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Preface

Management of primary and metastatic malignancies involving the central nervous
system (CNS) (brain and spine) remains a challenge. Although there have been
significant improvements in responses to tumor target-directed therapies in recent
years, surgery and radiation remain our primary approaches to the management of
CNS malignancies. Advanced unresectable primary and secondary tumors of the
CNS are commonly “resistant to systemic therapies” because of the lack of knowl-
edge regarding the best mechanism(s) for drugs to penetrate the blood–brain barrier.

Since the book New Approaches to the Management of Primary and Secondary CNS 
Tumors (IntechOpen) was published in 2017, significant progress has been made: 
Phase I neurooncology trials for new drugs have increased worldwide, several drugs
have been approved as target-specific immunotherapies for the management of
brain and spinal malignancies, and new pathways for cancer cells to enter the CNS 
have been identified.

In addition, major advances in the management of CNS malignancies through
molecular and imaging analyses, magnetic devices, and tumor-targeted immuno-
therapies with/without stereotactic radiosurgery are now available, many of which
are discussed in this book. Moreover, the US FDA and other worldwide Orphan
Designated Drug and Device programs are inducing incentives for the pharmaceu-
tical and device industries to become more involved in the management of CNS 
malignancies.

There is light at the end of the tunnel!

Every chapter in Brain and Spinal Tumors—Primary and Secondary reviews develop-
ment of new approaches through neurooncological collaborations, in-depth discus-
sions, and/or reviews of diagnostic and therapeutic concepts that will improve the
management of patients with neurooncology challenges.

Metastatic tumors involving the brain and spine are “increasing in occurrence”
because drugs are effective versus periphery malignancies (lung, breast, etc.), but are
not as effective versus brain and spine malignancies (primary and secondary). Overall,
long-term responses for malignancies involving the CNS still remain depressing.

There remains a paucity of useful anticancer therapeutic tools for pediatric and 
adolescent oncology patients with tumors involving the CNS, who are otherwise
healthy, but are seldom referred for clinical trials with novel new agents because
they are <18 years of age. However, without new therapies, the management and 
support for the pediatric and adolescent age groups with primary and secondary
CNS malignancies will remain inadequate; these are areas of oncology for which
more clinical research efforts are badly needed.

However, in spite of the above deficiencies, the authors who have written chapters
are “weaving their webs and establishing their roles in neurooncology.” It is the
editors’ hopes that all readers are also pursuing their dreams and able to accomplish
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their goals. Only through new research endeavors and concepts are there possibili-
ties of eradicating malignancies involving the CNS. 

Each of us has been given the wisdom to reach our goals—just think about where we 
have been and where we are now—please do not stop!

In summary, it is an honor and pleasure to be an editor of Brain and Spinal Tumors—
Primary and Secondary’ and assist in bringing together dozens of clinicians and 
scientist-researchers to describe their research contributions that will benefit the 
neurooncology community’s need for new advancements to improve the manage-
ment of malignancies of the CNS.

Lee Roy Morgan, MD, PhD,
CEO,

DEKK-TEC, Inc.,
New Orleans, LA, United States

Feyzi Birol Sarica
Associate Professor,

Giresun University Faculty of Medicine,
Turkey
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Chapter 1

Principles of 
Neuropharmacodynamics: As 
Applied to Neuro-Oncology
Andrew H. Rodgers

Abstract

The blood-brain barrier (BBB) is a highly selective semi-permeable membrane 
that separates the cerebral blood circulation from the brain and extracellular fluid 
in the central nervous system (CNS). The BBB is composed of endothelial cells, 
astrocyte end-feet and pericytes embedded in the capillary basement membrane. 
This system allows the passage of water, some gases and lipid-soluble molecules by 
passive diffusion, as well as, selective molecules such as glucose and amino acids. 
This review discusses pharmacodynamic concepts and methods that allow drugs to 
penetrate the BBB structure and enter the CNS and spinal nervous systