 
more in favor of DIPG. In 1891, Dr. P. Watson Williams reported a 6-year-old patient 
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presenting with a typical DIPG picture, which was supplemented by an autopsy 
described as, “Externally this infiltrating growth was colourless and almost translu-
cent on the surface. Internally it was red and very vascular. Microscopical examina-
tion showed that it consisted of small round and oval cells enclosed in a granular, 
finely fibrillated inter-cellular substance, a typical glioma.” Fig.  8.1 shows the 
drawing of the pontine glioma by Dr. Williams [3]. In spite of the fact that brainstem 
lesions were reported as early as 1881 [4] and definitely confirmed only on autopsy, 
the first attempt at surgical treatment was performed as late as 1909 by Dr. Weisenburg 
[5]. Nevertheless, Dr. Philip Zenner [6] and Dr. Harvey Cushing [7] were the first 
neurosurgeons to operate on pediatric brainstem tumors in 1910 (Fig. 8.2). Prevalence 
studies of brainstem gliomas were documented in large series of brain tumors pub-
lished in the 1930s [8–10]. When surgical treatment was deemed hopeless in patients 
with brainstem tumors, radiation therapy was attempted since the 1950s with the 
goals of offering temporary improvement and prolonged survival [11–13].

Fig. 8.1 Drawing and 
legend of the pontine 
glioma by Dr. Williams in 
one of the earliest reports 
about DIPG. (Reprinted 
from Williams [3])
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Fig. 8.2 Cushing’s photographs of the specimen obtained for pathological investigation, with his 
accompanying captions. Upper: “Photograph of base of brain. Lines correspond with sections 
photographed in I and II. Note the involvement of right 3rd, 5th, 7th and 8th nerves. Line II runs 
directly through the point of emergence of the facial and acousticus. The left abducens is pressed 
upon by the inferior cerebellar artery.” Lower left: “Section I passes perpendicular to line of […] 
of brain stem […] Note the marked distortions of the fourth ventricle into which the […] growth 
protrudes.” Lower right: “Section II passes practically through the centre of the tumor, showing 
extreme lateral displacement, involvement and distortion of right side of pons. The iter is shown 
much flattened above.” Photographs were obtained from an archived microfilm of the handwritten 
records, courtesy of The Alan Mason Chesney Archives of The Johns Hopkins Medical Institutions

M. H. A. Noureldine et al.



163

DIPG or diffuse midline glioma, H3 K27M-mutant (new World Health 
Organization [WHO] classification, 2016) is a highly malignant glial neoplasm 
 primarily affecting school-aged children, almost equally distributed between males 
and females, with a peak incidence between 4 and 7 years of age at diagnosis [14]. 
DIPG represents 10–15% of all childhood brain tumors [15]. While 15–20% of 
brainstem gliomas are low-grade astrocytomas, around 75% of brainstem tumors 
are considered diffuse pontine tumors, which biologically tend to be aggressive 
tumors with poor outcome [16, 17]. Despite the extraordinary biomedical advances 
in the management of central nervous system (CNS) neoplasms over the last cen-
tury, DIPG remains among the most challenging to treat with a very poor prognosis, 
where less than 10% of patients survive beyond 2 years from diagnosis [18]. The 
median time of tumor progression is 5–6 months, and the median overall survival 
ranges between 4 and 17 months. Different overall survival rates have been reported; 
in their review, Jansen and colleagues published overall survival rates at 1, 2 and 
3 years that ranged from 14% to 70%, 0 to 25% and 0 to 10%, respectively [15]. 
Lately, others published median survival rate of 11.2 months and overall survival 
rates of 86.6% at 6 months, 66.1% at 9 months, and 45.3% at 1 year [19]. The typi-
cal presentation is that of a previously healthy child with rapid onset of signs/symp-
toms indicative of brainstem dysfunction and pathognomonic magnetic resonance 
imaging (MRI) findings. In adults, diffuse intrinsic brainstem gliomas resemble the 
pediatric DIPG in terms of clinical and radiological presentation but seem to have a 
more benign course that is associated with a much better prognosis and a median 
survival of up to 7.3 years. The adult malignant type, however, is predominantly 
found in older adults (sixth decade) and has a dismal prognosis with very short sur-
vival [20].

Given the infiltrative nature of DIPG in a highly delicate and surgically inacces-
sible anatomical structure – the pons, management strategies have been directed 
towards radiation therapy, medical interventions, or a combination of both. 
Nevertheless, little-to-no benefit have been reported in more than 200 clinical trials 
so far. The reintroduction of biopsies, which were previously considered dangerous 
and unnecessary in the context of an MRI diagnosis, and autopsies have made DIPG 
tissue available for molecular and genomic studies. The number of published stud-
ies on the molecular, genetic and epigenetic peculiarities of DIPG is undergoing an 
exponential growth, which will hopefully help us further understand the biology of 
the disease and adopt effective targeted therapies. In this chapter, we present an 
overview of the current standards as well as the most important recent and clinically- 
relevant advances in the diagnosis and management of DIPG.

8.2  Clinical Presentation

The clinical signs and symptoms of patients with DIPG are direct sequelae of the 
location of the neoplasm and extent of infiltration in the adjacent anatomical struc-
tures. Unlike the less common focal brainstem gliomas usually localized to the mid-
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brain, medulla and cervicomedullary junction, which typically have a prolonged 
clinical course often reaching up to years, the symptomatic progression of DIPG is 
quite short, and symptoms typically progress within days-to-weeks. In general, the 
duration of symptomatic progression has a significant prognostic value in brainstem 
tumors; tumors with slowly progressing symptoms, roughly for over 6 months at the 
time of diagnosis, carry a much better prognosis compared to those with symptoms 
progressing over a shorter duration (less than 3 months) [21, 22], and should prompt 
searching for a diagnosis other than DIPG. In patients with DIPG, age ≤3 years was 
associated with good prognosis [22]; however, atypical presentations such as mood 
or behavioral changes or acquired torticollis may delay the diagnosis in younger 
patients [23, 24]. Unlike pediatric DIPG, the duration of symptoms in adult diffuse 
intrinsic brainstem glioma is often long, and unique clinical findings such as iso-
lated facial paralysis or hemispasm may occur up to 5 years prior to tumor recogni-
tion. Nevertheless, the clinical presentation of the malignant adult type is very 
similar to that of the pediatric DIPG, where CN palsies and long tract signs have an 
acute onset and progress over a short period [20].

Bulbar signs and symptoms, particularly those related to CN nuclei situated at 
the level of the pons and CNs passing through the pontine tissue, are sensitive, 
although not very specific to this pathology. CNs VI and VII are mostly involved, 
and DIPG seems to a have a predilection to originate close to the region of CN VI 
nuclei [25]. Such involvement may manifest as diplopia, limited or abnormal eye 
movements, and asymmetric smile. As the tumor grows superiorly towards the mid-
brain and inferiorly towards the medulla, involvement of other CNs such as III, IV, 
IX and X is possible albeit less common, and appears in advanced stages after the 
tumor invades through the pontomesencephalic and pontomedullary junctions [26]. 
Diffuse expansion within the basis pontis also affects the pontocerebellar and long 
tract fibers manifesting as loss of balance, clumsiness, ataxia, difficulty walking, 
hemiparesis, spasticity, hyperreflexia, clonus, positive Babinski reflex, among oth-
ers [27]. Sensory abnormalities are less common, probably because the sensory 
pathways are more resistant to infiltration by the neoplasm [21, 28].

In a retrospective study on 39 patients with DIPG (median age at diagnosis and 
duration of presenting symptoms were 6.8 years and 4 weeks, respectively), CN 
palsy was the most common presenting symptom (90%), followed by ataxia (72%) 
and long tract signs (54%) [29]. In another study on 86 patients (mean age of 
14.2  years) with brainstem gliomas, headaches (29%) and motor deficits (24%) 
were the most common symptoms on disease onset, followed by visual complaints 
(20%) and ataxia (13%) [21]. Acute obstructive hydrocephalus is an uncommon 
presentation, although signs of elevated intracranial pressure (ICP) and active 
hydrocephalus can be found and were reported as high as 50% in some previous 
publications; this presentation, however, is more common in exophytic brainstem 
tumors rather than DIPG [30, 31]. DIPG tends to expand in different vectors. 
Usually, the tumor will expand anteriorly into the prepontine cistern and encase the 
basilar artery to some degree. Posterior expansion into the fourth ventricle is less 
common in early stages; the ventricular floor is rather strained craniocaudally and 
laterally, reducing the risk of developing obstructive hydrocephalus at the level of 
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the fourth ventricle. Upward expansion towards the midbrain can potentially lead to 
obstructive hydrocephalus from aqueductal stenosis secondary to mass effect. On 
rare occasions, disruption of the pontine micturition center by neoplastic infiltration 
may lead to urinary retention and voiding abnormalities [32].

8.3  Imaging Characteristics

MRI has emerged as the primary modality to establish the diagnosis and follow-up 
on any brainstem lesion, further subclassify these lesions into diverse categories, 
and predict the biological behavior of the tumor, for which different management 
strategies could be utilized. Lesion classification on MRI is also important for prog-
nostication purposes (e.g., focal lesions of the midbrain, cervicomedullary region 
and medulla oblongata carry a better prognosis than DIPG) [33]. In the context of 
limited surgical and biopsy options, DIPG is a typical example, where the diagnosis 
is based on the history and clinical presentation, which are supplemented by an MRI 
revealing characteristic findings.

DIPG typically appears as a hypo- to iso-dense, non-enhancing or variably 
enhancing pontine mass on computed tomography (CT) scans, with or without 
extension into the adjacent anatomical structures and rarely harboring calcifications 
(Fig. 8.3). On structural MRI, DIPG is best described as a large, expansile, infiltra-
tive and often asymmetric mass occupying more than 50% of the pons. The epicen-
ter of DIPG lies within and expands the pons rather than displacing it; however, this 
tumor is often exophytic anteriorly (the path with least resistance) and may engulf 
the basilar artery (in up to 82% of cases [29]) (Fig. 8.4). Upon presentation, DIPG 
is generally more than 2  cm in size and appears hypo- (92%) to iso-intense on 
T1-weighted and homogenously or heterogeneously hyper-intense on T2-weighted 
images [29] (Fig. 8.5). Fluid attenuated inversion recovery (FLAIR) images show a 
relatively homogeneous enhancement of the tumor and surrounding tissue (Fig. 8.6). 
Intra-tumoral petechial hemorrhages, but not hematomas, are common at diagnosis, 
and can be detected with better sensitivity on susceptibility-weighted imaging 
(SWI) compared to T2∗-weighted gradient echo (T2∗-GRE) imaging in more than 
40% of cases [34]. Contrast enhancement may be present in up to 51% of cases [29], 
although typically weak and patchy around the time of diagnosis and does not have 
any prognostic significance [24, 35] (see Figs. 8.5 and 8.6). As the tumor grows, the 
absent-to-weak enhancement pattern frequently progresses to areas of focal necro-
sis with ring enhancement and subsequent diffuse enhancement and necrosis at later 
stages [36] (Fig. 8.7). It is important to note, however, that the evaluation of DIPG 
on serial MRIs is not always straightforward due to signal heterogeneity and inter- 
observer variability in the measurement of such lesions, which necessitates utilizing 
more objective endpoints in clinical trials [37].

Hargrave and colleagues [29] retrospectively reviewed baseline MRI scans of 39 
DIPG patients (median age at diagnosis and duration of presenting symptoms were 
6.8 years and 4 weeks, respectively) and reported local tumor extension in upper 
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medulla (74%), midbrain (62%), cerebellar peduncles (15.5%) and cervical spinal 
cord (2.5%), exophytic component (72%), necrosis (33%), intra-tumoral  hemorrhage 
(26%), and hydrocephalus (23%). Leptomeningeal metastasis was found in 3% of 
cases on baseline MRI and increased to 16% on post-treatment MRI (performed at 
4–12 weeks after first treatment course; usually radiotherapy). Tumor enhancement 
also increased from 51% to 72%, as well as T2 heterogeneity (28 to 64%), cystic 
necrosis (33% to 48%), and intra-tumoral hemorrhages (26% to 32%).

a b

Fig. 8.3 Brain CT of a young patient with DIPG showing a hypodense lesion localizing to the 
right side of the pons (a) with ring enhancement and central necrosis post contrast injection (b). 
Case and images courtesy of George Jallo, MD

Fig. 8.4 MRI showing the 
anterior exophytic growth 
of DIPG, which is starting 
to engulf the basilar artery. 
Case and images courtesy 
of George Jallo, MD
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Positron emission tomography (PET) using 18F-labeled fluorodeoxyglucose (18F- 
FDG) fused with MRI was used to investigate the association between 18F-FDG 
uptake and progression free survival, overall survival and MRI indices in patients 
with diffuse intrinsic brainstem gliomas. Poor survival was associated with 18F-
FDG uptake involving at least half compared to less than 50% of the tumor. Higher 
uptake was also associated with enhancement on MRI, and uniform uptake through-
out the tumor was linked to increased tumor cellularity, as reflected by restricted 
MRI diffusion [38]. In a small case study, diffusion tensor imaging (DTI), using 
serial apparent diffusion coefficient (ADC) and fractional anisotropy (FA) values as 
well as tractography data, showed initial tumor infiltration of the corticospinal, 
transverse pontine and medial lemniscus tracts, transient improvement following 

a b

c d

Fig. 8.5 MRI of DIPG with a histology pattern of anaplastic astrocytoma. (a) Axial and (b) sagit-
tal T1-WI post contrast. (c) Axial and (d) sagittal T2-WI. Note the diffuse anterior growth that 
engulfs the basilar artery and the proximal portion of its superior branches. Case and images cour-
tesy of George Jallo, MD
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 treatment, and subsequent loss of tract anisotropy during tumor progression [39]. In 
recent years, ADC maps have been shown to be a strong predictor of tumor cellular-
ity and, hence, poor prognosis. Recent research suggests that sites of tumor enhance-
ment correlate with sites of reduced diffusivity, lower ADC values, and, eventually, 
a more aggressive disease [40–42]. Volumetric ADC histogram metrics were found 
to be significantly correlated with survival, where lower diffusion and ADC values 

a b

c d

Fig. 8.6 MRI of DIPG with a histology pattern of anaplastic astrocytoma. (a) Axial and (b) coro-
nal T1-WI post contrast. Axial (c) T2-WI and (d) FLAIR images. Case and images courtesy of 
George Jallo, MD
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were associated with poor prognosis and shorter survival [43]. Since none of the 
current tools can truly predict the nature of the disease, recent studies tried to inte-
grate different modalities into an assessment tool. One of them showed that the 
combination of 18F-FDG PET and ADC histogram metrics in pediatric DIPG dem-
onstrates different characteristics, often with a negative correlation between PET 
and ADC pixel values. This means that a higher negative correlation is associated 
with a worse progression free survival, which may indicate high-grade elements 
within the tumor and, hence, overall poor prognosis [44].

a b

c d

Fig. 8.7 MRI of DIPG with a histology pattern of glioblastoma. (a) Axial, (b) coronal and (c) 
sagittal T1-WI post contrast. (d) Sagittal T2-WI. Case and images courtesy of George Jallo, MD
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Proton magnetic resonance spectroscopy (MRS) findings (Fig. 8.8) of elevated 
metabolic ratios of choline/creatine (Cho/Cr) and Cho/N-acetyl aspartate (NAA), 
along with lactate and lipids peaks, suggest poor prognosis. The inability of 
 conventional MRI to differentiate radiation-induced contrast enhancement and 
necrosis from tumor progression or a combination of both processes with break-
down of the blood-brain barrier (BBB) renders MRS a valuable tool in the follow-
up of DIPG. In patients treated with radiotherapy, increased Cho/Cr and Cho/NAA 
ratios in enhancing and non-enhancing regions indicate neoplastic progression and 
predict worse outcomes, while stable ratios provide evidence against radiation-
induced metabolic alterations [45, 46]. On the other hand, a clinical response to 
radiotherapy may be inferred from a decreasing Cho/Cr ratio [47].

These advanced imaging modalities, in addition to other functional techniques 
such as tumor perfusion and blood volume characterization methods [46, 48] and 
thallium single photon emission computed tomography (SPECT) [49], may pre-
clude the need for stereotactic biopsy in cases with uncertain diagnoses and hold 
promise in distinguishing recurrence from treatment-induced changes as well as 
predicting response to treatment and duration of survival.

Fig. 8.8 MRI spectroscopy at the level of the pons. This tool has become widely utilized in the 
recent years, as it can give a better understanding in regard to changes in the brainstem paren-
chyma. Case and images courtesy of George Jallo, MD
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8.4  Surgical Options

The infiltrative nature of DIPG in one of the most intricate anatomical structures – 
the pons – has long been a limitation to surgical interventions due to profound surgi-
cal toxicity. Radical surgical resection has been previously attempted in patients 
with diffuse brainstem tumors, the outcome of which was not satisfactory [50, 51]. 
Even biopsies, which where once utilized to obtain brainstem tumor tissue for diag-
nostic purposes and to plan further therapy [52], were abandoned and considered 
highly dangerous and unnecessary in the context of typical clinical and radiological 
features [53]. Until recently, this trend has been internationally accepted and uti-
lized in the diagnostic and management approaches to DIPG, although some neuro-
surgical teams continued to biopsy brainstem lesions in cases with diagnostic 
uncertainty as well as for inclusion in therapeutic trials [54–57]. The trend is chang-
ing nowadays, however, with the advancement of stereotactic biopsy techniques, 
although still requiring significant training and expertise to safely perform the pro-
cedure [58].

8.4.1  To Biopsy or Not to Biopsy a Potential DIPG?

The safety of obtaining a brainstem biopsy have been tackled in newer studies 
and meta-analyses, the overall results of which were satisfactory. In two meta-
analyses, the diagnostic yield ranged between 94.9% and 96%, whereas morbid-
ity and mortality reached a maximum of 4.9% and 0.7%, respectively. Transient 
and permanent deficits occurred in up to 1% and 4% of patients, respectively [59, 
60]. Subsequent studies reported a diagnostic yield range of 93–100%, and mor-
bidity ranging between 2.8% and 25%, almost all of which were transient defi-
cits. None reported any death related to the procedure [56–58, 61–63]. The latest 
large-scale study was conducted by Puget and colleagues [58], who prospec-
tively analyzed 130 DIPG biopsied patients and reported a transient morbidity of 
3.9% and no mortality. The diagnostic yield and morbidity rates were compara-
ble to those reported for other brain locations, and increasing the number of 
specimens per trajectory was not a significant risk factor for morbidity. The 
authors concluded that, “Stereotactic biopsy of DIPG can be considered as a safe 
procedure in well-trained neurosurgical teams and could be incorporated in pro-
tocols” [58].

While patient safety remains a major concern, the reluctance to biopsy such 
lesions has impeded any substantial progress in understanding the biology of DIPG 
over the last 50 years. In 2013, a consensus statement was released concerning the 
surgical approaches to DIPG and recommended biopsy in the context of clinical 
trials to understand the behavior of tumor and enhance targeting of treatments [64]. 
Indeed, the reintroduction of biopsy in the last few years, in addition to the imple-
mentation of standardized autopsy protocols [65] and advancement of high- 
throughput sequencing technology, opened doors for important molecular, genetic 
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and epigenetic studies that distinguished different DIPG subtypes [14, 66–68], 
 giving way for promising targeted therapeutic trials to commence in light of the 
consistently failing conventional management strategies.

8.4.2  Tenets for Obtaining a DIPG Biopsy

Brainstem biopsies may be obtained through a trans-frontal or suboccipital trans- 
cerebellar route (Fig. 8.9). With or without a frame and under general anesthesia, the 
patient is positioned supine for the trans-frontal approach or prone for the trans- 
cerebellar approach. While the trans-frontal route allows to obtain a biopsy from any 
brainstem segment, the trans-cerebellar route may be utilized to sample upper med-
ullary and pontine lesions only. Preoperative planning of the needle trajectory using 
a software is recommended for both routes to decrease the risk of complications. 
The trans-frontal route has a longer and more eloquent trajectory; the bur hole is best 
placed 3 cm from the midline in the peri-coronal region, and the trajectory should 
remain within the neuroaxis, does not violate the ventral surface of the brainstem, 
and avoid the vascular structures, ventricles and tentorium cerebelli. The trans-cere-
bellar route is shorter and has a safer trajectory, crossing through the middle cerebel-
lar peduncle. The frame should be rotated 180° and positioned as inferiorly as 
possible onto the skull, just above the base of the neck, allowing the target to fall 
within the stereotactic space. The bur hole incision is placed at mid-distance between 
the midline and the mastoid, and the dural opening is carefully performed below the 
transverse sinus. The optimal outcome from any of the two approaches is to sample 
both enhancing and non-enhancing tumor regions along one trajectory, while avoiding 

Fig. 8.9 Stereotactic biopsy of DIPG. There are two main approaches: trans-frontal and trans- 
cerebellar. In the trans-cerebellar approach, the entry point is paramedian aiming for the middle 
cerebellar peduncle (as shown in the figure). Enhancing regions, if present, are the most yielding 
targets of the biopsy needle. Case and images courtesy of George Jallo, MD

M. H. A. Noureldine et al.



173

the pyramidal tracts, CN nuclei and anterior pons. If this outcome is not possible to 
achieve, the enhancing regions are the preferred target or, otherwise, the infiltrative 
region, which appears hyperintense on T2-weighted and FLAIR images. In the case 
of ring enhancing regions with central necrosis, the most yielding trajectory is the 
one crossing tangential to the enhancing edge of the ring so that more tumor tissue 
rather than necrotic fluid could be obtained. A side-cutting biopsy needle is used to 
obtain four quadrant biopsies from each region (enhancing and non-enhancing), if 
possible, by applying gentle aspiration; several biopsies should be obtained in differ-
ent projections of the needle’s tip. It is better to continue taking biopsies until frozen 
sections return positive for the presence of tumor tissue. The sampled tissue is fixed 
in formaldehyde, snap-frozen in the operating room and stored at −80° for molecu-
lar studies, and/or used as a xenograft and/or for cell culture. Neuroimaging, prefer-
ably T2-weighted axial images, is recommended after the procedure to confirm the 
trajectory and site of biopsy and document possible surgical complications [57, 58]. 
Dellaretti and colleagues [69] compared the two approaches, suboccipital trans-cer-
ebellar versus trans-frontal, and reported no statistically significant differences in 
success and complication rates. The trans- cerebellar route may seem more appeal-
ing for DIPG biopsies in specific due to shorter trajectory to the target and possibil-
ity to avoid CN nuclei by sampling the interface between the pons and middle 
cerebellar peduncle; however, some authors are utilizing single-staged, robot-
assisted stereotactic biopsy through the trans- frontal route with an optimal diagnos-
tic yield and a favorable risk profile [70]. To conclude, neurosurgeons should be well 
experienced in performing both approaches, weighing the risks versus benefits, and 
choosing the most suitable route on a case- by- case basis.

8.5  Pathology and Molecular Signatures

High-grade gliomas were thought to arise from stem-like gliomagenic cells in the 
subventricular zone [71, 72]. This notion, however, has been challenged by subse-
quent studies suggesting that the origins of these tumors are distributed throughout 
the white matter and not exclusively limited to the subventricular zone [73]. Human 
pontine precursor-like cells (PPCs), residing in the ventral pons and temporally cor-
related to the incidence of DIPG, are potentially the cell of origin of this tumor. 
DIPG neurosphere cells are immunophenotypically similar to PPCs, i.e. nestin- and 
vimentin-positive, with a subset expressing the glial-restricted cell progenitor oligo-
dendrocyte transcription factor 2 (Olig2) [74].

Classified under the newly defined entity, diffuse midline glioma, H3 K27M- 
mutant [75], DIPG is a WHO grade IV CNS tumor, with significant intra-tumoral 
heterogeneity in terms of histologic phenotype and malignancy grade, ranging from 
grade I to grade IV [76, 77]. Grade I areas are focal and present in up to 56% of 
specimens, some of which are pilocytic astrocytoma-like characterized by piloid 
tumor cell processes and presence of Rosenthal fibers, while others are paucicellular, 
subependymoma-like with marked clustering of tumor cells that may show  dot- like 
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epithelial membrane antigen (EMA)-positivity or express Olig2 [77]. The relatively 
high prevalence of grade I-like regions may lead to false negative biopsy results in 
some DIPG cases, and their presence does not indicate better survival in these 
patients [78]. WHO grade II (diffuse astrocytoma; cytological atypia), grade III 
(anaplastic astrocytoma; anaplasia and increased mitotic activity) and grade IV 
(glioblastoma; microvascular proliferation and necrosis) features are dispersed 
throughout the tumor; higher grade features are mostly limited to the pons, whereas 
lower grade features are found in the pons as well as in the nearby infiltrated struc-
tures and metastatic lesions [77–79], implying spatial histological heterogeneity. 
The intra-tumoral heterogeneity is also evident on immunohistochemistry in terms 
of astrocytic differentiation and expression of stem cell markers, namely glial fibril-
lary acidic protein (GFAP) and its delta isoform (GFAPδ), nestin and cluster of dif-
ferentiation 44 (CD44), that partially overlap with the degree of cellular atypia, as 
well as focal expression of neuronal markers such as synaptophysin and neurofila-
ment [77].

Although there is potentially no significant difference in overall survival based 
on histology, the age of diagnosis increases with higher tumor grades [78]. 
Leptomeningeal and distant spread may be detected at higher rates on autopsy [78, 
80] compared to neuroimaging studies [29]. Metastatic and/or infiltrative cells were 
found in the spinal cord, thalamus and frontal lobes, and patients with leptomenin-
geal spread had worse overall survival outcomes [78]. In few cases, primitive neu-
roectodermal tumor (PNET) features such as poorly differentiated cells with scant 
cytoplasm and round nuclei were reported on autopsy studies of patients with typi-
cal clinical presentation and MRI findings of DIPG [78, 81], again highlighting the 
importance of biopsy to arrive at the correct diagnosis and to tailor therapy 
accordingly.

In light of the recent large-scale molecular, genomic and epigenomic studies, tis-
sue diagnosis of diffuse midline gliomas, including DIPG, is undergoing a paradigm 
shift. It is clear that our old understanding of the definition of DIPG, which mainly 
relied on radiographic appearance of a large tumor that invaded more than 50% of the 
pons, is now going through a major change. Current classification and sub-classifica-
tions of these tumors will most likely continue to have adjustments in light of the 
ongoing progress in our understanding in regard to molecular subtyping. The signifi-
cant overlap in histological features between diffuse midline gliomas and other pedi-
atric/adult glioma types may now be compensated for by detecting highly specific 
and recurrent hot-spot mutations in histone genes causing epigenetic dysregulation, 
the significance of which lead to establishing a new WHO CNS tumor classification 
termed as ‘diffuse midline glioma, H3 K27M-mutant’ [14]. It seems that the majority 
of pediatric midline and high-grade gliomas undergo recurrent somatic mutations in 
genes encoding for the replication-dependent histone H3 isoform, H3.1 
(HIST1H3B/C), and the replication-independent H3.3 isoform (H3F3A), mostly 
resulting in lysine 27 to methionine substitution (H3.1 or H3.3 K27M) or glycine 34 
to valine or arginine substitution (H3.3 G34V/R). Notably, more than 90% of DIPG 
and 50–60% of diffuse thalamic and spinal cord gliomas harbor H3 K27 mutations, 
whereas the G34V/R mutation is observed in up to 30% of pediatric hemispheric 
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gliomas [82–85]. While the histopathological characteristics of the H3.3 G34R-
mutant tumors look similar, comprising of mostly small cells with some giant cells, 
perivascular invasion, perineuronal satellitosis and microcalcifications, the radiologi-
cal patterns are quite variable in different patients. This finding raises the speculation 
that different pathogenic mechanisms may be found in tumors harboring the G34R 
mutation [86], the discussion of which is beyond the scope of this chapter.

By sequestering the histone methyltransferase enhancer of Zeste homologue 2 
(EZH2), the K27M-mutant H3 protein inhibits the polycomb repressive complex 2 
(PRC2), which ultimately causes a global decrease in H3 K27 trimethylation [87]. 
Although all H3 K27M-mutant tumors have been shown to lose H3 K27 trimethyl-
ation detected by immunohistochemistry, caution should be taken so as not to exclu-
sively rely on this finding since H3 K27 wild-type tumors may also contain focal H3 
K27 trimethylation-immunonegative areas, leading to a false positive diagnosis of 
H3 K27M-mutant glioma [77]. Additionally, almost all cases of H3 K27M-mutant 
tumors are characterized by MGMT overexpression due to lack of MGMT promoter 
methylation, which implies lower efficacy of temozolomide (TMZ)-based therapy 
[88, 89]. While H3.3 mutations have been detected in diffuse gliomas across differ-
ent midline structures and mostly affect children aged 7–10 years, H3.1 mutations 
seem to occur exclusively in the pons, affect younger children aged 4–6 years, and 
are associated with a slightly better outcome compared to their H3.3 counterparts 
[90]. A recent study revealed that DIPG patients with the H3.1 mutation had signifi-
cantly better survival after relapse. In the same study, other predictors of survival at 
relapse were Lansky play scale (LPS) above 50% and steroid-independence [91]. 
The deleterious effects of H3 mutations are reflected by the lack of clinical response 
to therapies, which may work very well in patients with H3 wild-type gliomas, as 
well as a more aggressive course and poor overall prognosis [83, 90, 92]. Optimizing 
the detection of H3 mutations in the deoxyribonucleic acid (DNA) of diffuse mid-
line gliomas, including DIPG, by obtaining tissue biopsy or even less dangerous 
techniques such as cerebrospinal fluid (CSF) analysis [67], may be utilized as a 
diagnostic and prognostic marker and may help stratify patients to targeted thera-
pies as well as monitor the clinical response to treatment.

Further recurrent mutations may occur concomitantly with those in the histone 
genes in up to 50% of diffuse midline gliomas. The p53 pathway is involved in 
around 70% of cases and includes mutations in the ATM, TP53, CHEK2 or PPM1D 
genes. The receptor tyrosine kinase (RTK)/RAS/PI3K pathway may also be involved 
through mutations in the PIK3CA, PIK3R, PDGFRA or PTEN genes. These muta-
tions may be associated with recurrent focal amplifications of the CCND1-3, 
CDK4/6, EGFR, ID2, KDR, KIT, MET, MYC/MYCN, PARP1, PDGFRA, and/or 
TOP3A genes, among others [66, 93–98]. Specifically, recurrent mutations in the 
ACVR1 gene, occurring in almost one-third of DIPGs, were found to be associated 
with H3.1 K27M mutations [79, 90, 94].

The discovery of selective driver mutations, namely the histone H3 among sev-
eral others, has consequently led to the implementation of therapeutic clinical trials 
targeting the associated unique molecular mechanisms, many of which are currently 
ongoing.
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8.6  Management Strategies

The massive knowledge gained in the last decade about the genetic and molecular 
abnormalities in diffuse midline gliomas – including DIPG – has been paralleled by 
an equal excitement at the level of investigating novel effective therapies. 
Radiotherapy, chemotherapy and combination radio-chemotherapy studies 
(Table 8.1) have consistently failed to provide satisfactory survival outcomes, and 
the vast majority of patients live a poor quality of life that is prolonged to 1–3 years 
after diagnosis [15].

8.6.1  Radiotherapy and Chemotherapy

Fractionated, focal intensity-modulated, external beam radiotherapy of the tumor 
along with 1–2  cm margins remains the standard of care in the management of 
DIPG. The generally accepted total dose is 5400–6000 cGy, usually administered in 
fractions of 180–200 cGy per day and delivered over approximately 6 weeks (given 
once daily for 5 days per week). At these doses, clinical improvement and objective 
tumor response are observed in up to 70% and 60% of patients, respectively [15]. 
While hyperfractionation of the radiotherapy schedule to higher total doses of 
7020 cGy and 7800 cGy did not show benefit over the conventional protocol and 
may be associated with neurotoxicity [104, 134], hypofractionation over 3–4 weeks 
may lead to nearly the same outcome of conventional radiotherapy with less treat-
ment burden and risks [109, 119, 135]. Short-course radiation protocols for DIPG 
are being developed to attain treatment outcomes that are comparable to conven-
tional radiation [128]. Radiosensitizers such as cisplatin [134], motexafin gadolin-
ium [118] as well as other platinoids, nitosureas, etoposide and topotecan [18, 
136–138] were investigated in hope to improve the efficacy of radiotherapy, but no 
additional benefit was reported, and the results were equally disappointing. 
Nevertheless, recent studies re-irradiated DIPG patients at first and second progres-
sion and reported an increase in survival outcomes of few additional months with 
acceptable tolerability [130, 131].

The role of conventional chemotherapeutic agents has been investigated at differ-
ent stages of the management of DIPG (prior to, concurrent with and adjunctive to 
radiotherapy). Used alone, in multiple combinations and/or at variable dose intensi-
ties, these agents included, but were not limited to, 5-fluorouracil/lomustine, pred-
nisone/lomustine/vincristine, cisplatin/cyclophosphamide, cisplatin/etoposide/
vincristine/cyclophosphamide, TMZ, TMZ/cis-retinoic acid, vincristine/etoposide, 
TMZ/thalidomide, methotrexate, cisplatin/etoposide/vincristine/ifosfamide, 
 gefitinib, tipifarnib, nimotuzumab, PEGylated interferon α-2b, bevacizumab, 
 irinotecan/cetuximab, tamoxifen, and busulfan/thiotepa [89, 99, 100, 103, 106, 108, 
110–112, 114, 129, 132, 139–145]. None of these agents/combinations, at different 
dose intensities with or without radiotherapy, were able to show better survival out-
comes compared to radiotherapy alone (Table 8.1).
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8.6.2  Targeted Therapy

The management trend of DIPG is leaning towards therapies targeting specific 
tumoral molecular pathways for two reasons: (1) The conventional radio- 
chemotherapies are consistently failing to provide satisfactory outcomes, i.e., pro-
longing patients’ lives for few months with very poor quality; and (2) the literature 
is being enriched with unique molecular, genetic and epigenetic characteristics of 
diffuse midline gliomas/DIPG, thus paving the road for such studies to commence.

Following the recent discovery of epigenetic alterations in histone genes, inhibi-
tion of histone deacetylases (HDACs) is being explored as a potential therapeutic 
strategy. Overexpression of HDACs is reported in many cancers [146], possibly 
contributing to the development of malignancy due to disruption of the balance 
between transcriptional activation and repression of gene expression for post- 
translational acetylation of histone tails, which are maintained by histone acetyl-
transferases (HATs) and HDACs, respectively [147]. Panobinostat (LBH589), an 
oral inhibitor of several HDACs that has been reported to decrease proliferation of 
H3 K27M-mutant diffuse midline gliomas and has a synergistic effect when com-
bined with the histone demethylase inhibitor GSK-J4  in preclinical experiments 
[148], is currently under study in patients with DIPG (ClinicalTrials.gov: 
NCT02717455). For tumors that harbor the H3 K27M mutation (most of DIPG), 
there is loss of trimethylation that will potentially lead to abnormal cell-cycle con-
trol, inhibition of autophagy, and augmentation of tumor resistance to radiotherapy 
[149]. Panobinostat was shown to increase trimethylation and acetylation levels of 
H3 K27M-mutant tumors, hence augmenting the potential efficacy of radiation or 
other treatments. Panobinostat has been shown to have antitumor efficacy on H3 
K27M-expressing cells in vitro, reducing both cell proliferation and viability, and 
potent activity in some in vivo models, but not in others [149]. Vorinostat (SAHA), 
another HDAC inhibitor, has been well tolerated in combination with TMZ in chil-
dren with high-grade gliomas [150] and is currently being investigated in combina-
tion with radiotherapy in a phase II trial (ClinicalTrials.gov: NCT01189266) and 
with temsirolimus, a mammalian target of rapamycin (mTOR) pathway inhibitor, 
along with radiotherapy in a phase I trial (ClinicalTrials.gov: NCT02420613). In 
preclinical studies, other epigenetic drugs such as GSK-J4 [151], EZH2 inhibitors 
[152], and BET bromodomain inhibitors [153] have been effective in inhibiting the 
growth of H3 K27M-mutant diffuse midline gliomas; these drugs, however, are yet 
to be tested in human subjects.

Dasatinib and crenolanib are inhibitors of the platelet-derived growth factor 
receptor (PDGFR), one of the most frequently amplified molecules in pediatric 
high-grade gliomas/DIPG [98], and are being investigated in ongoing and com-
pleted clinical trials, the results of which are not published yet (ClinicalTrials.gov: 
NCT02233049; NCT01393912). Another ongoing trial (ClinicalTrials.gov: 
NCT01644773) combines dasatinib with crizotinib, an ALK and c-MET inhibitor. 
Preliminary data showed anti-tumoral effects of dasatinib in DIPG cell lines, which 
also revealed a synergistic effect when combined with the c-MET inhibitor, cabo-
zantinib [154].
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Epidermal growth factor receptor (EGFR) inhibitor, erlotinib, was studied in 
combination with focal radiotherapy, but did not show improvement in outcomes of 
patients with newly diagnosed high-grade gliomas [155]. Ongoing trials, however, 
are investigating its efficacy in combination with bevacizumab, TMZ and radio-
therapy (ClinicalTrials.gov: NCT01182350), as well as with everolimus and dasat-
inib (ClinicalTrials.gov: NCT02233049).

Convection-enhanced delivery (CED), a new technique that allows to bypass the 
BBB by direct delivery of drugs into the tumor, holds promise in increasing the 
efficacy of DIPG targeted therapy [156]. Carboplatin was successfully delivered 
into a DIPG using robot-guided CED [157]. CED of  a radiolabeled antibody 
[124I]-8H9 [158], panobinostat [159], as well as other agents such as irinotecan is 
being considered and/or currently under study in patients with malignant glioma, 
including DIPG (ClinicalTrials.gov: NCT03086616).

8.7  Conclusion

Diffuse midline glioma, H3 K27M-mutant or DIPG remains among the most chal-
lenging tumors to treat despite extensive efforts from field experts through hundreds 
of trials to find the “magical” management recipe. Nevertheless, the recent molecu-
lar discoveries offer hope for better outcomes through the implementation of many 
targeted therapeutic trials, the results of many of which are still pending and/or the 
dose, frequency and combination of the studied molecule(s) with other therapies 
require further optimization. Until then, radiotherapy remains the cornerstone in the 
management of this debilitating disease.
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Abbreviations

AICA Anterior inferior cerebellar artery
AVM Arteriovenous malformation(s)
BA Basilar artery
BRAT Barrow Ruptured Aneurysm Trial
BT Basilar trunk
BVR Basal vein of Rosenthal
CM Cavernous malformation
CN Cranial nerve
CSF Cerebrospinal fluid
CST Corticospinal tracts
CT Computed tomography
CTA Computed tomography angiography
DSA Digital subtraction angiography
DTI Diffusion tensor imaging
IA Intracranial aneurysm
IAC Internal auditory canal
ISAT International Subarachnoid Aneurysm Trial
ISUIA International Study of Unruptured Intracranial Aneurysms
MAPonMesV Median anterior pontomesencephalic vein
MCP(s) Middle cerebellar peduncle(s)
mOZ Modified orbitozygomatic
MRA MR angiography
MRI Magnetic resonance imaging
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OA-PICA EC-IC Occipital artery-posterior inferior cerebellar artery external 
carotid-internal carotid

OZ Orbitozygomatic
PCA Posterior cerebral arteries
PCP Posterior clinoid process
PICA Posterior inferior cerebellar artery
SAH Subarachnoid hemorrhage
SCA Superior cerebellar artery
SCIT Supracerebellar infratentorial
SPetrV Superior petrosal vein
SPS Superior petrosal sinus
SS-EPI Single-shot echo planar imaging
T2∗GRE T2∗-Gradient Recalled Echo
VA Vertebral arteries
VBJ Vertebrobasilar junction

9.1  Introduction

Vascular lesions of the brainstem are rare entities that pose significant challenges to 
surgical management. The dense eloquence of the brainstem significantly increases 
the risk of surgery compared to similar lesions in the supratentorial space. The inti-
mate relationship of critical perforating arteries and the limited working corridors 
magnify these challenges. Preoperative evaluation requires consideration of multiple 
treatment modalities, including microsurgery, endovascular therapy, or radiotherapy, 
alone or in combination. The risks of intervention must be balanced against the natu-
ral history of these lesions, which, generally speaking, have higher rates of rupture 
than their supratentorial counterparts. Although increased rupture rates and the dev-
astating sequelae of a brainstem hemorrhage often support an aggressive surgical 
posture, close observation of unruptured brainstem-associated vascular lesions is 
sometimes preferred. Decision-making for ruptured lesions is frequently much more 
straightforward, given the ruinous consequences of re-rupture.

Elegantly described by Rhoton, the posterior fossa can be considered in groups of 
threes. There are three segments of the brainstem: midbrain, pons, and medulla [1]. 
Each of these is associated with a respective segment of the large vessels of the posterior 
circulation (basilar artery [BA] apex, basilar trunk [BT], and vertebral arteries [VA]/
vertebrobasilar junction [VBJ], respectively) and associated branch vessels (superior 
cerebellar artery [SCA], anterior inferior cerebellar artery [AICA], and posterior infe-
rior cerebellar artery [PICA]). Likewise, the three neurovascular complexes are associ-
ated with a group of cranial nerves (CN) and their associated nuclei: CN III-V are related 
to the midbrain, CN VI-VIII with the pons, and CN IX-XII with the medulla. Using this 
organization, aneurysms, arteriovenous malformations (AVM) and cavernous malfor-
mations (CM) will be considered regionally. The following chapter outlines the general 
approach to the diagnosis and management of vascular lesions of the brainstem; a full 
technical description of the surgical nuances is beyond the scope of this chapter.
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9.2  Natural History

The risk of symptomatic rupture has been described extensively for aneurysms, 
AVMs, and CMs, and, in general, the risks of rupture are known to be higher for 
brainstem locations. Posterior circulation aneurysms represent 15% of all intracra-
nial aneurysms (IAs), and the increased risk of rupture relative to size-matched ante-
rior circulation aneurysms has been described. In the International Study of 
Unruptured Intracranial Aneurysms (ISUIA) trial, small posterior circulation aneu-
rysms (<7 mm) had a 5-year cumulative rupture rate of 2.5% (compared to 0% for 
anterior circulation aneurysms), and these rates ranged up to 50% for giant aneu-
rysms [2]. Brainstem AVMs account for 2–6% of all intracranial AVMs. The major-
ity of AVMs in this location present with ruptured status and have substantially 
higher annual rupture rates (15–17.5%/year) than generally quoted for supratentorial 
brain AVMs (1–4%/year) [3]. While brainstem AVMs may have an intrinsically 
higher rate of rupture, including an increased chance of harboring nidal aneurysms, 
it has been posited that the absence of cortical findings, such as seizures, decreases 
the likelihood of discovering brainstem AVMs prior to rupture [4]. Similarly, brain-
stem CMs have been shown to have a substantially higher rate of hemorrhage than 
supratentorial CMs. A recent meta-analysis by Taslimi et al. showed nearly a 10-fold 
higher annual rupture rate of brainstem CMs compared to non-brainstem CMs 
(0.3%/year vs. 2.8%/year) [5]. Patients presenting with ruptured brainstem CMs had 
an annual rupture risk of 32.3%/year compared to 6.3%/year for non-brainstem loca-
tions [5]. Given the chronic deposition of blood products (evidenced by prominent 
susceptibility artifact on T2∗-gradient recalled echo [T2∗GRE] magnetic resonance 
imaging [MRI]), it is likely that CMs undergo regular micro-rupture in addition to 
frank intralesional and intraparenchymal hemorrhagic events, accounting for the 
increased rate of symptomatic presentation. Furthermore, these estimates of rupture 
rate may significantly underestimate the true annual rate. Documented de novo for-
mation for all three pathologies has been demonstrated, decreasing the denominator 
in event rate calculations. Overall, the high rates of hemorrhage and consequences 
thereof for brainstem vascular lesions argues for an aggressive surgical posture.

9.3  Presentation and Diagnosis

9.3.1  Clinical Presentation

Presentation varies by the type of vascular lesion and its location within the brain-
stem. Hemorrhagic brainstem vascular lesions generally result in a more critical 
clinical condition than those in the supratentorial space, regardless of the particular 
pathology [6–8]. This is largely due to the comparatively smaller volume of the 
posterior fossa, as well as the highly eloquent nature of the brainstem parenchyma. 
Furthermore, posterior fossa AVMs and aneurysms presenting with subarachnoid 
hemorrhage (SAH) are more likely to be complicated by hydrocephalus and have 
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been shown to require higher rates of permanent cerebrospinal fluid (CSF) diver-
sion. Likewise, CMs of the brainstem tend to present with clinical deficits with a 
smaller volume of parenchymal hemorrhage, or with a purely intralesional 
hemorrhage.

Focal neurologic deficits, either from CN compression, parenchymal mass effect 
or vascular steal phenomenon, are dependent on the particular location within the 
brainstem. As stated earlier, cranial neuropathies can result from compression of the 
cisternal segment of the affected nerve and, thus, are always ipsilateral to the lesion. 
By comparison, cranial neuropathies resulting from parenchymal injury can be 
remote from the lesional site relative to the level of the brainstem associated with 
the cisternal segment of that nerve. An example of this is facial numbness occurring 
as a result of injury to the spinal trigeminal nucleus in the medulla (despite the asso-
ciation of CN V with the pontomesencephalic junction based on its surface anat-
omy). Similarly, deficits from parenchymal injury can be either ipsilateral or 
contralateral to the lesion, depending on the presence or absence of tract decussa-
tion. As such, the need for a thorough neurologic examination and localization can-
not be overstated and is the cornerstone of preoperative and postoperative evaluation.

9.3.2  Imaging

Initial imaging workup also depends heavily on the presentation and suspected type of 
lesion. Imaging workup for patients presenting with SAH or symptoms concerning for 
brainstem hemorrhage should begin with non–contrast-enhanced computed tomogra-
phy (CT) of the head as the initial modality of choice. The diagnosis may be suggested 
but is rarely confirmed by head CT alone. For patients with potentially life-threatening 
hemorrhages requiring emergent decompression, CT angiography (CTA) is consid-
ered the vascular imaging study of choice due to its rapid acquisition. In the senior 
author’s practice, CTA is frequently sufficient to guide decision- making in aneurysms 
presenting either unruptured or with SAH (particularly to guide clip versus coiling 
allocation) and is particularly useful in understanding the relationship of a given aneu-
rysm to the skull base bony anatomy. However, the gold standard remains cerebral 
digital subtraction angiography (DSA), particularly for those aneurysms with com-
plex morphologies or those that may potentially necessitate revascularization as part 
of the treatment [9]. While the risk of major neurologic complications associated with 
DSA is extremely low, improvements in resolution of CTA on modern scanners may 
obviate the need for invasive imaging for more and more aneurysms. Conversely, 
given that endovascular treatment of cerebral aneurysms related to the brainstem is 
considered the first-line treatment at many centers, DSA still plays a major role in the 
evaluation and treatment of most brainstem-associated aneurysms.

By contrast, we recommend the use of DSA for all AVMs, except for those neces-
sitating emergent surgery. While advances have been made in noninvasive imaging of 
AVMs, such as the so-called “4D imaging” techniques, DSA remains essential for 
several reasons [10]. First, the resolution of DSA has not been matched by non-
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invasive imaging techniques and is essential for identifying anatomical landmarks 
associated with the malformation to help guide the resection. Likewise, AVM sur-
faces fed by small parenchymal feeding vessels (coined “little red devils” by Charles 
Wilson) are much more easily identified on DSA. The architecture of these vessels 
makes them much more challenging to coagulate and divide than larger feeding arter-
ies and generates a diffuse nidal surface, the presence of which increases the risk of 
perioperative morbidity and mortality. As such, identification of this feature is essen-
tial and has been included into the Lawton-Young Supplementary AVM scale to aid 
preoperative decision making [11]. Secondly, AVMs are dynamic lesions by nature, 
and noninvasive imaging techniques have yet to replicate the ability to see the flow 
from arterial feeders, through nidus, and into draining veins as clearly as with 
DSA. The ability to translate radiographic features of both arterial and venous anat-
omy in one’s mind while developing a surgical plan is critical, and DSA aids substan-
tially in differentiating these vessels within the teeming mass of the AVM. Finally, 
formal angiography allows for the use of preoperative embolization. Despite the evo-
lution of endovascular embolization, such as transvenous or “pressure cooker” tech-
niques, cure rates remain low with embolization alone [12]. However, preoperative 
embolization frequently improves the safety and efficiency of surgical resection 
whenever it can be performed without placing normal vessels at risk. One must pay 
careful attention, though, because normal perforating arteries may not be well visual-
ized, and the consequences of inadvertent embolization can be devastating.

MRI has different applications for each of the three main types of vessel malfor-
mations. For aneurysms, MR angiography (MRA) can be useful as a screening tool 
and for long-term noninvasive follow-up imaging, but does not have sufficient reso-
lution to guide operative decision-making alone in most cases [13]. However, in 
those patients with large or giant aneurysms with significant brainstem compres-
sion, such as dolichoectatic basilar aneurysms, MRI offers the best brain tissue con-
trast of any available imaging modality. Similarly, MRI is essential for delineating 
the parenchymal surface of a brainstem AVM. For AVMs that are purely pial, total 
resection may be a viable strategy, whereas those with a significant parenchymal 
component may benefit from in situ disconnection, radiosurgery, or observation 
[14]. For CMs, however, MRI plays much more of a fundamental role. Until its 
development in the 1980s, CMs were an under-recognized entity, with a variety of 
names applied to these “occult” lesions. Subsequent description of its MRI appear-
ance (including four radiographic subtypes in the Zabramski classification) drove 
broader understanding of these lesions as a clinical entity and as a target for surgical 
intervention. The advent of diffusion tensor imaging (DTI)-based tractography has 
aided the identification of the associated fiber tracts and the displacement or disrup-
tion thereof [15]. Anatomical MRI and tractography should be interpreted cau-
tiously, however. The superparamagnetic properties of deposited hemosiderin result 
in a substantial susceptibility artifact in T2-weighted scans. This biophysical prop-
erty is utilized in T2∗GRE imaging, producing “blooming” of susceptibility artifact 
in the region of hemosiderin due to use of magnetic gradient instead of radiofre-
quency refocusing pulses. Unfortunately, the single-shot echo planar imaging 
(SS-EPI) sequences on which DTI is based are also affected by the susceptibility 
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artifact, affecting the reliability of tractography around a CM with significant hemo-
siderin staining, an effect that scales with field-strength. We recommend careful 
evaluation of non–contrast-enhanced T1-weighted images prior to planning surgical 
intervention, as lesions that appear to reach the pial surface on T2-weighted 
sequences can often be up to several millimeters deep to the surface on T1-weighted 
images, changing the surgical approach or risk profile of the surgical intervention.

Finally, the optimal imaging evaluation for a brainstem vascular lesion should 
include consideration of neuronavigation. Aneurysms, including those of the posterior 
circulation, can often be approached using a standard array of workhorse approaches 
and anatomical dissection, rendering image guidance superfluous in many cases. 
Conversely, large and giant aneurysms of the posterior circulation, and all AVMs and 
CMs of the brainstem, benefit from the routine use of navigation. Complex skull base 
approaches may also benefit from the use of CT scans to guide the extent of bone drill-
ing. With brainstem surgery, trajectory planning, pial entry and depth of surgical 
resection are all aided with the use of image guidance. Tackling pontine CMs through 
a trans-middle cerebellar peduncle (MCP) approach is a classic example in which 
image guidance aids in the identification of the ideal entry point in the MCP (Fig. 9.1).

9.4  Regional Management Strategies for Brainstem Vascular 
Lesions

Surgery for vascular pathology of the brainstem requires a working knowledge of an 
array of surgical approaches. We have considered only open transcranial approaches 
here, as opposed to endoscopic endonasal approaches. While some groups have 

Fig. 9.1 Cavernous malformations residing in the lateral aspect of the pons are safely approached 
through the middle cerebellar peduncle (MRI left). Projecting this trajectory back onto the skull 
suggests that a retrosigmoid craniotomy is best suited for resecting this lesion. Opening the petrosal 
fissure of the cerebellum (right) establishes a more posterior entry point into the MCP, allowing for a 
more favorable trajectory into the brainstem. Used with permission from Barrow Neurological Institute
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advocated endoscopic surgery for brainstem vascular lesions [16], we feel that the 
technology necessary for safe treatment of posterior circulation aneurysms or intra- 
parenchymal dissection is currently unavailable. That said, technological advance-
ments in endoscopes, instruments, and robotic assistance may make endonasal 
approaches more practicable in the future. It should also be noted that the ideal 
approach is often dictated by subtle anatomical variations, so thorough review of 
imaging should be performed before selecting an approach for a given patient.

9.4.1  Midbrain

9.4.1.1  Aneurysms

Aneurysms associated with the midbrain most frequently include those arising from 
the BA apex, SCA, and proximal posterior cerebral arteries (PCA), constituting 
5–10% of all IAs and over 50% of posterior circulation aneurysms [17], and are 
closely associated with the cerebral peduncles. Aneurysms of the distal PCA or 
SCA (and their associated branches) are rare by comparison and necessitate 
approaches to the lateral or dorsal midbrain. Endovascular treatment of these aneu-
rysms is considered first-line in many centers, due to its relative ease compared to 
clipping in this location [18]. The intimate relationship with the perforating arteries 
arising from the BA apex and P1 PCAs makes dissection of BA and proximal PCA 
aneurysms particularly challenging, and the consequences of including even a sin-
gle perforator in a clip construct can be devastating. However, aneurysm recurrence 
after endovascular treatment and the need for revascularization often drive the 
demand for microsurgery for these aneurysms.

Until the pioneering work of Charles Drake at the University of Western Ontario, 
aneurysms of the BA apex were considered beyond the realm of treatment. Since 
then, surgery for these aneurysms has become a key part of the armamentarium of 
vascular microneurosurgeons. Drake advocated the use of a subtemporal approach 
with division of the tentorium posterior to the entry point of CN IV [19]. This 
approach has the advantage of permitting a clear view along the posterior wall of BA 
aneurysms, aiding perforator dissection, but is limited by the temporal lobe retraction 
necessary to reach the BA apex and the exposure of the contralateral PCA. Yaşargil, 
by contrast, made use of the pterional transsylvian approach, and the need for access 
to high-riding BA apex aneurysms led to the development of the orbitozygomatic 
(OZ) osteotomy and its many modifications [20]. While some have advocated that 
the modified OZ (mOZ) achieves nearly the same degree of upward exposure with 
less cosmetic deformity, we believe that there are several reasons to justify the use of 
a full OZ in most aneurysms in this location [21, 22]. Removal of the zygomatic arch 
allows for inferior mobilization of the temporalis muscle, broadening the angle of 
attack to the ventral midbrain. This maneuver also aids in posterolateral mobilization 
of the temporal lobe to achieve a pretemporal approach, which can be increased by 
division of the subtemporal veins and, when necessary, division of the anterior tem-
poral and/or posterior communicating artery (Fig. 9.2). This in turn enables wide 
visualization of the BA apex and exposes the P2A PCA in the oculomotor-tentorial 
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triangle in cases where revascularization is necessary. Establishing proximal control 
on the BA is often aided by drilling the posterior clinoid process (PCP), or the addi-
tion of transcavernous approaches (as advocated by Krisht and others) [23]. The 
Kawase anterior petrosectomy has also been used to approach low-lying basilar 
aneurysms down to the level of the internal auditory canal (IAC) [24]. Distal PCA 
and SCA aneurysms can be addressed through a variety of approaches, including 
subtemporal and variations of the supracerebellar infratentorial (SCIT) approaches.

Since the publication of the International Subarachnoid Aneurysm Trial (ISAT) 
in 2002, there has been a substantial shift in the treatment of aneurysms arising at 
the basilar terminus. This trial demonstrated an improvement in early outcomes 

a b

c d

Fig. 9.2 An unruptured basilar apex aneurysm (a) was approached through a right-sided full orbi-
tozygomatic craniotomy. Mobilization of the temporal lobe is accomplished by division of the 
bridging veins and dissection along the course of the anterior choroidal artery, bringing the basilar 
apex into view (b). The pretemporal trajectory allows for a tangential view to the P1s and enables 
visualization of the basilar perforators arising posterior to the aneurysm dome (c). A single fenes-
trated clip encircles the PCA and completely closes the aneurysm (d). Used with permission from 
Barrow Neurological Institute
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with coiling compared to clipping, with favorable outcomes achieved in 76.5% and 
69.1% of coiling and clipping patients, respectively, at 1 year after treatment [25]. 
Unfortunately, ISAT only included 17 BA apex aneurysms out of 2143 patients, 
limiting its applicability. The Barrow Ruptured Aneurysm Trial (BRAT) included a 
much larger cohort of BA apex aneurysms (4.7% of enrolled patients), and also 
demonstrated improved clinical outcomes for posterior circulation aneurysms at 1-, 
3- and 6-year time points, though the large proportion of PICA aneurysms in the 
clipping group may skew these results. For all aneurysms, clipping achieved a 96% 
complete occlusion rate compared to 48% for coiling at 6 years [6]. The majority of 
BA aneurysms are now treated by endovascular coiling in most of the developed 
world. In spite of this, the relatively few series published on clipping of basilar apex 
aneurysms after the publication of ISAT seem to suggest that favorable outcomes 
were achieved at higher rates than in older series (58–92%) and similar to contem-
porary series of coiled patients (78–95%), with lower occlusion rates in the coiling 
series [26]. Though, the overall data generally favor coil embolization for these 
aneurysms. However, patients with small aneurysm domes, severe allergy to nickel, 
poor vascular access, and PCA configurations that make branch vessel preservation 
difficult have clear indications for microsurgery, and younger patients may benefit 
from the higher long-term occlusion rates with clipping.

9.4.1.2  Arteriovenous Malformations (AVMs)

As with all brainstem AVMs, midbrain AVMs are located in an eloquent region and 
drain into the deep venous system. However, in the senior author’s experience, up to 
70% of brainstem AVMs are located on the brainstem surface, in a pial or epipial 
location, as opposed to intraparenchymal [4]. In the patients undergoing surgical 
resection in that series, one quarter of brainstem AVMs were located in the mesen-
cephalon. AVMs of the midbrain can be divided into two main groups, anterior and 
posterior midbrain AVMs. Despite the relatively large surface area, AVMs located 
on the lateral surface of the midbrain were not encountered [27].

Anterior midbrain AVMs are defined as those located in the cerebral peduncles, 
on their surface, or in the interpeduncular space. They are fed by feeders arising from 
the P1 and P2A PCA (and their associated perforating arteries) and lie in close asso-
ciation with one or both third nerves. Drainage is into tributaries of the basal vein of 
Rosenthal (BVR), such as the median anterior pontomesencephalic (MAPonMesV) 
and peduncular veins. While the anterior surface of the midbrain can be seen with a 
standard pterional transsylvian approach, we recommend the use of a full OZ for 
these lesions to expand the Sylvian corridor. The primary working window is the 
oculomotor-carotid triangle, but additional access can be obtained medially through 
the optico-carotid triangle, superiorly through the supra-carotid triangle, or laterally 
through the oculomotor-tentorial triangle. Arterial dissection identifies nidal feeding 
vessels while preserving critical normal perforating arteries. Circumdissection is 
carried out and the aneurysm is either resected from its pial plane or occluded in situ 
without parenchymal dissection depending on its specific anatomy.
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Posterior midbrain AVMs are located in the tectum and may sit in the quadrigemi-
nal cistern in a primarily exophytic configuration. They are closely associated with 
the trochlear nerve. Feeding arteries arise from the circumflex perforators of the P1 
and P2 PCA segments, as well as from the cerebellomesencephalic segment of the 
SCA. Venous drainage is into the vein of the cerebellomesencephalic flexure and 
tectal vein, which in turn drain into the vein of Galen. They are approached through 
a torcular craniotomy/SCIT approach, which exposes the dura across the bilateral 
transverse sinuses and distal superior sagittal sinus. The exposure of the sinuses 
allows a curvilinear dural flap to retract the transverse sinuses upward, expanding the 
operative corridor. We favor placing the patient in the sitting position when feasible, 
as gravity retraction greatly expands the operative corridor. While surgeon fatigue is 
a concern in this position, the added exposure is generally a worthwhile tradeoff. 
Patients with patent foramen ovale (confirmed by bubble test with echocardiogram), 
older patients at higher risk for dural tear and air embolism, or those with large AVMs 
requiring prolonged operative times may be better suited for prone positioning. 
Occlusion of the arterial inputs begins inferiorly and laterally, with circumdissection 
progressing toward the draining veins arising superiorly in the field. As with anteri-
orly located AVMs, the decision to resect the AVM versus in situ occlusion is made 
intra-operatively depending on the pial plane. In the senior author’s experience, out-
comes from surgical resection of posterior midbrain AVMs have not been favorable, 
with 50% of patients experiencing neurological decline or death [4].

9.4.1.3  Cavernous Malformations (CMs)

CMs of the midbrain may present with symptoms isolated to the structures in this 
region and may also extend cranially into the thalamus or caudally into the pons 
when they reach larger dimensions. Ventrally located lesions frequently present 
with weakness or diplopia due to involvement of the cerebral peduncles or fibers of 
the third nerve. Dorsally located lesions often present with dysconjugate gaze and 
cerebellar ataxia due to involvement of the superior colliculus and superior cerebel-
lar peduncle, respectively. The dorsolateral location is accompanied by facial and 
body numbness from compression of the trigeminothalamic tract and medial lem-
niscus in the midbrain tegmentum.

Facility with a variety of surgical approaches is necessary to safely address mes-
encephalic CMs. For CMs centered in the cerebral peduncle or posterior to the 
interpeduncular cistern, the OZ approach (or its variants) are favored. Dorsolaterally 
situated lesions are best approached through a lateral/extreme-lateral SCIT 
approach, which can be used to reach as anteriorly as the lateral mesencephalic 
sulcus, whereas midline dorsal CMs are approached from a traditional midline 
SCIT approach [28] (Fig.  9.3). Given the reach achieved by these workhorse 
approaches, use of the more limited subtemporal approach (with or without anterior 
petrosectomy) to the lateral midbrain is rarely necessary. For the posterior fossa 
approaches to the midbrain, we favor use of the sitting position when it can be per-
formed safely. While it can be challenging to operate in the sitting position for 
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prolonged cases, the wide corridor afforded by this approach provides excellent 
exposure of the midbrain surface along its craniocaudal extent. Conversely, SCIT 
craniotomies performed in the prone or lateral positions may necessitate resection 
of a small notch of the cerebellar hemisphere in order to reach down into the ponto-
mesencephalic flexure.

Spetzler and colleagues have described a number of safe entry zones into the 
midbrain for lesions that do not approach the pial surface of the midbrain [29]. For 
ventrally located CMs, the interpeduncular and anterior mesencephalic sulcus safe 
entry zones have been described. These two entry zones are centered on either side 

a b

c d

Fig. 9.3 A patient presenting with diplopia and paresthesia was found to have a dorsal midbrain 
CM with a classic “popcorn” appearance on axial (a) and sagittal (b) MRI sequences. A 
supracerebellar- infratentorial craniotomy was planned to approach this lesion. Even with the patient 
in the sitting position, to maximize gravity retraction of the cerebellum, the CM was not completely 
visible. Resection of a small area of the medial cerebellar hemisphere exposed the lesion in the 
cerebellomesencephalic flexure (c). This partially exophytic CM enabled resection without trans-
gression of normal brainstem (d). Used with permission from Barrow Neurological Institute
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of CN III. When the anterior mesencephalic zone is used as an entry point, the pial 
incision is situated medially on the peduncle through the frontopontine fibers while 
sparing the corticospinal tracts (CST) occupying the middle 3/5th of the peduncle. 
The safe entry zone into the dorsolateral midbrain is entered in the lateral mesence-
phalic sulcus and is directed between the fibers of the medial lemniscus and the 
substantia nigra. For dorsally located lesions, vertically oriented intercollicular inci-
sions and horizontally oriented supra- and infra-collicular approaches have been 
described [30].

9.4.2  Pons

9.4.2.1  Aneurysms

Aneurysms associated with the pons are among the most challenging cerebrovascu-
lar lesions. VBJ and BT aneurysms are situated ventrally along the brainstem, for 
which working corridors are frequently limited or necessitate increasingly morbid 
transpetrous approaches to increase anterior exposure. For smaller AICA aneu-
rysms, the narrow corridor afforded by middle fossa Kawase anterior petrosectomy 
or the limited ventral exposure of the extended retrosigmoid approaches may be 
sufficient. The intimate association of these aneurysms with critical pontine perfo-
rating arteries demands meticulous dissection and limits the tolerance to temporary 
clipping or Hunterian ligation.

For the above reasons, there has been significant growth in the use of endovas-
cular techniques for the treatment of these aneurysms. Successful treatments of 
these aneurysms have been reported with coiling, stent-assisted coiling, flow-
diversion, or flow-diversion assisted coiling [31]. While avoiding invasive skull 
base approaches is appealing, endovascular techniques are faced with two major 
challenges for aneurysms associated with the pons. First, the presence of pontine 
perforating arteries can cause significant complications when flow diversion is 
employed. Perforating artery flow can be maintained when flow diverting stents are 
 well- opposed to the parent vessel wall, but thrombosis can be devastating if not. 
For this reason, stent-assisted coiling may be preferable to flow diversion for ven-
trally projecting VBJ aneurysms [32]. Longer follow-up is necessary to understand 
the lifetime cumulative risk of perforator strokes in this situation. Second, these 
aneurysms frequently present with symptoms of pontine mass effect. Coiling pro-
cedures for large or giant aneurysms add significant mass effect, decreased compli-
ance to the aneurysm dome, and are associated with high rates of recurrence. The 
up-front risks of open procedures may be well-justified to reduce brainstem com-
pression. More limited approaches, such as the “macrovascular decompression” 
may achieve the desired goal of decompression in patients harboring unclippable 
aneurysms [33].
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Dolichoectatic basilar aneurysms warrant particular consideration, and, despite 
widespread advances in open and endovascular techniques, remain the single most 
daunting cerebrovascular lesion [34]. Their size, fusiform morphology, brainstem 
compression, and presence of calcification and intraluminal thrombosis present sig-
nificant challenges to any therapeutic technique. However, the dismal outcomes 
associated with both natural history and surgical interventions to date demand inno-
vation for this disease. Evolution of the senior author’s practice has resulted in pref-
erence for a strategy combining revascularization of the basilar apex (preferentially 
with 3rd or 4th generation intracranial-intracranial bypass techniques), thrombec-
tomy and brainstem decompression, and proximal occlusion below the AICA ori-
gins (Fig.  9.4). The recent addition of rapid ventricular pacing to our practice 
enables controlled hypotension to aid aneurysm dissection.

9.4.2.2  Arteriovenous Malformations (AVMs)

Pontine AVMs are also divided into two groups, anterior and lateral. Malformations 
arising on the dorsal pons have not been encountered. Both groups are preferentially 
approached through the use of an extended retrosigmoid craniotomy, in which a 
limited mastoidectomy skeletonizes the sigmoid sinus and enables its anterior 
mobilization. This serves to widen the corridor by several millimeters and enables a 
more anterior trajectory onto the pons. In patients with supple necks, supine posi-
tioning with an ipsilateral shoulder bump is preferred in order to reduce obstruction 
of the shoulder on the surgeon’s hand. For patients with constrained neck mobility, 
lateral or park bench positioning is used.

Anterior pontine AVMs are centered in the quadrangular space bordered by the 
basilar impression medially, trigeminal nerve root entry zone laterally, and the pon-
tomesencephalic and pontomedullary fissures cranially and caudally, respectively. 
They are unilateral in location, and blood supply is from both the s1 SCA and a1 
AICA segments. Additional feeders may arise from the BA or from the meningohy-
pophyseal trunk branches tracing back along CN V. Drainage may be directed supe-
riorly to BVR via the MAPonMesV, or laterally into the superior petrosal vein 
(SPetrV) and superior petrosal sinus (SPS). Arterial disconnection of the AICA 
feeders is performed in the infratrigeminal triangle, while the SCA feeders are visu-
alized in the supratrigeminal triangle. Coverage of the lateral border by the trigemi-
nal root limits its dissection. Limited exposure and dense eloquence of the ventral 
pons has resulted in overall poorer outcomes compared to laterally situated AVMs 
and favors a more conservative approach for these lesions [4].

Lateral pontine AVMs, by contrast, have much more favorable operative and 
clinical outcomes and represent 25% of all encountered brainstem AVMs. These 
lesions are centered on the transitional zone between the lateral pons and the MCP 
and are bounded medially by the CN V root entry zone. They can lie on the pial 
surface or intraparenchymally, though the brachium pontis is particularly tolerant of 
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Fig. 9.4 A patient with symptoms of pontine compression was found to have a giant partially 
thrombosed dolichoectatic basilar trunk aneurysm on angiography (lateral and AP views; a and b). 
Given the wide diameter and basilar perforators/AICAs arising from the dolichoectatic segment, flow 
diversion or clip trapping were not feasible options. A combined skull base approach was utilized to 
enable high-flow revascularization of the basilar apex and trunk as well as aneurysmorrhaphy/throm-
bectomy and proximal occlusion. A full orbitozygomatic craniotomy allowed for M2-P2 intracranial-
intracranial bypass with a radial artery interposition graft (c). A transcochlear craniotomy with facial 
nerve transposition was used for proximal occlusion at the VBJ. Multiple stacked clips closed the 
arteriotomy after thrombectomy (d). Postoperative angiography demonstrates patency of the bypass 
with spontaneous thrombosis of the aneurysm below the AICAs (e) and complete occlusion of inflow 
through the VAs proximally (f). Used with permission from Barrow Neurological Institute
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parenchymal dissection. Unlike anterior pontine AVMs, laterally located lesions 
receive blood supply exclusively from the AICA, which is identified in the infratri-
geminal triangle. Likewise, drainage into the SPetrV does not obstruct the operative 
field as with anterior AVMs. Furthermore, these AVMs are bounded by non- eloquent 
cerebellum, which frees dissection along these surfaces and improves control over 
the eloquent surfaces along the pons and MCP. All of these AVMs accommodate 
parenchymal dissection, and in situ occlusion is unnecessary (Fig. 9.5).

9.4.2.3  Cavernous Malformations (CMs)

CMs of the pons are found ventrally within the basis pontis from the pontomesen-
cephalic fissure to the pontomedullary fissure. The majority of this region is formed 
by the MCPs, transverse pontine fibers, central pontine nuclei, and CST. Dorsally 
located lesions within the pontine tegmentum are defined in relation to the central 
tegmental tract, medial longitudinal fasciculus, medial lemniscus, and the nuclei 
and associated tracts of CN V-VIII. The superior part of the floor of the fourth ven-
tricle overlies these structures, and the pontine part of the fourth ventricle is found 
from the opening of the cerebral aqueduct to the facial colliculus (with transitional 
and medullary zones found caudally).

The majority of ventral pontine CMs are approached through an extended retro-
sigmoid craniotomy. Lesions that reach the pial surface of the pons are easily identi-
fied and can be entered, decompressed, and circumferentially dissected. For deeper 
ventral lesions, however, entry through normal brainstem structures is necessary to 
reach the CM. The MCP is remarkably tolerant to transgression and permits safe 

Fig. 9.5 An unruptured petrosal AVM was discovered incidentally and found to be fed by dupli-
cated AICAs on cerebral angiography (left). A retrosigmoid craniotomy exposed the AVM, which 
was dissected by establishing the pial plane laterally at the pontine/MCP interface and then rolling 
the AVM away from the pontine surface (right), enabling gross total resection. Used with permis-
sion from Barrow Neurological Institute
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entry into the basilar pons as it continues into the transverse pontine fibers. Careful 
preoperative evaluation of imaging is essential for precise localization, particularly 
as extensive hemosiderin staining may obscure the true location of the CM on 
T2-weighted images. Dissection of the petrosal fissure extends the entry point into 
the MCP laterally, enabling a shallower approach into the peduncle and minimizing 
morbidity associated with cerebellar retraction or transgression of the 
CST. Peritrigeminal and supratrigeminal safe entry zones have been described and 
function as medial extensions of the trans-MCP approach [29]. Anterior petrosec-
tomy or SCIT approaches can be used to treat cranially located transitional lesions, 
while a far-lateral trans-pontomedullary sulcus approach can access caudal pontine 
transitional CMs.

Dorsal pontine CMs are reached by means of a midline suboccipital craniotomy. 
While transvermian approaches have been described classically, we prefer transven-
tricular approaches without transgression of the vermis whenever feasible. Opening 
the telovelar membrane allows access to the lateral recess of the fourth ventricle, 
and doing so bilaterally enables elevation of the vermis and wide exposure to the 
rhomboid fossa. Entry into the floor of the fourth ventricle for lesions that do not 
reach the ependymal surface has been described, via superior fovea, suprafacial- 
collicular, and median sulcus entry zones. However, we would recommend caution 
in patients whose CMs do not approach the ependymal surface, as the floor of the 
fourth ventricle tends to be exquisitely sensitive to manipulation. Overall, outcomes 
from CM resection in the pons have been favorable, with 80–90% of patients achiev-
ing stable-to-improved neurological status postoperatively [35].

9.4.3  Medulla

9.4.3.1  Aneurysms

Both PICA and V4 VA aneurysms arise in close proximity to the medulla. Patients 
presenting with ruptured aneurysms in these locations have significantly worse clin-
ical outcomes than those in the anterior circulation or more distally in the posterior 
circulation. Their close association with the medulla and lower CNs has prompted 
growth in endovascular approaches, particularly for ruptured aneurysms. However, 
the complex morphology of these aneurysms can make definitive endovascular 
treatment challenging. This is particularly true for PICA aneurysms, in which the 
PICA frequently arises from the aneurysm dome, or the aneurysm arises more dis-
tally on the PICA. These anatomic variants favor the use of bypass techniques to 
enable definitive treatment and preservation of VA and PICA blood flow. A wide 
variety of bypass configurations have been applied to PICA aneurysms, including 
PICA-PICA side-to-side, PICA-VA reimplantation, excision-reanastomosis, and 
occipital artery-PICA external carotid-internal carotid (OA-PICA EC-IC) bypasses 
[22]. These revascularization techniques frequently simplify the clipping strategies 
or make an otherwise unclippable aneurysm curable [36] (Fig. 9.6). Endovascular 
treatment of PICA aneurysms is associated with relatively high rates of recurrence 
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or PICA occlusion, and the value of partial treatment has not been definitively 
established (particularly for ruptured aneurysms).

On the other end of the spectrum, V4 aneurysms tend to be fusiform in nature, 
frequently as a result of intracranial dissection. When ruptured, these aneurysms 
frequently have friable domes that poorly accommodate primary clip occlusion and 
may necessitate parent vessel sacrifice, clip-wrap, or bypass techniques. While 
experience is limited compared to the many years of open approaches, there is cer-
tainly promise to the use of flow diversion for these aneurysms [37]. Deployment is 
generally straightforward in this segment of the VA. The major limitation tends to 
be enlargement of the VA at the V3/V4 junction beyond the maximal nominal diam-
eter of the stent, resulting in poor wall apposition, foreshortening, and device migra-

a

c

b

d

Fig. 9.6 A patient presenting with subarachnoid hemorrhage was found to have a fusiform aneu-
rysm at the junction of the p1 and p2 segments of the left PICA (a). A far-lateral craniotomy 
exposed the aneurysm (b). An undiseased segment of PICA was identified proximal to the aneu-
rysm without associated perforators, enabling aneurysm excision and end-to-end reanastomosis 
(c). Postoperative CTA demonstrated patency of the bypass and confirmed complete excision of 
the aneurysm (d, arrow). Used with permission from Barrow Neurological Institute
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tion. Experience with ruptured dissecting VA aneurysms is still relatively limited, 
and justifiable concerns exist about the risk of re-rupture after placement of a device 
that does not immediately occlude an aneurysm and demands dual antiplatelet ther-
apy. Likewise, concerns about occlusion of a jailed PICA or VA perforators are 
valid, although published reports suggest that PICA occlusions tend to be asymp-
tomatic in this situation [38]. Long-term follow-up is necessary to clearly define the 
ideal approach to these aneurysms.

9.4.3.2  Arteriovenous Malformations (AVMs)

As with the pons, AVMs of the medulla are divided into anterior and lateral groups 
(again, we have not encountered posterior medullary AVMs). Anterior medullary 
AVMs sit medial to the anterolateral medullary sulci and below the pontomedullary 
fissure, taking blood supply from perforating arteries arising at the VBJ and distal 
V4 VAs. There is no open approach that provides sufficient exposure to this surface 
of the medulla, and endoscopic transclival approaches do not afford sufficient 
bimanual dexterity or precise vascular control to make this a viable approach. In the 
senior author’s operative series, only one patient was considered a viable operative 
candidate, presenting with a medullary hemorrhage that had dissected dorsally 
 permitting a suboccipital posterior approach, but without such severe deficits that 
would negate the value of resection.

Conversely, lateral medullary AVMs permit a more aggressive surgical posture. 
They are located lateral to the anterolateral sulcus and rootlets of CN XII and are 
approached through a far-lateral craniotomy. Arterial inputs are from the V4 VA and 
from the p1 and p2 segments of the PICA. Venous drainage through the lateral medul-
lary vein may be visualized early on, whereas the medial medullary vein may not be 
visible until significant dissection of the AVM has been performed. These AVMs tend 
to be small and respect the pia, allowing for complete resection in two-thirds of cases, 
while in situ disconnection was performed in the remaining cases. Good outcomes 
were achieved in 75% of patients in the senior author’s experience [4] (Fig. 9.7).

a b c

Fig. 9.7 A patient presenting with symptoms of cervical myelopathy was found to have a lateral 
medullary AVM. Digital subtraction angiography suggested that the malformation was fed pre-
dominantly from a single feeding artery (a), which was confirmed intraoperatively (b, arrow). In 
situ disconnection without pial resection (c) resulted in angiographic cure postoperatively. Used 
with permission from Barrow Neurological Institute
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9.4.3.3  Cavernous Malformations (CMs)

CMs of the medulla are approached through either a far-lateral craniotomy for 
anterolaterally located lesions, or a midline suboccipital craniotomy for dorsally 
located CMs. Safe entry zones for deep-seated CMs are relatively limited in the 
medulla compared to the midbrain and pons. The trans-anterolateral sulcus approach 
has been described for ventrally located CMs, and identification of the CSTs with 
DTI is particularly useful for surgical planning for these lesions. For transitional 
lesions at the cervicomedullary junction, division of the median sulcus between the 
gracile fasciculi is also feasible, as well as through the posterior intermediate and 
posterolateral sulci [29]. Otherwise, we would recommend caution when consider-
ing intervention on smaller CMs that do not approach the pial surface. This is par-
ticularly true in the medullary fourth ventricular surface, where lower CN nuclei are 
intolerant to manipulation, which can result in significant morbidity. While resec-
tion of lesions in the medulla can be associated with high rates of tracheostomy, 
feeding tube placement, and/or ventilator dependence, surgical resection drastically 
reduces the risk of recurrent brainstem hemorrhage compared to the natural history 
of these lesions [39].

9.5  Conclusion

Vascular lesions of the brainstem are among the most technically demanding surgical 
pathologies in neurosurgery. Clinical decision-making in patients presenting with 
these lesions is predicated based on a thorough understanding of the natural history of 
various vascular lesions (particularly when located in the posterior fossa/brainstem). 
Successful treatment requires detailed knowledge of the anatomy, including vascular, 
surface and parenchymal structures. Furthermore, facility with an array of skull base 
approaches necessary to safely access the various regions and surfaces of the brain-
stem is essential. Likewise, surgeons should have a clear understanding of endovas-
cular and radiosurgical techniques, used as alternative or  combined treatment 
approaches, as well as a clear understanding of the  surgical goals for a particular 
patient. Surgical intervention is associated with significant perioperative and long-
term risks, but treatment results in drastic reduction of hemorrhage compared to the 
natural history of the disease in many patients. With dedication to developing surgical 
skills and decision-making, vascular lesions of the brainstem can be treated safely.
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ADEM Acute disseminated encephalomyelitis
AQ4 Aquaporin 4
BBE Bickerstaff’s brainstem encephalitis
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CIS Clinically isolated syndrome
CLIPPERS  Chronic lymphocytic inflammation with pontine perivascular 
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CN Cranial nerve
CNS Central nervous system
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CTDs Connective tissue diseases
DIS Dissemination in space
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DWI Diffusion-weighted imaging
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FLAIR Fluid-attenuated inversion recovery
HIV Human Immunodeficiency virus
HSV Herpes Simplex virus
Ig Immunoglobulin
IIDB Idiopathic inflammatory demyelinating diseases of the brain
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INO Internuclear ophthalmoplegia
IVIg Intravenous immunoglobulins
JC John Cunningham
LETM Longitudinally extensive transverse myelitis
MOG Myelin oligodendrocyte glycoprotein
MRI Magnetic resonance imaging
MS Multiple sclerosis
NMO Neuromyelitis optica
NMOSD Neuromyelitis optica spectrum disorder
OCB Oligoclonal bands
OMM Oculomasticatory myorhythmia
OpM Opsoclonus-myoclonus
PACNS Primary angiitis of the central nervous system
PAN Polyarteritis nodosa
PCR Polymerase chain reaction
REM Rapid eye movement
RRMS Relapsing-remitting multiple sclerosis
SLE Systemic lupus erythematosus
SN Substantia nigra
SS Sjögren’s syndrome
T. pallidum Treponema pallidum
TB Tuberculosis
VZV Varicella zoster virus
WD Whipple’s disease

10.1  Introduction

The brainstem (BS) is unique among other central nervous system (CNS) structures 
in that it holds in a very narrow space a number of critical neural elements such as 
the long tracts of the CNS, the cranial nerve (CN) nuclei and respective nerves, the 
reticular system, and various reflex centers, including the cardiorespiratory centers. 
Consequently, localizing a disease process to the brainstem is often an easy task 
given the abundance of objective physical findings. Conversely, determining the 
exact nature of the disease can prove very challenging. BS lesions span a wide range 
of pathologies including tumors, infections, and various inflammatory/autoimmune 
disorders. The main concern is often the distinction between an inflammatory/infec-
tious disorder and a BS tumor in order to avoid unnecessary surgical intervention.

It is usually easy to exclude a BS tumor based on imaging findings, but this is not 
always the case. Many non-neoplastic diseases of the BS can present as a space- 
occupying lesion [1]. Conversely, diffuse BS tumors such as lymphomas are known 
to masquerade as inflammatory or infectious lesions [2]. In difficult cases, addi-
tional tests are often needed, including cerebrospinal fluid (CSF) analysis, serum 
testing, and advanced imaging techniques such as magnetic resonance (MR) spec-
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troscopy and MR perfusion. Once a BS tumor is excluded with a reasonable degree 
of certainty, the next logical question becomes: is this an infectious process? The 
distinction between infectious and noninfectious etiologies is important in order to 
select the best initial therapy. BS abscesses need to be differentiated from tumefac-
tive inflammatory lesions, and the origin of more diffuse encephalitic lesions should 
be rapidly determined. When faced with a case of BS encephalitis, the diagnostic 
approach is somewhat different from that of encephalitis in general. Unlike classical 
encephalitis, which is mostly infectious [3], BS encephalitis is typically an autoim-
mune disorder. The outcome of BS encephalitis is intimately linked to the underly-
ing etiology. Generally speaking, the outcome is good with full or near full recovery 
in most patients. Nevertheless, some etiologies are potentially severe and life- 
threatening. As such, prompt identification of the most plausible etiology and early 
initiation of the most appropriate empiric treatment is often necessary.

This chapter will address the various infectious and inflammatory disorders of 
the brainstem with emphasis on their clinical presentation, key radiological and 
laboratory findings, and general principles of management. Our current understand-
ing of many of these entities is based on case reports and small case series. 
Consequently, evidence-based guidelines for managing such entities are inexistent 
to date, as described in this chapter. In such cases, expert opinions and the limited 
evidence found in the literature will be provided for guidance.

10.2  Clinical Presentation

BS involvement in inflammatory and infectious disorders is often suspected on clin-
ical grounds. Lesions of the BS may manifest as cerebellar, somatosensory, motor 
symptoms, as well as CN dysfunction. The clinical finding of ipsilateral CN dys-
function and contralateral hemiparesis and/or sensory loss (the so-called crossed 
symptoms) is the hallmark of BS injury. The involved CN(s) help(s) in determining 
the approximate rostro-caudal level of a lesion. A disease process affecting the mid-
brain manifests clinically as diplopia, ptosis, and a dilated pupil (CN III, IV). 
Lesions lying in the pons present with facial weakness (CN VII), horizontal diplopia 
(CN VI), vertigo, nystagmus and hearing loss (CN VIII), jaw weakness (CN V), and 
facial anesthesia to light touch (principle sensory nucleus of the trigeminal nerve). 
Dysphonia, dysarthria, dysphagia, and facial anesthesia to pain and temperature are 
suggestive of a medullary lesion.

Broadly speaking, motor deficits (affecting the limbs, ocular muscles, and 
tongue), sensory loss to light touch, vibration and joint position (medial lemniscus), 
and internuclear ophthalmoplegia (INO) tend to occur with more medial lesions. 
INO occurs with lesions disrupting the median longitudinal fasciculus. In this con-
dition, the affected eye fails to adduct, whereas the contralateral eye abducts with a 
nystagmus. Lateral lesions are more likely to cause loss of thermal and pain sensa-
tions (spinothalamic pathways and CN V), ataxia (spinocerebellar pathways), and a 
Horner sign (sympathetic pathways). Cerebellar signs and symptoms ipsilateral to 
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CN involvement are commonly encountered with pontine lesions causing injury to 
the cortico-ponto-cerebellar pathways. Horizontal gaze palsy is commonly seen 
with pontine lesions and vertical gaze palsy with midbrain lesions. Palatal tremor is 
indicative of a lesion affecting the Guillain-Mollaret triangle, which includes the red 
nucleus, the dentate nucleus and the inferior olive [4]. Choreoathetosis and tremor 
may be seen with midbrain lesions involving the red nucleus.

Although strongly suggestive of BS involvement, symptoms and signs are rarely 
disease-specific. Nevertheless, some disease states have a distinctive tropism to cer-
tain BS structures and tend to spare others. This concerns, for example, viral infec-
tions and paraneoplastic syndromes, which almost invariably cause ataxia and often 
spare the motor and sensory tracts [5]. On the other hand, some forms of vasculitis, 
such as Behçet disease, have a tendency to cause motor and sensory symptoms with 
minimal ataxia [5]. Altered level of consciousness is suggestive of an infectious 
etiology, especially when it is associated with fever and meningismus [5]. In some 
cases, symptoms and signs of BS dysfunction can be fairly characteristic of a dis-
ease process. Opsoclonus-myoclonus (OpM), for instance, is often indicative of an 
infectious or paraneoplastic origin [6]. OpM is the combination of involuntary, 
arrhythmic and multi-directional saccades with myoclonic jerks in the limbs [6]. It 
is commonly accompanied by ataxia, tremor, and encephalopathy. Similarly, oculo-
masticatory myorhythmia (OMM) is pathognomonic of Whipple’s disease (WD) of 
the CNS. It consists of a continuous pendular convergent-divergent nystagmus with 
concurrent contractions of the masticatory muscles and occasional rhythmic move-
ments of the limbs [7]. OMM is often associated with supranuclear vertical gaze 
palsy. Deficient upward gaze is a typical feature of anti-Ma2 paraneoplastic enceph-
alitis [29], whereas bilateral and symmetrical ophthalmoplegia is typical of 
Bickerstaff’s brainstem encephalitis (BBE) [8].

Some disease states will produce lesions outside the BS. The occurrence of such 
lesions and their clinical features often provide valuable guidance as to the underly-
ing origin of the BS lesion. Other disorders produce symptoms outside the CNS. This 
concerns, for example, CTDs, vasculitis, and paraneoplastic syndromes. Such 
symptoms can be present at the time of diagnosis or may develop later, occasionally 
several years after presentation. Their occurrence is also very helpful in securing a 
specific diagnosis.

10.3  Diagnostic Approach

The diagnostic approach to BS encephalitis involves a detailed history, a thorough 
physical examination, and an array of ancillary tests such as brain imaging, and 
serum and CSF analysis. In more difficult cases where the etiology remains 
unknown, a BS biopsy may be indicated.

Epidemiological data often offer a first clue as to the underlying etiology. While 
viral infections and demyelinating diseases are more frequent in the young, para-
neoplastic diseases tend to affect older age groups [5]. Autoimmune diseases are 
more likely to affect women, but some exceptions exist. The immune status is also 
a key element to consider, since immunodeficiency increases the likelihood of an 
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infectious disorder. The presence of an antecedent febrile illness in the preceding 
weeks is supportive of an autoimmune disorder.

Although the history and physical findings provide some insight as to the underly-
ing etiology, a specific diagnosis is rarely secured at this stage and various ancillary 
tests are usually ordered. Magnetic resonance imaging (MRI) is often the single most 
useful test to advance in the diagnostic process. Imaging abnormalities involving the 
BS are found in most patients but are rarely disease-specific. On the other hand, when 
supratentorial or spinal cord lesions are present, their radiological features could be 
fairly characteristic of a disease process; this is particularly true in demyelinating 
diseases. The absence of MRI abnormalities reliably excludes some entities such as 
demyelinating disorders. In other conditions such as paraneoplastic syndromes and 
BBE, MRI is frequently unremarkable [5]. Rarely, MRI characteristics of BS lesions 
are virtually diagnostic; chronic lymphocytic inflammation with pontine perivascular 
enhancement responsive to steroids (CLIPPERS) is one such example [9].

Lumbar puncture is often recommended if not contraindicated by the presence of 
an intracranial mass effect. Most patients will have CSF abnormalities including 
pleocytosis, high protein levels, or low glucose. CSF analysis is pivotal when an 
infectious origin is suspected [5]. A white cell count exceeding 100 cells/μl is usu-
ally indicative of bacterial infection or certain forms of vasculitis such as Behçet 
disease [5]. Neutrophil predominance is often seen in Listeriosis and Behçet dis-
ease, whereas lymphocyte predominance is found in viral infections, tuberculosis 
(TB), and autoimmune diseases. Low glucose in usually indicative of an infectious 
etiology, such as Listeria and TB. The demonstration of intrathecal production of 
immunoglobulin G (IgG) and the presence of oligoclonal bands (OCB) are charac-
teristic of demyelinating disorders and some CTDs.

Serum testing often adds little to the clinical, imaging, and CSF findings. However, 
in rare clinical settings, these can prove extremely helpful by detecting specific anti-
bodies such as aquaporin 4 (AQ4), myelin oligodendrocyte glycoprotein (MOG), and 
GQ1b antibodies. When a specific diagnosis cannot be reached or a certain degree of 
uncertainty remains, stereotactic BS biopsy should be considered. When performed 
with appropriate MRI guidance and by experienced staff, this procedure is both safe 
and accurate [10]. However, obtaining tissue does not guarantee that a final diagnosis 
will be reached, because sampling errors and misinterpretation of histological find-
ings can occur [11]. Despite all efforts, the etiology will remain unknown in up to 
30% of cases [5]. Most cases of undefined BS encephalitis will eventually turn out to 
be immune-mediated, and it seems justifiable to offer such patients a trial of immu-
nosuppressants under close clinical and radiological monitoring.

10.4  Etiologies

10.4.1  Brainstem Infections

Infectious lesions of the BS are collectively rare and include BS abscess and 
encephalitis. Infectious diseases can be further subdivided by etiology: bacterial, 
viral, fungal, and parasitic. Before these pathogens can infect the BS, they first need 
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to travel and gain access to the CNS. The most common portal of entry is the hema-
togenous route. Alternatively, some pathogens, such as bacteria, can also gain access 
to the brain by direct extension from a contiguous focus, such as sinusitis, otitis 
media, and mastoiditis (Fig. 10.1). Neurosurgical procedures and trauma, by breach-
ing the integrity of the skull and meninges, also allow easy access to the CNS. The 
last portal of entry is nerves, whereby the pathogen travels along the peripheral 
nerve and bypasses the defense mechanisms of the CNS. One classical example is 
the varicella zoster virus (VZV). Regardless of the route, once the pathogen enters 
the brain, it sets off an inflammatory reaction; many of the manifestations and com-
plications of CNS infections are attributed to the immune response mounted against 
the pathogen rather than its direct effect on brain tissue. Occasionally, infectious 
agents trigger an immune reaction directed against the CNS itself, a condition 
known as postinfectious encephalitis. In this condition, no evidence of direct inva-
sion of the pathogen can be found. In rare cases, the infectious agent invades the 
brain’s vasculature, a condition known as infectious vasculopathy.

a b c
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Fig. 10.1 Patient with right-sided mastoiditis and multiple brain micro-abscesses. (a) Axial 
FLAIR image showing a right paramedian pontine abscess. (b) Post-contrast axial T1-weighted 
image showing right-sided mastoiditis and leptomeningeal enhancement. (c) Postcontrast axial 
T1-weighted image showing a ring-enhancing lesion at the supratentorial level. (d) Empyema in 
the right prepontine cistern showing restricted diffusion. (e, f) DWI showing central restricted dif-
fusion within the supratentorial lesions
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10.4.1.1  Brainstem Abscess

Clinically, BS abscesses behave like a brainstem mass with focal neurological 
symptoms and signs, with or without signs of increased intracranial pressure. The 
onset is typically subacute. The most frequent presenting symptoms in decreasing 
order are headache, diplopia, hemiparesis, and nausea/vomiting [12, 13]. Although 
the presence of fever should alert to the infectious nature of the underlying lesion, it 
is present in fewer than a third of the cases [13]. In an afebrile patient, the clinical 
presentation is no different from other space-occupying lesions, and the distinction 
between an abscess and a tumor can be difficult. This is compounded by the fact that 
white blood cell count can be normal in roughly 50% of patients with BS abscesses 
[13]. Brain MRI plays a pivotal role in the diagnosis and management of BS 
abscesses; these are recognizable by their round shape, ring-enhancement, and 
varying amount of perilesional edema (see Fig. 10.1). MRI is usually able to distin-
guish abscesses from other ring-enhancing lesions such as tumors and tumefactive 
inflammatory lesions. Brain abscesses are characterized by central restricted diffu-
sion indicating the presence of a  fluid with high protein content (pus), lack of 
restricted diffusion of the enhancing part, and a T2-hypointense capsule [11]. MRI 
findings may differ depending on the patient’s immune status [14]; this concerns 
contrast enhancement and the degree of edema, which seem to parallel the white 
cell count. With less severe immunosuppression, the host’s defense system is able to 
mount an immune response and isolate the agent. This results in nodular or ring- 
enhancement of the lesion [14]. Lumbar puncture is not recommended and may 
even be contraindicated because of the risk of herniation [15].

Pyogenic Brain Abscess Pyogenic brain abscesses as a whole have become less 
frequent since the widespread use of antibiotics. They rarely localize to the brain-
stem (mostly the pons) and represent fewer than 1% of brain abscesses [12]. They 
reach the BS by direct spread from a contiguous site or by hematogenous seeding. 
Spread from a contiguous site generally causes a solitary lesion, whereas hematog-
enous spread typically causes multiple CNS abscesses. The most common underly-
ing infectious agents are the Streptococcus species, Staphylococcus species, and TB 
[13]. Immunocompromised hosts can have a vast array of pathogens, from the usual 
organisms to other more unusual pathogens such as Listeria [16] and Nocardia [17].

The treatment options for a solitary BS abscess include stereotactic drainage, 
open microsurgical excision, or antimicrobial agents alone. Microsurgery and ste-
reotactic aspiration help in establishing a diagnosis, identifying the causative agent, 
and relieving the mass effect. Stereotactic drainage has a favorable safety profile 
and has become the surgical option of choice in many centers [18]. Hydrocephalus 
is treated by insertion of a temporary or permanent CSF draining shunt. For patients 
with a small lesion and mild neurological deficits on presentation, medical treat-
ment alone is a valid option, especially if the abscess is deep-seated and difficult to 
access surgically. If the patient fails to improve or deteriorates, then drainage and 
identification of the underlying organism becomes essential. The outcome is vari-
able and is dependent on several factors including the severity of the neurological 
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deficit on admission and the treatment regimen (medical treatment alone versus 
surgery) [13]. The majority of patients will eventually recover with no or mild neu-
rological sequelae [13].

Tuberculous Brain Abscess TB should be considered in endemic regions or 
immigrants originating from these regions. TB brain abscess is a rare form of 
CNS TB and may occur in the absence of signs of active systemic infection [19]. 
More commonly, CNS TB manifests as a single or multiple tuberculomas. 
Tuberculomas are caseating granulomas rather than true abscesses. Tuberculomas 
may affect the BS and present as a solitary mass, especially in children [20, 21]. 
MRI findings characteristically show an outer hyperintense rim (representing the 
cellular infiltrate), a hypointense inner region (representing the central necrotic 
components), and perilesional edema. Contrast enhancement is rather patchy, and 
the margins are ill-defined [22]. The diagnosis can be challenging since more than 
half of the cases have no evident systemic signs of TB [23]. This is compounded 
by the fact that tuberculomas can develop or paradoxically grow during anti-TB 
treatment [24]. Treatment is based on anti-tuberculous drugs. The addition of ste-
roids often offers symptomatic relief. There is no consensus regarding the optimal 
duration of treatment, which is usually dictated by the clinical and radiological 
responses.

Parasitic Brain Abscess Parasitic infections should be considered in endemic 
regions or immigrants originating from these regions. Cysticercosis, a condition 
caused by the larvae of Taenia solium, classically presents with multiple supra- and 
infratentorial abscesses [25]. Although neurocysticercosis can cause almost any 
neurological symptom, late-onset epilepsy and intracranial hypertension are its 
most common manifestations [25]. BS cysticerci most often appear as small, well- 
defined, round enhancing lesions [25]. These primarily localize to the midbrain and 
tend to have a good prognosis if promptly treated with cysticidal drugs [26]. Rare 
cases of isolated BS abscesses have been described in the literature [26].

In immunocompromised patients, CNS toxoplasmosis is always a consideration. 
Toxoplasmosis is caused by the intracellular protozoan parasite Toxoplasma gondii 
[27]. The clinical disease usually results from the reactivation of a latent infection 
during immunosuppression. The clinical manifestations are protean and most often 
include headaches, confusion, and focal neurological findings including  hemiparesis, 
ataxia and CN palsies [27]. Typical MRI findings include multiple ring- enhancing 
lesions involving the basal ganglia and cerebral/cerebellar hemispheres with perile-
sional edema [27]. Solitary lesions are not uncommon and occur in roughly 20% of 
cases [27–30]. BS lesions are rare and tend to affect the midbrain [30, 31], and soli-
tary BS lesions are exceptional [30, 31]. Confirming the diagnosis of CNS toxoplas-
mosis can be challenging. High titers of IgG anti-toxoplasma antibodies are helpful; 
however, the results need to be interpreted with caution given the high seropreva-
lence in the general population and the possibility of false-negative results [27, 32]. 
Some studies suggested the utility of polymerase chain reaction (PCR) on the CSF 
samples [33]. Occasionally, the only simple means of confirming the diagnosis is a 
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therapeutic trial with anti-toxoplasma medications. Treatment should be initiated 
early and consists of pyrimethamine and a sulfonamide. The outcome is not always 
favorable, especially in severe cases, where up to 50% of patients are expected to 
have a poor outcome (severe residual disability or death) [34]. Bad prognostic fac-
tors include profound immunosuppression and impaired consciousness [34]. Other 
parasitic infections of the BS are rare and include Amoebiasis [35] and 
Schistosomiasis [36].

Fungal Brain Abscess Fungal infections can also disseminate to the CNS, usually 
by the hematogenous route [37, 38]. The most frequently identified agent is the 
Aspergillus species followed by the Candida species [37, 39]. Fungal CNS infec-
tions are mostly seen in immunosuppressed patients but have also been described in 
patients with no clear defect in the immune system. BS involvement is exceedingly 
rare.

10.4.1.2  Brainstem Encephalitis

There is a long list of pathogens that can cause BS encephalitis, including viral, 
bacterial, and fungal agents. The clinical manifestations are rarely disease-specific. 
On the other hand, epidemiological features often help in narrowing the broad dif-
ferential diagnosis. Key elements include age at onset, immune status, season dur-
ing which the disease was contracted, geographic location, travel and exposure 
history, contact with animals, similar cases in the family or neighbors, and known 
cases of encephalitis in the surrounding. The patient’s occupation, hobbies, and vac-
cination history are other important factors to consider. Physical examination can 
provide some insight regarding the underlying pathogen. For instance, the presence 
of an exanthem or enanthem are supportive of some forms of viral encephalitis. The 
diagnosis is often supported by an elevated white blood cell count and protein levels 
in the CSF, and serology helps in pinpointing the underlying pathogenic agent. 
Because IgM antibodies do not readily diffuse across the blood-brain barrier, the 
finding of IgM antibodies by enzyme-linked immunosorbent assay (ELISA) is 
diagnostic of CNS disease, though false-negative results are not uncommon [40]. 
IgM antibodies by ELISA testing are available for several pathogens including the 
VZV and flaviviruses. PCR assays are useful in diagnosing herpes encephalitis and 
have a high sensitivity and specificity (95–99%), although false-positive and false- 
negative tests can occur [40]. Imaging findings are often nonspecific. The outcome 
is dependent on the underlying infectious agent. Although most viral infections are 
self-limited, some have a particularly poor outcome if the treatment is delayed; this 
concerns, for example, the herpes simplex virus (HSV) and the VZV BS encephali-
tis. Bacterial and parasitic BS infections are almost uniformly fatal if untreated. 
Patients with BS encephalitis often require supportive care to ensure oxygenation, 
airway protection, and circulatory support. Close monitoring for cerebral edema, 
increased intracranial pressure, epileptic seizures and acute hydrocephalus is 
recommended.
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Viral Encephalitis Virtually any viral encephalitis can spread to the BS. Host fac-
tors affecting the susceptibility to a particular pathogen include the immune status, 
age, and various genetic factors. When viral encephalitis is suspected, diagnostic 
efforts should initially focus on differentiating HSV from the other causative agents. 
To this end, serological tests are pivotal. These include serological testing of CSF 
IgM, as well as PCR and reverse-transcriptase PCR assays of a CSF sample to iden-
tify DNA and RNA viruses, respectively. It is recommended to start empirical acyclo-
vir therapy in all patients with suspected encephalitis [40] until the underlying 
pathogen is identified and/or HSV encephalitis is excluded. The addition of glucocor-
ticoids is a common practice but is of uncertain benefit [41]. MRI findings in BS 
encephalitis are often non-specific with patchy areas of increased T2-weighted signal 
and variable mass effect [42–45]. Lesions are typically non-enhancing [44, 46] or 
display minimal patchy enhancement [45]. Locations outside the BS such as the 
cortex, basal ganglia, thalamus, and cerebellum are often affected [42, 44–46]. Spinal 
cord lesions centered on the ventral horns have been described in West Nile virus and 
enterovirus (EV) encephalitis [44, 47]. Hippocampal involvement is typical of HSV 
encephalitis [48] but has also been described in Japanese encephalitis [49].

HSV is the most common cause of viral encephalitis in general and accounts for 
50–75% of the identified viral cases [41]. Infection is non-seasonal, affects both 
sexes equally, and can occur at any age. HSV characteristically involves the tempo-
ral/cingulate cortices but only rarely the infratentorial compartment [43, 50]. BS 
involvement in HSV is typically associated with evidence of supratentorial involve-
ment [51], but restricted BS infection has also been reported [52]. Although HSV 
encephalitis is predominantly caused by HSV-1, it has also been described with 
HSV-2, usually as a complication of genital herpes [53]. BS involvement without 
any evidence of genital herpes infection has also been described [54].

EV71 is another cause of BS encephalitis [47, 55]. EV71 is largely restricted to 
infants and classically presents as hand-foot-mouth disease or herpangina [56]. 
EV71 can also cause epidemics of aseptic meningitis, BS encephalitis, encephalo-
myelitis, and acute flaccid paralysis. BS encephalitis is the most common neuro-
logical manifestation. Children usually present with ataxia, myoclonic jerks, 
nystagmus, CN dysfunction, and tremor [57]. MRI shows abnormal areas of 
T2-hyperintense signal in the BS in most patients. These findings characteristically 
involve the dorsal pons and medulla oblongata [58]. The outcome is generally good 
and most patient fully recover in a few days [57]. Severe cases are usually treated 
with intravenous immunoglobulins (IVIg) and corticosteroids despite the lack of 
evidence to support this approach [59]. EV68 is another EV linked to BS involve-
ment. This virus has a distinctive tropism to the anterior horn cells and BS motor 
nuclei leading to flaccid paralysis and CN dysfunction [60]. Most children who 
develop neurological complications are left with some degree of motor weakness 
and CN dysfunction including permanent dysphagia [60].

Epidemics of BS encephalitis have been described with Japanese and St. Louis 
encephalitis viruses [61]. These infections preferentially affect the midbrain and 
more particularly the substantia nigra (SN), with parkinsonism as a classical sequela 
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[62, 63]. Sporadic cases of SN involvement have been reported with Epstein-Barr 
virus (EBV) and West Nile virus infections [64, 65] (Fig. 10.2). BS encephalitis has 
been rarely reported with other viral infections such as adenovirus [45], Nipah virus 
[66], influenza A virus [67], and VZV [68].

As opposed to classical viral encephalitis, which has an acute onset and a rapid 
clinical course, some viral infections follow a slower clinical course. Progressive mul-
tifocal leukoencephalopathy (PML) is a subacute encephalitis caused by the John 
Cunningham (JC) polyomavirus, occuring  almost exclusively in immunocompro-
mised patients [69]. This includes patients with hematological malignancies, those 
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Fig. 10.2 Brainstem encephalitis caused by West Nile virus. (a, b) Axial FLAIR images of the 
brainstem, showing diffuse central spread at the midbrain-pons region. (c) Axial DWI, at the same 
level, demonstrating avid restricted diffusion. (d) Axial FLAIR image showing bilateral involve-
ment of the substantia nigra, more pronounced on the right (arrows)
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infected with the human immunodeficiency virus (HIV), or those treated with various 
immunosuppressant drugs such as natalizumab for multiple sclerosis (MS) [70]. 
Clinically, the disease manifests as cognitive decline with cortical symptoms and signs. 
MRI typically displays multiple subcortical areas of high signal on fluid- attenuated 
inversion recovery (FLAIR) images in both hemispheres. Isolated BS PML is very rare 
and poses a serious diagnostic challenge [69, 71]. The challenge is even greater when 
BS PML occurs in the setting of MS, where it can masquerade as an MS relapse [72]. 
Early marked T1 hypointensity, diffusion-weighted imaging (DWI) hyperintensity, 
and close MRI follow-up may distinguish new MS activity from PML [72]. Treatment 
is based on reversal of immunosuppression whenever possible and initiation of highly 
active antiretroviral therapy in HIV-infected patients. Prognosis is often poor.

Bacterial Brainstem Encephalitis Bacterial infections rarely localize to the BS 
with the exception of Listeria monocytogenes, which affects the BS in 9% of cases 
of CNS infections [73]. Predisposing factors for listeriosis are age >50 and immu-
nosuppression. Neurological manifestations usually follow a prodrome of fever, 
headache, nausea, and vomiting. Signs and symptoms may also include single or 
multiple asymmetrical CN palsies, cerebellar signs, hemiparesis, hypoesthesia, and 
impairment of consciousness [74, 75]. MRI displays hyperintense, patchy lesions 
within the BS and/or multiple microabscesses [74]. CSF findings are often non- 
specific with lymphocytic pleocytosis and negative cultures in more than half of the 
cases [74]. Blood cultures are more likely to be positive in this setting [74]. Early 
empiric treatment with ampicillin is crucial in patients at risk. Prognosis is often 
poor with an overall mortality of 50% [74].

In rare cases, bacterial infections can follow a more subacute clinical course. WD 
is a systemic bacterial infection caused by Tropheryma whipplei. It classically man-
ifests as gastrointestinal symptoms, weight loss, and arthropathy [76]. CNS mani-
festations occur in 10–50% of patients and can precede other manifestations of the 
disease [76, 77]. These include cognitive decline, cerebellar ataxia, myelopathy, 
hypothalamic-pituitary axis dysfunction, and various BS syndromes [77, 78]. The 
latter can present as the pathognomonic finding of OMM or oculofacial-skeletal 
myorhythmia, which generally occur in combination with supranuclear vertical 
gaze palsy [7]. Focal MRI abnormalities are observed in 50% of patients, ranging 
from focal lesions without mass effect to multiple enhancing lesions with mass 
effect [7] (Fig. 10.3). Neuro-WD can be diagnosed using PCR applied to a CSF 
sample. Neurological symptoms often respond dramatically to antibiotics; however, 
they may recur after discontinuation, prompting prolonged treatment periods that 
may extend up to 1 year [76].

10.4.1.3  Postinfectious Brainstem Encephalitis

BBE is a rare postinfectious disorder, where the inflammatory process is typically 
confined to the BS. BBE is clinically characterized by progressive impairment of 
consciousness along with ataxia and bilateral external ophthalmoplegia [8]. Some 
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additional features were occasionally described such as bilateral facial palsy, 
pupillary abnormalities, bulbar palsy, and generalized limb weakness [79]. The dis-
ease follows a monophasic course with a subacute onset and a favorable outcome in 
most cases. BBE is usually preceded by an infectious event, most often an upper 
respiratory tract infection [79]. CSF analysis shows pleocytosis in roughly half of 
the patients. Brain MRI is usually normal but may occasionally show T2-weighted 
BS anomalies [8]. IgG anti-GQ1b antibodies are highly specific for this disorder but 
can be absent in up to one-third of the cases [80]. These antibodies are also found in 
Miller-Fisher syndrome, a variant of Guillain-Barré syndrome characterized by 
ataxia, ophthalmoplegia and areflexia. Whether these two entities represent a 
 spectrum of the same disorder remains unsettled. There are no evidence-based rec-
ommendations for the treatment of BBE. Patients are typically offered immuno-
therapy such as plasma exchange therapy, IVIg, or high-dose steroids [79]. The 
clinical outcome is usually good.

Acute disseminated encephalomyelitis (ADEM) is another disease state believed 
to be caused by an immune response mounted against an infectious agent. ADEM is 
preceded by a bacterial or viral infection in 50–75% of cases, most frequently a non- 
specific upper respiratory tract infection. A long list of viral infections has been 
associated with ADEM, including influenza, EV, hepatitis A, HSV, EBV, measles, 
mumps, rubella, VZV, and cytomegalovirus [81]. It may also develop after vaccina-
tion [82]. ADEM affects children more often than adults. Onset is acute with rapid 
clinical progression, often with fever and occasionally meningismus [1]. The 
inflammatory process is usually multifocal and primarily affects the white matter of 

a b

Fig. 10.3 Brainstem involvement in a patient with biopsy-proven Whipple’s disease. (a) Tectal 
hyperintensity on FLAIR images. (b) Lack of enhancement on post-contrast T1-weighted images
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the brain and spinal cord. The clinical manifestations include altered mental status 
and multifocal neurological symptoms or signs. The infratentorial compartment is 
frequently affected in ADEM, especially in children who often present with signs 
and symptoms attributable to BS/cerebellar dysfunction (ataxia, oculomotor distur-
bance, and dysarthria) [83]. Typical MRI findings include patchy, asymmetrical, 
bilateral subcortical white matter confluences seen on the T2/FLAIR-weighted 
images, with ill-defined margins, limited mass effect, and variable contrast enhance-
ment [1]. CSF findings include normal glucose, increased protein level, and lym-
phocytic pleocytosis. Serum testing is positive for MOG antibodies in up to 59% of 
cases [84]. The presence of these antibodies seems to portend a better clinical and 
radiological outcome. Currently, high-dose intravenous corticosteroids are the 
mainstay of treatment. Plasma exchange therapy and IVIg can be used in non- 
responders [1]. The disease usually follows a monophasic course and most patients 
achieve a good recovery with no or little residual disability [1].

10.4.1.4  Infectious Brainstem Vasculitis

Some infectious agents have a tropism for vessels. Among the various bacterial 
agents, Treponema pallidum (T. pallidum) and Borrelia burgdorferi are known to 
affect CNS vessels. T. pallidum vasculopathy (meningovascular syphilis) usually 
presents during the secondary stage of syphilis and manifests as encephalopathy, 
cognitive decline, focal neurological findings, and CN abnormalities [85]. The most 
frequently involved arteries are the middle cerebral artery and branches of the basi-
lar artery [86]. BS infarcts are found in 14% of patients with neurosyphilis [85]. 
When the diagnosis is suspected on clinical grounds, serological testing helps in 
confirming the diagnosis. Treatment consists of intravenous penicillin G for 
10–14 days.

Cerebral vasculitis is also a complication of Lyme neuroborreliosis, a multisys-
tem infection caused by Borrelia burgdorferi. The disease tends to affect large and 
medium-sized vessels including the vertebral and basilar arteries and their branches 
[87]. This results in single or multiple areas of stenosis and dilatation, leading to 
ischemic stroke. There is a strong predilection towards the posterior cerebral circu-
lation, especially in children [88]. Appropriate antibiotic treatment often results in a 
favorable clinical outcome.

Viral agents can also cause CNS vasculitis. VZV vasculopathy is a rare compli-
cation of chickenpox in children and herpes zoster in adults [89]. This condition 
leads to ischemic and hemorrhagic strokes that classically occur 7 weeks after her-
pes reactivation, but longer intervals have been described. Although VZV vascu-
lopathy is classically a complication of herpes zoster ophthalmicus and involves the 
anterior circulation, it has been described in the posterior circulation following reac-
tivation of VZV in the cervical region [90]. Treatment of VZV vasculopathy is with 
anti-viral agents.
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10.4.2  Brainstem Inflammatory Lesions

Brainstem inflammatory lesions fall into one of two broad categories: (1) primary 
inflammatory diseases of the CNS and (2) systemic diseases, where CNS involve-
ment is only one of many manifestations of the disease. In the latter case, CNS mani-
festations often occur in the setting of a known disorder, and the diagnosis is usually 
straightforward. Alternatively, neurological symptoms can precede other manifesta-
tions of the disease, and establishing the correct diagnosis becomes significantly 
more challenging. In this setting, the demonstration of subclinical symptoms/signs 
or specific biological markers can be valuable clues as to the underlying etiology.

10.4.2.1  Idiopathic Inflammatory Demyelinating Diseases 
of the Brainstem

This group represents a broad spectrum of disorders with variable severity, disease 
course, lesion distribution, and outcome. MS is the most representative form of idio-
pathic inflammatory demyelinating diseases of the brain (IIDB). Other entities 
include neuromyelitis optica (NMO), ADEM, and rare MS variants, such as Marburg 
disease, Balo concentric sclerosis, and Schilder disease [1]. Although the BS is a 
frequent target for demyelination, lesions in other parts of the CNS are usually pres-
ent at the time of presentation. In such cases, the diagnosis of IIDB is relatively 
straightforward. Rarely, BS lesions occur in isolation, and establishing the correct 
diagnosis becomes much more challenging. In these cases, more advanced imaging 
techniques, serum testing, and, in more difficult cases, brain biopsy may be necessary.

Multiple Sclerosis MS is a chronic demyelinating CNS disease, characterized 
pathologically by areas of inflammation, demyelination, axonal loss, and gliosis 
scattered throughout the CNS [91]. The clinical course of MS can follow several 
patterns. A relapsing-remitting course (RRMS) accounts for 85% of cases and is 
characterized by recurrent clinical events that recover to a varying degree [92]. 
Evidence of dissemination in space (DIS) and dissemination in time (DIT) of the 
disease process is a prerequisite for diagnosis. Accordingly, the diagnosis of MS can 
be secured clinically by two clinical relapses occurring at least 30 days apart (i.e., 
DIT) and affecting separate sites within the CNS (i.e., DIS). A first clinical event 
consistent with demyelination is called a clinically isolated syndrome (CIS) [93]. 
Short of a second event, the diagnosis of MS cannot be secured on clinical grounds 
at this stage. In this case, MRI and CSF findings can replace some clinical criteria. 
MRI showing subclinical areas of demyelination that fulfill the criteria for DIS (≥1 
lesion in ≥2 areas typical for MS) and DIT (simultaneous presence of enhancing 
and non-enhancing lesions) can substitute for a second clinical event [94]. For 
patients with CIS who meet the criteria of DIS, the presence of CSF-specific OCB 
can substitute for the demonstration of DIT by MRI [94].
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Demyelinating lesions frequently involve the BS in MS. Relapses typically pres-
ent sub-acutely, with progressive worsening over hours or days, a plateau lasting for 
days or weeks, followed by gradual improvement. Symptoms are those of nonspe-
cific BS dysfunction, such as diplopia, facial sensory symptoms, and gait distur-
bance [95]. Other more characteristic symptoms include bilateral INO, continuous 
facial myokemias, and Uhthoff phenomenon (transient worsening of symptoms and 
signs when core body temperature increases, such as after exercise or a hot bath). 
The occurrence of trigeminal neuralgia in a young patient, especially when bilat-
eral, is also suggestive of MS [96].

When a BS syndrome occurs in the setting of established MS, the diagnosis is 
usually straightforward. On the other hand, when BS dysfunction is the first mani-
festation of MS, further testing is usually needed to secure the diagnosis. MRI is the 
single most useful test in this setting by demonstrating that the BS lesion is consis-
tent with a demyelinating event (Fig. 10.4). Of equal importance, MRI can confirm 
the diagnosis if it demonstrates the presence of subclinical lesions that meet the 
criteria for DIT and DIS. Supratentorial lesions have a predilection to localize to the 
periventricular white matter and tend to have an ovoid configuration, with the major 
axis perpendicular to the ventricular surface (see Fig. 10.4d). Cortical/juxtacortical 
and callosal lesions are also typically seen in MS. Acute lesions enhance with con-
trast administration. When no additional lesions outside the BS can be demon-
strated, a yearly follow-up study is recommended. Occasional patients show no 
subsequent evidence of clinical activity and follow a monophasic course [95].

In the BS, MS lesions have the propensity to affect the peripheral aspect of the 
pons and the middle cerebellar peduncle while sparing the central white matter [97] 
(see Fig. 10.4). Compared to MS lesions in other locations, BS lesions tend to be less 
bright on T2-weighted images and more diffuse. MS can rarely present as a solitary, 
tumor-like mass. These so-called tumefactive MS lesions often display mass effect, 
perilesional edema, and/or ring-enhancement with gadolinium contrast and can be 
easily mistaken for a glioma or a cerebral abscess. MRI findings that favor a demy-
elinating lesion include open ring-enhancement directed towards the cortical sur-
face, relatively little mass effect relative to size, ring-shaped diffusion restriction on 
DWI, and a T2-hypointense rim [1, 98]. The changes on DWI tend to evolve rapidly 
as opposed to tumors and abscesses [1]. Tumefactive MS lesions mostly occur in the 
supratentorial regions but involves the BS in up to 24% of cases [99]. Recognition 
of this MS variant is important to avoid unnecessary surgical intervention.

The importance of early diagnosis of MS cannot be overemphasized since early 
initiation of immunotherapy is an important determinant of long-term outcome 
[100]. Relapses are treated with high-dose intravenous steroids.

Neuromyelitis Optica Spectrum Disorder NMO is a more anatomically restricted 
form of IIDB characterized by severe unilateral or bilateral optic neuritis and longi-
tudinally extensive transverse myelitis (LETM). The term NMO spectrum disorder 
(NMOSD) is currently favored to avoid the distinction between phenotypes not 
completely expressed at presentation (restricted forms of the disorder such as recur-
rent optic neuritis, relapsing transverse myelitis) and classical NMO. NMOSD also 
includes some BS and encephalitic presentations. The disease course is characterized 
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by relapses of variable frequency. MRI characteristically shows LETM (involving 
more than 3 vertebral levels) and/or large areas of hyperintense signals of the optic 
nerve/chiasma. MRI changes outside of these disease-defining regions are common 
[101] (Fig. 10.5). These changes have the tendency to distribute near the ventricular 
system, an area rich in AQP4, which is the target antigen in NMO. Common loca-
tions include the thalamus, hypothalamus, and BS around the cerebral aqueduct [1]. 
CSF analysis shows high protein levels and pleocytosis. As opposed to MS, OCB 
are only seen in 30% of patients [102]. Serum is positive for AQP4 antibodies in 
70–80% of cases [103]. AQP4 is a cell membrane water channel that is highly 
expressed on astrocytic foot processes. Up to one third of AQP4- seronegative 
NMOSD patients have MOG antibodies [104]. These patients have less acute 

a b
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Fig. 10.4 Left brainstem lesion in a patient with multiple sclerosis. (a) Axial T2-weighted image. 
(b, c) Same lesion showing abnormal enhancement on post-contrast T1-weighted images, indicat-
ing an active lesion. (d) Multiple associated lesions with typical distribution in the subcortical, 
periventricular and ponto-medullary white matter on coronal T2-weighted images
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attack-related disability and relatively less relapses than those who are AQP4-
positive [1].

Symptoms related to BS involvement occur in around 40% of cases, especially 
in children who are AQP4-positive [105]. Common BS manifestations include dip-
lopia, dysarthria, dysphagia, facial weakness, and ataxia [106]. NMOSD has a pro-
pensity to affect the area postrema leading to intractable hiccough, nausea and 
vomiting [107, 108]. These symptoms may herald the onset of NMO and pose a 
diagnostic challenge. Lesions involving the medullary respiratory center occasion-
ally lead to a life-threatening respiratory compromise [109].

Management of relapses is with high-dose intravenous cortisone. Patients who 
fail to improve on steroids might benefit from plasma exchange. Given the high 
morbidity of relapses in NMOSD, early initiation of immunosuppressants is recom-
mended as a preventive measure. These include azathioprine, methotrexate, myco-
phenolate mofetil, and rituximab. Disease-modifying treatments for MS seem to be 
poorly effective in NMOSD.

10.4.2.2  Connective Tissue Diseases (CTDs) and Vasculitis

Many CTDs have CNS manifestations, including BS dysfunction [110]. In most 
cases, however, there is no particular tropism for the BS. Sjögren’s syndrome (SS) 
causes a broad spectrum of neurological manifestations, including focal BS lesions 
or BS encephalitis. Occasionally, these can be the first manifestation of the disease 
and precede the diagnosis of SS by up to 2 years [60, 111–113]. In this setting, the 
clinical and imaging features can mimic MS and cause significant diagnostic and 
therapeutic dilemmas. This is compounded by the fact that CSF often shows OCB 
in SS patients with MS-like lesions [114]. Systemic lupus erythematosus (SLE) can 
also manifest as focal or diffuse CNS lesions, including the BS [115–117]. Rarely, 
BS involvement can occur in isolation and precede other manifestations of the dis-
ease [117]. It is also important to mention that CTDs such as SLE and SS can coex-

a b c

Fig. 10.5 Brainstem involvement in aquaporin 4-positive neuromyelitis optica. (a) Signal abnor-
mality within the pons on axial FLAIR images. (b) Absence of enhancement on axial post-contrast 
T1-weighted images. (c) Left-sided optic neuritis on coronal T2-weighted images
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ist with NMO [118]. This case scenario should be considered when LETM or optic 
neuritis occur in the setting of a known systemic inflammatory disease.

Similarly, most systemic vasculitis can involve the CNS, including Behçet dis-
ease, granulomatosis with polyangiitis (Wegener’s granulomatosis), eosinophilic 
granulomatosis with polyangiitis (Churg–Strauss syndrome), and polyarteritis 
nodosa (PAN) [110]. These entities have no predilection for the BS, except for 
Behçet disease (Fig. 10.6). Behçet disease is recognizable by its hallmark clinical 

a b

c d

Fig. 10.6 Brainstem involvement in a patient with Behçet disease. (a, b) Axial FLAIR and 
T2-weighted images showing left pons involvement with surrounding edema. (c) Axial T2-weighted 
image showing spread of the disease to the left midbrain. (d) Central nodular enhancement of the 
lesion is seen on post-contrast axial T1-weighted images
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signs that include uveitis, and oral-aphthous and genital ulcers. While this triad is 
virtually diagnostic, it is not always present at presentation. Behçet disease affects 
young adults, predominantly men, in their 3rd to 4th decade. Neurological compli-
cations occur in 5–14% of patients and usually occur a few years into the illness 
[119]. However, these may precede other manifestations of the disease in 6% of 
cases [120]. BS lesions most commonly affect the posterior aspect of the midbrain- 
diencephalic junction, characteristically sparing the red nucleus [121]. CSF typi-
cally shows slightly increased protein levels, no OCB, and mononuclear or 
polynuclear pleocytosis. Patients tend to respond favorably to steroids. 
Approximately 30–50% of patients with neuro-Behçet disease have a relapsing 
course [122]. Relapses or progressive disease are treated with immunosuppres-
sant drugs.

Primary angiitis of the CNS (PACNS) is an organ-specific vasculitis affecting 
small-to-medium sized vessels of the brain and spinal cord [123]. In the absence of 
a specific serum marker of the disease, diagnosis is based on the demonstration of 
vasculitic findings either on angiography or on brain biopsy. Clinical manifestations 
depend on the involved CNS region. Headache is the most common symptom on 
presentation, followed by cognitive impairment and focal neurological deficits 
[123]. CSF findings are nonspecific and include mild pleocytosis and elevated pro-
teins. MRI characteristically shows small cortical/subcortical infarcts, leptomenin-
geal enhancement, intracranial hemorrhage, and areas of T2-hyperintense signal. 
Less commonly, PACNS presents as BS lesions or as a solitary pseudo-tumoral 
mass [124, 125]. When the BS is the seat of such pseudo-tumoral lesions, accurate 
and timely diagnosis can be particularly challenging [124]. Prognosis is usually 
favorable with early immunotherapy [126].

As the name indicates, CLIPPERS is a chronic inflammatory disorder of the 
CNS responsive to steroids [9]. It is characterized by episodic BS symptoms, includ-
ing cranial sensory abnormalities, diplopia, ataxia, and dysarthria [9]. The MRI 
signature of this condition is a punctate pattern of patchy gadolinium enhancement 
centered on the pons (Fig. 10.7). These lesions can also be seen in other parts of the 
BS, spinal cord, and cerebellum [9]. Although these findings are highly suggestive 
of the disease, they are not absolutely specific. Similar abnormalities have been 
described in other disorders such as BS lymphoma and gliomas [127, 128]. On the 
other hand, atypical cases presenting as a progressively expanding tumor-like lesion 
have been described [129]. BS biopsy shows prominent perivascular lymphocytic 
infiltrate. Most patients respond well to immunosuppressants; however, symptoms 
tend to recur with early tapering of steroids, and most patients require prolonged 
therapy [9].

10.4.2.3  Paraneoplastic Brainstem Encephalitis

Paraneoplastic diseases of the CNS are a group of immune-mediated disorders with 
a wide range of clinical manifestations. Although BS encephalitis is not a classical 
paraneoplastic syndrome, some antibodies have been clearly linked to BS dysfunc-
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tion. These include anti-Hu, anti-Ri, and anti-Ma2 antibodies, each resulting in a 
specific pattern of BS dysfunction. The onset is typically subacute, with rapid wors-
ening and often devastating consequences.

Anti-Hu antibodies are classically associated with paraneoplastic encephalo-
myelitis, almost always in the setting of small cell lung carcinoma. The typical 
manifestation is extensive or multifocal encephalomyelitis. Early in the disease 
course, more focal syndromes can be seen, such as limbic encephalitis, cerebel-
lar degeneration, or BS encephalitis [130, 131]. BS encephalitis is the predomi-
nant syndrome in 11% of cases [132]. This entity has a distinctive tropism for the 
medulla [131], and most patients present with dysphagia, dysarthria, and 
hypoventilation [131]. CN VI/VII palsy, vertical nystagmus, and ataxia are other 
possible manifestations [131]. MRI and CSF analysis are typically normal. The 
prognosis is usually poor despite immunotherapy and treatment of the underly-
ing tumor.

a b c

d e f

Fig. 10.7 Chronic lymphocytic inflammation with pontine perivascular enhancement responsive 
to steroids (CLIPPERS). Axial FLAIR (a), T2- (b) and post-contrast T1-weighted (c) images 
showing the typical multiple punctuate signal abnormalities, most prominent in the pons, but also 
involving the middle cerebellar peduncles and cerebellar hemispheres. After steroid administra-
tion, axial FLAIR (d), T2- (e) and post-contrast T1-weighted (f) images demonstrate marked 
resorption of the punctate signal abnormalities and enhancement pattern
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Patients with anti-Ma2-associated BS encephalitis are clinically and radiologi-
cally distinct from those with the anti-Hu antibodies. In young men, it is almost 
exclusively associated with testicular germ-cell tumors, which can be microscopic 
and difficult to demonstrate [130]. In the older age group, the most common associ-
ated cancers are lung and breast cancers [133]. Anti-Ma2-associated encephalitis 
characteristically affects the limbic system, hypothalamus, and BS [130]. The pre-
senting symptoms can result from the involvement of any of these regions and can 
progress to involve the others. BS encephalitis predominantly affects the midbrain 
and most commonly manifests as supranuclear vertical gaze palsy, followed by 
involvement of the oculomotor nuclei. Involvement of the other brain regions results 
in a variety of symptoms including excessive daytime sleepiness, narcolepsy, cata-
plexy, rapid eye movement (REM)-sleep abnormalities, hyperphagia, and memory 
impairment. Brain MRI may show T2-hyperintense lesions in the superior colliculi 
and periaqueductal region. Roughly one-third of patients are expected to respond to 
tumor resection and immunotherapy [133].

Anti-Ri antibodies also have a tropism for the BS [134]. These are the least 
common of the paraneoplastic auto-antibodies, mostly encountered in patients 
with breast and ovarian cancer. Patients typically present with signs of BS, cere-
bellar and spinal cord dysfunction. BS dysfunction often manifests as OpM, oph-
thalmoplegia, and facial sensory symptoms [134–136]. Treatment of the underlying 
cancer can lead to a decrease in the antibody titer and improvement of 
 symptoms [134].

10.5  Conclusion

It is important to keep in mind that the differential diagnosis of a BS lesion is not 
limited to BS tumors, infections, and inflammatory/autoimmune disorders. Other 
disease states can also affect the BS such as hypertensive BS encephalopathy [137, 
138], central pontine myelinolysis [139, 140], Wallerian degeneration [141], hepatic 
encephalopathy [97], and neurodegenerative diseases such as multiple system atro-
phy [142]. 

Non-neoplastic BS lesions span a wide range of pathologies, including infec-
tions, inflammatory, and autoimmune disorders. Broad and in-depth knowledge of 
the various disorders with possible BS manifestations is therefore essential to guide 
the diagnostic approach. The latter involves a detailed history, a thorough physical 
examination, and an array of ancillary tests such as brain imaging, and serum and 
CSF analysis. In more difficult cases where the etiology remains unknown, a BS 
biopsy may be indicated; the need for tissue diagnosis, however, has steadily 
dropped since the introduction and continuous optimization of imaging techniques 
and serum/CSF testing. This chapter addressed the various infectious and inflam-
matory disorders of the brainstem, with a particular emphasis on their clinical pre-
sentation, key radiological and laboratory findings, and general principles of 
management.
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Chapter 11
Surgical Approaches to Mesencephalic 
(Midbrain) Tumors

Nir Shimony, David S. Hersh, and Frederick A. Boop

Abbreviations

CNS Central nervous system
CSF Cerebrospinal fluid
CST Corticospinal tract
DTI Diffusion tensor imaging
ETV Endoscopic third ventriculostomy
LGGs Low-grade gliomas
MR Magnetic resonance
PCGP Pediatric Cancer Genome Project
PPN Pedunculopontine nucleus

11.1  Introduction: Anatomy and Embryology

The midbrain, which lies between the diencephalon and the pons, contains the 
motor fibers of the corticospinal tracts (CSTs), important connections for the visual 
and auditory systems, and the third and fourth cranial nerve nuclei. Embryologically, 
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the midbrain is of ectodermal origin. The anterior portion of the neural tube creates 
three primordial vesicles, which ultimately form the forebrain (prosencephalon), 
midbrain (mesencephalon), and hindbrain (rhombencephalon). Although the pros-
encephalon and rhombencephalon undergo further segmentation, the mesencepha-
lon does not; it differentiates into the midbrain instead [1].

Anatomically, the midbrain consists of the tectum dorsally and the tegmentum 
ventrally. The midbrain harbors numerous nuclei and fibers, serving as a relay station 
via the superior cerebellar peduncles. The cerebral peduncles, cerebral aqueduct and 
periaqueductal gray, quadrigeminal plate and four colliculi (corpora quadrigemina), 
and the third and fourth cranial nerve nuclei are all located within the midbrain. The 
oculomotor nerve (third cranial nerve) can be identified along the ventral midbrain 
within the interpeduncular fossa, where small blood vessels penetrate the posterior 
perforated substance [1]. The trochlear nerve (fourth cranial nerve), on the other 
hand, emerges from the dorsal midbrain near the inferior colliculus [2].

The tectum and the quadrigeminal plate consist of the superior and inferior 
colliculi. The superior colliculus nuclei are complex-layered structures that play a 
role in ocular movements and visual reflexes through afferent connections with 
other regions of the central nervous system (CNS). The inferior colliculi consist of 
a triad of gray matter nuclei and play a significant role in the auditory pathway. This 
triad is composed of a central nucleus at the core (responsible for the tonotopic 
organization of auditory information), a pericentral nucleus, and a more lateral, 
external nucleus (which receives auditory and non-auditory inputs) [2].

The tegmentum, located at the ventral aspect of the midbrain, harbors white 
matter fibers en route to and from the cerebral cortex, cerebellum, and spinal cord. 
The brachium conjunctivum (a.k.a. superior cerebellar peduncle), a bundle of fibers 
arising from the cerebellum and connecting to the thalamus and red nucleus, tra-
verses the tegmentum and plays an important role in fine motor coordination. The 
medial lemniscus, trigeminal lemniscus, and spinothalamic tracts also pass through 
the tegmentum; these are sensory tracts that typically course laterally within the 
tegmentum, whereas tracts that are responsible for coordinating eye movements, the 
medial longitudinal fasciculi, run centrally and paracentrally in the tegmentum.

Several groups of nuclei are also located within the tegmentum, particularly at 
the level of the inferior colliculus. The nucleus parabrachialis pigmentosus is a con-
tinuation of the tegmental area of Tsai and is located dorsal to the substantia nigra. 
The ventral tegmental nucleus is dorsal to the brachium conjunctivum and regulates 
behavior and emotions via connections with the mammillary bodies. The dorsal 
tegmental nucleus is located within the periaqueductal gray and sends projections to 
the reticular formation and autonomic nuclei of the brainstem. The dorsal raphe 
nucleus (nucleus supratrochlearis) is the largest serotonergic nucleus [2]. The lateral 
tegmentum harbors the pedunculopontine nucleus (PPN), lateral dorsal tegmental 
nucleus and parabigeminal areas, all of which are cholinergic nuclei.

The red nucleus resides medially within the rostral tegmentum at the level of the 
superior colliculus. The red nucleus acts as a relay point for projections from the 
cerebrum, cerebellum, reticular formation, and inferior olive. The oculomotor 
nucleus, which is responsible for eye movements, lies ventral to the periaqueductal 
gray matter within the medial tegmentum [2]; this nucleus is located at the levels of 
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the lower half of the superior colliculus and upper half of the inferior colliculus [3]. 
The trochlear nuclei are located at the level of the inferior colliculus and reside in 
the midline and ventral to the cerebral aqueduct. Its axons travel dorsal and lateral 
to the aqueduct and eventually pierce the dorsal surface of the midbrain, close to the 
midline. These nuclei are positioned adjacent to the midline and on average are 
9.5 mm medial to the surface of the lateral mesencephalic sulcus [3].

The cerebral peduncles contain the corticocerebellar, corticobulbar and cortico-
spinal fibers. The dominant component is the CST, which occupies the central three- 
fifths of the cerebral peduncle [2]. The tract’s fibers are organized with the efferent 
cortical motor axons and are arranged somatotopically from medial to lateral: arm, 
face, then leg representations. The corticobulbar tract resides dorsomedial to the CST.

The midbrain is primarily vascularized via the posterior cerebral circulation, 
including the basilar, superior cerebellar and posterior cerebral arteries. In cross- 
section, the medial aspect of the midbrain is supplied by the basilar artery and its 
paramedian branches, while the lateral aspect is supplied by the superior cerebellar 
artery at the level of the inferior colliculus and the posterior cerebral artery branches 
at the level of the superior colliculus [2]. The superior colliculus and the adjacent 
tectum are vascularized by the superior cerebellar artery.

11.2  Midbrain Lesions

The midbrain is not specifically affected by unique lesions, and the same pathologies 
that are found in other regions of the brain and brainstem are also found in the mid-
brain, including but not limited to gliomas, germ cell tumors, cavernous malforma-
tions, and arteriovenous malformations. Although not unique regarding pathology, the 
anatomic location of the midbrain allows for unique patterns of tumor spread, with 
lesions tending to progress along white matter tracts, thus giving rise to thalamopedun-
cular tumors. Alternatively, lesions may localize to discrete locations within the mid-
brain, including the aqueduct, the periaqueductal area, and the quadrigeminal plate.

11.2.1  Thalamopeduncular Tumors

In 2007, Puget et al. presented a series of patients with thalamic tumors that included 
a newly defined subset of thalamopeduncular tumors [4]. In children, these tumors can 
present clinically with progressive spastic hemiparesis (secondary to mass effect on 
the CSTs) and are typically found to be low-grade tumors, such as pilocytic astrocy-
tomas, at the interface of the thalamus and cerebral peduncle [5]. Other potential clini-
cal signs include homonymous hemianopsia, ptosis and/or ophthalmoplegia secondary 
to mass effect on the optic tracts and oculomotor nerves, and obstructive hydrocepha-
lus, which may arise if there is significant mass effect on the cerebral aqueduct.

Given the low incidence of thalamopeduncular tumors, treatment strategies are being 
developed while awaiting larger sample sizes and better sub-classification schemes [5]. 
The majority of these tumors are low-grade gliomas (LGGs), and as such, conventional 
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chemotherapy is associated with a cure rate of only 0–10% [5–8]. Radiation therapy can 
cause long-term sequelae, including neurocognitive deficits and endocrinopathies [9]. 
Therefore, surgical resection remains one of the primary treatment options for these 
tumors, despite the challenges of the surgery in this region. With careful planning, par-
ticularly with respect to the location of the CSTs, optimal surgical outcomes can be 
achieved, potentially sparing the patient from adjuvant therapy (Figs. 11.1 and 11.2).

a

b
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Fig. 11.1 Left thalamopeduncular pilocytic astrocytoma. (a) A composite of three axial 
T1-weighted Gadolinium-enhanced images demonstrates that the tumor arises from the lateral 
aspect of the peduncle underneath the thalamus, pushing the normal thalamus superiorly. The 
thalamic displacement made a transcallosal approach to the tumor a poor choice, because the sur-
geon could have violated the normal thalamus to reach the tumor. (b, c) The optic tract, a structure 
that must be carefully avoided while removing the tumor, is displaced superior and lateral to the 
tumor. The arrow designates the CST. (d) An axial DTI of the same tumor shows the CSTs devi-
ated anteriorly and laterally (arrow; CSTs are in blue); this was the most common pattern of CST 
displacement in the series of patients described by Foley and Boop [52]. This pattern of tract dis-
placement made a transsylvian approach unattractive; one would have to transect the tracts to reach 
the tumor. (e) An approach was chosen through the middle temporal gyrus by using frameless 
stereotactic navigation to approach the tumor just posterior to the CSTs. (Modified from Foley and 
Boop [52]. With permission from Springer Nature)
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Molecular targeted therapies represent another opportunity as we learn more 
about the molecular drivers of pediatric LGGs. For instance, the KIAA1549-BRAF 
fusion has been found in pediatric pilocytic astrocytomas [10–12], where the 
Pediatric Cancer Genome Project (PCGP) identified the fusion in 75% of pilo-
cytic astrocytomas, including 80% of brainstem tumors and 59% of diencephalic 
lesions [13]. Thalamopeduncular tumors, in particular, are also associated with a 
high frequency of the KIAA1549-BRAF fusion, suggesting that these tumors are 
more likely to originate from the midbrain rather than the thalamus [5]. This 
hypothesis is also supported by the anterolateral displacement of the CST in most 
patients with thalamopeduncular tumors. Regardless of the site of origin, the high 

a
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Fig. 11.2 A 5-year-old child presenting with a 3-week history of progressive hemiparesis – arm 
worse than leg, and a several-days history of headache, nausea, and vomiting. (a) Preoperative 
images. (b) Axial DTI. (c) Sagittal DTI. (d) Postoperative axial image following a transtemporal 
transchoroidal approach. (e) Coronal, post-contrast T1-weighted image at 1 year postop showing 
complete tumor resection. (Modified from Foley and Boop [52]. With permission from Springer 
Nature)
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frequency of the KIAA1549-BRAF fusion in thalamopeduncular tumors implies 
that BRAF inhibitors may play a potential role in the treatment of these tumors.

11.2.2  Tectal Gliomas

Tectal gliomas are rare tumors with a predilection to occur in the pediatric popula-
tion [14]. Tectal gliomas typically present with symptoms of raised intracranial 
pressure, and the diagnosis may be delayed, with most reports describing onset of 
symptoms at 3–6 months before the actual diagnosis [15]. Alternatively, tectal glio-
mas may be an incidental finding, as it was reported in up to 27% of patients in prior 
series; this percentage may rise with the increasingly widespread use of magnetic 
resonance (MR) imaging [16, 17].

Tectal gliomas are most commonly LGGs and are almost exclusively identified 
in children [15]. Tumor growth typically causes tectal expansion and, hence, com-
pression of the aqueduct; it may also extend to the pulvinar region. Tectal tumors are 
usually isointense on T1- and hyperintense on T2-weighted imaging, and usually do 
not enhance after contrast administration [18]. Predictors of tumor progression 
include tumor size greater than 3 cm2, contrast enhancement, and cystic changes at 
diagnosis [15, 19, 20].

Tectal gliomas have a similar morphology to other LGGs but demonstrate a 
unique molecular/biological profile: (1) only 25% of tectal gliomas harbor the 
KIAA1549-BRAF fusion, in contrast to LGGs of the cerebellum (92%) or the supra-
tentorial compartment (59%); (2) the BRAF V600E mutation is uncommon in tectal 
gliomas, occurring in only around 7–8% of these tumors [21]; (3) although the H3 
K27M mutation tends to be found in midline gliomas and portends a more aggres-
sive disease, it is usually absent in tectal gliomas; (4) the methylation profile of 
tectal gliomas is unique compared to other LGGs [15]. These findings suggest that 
tectal gliomas are a unique entity and most often represent a chronic disease.

Given the usually indolent course and the risks associated with surgical resection 
in such an eloquent area, the general recommendation is cerebrospinal fluid (CSF) 
diversion in patients with hydrocephalus, followed by close observation [15]. The 
main options for CSF diversion include endoscopic third ventriculostomy (ETV) or 
a ventricular shunt. ETV has become more widely advocated due to the high rates 
of success in patients with obstructive hydrocephalus (particularly older children 
and adults) and the ability to avoid issues such as shunt malfunction, obstruction, 
and infection. Some authors suggested the use of Ommaya reservoirs, which allows 
for emergent access to CSF in the event of ETV failure [22]; the authors have also 
reported two cases in which the presumed tectal gliomas have spontaneously invo-
luted and disappeared following ETV placement for hydrocephalus.

Approximately one-third of patients described in the literature have ultimately 
undergone surgical resection. Potential complications are significant and include 
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motor deficits, visual deficits, gaze palsies, and intracranial hemorrhage. As a 
result, biopsy or resection of tectal gliomas is typically reserved for tumors with 
an atypical radiographic appearance or to guide targeted treatment (such as BRAF 
and MEK inhibitors) at progression [15, 23–25]. Radiation therapy or chemo-
therapy may be considered in cases of progressive disease. Although tectal glio-
mas tend to progress in about 25% of children, long-term survival is typically 
achieved with salvage adjuvant treatment [15]. Tectal gliomas are rarely diag-
nosed in adults, but some authors hypothesize that these patients had undiagnosed 
indolent tumors in childhood [26]. As a result, the treatment strategy tends to be 
similar in adults.

11.2.3  Aqueductal and Periaqueductal Tumors

In most publications, tectal gliomas are grouped along with true aqueductal and 
periaqueductal tumors, without differentiating between the groups. In recent years, 
however, some authors described true aqueductal tumors, which is a rare entity [18]. 
True aqueductal tumors may include both LGGs and high-grade gliomas and are 
more likely to include enhancing tumors than other types of tectal tumors. It is 
important that the true aqueductal tumors are recognized as such. Given that the 
majority are benign and of soft consistency, those located at the rostral aqueduct can 
be resected from a third ventricular approach, whereas those located at the caudal 
aqueduct can be approached from a cerebellar fourth ventricular approach. As aque-
ductal tumors displace the normal tectum dorsally, these tumors should never be 
approached through the tectum, which is a risk associated with not recognizing 
aqueductal tumors as a separate entity. Nevertheless, data regarding true aqueductal 
tumors remain scarce [27].

11.3  Surgical Approaches to Midbrain Tumors

Surgical treatment of midbrain tumors should be guided by an understanding of 
the underlying anatomy as well as by advanced imaging, including diffusion 
tensor imaging (DTI), in order to define the location of critical white matter 
tracts, such as the CSTs, in relation to the tumor. Various safe entry zones have 
been described: perioculomotor area for anterior lesions, supracollicular, infra-
collicular and intercollicular zones for posterior lesions, and lateral mesence-
phalic sulcus for anterolateral lesions [3]. More recently, additional surgical 
options included obtaining an endoscopic biopsy whenever the tumor extends 
into the third ventricle [28, 29] and the use of tubular retractors to facilitate 
resection [30, 31].
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11.3.1  Anterior Midbrain

Tumors in the anterior portion of the midbrain usually tend to grow towards either 
the third ventricle or the interpeduncular cistern. In this setting, the key determi-
nants for the surgical approach are the relation of the tumor to the third ventricle 
(i.e., how much of the tumor is in the ventricle versus how much is in the cistern) 
and the relation of the tumor to the oculomotor nerve. For tumors growing mainly 
into the third ventricle, an intraventricular approach may involve interforniceal, 
transcallosal, transchoroidal or transforaminal approaches. Transsphenoidal and 
transclival approaches have also been proposed, particularly for anterior pontine 
lesions but also for lesions of the anterior mesencephalon [32]. The use of an endo-
scope is usually reserved for biopsies or for resection of small lesions.

The unique location of the CST (intermediate three-fifths of the peduncle) allows 
for a possible surgical window from either pure anterior or anterolateral (pterional, 
orbito-zygomatic, supraorbital) or more lateral (transsylvian, subtemporal or trans-
temporal) approaches [33]. Combined approaches have also been popularized over 
the years. In 1911, Krause and colleagues described the subtemporal transtentorial 
approach, which allows for good visualization of the incisural space, the ambient 
cistern, and part of the quadrigeminal cistern [3]. In 1980, Sano and colleagues 
described the temporopolar approach, which allows for good visualization of the 
anterolateral interpeduncular fossa [34]. Each approach poses specific risks because 
of the potential neurovascular components that can be compromised. When the tra-
jectory is more lateral, the approach usually includes some degree of tentorial resec-
tion and dissection. In particular, these lateral approaches are associated with a risk 
of injury to the vein of Labbe, as well as possible ophthalmoparesis due to third and 
fourth cranial nerve injury along the tentorial incisura.

11.3.1.1  Transchoroidal and Subchoroidal Approaches

These approaches will allow to expand the surgical window to the third ventricle, 
reaching the anterior and, in some cases, the central midbrain. Both approaches are 
based on safe anatomic passage through the choroidal fissure. The choroidal fissure 
is a cleft between the body of the fornix and the thalamus in the cavity of the lateral 
ventricle; it is situated below the choroid plexus, between the tenia fornices and 
tenia thalami. Anteriorly, it begins at the posterior edge of the foramen of Monro 
and runs posteriorly between fornix and thalamus. The thalamostriate, septal, cau-
date and superior choroidal veins run in close proximity to the choroidal fissure; 
some of these veins cross it as well. The choroidal fissure is the thinnest area in the 
wall of the lateral ventricle, bordering the basal cisterns and the roof of the third 
ventricle [35]. Upon entry to the lateral ventricle, either by parasagittal opening 
through an interhemispheric/corpus callosum dissection or by a transcortical corri-
dor to the lateral ventricle, the choroid plexus and its anatomical complexity is 
appreciated. It is then coagulated laterally to expose the tenia fornix. The dissection 
proceeds through the tenia fornix to reach the velum interpositum, and then to the 
third ventricle. If necessary, the anterior septal vein is coagulated and transected at 
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the entry site to the foramen of Monro [36]. This opening allows for a wide view of 
the posterior and middle part of the third ventricle, hence to the anterior midbrain. 
Some surgeons advocate for a wider window, where the choroid plexus is coagu-
lated and dissected laterally to use the tenia fornices as a route for expanding the 
foramen of Monro.

In the subchoroidal approach, the choroid fissure is opened lateral to the choroid 
plexus, between the choroid plexus and the thalamus [37]. After the choroid fissure 
is opened, there are two ways to enter the third ventricle: one route is between the 
internal cerebral veins, and another route is between the internal cerebral vein and 
the thalamus [37]. We recommend utilizing this approach in cases where the lesion 
invades and has a significant component inside the third ventricle. In case the sur-
geon chooses to further dissect through the velum interpositum along the medial 
wall of the ipsilateral internal cerebral vein, which allows to further expand the 
surgical window into the third ventricle, care should be taken to avoid injury to the 
thalamoperforator arteries running in close proximity to the internal cerebral vein 
[38]. As mentioned earlier, this approach is mostly useful whenever the midbrain 
tumor is superficial or exophytic and extending into the third ventricle. The surgical 
corridor through the third ventricle can provide access to anterior midbrain lesions, 
periaqueductal area, and some posterior lesions.

11.3.1.2  Peritemporal Approaches

We use this term for approaches that include the classic pterional and orbito-fronto- 
zygomatic craniotomies, allowing the surgeon to choose between several approaches: 
subtemporal with or without transtentorial, transtemporal, and transsylvianm (pre-
temporal) [34]. The detailed description of these classic craniotomies is beyond the 
scope of this chapter. In general terms, we advocate a regular temporo-frontal or a 
small question mark skin opening with exposure of the zygomatic root. The tempo-
ralis muscle is elevated using interfacial dissection, allowing for more retraction of 
the muscle and further exposure of the zygomatic arch while protecting facial nerve 
branches. The temporal craniotomy should be low, just adjacent to the zygomatic 
root. There is no need to go above the superior temporal line, and the craniotomy flap 
is cut just above the zygomatic root in the coronal plan [39]. This craniotomy is a bit 
anterior to the traditional one and will sometimes lead to additional retraction on the 
temporal lobe, yet it lowers the risk of injuring the vein of Labbé and inducing a 
significant venous infarct. The dura is exposed, and the dural flap is usually retracted 
towards the zygomatic arch. Some surgeons advocate zygomatic arch drilling to 
decrease its prominence so that it does not interfere with the view towards the sub-
temporal area [39]. In some cases, CSF drainage is needed and can be done using a 
spinal drain that is placed before surgery or using an external ventricular catheter. In 
case the transsylvian approach is selected, CSF can be drained from the cisterns. 
Brain relaxation is necessary before attempting any temporal lobe retraction or 
manipulation. In the subtemporal approach, once the temporal lobe is retracted and 
the arachnoid layer of the mesiotemporal region is exposed, one can usually appreci-
ate the pulsation of the P2 segment of the posterior cerebral artery running in the 
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ambient cistern. The arachnoid layer is widely excised using an arachnoid knife, 
allowing for more CSF drainage and evaluating the perimesencephalic area with a 
good view of the anterolateral midbrain. The subtemporal approach has several mod-
ifications that are basically different perspectives on the angle of attack (anterior, 
middle or posterior subtemporal), which allows for different views of the ambient 
cistern. The subtemporal approach does not usually allow for good visualization of 
the quadrigeminal cistern but provides adequate visualization of the interpeduncular 
cistern and the first half of the ambient cistern. The main obstacle for more posterior 
exposure is the presence of vein of Labbé and, in some cases, the parahippocampal 
gyrus [40]. The transsylvian, a.k.a. pretemporal, approach allows for a relatively 
quick drainage of CSF once the sylvian fissure is dissected, access to the sylvian 
cistern, and then to the cisterns around the carotid artery and the optic nerve. This 
approach usually demands relatively significant lateral and posterior retraction of the 
temporal lobe. It allows for fairly good control and view of the basilar area, hence the 
interpeduncular cistern, but lacks good visualization of the ambient cistern compo-
nents, hence the perimesencephalic safe entry zone [40]. In both cases, the anterolat-
eral midbrain can be exposed, and the perioculomotor safe entry zone can be utilized. 
At the level of the oculomotor nerve exit site from the midbrain, the CST occupies 
only the intermediate three-fifths of the cerebral peduncle, which permits only a 
small corridor between the oculomotor nerve exit site and the CSTs [3, 33]. This nar-
row window is delimited by the posterior cerebral artery above, the superior cerebel-
lar artery below, the emergence of the third cranial nerve and the basilar artery 
medially, and the pyramidal tract laterally [3]. Since tumors in the anterior part of the 
midbrain are usually exophytic in nature, this safe entry zone is rarely used.

An approach that allows for some visualization of the perimesencephalic area, 
including the transition zone between the ambient and quadrigeminal cisterns, is the 
transtemporal-transchoroidal  approach. In this approach, the surgeon can have a 
small corridor to attack lesions residing in the anterior and middle parts of the mid-
brain. The exposure is very similar to that of the subtemporal approach, with the 
understanding that the temporal horn is usually 2.5–3.5 cm posterior to the temporal 
tip and 2–2.5 cm deep to the surface [40]. The entry point is along the inferior tem-
poral gyrus, aiming to access the temporal horn and identify the choroid plexus as 
well as the hippocampal head and body. The temporal choroidal fissure lies between 
the choroid plexus and the hippocampus. Crossing the fissure from the hippocampal 
side rather than from the thalamic side will help in avoiding the highly vascularized 
area just adjacent to the thalamus.

11.3.2  Central Midbrain

Tumors located in the central midbrain region tend to extend either towards the 
fourth ventricle inferiorly or towards the pineal region superiorly. The direction of 
extension may guide the surgical approach. If the major component of the tumor 
extends towards the fourth ventricle, a suboccipital craniotomy and telovelar 
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approach may be appropriate. When the major component of the tumor extends 
toward the pineal region, the various approaches to the pineal region itself may be 
utilized. In particular, the midline or paramedian supracerebellar infratentorial 
approach can open a relatively wide window to the midbrain and pericollicular area, 
as well as to the transition zone between the upper part of the midbrain and the 
pineal region [41–43]. Alternatively, the occipital transtentorial approach can be 
considered.

When approaching the pericollicular region, extra care should be taken to protect 
the fourth cranial nerve, which is situated directly below the inferior colliculus. Safe 
entry zones to the pericollicular region have been described. Supracollicular access 
can be obtained by performing a transverse incision above the superior colliculus; 
dissection continues until the periaqeuductal gray is reached. Alternatively, infra-
collicular access can be obtained by entering between the trochlear nerve and the 
inferior colliculus [3].

Similar to anterior midbrain lesions, central midbrain tumors may extend into the 
third ventricle, in which case they may be accessed via interforniceal, transcallosal, 

a
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Fig. 11.3 A 6-year-old girl presented with headaches, right third nerve palsy, and left hemiparesis. 
(a) Preoperative MRI demonstrated a midbrain tumor with extension into the third ventricle. (b) 
Postoperative MRI following a transcallosal subchoroidal approach. The third nerve palsy did not 
improve but she is otherwise intact, and 5 years postop, the residual has not progressed. The patient 
did not require additional treatment to date
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transchoroidal or transforaminal approaches (Fig.  11.3). Most of the approaches 
described in the Sect. 11.3.1 can be utilized for central midbrain lesions as well. The 
transchoroidal approach can be very helpful in achieving a good angle of attack to 
lesions that invade the third ventricle [38]. A similar view can be achieved using the 
interforniceal approach [36, 37, 44]; this approach works well for patients with a 
cavum septum pellucidum, but if the surgeon tries to separate the fornices after they 
have fused, the patients have a high likelihood of developing permanent memory 
deficits as a consequence of manipulating both fornices. Finally, the different peri-
temporal approaches are helpful in achieving a good angle of attack to lesions that 
either exophyte through the lateral midbrain or are fairly close to it.

11.3.3  Posterior (Dorsal) Midbrain

The posterior midbrain, or quadrigeminal plate, lies posterior to the cerebral aque-
duct [3]. The unique proximity of the posterior part of the midbrain to the aqueduct 
of Sylvius makes tumors in this location more likely to cause obstructive hydro-
cephalus. As a result, endoscopic biopsy has become an attractive option, since it 
can be performed for diagnosis at the same time as an ETV for CSF diversion is 
performed (Fig. 11.4). The endoscopic procedure can be carried out using a flexible 
or rigid endoscope and, in some cases, the combination of the two [29]. The entry 
point is usually more anterior than the regular entry point used for ETV, which is 
just anterior to the coronal suture [29, 45]. Once inside the lateral ventricle, the 
endoscope is introduced through the foramen of Monro while aiming to reach the 
posterior part of the third ventricle. The resection of the tumor can be carried out 
using endoscopic instruments or the NICO Myriad® (NICO Corporation) in order 
to achieve meaningful resection.

a b c

Fig. 11.4 A 14-year-old girl who presented to an outside facility with obstructive hydrocephalus 
and was diagnosed with a tectal plate mass. The patient underwent an endoscopic third ventricu-
lostomy; given that the tumor was exophytic into the posterior aspect of the 3rd ventricle, an 
endoscopic biopsy was recommended. (a) Axial T2-weighted and (b) sagittal FIESTA images 
demonstrate an avoid, well-circumscribed mass centered on the tectum and extending into the 
posterior aspect of the third ventricle. (c) Sagittal, post-contrast T1-weighted image demonstrates 
that the mass was not contrast-enhancing
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Some tumors ultimately require a more invasive approach for surgical resection. 
Most of these tumors are exophytic. Surgical corridors include many of those 
described previously, including the transchoroidal, interforniceal, supracerebellar 
infratentorial. and occipital transtentorial approaches. When the tumor is extending 
superiorly and laterally, the occipital transtentorial approach provides a very wide 
view that includes the pineal region, posterior part of the third ventricle, tectal plate 
and upper fourth ventricle, posterolateral surface of the mesencephalon, tentorial 
surface of the cerebellum, and splenium of the corpus callosum. The main pitfall, 
however, is that excessive retraction on the occipital lobe can injure the visual cor-
tex [46]. The midline approaches for the posterior midbrain, as well as the posterior 
third ventricle, usually start as interhemispheric, either parietal or occipital. CSF 
diversion prior to manipulation can significantly reduce potential injury to the brain 
from manipulation and retraction. In the interhemispheric transcallosal approach, 
either intervenous or paravenous, the patient is positioned in a supine position with 
the head in a neutral angle of rotation and considerably flexed. It is advised to even 
consider a semi-sitting position. Once the interhemispheric approach is achieved, a 
minimal callosotomy is performed, utilizing the navigation system in order to mini-
mize the opening at the posterior corpus callosum. A midline callosotomy will 
allow dissection through an avascular plane that runs between the two internal cere-
bral veins [47]. In order to approach the third ventricle, the surgeon needs to decide 
on either separating the internal cerebral veins or dissecting next to them; the 
approach is thus called intervenous or interforniceal, respectively. In the  intervenous 
approach, it is best to aim close to the confluence of the internal cerebral veins and 
the vein of Galen. Just proximal to this point, there is a natural separation between 
the two internal cerebral veins [47]. The dissection can be elongated anteriorly as 
needed. Another important benefit of the intervenous approach is that at this poste-
rior location, the forniceal crura are not fused and always lateral to the internal 
cerebral veins. After dissecting between the two veins, the surgeon should be cau-
tious not to excessively compress or manipulate the veins to avoid venous injury or 
thrombosis. This approach allows for direct visualization of the posterior midbrain, 
periaqueductal area, tectal plate, and pineal region. The drawback of this approach 
is the potential injury to venous structures, starting with the cortical veins, which 
may be sacrificed in some cases during the interhemispheric approach (although 
every effort should be taken to preserve them in order to avoid venous congestion or 
infarcts), and ending with the internal cerebral veins, which may be attached to 
tumors originating from the midbrain or pineal region.

The occipital interhemispheric approach to midbrain tumors usually includes the 
addition of either tentorial transection, falcine trasection, or both. The quoted name 
in the literature is the occipital interhemispheric transtentorial approach. The angle 
of attack can be a direct one, from ipsilateral to the center of the tumoral mass, or 
contralateral permitting a different trajectory. This approach, along with the supra-
cerebellar infratentorial approach, allows for a good trajectory to the quadrigeminal 
plate and the pericollicular area. Some surgeons advocate the sitting position [48], 
while others prefer the prone position – in a way that the confluence of sinuses is the 
highest point, the concord position, or the three-quarters prone position [49]. The 
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tentorial opening is usually done at 1 cm lateral and parallel to the straight sinus. If 
an ipsilateral approach is chosen, usually only an ipsilateral view of the ambient and 
quadrigeminal plate can be achieved. Yet, the addition of falcine dural transection 
usually at around 1 cm above and parallel to the straight sinus allows for a much 
broader view of the quadrigeminal plate. In recent years, there is growing literature 
that supports the use of an endoscope to augment the occipital interhemispheric 
approach [50, 51].

The supracerebellar infratentorial is the most inferior approach to the midbrain. 
In this approach, the surgeon has a wide view of the quadrigeminal plate. The patient 
can be positioned in either the sitting or the three-quarters prone position. The open-
ing can be midline or paramedian, preparing for a craniotomy that will be either on 
the edge of the sinus or crossing the sinus, so that the dural opening will have a 
horse-shoe pattern with the stalk against the sinus. In this way, the surgeon can 
elevate the dura upwards, helping to further open the junction between the cerebel-
lum and the tentorium. The dissection is carried out by resecting the arachnoid 
adhesions at this junction, including the thick arachnoid matter covering the quadri-
geminal plate. Care should be taken to avoid injury to the precerebellar veins or the 
vermian vein. The vascular structures exposed include the posterior cerebral artery, 
a tentorial branch of the superior cerebellar and medial posterior choroidal arteries, 
the vein of Galen, and the internal occipital and cerebral veins [49]. The endoscope 
can be an efficient and important tool in this approach as well.

In recent years, several publications suggested the use of tubular retractors to 
attack these deep-seated lesions, including midbrain tumors. The use of advanced 
imaging and understanding of the exact location of the CST is of paramount impor-
tance [52].

11.4  Surgical Decision-Making

The main surgical consideration is typically to achieve CSF diversion. ETV, with a 
possible endoscopic biopsy, is often preferred. In some cases, a ventricular shunt 
may be necessary (e.g., if the patient’s anatomy is unfavorable to an ETV). In cases 
in which the initial diagnosis is questionable, or in cases where there is clear tumor 
progression, surgical biopsy or resection should be considered. Regardless of the 
surgical approach, DTI to detect the CSTs location is critical for planning the best 
approach [52] (Fig. 11.5). Most thalamopeduncular tumors, for example, displace 
the CST anterolaterally, and a transsylvian approach would violate the CST. In these 
cases, as well as in cases where the CST is displaced medially, a transtemporal 
 transchoroidal approach is appropriate and facilitates complete removal of the 
tumor while protecting the CST. In cases where the CST is displaced laterally, how-
ever, a transcortical middle frontal gyrus approach is more appropriate. In addition 
to the CSTs, other critical structures that should be identified on preoperative imag-
ing and protected intraoperatively include the optic tract, basal vein of Rosenthal, 
and the third cranial nerve [52].
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11.5  Prognosis

Prognosis depends on several parameters. Tumor histology (high-grade versus 
LGG), as well as specific molecular features such as the H3K27 M mutation, are 
known to significantly affect the prognosis. Although the classic tectal glioma is 
typically considered indolent with a good prognosis, up to 20% of cases are diag-
nosed as high-grade gliomas. Radiographic disease progression may occur, with an 
average duration from diagnosis to progression ranging from 3 months to 7.8 years. 
Patient outcomes were reported in 28 studies, with 495/508 patients (97.4%) surviv-
ing for an average duration that ranged between 2 and 10 years [15].

11.6  Conclusion

Midbrain tumors are complex lesions, and a stepwise approach regarding diagnosis 
and treatment is critical. Although most tectal gliomas will possibly require CSF 
diversion and have an otherwise indolent course, care should be taken to ensure that 

a
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Fig. 11.5 A 4-year-old boy who presented with progressive right hemiparesis. (a) Preoperative 
axial FIESTA image demonstrates a mixed solid and cystic left pontomesencephalic lesion. (b) 
Axial, post-contrast T1-weighted image demonstrates diffuse enhancement of the center of the 
lesion. (c) Axial DTI demonstrating medial displacement of the corticospinal tract fibers, facilitat-
ing a transtemporal transchoroidal approach. (d) Coronal T2-weighted image. (e) Postoperative 
axial, post-contrast T1-weighted image
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the diagnosis is certain. Additionally, any evidence of tumor progression demands 
intervention. Most other midbrain tumors will mandate either surgical resection or 
biopsy and oncological treatment. There are several surgical approaches to the mid-
brain, which are divided into approaches targeting the anterior, middle and/or pos-
terior areas of the midbrain. For the anterior midbrain, many of the approaches 
utilize either the transventricular or the peritemporal trajectories. For the central 
portion of the midbrain, many tumors will invade the third ventricle; hence, the 
surgeon uses various techniques to expand the view through the third ventricle. For 
the posterior part of the midbrain, some approaches utilize the interhemispheric cor-
ridor, either from the parietal or the occipital areas, whereas some tumors can be 
approached through the posterior fossa. In recent years, endoscopes and exoscopes 
have been used more often, the goal of which is to achieve better visualization of the 
deep areas of the brain, such as the midbrain. Meticulous planning before surgery 
will assist in choosing the best treatment strategy  as well as the right surgical 
approach for this highly complex area.
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12.1  Introduction

The current chapter discusses the entire current armamentarium of surgical approaches 
to lesions residing in different regions of the pons, from which a neurosurgeon can 
choose to perform the least invasive, maximally safe surgery. That said, the surgeon 
should implement a 360-degree evaluation of the lesion for the best approach based 
on the concept of adopting a surgical trajectory that avoids crossing of the important 
neurovascular elements. The pons is reported to harbor most of the cavernous malfor-
mations in the brainstem, with higher tendency to bleed, as well as most of the pedi-
atric brainstem tumors [1–3]. In some publications reporting on the likelihood to find 
a vascular lesion or a tumor in the brainstem by location, 61% of symptomatic brain-
stem cavernous malformations and 35% of pediatric brainstem tumors were located in 
the pons [3–6]. While several of the discussed approaches and their variations can be 
utilized to tackle lesions in the midbrain and medulla oblongata, these are discussed 
in detail in other chapters of this book (see Chaps. 11 and 13). Indications and techni-
cal nuances for obtaining a biopsy are discussed in Chap. 8 as well. From the senior 
author’s experience, it is important to emphasize the role of intraoperative neuromoni-
toring in brainstem surgery in order to obtain the best postoperative outcomes, a topic 
that is comprehensively discussed in Chap. 5 of this book.

Surgical resection of pontine lesions demands mastery of neurosurgical skills 
and thorough knowledge of anatomy as well as the various approaches and available 
technologies to achieve excellent surgical results. The hidden location of the pons in 
between the cerebellum, petrous bone, clivus and major blood vessels demands 
utilizing different approaches to reach specific locations inside the pons.

12.2  Surgical Anatomy of the Pons

The anterolateral surface of the pons has a protuberant, convex shape. Anteriorly, a 
shallow median groove (a.k.a. basilar sulcus) marks the track of the basilar artery 
(BA); the two pyramidal eminences running parallel along both sides of this groove 
contain corticospinal fibers crossing rostrocaudally through the substance of the 
pons. Another vertical shallow groove, the lateral pontine sulcus, smoothly separates 
the belly of the pons medially from the middle cerebellar peduncle (MCP) laterally, 
the latter of which seems to be in continuation with the belly. The pontomesence-
phalic and pontomedullary sulci run in the horizontal plane and mark the upper and 
lower limits of the pons with the midbrain and medulla, respectively (Fig. 12.1).

The anterior two-thirds of the pons contain corticospinal and corticobulbar fibers, 
which traverse vertically and more anteriorly than most of the horizontal transverse 
pontine fibers that course between the MCPs. However, a thin layer of superficial 
transverse fibers cross anterior to and cover the corticospinal/corticobulbar fibers 
superiorly and inferiorly. The pontine nuclei, a relay station for the corticopontocer-
ebellar fibers, are interspersed between the transverse pontine fibers (Fig. 12.2). The 
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Fig. 12.1 Anterior surface of the pons. The superior ventral pontine safe entry zones are located 
paramedian, are limited by the pontomesencephalic sulcus superiorly, and a virtual horizontal line 
connecting the root entry zones of CNs V marks the lower limit as shown (see Sect. 12.3 of this 
chapter for full description of safe entry zones)

Fig. 12.2 Horizontal cut through the substance of the pons showing the corticospinal/corticobul-
bar and transverse pontine fibers
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posterior one-third of the pons houses several cranial nerve (CN) nuclei, ascending 
tracts, and the upper portion of the floor of the fourth ventricle (see Fig. 12.2). The 
trigeminal nerve enters at the midlevel of the pons just lateral to the lateral pontine 
sulcus but medial to the MCP and can be considered as the limit between the MCP 
and the pons; its small motor root lies superomedially, and its large sensory root lies 
inferolaterally (Fig.  12.3). Understanding the anatomical organization of the tri-
geminal nerve is important to plan a safe entry point, which is discussed in detail 
later in this chapter. The trigeminal nerve courses obliquely in the substance of the 
pons to reach the motor and main sensory nuclei of the trigeminal nerve, located 
ventral to the superior cerebellar peduncle (SCP) in the posterior one-third of the 
pons; the mesencephalic nucleus lies dorsomedial to the motor(medial)/main 
sensory(lateral) nuclei complex, closer to the surface of the fourth ventricle, and 
medial to the SCP. The trigeminal mesencephalic and the trigeminal spinal tracts 
extend from the motor/main sensory nuclei rostrally and caudally, respectively. The 
central tegmental tract runs medial to the trigeminal mesencephalic tract to connect 
the red nucleus superiorly with the inferior olivary nucleus inferiorly, and the medial 
longitudinal fasciculus (MLF) runs just medial to it. From a microsurgical stand-
point, these vertically-traversing structures can be projected onto the posterior sur-
face of the fourth ventricle – above the level of the facial colliculus – and from 
medial to lateral as per the following: the median sulcus of the fourth ventricle runs 
at the center, followed by MLF (and facial colliculus inferiorly), sulcus limitans, 

Fig. 12.3 Anterolateral surface of the pons
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trigeminal nuclei/mesencephalic tract, and SCP (Fig. 12.4). Note that both nuclei 
(sensory and motor) can be projected onto the surface of the fourth ventricle just 
above the point of intersection of an imaginary axial line connecting the upper edges 
of the facial colliculi with the medial edge of the SCP (see Fig. 12.4). Medial to the 
trigeminal nerve lies the abducens and facial nerves and nuclei. The abducens 
nucleus lies very close to the surface of the fourth ventricle (see Fig. 12.4) and proj-
ects its intrapontine fibers anteriorly to emerge from the pontomedullary sulcus just 
lateral to the eminence formed by the corticospinal tract (see Fig. 12.1). The more 
anterior motor nucleus of the facial nerve projects its intrapontine fibers posterome-
dially to form an inferior-to-superior and medial-to-lateral loop (a.k.a. internal genu 
of the facial nerve) around the abducens nucleus (see Fig. 12.4), which then emerges 
from the most lateral edge of the pontomedullary sulcus (see Fig. 12.1). It is impera-
tive to understand not only the location of the facial nucleus but also the projection 
of its fibers, since the mass effect from a tumor can displace the normal trajectory. 
It is also important to learn the anatomical organization of the facial colliculi in 
order to recognize the safe entry zones related to its location. On the surface of the 

Fig. 12.4 Posterior surface of the pons. The approximate location of the superior fovea triangle 
and the motor/sensory nuclei of CN V are shown on the right (nondissected) and left (dissected) 
sides. The superior foveal (lateral sulcus limitans) safe entry zones coincides with the lower half of 
the superior fovea triangle. The fourth ventricular medial sulcal (interfacial), suprafacial collicular 
(suprafacial triangle), and infrafacial collicular (infrafacial triangle) safe entry zones are also 
shown (see Sect. 12.3 of this chapter for full description of safe entry zones)
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fourth ventricle, the facial colliculi reside in the median eminences that run verti-
cally parallel to the median sulcus and are limited laterally by the sulcus limitans; 
the facial colliculi are formed by the abducens nuclei causing an impression on the 
surface of the fourth ventricle (see Fig. 12.4). The superior fovea is situated just 
lateral to the facial colliculus (see Fig. 12.4). At the level of pontomedullary junc-
tion, only the superior, medial and lateral vestibular nuclei can be noted, while the 
inferior vestibular nucleus is situated at the level of the upper medulla. The former 
three nuclei are located dorsal to the trigeminal spinal tract and superomedial to the 
upper part of the inferior cerebellar peduncle. Other nuclei and tracts residing in the 
posterior one-third of the pons and should be accounted for while planning for the 
surgical approach include the periaqueductal gray matter, dorsal and ventral trigem-
inothalamic tracts, rubrospinal tract, spinothalamic tract, medial lemniscus, raphe 
nuclei, tectospinal tract, reticular formation, lateral lemniscus and its nuclei, locus 
ceruleus, dorsal longitudinal fasciculus, ventral spinocerebellar tract, trapezoid 
body, superior olivary nucleus, among others.

The anterior prepontine and lateral cerebellopontine cisterns border the pons and 
house its associated neurovascular structures. The prepontine cistern is much 
smaller and bordered by the interpeduncular cistern superiorly, premedullary cistern 
inferiorly, and lateral cerebellopontine cisterns laterally. It contains the BA, lying on 
top of anteromedian pontomesencephalic vein, and the origins of the superior cer-
ebellar arteries (SCAs), anterior inferior cerebellar arteries (AICAs), and the pon-
tine perforating arteries (Fig.  12.5). The lateral cerebellopontine cisterns house 
most of the neurovascular structures related to the pons. The vein of pontomesence-
phalic sulcus runs in the pontomesencephalic sulcus and drains into the basal vein 

Fig. 12.5 Posterior fossa vessels and their relationship to the pons
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of Rosenthal through the lateral mesencephalic vein, and the vein of pontomedul-
lary sulcus runs in the pontomedullary sulcus and drains into the superior petrosal 
vein by means of the vein of the MCP (see Fig. 12.5). In between runs a complex 
and highly variable circuit of veins, the most prominent of which are the transverse 
pontine veins, anterolateral pontomesencepahlic veins, lateral pontine veins, pon-
tine trigeminal veins, and parts of the veins of cerebellopontine and cerebellomedullary 
fissures; all these veins eventually drain into either the superior petrosal vein or the 
basal vein of Rosenthal (see Fig. 12.5). The SCA originates from the BA at the level 
of the pontomesencephalic sulcus, and the AICA originates at variable levels of the 
lower half of the BA; in the lateral cerebellopontine cistern, s1 and s2 of SCA run 
close to the midbrain and SCP, whereas a1 and a2 of AICA are associated with the 
abducens, facial and vestibulocochlear nerves and the MCP.  Finally, portions of 
CNs V-VIII initially run in the lateral cerebellopontine cistern (see Fig. 12.1) before 
entering/exiting through their corresponding foramina.

12.3  Safe Entry Zones

The entry zone for exophytic tumors is usually straightforward, where resection 
begins with a entry point and trajectory that trails the exophytic part, followed by 
debulking the tumor center, attempting to create a surgical plane, and ends with 
careful removal of the remaining tumor that is closest to the pontine tissue. 
Preoperative planning using advanced imaging techniques such as diffusion tensor 
imaging is imperative for success in this complex neurovascular anatomical region. 
If removing the rest of the tumor will create neurological deficits, surgical resection 
is halted, and postoperative adjuvant therapies are pursued as needed.

Pontine lesions that do not reach the surface present an additional challenge to 
the surgeon, who will have to plan not only the shortest and least invasive surgical 
corridor and approach, but also identify the safest entry into the pontine tissue and 
secure the lesion without postoperative sequelae. The following safe entry zones 
into the pons are discussed in the context of non-distorted anatomy, a rule that typi-
cally applies to small lesions exhibiting minimal mass effect and distortion of 
nearby structures. However, given that a large number of important tracts and nuclei 
swarm in the small volume of the pons, one should consider that the safe entry zones 
described in the literature may ‘no longer be safe’ secondary to distortion of the 
normal anatomy; preoperative vigilant analysis of the imaging studies is required to 
devise an alternative, safe plan, which is also significantly facilitated by detailed 
overview of the intraoperative anatomy and intraoperative monitoring and mapping.

12.3.1  Peritrigeminal

The peritrigeminal safe entry zone permits access to the anterolateral pons through 
a narrow surgical window, which is suitable for obtaining a biopsy or partial resec-
tion. It also can be used for resection of cavernous malformations in proximity [7]. 
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Recalde and colleagues [8] described the peritrigeminal entry zone as one that starts 
rostrally, just in front of the takeoff of the trigeminal nerve (Fig. 12.6). Inside the 
pontine tissue, the trajectory proceeds through the white matter in a vertical plane 
that is anterior and parallel to the plane formed by the motor/main sensory nuclei of 
trigeminal nerve and their laterally projecting fibers, and posterior to the lateral 
edge of the descending corticospinal tracts (Fig. 12.7). On the axial plane, the mean 
width of the corridor is around 4–5 mm [8], and the length is around 9–13 mm [8]. 
Staying within this plane and avoiding dissection above the trigeminal or below the 
facial/vestibulocochlear nerves should be safe if normal anatomy is not distorted.

12.3.2  Supratrigeminal

The supratrigeminal safe entry zone permits access to the anterolateral pons. On 
surface anatomy, it corresponds to a vertical line on the MCP, where the pontomes-
encephalic sulcus and superior edge of the origin of the trigeminal nerve mark its 
rostral and caudal limits, respectively (see Fig. 12.6). Inside the pontine tissue, the 
trajectory proceeds in a coronal plane that runs in the middle of and along the MCP 
and pontine transverse fibers (see Fig. 12.7). After entering through the described 
surface landmarks, extending the dissection within the middle one-third of the pons 
on axial cuts is allowed, but with extreme caution so as not to reach the posterior 

Fig. 12.6 Approximate locations of the peritrigeminal, supratrigeminal and lateral pontine (mid-
dle cerebellar peduncle) safe entry zones (see Sect. 12.3 of this chapter for full description of safe 
entry zones)
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edge of the descending corticospinal tracts (use of white matter dissection monitor-
ing is important) or the anterior limit of the dorsal one-third of the pons.

12.3.3  Lateral Pontine (Middle Cerebellar Peduncle)

The lateral pontine (MCP) safe entry zone lies in the vicinity of the trigeminal root 
entry zone and allows for resection of anterolateral pontine lesions. Some experts 
consider this entry zone as a natural elongation of the supratrigeminal safe entry 

Fig. 12.7 Lateral dissection into the pontine substance, showing the approximate intrapontine 
trajectories of the peritrigeminal, supratrigeminal, lateral pontine (middle cerebellar peduncle), 
suprafacial collicular and infrafacial collicular safe entry zones (see Sect. 12.3 of this chapter for 
full description of safe entry zones)
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zone; it lies on the same line of the supratrigeminal safe entry zone, separated only 
by the trigeminal nerve root. This safe corridor is situated on the junction between 
the MCP and the pons, with the trigeminal nerve and facial-vestibulocochlear com-
plex as its rostral and caudal limits, respectively [9] (see Fig.  12.6). Inside the 
 pontine tissue, the trajectory proceeds superior and almost perpendicular to the 
intrapontine segment of the trigeminal nerve (see Fig. 12.7). Similar to the peritri-
geminal and supratrigeminal safe entry zones, the lateral pontine safe entry zone 
allows relatively safe dissection posterior and lateral to the corticospinal tracts. A 
combination of this entry zone and the supratrigeminal safe entry zone can poten-
tially permit a wide safe corridor to the anterolateral pons. Alternatively, utilizing 
this corridor on its own gives a relatively narrow corridor that does not allow a lot 
of manipulation [2].

12.3.4  Suprafacial Collicular (Suprafacial Triangle)

The facial colliculus is a prominence visualized on the floor of the fourth ventricle, 
corresponding to the facial nerve looping around the nucleus of the abducens nerve 
in the posterior one-third of the lower pons. The suprafacial collicular safe entry 
zone permits access to the dorsal pons through the fourth ventricular floor. On sur-
face anatomy, it corresponds to a quadrilateral (also referred to as a triangle), where 
the superior edge of the facial colliculus (base of quadrilateral lies on top of it) 
marks its caudal limit, the frenulum veli (through which the trochlear nerve crosses) 
marks its rostral limit, the MLF marks its medial limit, and the sulcus limitans 
marks its lateral limit (see Fig. 12.4). Inside the pontine tissue, the trajectory pro-
ceeds in a sagittal plane that is strictly parallel to the median sagittal plane (see 
Fig. 12.7). The longitudinal arm that is parallel to the MLF is around 13–14 mm in 
length (between facial colliculus and CN IV decussation); this line should stretch 
around 0.6 mm away from the midline in order to avoid MLF injury [10]. The main 
structure that limits the lateral dissection is the motor nucleus of the trigeminal 
nerve, which is located at 6–7 mm from midline [10]. Within this plane, the surgeon 
should avoid dissecting deeper than 4–5  mm (medial lemniscus depth [11]) on 
axial cuts.

12.3.5  Infrafacial Collicular (Infrafacial Triangle)

The infrafacial collicular safe entry zone is another area that permits a relatively 
safe corridor to the dorsal pons through the floor of the fourth ventricle. Like its 
suprafacial collicular counterpart, it is shaped as quadrilateral, where the inferior 
edge of the facial colliculus (formed by the inferior intrapontine segment of the 
facial nerve) marks its rostral limit, the superior edge of the hypoglossal trigone, 
harboring the hypoglossal nerve and the dorsal nucleus of the vagal nerve, marks its 
caudal limit, the MLF marks its medial border, and the facial nerve (and the facial 
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nucleus and nucleus ambiguous just below the ventricular surface) marks its lateral 
limit (see Fig. 12.4). Inside the pontine tissue, the trajectory proceeds in the sagittal 
planes (within the limits of the quadrilateral) that are parallel to the median sagittal 
plane (see Fig. 12.7). As in the case of suprafacial collicular safe entry zone, the 
surgeon should avoid dissecting deeper than 4–5 mm on axial cuts. The maximum 
length of the quadrilateral from hypoglossal trigone to the facial colliclus was found 
to be around 9 mm [10].

12.3.6  Superior Foveal (Lateral Sulcus Limitans)

The superior foveal zone is another relatively safe entry zone that permits access to 
the dorsal pons through the fourth ventricular floor. On surface anatomy, it corre-
sponds to the lower half of the superior fovea triangle, where the most lateral point 
of the upper fourth ventricle coincides with its apex, the SCP marks its superolateral 
edge, the vestibular area marks its inferolateral edge, and the sulcus limitans marks 
its base medially (see Fig. 12.4). Inside the pontine tissue, the trajectory proceeds in 
the lower half of the triangle in a plane parallel to the median sagittal plane, keeping 
in mind that the motor and sensory nuclei of the trigeminal nerve sit deep to the 
superolateral edge (medial edge of the SCP) of the triangle (see Fig. 12.7).

12.3.7  Fourth Ventricular Median Sulcal (Interfacial)

The median sulcal safe entry zone permits access to the dorsal pons through the 
floor of the fourth ventricle. The main limitation for this approach is the potential 
risk of injuring midline decussating fibers or the MLF due to excessive lateral 
retraction. On surface anatomy, it corresponds to the median sulcus, where the fren-
ulum veli (through which the trochlear nerve crosses) marks its superior limit, and 
a transvers line connecting the lower edges of the facial colliculi marks its inferior 
limit [12] (see Fig. 12.4). Inside the pontine tissue, the trajectory proceeds strictly 
in the median sagittal plane, keeping in mind that both MLFs run immediately lat-
eral to the median sulcus and close to the surface. Note that even mild lateral retrac-
tion can injure the MLFs and should be avoided as well.

12.3.8  Superior Ventral Pontine

Anterior pontine safe entry zones are not as feasible as their anterolateral and pos-
terior counterparts due to the dense eloquence imposed by the median location of 
the BA and its pontine perforating branches, as well as the corticospinal tracts, 
which descend immediately lateral to the trajectory of the BA. One safe entry zone 
described by Cavalheiro and colleagues [13] permits access to the superior ventral 
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pons. Note that the authors labeled it as “supratrigeminal”; to avoid confusion with 
the supratrigeminal safe entry zone discussed in Sect. 12.3.2, we will refer to it as 
“superior ventral pontine” safe entry zone. On surface anatomy, it corresponds to a 
vertical line (around 4 mm), where the pontomesencephalic sulcus at the level of the 
origin of oculomotor nerve marks its rostral limit, a line connecting the pontine 
surface origins of the trigeminal nerves marks its caudal limit, the BA (and any of 
its pontine perforating branches originating close to this vertical line) marks its 
medial limit, and the corticospinal tract marks its lateral limit (see Fig. 12.1). Inside 
the pontine tissue, the trajectory proceeds in a plane that is strictly parallel to the 
median sagittal plane. Note that this entry zones takes advantage of the obliquely 
oriented (lateral to medial) descending tracts (medial frontopontine, middle cortico-
spinal, and lateral temporopontine tracts); therefore, entry above the level of the line 
connecting the surface origins of the trigeminal nerves does not risk injuring the 
corticospinal tracts, although some frontopontine fibers may be disrupted by dissec-
tion in that plane.

12.4  Anterior (Ventral) Pons

12.4.1  Orbito-Fronto-Zygomatic Approach

The orbito-fronto-zygomatic approach, a modification of the extended pterional and 
supraorbital craniotomy, allows a relatively convenient angle to access the upper 
ventral pons through the superior ventral pontine safe entry zone discussed in Sect. 
12.3.8. It is rarely utilized to tackle pontine lesions as it only exposes the upper pons; 
it is not practical to approach lesions localizing towards the middle and inferior pons.

12.4.1.1  Surgical Setup and Patient Positioning

The patient is placed in a supine position with his/her head turned slightly (15–30°) 
to the opposite side, along with slight hyperextension. This position allows for a 
convenient corridor from above the orbit to the upper brainstem and uses gravity to 
allow the brain to fall from the anterior skull base, decreasing the need for brain 
retraction.

12.4.1.2  Surgical Corridor(s) and Approach

A hemicoronal or fronto-temporal incision begins in the preauricular area, extending 
upwards towards the vertex in a straight line and then curves forward towards the 
midline. The skin flap is reflected anteriorly along with the temporal fascia. The next 
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step is to expose the zygomatic arch from its root at the temporal bone to its frontal 
process; an interfascial dissection is performed. A wide pterional craniotomy is per-
formed, followed by an orbitozygomatic osteotomy. The dura is opened widely to 
allow full dissection of the sylvian fissure. The dissection is carried towards the 
carotico-oculomotor triangle, then to the interpeduncular cistern. This approach suf-
ficiently exposes the midbrain, pontomesencephalic junction, and upper anterior pons.

12.4.2  Endoscopic Endonasal Transclival Approach 
(Fig. 12.8)

The endoscopic endonasal approach (EEA) has been proposed as a potential alter-
native for ventral brainstem lesions [14]. It is currently utilized for superficial or 
exophytic small lesions. The BA and its perforating branches as well as the cortico-
spinal tracts are the most eloquent structures in the ventral brainstem and must be 
cautiously localized after dural opening [15]. The abducens nerves, which have an 
anterolateral course, are also at risk of injury during this approach.

Fig. 12.8 Schematic illustration of various surgical approaches used to reach the anterior, antero-
lateral and posterior surfaces of the pons (printed with permission from Mohammad Hassan 
A. Noureldine, Nir Shimony, and George I. Jallo)
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12.4.2.1  Surgical Setup and Patient Positioning

The distinct surgical trajectory of the EEA dictates a different surgical setup and 
patient positioning compared to other classic approaches to the pons. This is a rela-
tively new approach and not very well reported in the literature. It demands high 
skills in the realm of endonasal endoscopic surgeries and, in many cases, a collabo-
ration between the ear, nose and throat (ENT) and neurosurgery teams. The patient 
is positioned supine with a slight neck extension and a slight head rotation towards 
the surgeon’s side; right-handed surgeons will find it easier to operate from the right 
side of the patient, and vice versa.

12.4.2.2  Surgical Corridor(s) and Approach

Inspection of the anterior compartment of the nasal cavity gives an idea about any 
variations (septal deviation; size of turbinates) that may alter normal anatomy. The 
use of preoperative computed tomography (CT) scan is recommended to evaluate 
the presence of such variations and help in identifying the optimal alternate trajec-
tory; the same CT scan can also be used for stereotactic navigation. The initial 
approach is very much similar to any other trans-sphenoidal approach to reach the 
sellar region, yet in this case there is no need to dissect towards the ethmoid area 
since the surgical trajectory is directed to a lower level. The extent of bone exposure 
(e.g., need for wide trans-sphenoidal dissection) depends on the location and rostro- 
caudal extension of the pathology within the pons. For tumors extending towards 
the upper part of the pons and pontomesencephalic sulcus, sphenoidal dissection is 
required to achieve the correct trajectory.

Prior to surgery, the nasal cavity is infiltrated with lidocaine/epinephrine-soaked 
gauzes for 5–10 minutes to shrink the conchal mucosa and induce vasospasm for 
better hemostasis. Upon introducing the endoscope into the nostril, the nasal septum 
is seen medially and the middle and inferior turbinates laterally. The use of stereo-
tactic navigation can be very helpful. The endoscope is then passed through the 
middle meatus, the passage between the middle and inferior nasal conchae, and the 
middle turbinate is lateralized or preferably resected for better exposure and identi-
fication of critical neurovascular structures, as well as to provide more space for the 
simultaneous use of the endoscope and several instruments later during the proce-
dure. After removing the middle turbinate, the uncinate process may be seen just 
anterior to the ethmoid bulla on the lateral side of the surgical view. Note that the 
superior half of the uncinate process is part of the medial orbital wall, while the 
inferior half forms the medial maxillary wall. On the medial side of the surgical 
view, the choana and sphenoid rostrum can be noted. Before proceeding with any 
further dissection, the sphenopalatine artery should be identified at the sphenopala-
tine foramen of the palatine bone by following the posterior root extension of the 
resected middle turbinate; this artery should be preserved as it constitutes the main 
vascular supply of the nasal septal flap, which is being used in most of these cases. 
The immediate next step is to identify the Vidian nerve, a key landmark that will 
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help to locate and prevent injury to the internal carotid artery (ICA) while drilling 
the clivus. The location of the Vidian nerve can be approximated at around 5 mm 
lateral to the midline of and 10 mm superior to the choana. To find the exact loca-
tion, however, the palatovaginal bundle running under the mucosa of the choanal 
roof is followed to the sphenopalatine ganglion, pointing to the Vidian nerve as it 
passes through the pterygoid canal. Then, the posterior septum and posterior/infe-
rior segments of the vomer are resected to allow for bilateral exposure of the sphe-
noid sinus (covering the upper one-third of the clivus) superiorly and the lower 
two-thirds of the clivus and odontoid/C1 through the choana inferiorly. Before pro-
ceeding with clival drilling and opening, the surgeon should develop an understand-
ing of the complete relationship of the ICA anatomy to the planned opening.

A pontine pathology localized at or extending into the level of the upper one- 
third of the clivus necessities the creation of a trans-sphenoidal corridor. The same 
steps of the trans-nasal corridor are repeated for the trans-sphenoid corridor. The 
sphenoid ostia, which may be hidden deep to and necessitating resection of the 
inferior one-third of the superior turbinate, are bilaterally enlarged inferiorly and 
medially, followed by removing the anterior wall of the sphenoid sinus bilaterally. 
Removing the intersinus septae can be tricky as the fractured segments may twist 
and injure the carotid arteries; therefore, drilling the intersinus septum until it 
flushes to the posterior wall of the sphenoid is preferred over fracturing it with a 
rongeur. The mucosa is then scraped off the inside walls of the sinus. Careful iden-
tification of the planum, tuberculum, sella,  medial optico-carotid recess (at the 
inferomedial angle between ICA and optic nerve), carotid arteries, lateral optico- 
carotid recess (at the superolateral angle between ICA and optic nerve), cavernous 
sinuses, optic nerves, Vidian nerves/pterygoid canals, and clival process of the sphe-
noid bone is imperative before proceeding with the trans-clival approach.

The trans-clival approach begins with maximizing the approach exposure to its 
natural limits, i.e. pituitary gland superiorly, ICAs and eustachian tubes laterally, 
and soft palate floor inferiorly. In cases where tumor extension demands exposing 
the anterior arch of C1, soft tissue dissection should proceed by removing the naso-
pharyngeal mucosa and pharyngobasilar fascia, followed by sequential incision of 
the longus capitis, rectus capitis anterior, and atlanto-occipital ligaments; this will 
fully expose the clivus laterally and inferiorly as well as the anterior arch of the 
atlas, dens of the axis, and bilateral occipital condyles. The anterior arch of C1 and 
sometimes the upper part of the dens can be resected, which according to several 
publications does not cause occipitocervical instability unless the patient had stabil-
ity and alignment issues before surgery [16]. Again, before drilling the clivus, 
meticulous overview of the planned opening should be undertaken by the surgical 
team; the lateral clival limits are identified by the location of the Vidian nerve, which 
points to the turning of the ICA at the foramen lacerum, and the location of the 
supracondylar groove, where CN XII crosses through the hypoglossal canal that is 
located just posterolateral to the groove [17]. The clivus is then cautiously micro-
drilled in a way that allows sufficient exposure for tumor resection and can be 
extended from the dorsum sellae to the anterior arch of atlas; controlling bleeding 
from the basilar venous plexus while drilling is critical to maintain a clear surgical 

12 Surgical Approaches to Pontine Tumors



280

view, keeping in mind the nonuniform rostro-caudal bony thickness of the clivus. 
Given that the most rostral edge of the clivus extends behind the posterior sellar 
wall, in some cases, the sella turcica may need to be opened, the posterior clinoid 
processes removed, and the pituitary gland lateralized or pushed superiorly to pro-
vide further rostral access to the clivus. The intercavernous sinus is cauterized, and 
the dura is opened in a trap-door shape and reflected towards the right or left side; 
care should be taken not to injure the transdural segment of the abducens nerve as it 
crosses towards Dorello’s canal at around 5 mm medial to the lateral edge of the 
exposure, just above a horizontal line connecting the foramina lacerum [18]. 
Opening the dura exposes segment 4 of the vertebral arteries (VA), with the proxi-
mal anterior spinal artery and proximal posterior inferior cerebellar arteries (PICAs) 
(p1 segment) arising from VA medially and laterally, respectively; CN XII (in close 
association with PICAs) and the medullary pyramids at the preolivary sulcus; entire 
BA, with AICAs originating anywhere from its caudal half and associated with the 
cisternal segment of CN VI; many pontine perforators of different sizes arising from 
the lateral/posterior surfaces of the BA, which proceed to supply the ventrolateral 
pontine tissue; SCAs originating from the BA superiorly at the level of the ponto-
mesencephalic sulcus; posterior cerebral arteries (PCAs) at the superior bifurcation 
of the BA (a.k.a. basilar apex); CN III crossing between the proximal segments of 
the PCAs and SCAs; thalamostriate perforating arteries that arise from the poste-
rior/superior surfaces of the basilar apex and P1 PCAs; the ventral surface of the 
pontine belly; and a circuit of pontine veins. The far-medial (trans-condylar and 
trans-jugular tubercle) trans-clival approach is a coronal expansion of the dissection 
at the level of the lower one-third of the clivus, which provides further access to the 
ventrolateral surface of the pontomedullary junction. Specifically, the cisternal seg-
ments of the CN IX-XII and the inferior petrosal sinus as it enters the jugular fora-
men can be visible with the far-medial approach.

Note that different variations of the above steps could be implemented depending 
on the location and extension of the pathology within the prepontine cistern/pontine 
tissue as well as variant normal anatomy of the nasal cavity and skull base structures.

One of the drawbacks of the endoscopic endonasal trans-clival approach is the 
limited safe access it provides to tackle intraaxial pontine lesions. Lesions with 
exophytic components extending to the ventral pontine surface tend to create a safe 
passage by expanding and pushing viable brainstem tissue away from the trajectory. 
Hence, exophytic tumors can be tackled by debulking and piecemeal removal of the 
lesions with minimal risk of injury to critical nearby structures. Alternatively, ven-
tral intraaxial lesions without an exophytic component demand utilizing ventral safe 
entry zones, which are currently limited to the superior ventral pontine safe entry 
zone (Sect. 12.3.8) (Fig. 12.9). To our knowledge, there is no reported ventral pon-
tine safe entry zone to the inferior pons; intraaxial lesions located in this area are 
better tackled through anterolateral surgical approaches (Sect. 12.5) and safe entry 
zones (Sect. 12.3). When comparing the endoscopic approach to the microscopic 
anterolateral approaches, the endoscope can provide direct and clear view to the 
center of the pons and less so to the peritrigeminal area, which is more reachable 
with the classic microscopic approaches. Various cadaveric publications showed 
that one of the main obstacles is the BA and its perforators. The BA does not always 
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Fig. 12.9 Schematic illustration of the approximate locations of the pontine safe entry zones as 
reported in the literature (see Sect. 12.3 of this chapter for full description of safe entry zones) 
(printed with permission from Mohammad Hassan A.  Noureldine, Nir Shimony, and George 
I. Jallo)
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reside and course along the pontine midline [19]. Covering most of the anterior 
surface of the pons, the basilar perforators traverse and supply the superficial corti-
cospinal tracts, medial lemniscus, MLF, CN VI nuclei, and other deep pontine struc-
tures. Injury to one of the perforators can lead to the devastating locked-in syndrome; 
therefore, unnecessary and excessive manipulation should be avoided [8, 19]. 
Locked-in syndrome is classically associated with a mid-basilar occlusion, which 
leads to infarction in the basis pontis [20]. The complex inner architecture of the 
pons, including the anteriorly located corticospinal tracts, mandates that the anterior 
approach should be advocated for those lesions that come to the surface.

Closure and skull base reconstruction following an endoscopic endonasal trans- 
clival approach are challenging due to the risk of developing high-flow cerebrospi-
nal fluid (CSF) leak, intracranial infections, and pneumocephalus. Water-tight and 
air-tight closure should follow thorough hemostasis and can be accomplished by 
performing a multilayered reconstruction composed of returning the dural flap in 
place, followed by applying a synthetic/heterologous material (collagen matrix or 
acellular dermal matrix from cadaveric skin), free autograft (fascia lata, free carti-
lage/bone, or mucoperiosteal/mucoperichondrial autograft), fat graft of sufficient 
volume to fill up the clival defect, and the previously prepared nasal septal flap 
(other intranasal options include the inferior turbinate flap and the posterior, lateral 
nasal wall flap). It is prudent to securely cover all exposed intracranial vessels, CNs 
and brain tissue with the innermost layer to prevent desiccation, totally separate the 
cranial cavity from the sinonasal cavities, and leave no dead space behind the recon-
structed area. Sneezing and cough suppressants are added to the medication list, and 
2–3 days of lumbar CSF drainage is highly recommended in many cases in order to 
divert the burden of CSF flow from the surgical bed and potential skull base defect.

12.5  Anterolateral Pons

For pathologies residing in the anterolateral pons, the workhorse approach is mostly 
the retrosigmoid. Yet, the surgeon should keep in mind the exact lesion location in 
the anterolateral pons, since a higher location might require or suggest the addition 
of a petrosectomy, whereas in some cases, the more orthogonal trajectory to the 
lateral pons may necessitate a presigmoid approach.

12.5.1  Transpetrosal (See Fig. 12.8)

A large portion of the anterolateral pons is hindered by the petrous bone. An anterior 
petrosectomy to reach the upper pons and a posterior petrosectomy (described in 
this section) help to significantly increase the exposure.

Three transmastoid transpetrosal approaches exist: retrolabyrinthine, translaby-
rinthine, and transcochlear. All three essentially fall into a spectrum of graded dis-
section through the posterior petrous ridge, where surgical exposure is balanced by 
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surgical morbidity (i.e., higher chance for hearing loss with/without facial nerve 
palsy). Yet, the transmastoid transpetrosal approaches, specifically the transco-
chlear, provide wide access to the anterolateral pons. When patients present with 
irreversible hearing loss and/or facial nerve palsy secondary to pontine lesions dam-
aging the facial/vestibulocochlear nuclei/nerves, surgeons are more confident to 
utilize the advantages of surgical access offered by the transcochlear approach, 
which is the most invasive among the three, but provides maximal access to lesions 
residing in the anterolateral pons.

12.5.1.1  Surgical Setup and Patient Positioning

Proper patient positioning for the transpetrosal presigmoid approach is of utmost 
importance to allow easier maneuvering and efficient drilling as well as prevent 
early fatigue of the surgeon’s hands by bringing the surface mastoid part of the 
temporal bone into a position that is perpendicular to the sight of the surgeon (who 
is sitting in a neutral position). All three presigmoid approaches can be positioned 
in a similar manner. Some surgeons advocate a simple supine positioning with a 
shoulder roll under the ipsilateral shoulder and the head turned to the opposite side. 
Yet, most surgeons prefer the lateral positioning, where the patient is placed in a 
lateral decubitus position (resting on the side contralateral to the lesion), the head is 
fixed with pins and flexed, the neck is set in slight lateral flexion (head tilted towards 
the ground) and ipsilateral rotation, and the operative table is tilted in reverse 
Trendelenburg position. Additionally, changing the angles of the operative table and 
microscope allows for direct visualization of various parts of the surgical field at 
different steps of the approach and, most importantly, the prepontine cistern and 
anterolateral pons after total petrosectomy.

12.5.1.2  Surgical Corridor(s) and Approach

The transpetrosal approach should be performed with neuromonitoring, focusing on 
hearing preservation whenever possible and facial nerve function, in addition to 
CNs and corticospinal tracts monitoring for lesion resection within the pons. As a 
general rule, transmastoid approaches has a C-shaped postauricular suboccipital 
incision that starts at around 1 cm above the vertex of the pinna, loops around the 
helix with a width of around 5 cm from the retroauricular fold and ends on the ster-
nocleidomastoid muscle at approximately 1 cm below the lobule of the pinna. The 
incision will expose the posterior one-third of the temporalis muscle, the posterior 
auricular muscle, and the insertion and superior part of the belly of the sternocleido-
mastoid muscle; it is preferable to recognize and dislodge these muscle attachments 
from the underlying bone without separating them from the overlying skin, reflect 
the whole musculocutaneous flap anteriorly over the ear, and, if necessary, secure it 
using fish hook retractors. This exposes the attachments of the longissimus capitis 
(anterior) and splenius capitis (posterior) muscles as well as the occipital artery 
(coursing in the deep layer of the splenius capitis muscle and piercing the superficial 
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fascia between the sternocleidomastoid and trapezius muscles near the superior 
nuchal line), which are reflected inferiorly without sacrificing or injuring the occipi-
tal artery. The posterior belly of the digastric muscle is visible at this stage, and the 
mastoid process of the temporal bone is clear for craniectomy. This opening exposes 
the Asterion, i.e., the intersection of the lambdoid, squamosal and occipitomastoid 
sutures, which is the point of possible junction between the transverse and sigmoid 
sinus. Navigation is not necessary to locate the sinuses but can help in orientation. 
The location of several other critical structures can also be inferred from surface 
landmarks with an acceptable level of certainty: the base of the transverse sinus is 
usually located at the same level of the superior nuchal line; the point of intersection 
of the squamosal and parietomastoid sutures predicts the location of the sinodural 
angle (at the junction of sigmoid sinus and superior petrosal sinus along the tempo-
ral lobe dura; a.k.a. Citelli’s angle); the anterior aspect of the posterior belly of the 
digastric muscle helps to delineate the intra-mastoid course of the sigmoid sinus; 
the temporal line (posterior extension of the upper edge of the zygomatic process 
root, which becomes the supramastoid crest further posteriorly) defines the levels of 
the tentorium and the tegmen tympani, i.e. roof of the temporal bone separating the 
tympanic and cranial cavities; the suprameatal triangle (supero-posterior to the 
external acoustic meatus and spine of Henle and inferior to the temporal line; a.k.a. 
MacEwen’s triangle) sits on top of the mastoid antrum (at around 1.5–2  cm in 
depth), and helps to locate the mastoid segment of the facial nerve (slightly anterior 
and inferior to the mastoid antrum) and the lateral semicircular canal (deep and 
posterior to the spine of Henle).

The least invasive of the three transmastoid approaches is the retrolabyrinthine, 
which is limited to drilling the mastoid process down until, but without violating, 
the wall of the lateral semicircular canal. The first step is to remove the mastoid 
cortical layer (may be preserved for later use in reconstruction), followed by careful 
and even drilling of the cancellous bone of mastoid process. The sigmoid sinus is 
initially encountered as the bone turns bluish and denser towards the digastric mus-
cle anteriorly. In the depth of MacEwen’s triangle, the change in bone consistency 
from cancellous to dense should alert the surgeon about the proximity of the lateral 
semicircular canal, which may be the next critical structure to be encountered. 
Nonetheless, a dense bony plate (inferior extension of the petrosquamosal suture 
into the mastoid air cells; a.k.a. Koerner’s septum) may be encountered before 
reaching, and should not be mistaken for, the wall of the lateral semicircular canal 
(identified as a faint blue line corresponding to the canal lumen appearing through 
the thin bony wall). The next step is to further expose Trautmann’s triangle, which 
is bordered by the sinodural angle superiorly (base), posterior semicircular canal 
anteriorly, sigmoid sinus posteriorly, and jugular bulb inferiorly (vertex). The facial 
nerve runs perpendicular and inferior to the lateral semicircular canal, and vigilant 
drilling in that area exposes the trajectory of the facial nerve as it enters the facial 
(fallopian) canal. The retrofacial recess is entered with posterior expansion of the 
exposure until the sigmoid sinus is reached; the endolymphatic sac is noted in close 
relationship to the posterior semicircular canal, both of which should be preserved 
to prevent hearing loss. The superior exposure limit is the sinodural angle, where the 
tegmen tympani is drilled superior to, and without damaging, the superior semicir-
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cular canal (again, the lumen of which is identified as a faint blue line) until the 
superior petrosal sinus is seen running parallel to the temporal lobe dura. Dural 
opening will follow, with the presigmoid dura freed until just behind the posterior 
semicircular canal [21]. The dura is usually opened in a T-shape while the tentorium 
is split until the incisura, which allows for better manipulation of the dura and better 
control over and view of the trigeminal area. The T-shaped opening is created along 
the lines forming the sinodural angle, i.e., infero-superior line parallel to the sig-
moid sinus and antero-posterior line parallel to the temporal lobe dura; the last dural 
cut is placed across the superior petrosal sinus, which is ligated on both ends and 
transposed with the dural flap anteriorly. As mentioned earlier, the retrolabyrinthine 
approach provide a small working window (posterior to the vestibular complex) into 
the lateral aspect of the pons; the working window can be expanded as will be 
shown below in the translabyrinthine and transcochlear approaches, however, at the 
expense of hearing loss and facial nerve palsy.

The translabyrinthine approach is less utilized as the risk of perioperative mor-
bidity is much higher. It proceeds with drilling through and exposing the lumen of 
the semicircular canals, the goal of which is to identify the borders of the internal 
acoustic meatus. The roof of the internal acoustic meatus is located deep to a line 
connecting the sinodural angle with the (anterior) ampulla of the superior semicir-
cular canal, or it can be identified by exposing the subarcuate artery, located deep 
inside the semicircle of the superior semicircular canal and sitting on top of the roof. 
The floor of the internal acoustic meatus can be anticipated by drilling through the 
semicircular canals to reach the ampulla of the posterior semicircular canal, sitting 
on top of the floor. The posterior wall of the internal acoustic meatus is exposed by 
direct drilling into the vestibule, which is drilled down to reveal the dura covering 
the neurovascular structures within the internal acoustic meatus. At this posterior 
location, the dura covers the superior and inferior vestibular nerves, separated by the 
transverse (falciform) crest. Note that a vertical bony crest (a.k.a. Bill’s bar) divides 
the superior half of the meatus, where the translabyrinthine segment of the facial 
nerve runs supero-anteriorly and the superior vestibular nerve runs supero- 
posteriorly. In the inferior half of the meatus, the cochlear nerve runs infero- 
anteriorly, and the inferior vestibular nerve runs infero-posteriorly; the singular 
foramen, through which the singular (posterior) ampullary nerve runs, is located in 
the infero-posterior wall of the meatus, medial to the inferior vestibular nerve. It is 
also important to note that the labyrinthine artery and its branches run intradurally 
along with the vestibulocochlear nerve at variable locations and may inadvertently 
be injured while opening the dura posteriorly. The next step is to expose the differ-
ent segments of the facial nerve. The translabyrinthine segment is first exposed by 
pulling out the superior vestibular nerve from the drilled internal acoustic meatus 
and transposing it posteriorly, followed by removing the vertical crest. The tym-
panic segment and the chorda tympani are skeletonized inside the middle ear, which 
is reached by drilling through the posterior wall of the external acoustic meatus. 
Opening the external acoustic meatus posteriorly exposes the incus and stapes as 
well as the chorda tympani as it extends from its anterior canaliculus, crosses 
through the tympanic cavity, and enters its posterior canaliculus just below the foot-
plate of the stapes to join the facial nerve. Using fine drilling movements, the lateral 
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side (facing the surgeon sight) of the chorda tympani is initially exposed, followed 
by the posterior then anterior sides. To safely reroute the facial nerve, it is skeleton-
ized from the internal acoustic meatus to the stylomastoid foramen. The facial canal 
is drilled open, and the greater superficial petrosal nerve is transected at the genicu-
late ganglion. At this point, the facial nerve can be freely, yet cautiously, transposed 
posteriorly to allow for proceeding with the transcochlear approach. Care should be 
taken not to apply traction or kinking to any segment of the facial nerve, especially 
near the geniculate ganglion, mastoid genu, and stylomastoid foramen where the 
nerve is most susceptible to injury, and it should be covered with wet patties at 
all times.

Once the malleus is removed, the cochlear promontory becomes almost com-
pletely visible. The promontory is then drilled to reach the cochlea, which is subse-
quently drilled starting with the basal turn; this exposes the petrous segment of the 
ICA.  Further drilling medial to the ICA completes the anterior petrosectomy by 
reaching the petrous tip and clivus; the bone is also drilled inferiorly to reach the 
inferior petrosal sinus and jugular bulb, and the superior petrosal sinus is followed to 
Meckel’s cave superiorly. This exposure grants maximal access to the dura covering 
the anterolateral pons and related structures, where its boundaries are: ICA anteri-
orly; lateral clivus medially; superior petrosal sinus superiorly; and below and medial 
to the inferior petrosal sinus into the clivus inferiorly.

Reflecting on was discussed earlier in this section, the choice of the transmastoid 
transpetrosal approach depends on the type, location, and extent of involvement of 
the lesion in the pontine tissue. The extent of exposure, however, significantly dif-
fers between the three approaches, where the retrolabyrinthine grants a small work-
ing corridor and potentially limited access to the pons through one safe entry zone 
(peritrigeminal); the translabyrinthine increases the width of the corridor, allowing 
for better maneuverability and exposing more safe entry zones; and finally the trans-
cochlear allows for the largest surgical corridor and grants access to potentially all 
safe entry zones through the anterolateral pons (peritrigeminal, lateral pontine 
(MCP), supratrigeminal) (see Fig. 12.9).

Closure proceeds with reapproximating the dural flap after hemostasis is secured. 
The facial nerve, which was transposed posteriorly earlier during the procedure, is 
returned to its anterior position, and the drilled cavity is filled with abdominal fat. If 
the cortical bone layer was preserved at the beginning of the surgery, cranioplasty 
proceeds with fixing the bone using screws and plates; otherwise, a titanium mesh 
cranioplasty reconstructs the mastoid bone defect. A lumbar drain maybe placed for 
2–3 days as prophylaxis against CSF leak.

12.5.2  Retrosigmoid

The retrosigmoid approach, as the name implies and in contrast to the transmastoid 
transpetrosal presigmoid approaches, dictates a surgical trajectory that starts poste-
rior to the sigmoid sinus. It is considered the workhorse for posterior fossa patholo-
gies, including brainstem pathologies, along with the telovelar and subtemporal 
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approaches. This approach permits a wide corridor to the ponto-cerebellar angle and 
the lateral pontine surface as well as to the MCP area [22]. This approach allows for 
a favorable angle of attack to enter the pons through the supratrigeminal and lateral 
pontine (MCP) safe entry zones, and a relatively good angle to the peritrigeminal 
safe entry zone, which is better exposed by the retrolabyrinthine approach [2]. 
Although the presigmoid approaches provide a more straightforward angle to the 
lateral pons and safe entry zones as  mentioned above, they mandate more bone 
exposure and drilling that is time-consuming, and the risk for morbidity is higher 
[2]. The retrosigmoid approach is mostly composed of a lateral suboccipital crani-
otomy, with bony exposure almost all the way to the sigmoid sinus and above or at 
the same level of the transverse sinus. It exposes the posterolateral aspect of the 
cerebellopontine cistern and angle, reaching up to the tentorium and down to the 
lower cranial nerves, and permitting optimal access to the posterolateral pons and 
minimal access to the anterolateral pons and prepontine cistern.

12.5.2.1  Surgical Setup and Patient Positioning

The sitting, supine, oblique, and park-bench (or its variations) positions have been 
used for the retrosigmoid approach; the latter, however, is associated with less cer-
ebellar retraction and lower risk of air embolism. In the sitting position, the head is 
turned to the ipsilateral shoulder in a sniffing position. In the lateral decubitus or 
park-bench position, the head may stay parallel to the floor or is slightly turned 
(usually contralateral but can be turned slightly ipsilateral as needed). When a more 
supine position is chosen, the degree of head rotation as well as lateral bending 
depends on the angle of attack and the way in which the surgeon would like the 
cerebellar hemisphere to fall away from the trajectory. Accordingly, it is imperative 
to thoroughly study the preoperative magnetic resonance imaging (MRI) scan and 
choose the best trajectory (between the petrous bone and cerebellar hemisphere) 
that intersects with the epicenter of the pontine lesion.

12.5.2.2  Surgical Corridor(s) and Approach

The classical skin incision for a retrosigmoid approach is a curvilinear postauricu-
lar/lateral suboccipital incision that starts at around 2 cm above the vertex of the 
pinna, loops around the helix with a width of around 6–8 cm from the retroauricular 
fold and ends at/beyond the posterior edge of the sternocleidomastoid muscle at 
approximately 1 cm below the tip of the mastoid process. Rough estimation of the 
Asterion location prior to opening the skin is highly recommended, given that the 
Asterion is thought to lie on top of the posterior edge of the sigmoid sinus, immedi-
ately after the sigmoid-transverse sinuses junction. However, variations do exist, 
and some surgeons  advocate the use of navigation systems in planning for the 
approach and opening. On the skin, the location of the Asterion is estimated at the 
intersection between a line connecting the external occipital protuberance (a.k.a. 
inion) and the temporal/supramastoid line and a vertical line rising from the poste-
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rior edge of the mastoid process. Posterior to the Asterion, the inferior margin of the 
transverse sinus coincides with the supramastoid line posteriorly, and the posterior 
edge of the sigmoid sinus is approximated to be deep to the vertical line at the pos-
terior edge of the mastoid.

The skin is incised down to the superficial muscular fascia and periosteum. The 
posterior one-third of the temporalis, the posterior auricular, and the insertion of the 
sternocleidomastoid muscles are exposed. Care should be taken so that the great 
auricular and lesser occipital nerves are not transected as they cross over the upper 
segment of the sternocleidomastoid muscle. Contrary to the transmastoid traspetro-
sal approach, the temporalis is preserved in place. Access to the suboccipital trian-
gle requires careful pealing of the muscular layers. The posterior auricular muscle, 
part of the sternocleidomastoid muscle, and the overlying skin (no need to fully 
separate the skin from these muscles) form the superficial musculocutaneous flap, 
which is reflected anteriorly over the ear, and if necessary, secured with fish hook 
retractors. At this stage, the longissimus capitis, splenius capitis, and occipital artery 
(should be preserved) are exposed. The longissimus capitis and nuchal muscles are 
transected at  1–2  cm below their attachments to the nuchal lines and reflected 
infero-medially. Careful dissection and hemostasis using a bipolar (rather than cau-
tery) cannot be overemphasized while approaching the suboccipital triangle to 
avoid damage to the VA and branches of the occipital artery, as well as the occipi-
tal nerves.

The craniotomy begins with placing a burr hole over the transverse-sigmoid 
sinuses junction, which is usually adjacent to the Asterion; thorough review of the 
preoperative images, especially CT scans, will help to identify the relation between 
the Asterion and the sinuses junction. Using a footplate high-speed drill, a 4-cm 
circular bone flap is created without trespassing the inferior and posterior borders of 
the transverse and sigmoid sinuses, respectively. In order to get a better window on 
the vertical plane, some surgeons advocate for extending the craniotomy above the 
transverse sinus in a way that allows to pull the dura upwards with the sinus. Note 
that the mastoid emissary vein drains anywhere along the posterolateral border of 
the sigmoid sinus; if injured, bleeding from this vein may be profuse and should be 
differentiated from injury to the sigmoid sinus. Some surgeons also advocate further 
drilling over and up to the anterior border of the sigmoid, exposing it from the 
transverse-sigmoid junction to the jugular bulb, with/without inferior craniectomy 
to expose the foramen magnum and jugular foramen; this extension, for example, is 
indicated for large tumors spanning multiple levels of the brainstem and adjacent 
structures. Any exposed air cells should be closed with bone wax to prevent CSF 
leak postoperatively.

The dura is inspected for meningeal branches of the occipital and ascending 
pharyngeal arteries, which are coagulated in situ using a bipolar at a low voltage 
level. There are several acceptable ways to open the dura, such as a trapdoor and 
C-shaped (with base of the dural flap reflected anteriorly towards the ear), or the 
cruciate opening, where two incisions, spanning the craniotomy borders diagonally 
and intersecting in the middle, cut the dura into four triangular pieces, of which the 
bases of the superior and anterior pieces are parallel and closely related to the trans-
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verse and sigmoid sinuses, respectively. Acting as a protective layer and to further 
pull the sinuses away from the craniotomy field, the latter two pieces are then 
reflected onto their respective sinuses (superiorly over the transverse and anteriorly 
over the sigmoid) and fixed with sutures. A variation of the cruciate is the T-shaped 
incision, again with two superior and anterior dural flaps reflected over the trans-
verse and sigmoid sinuses, respectively. The immediate next step is to drain as much 
CSF as possible from the cisterna magna, cerebellopontine cistern, and/or superior 
cerebellar cistern to relieve intracranial pressure and allow for better inspection of 
the cerebellopontine angle contents. Some authors recommend the use of a lumbar 
drain immediately before surgery to achieve cerebellar relaxation [23].

The cerebellar hemisphere regresses after sufficient CSF drainage and is gently 
retracted to explore the cerebellopontine cistern; arachnoid dissection is started in 
the lateral portion of the cistern. It is important to recognize the borders of the cer-
ebellopontine cistern, including the ambient cistern superiorly, the prepontine cis-
tern antero-medially, and the cerebellomedullary cistern inferiorly, where the lateral 
pontomedullary membrane separates the two cisterns. Further postero-medial 
retraction of the cerebellar hemisphere exposes the facial-vestibulocochlear nerves 
bundle on its trajectory towards the internal acoustic meatus. Supero-medial to the 
facial-vestibulocochlear bundle are the large sensory and small motor segments of 
the trigeminal nerve. The next step is to identify the AICA and track it as much as 
possible proximally to its origin from the inferior half of the BA and distally towards 
the petrosal surface of the cerebellum. In the lateral portion of the cerebellopontine 
cistern, the AICA segment around the internal acoustic meatus is divided into pre-
meatal, meatal and postmeatal parts. Important branches of the AICA that should be 
preserved are the labyrinthine artery, which supplies the facial and vestibuloco-
chlear nerves, accompanies these nerves into the internal acoustic meatus, and, if 
damaged, can lead to hearing loss; the recurrent perforating arteries, which loop 
back and supply the brainstem tissue and, if damaged, can lead to ischemic strokes 
in various parts of the brainstem. Another structure that should be protected is the 
superior petrosal vein, which is an important vein that drains the lateral pontine 
surface and cerebellopontine fissure into the superior petrosal sinus and must be 
freed to avoid injuring it during dissection of the petrosal fissure.

Wide dissection of the cerebellopontine angle and petrosal fissure exposes the 
lateral pontine surface, allowing the surgeon to tackle pontine lesions through the 
lateral pontine (MCP) (most accessible), supratrigeminal and peritrigeminal (least 
accessible) safe entry zones (see Fig. 12.9). The lateral pontine (MCP) safe entry 
zone, located on the MCP, is of special interest, since it can be fully exposed without 
retraction or transgression of the cerebellar hemisphere if the petrosal fissure is split 
open between the superior and inferior semilunar lobules of the cerebellum. To 
enter the pons, a sharp neurotomy dissects the pia over the MCP, which is expanded 
rostro-caudally, then antero-posteriorly along the MCP fibers to reach the lesion in 
the anterior two-thirds of the pons. That said, preoperative planning and choice of 
the safe entry zone is an essential step for the retrosigmoid approach, which will 
guide the arachnoid dissection and creation of a surgical corridor towards that entry 
point, avoiding the risks of surgical exploration and retraction in this eloquent area.
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Before closure, thorough hemostasis must be performed, especially on the lateral 
cerebellar surface, followed by removing blood products from the intracranial space 
by irrigation. Closure then proceeds with re-approximation and water-tight suturing of 
the dura and, if necessary, duraplasty using a synthetic dural substitute. Bone wax is 
re-applied to close air cells, and the bone flap is secured using titanium plates and 
screws. Finally, the myocutaneous flap is closed layer by layer in a water-tight fashion.

12.6  Posterior (Dorsal) Pons

12.6.1  Median Suboccipital Telovelar/Subvermian; 
Transvermian

Access to the posterior surface of the pons is achieved through the floor of the fourth 
ventricle. Safe entry zones through the floor of the fourth ventricle have long been 
discussed in the literature. The general approach is best performed through a classi-
cal median suboccipital craniotomy. The anatomical and technical pearls of the dif-
ferent suboccipital approaches utilized to reach the posterior pontine surface are 
discussed in this section.

12.6.1.1  Surgical Setup and Patient Positioning

The classic positioning is prone with the head in a concord position, where a high 
gel roll positioned across the table, just underneath the shoulder girdle, allows for 
more flexion of the neck without compromising the airway. The operative table is 
titled around 30° in anti-Trendelenburg position, allowing for efficient venous 
drainage. The head and neck are then flexed up to 45° anteriorly, with or without 
lateral head rotation (depending on the location and extent of lateralization of the 
pontine lesion) to provide an optimal surgical view of the caudal cerebellar surface. 
The head is then rotated so that the chin approaches the neck while the occipital 
protuberance moves away from the neck; this maneuver opens the cervicomedullary 
junction and allows for a better angle of attack to the floor of the fourth ventricle.

Another option is the modified park-bench position with the head flexed and 
turned toward the floor. Similar to the concord position, this neck posture opens the 
space along the craniocervical junction and gives a better view of the floor of the 
fourth ventricle. In this positioning, the upper patient’s shoulder is mobilized inferi-
orly and anteriorly, opening the craniocervical junction and allowing for more free-
dom for the surgeon.

Some surgeons advocate utilizing the sitting position, although it is less popular 
for pure fourth ventricle related tumors. A common benefit of both the modified 
park-bench and the sitting position is the fact that the gravity retracts the cerebel-
lum away from the field as well as drain the blood out of the field. The sitting posi-
tion, however, is inherently associated with potentially severe complications, 
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which include but are not limited to air embolism, CSF over-drainage and ventricu-
lar collapse, cardiopulmonary instability secondary to anesthesia, severe postop-
erative pneumocephalus, and cerebellar contusion due to retraction against gravity.

12.6.1.2  Surgical Corridor(s) and Approach

External anatomical landmarks are used to roughly estimate the location and course 
of critical structures such as the transverse sinus and torcula, of which the relation-
ship to the inion can be estimated on preoperative imaging. The skin incision is a 
vertical midline extending from the inion to the spinous process of C2. To more 
accurately define the location of the torcula and the paramedian transverse sinus, it 
is important to note that the medial muscle insertion line crosses the lower margin 
of the torcula, whereas it lies lower than the inferior edge of the transverse sinus 
laterally in most cases [24]; specifically, the insertion of semispinalis capitis muscle 
does not cross the inferior edge of the transverse sinus by more than 5 mm, accord-
ing to an anatomical study [25]. To avoid bleeding and excessive postoperative pain 
from the suboccipital paramedian muscles, the dissection is carried out in the mid-
line nuchal ligament until the suboccipital bone is reached, and the caudal insertions 
of the rectus capitis posterior minor are disconnected from the posterior tubercle of 
C1, exposing the opisthion and posterior arch of C1. The myocutaneous flap is held 
open using a self-retaining retractor, where the median nuchal line (a.k.a. median 
occipital crest) is at the center of the field. The craniotomy of the occipital bone can 
be carried out in various ways. Some surgeons advocate performing two burr holes 
on both upper edges of the median nuchal line, exposing the cerebellar dura, fol-
lowed by using either the craniotome or Kerrison punches of the internal occipital 
crest to connect the burr holes. Note that damaging the median dura might cause 
profuse bleeding from the occipital sinus, which may be relatively large in some 
patients. The footplate high-speed drill is then used to create two curved craniotomy 
lines starting from the burr holes, extending laterally to include all of the exposed 
bone, and ending on the posterolateral margins of the foramen magnum, as close as 
possible to the occipital condyles. Others advocate the use of a twist drill with the 
matchstick or cutting round-head drill bits to create the craniotomy path by gradu-
ally thinning the bone till the dura is exposed, and then complete the craniotomy 
using Kerrison punches. Care should be taken not to injure the VAs at this level. The 
bone flap is elevated using a blunt dissector and disconnected from the atlantooc-
cipital ligament, exposing the underlying dura mater.

Variations in the size of the craniotomy and the need to resect the posterior arch 
of C1 are quite wide. The surgeon should plan the preferred angle of work that he 
would like to achieve. Resecting the posterior arch of C1, with or without the spi-
nous process of C2 (we advocate not removing the posterior arch of C2 but only 
undercut it if needed to get more release; in most cases, no manipulation of C2 is 
required), allows for visualizing the fourth ventricle at a steeper angle, with the 
advantage of minimizing the need for retraction and avoiding splitting of the infe-
rior vermis.
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Dural opening usually follows the craniotomy and release of C1 with a Y-shaped 
dural incision. Dural channels and lakes maybe present at this level, and profuse 
bleeding may necessitate the use of  hemoclips or sutures for rapid hemostasis. 
Again, care should be taken when approaching the occipital sinus, which may still 
be patent, especially in children. Then, the arachnoid membranes of the 
 cerebellomedullary cistern are sharply dissected, allowing for CSF drainage and 
relaxation of the cerebellar hemispheres. The caudal components of the cerebel-
lum, cerebellomeduallry junction, first denticulate ligament, cervical root of CN 
XI, and VAs with/without the caudal loop of PICA, which proceeds into the cere-
bellomedullary fissure, are identified before entering the fourth ventricle. Lateral 
inspection after retraction of the brainstem reveals CN XII as it exits through the 
hypoglossal canal, whereas retraction of the cerebellum exposes CN X and the 
fourth ventricular choroid plexus. The telovelar approach is the classic trajectory 
for accessing the fourth ventricle. The cerebellar tonsils are carefully mobilized so 
as not to injure the PICAs as they enter the vallecula, exposing the foramen of 
Magendie. Enlarging the foramen of Magendie is performed by dissecting the tela 
choroidea away from the taenia of the medulla, and the caudal half of the fourth 
ventricular floor is exposed after gentle retraction of the vermis and medullary 
velum. At this point, the area postrema, hypoglossal and vagal trigones, and medul-
lary striae are identified. Although splitting of the caudal vermis (a.k.a. transverm-
ian approach) allows for direct access to the cranial half of the fourth ventricular 
floor, this maneuver is strongly discouraged as it may lead to postoperative truncal 
ataxia. A better alternative is to further dissect the tela choroidea and change the 
angle of the microscope; this will significantly expose the cranial half of the fourth 
ventricular floor, superior medullary velum, and cerebral aqueduct, albeit at the 
expense of working at an angle <90°. The facial colliculi, median eminences, 
median sulcus, and sulci limitans can been see at this point. Further lateral dissec-
tion and inspection within the fourth ventricle reveals, from caudal to cranial, the 
lateral recess, vestibular area, and locus coeruleus area.

At this point, all important anatomical landmarks are identified to enter the dorsal 
pons through safe entry zones and tackle intraaxial pontine lesions. The suprafacial 
collicular (suprafacial triangle), infrafacial collicular (infrafacial triangle), superior 
foveal (lateral sulcus limitans) and median sulcal (interfacial) safe entry zones (Sects. 
12.3.4, 12.3.5, 12.3.6, and 12.3.7; see Fig. 12.9) are all viable options, and the best 
choice depends on the 2-point rule, i.e. shortest distance and least disturbance of the 
pontine tissue. As mentioned earlier, the safest entry to remove lesions with exo-
phytic components is to debulk the lesion and follow its planes within the pons.

Meticulous irrigation with warmed isotonic fluids to remove blood products and 
replace CSF is done before dural closure. This is followed by water-tight dural closure 
using interrupted sutures, with or without a dural graft or a fascial layer to cover dural 
defects. Bio-adhesive glue may be used or a piece of gelfoam is placed on top of the 
dura, the occipital bone is fixed used titanium plates, the muscles are reapproximated 
after adequate hemostasis and sutured according to anatomical layers, and the subcu-
taneous and skin layers are closed using interrupted and running sutures, respectively. 
Postoperative lumbar drainage for 2–3 days is optional in some cases.
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12.7  Conclusion

The current armamentarium of surgical approaches to pontine lesions allows for 
almost a 360-degree angle of attack. The surgeon’s comprehensive anatomical 
knowledge is the most important variable to achieve a maximally safe surgery. 
Preoperative surgical planning and choice of the least invasive trajectory and safest 
entry zone dictates the surgical approach. Mastering endoscopic intranasal proce-
dures is highly recommended as more ventral approaches will be used to tackle 
anteriorly located pontine lesions. The significance of intraoperative neuromonitor-
ing cannot be overemphasized. More research evaluating and fine-tuning the current 
surgical approaches, as well as discovering new variations and safe entry zones into 
the pons, is very much needed, especially that the existing technology (microscope, 
endoscope, navigation systems, neuromonitoring and mapping, etc.) permits safe 
entry to deep skull base locations, which were deemed inaccessible few decades ago.
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13.1  Introduction

Gliomas of the medulla oblongata (bulbar gliomas) belong to a heterogeneous 
group of brainstem gliomas. These tumors arise within the medulla and may extend 
into adjacent structures such as the pons, inferior cerebellar peduncle, cerebellum, 
and upper spinal cord. Bulbar gliomas occur in children as well as in adult patients. 
However, their biology differ between pediatric and adult individuals [11]. While 
brainstem gliomas account for almost one-fifth of all pediatric brain tumors, they 
account for only less than 2% of all adult gliomas [26]. Among all brainstem glio-
mas, approximately one-fourth originate within the medulla oblongata [2]. 
Considered together, medullary gliomas form a heterogeneous group of several 
tumor entities, rendering it difficult to predict the overall prognosis. Exophytic bul-
bar gliomas seem to occur more frequently in children and are generally considered 
more favorable in terms of operability and postsurgical outcomes [22].

This chapter intends to demonstrate that microsurgical resection of medullary 
gliomas is possible in a well-selected patient population with a low complication 
rate and a favorable clinical outcome.

13.2  Clinical Presentation

The clinical features of bulbar gliomas reflect their location within the medulla 
oblongata. Frequent symptoms are lower cranial nerve dysfunction (dysphagia, dys-
phonia, tongue deviation), cerebellar dysfunction (ataxia, gait disturbance, tremor), 
and long-tract signs with sensory and motor deficits. Occasionally, tracheostomy 
and nasogastric tube feeding become necessary in an advanced stage of the disease. 
Symptoms may develop insidiously and can fluctuate, but they generally tend to 
deteriorate without appropriate treatment.

13.3  Neuroradiological Evaluation

The primary and most important diagnostic tool is the magnetic resonance imaging 
(MRI) with various sequences, including T1-weighted contrast-enhanced images. 
In rare instances, computed tomography (CT) scans may show evidence of intratu-
moral calcifications. On MRI, the most important morphological aspects of the 
underlying tumor become evident: focal or diffuse parenchymal infiltration, cystic 
and exophytic components, size, and degree of extension into adjacent structures. 
The majority of focal bulbar gliomas are low-grade tumors; they are generally more 
suitable for surgical resection than diffusely infiltrating tumors, which occur mostly 
in the pons and less frequently within the medulla.

In addition to MRI, spectroscopy and positron emission tomography (PET) may 
help in excluding other pathological entities within the medulla such as an abscess, 
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inflammation, demyelination, vascular malformation, metastatic tumor, ependy-
moma, or focal ischemia.

13.4  Management Strategies

In contrast to many gliomas located in other parts of the brain, bulbar gliomas and 
brainstem gliomas are generally not regarded as good candidates for surgical resec-
tion. Frequently, the term ‘brainstem glioma’ is associated with inoperability with-
out further specification. On one hand, this may be understandable since a 
significant number of brainstem gliomas, particularly in children, are diffuse 
intrinsic pontine gliomas (DIPGs), which certainly cannot be treated reasonably 
with surgery. On the other hand, many neurosurgeons are reluctant to attempt 
extensive microsurgical resection even in focal bulbar (and pontine and mesence-
phalic) gliomas because of the anticipated postoperative disabling symptoms [11]. 
Therefore, tumor debulking or only a limited biopsy is preferred in many instances, 
followed by radio-chemotherapy.

In recent years, however, several reports describing successful surgical resection 
of brainstem gliomas, including bulbar tumors, were published. Individuals harbor-
ing dorsally exophytic or cervicomedullary tumors were carefully selected for sur-
gery, which resulted in better prognosis for patients suffering from such focal 
gliomas [1, 4, 12, 13, 25, 30]. Surgery was complemented by standard radiotherapy 
combined with chemotherapy using various agents to achieve a satisfactory long- 
term result [25].

13.5  Our Patient Series

For more than two decades, the senior author (HB) has focused on brainstem sur-
gery and has microsurgically treated almost 500 patients suffering from various 
intrinsic brainstem lesions, including gliomas, ependymomas, and cavernous mal-
formations [2]. This large patient series also comprises 43 adult and pediatric 
patients who harbored a bulbar glioma and underwent microsurgical tumor removal 
by the senior author in the period of 1996–2019; this group constitutes the patient 
population discussed in this chapter.

13.5.1  Patient Selection

No precise and widely accepted selection criteria are available in the pertinent lit-
erature for bulbar gliomas. Generally, focal, dorsally exophytic and cervicomedul-
lary gliomas have been treated surgically so far; however, the number of published 
reports on this subject is rather limited [13].
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The senior author has applied a differentiated view on every single tumor of this 
series and selected the patients in a highly individualized fashion based on his previ-
ous experience with brainstem surgery and his personal assessment of reasonable 
operability in each case. A reasonable operability was considered mainly in focal 
bulbar tumors either confined to the medulla or extending extra-axially in an exo-
phytic manner, in which a significant amount of the lesion (generally, at least half of 
tumor volume) was expected to be removed without causing additional permanent 
neurological morbidity. In very few cases, only partial tumor removal (extended 
biopsy) appeared to be indicated, mainly in order to establish a precise histopatho-
logical diagnosis based on the latest tumor classification system. The senior author 
selected 43 individuals who fulfilled these criteria and treated them microsurgically. 
Table 13.1 summarizes the characteristics of this subpopulation of brainstem gli-
oma cases.

13.5.2  Tumor Characteristics

This patient series comprises exclusively astrocytic, oligodendroglial, neuronal and 
mixed-neuronal-glial tumors found in children as well as in adults. Ependymal or 
other tumor entities affecting the brainstem were not considered here because of 
their different characteristics and behavior.

Table 13.1 Patient characteristics and 
tumor entities

Patients n = 43

Females/Males 20/23
  Mean age (years) 26.65 (STD ± 18.37)
  Median age (years) 27
  Age range (years) 1–67
Pediatric group n = 16
  Females/Males 10/6
  Mean age (years) 8.37 (STD ± 5)
  Median age (years) 7
  Age range (years) 1–17
Adult group n = 27
  Females/Males 10/17
  Mean age (years) 38.83 (STD ± 12.98)
  Median age (years) 35
  Age range (years) 21–67
Tumor entities
  Pilocytic astrocytoma 16 (9)a

  Anaplastic astrocytoma 14 (2)a

  Ganglioglioma 8 (5)a

  Glioblastoma 5 (0)a

Abbreviations: n number, STD standard deviation
a(in parenthesis), number of pediatric cases
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13.5.2.1  Tumor Location and Extent

As exemplified in Fig. 13.1, the bulbar gliomas encountered in this patient series 
varied in their morphological aspect. We distinguished 4 different types, resulting in 
a sub-classification that appeared helpful in choosing the appropriate surgical expo-
sure; thirteen tumors were confined to the lower brainstem (medullary intrinsic 
type); other lesions grew exophytically, mainly in lateral (9 tumors) or mainly in 
posterior direction (13 tumors), while the remaining 8 gliomas extended inferiorly 
from the medulla into the spinal cord (Table 13.2).

medulla intrinsic
f, 24 yrs - GBM

laterally exophytic
m, 67 yrs - PA

dorsally exophytic
m, 49 yrs - aA

dorsally exophytic with
craniocervical extension

f, 6 yrs - aA

Fig. 13.1 Axial and sagittal MRI scans show representative examples of bulbar tumor location 
and extent. Each of the 4 columns corresponds to a different patient from this series. Abbreviations: 
aA anaplastic astrocytoma, f female, GBM glioblastoma, m male, PA pilocytic astrocytoma, yrs 
years

Table 13.2 Tumor location and extent

Pathology/Location 
and Extent Intrinsic

Laterally 
Exophytic

Dorsally 
Exophytic

Dorsally Exophytic with 
Cervical Extension n

Pilocytic 
astrocytoma

5 5 2 4 16

Anaplastic 
astrocytoma

5 2 4 3 14

Ganglioglioma 0 2 5 1 8
Glioblastoma 3 0 2 0 5
Total 13 (30.2%) 9 (21%) 13 (30.2%) 8 (18.6%) 43

Abbreviation: n number
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13.5.2.2  Tumor Entities

Four different histopathological tumor entities were encountered in the medulla: 
pilocytic astrocytoma (PA), anaplastic astrocytoma, ganglioglioma (GG), and glio-
blastoma (see Table 13.1). While the majority of these lesions emerged as well- 
circumscribed tumors (see Fig. 13.1), others diffusely infiltrated the lower brainstem 
and adjacent structures.

Interestingly, no additional tumor entities that we found in the pons or in the 
midbrain of other patients, such as fibrillary astrocytoma, rosette-forming glioneu-
ronal tumor, anaplastic GG, papillary glioneuronal tumor, pleomorphic xanthoas-
trocytoma, and anaplastic oligodendroglioma [2], were encountered in this patient 
series of medullary gliomas.

13.5.2.3  Molecular Signature

Up until the revised fourth edition of the 2016 World Health Organization (WHO) 
Brain Tumor Classification [19], brainstem gliomas were classified and graded in 
the same fashion as supratentorial lesions. However, the significant amount of new 
scientific evidence, particularly those on the molecular signature, mandated an 
updated classification of these tumors.

High-Grade Brainstem Gliomas
A new entity, the diffuse midline glioma WHO grade IV H3 K27M-mutant (DMG) 
was introduced into the WHO classification in 2016 [19]. DMG is defined as a 
glial tumor with an H3 K27M mutation, which occurs in the midline region of the 
brain, i.e., from the diencephalon to the spinal cord, thus also encompassing the 
medulla oblongata. Histopathological grading criteria of diffuse (supratentorial) 
gliomas were regarded as irrelevant for this lesion, so that a WHO grade IV was 
inevitably assigned to corresponding tumors upon detection of an H3 K27M 
mutation. In the meantime, however, other tumors have been reported to also 
emerge in the midline region with histopathological resemblance to ependymo-
mas [8], GGs [16, 17], and PAs [20], as well as exhibiting an H3 K27M mutation. 
Therefore, in the Consortium to Inform Molecular and Practical Approaches to 
CNS Tumor Taxonomy (cIMPACT- NOW) Update 3, the DMG definition was 
complemented by the criterion of diffuse infiltration to avoid the necessity of 
diagnosing the other entities as WHO grade IV lesions [3]. A systematic analysis 
regarding the frequency of diffuse gliomas with an H3 K27M mutation in the 
medulla oblongata is currently not available; consequently, data on this question 
have to be extrapolated from information on all DMGs. Furthermore, the situation 
is complicated by the fact that significantly more scientific findings have been 
published in pediatric than in adult patients regarding the proportion of diffuse 
gliomas with an H3 K27M mutation, and it remains unclear whether the distribu-
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tion pattern remains stable throughout different life decades. Currently, it is 
assumed that up to 80% of all diffuse gliomas of the brainstem have an H3 K27M 
mutation and can be classified as DMG [28, 29, 31]. The remaining diffuse glio-
mas of the brainstem show the molecular signature of supratentorial lesions such 
as an isocitrate dehydrogenase (IDH) mutation, EGFR amplification and/or 
CDKN2A deletions [32]. Interestingly, however, infratentorial gliomas show sig-
nificantly fewer IDH1 and IDH2 mutations than supratentorial gliomas [7, 14, 
26], where the R132H variant is found predominantly in about 90% of cases [10]. 
It is unclear whether, and to what extent, the grading criteria of supratentorial 
gliomas also have infratentorial validity in the absence of an H3 K27M mutation. 
However, according to the current WHO classification, only a histopathological 
grading (diffuse astrocytoma WHO grade II, anaplastic astrocytoma WHO grade 
III, glioblastoma WHO grade IV) of infratentorial diffuse gliomas with a negative 
H3 K27M status is recommended [19].

Fourteen patients of the present series were diagnosed as harboring an anaplastic 
astrocytoma of the medulla (Fig. 13.2), while 5 other individuals suffered from a 
bulbar glioblastoma. The MRI scans of 1 glioblastoma patient are shown in Fig. 13.1 
(leftmost column), while those of 3 other patients can be seen in Fig. 13.3.

Pilocytic Astrocytoma
PAs are tumors that usually exhibit a clearly demarcated border to the adjacent 
brain parenchyma; they continue to be assigned to a WHO grade I by the WHO 
classification [19]. Extensive molecular analyses have shown that all PAs usually 
have a mutation in 1 gene of the mitogen-activated protein kinase (MAPK) path-
way, indicating that these lesions are single pathway tumors [15]. While cerebel-
lar PAs show BRAF:KIAA1549 duplication and fusion in almost all cases, a 
corresponding genetic alteration is found in only about 60% of extracerebellar 
tumors of this type. Extracerebellar PA alternately shows BRAF V600E, FGFR1, 
NF1 and NTRK2 mutations [15]. The molecular profile of PA of the medulla has 
not been systematically investigated yet. It is assumed that bulbar PAs show 
genetic alterations comparable to all other extracerebellar tumors of this type. 
While the current WHO classification only discusses the possibility of anaplastic 
PA [19], a corresponding entity could perhaps be defined molecularly. The most 
common single genetic change in these anaplastic PAs is the homozygous 
CDKN2A deletion [24].

Presently, brainstem gliomas with typical histopathological characteristics of 
PAs, as well as those with diffuse parenchymal infiltration and concomitant H3 
K27M mutation, constitute an unsolved problem. Several publications imply that 
patients harboring such tumors have a significantly worse prognosis. Indeed, we 
also could observe an unexpectedly unfavorable clinical course in 2 patients of this 
series who harbored a bulbar glioma that was histopathologically classified as 
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m 26 y f 5 y f 32 y m 37 y

m 34 y m 21 y m 28 y f 35 y

Fig. 13.2 Axial and sagittal MRI scans show typical anaplastic astrocytomas arising from the 
medulla oblongata. Each column with axial and sagittal MRI, respectively, corresponds to one of 
8 illustrative cases from the present surgical series. Abbreviations: f female, m male, y years
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PA. One of them is exemplified in Figs. 13.4 and 13.5. In this context, some authors 
have characterized such tumors as anaplastic PAs [6, 23]. However, it appears 
worthwhile to attempt clarifying in the future whether a tumor with morphological 
features of a PA and concomitant H3 K27M mutation actually corresponds to a 
DMG WHO grade IV when epigenetic analyses, early tumor recurrence, and 
patient’s overall reduced survival are taken into account.

The present patient series comprises 16 individuals who harbored a bulbar PA 
(Fig. 13.6).

Ganglioglioma
GG WHO grade I, and the very rare anaplastic GG WHO grade III, typically 
show a BRAF V600E mutation [19]. However, the reported mutation frequency 
of BRAF V600E varies between 20% and 60% [18, 27]. The histopathological 
architecture of GG is thought to explain these significant differences: the tumors 
show much smaller ganglion cell and glial components. If the BRAF V600E sta-
tus is determined using a mutation-specific antibody rather than genetically, it 
can sometimes be demonstrated that only the ganglion cell component expresses 
the mutated protein. It is assumed that the number of tumor DNA with a BRAF 
V600E mutation is partially below the detection limit. Consequently, these 
tumors are then identified as BRAF wild-type in the genetic analysis, although 

M, 43 yrs m, 28 yrs m, 41 yrs

Fig. 13.3 Axial and sagittal MRI scans of 3 patients from this series who harbored a glioblastoma. 
Abbreviations: m male, yrs years
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the small ganglion cell component actually has the mutation [18]. The processing 
of the BRAF wild-type GG revealed that these tumors, similar to PAs, also show 
mutations in genes of the MAPK pathway [21]. GGs of the posterior fossa and 
spinal cord, as well as bulbar GGs with BRAF V600E mutations, were divided 
into two groups: (a) classical GGs with BRAF V600E mutation and (b) PAs with 
gangliocytoma differentiation, which typically exhibited BRAF:KIAA1549 dupli-
cation and fusion [9]. In summary, it can be concluded that there are frequent 
morphological overlaps in the group of glial/glioneuronal tumors [19], and that 
these tumors are also epigenetically related to each other [5].

a b c d i

e f g h

Fig. 13.4 Ten months prior to surgery, this 56-year-old man developed progressive dysphagia, 
imbalance, slight right-sided hemiparesis, and left-sided hemihyperesthesia. Preoperative 
T2-weighted axial (a) and contrast-enhanced T1-weighted axial and sagittal MRI (b, c) show evi-
dence of an intrinsic tumor of the medulla. The patient underwent surgery in the semi-sitting posi-
tion (d) via midline suboccipital craniotomy, including the posterior rim of the foramen magnum 
and combined with C1 laminectomy. Postoperative MRI documented gross total tumor resection 
(e, arrow). Only 3 months later, however, the patient developed new symptoms, and a local tumor 
recurrence was detected on a follow-up MRI (f and g, arrows). Histopathological examination (h) 
showed a predominantly biphasic, astrocytic tumor with low cellularity, which contained Rosenthal 
fibers (arrow), protein droplets (arrowhead), and, in various locations, hyalinized blood vessels (+) 
and small areas of necrosis (X). The final diagnosis was pilocytic astrocytoma (PA) WHO grade I 
without any signs of anaplasia. As the patient did very well immediately after the surgical interven-
tion, and since there were no additional neurological deficits by that time (i), the diagnosis of PA 
was not questioned initially. Following the early local tumor recurrence, however, we suspected the 
presence of a diffuse midline glioma (DMG) despite the former histopathological diagnosis. 
Subsequently, the patient underwent combined radio-chemotherapy
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a

c d

b

Fig. 13.5 Intraoperative photographs of the patient shown in Fig. 13.4. After opening the dura 
mater, the surface of the medulla appeared bulging posteriorly between the cerebellar tonsils due 
to the underlying tumor. A millimeter scale demonstrates the local dimensions (a). Adhesions 
(arrows) between the reddish tumor surface and cerebellum were present. After detaching the 
tumorous medulla from the cerebellum, the rhomboid fossa became visible above the lesion (b). 
Enough tumor tissue was harvested for histopathological examination (revealing a pilocytic astro-
cytoma), and the tumor was gradually diminished in volume with the aid of an ultrasonic aspirator. 
Obviously, there was no clear dissection plane between lesion and brainstem parenchyma (c). 
Eventually, gross total tumor resection was achieved as could be estimated macroscopically. The 
millimeter scale placed into the tumor resection cavity helped in determining the extent of safe 
tumor removal (d)
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In the present series we have selected 8 individuals harboring a bulbar GG for 
microsurgical treatment (Fig. 13.7).

13.5.3  Surgical Strategies

Surgery, the mainstay of therapy for low-grade gliomas in other intracranial loca-
tions, was also considered in low-grade gliomas of the medulla. The role of surgery 
in high-grade bulbar gliomas has not yet been established. Despite the poor progno-
sis, we have attempted surgery in these malignant tumors as well, hoping to achieve 
a comprehensible benefit for the patient in these cases.

Once the indication for surgery has been established in a patient, we proceed 
with defining the goals of surgery and precisely planning the procedure.

13.5.3.1  Goals of Surgery

In principle, the surgery is aimed primarily at removing as much of the pathological 
tissue as possible without damaging the underlying central nervous system paren-

Fig. 13.7 Sagittal MRI scans demonstrate typical bulbar gangliogliomas. Each image belongs to 
one of 6 illustrative cases from the present surgical series. The patients were aged 8–53 years
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chyma. The main goal was to decompress the brainstem and interrupt the pathologi-
cal mechanism of long tracts and bulbar nuclei damage caused by the tumor. In 
high-grade gliomas, we attempted to achieve at least a better result than just good 
palliative care in terms of prolonging the patient’s survival with an acceptable 
 quality of life. In well-circumscribed lesions, we attempted to achieve a total or 
near- total tumor removal, while tumor volume reduction without an attempt of radi-
cal resection appeared as a reasonable alternative in less well-delineated low-grade 
tumors, or in high-grade tumors that usually lacked a clear demarcation toward the 
brainstem or spinal cord parenchyma. Deliberate partial tumor volume reduction 
was the goal in rather very voluminous symptomatic tumors, in which radical resec-
tion would have been possible only at the price of significant clinical deterioration.

13.5.3.2  Timing of Surgery

In patients in whom a bulbar glioma was suspected and the lesion appeared operable, 
we recommended surgery in the near future to avoid further tumor progression and 
possible clinical deterioration. Rapidly progressing symptoms, however, required sur-
gery without further delay. Observation and repeat MRI were generally indicated only 
in individuals presenting with mild symptoms and in a stable clinical condition, in 
whom the diagnosis remained unclear after an initial MRI examination.

13.5.3.3  Preoperative Planning and Tumor Exposure

In each case, we tailored the surgical approach according to the morphological fea-
tures of the underlying bulbar glioma. For preoperative planning, we used a high- 
quality MRI, and in cervicomedullary tumors, we also utilized CT scans of the 
upper cervical spine with a bone window technique to assess the exact shape of the 
vertebrae. We informed the patients and their families about the goals of surgery in 
detail, the specific possibilities of tumor resection, and the risks associated with the 
planned procedure. To be prepared for adequate therapeutic measures, we preopera-
tively discussed with our anesthetists the possible occurrence of intraoperative vagal 
reaction with sudden bradycardia or a sudden rise in blood pressure due to manipu-
lation within the medulla oblongata.

While intraoperative neuronavigation played almost no role in the surgery of 
bulbar gliomas, continuous electrophysiological monitoring was a mandatory tool 
that was applied in all surgical procedures. Somatosensory and motor evoked poten-
tials were routinely used throughout the intervention. In some instances, we also 
used intraoperative electromyography of the vagal and hypoglossal nuclei.

Surgical access to the medulla was usually less demanding than exposing the 
pons or the midbrain. Basically, we used only two access routes to resect tumors 
confined to the medulla: a standard midline suboccipital exposure with opening of 
the foramen magnum posteriorly (see Sect. 12.6.1 of Chap. 12 for detailed descrip-
tion of the medial suboccipital approach and surgical technique), and a lateral sub-
occipital exposure that was sometimes extended laterally and inferiorly (paracondylar 
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or transcondylar exposure) for laterally exophytic tumors (see the section below for 
detailed description of the far-lateral approach and surgical technique). We always 
expose the floor of the fourth ventricle (rhomboid fossa) by dissecting between the 
cerebellar tonsils and uvula, and by transecting the posterior medullary velum and 
tela choroidea (telovelar exposure). In a few instances, particularly for dorsally exo-
phytic tumors with significant lateral extension, we applied a combined lateral and 
midline exposure that was necessary to sufficiently expose the entire lesion 
(Fig. 13.8).

a b c d

e f g h

Fig. 13.8 This 8-year-old girl became symptomatic at the age of 1.5  years when her parents 
observed a slight limping in her left leg. Years later, following detection of a large craniocervical 
tumor, the girl underwent suboccipital craniotomy at another institution. By that time, the surgical 
procedure consisted of local tumor biopsy and enlargement of the dura mater (duraplasty). 
Histopathological examination revealed the presence of a pilocytic astrocytoma, and chemother-
apy with Vincristine and steroid medications were initiated. Subsequently, however, there was no 
detectable change of the lesion size on MRI. The tumor originated from the posterior medulla and 
consisted of large contrast-enhancing portions in addition to non-enhancing areas combined with 
adjacent cysts. The tumor mass had invaded the upper cervical cord reaching the C3 level and 
caused a space-occupying intramedullary syrinx extending inferiorly to the T1 level (a–c). 
Clinically, slight left-sided hemiparesis was noted. Tumor volume reduction became necessary at 
this stage because of repeated matutinal nausea and vomiting despite steroid medications. Surgery 
was undertaken with the child in the prone position and the head placed in the headrest coil unit for 
intraoperative MRI scanning (d). Tumor exposure was carried out again via a suboccipital crani-
otomy and an additional C1 laminectomy and C2 and C3 laminoplasty. Postoperative MRIs docu-
mented a significant tumor volume reduction of approximately 80–90% and small contrast-enhancing 
residual tumor portions (e–g, arrows). There were no perioperative complications, and no addi-
tional neurological deficits occurred. The child tolerated the surgical intervention without prob-
lems and was mobilized from the second postoperative day. Two years after surgery (h), the girl is 
neurologically intact with stable tumor remnants on control MRI
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Although not described in this series, tumors confined to the pontomedullary 
junction and upper medulla or exophyting into the cerebellomedullary cistern can 
be tackled with a retrosigmoid approach (see Sect. 12.5.2 of Chap. 12 for detailed 
description of the retrosigmoid approach and surgical technique). Cervicomedullary 
tumors always required an additional exposure of the upper spinal cord, achieved by 
C1 laminectomy and C2 laminotomy down to the caudal tumor extension (Fig. 13.8), 
sometimes down to the level of C7 or T1 in very extensive lesions. At the end of the 
intradural procedure, we usually replaced the blocks of spinous processes and ver-
tebral laminae and fixed them in situ with osteosynthetic titanium microplates and 
screws (cervical laminoplasty).

Far-Lateral Approach
The far-lateral approach permits access to the cisterna magna, cerebellomedullary and 
premedullary cisterns, exposing the antero-lateral and posterior surfaces of the 
medulla oblongata. Compared to a suboccipital craniotomy that only exposes the pos-
terior surface of the medulla, the far-lateral approach is most suitable to resect medul-
lary tumors through the antero-lateral safe entry zones, namely the pre- olivary sulcus 
(limited by the pyramidal tract anteriorly and the olive posteriorly) and the retro-oli-
vary sulcus (limited by the olive anteriorly and the inferior cerebellar peduncle and 
cranial nerves IX/X posteriorly). The transcondylar, supracondylar and paracondylar 
variants of the far-lateral approach are extensions of a basic lateral suboccipital crani-
otomy. Although the paracondylar variant is mostly used to expose lesions involving 
the lateral aspect of the clivus and jugular process as opposed to the transcondylar and 
supracondylar variants that provide access to the antero- lateral surface of the medulla 
oblongata, all three variants are described below for the sake of completion. The far-
lateral approach maybe combined with transmastoid and/or supratentorial approaches 
to access higher levels of lateral and antero- lateral aspects of the brainstem.

The patient is usually positioned in the three-quarter prone (a.k.a. park bench) 
position, where the patient side that is ipsilateral to the lesion is elevated at 45° from 
a prone position, and the head is rotated 45° to the contralateral side of the lesion 
with lateral flexion to the floor. The skin can be incised in two ways: the lazy S inci-
sion is relatively smaller than the inverted hockey stick incision, starting around the 
Asterion level, passing through the foramen magnum level, and ending with a 
medial curvature towards the C2 spinous process; whereas the inverted hockey stick 
incision follows a much longer trajectory, starting at 2 cm below the mastoid tip, 
proceeds vertically above the level of the superior nuchal line, turns medially 
towards the inion, then turns again to proceed inferiorly to the C2/C3 level. The 
wide exposure of the inverted hockey stick incision allows for utilizing the benefits 
of exposing the C1 transverse process during the paracondylar variant of the far- 
lateral approach, while the lazy S generally provides exposure for the transcondylar 
and supracondylar variants only.

The dissection starts by cutting the nuchal muscles (sternocleidomastoid, trape-
zius, longissimus capitis, splenius capitis, and semispinalis capitis) in a single bun-
dle just below the superior nuchal line, which exposes the suboccipital triangle 
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(formed by the superior oblique, inferior oblique and rectus capitis posterior major 
muscles). Within the suboccipital triangle, the vertebral artery (third segment), pos-
terior arch of atlas, and C1 nerve dorsal ramus are then identified after meticulous 
dissection of the vertebral venous plexus. Care should be taken not injure a posterior 
inferior cerebellar artery or posterior spinal artery of extradural origin in this region. 
After reflecting the muscles of the suboccipital triangle, three additional muscles 
are exposed: rectus capitis posterior minor (medial to the rectus capitis major mus-
cle), rectus capitis lateralis (connects the transverse process of atlas to the inferior 
surface of the jugular process, just lateral to the occipital condyle; an  important 
landmark for the paracondylar variant of the far-lateral approach), and levator scap-
ulae (originates at the postero-inferior border of the transverse process of the atlas; 
extends lateral to the second segment of the vertebral artery and medial to the carotid 
compartment).

Bone window opening proceeds with a lateral suboccipital craniotomy. Important 
landmarks include the Asterion (just posterior to the sigmoid and inferior to the 
transverse sinuses), superior nuchal line (approximates the level of the transverse 
sinus and torcula), and the external occipital crest (medial limit of craniotomy). Part 
or all of the condylar fossa may be included in the initial craniotomy, where the 
posterior condylar emissary vein is identified and cauterized. The C2 spinal nerve 
root courses medial to the atlantoaxial joint and should be protected before the next 
step. The vertebral artery is then dissected away from the posterior arch of the atlas, 
the ipsilateral half of which is cut (medially in the midline and laterally close to the 
lateral mass of atlas) and elevated in one piece after unroofing the foramen transver-
sarium and freeing the vertebral artery; the vertebral artery should now be easily 
displaced laterally and away from the subsequent craniectomy and dissection field.

The transcondylar variant follows a trajectory to the mid-to-lower antero-lateral 
medulla and lower clivus and exposes the intracranial segment of the vertebral 
artery. It starts with drilling the posterior third of the condyle until the posterior wall 
of the hypoglossal canal (dark blue color due to presence of venous plexus; cortical 
bone as opposed to the cancellous bone of the condyle) is encountered, then pro-
ceeds medial and inferior to the hypoglossal canal to reach the anterior medullary 
region and clivus.

The supracondylar variant provides access to the upper antero-lateral medulla 
and foramen magnum, as well as the petroclival junction and mid-clivus. Using a 
diamond bur, the posterior portion of the jugular tubercle is drilled above the hypo-
glossal canal and below the sigmoid sinus sitting in the sigmoid compartment of the 
jugular foramen; the lateral limit is the jugular bulb. Knowing that the glossopha-
ryngeal, vagus and accessory nerves run in the neural compartment (which lies 
between the sigmoid compartment posteriorly and petrous compartment anteriorly 
of the jugular foramen), these nerves are exposed medially and are at risk of injury, 
especially the spinal rootlets of the accessory nerve running along the dura in 
this area.

The paracondylar has the most lateral trajectory of the three variants and is uti-
lized for lesions involving the jugular process and posterior aspect of the mastoid. 
Intraoperative neurophysiologic monitoring of cranial nerves IX, X and XI is man-
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datory throughout the procedure. It requires raising the posterior belly of the digas-
tric muscle to expose the digastric groove, which will help to locate the exit of the 
facial nerve through the stylomastoid foramen. Fine drilling using a diamond bur 
proceeds supero-lateral to the condyle, around the exocranial aspect of the jugular 
foramen, and is directed towards the jugular process, onto which the rectus capitis 
lateralis is inserted posterior to the jugular foramen. Optimally, the neural compart-
ment of the jugular foramen, lower and distal sigmoid sinus, jugular bulb, internal 
jugular vein, and internal carotid artery (pharyngeal segment) are seen in the final 
exposure.

A wide dural flap is incised, and cerebrospinal fluid (CSF) is drained by opening 
the cisterna magna; the posterior spinal artery should be identified and protected 
from this step onwards. The vertebral artery pierces the dura at the infero-medial 
corner of the occipital condyle, after which it is attached to the atlanto-occipital 
junction by the intracranial denticulate (dentate) ligament. Along its anteromedial 
trajectory to join the contralateral vertebral artery, the posterior inferior cerebellar 
artery (PICA) branches off in the premedullary cistern before the vertebrobasilar 
junction. Access to the antero-medial compartment of the posterior fossa is granted 
through the vagoaccessory triangle, bordered by the medulla medially, the vagus 
and medullary rootlets superiorly, and the body of the accessory nerve laterally. 
This triangle is also divided into a superior window and an inferior window by the 
hypoglossal nerve, the latter of which is maximally exposed during the trancondylar 
variant. The accessory nerve runs posterior to the denate ligament at the spinal level 
but crosses the ligament as it runs antero-superiorly to exit through the neural com-
partment of the jugular foramen. The vertebral artery, however, remains anterior to 
the accessory nerve, thus facilitating dissection towards the lateral medullary sur-
face. By combining the transcondylar and supracondylar variants, angulating the 
microscope towards the brainstem (as opposed to the petrous bone) allows for maxi-
mal access to the upper and lower antero-lateral medullary surface as well as the 
neurovascular structures in the cerebellomedullary and premedullary cisterns. 
Visualizing the antero-medial medullary surface, however, is facilitated by the help 
of angled endoscopes passed through the vagoaccessory triangle.

13.5.3.4  Microsurgical Dissection Technique

We have encountered both gliomas that were easily discernable from the normal brain 
parenchyma as well as tumors that tended to diffusely infiltrate the brainstem and 
lacked a plane of dissection, some of which were PAs. In contrast to other tumor enti-
ties, GGs showed a tendency toward firm adhesion to adjacent cranial nerve rootlets 
or blood vessels, thus usually preventing a 100% tumor removal. Generally, many 
tumors encountered in this series were well-vascularized, gray-reddish in color, soft, 
and easily aspirated using the suction tube or the ultrasonic aspirator (Fig. 13.9).

With few exceptions, most of the PAs were well-demarcated, and the surround-
ing brainstem parenchyma was not edematous. GGs were of higher consistency 
than PAs and appeared as a rather compact tumor tissue. In high-grade gliomas, 
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Fig. 13.9 Intraoperative photograph of the patient shown in Fig. 13.8. Due to the initial surgical 
intervention with tumor biopsy and duraplasty performed at another hospital, severe scar forma-
tion and adhesions between the dorsal tumor surface and surrounding structures were encountered, 
particularly at the level of the transition between the medulla and spinal cord (a, arrow). In this 
area, the tumor had invaded the upper cervical cord in an infiltrative manner (b, arrow). Tumor 
resection was started in the cervical area and was carried out via a midline myelotomy at C1 and 
C2 levels using the ultrasonic aspirator (c). Particularly on the left side, the tumor had diffusely 
invaded the spinal cord and medulla (d, arrow). Consequently, no clearly demarcated dissection 
plane could be found in this area between the tumor and CNS parenchyma. For safety reasons, 
small residual tumor portions were therefore deliberately left behind
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only rarely did we find a well-defined tumor border. These tumors usually grew in a 
diffusely infiltrative manner, and the adjacent parenchyma was edematous and con-
tained fragile blood vessels, sometimes rendering local hemostasis quite difficult.

Initially, we started with microsurgical tumor volume reduction in a safe remote 
region and then gradually worked toward the tumor-parenchyma transition area.

In the 13 intrinsic gliomas of this series, the tumors were not readily visible on 
the surface of the brainstem. In these cases, we had to choose an optimal entry zone 
into the medulla. Depending on tumor location, this was either the posterior midline 
of the medulla (posterior median sulcus, above and/or below the obex) and, in many 
instances, combined with a midline myelotomy of the upper spinal cord, or the lat-
eral or even anterolateral aspect of the medulla, such as the pre-olivary and retro- 
olivary sulci. Alternate safe entry zones through the dorsal surface of the medulla 
also include the posterior intermediate and posterior lateral sulci. Occasionally, dur-
ing microsurgical tumor dissection within the medulla, sudden bradycardia and/or a 
significant rise in blood pressure occurred. In such instances, microsurgical manipu-
lation was immediately interrupted for several minutes to allow for the cardiovascu-
lar situation to normalize again.

13.5.3.5  Extent of Tumor Resection

In principle, we always attempted removing as much of the tumor mass as deemed 
safely possible. Not surprisingly, the medulla did not tolerate excessive surgical 
manipulation because long-tract pathways and cranial nerve nuclei are concentrated 
here in a tight fashion. In the case of focal tumors in which the pathological tissue 
was clearly distinguishable from the medullary parenchyma, we were able to 
remove a larger amount of the tumor without affecting the brainstem parenchyma. 
Somewhat differently, we resected diffusely infiltrating bulbar tumors only to a cer-
tain degree, while correlating the tumor size known from preoperative MRIs with 
local measurements using a millimeter scale (see Fig. 13.5), and guided by the sta-
bility of intraoperative evoked potentials, heart rate, and blood pressure. In every 
case, we also concentrated on distinguishing tumor feeders from perforating pial 
arteries supplying the medulla to avoid local ischemic damage.

Table 13.3 gives an overview of the extent of tumor resection according to the 
underlying tumor entity. In half of our cases (approximately 51%), we achieved 

Table 13.3 Extent of tumor resection

Tumor Entity/Extent of Resection GTR NTR STR Biopsy or Debulking

Pilocytic astrocytoma 8 3 4 1
Anaplastic astrocytoma 3 3 6 2
Ganglioglioma 1 3 3 1
Glioblastoma 0 1 2 2
Total 12 (27.9%) 10 (23.2%) 15 (34.9%) 6 (14%)

Abbreviations: GTR gross-total resection (99–100% of tumor volume removed), NTR near-total 
resection (90–98%), STR subtotal resection (50–89%), Biopsy/debulking, (<50%)
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gross-total resection (GTR) or near-total resection (NTR), which is a quite satisfac-
tory rate for bulbar gliomas. Expectedly, the resection rate was somewhat higher in 
PAs, even in patients suffering from large tumors. Tumor volume reduction of less 
than 50% (tumor debulking) was carried out in only 14% of cases, as expected in 
high-grade tumors.

13.5.4  Clinical Outcome

Fortunately, there was no direct surgical mortality, and no patient suffered from 
permanently or severely disabling neurological deficits attributable to the surgical 
intervention. All patients who did not ultimately survive died later on from their 
primary disease, the bulbar glioma.

Remarkably, no additional neurological deficits occurred in 30 of 43 individuals 
(approximately 70%) as shown in Table 13.4. Moreover, there was no patient of this 
series in whom, retrospectively, management of the bulbar glioma would have 
appeared more favorable without surgical intervention, which also supports our 
method of patient selection.

13.5.4.1  Pilocytic Astrocytoma

In 12 of 16 individuals suffering from a PA, there were no additional neurological 
deficits after surgery. Four patients experienced temporary neurological deteriora-
tion such as the patient shown in Fig. 13.10, who was the only individual suffering 
from a postoperative complication, namely CSF leak that required re-operation. 
Two male patients (56 and 61 years old) passed away due to progression of the 
tumor at 3 years and 8 months after surgery, respectively. They had experienced no 
or only mild additional symptoms immediately after surgery, but an early local 
tumor recurrence occurred in both; one of them is shown in Fig. 13.4. We suspect 

Table 13.4 Outcome and surgical characteristics

Pilocytic 
Astrocytoma

Anaplastic 
Astrocytoma

Ganglio- 
glioma Glioblastoma

Lost to follow-up 1 3 1 0
No new neurologic 
deficits

12 11 6 1

Additional morbidity 4 3 2 4
Surgical complications 1 0 0 0
Postoperative 
tracheostomy required

2 1 0 2

Tumor progression/
recurrence

4 5 2 5

Repeat tumor surgery 2 0 1 1
Disease-related death 2 3 0 5
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that the diagnosis of PA might not have been accurate in either case. Circumstantial 
evidence suggests that these individuals may rather have suffered from an anaplastic 
PA or DMG. Tumor progression was documented in two additional patients during 
the long-term follow-up, while repeat surgery was carried out in only two of the four 
individuals at 2 years and 3 years after the first intervention.

13.5.4.2  Ganglioglioma

There were no surgical complications in this subgroup of patients. Only two females, 
17 and 53  years old, suffered from postoperative augmentation of preoperative 
symptoms (facial palsy in one and ataxia in the other), but these symptoms gradu-
ally faded away thereafter. Due to local tumor recurrence, one 10-year-old boy 

a

b d g h i

c e f

Fig. 13.10 The parents of this 15-month-old boy noticed an abnormal head tilt to the left side in 
their child since he was 10 months old. Obviously, these symptoms were caused by left-sided 
partial sixth nerve palsy. Moreover, the child developed recurrent laryngitis. Preoperative MRI 
revealed a homogeneous tumor originating from the left lateral medulla, which extended posteri-
orly and laterally (a, arrows). The boy underwent surgery in the prone position with the head fixed 
in a special headrest coil unit (b) for intraoperative magnetic resonance imaging (BrainLAB, 1.5-T 
MR imager Magnetom Espree, Siemens). Intraoperative T1- and T2-weighted images were 
obtained during surgery to rule out any tumor remnants (c and d, arrows). The tumor (a pilocytic 
astrocytoma) was exposed via combined posterior median and left lateral suboccipital craniotomy 
with wide opening of the foramen magnum. The tumor tissue was homogeneous, of soft consis-
tency, and well distinguishable from the normal brainstem parenchyma (e). Tumor volume reduc-
tion was carried out with an ultrasonic aspirator. In the left lateral recess, the tumor was adherent 
to the rootlets of the caudal cranial nerves; nevertheless, it was successfully separated from these 
structures while preserving their integrity. Gross-total tumor removal was achieved (f). 
Postoperatively, dysphagia precluded oral nutrition for 9–10 days; due to subcutaneous collection 
of cerebrospinal fluid, the boy underwent a second surgical intervention after 4 days for dural 
repair. Subsequently, the child’s deglutition gradually normalized again, and the boy was symptom- 
free at 2 weeks after surgery (g). Three years after surgery, T1-weighted contrast-enhanced MRIs 
documented complete tumor removal (h), and the boy is in excellent clinical condition without 
neurological deficits (i)
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underwent a second surgical intervention  at 4  years after the first operation and 
remained symptom- and tumor progression-free until now, 15 years following the 
second surgery. A 27-year-old female also with local tumor recurrence is scheduled 
to undergo a repeat surgery in the near future. All remaining patients repeatedly 
showed stable serial MRIs and remained in excellent condition after surgery.

13.5.4.3  Anaplastic Astrocytoma

Despite harboring a high-grade tumor, the vast majority of patients with anaplastic 
astrocytoma (11/14) also did not experience new neurological deterioration after 
surgery. There were only mild additional symptoms, such as sensory deficits or a 
deteriorating facial palsy in three other individuals. Fortunately, no surgical compli-
cations were observed in the 14 patients suffering from anaplastic astrocytoma. To 
prevent aspiration pneumonia due to exacerbation of pre-existing dysphagia, one 
male individual required tracheostomy at 8 days after surgery. While three individu-
als were lost to follow-up, we know from three others that they have died from their 
bulbar glioma between 10 months and 3 years postoperatively. Clear tumor progres-
sion was documented in 5 of 14 patients during the follow-up period. Repeat sur-
gery might be considered in these patients.

13.5.4.4  Glioblastoma

Gratifyingly, there was also no surgical complication in any patient harboring a 
glioblastoma. While one female aged 24 years did not deteriorate neurologically 
after surgery, augmentation of pre-existing symptoms was observed in the remain-
ing four individuals. Two of them required postoperative tracheostomy for 3 and 
4 months, respectively. In all patients, the tumor eventually progressed despite com-
bined radio-chemotherapy after surgery. One male aged 43 years with hypermethyl-
ated MGMT promoter underwent a second surgical intervention at 2 years after the 
initial operation and survived in an excellent clinical condition for additional 2 years 
until he died from diffuse local tumor recurrence. The remaining four patients died 
between 8 months and 2.5 years after surgery. Postoperatively, all patients did well 
according to the circumstances, and in all patients, surgery did favorably modify the 
course of the disease, at least for a certain time period. According to the preopera-
tive clinical condition with rapid neurological deterioration, as well as taking into 
account the preoperative MRIs, none of the five glioblastoma patients would have 
survived more than a few months at most without surgical intervention.

13.6  Conclusion

From reviewing the pertinent literature, it is known that many physicians regard 
bulbar gliomas at first glance as inoperable lesions. However, with a reasonable 
patient selection policy, microsurgical tumor removal is feasible even in complex 
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lesions as demonstrated in this chapter, with an acceptable resection rate, good to 
excellent outcome, and a very low complication rate. The authors are convinced that 
surgery plays an important role in the overall management of medullary gliomas. In 
the context of modern molecular diagnosis, tumor sampling may gain even more 
importance in the near future. Continuous electrophysiological monitoring during 
surgery is helpful in guiding tumor resection and in avoiding surgical complica-
tions. A flexible attitude of the surgeon during the microsurgical intervention, for 
instance by not attempting an ideally high tumor resection rate in diffuse lesions 
that lack clear demarcation from the bulbar parenchyma, may help in avoiding irre-
versible damage to the medulla. On the other hand, radical tumor resection should 
be attempted in at least all focal low-grade tumors that are well-discernable from the 
brainstem parenchyma, since the tumor resection rate may favorably influence the 
patient’s long-term outcome and survival. The final decision regarding the degree of 
tumor volume reduction, however, should always be taken during surgery, based on 
the local circumstances and specific tumor tissue properties. While a desirable 
resection rate, as well as a good-to-excellent outcome can be achieved also in grade 
III bulbar gliomas, surgery may influence the natural history of bulbar glioblasto-
mas in a positive manner.
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TTP Time to progression
WHO World Health Organization
WT Wild type

14.1  Introduction

Brainstem gliomas are a heterogeneous group of tumors. Because clinical presenta-
tion and prognosis can differ significantly, treatment options vary, and a risk-to- 
benefit analysis is employed [1, 2]. In children, brainstem gliomas are often 
distinguished as diffuse intrinsic pontine glioma (DIPG) or non-DIPG. The biology 
and prognosis of adult “DIPG” differ from pediatric DIPG; unlike non-DIPG brain-
stem gliomas in children that are frequently low-grade, adult non-DIPG brainstem 
gliomas are frequently malignant and portend a poor prognosis. Therefore, differ-
ences in prognosis between adult DIPG and non-DIPG are not as evident as in the 
pediatric population. Treatment recommendations consider surgical resectability, 
clinical presentation, radiographic appearance, and tumor grade. Other factors such 
as length of time of symptoms, rapidity of symptom progression, present or impend-
ing cerebrospinal fluid (CSF) obstruction, patient age, and other prognostic factors 
may play a role in treatment decisions.

DIPG are diffuse, infiltrative lesions with tumor cells intertwined amongst criti-
cal neural structures in the brainstem and, therefore, lack a realistic surgical option. 
Histologically, these lesions are World Health Organization (WHO) Grades II-IV 
gliomas. Pediatric patients with typical DIPG tend to have similar outcomes regard-
less of tumor grade [3], while glioma grading in adults does appear to impact out-
come [4]. Additionally, H3K27M mutations are found in up to 80% of children with 
DIPG [5], yet this mutation does not appear to be as common in the adult disease. 
The presence of this mutation is prognostic, with patients having lower overall sur-
vival (OS) compared to those children with wild type (WT) H3 [6, 7]. Despite this, 
standard treatment regimens remain the same for children with and without these 
mutations, as no clinically effective therapy has yet been identified; i.e., H3K27M 
mutations are not yet predictive of response. As will be discussed in the chemo-
therapy section, biopsy with identification of specific mutations, including H3K27M, 
has led to clinical trials involving molecularly targeted agents with the hope that 
therapy aimed at specific mutations will be more effective than empiric therapies.

In contrast to the malignant biology observed in DIPG, pediatric non-DIPG 
brainstem gliomas frequently display a more benign nature and clinical course. 
Non-DIPG brainstem gliomas are further categorized as focal, dorsal exophytic, or 
cervicomedullary gliomas [8]. Whereas diffuse brainstem gliomas most frequently 
occur in the pons, low-grade, well-circumscribed gliomas typically involve mid-
brain and medulla locations [9], suggesting oncogenic contributions from the 
microenvironment and different cells of origin. Notably, the survival rates of patients 
with focal and exophytic brainstem gliomas, which are typically discrete masses, 
and even cervicomedullary gliomas, which are frequently pilocytic astrocytomas, 
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are significantly higher than those with diffuse lesions involving the pons, as these 
tend to be amenable to surgical resection (complete or partial resection or debulk-
ing) [1, 10–12].

Adult brainstem gliomas account for <2% of all adult gliomas [4, 13, 14], and 
approximately 60% have their epicenter in the pons [15]. Although the data is lim-
ited, adults with diffuse pontine gliomas tend to have modestly better outcomes than 
children with DIPG [13]. In contrast to typical pediatric DIPG in which median 
survival is less than 1 year from diagnosis, median survival for adults with brain-
stem glioma is 30–49 months [4, 16], although the number of patients included in 
adult studies are small, and it is unclear how many patients display the characteristic 
clinical and radiographic findings of typical pediatric DIPG.  In adult brainstem 
glioma, there is an association between the presence of contrast enhancement with 
survival (worse outcomes with increasing grade and contrast-enhancement) [4, 16], 
although this correlation is not clear in pediatric DIPG [17]. However, differences 
in outcome between adult and pediatric DIPG do not appear solely related to differ-
ences in histologic grade [18].

For clarity, this chapter will be organized to discuss the treatment of (a) pediatric 
DIPG, (b) pediatric non-DIPG brainstem gliomas, and (c) adult brainstem gliomas.

14.2  Treatment of Pediatric Diffuse Intrinsic Pontine Glioma 
(DIPG)

There are limited therapeutic options for patients with DIPG. The only therapy that 
has demonstrated significant, albeit temporary, clinical benefit to children with 
DIPG is radiation therapy, which remains the standard of care [17, 19]. Patients 
often present with rapid onset (days-to-weeks) and progressively worsening symp-
toms. Glucocorticoids are typically initiated at diagnosis or early in the radiation 
course to alleviate symptoms attributed to peritumoral edema. While radiation ther-
apy is frequently instituted as soon as possible in efforts to relieve or reduce symp-
toms, a retrospective study demonstrated that the time from diagnosis to the start of 
radiation therapy did not affect event-free survival (EFS) or OS [20].

14.2.1  Radiation Therapy

The standard therapeutic approach for patients diagnosed with DIPG is external 
beam radiation therapy, administering 54–60 Gy via focal photon radiation therapy 
in 180–200 cGy fractions, 5 days per week, over approximately 6 weeks [17, 21–
25]. This schedule, applicable to patients with any malignant glioma, has not 
changed over the past 5 decades and was originally established based upon the 
convenience of the 5-day schedule and experience of radiotherapists regarding acute 
tolerability of patients [26]. The total dose of radiation administered is critical for 
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malignant glioma. In a retrospective study evaluating a dose-effect of 50, 55 or 
60 Gy for malignant glioma, there was a direct relationship between increasing dose 
and increased survival [26]. For children with DIPG, it is generally agreed that 
doses less than 50 Gy are inadequate, and doses higher than 60 Gy may introduce 
additional toxicities without added benefit [27]. The gross tumor volume is defined 
based on T2-weighted, fluid attenuated inversion recovery (FLAIR), and 
T1-weighted post-contrast sequences, with the clinical target volume including the 
gross tumor volume and a 1–2  cm margin [20]. Conformal radiation therapy 
approaches may be used to decrease the volume irradiated and protect critical struc-
tures. In a study utilizing fractionated stereotactic radiation therapy, 41 patients 
(n = 26 adults; n = 15 children) with brainstem gliomas, including DIPG, received 
fractionated, high precision radiation therapy to a total dose of 54 Gy [27]. The pat-
tern of failure was local in the majority of patients. Despite the heterogeneous group 
of patients, this study demonstrated the feasibility of fractionated stereotactic radia-
tion therapy to improve target point precision and decrease exposure to critical 
structures. However, DIPG commonly extends beyond the pons, and some 
authors advocate more extended, rather than more precise, radiation fields [3, 28]. 
In this same context, most experts agree that there is no role for proton radiation 
therapy approaches in typical DIPG patients.

Radiation therapy improves neurological symptoms in approximately 75% of 
patients with DIPG and increases OS from a median of 4.7  months [29] to 
8–11 months [17, 21]. Unfortunately, any beneficial anti-tumor effects of radiation 
therapy are short-lived, with tumor growth or clinical progression generally noted 
within 3–6 months of completion [17, 19, 30–32]. The pattern of failure is usually 
local [30], although the tumor is frequently also found outside the radiation field, 
with leptomeningeal and/or subventricular zone disease detected in most patients at 
autopsy [28]. Despite these findings at autopsy, craniospinal radiation at diagnosis 
is not typically performed unless indicated by clinical symptoms.

14.2.1.1  Hyperfractionated Radiotherapy

While there are some variations to the standard dose and schedule for DIPG [33], 
including higher total doses or alternate schedules, a limited number of studies have 
been performed to determine the optimal schedule providing the best therapeutic 
index and clinical benefit [34]. Because there is a known dose-response relationship 
for radiation in malignant gliomas [26], higher doses have been investigated in chil-
dren with brainstem tumors. In reviewing the impact of these trials, it is important 
to note that many initial clinical trials did not distinguish DIPG from other brain-
stem gliomas. In a study comparing a total dose of 70.2 Gy administered in 117 cGy 
twice daily fractions over 6 weeks with conventional radiation therapy (total dose 
was 54 Gy administered in 180 cGy fractions over 6 weeks), OS, EFS and toxicities 
of the n = 130 patients did not significantly differ (OS 8 months versus 8.5 months, 
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respectively) [31]. A Phase I/II clinical trial of escalating doses of hyperfractionated 
radiation therapy initially suggested a trend toward clinical benefit, with increased 
OS and time to progression (TTP) with increasing total radiation doses of 66–72 Gy; 
subsequently, the dose was increased to 75.6 Gy [35]. However, while neurological 
improvement was still noted in about 75% of patients, higher doses of radiation 
therapy again did not improve the median TTP or OS (7 months versus 10 months, 
respectively) [35]. The pattern of failure again was local progression, although 6 of 
39 patients also had leptomeningeal disease. Notably, more than 60% of patients 
required steroids for at least 3 months, and 45% had evidence of intratumoral necro-
sis on imaging. Another study evaluated hyperfractionated radiotherapy doses of 
78 Gy in children with brainstem gliomas [36]. Although this dose was relatively 
well-tolerated, results were similar, with no improvement in patient outcomes, evi-
dence of prolonged steroid-dependency, and apparent radiation necrosis on imag-
ing. In a follow-up study comparing conventional versus hyperfractionated radiation 
therapy and incorporating cisplatin as a radiation sensitizer in both arms in children 
with newly diagnosed brainstem gliomas, there was no significant difference in EFS 
or OS [31]. Thus, given the evidence to date, there is no role for hyperfractionated 
radiation therapy in this population.

14.2.1.2  Hypofractionated Radiation Therapy

In an effort to shorten the 6-week radiation timeline and reduce the treatment bur-
den, hypofractionated radiotherapy delivered over shorter time periods, usually 
3–4 weeks, has been investigated in several studies of children with newly diag-
nosed DIPG [30, 37]. In a single institution study of 22 children with newly diag-
nosed DIPG [37], 14 patients received the prescribed dose of 45 Gy in 15 fractions 
of 3  Gy, while 5 patients required a reduced daily dose due to toxicities, and 1 
patient died due to severe intracranial hypertension after two fractions. Median TTP 
and OS were 5.7 and 7.6 months, respectively. In a second study that was a multi-
center retrospective analysis, n = 27 children with newly diagnosed DIPG treated 
with one of two hypofractionated regimens administered over 3–4 weeks (39 Gy in 
3 Gy fractions or 44.8Gy in 2.8 Gy fractions) were compared to a randomly selected 
matched cohort receiving conventional radiation therapy [30]; TTP and OS were 
reported as not significantly different between the two groups (TTP 5.0 vs. 
7.6 months [p = 0.24], and OS 9 vs. 9.4 months, respectively), although the number 
of patients was small [30]. In a randomized control study of n = 71 patients compar-
ing hypofractionated therapy (total dose was 39 Gy administered in 3 Gy fractions; 
13 fractions over 2.6  weeks) versus conventional radiation therapy (54  Gy in 
180 cGy fractions over 6 weeks), median OS for the hypofractionated group was 
7.8 months versus 9.5 months in the conventional radiation therapy group [38]. No 
significant difference in OS (hazard ratio [HR] 1.03) or toxicities were noted 
between the two groups [34]. Taken together, these studies suggest that shorter radi-
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ation treatment periods may be appropriate for some patients, e.g., those needing 
daily anesthesia; however, although statistically significant differences have not 
been observed in each study, patient numbers are small, there appears to be a trend 
toward shorter TTP, and larger, randomized trials are needed.

14.2.1.3  Radiosensitizing Agents

Agents that increase a cancer cell’s vulnerability to radiation have been investigated 
in further attempts to optimize the anti-tumor effects of radiation therapy for 
DIPG. However, no radiosensitizing agent to date has significantly improved out-
comes for this patient population. Cisplatin was one of the earliest agents to be clini-
cally investigated as a radiosensitizer given its ability to potentiate radiation effects 
preclinically in vitro and in vivo [39, 40]. In a clinical trial comparing hyperfraction-
ated radiation therapy with and without cisplatin as a radiosensitizer in children 
with diffuse intrinsic brainstem gliomas, patients receiving cisplatin had a worse 
outcome compared to those receiving radiation therapy only, suggesting increased 
toxicity in those receiving combination therapy [41]. Motexafin-gadolinium is 
another radiosensitizing agent evaluated in children with DIPG [42, 43]. Its metal-
loporphyrin localizes in tumors and inhibits oxidative stress-related proteins, result-
ing in a decreased ability to repair radiation-induced damage [44]. Despite its ability 
to penetrate into the tumor as assessed on magnetic resonance imaging (MRI) scans, 
addition of Motexafin-gadolinium to conventional radiation therapy did not improve 
OS in a clinical trial for children with DIPG [43]. Additional chemotherapeutic 
agents, such as gemcitabine [45] and capecitabine [46] have been evaluated as 
radiosensitizers and/or given in the adjuvant setting as “chemoradiation” therapy. 
As with other chemotherapeutic agents, no improvement in outcomes has been 
demonstrated; furthermore, there is some concern for additional toxicities and 
potential delays in radiation therapy [41].

14.2.2  Chemotherapy

As stated above, DIPG tumor cells are infiltrative, intertwined with normal cells in 
the brainstem. They may extend contiguously into the midbrain and medulla, locally 
into the cerebellar peduncles, and involve the subventricular space and leptomenin-
ges, suggesting that non-focal adjuvant treatment is needed. Despite a number of 
investigational trials, no therapy except radiation therapy has ever demonstrated any 
significant anti-tumor effect, clinical benefit, or significant improvement in out-
comes in a clinical trial for children with DIPG. Consequently, the standard treat-
ment for children with DIPG has not changed in decades. Many children with DIPG 
are enrolled in clinical trials; these have investigated various chemotherapeutic 
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agents and strategies, including conventional cytotoxic agents, high-dose 
 chemotherapy strategies, chemo-radiotherapy, and molecularly targeted agents. 
Attempts to address the lack of chemotherapy efficacy by varying  the timing of 
chemotherapy administration have been explored, including pre-radiation chemo-
therapy, chemotherapy concurrently with radiation therapy, and post-radiation che-
motherapy. A number of obstacles have been identified as a result of these 
approaches; despite wide-ranging approaches, DIPG has remained elusive. While 
subsequent clinical trials have been designed to overcome specific obstacles, the 
typical drug development and standard clinical trial paradigm has not significantly 
changed to collectively address these obstacles.

14.2.2.1  Empiric Therapies

For years, we had been hampered by the assumption that the biology of DIPG was 
similar to adult supratentorial malignant glioma as they appear histologically sim-
ilar. Consequently, chemotherapeutic agents evaluated in clinical trials for chil-
dren with DIPG have been selected based upon adult malignant glioma data or 
empirically, as disease-specific pre-clinical tools, such as DIPG cell lines and ani-
mal models, were non-existent until relatively recently. The combination of pro-
carbazine, lomustine and vincristine (PCV), a regimen that is modestly active in 
adult malignant glioma, was one of the earliest therapies explored in children with 
high-grade glioma, including diffuse intrinsic brainstem glioma [47]. However, 
the  outcome for these patients was not improved. As the PCV regimen was 
replaced by radiation therapy with concomitant, followed by adjuvant, temozolo-
mide as the standard therapy for adults with glioblastoma multiforme [48], inter-
est in evaluating temozolomide for children with DIPG peaked. Despite its activity 
in adult glioblastoma, its good central nervous system (CNS) tissue penetration 
[49], easy accessibility, tolerability, and numerous clinical trials in children with 
DIPG, no clinical trial has demonstrated significant activity of temozolomide in 
children with DIPG [6, 50–59] (Table 14.1). Accordingly, the multiple trials dem-
onstrating the  lack of temozolomide efficacy in DIPG generated suspicion that 
DIPG may biologically differ from adult glioblastoma and heralded further explo-
ration into DIPG biology.

Administering chemotherapy at different timepoints in the disease course has 
been evaluated in children with DIPG. In a study evaluating pre-radiation chemo-
therapy followed by hyperfractionated radiation therapy (total dose was 66  Gy), 
children with newly diagnosed high risk brainstem tumors were treated with four 
cycles of cisplatin and cyclophosphamide [61]. Notably, approximately two-thirds 
of eligible patients (n = 32) clinically improved with steroids and chemotherapy, 
and radiographic responses were observed with three partial responses. However, 
the median survival of 9 months was similar to historical controls, and significant 
chemotherapy-related toxicities were observed.
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Table 14.1 Temozolomide studies in diffuse intrinsic pontine glioma (or brainstem glioma, where 
indicated)

Study Treatment Regimen Population Results Reference

XRT + concurrent TMZ [75 mg/m2/d] 
then TMZ [75–100 mg/m2 daily × 
21/28 × 12 courses]

Newly diagnosed DIPG 
[n = 43]

Median TTP 5.6 
mo
Median OS 9.5 
mo

[59]

XRT + concurrent TMZ [75 mg/m2/d] 
then TMZ [200 mg/m2/d Days 1–5 q 
28 d]

Newly diagnosed DIPG 
[n = 20]

Median PFS 6.9 
mo
Median OS 9.15 
mo

[53]

XRT + concurrent TMZ [75 mg/m2/d] 
then TMZ [200 mg/m2/d Days 1–5 q 
28 d × 6 cycles]

Newly diagnosed DIPG 
[histologically 
confirmed] [n = 21]

Median TTP 7.5 
mo
Median OS 11.7 
mo

[54]

XRT + TMZ [90 mg/m2/d] then TMZ 
[200 mg/m2/d Days 1–5 q 28 
d × 10 cycles]

Newly diagnosed DIPG 
[n = 63]

Median TTP 6.1 
mo
Median OS 9.6 
mo

[52]

XRT then TMZ [150 mg/m2/d Days 
1–5/28]
Or
XRT + TMZ [75 mg/m2/d] then TMZ 
[150 mg/m2/d Days 1–5/28]

Newly diagnosed DIPG 
[n = 18]

Median PFS 7.4 
mo [n = 10]
Median PFS 6.4 
mo [n = 8]
Median OS 12.3 
mo [all]

[60]

XRT + TMZ [85 mg/m2/d] × 6 weeks, 
followed by TMZ [85 mg/m2/d]

Newly diagnosed diffuse 
BSG [n = 15]

Median TTP 
5.13 mo
Median OS 9.8 
mo

[57]

XRT + concurrent TMZ [75 mg/m2/d] 
then TMZ [200 mg/m2/d Days 1–5 q 
28 d]

Newly diagnosed DIPG 
[n = 15]

Median PFS 
7.15 mo
Median OS 15.6 
mo

[58]

XRT + TMZ [75 mg/m2/d] then 
[200 mg/m2/d] × 5 with cis-retinoic 
acid [100 mg/m2/d] × 21 d/28-d cycle.

Newly diagnosed DIPG 
[n = 12]

Median TTP 
10.2
Median OS 13.5

[50]

TMZ [200 mg/m2/d × 5 q 28 d] Progressive diffuse BSG 
[n = 21]

Median OS 6.2 
mo

[55]

XRT [pre-XRT irinotecan, optional] 
then TMZ [200 mg/m2/d × 5 d q 28 
d × 6 cycles]

Newly diagnosed diffuse 
BSG [n = 33]

Median PFS ~ 
8.5 mo
Median OS 12 
mo

[56]

TMZ [75 mg/m2/d × 5 d q 28 d 
cycle] + O6-BG

Recurrent, progressive 
BSG [n = 16]

6-mo PFS = 0%
Median 
OS = 60 days

[51]

Abbreviations: BSG brainstem glioma, d day(s), DIPG diffuse intrinsic pontine glioma, mo 
months, n number, OS overall survival, O6-BG O6-Benzylguanine, PFS progression-free survival, 
q every, TMZ temozolomide, TTP time to progression, XRT radiation therapy
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Pre-radiation chemotherapy with BCNU, tamoxifen, cisplatin and methotrex-
ate was explored in n = 23 children with diffuse brainstem glioma on the BSG 98 
trial [62, 63]. Patients on this study had a reported OS of 17 months compared to 
9 months in historical controls. While this difference appears significant, the two 
groups were not prospectively matched. Additionally, children treated with pre- 
radiation chemotherapy had significantly longer hospital stays compared to the 
control group. A follow up retrospective review of patients (n = 16) treated as per 
BSG 98 from 2004–2014 at a single institution was performed and compared 
these patients to children (n = 9) who underwent stereotactic biopsy for treat-
ment on targeted therapy protocols at the same institution [63]. Median OS was 
16.1 versus 8.8  months, respectively. However, again, the groups were not 
matched by prognostic factors such as length of symptoms, age at diagnosis, 
biopsy or debulking, or shunt placement. The clinical benefit of this approach, 
therefore, should be interpreted with caution, and further randomized trials 
are needed.

14.2.2.2  Disease-Specific Targeted Therapy

The early 2000’s ushered molecularly targeted agents into the clinic, and, as with 
temozolomide, a number of targeted agents were evaluated in clinical trials for 
children with DIPG (Table 14.2). These trials were frequently performed without 
knowledge of the target being present or if the “target” was a factor in driving 
tumorigenesis, as our understanding of DIPG was limited given that biopsy was 
not routinely performed in the United States, even for research purposes, until 
later. Targeted agents selected for clinical trials in children with DIPG were pri-
marily those being evaluated in adult glioblastoma patients. While targets, such as 
epidermal growth factor receptor (EGFR), had been identified in some DIPG cells 
using tissue obtained at surgical biopsy or autopsy [64], targeted therapies have not 
improved the outcomes to date. In an initial study of nimotuzumab, a humanized 
immunoglobulin G-1 (IgG1) monoclonal antibody targeting ERBB1/EGFR, 
administered with radiation therapy in children with DIPG, median progression-
free survival (PFS) and OS were 5.8 months and 9.4 months, respectively [65]. In 
a follow-up study, Massimino et al. [66] evaluated the efficacy of nimotuzumab 
with vinorelbine and radiation therapy in children with newly diagnosed 
DIPG. Unfortunately, median PFS of the 25 eligible patients was 8.5 months. Of 
note, biopsy to confirm the presence of EGFR expression in the clinical trials was 
not routinely performed; the authors report one of four biopsied patients demon-
strating cytoplasmic membrane expression of EGFR [66]. Additional clinical trials 
incorporating molecularly targeted agents for children with DIPG are listed, along 
with outcomes, in Table 14.2. While studies from autopsies of children with DIPG 
suggest the possible presence of these targets in some patients with DIPG, confir-
mation of the presence of the target was not performed prospectively for eligibility 
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in the majority of these studies. Additionally, most targets, including EGFR, identi-
fied in DIPG are not found in all tumor cells [64], suggesting that additional/com-
binatorial therapies may be necessary.

Over the past decade, we have learned that there are significant biological differ-
ences between adult glioblastoma and DIPG, and even between pediatric supraten-
torial malignant glioma and DIPG [78]. Subsequently, there has been a rapid 
expansion in our understanding of the biology of DIPG due to increasingly avail-
able autopsy/biopsy tissue and development of DIPG cell lines and animal models. 

Table 14.2 Diffuse intrinsic pontine glioma clinical trials involving molecularly targeted agents

Target(s) Phase
Study 
Drug(s)

Confirmation of target 
present in DIPG 
required for 
eligibility?
Y/N Outcomes Reference

PDGFR I Imatinib N Median EFS ~7.2 mo
Median OS ~11 mo

[67]

VEGFR-2
EGFR

I Vandetanib 
+ XRT

N Median PFS ~8 mo
Median OS ~11.5 mo

[68]

VEGFR-2
PDGFR

I Vandetanib 
+
Dasatinib

N Median OS ~ 12 mo [69]

EGFR I Erlotinib
+ XRT

Y for newly diagnosed 
BSG

PFS 8 mo
OS 12 mo
No correlation of 
EGFR and OS

[70]

EGFR I Gefitinib
+ XRT

N for BSG 1-year PFS 16.1%
1-year OS 48%

[71]

EGFR II Gefitinib
+ XRT

N Median PFS 7.4 mo
Median OS ~12 mo

[72]

Farnesyl 
transferase

I Tipifarnib
+ XRT

N Median PFS ~ <6 mo
Median OS ~8.5 mo

[73]

Farnesyl 
transferase

II Tipifarnib
+ XRT

N Median PFS 6.8 mo
Median OS 8.3 mo

[74]

Farnesyl 
transferase

II Tipifarnib N For recurrent, 
progressive BSG
6-mo PFS 3% +/− 3%

[75]

Gamma 
secretase

I MK-0752 N Refractory BSG 
[n = 6]: no responses, 
no long-term stable 
disease

[76]

Protein 
kinase C
PI3K/Akt 
pathways

I Enzastaurin N BSG [n = 5]: no 
objective responses but 
2/5 BSG had stable 
disease >3 cycles

[77]

Abbreviations: BSG brainstem glioma, EFS event-free survival, EGFR epidermal growth factor 
receptor, mo months, n number, N no, OS overall survival, PDGFR platelet derived growth factor 
receptor, PFS progression-free survival, PI3K phosphatidylinositol-3-kinase, VEGFR vascular 
endothelial growth factor receptor, XRT radiation therapy, Y yes
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The availability of this material, paired with the advent of next generation sequenc-
ing tools, has enabled groundbreaking research, revealing a complex genomic and 
epigenetic landscape that characterizes DIPG as a unique disease entity. The 
 recurrent failures of prior clinical trials in DIPG, the identification of potential ther-
apeutic targets from autopsies of children with DIPG, and the safety of routine 
biopsy of children with DIPG as demonstrated in Europe [79] support performance 
of biopsy within the context of clinical trials, particularly for confirmation of targets 
of molecularly targeted agents for children with DIPG [79–84]. However, while 
clinical trials incorporating biopsy to identify potential targets in individual patients 
with DIPG have been performed and are ongoing, no improvement in patient out-
comes has been reported yet. The lack of efficacy of molecularly targeted agents, as 
with other chemotherapeutic agents, is likely multifactorial (Table 14.3).

Unfortunately, routine assessment of tumors before and after treatment to con-
firm target presence and effects of therapy or development of resistance are not 
routinely or easily performed, especially for DIPG, where repeat patient tumor sam-
pling raises ethical issues, and animal models do not faithfully represent the patient 
condition. However, continued development and utilization of DIPG disease- 
specific pre-clinical tools, including cell lines and xenograft models, have allowed 
the performance of high throughput drug screens and validation of drug activity in 
animal models. The initial in-depth DIPG-specific drug-screen utilized a panel of 
sixteen cell lines derived from children with DIPG to evaluate the activity of eighty- 
three drugs [85]. The histone deacetylase (HDAC) inhibitor, panobinostat, demon-
strated significant activity in 12 of 16 cell lines; this activity was validated in an 
orthotopic xenograft model of DIPG [85]. The demonstration of HDAC activity in 
DIPG coincided with the identification of histone mutations in up to 80% of chil-
dren with DIPG [5, 86, 87], providing a rationale for clinical trials of panobinostat 
in children with progressive [88] and newly diagnosed post-radiation therapy DIPG 
(NCT02717455).

Table 14.3 Requirements for efficacious molecularly targeted agents for central nervous system 
tumors

Requirement Means of Assessment

Active agent(s) Identify and validate pre-clinically in DIPG cell 
lines; tumor models

Presence of target Patient biopsy prior to treatment
Agent delivered to tumor cells Determine CNS penetration pre-clinically; patient 

biopsy after drug administration; imaging of drug/
metabolites

Effective exposure [adequate concentration 
over the necessary period of time] at the 
tumor site

Determine CNS penetration pre-clinically; imaging 
of drug/metabolites

Patient able to tolerate doses needed to 
achieve effective exposure

Phase I clinical trial with pharmacokinetic analysis

Lack of resistance mechanisms Evaluate patient tumor at time of progression/
treatment failure

Abbreviations: CNS central nervous system, DIPG diffuse intrinsic pontine glioma
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Most DIPGs harboring histone H3 mutations have distinct genetic partner muta-
tions that may drive tumorigenesis and may be targetable [85, 89, 90]. This is 
important as resistance to HDAC inhibition develops in DIPG tumor cells [85], 
 suggesting that combinatorial therapy is necessary. Several pre-clinical studies have 
demonstrated synergistic activity of agents with HDAC inhibitors [91]. For exam-
ple, combinatorial therapy of HDAC inhibitors with bromodomain containing pro-
tein 4 (BRD4) or cyclin dependent kinase 7 (CDK7) inhibition is synergistic against 
DIPG cells [91]. Other partner mutations, such as ACVR1, typically associated with 
the H3.1K27M mutation, lead to activation of bone morphogenetic protein (BMP) 
signaling and, ultimately, increases the  transcription of tumor growth promoting 
genes [92–94], suggesting that targeting ACVR1 concurrently may have an anti- 
tumor effect. Pre-clinical studies evaluating combinations of agents are currently 
underway to validate in vivo efficacy to strengthen the rationale for clinical trials in 
children with DIPG.

14.2.2.3  Biologic Agents

In addition to traditional chemotherapeutic agents, alternate therapeutic approaches, 
including biologic agents, have been explored. Agents with multiple potential anti- 
tumor mechanisms, such as thalidomide and its derivatives, and a variety of interfer-
ons have been clinically evaluated for the treatment of malignant gliomas with 
mixed results [95–101]. Several clinical trials utilizing interferons, a family of gly-
coproteins with antiproliferative and immunomodulatory effects, have been studied 
for the treatment of malignant gliomas, but the optimal type of interferon, schedule 
and dosing remains unclear. Based on a pre-clinical study demonstrating that con-
tinuous low-dose interferon alfa may be more efficacious than intermittent high 
doses [102], Warren et al. performed a Phase II study in children with DIPG, initiat-
ing weekly low-dose pegylated interferon alpha-2b (PEG-Intron®) after completion 
of radiation therapy [101]. Although well-tolerated, median TTP was 7.8 months 
and OS was 11.7  months, which was not significantly different from historical 
controls.

Given that malignant gliomas are recognized as vascular tumors with overex-
pression of basic fibroblast growth factor, vascular endothelial growth factor, and 
platelet derived growth factor, agents such as thalidomide and its subsequent deriva-
tives, including lenalidomide, have been evaluated in clinical trials for children with 
brainstem gliomas [100, 103]. In a study of thalidomide with radiation therapy, 
followed by thalidomide, median TTP was 5  months and median survival was 
9 months [100]. In a study evaluating thalidomide and temozolomide with and fol-
lowing radiation therapy in children with diffuse pontine glioma, median PFS was 
7.2 months and OS was 12.7 months [103], again, not significantly different from 
historical controls. Most recently, the thalidomide derivative and immunomodula-
tory agent, lenalidomide, has been evaluated concurrently and following radiation 
therapy in a Phase I trial in children with newly diagnosed DIPG [104]. This study 
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has demonstrated tolerability of lenalidomide in this population and long-term (3+ 
years) survival of a child with H3.3K27M DIPG; additional outcome results have 
not been reported to date.

14.2.2.4  Different Modes of Delivery

A major obstacle to optimal anti-tumor effect of chemotherapeutic agents is the 
blood-brain barrier (BBB), which prevents delivery to, and achievement of, effec-
tive exposure to the majority of therapeutics at the tumor site. Because potentially 
druggable targets have been identified in children with DIPG, and agents designed 
to target them are available clinically, alternate modes of drug delivery are being 
explored. These alternative modes of delivery include intrathecal delivery, which is 
limited by diffusion across the brain parenchyma; intranasal delivery, which contin-
ues to be preclinically investigated for optimal drug formulations and validation; 
and direct intratumoral delivery using techniques such as convection enhanced 
delivery (CED).

In CED, a therapeutic agent is administered through a catheter, attached to a 
pump, and infused with low, slow continuous pressure [105]. This technique is 
being evaluated as a means to improve outcomes for DIPG patients by bypassing 
the BBB and directly infusing a therapeutic agent into the tumor. The first CED case 
in a child with DIPG involved the administration of interleukin-13-pseudomonas 
exotoxin (IL13-PE) directed at the IL13 receptor, which had been shown to be pres-
ent in a subset of patients with DIPG [106]. While this demonstrated safety and 
feasibility, this case and the subsequent clinical trial identified, and have sought to 
rectify, technical issues to optimize delivery to the tumor [107, 108].

Additional studies incorporating different agents have confirmed the relative 
safety and feasibility of this technique for children with DIPG [109]. Souweidane 
et al. recently published results of a CED Phase I study in children with DIPG in 
which the radiolabeled antibody, radioisotope iodine 124 conjugated to antiglioma 
monoclonal antibody 8H9 ([124I]-8H9), which targets the glioma-associated B7-H3 
antigen, was infused [109]. This study again confirmed the safety and feasibility of 
this technique, and elegantly assessed the volume of distribution of the agent. 
Development of multiple-catheter, implanted CED devices that allow repeat drug 
administration to the tumor have also been investigated and shown to be safe and 
feasible [110, 111]. With each of the direct delivery techniques, drug selection is 
key; as with all tumors, tumor cells need to be sensitive, and effective exposure at 
the tumor site needs to be maintained. One of the limitations of CED is complete 
coverage of the tumor. While CED studies to date have targeted the MRI-defined 
tumor volume, DIPG tumor cells frequently reside outside the pons [28], likely 
necessitating the combination of CED and systemic drug administration.

Regardless of type of chemotherapy and route of administration, for chemother-
apy to be effective, it has to meet the following minimum criteria: tumor cells must 
be sensitive to the agent(s); the drug must be delivered to its site of action (i.e. tumor 
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cells in pons as well as the invasive edge, subventricular zone, etc.); effective expo-
sure (concentration over time) of the active drug or metabolite must be achieved at 
the tumor site; and patients need to tolerate the doses necessary to achieve these cri-
teria. Unfortunately, pre-clinical studies addressing each of these criteria specifically 
for DIPG are not routinely performed. Drug penetration into the CNS after systemic 
delivery is limited for most (>95%) compounds; only small, lipophilic compounds 
are able to cross the BBB and then must traverse the brain parenchyma to reach the 
tumor cells [112]. Until each and all of these requirements are addressed, the likeli-
hood of identifying effective chemotherapeutic agents for DIPG remains minute.

14.3  Treatment of Pediatric Non-DIPG Brainstem Gliomas

Questions that commonly arise for benign or low-grade appearing lesions on MRI, 
particularly in patients who are asymptomatic, minimally symptomatic, or have 
associated neurofibromatosis type I (NF-I) are: (1) is there a need for biopsy, (2) 
when to institute treatment, and (3) what treatment is recommended. Focal and dor-
sal exophytic brainstem gliomas and cervicomedullary gliomas are most commonly 
low-grade lesions. These patients may have a surgical option depending on tumor 
size and tumor location [10, 12]; safe, maximal surgical resection is the initial treat-
ment of choice [113]. For most cases, obtaining tumor tissue for histologic diagno-
sis is optimal if the lesion is accessible, particularly if the lesion is rapidly increasing 
in size. Enhancement patterns alone in pediatric brainstem gliomas are not used as 
diagnostic criteria or a rationale for biopsy. In adults, malignant gliomas typically 
enhance, while low-grade gliomas are less likely to enhance, therefore in adults, 
enhancement on MRI may be an indication for biopsy. In contrast, in pediatric 
brainstem gliomas, diffuse malignant lesions such as DIPG may not enhance or 
have minimal enhancement, while non-DIPG tumors, which are frequently pilo-
cytic astrocytomas, often do enhance [17, 114].

For asymptomatic patients and patients who undergo subtotal/incomplete resec-
tion, conservative management with a period of watchful waiting and close moni-
toring may be appropriate [113, 115].

In patients with NF-I, non-enhancing enlarging lesions in the brainstem are 
sometimes presumed to be low-grade gliomas and treated as such. In a retrospective 
study of brainstem tumors in children with NF-1 and brainstem tumors, 12 of 21 
patients had progression of the lesion in a 3.75 year follow-up, and in 7 patients, the 
lesion stabilized or regressed without intervention [116], suggesting that a conser-
vative approach of watchful waiting/observation is appropriate.

The optimal timing for initiating non-surgical treatment for non-DIPG brainstem 
gliomas in children is not clear. In general, if a lesion is causing symptoms and/or 
there is evidence of progression, treatment is instituted. Surgical resection may be 
performed at diagnosis in lesions that are readily accessible surgically. If debulking 
or partial resection is performed and the lesion is found to be a pilocytic astrocy-
toma, sometimes watchful waiting is done as the residual lesion may spontaneously 
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regress [117]. If there is evidence of tumor growth or worsening tumor-associated 
symptoms,  the  recommended treatment takes into consideration the  patient age, 
evidence of malignancy, rapidity of growth, risk of loss of function, and presence of 
targetable mutations.

14.3.1  Radiation Therapy

Radiation therapy can be utilized for unresectable or incompletely resected lesions, 
rapidly progressing lesions, or disease progression after chemotherapy [1, 118, 
119]. In a retrospective analysis of children with focal brainstem lesions, tumor 
control after surgery or radiation therapy were comparable [10]. However, the risk 
of radiation-induced toxicities, including long-term toxicities such as secondary 
malignancy, must be taken into consideration given that the vast majority of chil-
dren with non-DIPG brainstem tumors will survive and effective chemotherapeutic 
regimens exist [120, 121]. When radiation therapy is indicated, focal tumor volumes 
are generally used to decrease the potential for acute and long-term toxicities [113].

Cervicomedullary tumors are also frequently low-grade gliomas including pilo-
cytic astrocytomas, fibrillary astrocytomas, and gangliogliomas [11, 114, 122]. 
Despite their diffuse appearance, safe surgical resection is generally the treatment 
of choice. However, this is not possible in a number of cases; subtotal resection may 
be feasible and is frequently followed by radiation therapy [11]. Robertson et al. 
reported a 70% PFS rate in 17 children with histologically low-grade cervicomedul-
lary tumors (n = 15) or anaplastic gangliogliomas (n = 2) that were treated with 
surgical resection alone. Again, watchful waiting/close observation may be appro-
priate. If tumor size or symptoms are rapidly progressive or there is impending loss 
of function, radiation therapy may be indicated. If there is slow progression, chemo-
therapy may be an option, particularly if BRAF V600E mutations are present [123, 
124]. OS is significantly better than diffuse tumors involving the pons, with over 
80% 5-year survival [11].

14.3.2  Chemotherapy

There is no standard of care for the use of chemotherapy in the treatment of pediat-
ric non-DIPG brainstem gliomas. Rather, standard chemotherapeutic regimens uti-
lized for children with low-grade gliomas in other locations are frequently employed. 
Chemotherapy is often recommended for patients with unresectable tumors, those 
with residual tumor following surgical resection, and those with progressive or 
symptomatic lesions. One report advocated pre-surgery chemotherapy as a means to 
improve the brainstem/tumor interface of cervicomedullary gliomas to allow for 
more successful resection [122]. However, specific chemotherapy regimens have 
not been prospectively evaluated in clinical trials in this population.

14 Radiation and Chemotherapy for Brainstem Tumors



336

Historically, several cytotoxic chemotherapy regimens, such as vincristine and 
carboplatin [125], 6-thioguanine, procarbazine, lomustine and vincristine (TPCV) 
regimen [126], and vinblastine [127], have been used with some success in the man-
agement of children with low-grade gliomas, including those involving the brain-
stem [128]. Recent advances in our understanding of glioma biology and 
identification of potential targets, such as BRAF in low-grade gliomas and 
 gangliogliomas, have led to more directed treatment. For example, the BRAF-
KIAA1549 fusion is found in approximately two-thirds of brainstem pilocytic 
astrocytomas [129, 130] and BRAF V600E is frequent in gangliogliomas, found in 
more than 50% of pediatric patients [131, 132].

14.4  Treatment of Adult Brainstem Gliomas

As discussed, the incidence of adult brainstem gliomas is relatively low as the vast 
majority of malignant gliomas in adults are supratentorial. As a result, treatment for 
adult brainstem glioma is not standardized but rather based upon provider/institution 
experience and individual patient factors. Over the past decade, a limited number of 
retrospective studies have been performed to assess and characterize the clinical 
management of this patient population. These studies involve heterogeneous popula-
tions, relatively small patient numbers, and varied treatment approaches, including 
radiation therapy, chemoradiation therapy, chemotherapy alone, surgery only, or 
watchful waiting [133–136]. While pediatric brainstem tumors are typically charac-
terized as DIPG versus non-DIPG, a functional approach for the classification of 
adult brainstem gliomas appears to more commonly be high-grade (WHO III/IV) 
versus low-grade (WHO I/II) gliomas, as this seems to have the strongest prognostic 
implications [133]. Therefore, stereotactic biopsy has been suggested as the standard 
of care in adult brainstem gliomas [13, 133, 137], particularly given the fact that, 
unlike in pediatrics, a considerable proportion of adult brainstem lesions are not glio-
mas [4, 137]. Additionally, some adult brainstem gliomas may be described as focal, 
dorsally exophytic or cervicomedullary lesions [12] as in the pediatric population, 
and these may be amenable to surgical resection as discussed above.

14.4.1  Radiation Therapy

Radiation therapy is commonly employed for adults with brainstem glioma [4, 
134], particularly those that are high-grade or unresectable, progressive lesions 
[136], although the indication for radiation therapy is not defined in many cases. 
Most patients do have improvement in clinical symptoms after radiation therapy, 
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although the impact on survival is not clear [138]. As with other malignant gliomas, 
radiation doses of 50–60 Gy administered via focal fractionated external beam irra-
diation is commonly utilized [133, 139].

14.4.2  Chemotherapy

The role of chemotherapy in the treatment of adult brainstem gliomas has not been 
established [135], and only few studies have evaluated chemotherapy specifically in 
this population. A retrospective analysis of 28 patients that compared OS for adults 
with brainstem glioma treated with radiation and concurrent temozolomide, fol-
lowed by temozolomide, versus those receiving radiation alone did demonstrate a 
survival advantage (23.1 vs. 4.0 months) [16], and several retrospective analyses 
indicate that  temozolomide, alone or concurrently with radiation therapy, is fre-
quently employed for adults with brainstem glioma [135]. However, the  clinical 
benefit from chemotherapy, including temozolomide, is unclear as randomized pro-
spective trials comparing similar populations have not been performed.

Other chemotherapeutic agents commonly used in adult supratentorial malignant 
glioma have been employed at the time of recurrence/progression of brainstem gli-
oma. These therapies include bevacizumab, nitrosoureas, PCV regimen, and plati-
num compounds, among others [135]. As with upfront chemotherapy, their role is 
unclear as patient numbers are small, tumors are heterogeneous, and these have not 
been evaluated in clinical trials [135].

14.5  Treatment at Relapse

Unfortunately, the vast majority of patients with malignant glioma involving the 
brainstem will progress after upfront therapy. Treatment options at this time are 
limited, and many patients  opt for clinical trials or palliative care. Frequently, 
patients are ineligible for clinical trials given their poor performance status, short 
life expectancy [140], or exclusion of patients with tumors located in the brainstem. 
A number of institutions are revisiting the idea of re-irradiation in this patient popu-
lation. With advanced radiation therapy and imaging techniques, re-irradiation in 
patients with progressive malignant brainstem glioma has been shown to be feasible 
and relatively safe, with possible modest efficacy; however, re-irradiation is not 
standardized, the optimal dose, technique, fraction and volume are unknown, ideal 
patient selection is unclear, and management of toxicities is necessary. Re-irradiation 
has resulted in mixed results including improved symptoms and modest survival 
improvements (median survival 2–9 months) [66, 141–144].
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14.6  Conclusion

Brainstem gliomas are a heterogeneous group of tumors that span histologic grades 
and age groups. The treatment of adults and children with brainstem glioma varies, 
depending on the radiographic appearance, patient age, tumor type, and tumor biol-
ogy. Tumor biology is age- and location-dependent. While low-grade gliomas in the 
brainstem may have surgical and chemotherapeutic options, the treatment of malig-
nant brainstem gliomas is limited to radiation therapy and investigational chemo-
therapeutic regimens. Unfortunately, the outcome for patients with diffuse brainstem 
glioma remains poor. Our understanding of DIPG in particular has advanced dra-
matically over the past decade, yet clinical advances to improve outcomes have 
been stalled due to obstacles with identifying and delivering effective agents to the 
tumor site. As we identify tumor targets and molecularly targeted agents and vali-
date these in pre-clinical disease-specific models, we must now focus on overcom-
ing the obstacles of drug delivery and drug resistance. Despite all the limitations, 
the hope is that a deeper understanding of the microenvironment, tumor biology and 
brainstem development will soon lead to effective treatments that will improve out-
comes for our patients.
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CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
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HDACi Histone deacetylase inhibitor
HER2 Human epidermal growth factor receptor 2
HGG High-grade glioma
HLA Human leukocyte antigen
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RTKs Receptor tyrosine kinases
scFv Single-chain variable fragment
SPECT Single photon emission computed tomography
TCRs T-cell receptors
Tf Transferrin
TGF-β1 Transforming growth factor β1
TIL Tumor-infiltrating lymphocyte
TIM-3 T-cell immunoglobulin and mucin domain-containing 3
TK Thymidine kinase
Treg Regulatory T cell
TTRNA-DC Total tumor mRNA-pulsed autologous dendritic cell
VEGF Vascular endothelial growth factors
WHO World Health Organization
α Alpha
β Beta

15.1  Introduction

Malignant brainstem tumors are a heterogeneous group of tumors occurring in the 
brainstem and cervicomedullary junction. According to the Central Brain Tumor 
Registry of the United States (CBTRUS), in all age groups, there were about 1200 
primary brainstem tumors per year between 2010 and 2014 in the United States, 
among which 900 cases were malignant [1]. These numbers account for 1.6% of all 
primary central nervous system (CNS) tumors and 3.8% of all malignant primary 
CNS tumors. Brainstem tumors occur more often in children than in adults. Among 
0–14 year-olds, about 450 cases of primary brainstem tumors occurred during the 
same period in the United States, accounting for 13.4% of all primary CNS tumors 
in this age group [1].

Approximately 90% of brainstem tumors are gliomas in origin [2]. In children, 
most of these are diffuse intrinsic pontine gliomas (DIPGs), accounting for at least 
80% of brainstem gliomas [3, 4]. They have a dismal prognosis with a median sur-
vival of only 1 year [4]. Other malignant brainstem tumors in children include 
embryonal tumors such as atypical teratoid rhabdoid tumors (ATRTs), embryonal 
tumors with abundant neuropil and true rosettes (ETANTR) and primitive neuroec-
todermal tumors (PNETs) (the latter two disease entities were folded into embryonal 
tumors with multilayered rosettes [ETMR] in the WHO 2016 classification), and 
high-grade glial tumors that are not classified as DIPG [5]. These tumors are rarer 
than DIPG. Even rarer are high-grade mixed neuronal-glial tumors (anaplastic gan-
glioglioma) in the brainstem. Primary malignant tumors in the brainstem in adults 
are less common than in children and are mainly anaplastic astrocytoma (AA) and 
glioblastoma multiforme (GBM) [6]. Malignant tumors from nearby structures, such 
as choroid plexus carcinoma of the fourth ventricle, can also invade the brainstem.
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The discussion in this chapter will focus on investigational therapeutic options 
for DIPG, sometimes with references to related diseases such as glioma in general.

15.2  Obstacles in the Treatment of Malignant Brainstem 
Tumors

15.2.1  Maximal Safe Cytoreduction Surgery

The brainstem is a compact structure and plays pivotal roles in cardiovascular and 
respiratory control, alertness, awareness, and consciousness, as well as serving as 
the passageway for motor and sensory tracts and housing the cranial nerve nuclei. 
DIPG, the most common malignant primary brainstem tumor, infiltrates the brain-
stem extensively, precluding meaningful cytoreduction surgery. As a result, in the 
clinical management of DIPG, surgery is typically only used for relieving hydro-
cephalus or for biopsy. The diffuse growth pattern of DIPG is demonstrated in 
Fig. 15.1.

15.2.2  Blood-Brain Barrier

An important limitation of systemic chemotherapy in primary brain tumor treatment 
is the existence of the blood-brain barrier (BBB). The BBB is a barrier that isolates 
the circulating blood from the cerebrospinal fluid (CSF) and the interstitial fluid in 
the CNS.  It occurs along the  cerebral capillaries and consists of tight junctions 
(zona occludens) that do not exist in vasculatures in other organs. Endothelial cells 
restrict the diffusion of microscopic objects (e.g., bacteria) and large or hydrophilic 
molecules from the brain vasculature, while allowing the diffusion of small hydro-
phobic molecules (e.g., O2, CO2, and certain hormones). Typically, molecules larger 
than ~40 kD are unlikely to penetrate the intact barrier. For the brain’s supply of 
nutrients and removal of metabolites, cells of the brain vasculature actively trans-
port glucose and metabolic products across the barrier using transporters.

The BBB acts effectively to protect the brain from many common bacterial 
infections and some toxic substances. Yet, it presents a major challenge in delivering 
therapeutic agents to specific regions of the brain for the treatment of brain tumors 
and certain other disorders. Most cancer drugs are not able to permeate the BBB 
because they are polar in structure or too large in molecular weight. Even for drugs 
that are able to cross the cerebral capillary bed, it is difficult to achieve optimal 
concentrations in the brain due to the limitations posed by systemic toxicity.
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Fig. 15.1 Imaging presentation of a DIPG. These representative images were acquired from the 
same patient in one study. (a) The tumor is hypointense on T1-weighted images (sagittal view). (b) 
The tumor is hyperintense on FLAIR images (sagittal view). (c) The tumor lacks enhancement on 
post-contrast T1-weighted images (sagittal view). (d) The tumor is hyperintense on T2-weighted 
images (axial view). Note the diffuse growth pattern of the tumor and the ventral expansion of the 
pons caused by the tumor growth, partially engulfing the basilar artery
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Another related challenge in the delivery of drugs for the treatment of primary 
brain tumors and certain other CNS diseases is how to direct drugs to the lesion 
while sparing healthy neural tissues from disturbance of normal neurological 
functions.

Clinically, gadolinium contrast enhancement on magnetic resonance imaging 
(MRI) serves as an indicator of the integrity of the BBB. DIPGs either do not show 
contrast enhancement or have only a small volume of contrast enhancement [7], 
suggesting that the BBB is largely intact in this tumor. Another piece of indirect 
evidence of the relatively intact BBB is that in a clinical study of tyrosine kinase 
inhibitors dasatinib and vandetanib in DIPG patients, the CSF to plasma exposure 
of the two drugs was only approximately 2% [8]. An animal study suggests that 
tumor location, instead of histone mutation status, may be the main reason for this 
relatively intact BBB in brainstem infiltrative gliomas [9]. While a more permeable 
BBB, as indicated by contrast enhancement, may allow chemotherapeutic drugs to 
reach the tumor more easily, it is also associated with shorter survival in DIPG 
patients [7].

15.2.3  ATP-Binding Cassette Transporters

ATP-binding cassette (ABC) transporters are a family of transporter proteins that 
contribute to drug resistance by functioning as ATP-dependent drug efflux pumps. 
At least four dozens of human ABC genes have been identified [10]. The best- 
known ABC transporter that is involved in multidrug resistance is P-glycoprotein 
(P-gp), an organic cation pump. P-gp is encoded by the MDR1 gene. The physiolog-
ical function of P-gp is the excretion of toxins from cells, and it contributes to drug 
resistance in a pharmacological context. P-gp is overexpressed in chemotherapy- 
resistant tumors, conferring resistance to certain chemotherapeutic agents, and is 
upregulated after disease progression following chemotherapy in cancers. Other 
transporter proteins mediating drug resistance include those in the multidrug- 
resistance- associated protein (MRP) family and ABC, subfamily G (ABCG). 
Among members of the MRP family, only MRP1 has shown convincing evidence to 
be associated with clinical resistance. ABCG2, a half transporter in the ABCG sub-
family, confers resistance to topotecan, camptothecin-11 (CPT-11), and mitoxan-
trone [11]. The expression and regulation of the MRP family and ABCG2 have not 
been extensively studied in cancers.

In the normal brain, ABC transporters are predominantly expressed on endothe-
lial cells of micro blood vessels, but can also be found in astrocytes, microglia, and 
neurons [12, 13]. In brain capillary endothelial cells, P-gp is primarily found in the 
luminal (blood-facing) membrane [14, 15]. However, it is also expressed on the 
abluminal (brain-facing) membranes of capillary endothelial cells as well as adja-
cent pericytes and astrocytes [16].

A recent study demonstrated the expression of P-gp, MRP1, and ABCG2  in 
tumor vasculature, and the expression of MRP1 in glioma cells themselves in DIPG 
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as well as in pediatric supratentorial high-grade glioma (HGG) samples [17], sug-
gesting that these drug efflux transporters may be a major factor in the failure of 
systemic chemotherapy in treating DIPG.

15.2.4  Intratumoral Heterogeneity

Intratumoral heterogeneity has been recognized as a common phenomenon in 
malignant solid tumors for several decades [18, 19]. Heterogeneity can be appreci-
ated both histologically and molecularly. Intratumoral genetic heterogeneity has 
been documented in a large number of tumors recently [20–23]. Tumors are dynam-
ically evolving genetically and epigenetically, both spatially within the local tumor 
and across metastatic sites, and temporally throughout the disease course. As a 
result of intratumoral heterogeneity, sampling different parts of the same tumor may 
produce different results for pathology studies and genetic and epigenetic profiling 
[24–29]. In glioblastoma, a single tumor consisted of a heterogeneous mixture of 
cells harboring diverse types of mutations, both by copy number analysis and tran-
scription analysis [29, 30].

Intratumoral heterogeneity plays an important role in therapeutic resistance. 
Clonal variations in response to chemotherapeutic agents, hyperthermia or ionizing 
radiation have been well documented [31]. Most cancer therapies present selection 
pressure on the numerous and diverse clones of tumor cells [32, 33]. Clones that 
survive the therapy will dominate in the post-treatment or recurrent tumor. The 
impact of clonal variation on therapeutic resistance may be more pronounced for the 
contemporary signal transduction pathway-targeted therapies than the conventional 
cytotoxic chemotherapy. Targeting of receptor tyrosine kinases (RTKs), such as epi-
dermal growth factor receptors (EGFR), platelet-derived growth factor receptors 
(PDGFR) and vascular endothelial growth factors (VEGF), has been a focus of 
some recent clinical trials for GBM.  Therapy with single agents leads to clonal 
selection, enriching therapy-resistant clones that give rise to recurrent GBM [34]. 
Possibly a result of this phenomenon in part, clinical trials with signal transduction 
pathway-targeted therapies failed to show significant improvement in survival in 
GBM, as well as in DIPG patients [8, 35].

DIPGs show intratumoral T2-weighted signal heterogeneity [36, 37] as well as 
diffusivity heterogeneity [36, 38, 39]. Histologically, DIPGs show considerable 
intratumoral heterogeneity, with over 50% even showing focal areas resembling 
World Health Organization (WHO) grade I morphology [40]. Intratumoral molecu-
lar heterogeneity has also been demonstrated recently [40–42], with PDGFRA 
amplification and mutation as well as BCOR, ATRX, MYC and TP53 mutations 
[42], and H3-K27me3 mark [40] showing marked spatial heterogeneity. One of the 
studies also demonstrated that the histone 3 (H3) lysine-to-methionine missense at 
position 27 (K27M) mutation is spatially conserved [42], arguing that molecular 
intratumoral heterogeneity in DIPG is less significant than in adult GBM.
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15.2.5  Immune Privilege and Specialization of the Central 
Nervous System

Immune privilege of the CNS refers to the experimental phenomenon where tissues 
grafted into the CNS survive for extended periods of time without rejection. Immune 
privilege of the CNS was thought as the result of CNS isolation from the immune 
system by the BBB, the lack of draining lymphatics, and the less immunocompetent 
microglia instead of regular macrophages. However, recent evidence shows that the 
CNS is neither isolated nor passive in its interactions with the immune system; rather, 
the CNS is immune-competent in that peripheral immune cells can cross the intact 
BBB. CNS neurons and glia actively interact with the peripheral immune system to 
regulate macrophage and lymphocyte responses. Microglia are immunocompetent 
but function differently from regular macrophage and dendritic cells. Thus, it may be 
more accurate to describe the CNS as a site of immune specialization.

Immune privilege or specialization of the CNS reflects the difference of initiating 
adaptive immune responses in the CNS compared to the process in the peripheral 
immune system, as a result of the composition of the immune system in the CNS, 
which is different from that of the peripheral system. The CNS can mount a robust 
immune response that can be used for immunotherapy. But the relative lack of 
understanding of the immune system in the CNS presents a bigger challenge in 
designing immunotherapy for brain tumors than for other tumors.

Parallel to evidence of immune competence of the CNS is the existence of immu-
nosuppressive mechanisms in the CNS. One of the immunosuppressive pathways 
that are the focus of research is the programmed death-1 (PD-1) pathway. PD-1 is a 
member of the B7 family. Upon binding of programmed death-ligand 1 (PD-L1), 
the activated pathway leads to loss of the T-cell effector function. Both human GBM 
[43] and tumor-infiltrating macrophages [44] express high levels of PD-L1, and 
cytotoxic T-cells infiltrating GBM express high levels of PD-1 [45].

The expression and functions of PD-1 and other B7 family members have not 
been extensively studied in brainstem tumors. Recently, we found that in a small 
group of samples, all DIPGs expressed B7-H3 at various levels [46].

Another immunosuppressive pathway involved in the immune response to brain 
tumors is the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) pathway. 
CTLA-4 is upregulated during CD8(+) T-cell activation and is a negative regulator 
of this process [47]. CTLA-4 is also expressed on CD4(+) T-cells, including CD4(+)
CD25(+) [48] and CD4(+)Foxp3(+) [49] regulatory T-cells (Tregs), and enhances 
Treg-mediated immunosuppression [48, 49]. CTLA-4 inhibits the activation and 
proliferation of effector T-cells in GBM [50]. The interaction of CTLA-4 with B7 
on dendritic cells induces expression of indoleamine 2,3-dioxygensase 1 (IDO1) 
[51], another major immunosuppressive pathway involved in the immune response 
to brain tumors.
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IDO1 is a tryptophan catabolic enzyme that converts tryptophan into kynuren-
ines, a catabolite mediating the inhibition of effector T-cells and the induction of 
apoptosis in these cells [52]. It may also amplify immunosuppression by CD4(+)
CD25(+)FoxP3(+) Tregs. IDO1 is expressed in over 90% of resected glioblastoma, 
with the upregulation correlating with a worse prognosis [53, 54]. In xenograft stud-
ies, malignant brain tumors deficient for IDO1 result in spontaneous rejection medi-
ated by a T-cell-dependent mechanism [54], which implies that tumor-derived IDO1 
is essential for Treg accumulation and immunosuppression.

A recent study characterized the immune microenvironment of DIPG [55] and 
found that these tumors do not have increased macrophage or T-cell infiltration 
compared to nontumor controls, nor do they overexpress immunosuppressive 
factors such as PD-L1 and/or transforming growth factor β1 (TGF-β1). H3.3-
K27M DIPG cells do not repolarize macrophages but are ineffectively targeted 
by activated allogeneic T-cells. All DIPG cell cultures in the study could be lysed 
by natural killer (NK) cells. The results provide insights for the development of 
immunotherapy in the recruitment, activation and retention of tumor-specific 
effector cells.

15.3  Molecular Characteristics of Malignant Brainstem 
Tumors

DIPGs are genetically complex and distinct from both adult and childhood supra-
tentorial HGGs. Recent evidence points to PDGF and its receptor PDGFR as among 
the major driving forces of tumorigenesis in the majority of cases [56–60]. Another 
growth factor receptor, EGFR, shows strong immunohistochemistry staining in 
about 27% of cases [57] and amplification of the gene at a rate of 7–9% [57, 59]. 
Approximately 50% of DIPGs have TP53 mutations [61, 62], and three groups 
report loss of a region of 17p containing the TP53 gene in 31%, 57% and 64% of 
cases, respectively [57, 63, 64]. In approximately 50% of DIPG patients, allelic loss 
of a region of 10q, where the phosphatase and tensin homolog (PTEN) gene is 
located, is observed [63, 65, 66].

Another commonly mutated gene in DIPG is the gene for activin A receptor, type 
I (ACVR1), which transduces signals of the bone morphogenic proteins (BMPs). 
The mutation occurs in approximately 20–32% of DIPGs [67–69]. ACVR1 muta-
tions result in ligand-independent constitutive activation of the BMP signaling path-
way [70–72]. Seven different ACVR1 mutations have been reported in DIPG, and 
they have been shown to increase the levels of phosphorylated SMAD1/5 [67–69, 
73] as well as increased gene expression of the downstream BMP signaling targets, 
ID1 and ID2 [67].
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Alpha thalassemia/mental retardation syndrome X-linked (ATRX) gene was 
found to be mutated in ~ 9% of DIPGs and predominantly in older children [74]. 
ATRX encodes a subunit of a chromatin remodeling complex required for histone 
H3.3 incorporation at telomeric regions.

Unlike the case in childhood supratentorial HGG, CDKN2A deletion is non- 
existent [59, 64] or only occurs at a low rate (3%) [58] in DIPG. Amplification of 
CDK4 and CDK6 in DIPG occurs at a rate of 7% and 11.6%, respectively [59].

Histone H3, which forms part of the nucleosome core, plays an essential role 
in the epigenetic regulation of deoxyribonucleic acid (DNA) replication and gene 
transcription. Recent studies of histone mutations indicate that DIPGs are also 
epigenetically distinct from pediatric supratentorial HGGs. Recurrent adenine-to-
thymine transversions in the H3F3A gene, encoding a K27M mutation of histone 
H3.3, is seen in 60–75% of DIPGs [74, 75], significantly higher than that in pedi-
atric supratentorial GBM (14–19%) [75, 76]. The H3F3A mutation is not present 
in the matching germline DNA samples [75], suggesting its somatic nature. The 
K27M mutation is found in 66–77% of pretreatment DIPG samples [74, 75], indi-
cating that it is not the result of a selection or mutation process secondary to 
therapies.

In contrast to the H3.3-K27M mutation profiles, a guanine-to-adenine transition 
in H3F3A, resulting in a glycine-to-arginine missense at position 34 (G34R) of 
H3.3, is identified in 10–14% of pediatric supratentorial GBM [75, 76] but not in 
any of the 90 DIPG samples analyzed by two groups [74, 75].

The presence of mutations in the HIST1H3B gene, which encodes histone H3.1, 
is less conclusive. One study found that the adenine-to-thymine transversion that 
encodes the K27M mutation was present in 18% (9/50) of DIPGs [75], whereas 
another group did not detect the mutation in any of their DIPG samples (0/27) [74].

The H3.3-K27M mutation is associated with poorer prognosis in DIPG patients 
[74, 77]. The significance of this mutation has led to the new category (diffuse mid-
line glioma, H3 K27M-mutant) in the 2016 version of the WHO classification of 
CNS tumors [78].

Some of the described mutations of DIPG are demonstrated in Fig. 15.2.

15.4  Drug Delivery

A number of strategies have been explored to address the BBB as a major obstacle 
in brainstem tumor treatment. In general, these strategies can be summarized into 
three categories: (1) bypassing the BBB via local delivery such as convection- 
enhanced delivery (CED); (2) opening the BBB using physical or chemical methods 
(paracellular approaches); and (3) delivery across the BBB (transcellular 
approaches).
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15.4.1  Convection-Enhanced Delivery

CED is a drug delivery method first developed in the early 1990s [79]. In this 
method, a drug-containing solution is distributed into the interstitial space driven by 
a small, persistent hydraulic pressure (i.e., forced convection). In contrast to diffu-
sion that depends on a concentration gradient to distribute the molecules, the use of 
hydraulic pressure in CED allows for a homogeneous distribution of small and large 
molecules over large distances by displacing the interstitial fluid with the infusate. 
In practice, the agent is delivered into the parenchyma or tumor driven by a pump 
through a microcatheter, or multiple microcatheters, inserted into the tissue. Infusion 
rates typically range from 0.1 to 10 μl/min for application in the brainstem, and 
higher infusion rates are being explored (Fig. 15.3).

Fig. 15.2 Histology and immunohistochemistry staining of a DIPG sample. (a) H&E stain dem-
onstrating a hypercellular, infiltrating astrocytoma with a non-neoplastic entrapped pontine neuron 
at center. (b) Immunohistochemical staining for H3 K27M showing positive labeling in neoplastic 
nuclei, confirming K27M mutation. (c) Immunohistochemical staining for ATRX demonstrating 
preserved expression, correlating with an absence of mutation. (d) Immunohistochemical staining 
for p53 demonstrating a complete absence of staining, correlating with a truncating mutation
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In CED, the distribution from a single point source results in an elliptical to 
spherical distribution, and spatial distribution is to some degree dependent on the 
tissue type (i.e., gray versus white matter). In a given tissue type, the distribution 
volume is roughly linear to the infusion volume.

CED into brain parenchyma, both white and gray matters, has shown reproduc-
ible large volumes of distribution with homogeneous drug concentration. Early 
work showed that the concentration fall-off at the border is steep [79], resulting in a 
potentially large benefit in cancer drug delivery whenever reducing toxicity to sur-
rounding normal brain tissue is desired.

The volume of distribution can be affected by the retrograde movement of fluid 
along the outside of the catheter (backflow or reflux). Reflux is determined by cath-
eter material, catheter diameter, infusion rate, and tissue density, among other fac-
tors. The larger the catheter diameter, the greater is the chance of backflow along its 
outer wall. If reflux reaches a low-pressure zone (necrosis or CSF space), the fluid 
will inadvertently be lost into these spaces; this leads to the accumulation of drug in 
these regions, which may cause toxicity. Increasing the infusion rate can increase 
the overall volume of distribution; however, this will also increase the chance of 
reflux, potentially shunting fluid away from the target region.

Ideally, agents delivered via CED should be contained within the target region of 
brain parenchyma or tumor mass. However, there are low-pressure regions in some 
tumors along which the infusate will flow, sometimes into the ventricles or sub-
arachnoid space. This phenomenon is usually referred to as leakage and has often 
been observed in both humans and experimental animals. One study indicates that 
this can happen in 20% of CED procedures [80]. This obvious waste of therapeutic 
agent will consequently reduce the volume of distribution and drug concentration in 
the planned target region. It may also cause untoward effects on normal brain tissue. 
It is, therefore, critical to follow the flow of infused agents. When leakage happens, 
it might be helpful to adjust the catheter placement to move the opening away from 
the low-pressure region. It is unknown yet whether this leakage is reversible. If 
reversible, pausing the infusion for a period of time and subsequently restarting the 
infusion could eliminate the leakage.

Fig. 15.3 Convection-enhanced delivery into a diffuse pontine lesion
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Monitoring the distribution and concentration of an infused drug is critical for 
numerous reasons. In addition to its biological effectiveness, a drug would need to 
be distributed within the tumor in therapeutic concentrations to be effective. 
Exposure of normal tissue to the drug should be controlled to reduce the probability 
of toxicity. It is also highly desirable to monitor for possible reflux and leakage so 
that the cannula placement can be adjusted to correct any problems that may arise. 
In the brainstem, the transverse and longitudinal fiber bundles may direct the infusate 
flow, which also needs to be monitored. The importance of monitoring in vivo dis-
tribution and concentration is highlighted by the difficulty in achieving optimal 
therapeutic efficacy in recent clinical trials. In the recent TGFα-PE38 study and the 
phase III PRECISE trial for glioblastoma, poor drug distribution was cited as one of 
the reasons for the unsatisfactory efficacy results [81, 82].

Monitoring the distribution and concentration of the CED infusate in humans 
is difficult due to the fact that the majority of therapeutic agents cannot be seen 
on any of the clinical imaging methods. Nevertheless, the distribution can be 
visualized under certain circumstances. T2-weighted MR images are helpful in 
identifying the infusate distribution in regions of relatively normal intensity, but 
identifying the distribution is more difficult when infused into already hyperin-
tense regions, such as in DIPG [83]. Another choice is to use surrogate tracers. 
Gadolinium- diethylenetriamine penta-acetic acid (Gd-DTPA) and 123I-albumin 
have been co- infused as surrogate tracers, viewable on T1-weighted and single 
photon emission computed tomography (SPECT) images, respectively, in clini-
cal studies [81, 83–86]. The shortcomings of surrogate markers are that they are 
only able to accurately estimate the initial distribution. Differences in biological 
activities and clearance confound their ability to follow the distribution of the 
therapeutic agent over time. Moreover, neither T2-weighted signals nor surro-
gate tracers are able to provide information on the concentration of the infused 
therapeutic agent. The ideal scenario would be to directly image the therapeutic 
compound. With calibration, the concentration as well as the distribution of the 
drug can be determined.

The concept of using CED for DIPG treatment is appealing given that this par-
ticular tumor is relatively compact, has growth patterns simulating white matter 
tracts, seldom metastasizes before local relapse occurs, and no surgical resection is 
performed. Our group first established the feasibility of this delivery route in the 
brainstem in small animals for potential clinical application in 2002 [87]. 
Subsequently, the safety of inert agents, characteristics of distribution, and toxicity 
of potential therapeutic agents in the brainstem of small animals and non-human 
primates have been studied [88–93]. These studies showed that CED does not 
cause clinically relevant mechanical injury to the brainstem, and this approach has 
a promising therapeutic application in humans. In clinical practice, image-guided 
 frameless stereotaxy can be utilized to target the brainstem in children for biopsy 
or cannula insertion with high accuracy and low risks of temporary or permanent 
morbidity [94–96], providing supportive evidence of the safety of applying CED in 
the brainstem.
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A few groups in the United States and Europe are pursuing clinical studies of brain-
stem CED to treat DIPG [86, 97–99]. These small series reported reasonably good safety 
and tolerance. In a clinical trial to treat DIPG patients with IL13- PE38QQR CED in the 
brainstem (NCT00880061), all five patients tolerated the therapy well, and two patients 
showed temporary signs of anti-tumor effects on MRI [100]. The most comprehensive 
results of brainstem CED in DIPG patients have been reported by our group [101]. In this 
interim report of results of the phase I clinical trial (NCT01502917), 28 patients had been 
treated without any dose- limiting toxicities. Utilizing a theranostic agent (124I-labelled 
8H9 a.k.a. omburtamab), this study also reported that the radiation absorbed dose to the 
lesion was 1200-fold that of the systemic exposure. These results directly demonstrated 
the safety of CED in the human brainstem, as well as validated the principle that CED 
efficiently delivers therapeutics to the target with minimal systemic exposure.

Other ongoing CED clinical trials recruiting exclusively DIPG patients include 
NCT03086616 (CED of an irinotecan liposome formulation) and NCT03566199 
(CED of a panobinostat nanoparticle formulation).

Future advances in CED for DIPG treatment will occur on a few fronts: (1) the 
selection or development of therapeutic agents for DIPG; this will depend on the 
better understanding of the disease biology and development of novel therapeutic 
strategies. (2) The improvement of the technique of CED; this includes a new design 
of the devices to facilitate easier and accurate deployment of the cannula, imple-
mentation of prolonged and repeated infusions lasting up to weeks for optimal time 
sequence of therapy, and better understanding of the infusate distribution and its 
influencing factors so that catheters can be placed to achieve optimal tumor cover-
age. It is also desirable to have devices that can be embedded to allow patients to 
remain ambulatory while undergoing continuous or multiple sessions of CED.

Perhaps more important is the need to evaluate the pharmacokinetics and regional 
therapeutic response in CED. Results from systemic pharmacokinetic and pharmaco-
dynamic studies cannot be directly applied to CED applications of the same therapeutic 
agents. To evaluate pharmacokinetics and pharmacodynamics, imaging should accom-
pany the therapy to ensure effective drug distribution and concentration as well as to 
determine the retention and clearance of therapeutic agents in the tumor and tumor-
infiltrated brain tissue in individual patients whenever possible. This would require the 
improvement of current imaging techniques or the development of new imaging agents 
and methods, such as contrast agents that respond to effector molecules or end products 
of apoptosis. Such techniques as microdialysis may also have a place in the pharmaco-
kinetic evaluations of CED. For evaluating the regional therapeutic response, an inno-
vative noninvasive method is in  desperate need, as the current methods of radiological 
evaluation are not sufficient. At this stage where CED is used as an investigational 
therapeutic platform, the pharmacokinetic and pharmacodynamic evaluation would 
allow for  determination of the effectiveness of CED-based therapies. In the future, 
treatment strategies would be able to be dynamically adjusted based on the regional 
response, incorporating multiple modalities of therapeutic options.
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15.4.2  Intraarterial Delivery

Intraarterial chemotherapy is now widely used for the treatment of retinoblastoma 
and advanced liver cancer, improving the quality of life and extending overall sur-
vival. In the case of retinoblastoma, super-selective intraarterial chemotherapy can 
produce high cure rates. Beyond these two well-established applications, intraarte-
rial chemotherapy has been also used, with variable success, in the treatment of 
other cancers such as breast cancer, head and neck cancer, colorectal cancer, penile 
cancer, and pancreatic cancer.

Intraarterial therapy for malignant brain tumors, especially HGGs, has been 
administered since 1950s. Most of these attempts rely on the general belief that 
transiently generating high arterial blood concentrations would lead to the desired 
pharmacodynamic effects. However, in these early attempts, no objective compari-
sons with intravenous administration were performed. The advantages of intraarte-
rial delivery were first demonstrated when intraarterial infusion led to a higher 
tissue concentration compared to non-targeted tissue [102]. In the 1970s, osmotic 
BBB disruption was studied to improve intraarterial delivery [103, 104]. With the 
miniaturization of catheters and other endovascular devices, selective and super- 
selective intraarterial delivery was developed and studied in the treatment of brain 
tumors since 1990s. They allow for accurate and super-selective targeting of the 
tumor’s supplying vessels, compared to early intraarterial attempts of carotid or 
vertebral artery infusion.

A critical factor in intraarterial delivery is the BBB. Studies have shown that 
the BBB can be reversibly modified to be more permeable by hyperosmotic solu-
tions such as mannitol [103]. Other methods of BBB disruption include vasoac-
tive agents, such as bradykinin analogs, and focused ultrasound (FUS). 
Concurrent flow arrest appears to enhance the regional effectiveness of intraarte-
rial delivery by achieving higher arterial concentrations, as well as more consis-
tent concentrations in the arterial distribution, and increased transit time. Without 
flow arrest, for effective intraarterial delivery, drugs must be rapidly taken up 
during their first pass through the tissue circulation, lasting between 1 and 10 sec-
onds in the brain. As another way of improving BBB penetration, intraarterial 
delivery can be combined with the transcellular approach of delivery using BBB-
penetrating delivery vehicles such as cell- penetrating peptides. There is some 
evidence that intraarterial delivery of cell-penetrating peptides can penetrate the 
BBB, and preliminary results suggest that they can lead to tumor-specific drug 
uptake [105].

There are a number of clinical trials of intraarterial therapy for DIPG patients 
(NCT01688401) or for pediatric brain tumor patients, including DIPG 
(NCT01884740). Results have not been reported yet.
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15.4.3  Manipulating the Blood-Brain Barrier

The BBB can be opened by hyperosmolar solutions (e.g., mannitol) or vasoactive 
drugs (e.g., bradykinin and adenosine) for drug delivery. The BBB, when opened 
this way, remains open for only a short period of time, and the procedure may need 
to be repeated in drug delivery sessions lasting longer than several minutes. Non- 
selective opening of the BBB exposes large volumes of normal brain to undesirable 
substances that may be toxic.

Site-specific disruption of the BBB represents an improvement to non-selective 
BBB disruption for drug delivery into the brain. This has been accomplished using 
either FUS [106] or laser-based approaches such as photodynamic therapy (PDT) 
[107] and photochemical internalization (PCI) [108]. These techniques have a num-
ber of advantages over non-selective BBB disruption. The site of BBB disruption is 
the only site receiving sufficient ultrasound or laser intensity. With imaging guid-
ance, and through careful placement of the probes and adjustment of parameters, 
the site of BBB disruption can match the lesion with maximum coverage while the 
normal brain is minimally affected. In addition, these highly focused approaches do 
not cause permanent damage to the BBB, as long as the ultrasound or laser intensity 
remain below threshold levels. With these site-specific approaches, the BBB may 
remain open for relatively long periods of time, thus facilitating longer drug delivery.

15.4.3.1  Focused Ultrasound

FUS, which can be aimed at a spot of just a few mm in diameter, is capable of 
achieving selective disruption of the BBB. In this direct approach, it is difficult to 
identify parameters producing reliable opening of the BBB without damage to nor-
mal brain. Albumin-coated microbubbles were introduced to address this concern 
[109]. The microbubbles, when injected intravenously, confines the ultrasound 
effects to the walls of blood vessels resulting in BBB disruption with minimal dam-
age to the surrounding brain tissue [110]. This has allowed for selective disruption 
of the BBB at much lower acoustic power levels than previously employed [111].

The exact mechanisms of BBB disruption by microbubble-enhanced FUS remain 
to be elucidated. The effect is likely due to a combination of cavitation and acoustic 
radiation forces [106]. Cavitation is the acoustically-induced activities of micro-
scopic bubbles within the medium. The generation of microbubbles requires high 
acoustic power densities, which may result in tissue damage [112]. With the intro-
duction of albumin-coated microbubbles, high powers are no longer required and, 
therefore, the risk of tissue damage has significantly decreased (Fig. 15.4).

The BBB opening by FUS is relatively short, ranging from 10 minutes to 5 hours 
following the sonication [106]. This may be sufficient for a single dose administra-
tion of drugs, but for prolonged drug administration, repeated sonication may be 
required, which can limit its feasibility.
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Animal studies suggest that FUS-induced BBB disruption does not result in per-
manent damage to the brain as evidenced by the lack of ischemic or apoptotic 
changes [111]. The minor effects observed, such as small extravasations and mild 
inflammatory reactions, do not appear to affect the neurons up to four weeks follow-
ing the sonication [111].

A major limitation of transcranial FUS is that the skull is highly absorbing of 
ultrasound. This causes strong attenuation and phase distortion [113]. At high pow-
ers, FUS also causes heating during the sonication.

The safety of FUS in opening the BBB is being investigated in a clinical trial 
(NCT02343991) in brain tumor patients.

15.4.3.2  Photodynamic Therapy

PDT is the use of a tumor-localizing photosensitizer that is subsequently activated 
by an excitation light [114]. The photochemical and photobiological events would 
induce therapeutic effects.

Fig. 15.4 Focused ultrasound for opening the BBB. (Left) Albumin-coated microbubbles are 
injected into the blood stream before focused ultrasound is applied. (Right) Upon application of 
focused ultrasound, the oscillation of the microbubbles helps open the BBB
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PDT using either hematoporphyrin derivatives or 5-aminolevulinic acid (ALA) 
has been reported to induce brain edema surrounding the site of phototherapy [115–
117], suggesting a local breakdown of the BBB.

ALA-PDT-mediated disruption of the BBB was found to be apparent as early as 
2  hours following PDT, and the BBB was approximately 90% restored within 
72 hours [107]. This is longer than the FUS-induced BBB opening.

The mechanisms of PDT-mediated BBB opening likely include rounding and 
contraction of endothelial cells mediated by PDT-induced microtubule depolariza-
tion [118]. The formation and enlargement of endothelial gaps have been observed 
in PDT [119]. Electron microscopy studies demonstrated that the treatment had 
minimal impact on the normal subcellular structures of endothelial cells [120], sug-
gesting there were no permanent damages.

15.4.3.3  Photochemical Internalization

PCI is the use of specially designed photosensitizers that localize preferentially in 
the membranes of endocytic vesicles. Upon light activation, the photosensitizer dis-
rupts the vesicular membrane, releasing encapsulated macromolecules into the cell 
cytosol. This can be used to enhance the  delivery of macromolecules in a site- 
specific manner [121].

PCI-delivered Clostridium perfringens epsilon prototoxin (ETXp) was used for 
localized BBB opening [108], because the active toxin (ETX) can cause widespread 
but reversible opening of the BBB [122–124]. Following administration, ETXp is 
converted to ETX by proteolytic cleavage. Disruption of the BBB was accomplished 
by combining sub-threshold doses of ETXp with sub-threshold light fluences. The 
membrane-localizing photosensitizer used was aluminum phthalocyanine disulfo-
nate (AlPcS2a). The results show that ETXp-PCI is capable of causing localized 
BBB disruption at very low light fluences, and no significant damage was noted in 
rat brains at these conditions. In comparison, the BBB remained relatively intact 
when exposed to AlPcS2a without ETXp at these light levels. At higher fluences, the 
PDT effect was so pronounced that without ETXp, necrosis and inflammation were 
already evident, and the addition of ETXp had no apparent effect on BBB disruption.

15.4.4  Inhibition of ATP-Binding Cassette Transporters

One mechanism that is responsible for multidrug resistance (MDR) is the active efflux 
of drugs by ABC transporters. Several agents have been developed to block ABC 
transporter-mediated drug efflux, and some have entered phase II/III clinical trials.

The first-generation inhibitors included drugs developed for other conditions 
such as verapamil, quinine, and cyclosporine A. Despite their efficacy in inhibiting 
P-gp1-dependent drug efflux in vitro [125], these inhibitors lack specificity and 
cause significant toxicity when used as ABC transporter inhibitors [126].
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The second-generation P-gp1 inhibitors were designed to improve specificity. 
Valspodar is a derivative of cyclosporine A, with higher specificity and potency and 
no immunosuppressive effects [127]. However, it inhibits cytochromes P450 
(CYP450s) [128] and causes pharmacokinetic effects. As a result, it failed to 
improve outcomes; it even produced worse outcomes in phase III clinical trials with 
the anticancer drugs vincristine and doxorubicin [129], or daunorubicin and etopo-
side [130] in patients with acute myeloid leukemia (AML).

The third-generation inhibitors were developed focusing on not to inhibit liver 
enzymes such as CYP450s. P-gp1 specificity was another focus. Tariquidar (an 
anthranilamide,), elacridar (an acridone caroxamide), zosuquidar (quinolone deriv-
ative), CBT-1 (quinolone derivative) and laniquidar (a piperidine) are at various 
stages of clinical trials. Tariquidar and zosuquidar entered Phase II/III trials in com-
bination with vinorelbine and doxorubicin, respectively, for a variety of advanced 
solid tumors or AML. Phase III trials of tariquidar in non-small cell lung cancer 
produced high rates of side effects without improving the  patient response. 
Zosuquidar has also shown neurotoxicity [131] and drug-drug interactions with 
doxorubicin and vinorelbine [132].

These examples show that the strategies of inhibiting ABC transporters need 
further improvements. The way to these inhibitors’ application to brainstem tumor 
therapies may take even longer than their use in non-CNS tumors. However, opti-
mism is warranted with further improvement of such agents’ specificity, strategies 
of more specific targeting of drugs beyond the drug’s structure, and better selection 
of patients with improved diagnostic techniques.

15.4.5  Carriers and Packaging Vehicles

Several approaches for drug delivery across the BBB have been attempted, includ-
ing encapsulation into liposomes and nanoparticles. By incorporation into lipo-
somes or nanoparticles, the drugs are stabilized for more efficient direct delivery or 
paracellular delivery. The incorporation can also include targeting moieties, such as 
proteins (e.g., insulin, Apolipoprotein E, and transferrin) that are known to traverse 
the BBB by receptor-mediated endocytosis, making the formulation suitable for 
transcellular delivery. This molecular Trojan horse approach has been successful in 
delivering a number of therapeutic proteins. However, limitations still exist, includ-
ing rapid removal from the circulation, low delivery yields, and the need for repeated 
injections.

15.4.5.1  Liposomes

Liposomes are small vesicles consisting of one or more lipid bilayers surrounding 
an aqueous compartment. They are nanometers-to-micrometers in diameter. They 
were discovered in early 1960s; the exploration of their potential use as a carrier 
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system for therapeutically active compounds began soon after that. In recent years, 
their application has been explored for the diagnosis and/or treatment of neurologi-
cal diseases in particular. Due to the unique physicochemical characteristics of lipid 
bilayers, liposomes are able to incorporate hydrophilic, lipophilic, and hydrophobic 
therapeutic agents. Hydrophilic compounds may either be entrapped into the aque-
ous core of the liposomes or be located at the interface between the lipid bilayer and 
the external water phase. Lipophilic or hydrophobic drugs are generally entrapped 
almost completely in the hydrophobic core of the lipid bilayers. The use of cationic 
lipids further allows the adsorption of polyanions, such as DNA and ribonucleic 
acid (RNA). The surface of liposomes can be modified by the inclusion of other 
macromolecules, such as polysaccharides, peptides, antibodies, or aptamers, to 
improve its stability in blood circulation and brain-specific delivery. Several liposo-
mal drugs are either approved for clinical use or in clinical trial studies [133, 134], 
but efficient brain-specific drug delivery by liposomes is not at the clinical stage yet.

Liposomes can be conjugated with specific antibodies or ligands to enhance their 
ability to cross the BBB through receptor-mediated endocytosis by the BBB cells. 
Several studies using transferrin (Tf), lactoferrin, insulin, glutathione, apolipopro-
teins and peptides reported successful delivery of liposomes to the brain paren-
chyma or tumor [135–137]. In one of the studies, it was also shown that Tf-conjugated 
liposomes were taken up by BBB cells more than unconjugated liposomes and were 
subjected to transcytosis [137].

Recently, magnetic liposomes have emerged as an interesting targeting moiety 
for delivery of therapeutic molecules across the BBB. In one study, one or more 
drug molecules could be reversibly bound to the surface of iron oxide nanoparticles 
and encapsulated within the core of liposomes [138]. When an external magnetic 
field was applied, the liposomes bypassed an in vitro model of the BBB. It has fur-
ther been shown that magnetic liposomes can also be taken up into human mono-
cytes, followed by the entry of nonmagnetic monocytes into the brain [138].

Various routes of administration have been tested for delivery using liposomes to 
the brain. Intravenous injection seems to be the preferred route in practice. 
Alternative routes of administration (oral, ocular, or mucosal) have also been 
explored. For example, intranasal administration is a noninvasive approach to 
deliver drugs to the brain. It was shown that a liposomal formulation of rivastigmine 
was able to prevent degradation of the drug in the nasal cavity and to carry it through 
the mucosal barriers [139]. The ability of cationic liposomes to deliver proteins to 
the brain via the intranasal route has also been demonstrated [140].

15.4.5.2  Nanoparticles

Nanoparticles commonly refer to carriers with a size between 10 and 1000  nm. 
They can be made with a broad range of materials such as sugar derivatives, fatty 
acids, peptides and proteins.

Experimental evidence shows that nanoparticles enhance delivery across the 
BBB through mechanisms of passive (nonspecific endocytosis) or active targeting 
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(receptor-mediated endocytosis). In one study, the nanoparticles were mainly taken 
up via nonspecific endocytosis [141]. The size, chemical structure, and surface 
properties of nanoparticles are critical factors influencing their uptake by cells of the 
BBB. Nanoparticles smaller than 20 nm can pass through the BBB endothelial cells 
by transcytosis [142].

Surface features of nanoparticles, such as charge and coating, may be more 
important than their core structure in determining their ability to cross the 
BBB. Surface charge may determine the pathway through which nanoparticles are 
taken up. In one study [143], at 4 °C, when active endocytosis was stopped and only 
passive diffusion was present, cationic nanoparticles remained outside the BBB 
cells, neutral nanoparticles were associated with cell surface, and anionic nanopar-
ticles were detected on cell surface and in paracellular space; at 37 °C, only neutral 
and anionic nanoparticles had undergone endocytosis and transcytosis. This study 
further showed that neutral and anionic nanoparticles followed the caveolae- 
mediated endocytotic pathway, whereas cationic nanoparticles did not.

The presence of noncovalently- or covalently-bound ligands on the surface of 
nanoparticles can further improve delivery across the BBB by receptor-mediated 
endocytosis [142, 144]. The most common receptors utilized for this purpose are the 
insulin receptor, the Tf receptor, the low-density lipoproteins receptor (LDLR), the 
LDLR-related proteins (LRPs), the folic acid receptor, and the diphtheria toxin 
receptor. The delivery of Tf-conjugated nanoparticles was more efficient than 
unconjugated ones within the CNS [145, 146] due to the abundance of Tf receptor 
in the BBB [142]. LDLR and LRPs trigger efficient receptor-driven endocytosis 
followed by transcytosis [147]. The major drawback of using Tf, folic acid or apo-
lipoproteins as targeting ligands on nanoparticles is that their receptors are wide-
spread; therefore, there is a risk of nanoparticle uptake by other tissues.

Current ongoing clinical trials of liposomes and nanoparticles recruiting exclu-
sively DIPG patients include NCT03086616 (CED of an irinotecan liposome for-
mulation) and NCT03566199 (CED of a panobinostat nanoparticle formulation).

15.5  Signal Transduction Pathway Targeted Therapy

As discussed in Sect. 15.3, a number of mutations have been discovered in 
DIPG. Some of the mutations observed in DIPG are targetable, such as the PDGFR 
pathway, while many others are not currently targetable yet. Targeting the RTK 
signal transduction pathways such as the PDGFR pathway has been a focus of some 
recent research. In GBM, therapy with single agents leads to clonal selection, 
enriching therapy-resistant clones that give rise to recurrent tumors [34]. Possibly 
and partially a result of this phenomenon, clinical trials with signal transduction 
pathway-targeted therapies failed to show significant improvement in survival in 
GBM, as well as in DIPG [8, 35]. In addition, RTKs downstream and parallel signal 
transduction pathways may be regulated in a compensatory fashion with redun-
dancy that contributes to drug resistance, especially in single target therapies. 
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Therefore, it is not surprising that drug resistance has been inevitable in almost all 
single-drug targeted therapies. How to target multiple points in signal transduction 
pathways without causing much toxicity is the subject of active studies.

Ongoing clinical trials of signal transduction pathway targeted therapies recruit-
ing DIPG patients include NCT03352427 (combination of dasatinib and everoli-
mus), NCT01644773 (combination of crizotinib and dasatinib), NCT02420613 
(combination of vorinostat and temsirolimus) and NCT03632317 (combination of 
panobinostat and everolimus).

As long as a molecule is differentially expressed between tumor cells and normal 
tissue, it does not need to be growth-promoting to be considered a therapeutic target. 
One example is IL-13Rα2, whose functions are not well understood in brain tumors. 
Like in adult malignant gliomas, IL-13Rα2 is highly expressed in DIPG [148, 149]; 
therefore, recombinant toxins using IL-13 as a targeting moiety are also potentially 
effective therapeutic agents for DIPG. CED of IL13-PE38QQR in the brainstem has 
shown a good safety profile in both a preclinical study [88] and a clinical trial in 
DIPG patients (NCT00880061) [100].

15.6  Modulating Gene Expression Status: Epigenetic 
Modulators

The importance of epigenetic changes in pediatric brainstem gliomas has recently 
been recognized. Most notable is the histone methylation status associated with the 
H3K27M mutation. It is thought that inhibition of the histone methyltransferase 
Polycomb repressive complex 2 (PRC2) and hypomethylation of H3K27 play an 
important role in the effects of H3.3K27M mutation on the tumorigenesis of 
DIPG [150].

One approach of investigational therapy used GSKJ4, an H3K27 demethylase 
inhibitor, to counter the effects of hypomethylation of H3K27 caused by H3.3K27M 
mutation. GSKJ4 increased cellular H3K27 methylation in K27M tumor cells, 
reduced tumor size of K27M xenografts, and prolonged survival of mice bearing 
these xenografts [151].

Another approach focuses on enhancer of zeste homolog 2 (EZH2). EZH2 is part 
of PRC2 and, hence, has been considered as a potential therapeutic target. However, 
preclinical studies of inhibiting EZH2 using tazemetostat showed different results 
from two research groups. In one study, tazemetostat did not show activity in pedi-
atric glioma cells in vitro with or without H3.3 mutations [152]. In another, results 
showed that tazemetostat may affect growth of primary H3K27M-positive glioma 
cells in the presence of a functional p16INK4A [153]. Genetic studies showed that 
short-term EZH2 depletion in glioblastoma cells without H3 or isocitrate dehydro-
genase (IDH) mutations has been associated with reduced proliferation [154], but 
prolonged EZH2 depletion caused a switch in cell fate, enhancing proliferation and 
DNA damage repair and resulting in tumor progression [155].
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Other studies show that activation of PRC2 and hypermethylation of H3K27 may 
be driving the initiation of medulloblastoma [156], ependymoma [157], and lym-
phoma [158]. These pieces of evidence suggest that rebalancing the H3K27 meth-
ylation pathway for therapeutic purposes may not be an easy task.

Histone acetylation is another epigenetic target in cancer therapy. The rationale 
of using histone deacetylase inhibitors (HDACi) in cancer therapy is to reverse dys-
regulated gene expression by modulating histone acetylation. Acetylation of lysine 
residue on histones is a mark of active enhancers that control the expression of 
associated distal genes. HDAC inhibition causes hyperacetylation of histones and 
affects the expression of a large number of genes.

Vorinostat has been tested in clinical trials of recurrent glioblastoma. As a single 
agent, it showed good tolerability in glioblastoma patients and induced increased 
histone acetylation in the tumors [159]. However, when tested in combination with 
the protease inhibitor bortezomib, vorinostat did not show efficacy [160]. In newly 
diagnosed glioblastoma, the addition of vorinostat to the standard regimen of temo-
zolomide and radiation therapy did not meet the primary endpoint of efficacy in a 
phase I/II trial [161]. An ongoing study is evaluating the safety of vorinostat in 
combination with temsirolimus in DIPG patients (NCT02420613).

Panobinostat, another HDAC inhibitor, reduced the viability of cultured DIPG 
cells, reduced tumor size of DIPG orthotopic xenografts, and prolonged the survival 
of mice bearing these xenografts [162]. Combination testing with GSKJ4 showed 
that they had synergistic effects [162]. Clinically, two patients with progressive 
DIPG tolerated concomitant panobinostat and reirradiation well [163]. An ongoing 
phase I clinical study is more systematically evaluating the safety and pharmacoki-
netics of panobinostat in both recurrent/progressive and non-progressed DIPG 
patients (NCT02717455). Other clinical trials of panobinostat with DIPG as an eli-
gible disease include NCT03632317 (panobinostat in combination with everoli-
mus). MTX110, a nanoparticle formulation of panobinostat, is being tested in 
treating DIPG patients via brainstem CED (NCT03566199).

15.7  Immunotherapy

15.7.1  Therapeutic Antibodies, Radiolabeled Antibodies, 
and Immunotoxins

To some degree, the main underlying assumption of using antibodies to treat malig-
nant tumors is the specific recognition and elimination of malignant cells by anti-
bodies. Several types of therapeutic antibodies have been developed to treat 
malignant tumors, including HGGs, where antibodies targeting growth factor recep-
tors were among the most actively investigated recently.

Growth factors have been shown to support tumor initiation and progression in 
malignant gliomas, including DIPG.  Recent evidence showed that PDGF, along 
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with its receptor, PDGFR, is one of the most commonly involved oncogenic signal 
transduction pathways in the majority of DIPG cases [56–60]. Another growth fac-
tor receptor, EGFR, is also involved in a significant numbers of cases [57, 59].

Therapeutic antibodies against these growth factor receptors block activation of 
the receptor and have the potential to cause cell death. Additionally, binding of anti-
bodies to cell surface antigens can induce antibody-dependent cell-mediated cyto-
toxicity (ADCC) and complement-dependent cytotoxicity (CDC), even though 
effector cells of ADCC and CDC are not abundant in the CNS. Antibodies against 
PDGFRs, such as olaratumab (IMC-3G3) and MEDI-575, have been proposed to 
treat DIPG.  Currently, there are a few clinical trials of olaratumab (e.g., 
NCT02677116) on treating pediatric solid tumors via intravenous administration, 
with DIPG as an eligible disease. No results have been published from these trials 
yet. Due to the large molecular weight of the antibodies, we believe that CED would 
be an ideal delivery option of therapeutic antibodies in treating DIPG.

Therapeutic antibodies can be labeled with radionuclides to strengthen their ther-
apeutic capability. In addition to the effects of the antibody itself, the therapeutic 
effects of radiolabeled antibodies are achieved by the energy deposited into the tis-
sue by the radiation from the radionuclide that is tagged to the antibody (Fig. 15.5). 
The choice of a radionuclide for a specific application depends on the disease to be 
treated, physical characteristics of the nuclide, its commercial availability, and the 
labeling chemistry. Radionuclides used in oncologic therapy are typically Beta (β)- 
and alpha (α)-emitters. β emissions from radionuclides such as 131I, 90Y, and 186Re 
have a particle range of 2–12 mm in soft tissue; therefore, nearby tissue is impacted 

Fig. 15.5 Radiolabeled 
antibodies. In addition to 
the therapeutic effects of 
antibodies, emissions from 
radioisotopes on 
radiolabeled antibodies 
also have therapeutic 
effects. In the case of α and 
β emissions, their ranges 
reach neighboring cells 
(“shoot the neighbor” 
effects)

Z. Zhou and M. M. Souweidane



371

along with the cells that the radiolabeled antibody binds to, which is suitable for the 
treatment of bulky tumors. α emissions from radionuclides such as 212Bi and 225Ac 
have a particle range of tens of microns in soft tissue and can reach a few layers of 
cells surrounding the cells to which the radiolabeled antibodies are bound. The 
Auger and conversion electron emitters are also used for therapeutic purposes. Their 
particle range in soft tissue is approximately 1 micron, resulting in highly localized 
targeting without impacting adjacent cells, which is suitable for single cell situa-
tions as in certain micrometastatic diseases, minimal residual diseases, and blood 
malignancies.

The use of radiolabeled antibodies in the treatment of DIPG has been explored. 
Currently, there is a clinical trial (NCT01502917) of delivering 124I-labeled 8H9 
(omburtamab) via CED to treat children with DIPG. 124I allows for the quantifica-
tion of radiation dose by positron emission tomography (PET) imaging. The results 
showed that the drug as well as the delivery are safe. Uniquely, the quantification 
allowed for validating the principle that CED efficiently delivers therapeutics to the 
target with minimal systemic exposure by showing that the radiation absorbed dose 
to the lesion was 1200-fold that of the systemic exposure [101].

Immunotoxins are chimeric or recombinant molecules that contain a toxin linked 
to an antibody that binds specifically to its targets. Sometimes, growth factor or 
cytokine toxin fusions or conjugates are also considered immunotoxins, as they 
bind to target cells and contain a toxin that kills cells similar to classical immuno-
toxins [164].

In the early history of immunotoxin development, full-length antibodies were 
coupled with plant toxins like ricin or gelonin without the toxin’s binding domain. 
Subsequently, bacterial protein toxins such as the Pseudomonas exotoxin (PE) and 
diphtheria toxin (DT) were used. The first-generation immunotoxins were made of 
full-length PE attached to whole monoclonal antibodies. These immunotoxins could 
bind to normal cells due to the existence of the toxin’s binding domain. In second- 
generation immunotoxins, regions of the toxin that were not essential for cytotoxic-
ity were removed to produce a truncated toxin that could not bind to normal cells, 
then the toxin was linked to an antibody. Second-generation immunotoxins such as 
PE38-based immunotoxins are more specific than first-generation immunotoxins.

Similarly, chemical drugs can be conjugated to antibodies forming antibody- 
drug conjugates (ADC). ADCs, like immunotoxins, take advantage of the antibody’s 
specificity to improve targeting cells and reduce the drug’s toxicity. While each 
specific immunotoxin or ADC has its specific mechanism of action, the general 
pathway is that upon binding to the antigens on the cell membrane, the immuno-
toxin or ADC molecules undergo internalization via receptor-mediated endocytosis 
and are then released into the cytosol to exert their toxicity on target organelles 
(Fig. 15.6). Some immunotoxins and ADCs may also undergo enzymatic conver-
sion during the internalization and release process.

The potential clinical application of immunotoxins 8H9scFv-PE38 and IL13- 
PE38QQR in the treatment of DIPG has been investigated. In an animal study, 
8H9scFv-PE38 was well tolerated and significantly shrank the tumor xenograft 
when delivered via CED [91]. Similarly, IL13-PE38QQR showed good safety and 
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efficacy in a xenograft DIPG model [88] and clinical safety in a phase I clinical trial 
(NCT00880061) [100], using CED to deliver the immunotoxin into the brainstem 
lesions in DIPG patients. IL-13 is an immune molecule normally present in the 
body. About 90% of malignant gliomas have high levels of IL-13 receptors while 
the normal brain tissue has only a low level of these receptors.

Current and future efforts in the development of antibody-based immunothera-
pies (including therapeutic antibodies, radiolabeled antibodies, immunotoxins, and 
ADCs) include the identification of therapeutic targets, development of antibodies 
against these targets, identification and/or development of radionuclides, drug 
 conjugates and toxins with improved specificity and efficacy, and optimization of 
delivery methods.

15.7.2  Therapeutic Vaccines

Malignant tumors evade the host’s immune surveillance. Therapeutic cancer vac-
cines induce immune responses against antigens specifically or highly selectively 
expressed by tumor cells or tumor-associated cells, such as stromal cells, while the 
host would not be able to mount such effective immune responses without assis-
tance [165]. Such tumor antigens can be mutated peptides [166] or altered post- 
translational modifications [167]. Tumor antigen(s) are administered with 
immuno-stimulatory adjuvant(s) to enhance antigen presentation and subsequently 

Fig. 15.6 Immunotoxins 
and antibody-drug 
conjugates (ADCs). 
Binding of immunotoxins 
and ADCs onto membrane 
receptors triggers 
receptor-mediated 
endocytosis. Internalized 
immunotoxins and ADCs 
reach end organelles (such 
as the rough endoplasmic 
reticulum) to exert their 
cytotoxic effects
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activate and expand tumor-reactive T-cells. The biggest challenge in designing such 
vaccines is the selection of optimal antigen(s) and adjuvant(s), because many tumor- 
associated antigens are not identified as foreign by the host’s immune system [168]. 
Another reason for this challenge is that some antigens are not exclusively expressed 
by tumor cells, which can result in immunization against normal cells.

Results from clinical studies involving adult GBM patients suggest that immuni-
zation against a single tumor-associated peptide is not sufficient to control the pro-
gression of the tumor. In one study, where patients were immunized with dendritic 
cells loaded with glioma-associated peptides combined with adjuvant poly-ICLC, 
approximately 60% of patients demonstrated glioma-associated immune responses 
(vaccine immunogenicity), but only <10% of recurrent glioma patients demon-
strated stable tumor regression [169].

Tumor neoantigens, generated by mutations occurring during tumor initiation 
and progression, are considered to have a higher potential for therapeutic vaccina-
tion. These neoantigens are often unique in individual patients [168, 170]. Some 
neoantigens, such as EGFR variant III (EGFRvIII), are present in a higher percent-
age of tumors and are rational targets for vaccination that would not be cost- and 
time-prohibitive. EGFRvIII is present in approximately 20–30% of newly diag-
nosed GBM [171] and is associated with worse prognosis for patients who survive 
more than 1 year [172]. EGFRvIII is capable of inducing both cellular and humoral 
immunity [173]. The clinical study results of an EGFRvIII peptide vaccine (rindo-
pepimut) demonstrated vaccine immunogenicity and increased overall survival, 
with median survival of approximately 24 months [173–175], while the standard of 
care produces a median survival of approximately 15 months; the survival advan-
tage also correlated with the induced tumor immunity. However, tumor relapse 
occurred with loss of EGFRvIII expression based on immunohistochemical detec-
tion [173–175]. The loss of antigen detection could be a result of clonal selection or 
the generation of antibodies by the hosts, which may have masked the antigens. A 
multicenter study confirmed that immune-mediated eradication of tumor cells bear-
ing EGFRvIII contributed to prolonged progression-free survival and overall 
 survival in patients having received the vaccine, as well as increased host-produced 
antibodies against EGFRvIII in some patients [174].

There are various recent efforts to address the immune evasion in vaccination by 
targeting a broad range of antigens simultaneously. One example is to utilize autolo-
gous dendritic cells that are pulsed with the tumor lysate. A vaccine using this 
approach (DCVax®-L) recently completed a phase III trial for patients with newly 
diagnosed GBM (NCT00045968). Results showed that the addition of DCVax-L to 
standard therapy is safe in glioblastoma patients and may extend survival [176].

There are several therapeutic vaccines in clinical trials for the treatment of 
DIPG. One peptide vaccine trial aims to vaccinate patients with HLA-A2-restricted 
glioma-associated antigen peptides with poly-ICLC in newly diagnosed DIPG and 
some other glioma patients (NCT01130077). Interim results showed that no dose- 
limiting non-CNS toxicity was encountered. In about 80% of the patients, immune 
responses were detected against glioma-associated antigens (IL-13Rα2, EphA2 and 
survivin). About 20% of patients had symptomatic pseudoprogression, which 
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responded to dexamethasone and was associated with prolonged survival [177]. 
Dexamethasone reduced the pseudoprogression, a presentation of inflammation, as 
well as immune responses to glioma-associated antigens. Another peptide vaccine 
trial aims to vaccinate patients with H3.3-K27M-specific peptides with poly-ICLC 
in patients with HLA-A2(+) H3.3-K27M(+) DIPG or other gliomas (NCT02960230).

One of the dendritic cell vaccines trials for DIPG patients is the NCT02840123, 
in which patients are vaccinated with autologous dendritic cells that are pulsed with 
allogenic tumor line lysate. Another dendritic cell vaccine, total tumor mRNA- 
pulsed autologous dendritic cell (TTRNA-DC) vaccine, is being tested as part of 
NCT03396575.

Recent advances in technology of genome-wide sequencing and peptide affinity 
algorithms can expedite the identification of mutations and related neoantigens, and 
the screening of peptides with high affinity to the major histocompatibility complex 
(MHC) for antigen presentation. The high efficiency of these new technologies may 
improve the feasibility of personalized vaccines.

15.7.3  Immune Checkpoint Inhibitors

Immune checkpoints are inhibitory receptors on T-cells that play an important role in 
suppressing T-cell-mediated antitumor responses [178]. Under physiological condi-
tions, they prevent inappropriate activation and regulate the intensity and duration of 
activation. The most studied checkpoints for therapeutic purposes are CTLA-4 and 
PD-1. CTLA-4 plays a role of negative feedback during CD8(+) T-cell activation 
[47]. CTLA-4 expressed on CD4(+) T-cells enhances Treg-mediated immunosup-
pression [49]. In mice bearing intracranial gliomas, CTLA-4 monoclonal antibody 
(9H10) treatment induced robust antitumor immunity without affecting Treg func-
tion [50]. The humanized CTLA-4 antibody ipilimumab is the first Food and Drug 
Administration (FDA)-approved immune checkpoint inhibitor. Ipilimumab has only 
been used in a small number of GBM patients in the recurrent setting. On the other 
hand, it has been used in treating metastatic melanoma, with approximately 2% dura-
ble complete response rate [179]. Responses have been observed against both non-
CNS and CNS-infiltrated melanoma metastases [180]. Based on the common 
neuroectodermal origin of gliomas and melanomas, the results from the melanoma 
studies may provide some insights into its application to glioma treatment.

Recent efforts at inhibiting the PD-1/PD-L1 pathway (Fig. 15.7) have produced 
robust clinical results. Tumor-infiltrating lymphocytes in GBM [45], among numer-
ous cancers, express high levels of PD-1. The high expression levels of PD-1 is 
thought to be a result of chronic stimulation by the tumor antigen. When the T-cells 
with high PD-1 levels interact with PD-L1, their effector functions are inhibited 
[181]. A number of mechanisms, such as loss of PTEN, paracrine IL-10 signaling 
[44], and interferon (IFN)-γ paracrine signaling [182], may contribute to the 
 upregulation of PD-L1 in GBM. Clinical trials studying PD-1 and PD-L1 blockade 
in GBM patients (NCT02337491 and NCT02336165) recently completed patient 
recruitment, and their results may be reported soon.

Z. Zhou and M. M. Souweidane



375

Immune checkpoint inhibition has produced the most significant results with the 
combination of CTLA-4 and PD-1 blockade [183–185]. In a randomized trial of 
untreated advanced melanoma, which shares neuroectodermal origin with gliomas, 
dual CTLA-4 and PD-1 blockade produced  an improved objective response rate 
(58%) compared to CTLA-4 only (19%) and PD-1 only (44%) [185]. For GBM, a 
preclinical study using an animal model showed high rates of survival with IDO, 
PD-L1 and CTLA-4 triple blockade, as compared to the respective monotherapies 
[186]. Few clinical trials of treating GBM patients with a combination of CTLA-4 
and PD-1 inhibition have completed recruiting patients recently (NCT02311920 
and NCT02017717), and the results may be reported soon. There are also clinical 
trials evaluating the combination of CTLA-4 and PD-1 inhibition in patients with 
brain melanoma metastasis (NCT02374242 and NCT02320058), which will con-
clude and report results soon.

Fig. 15.7 PD-1/PD-L1 pathway and its 
blocking. PD-1/PD-L1 pathway can be 
blocked at either or both sides of the 
PD-1 – PD-L1 interaction. Blue: T-cell. 
Purple: tumor cell
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A retrospective study showed that 12 patients with recurrent DIPG tolerated 
nivolumab (an anti-PD-1 monoclonal antibody) well [187]. However, recruitment 
of DIPG patients in clinical trials of nivolumab have all been discontinued in North 
America due to unexpected serious adverse events as of 2017. A phase I consortium 
clinical trial of pembrolizumab (another anti-PD-1 monoclonal antibody) treating 
brain tumors, including DIPG, is ongoing (NCT02359565).

Other immune pathways being investigated for therapeutic purposes include the 
inhibitory lymphocyte activation gene 3 (LAG-3) [188] and T-cell immunoglobulin 
and mucin domain-containing 3 (TIM-3) [189] pathways and the stimulatory induc-
ible costimulator (ICOS) [190] and 4-1BB [191] pathways. LAG-3 and PD-1 dual 
blockade therapy has progressed to a clinical study in non-CNS solid tumors 
(NCT01968109).

15.7.4  Adoptive Cell Therapies

Adoptive cell therapies are the transfer of cells into a patient for therapeutic pur-
poses. The two most investigated adoptive cell therapies for cancer treatment are 
tumor-infiltrating lymphocyte (TIL) therapy and chimeric antigen receptor T-cell 
(CAR-T) therapy.

In the TIL therapy, lymphocytes are isolated from resected tumor tissue and cul-
tured with a high-dose cytokine (typically IL-2) in single cell suspensions. The 
cultures are expanded and tested for antigen specificity against the patient’s tumor. 
Cultures with evidence of specific reactivity to the tumor are selected for rapid 
expansion before being infused into the patient.

Chimeric antigen receptors (CARs) in CAR-T therapy are receptors engineered 
to activate T-cells by binding to a specific antigen. They have both antigen-binding 
and T-cell activating functions by including an extracellular single-chain variable 
fragment (scFv) and a T-cell activating domain (typically the zeta chain of the CD3 
complex) into a single receptor. Therefore, they redirect the specificity and func-
tions of T-cells. The CARs with the minimal antigen-binding and T-cell activating 
domains are termed first-generation CARs. They recognize antigens without the 
human leukocyte antigen (HLA), but do not lead to sustained T-cell responses [192] 
because sustained activation of T-cells requires the engagement of both T-cell recep-
tors (TCRs) and co-stimulatory molecules. Second-generation CARs also include a 
costimulatory domain (CD28 or 4-1BB), directing sustained T-cell responses upon 
activation [193] and generating persistent “living drugs,” which showed great clini-
cal success recently.

In CAR-T therapy, T-cells are harvested from the patient, then in a laboratory, the 
cells are purified, cultured and transfected with DNA for the chimeric antigen recep-
tor. The cells with successful transfection (CAR-T cells) are expanded before being 
infused into the patient. The CAR-T cells continue to multiply after infusion and 
attack tumor cells expressing the targeted antigen (Fig. 15.8).
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As a clinical success, both the TIL therapy and the CAR-T therapy demonstrated 
their capability in eradicating a large amount of tumor burden. The TIL therapy 
achieved a durable complete response in treating metastatic melanoma [194], and 
the CAR-T therapy was successful in treating CD19(+) B-cell leukemia [195].

TIL therapy targeting human cytomegalovirus (CMV) antigens expressed by 
tumor cells has been investigated for treating GBM. A clinical study treating recur-
rent GBM patients with autologous infusion of tumor-infiltrating T lymphocytes 
recognizing CMV antigens led to a median overall survival of over 57 weeks, with 
four patients remaining progression-free throughout the study period [196].

CAR-T therapies targeting human epidermal growth factor receptor 2 (HER2) 
and EGFRvIII produced impressive results in animal models of glioma [197, 198]. 
Clinical trials of CAR-T therapies targeting EGFRvIII (NCT02209376 and 
NCT01454596) and bispecific HER2/CMV (NCT01109095) in GBM patients have 
recently completed recruiting patients and may report detailed results soon. 
Preliminary results of the HER2/CMV bispecific CAR-T trial reported on the 30th 
Annual Meeting of the Society for Immunotherapy of Cancer (SITC, 2015, National 
Harbor, MD) showed that the therapy was well tolerated, and a durable clinical 
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Fig. 15.8 CAR-T therapy. (a) From left to right, first-generation CARs consist of a minimal 
design. Second-generation CARs contain a costimulatory domain to enable sustained T cell activa-
tion. Third-generation CARs contain at least two co-stimulatory domains. (1) scFv (2) T-cell acti-
vating domain (CD3ζ) (3) co-stimulatory domain (e.g., 4-1BB or CD28) (4) second co-stimulatory 
domain (e.g., CD28, 1COS or OX40). (b) General procedures of CAR-T therapy. T cells are col-
lected, cultured and purified in a laboratory before being transfected with DNA constructs encod-
ing the CAR. Successfully transfected T cells become CAR-T cells. These cells are cultured and 
purified before being infused into the blood stream of patients. CAR-T cells bind to tumor cells to 
exert their cytotoxic effects. In (b), yellow color denotes native T-cell receptors and purple repre-
sents CARs
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benefit was observed in ~ 38 patients. A trial of CAR-T therapy targeting IL13Ra2 
(NCT02208362) in malignant glioma patients is ongoing.

CAR-T therapy for DIPG is still at the preclinical stage. A recent preclinical 
CAR-T study targeting GD2, a disialoganglioside expressed on tumors of neuroec-
todermal origin, for DIPG was able to clear most of the tumor cells, but it produced 
dangerous levels of brain swelling in some animals [199]. Because of the essential 
anatomical and functional features of the brainstem, as well as its proximity to the 
thalamus, the safety issue of CAR-T therapy may be more difficult to solve in DIPG 
than in supratentorial gliomas.

15.8  Oncolytic Viruses

Oncolytic viruses are viruses that can infect and replicate in tumor cells in a tumor- 
selective conditional fashion, resulting in lytic destruction of tumor cells. The cell 
lysis results in the release of a large number of viral progenies, which go on to infect 
neighboring tumor cells.

A successful oncolytic virus requires a conditional, tumor-restricted viral repli-
cation with subsequent lysis of tumor cells. Certain tumor cell mutations would 
allow selective viral replication based on either inherent or engineered viral mecha-
nisms. Such mechanisms can include any stage of the viral life cycle such as 
receptor- mediated viral attachment for infection initiation, DNA replication and 
protein synthesis, as well as the host’s cytosolic antiviral mechanisms and innate 
and adaptive immune responses.

The most widely studied viruses for cancer treatment are herpes simplex virus 
(HSV) and adenovirus. The first experimental application of a genetically modified, 
replication-competent oncolytic virus for glioblastoma was reported in 1991 using 
a thymidine kinase (TK)-deficient HSV mutant, HSV-dlsptk, which was shown to 
be highly attenuated in non-dividing cells such as neurons but effective in infecting, 
replicating inside and lysing U87 cells in vitro and xenografts in vivo [200]. A num-
ber of oncolytic HSV mutants have been isolated or engineered since then, with 
R3616, HSV-1716, hrR3, G207, and G47Δ being the most studied examples for 
targeting glioblastoma. After preclinical studies showed anti-glioma activity and 
good safety in rodents and non-human primates, G207 was tested in a clinical trial 
for glioblastoma that commenced in February 1998 [201]. HSV-1716 was tested in 
a clinical study in Europe at approximately the same time [202]. M032, an oncolytic 
HSV carrying human IL-12 gene, has shown enhanced glioma cell cytotoxicity in 
animal models [203], and a clinical trial of M032 in treating recurrent malignant 
gliomas is ongoing (NCT02062827).

Genetically engineered recombinants of adenovirus serotype 5 (Ad5) that show 
conditional replication are among the most studied oncolytic viruses. Early gene 
products of the adenovirus interact with Rb and p53. Adenoviruses with E1A or 
E1B deficiencies are replication-incompetent in normal cells and, therefore, tumor- 
selective. ONYX-015, a conditionally replicating adenovirus mutant with the 
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E1B-55 kD gene deletion was effective in killing p53-mutant U373 glioma cells but 
not p53-normal U87 cells [204]. However, a later study in glioma xenografts derived 
from primary human tumors reported increased oncolytic activity of ONYX-015 in 
p53 wild-type glioma xenografts compared to p53 mutants [205]. ONYX-015 was 
studied in a glioblastoma clinical trial [206]. DNX-2401, a newer adenovirus con-
struct that combined Ad-delta-24 with Arg-Gly-Asp (RGD)-containing peptide 
modifications, has shown increased oncolytic activity against glioblastoma [207]. It 
was studied in a clinical trial showing dramatic responses with long-term survival in 
recurrent HGGs, which are probably due to direct oncolytic effects of the virus fol-
lowed by elicitation of an immune-mediated anti-glioma response [208].

DNX-2401 is currently studied in DIPG patients in a phase I clinical trial 
(NCT03178032). Preliminary results reported at the 18th Biennial International 
Symposium for Pediatric Neuro-Oncology (ISPNO, 2018, Denver, Colorado, USA) 
showed that six DIPG patients were treated with DNX-2401 with no grade 3 or 4 
adverse events, indicating that it may be a safe therapy for DIPG patients.

15.9  Conclusion

The most prominent example of malignant brainstem tumors is DIPG, which is 
considered one of the most difficult to treat in pediatric oncology. The standard of 
care for this tumor has not seen major changes in decades despite the disease’s 
dismal outcome. A number of therapeutic options, many of which have shown 
dramatic therapeutic effects in other tumors, are being investigated for the treat-
ment of DIPG.  Despite the challenges presented by the critical anatomical and 
functional properties of the brainstem and its proximity to the thalamus and the 
unique biology of the tumor, it is hopeful that the outcome of this disease will 
improve with further refinement of these investigational therapies as well as devel-
opment of new therapies.
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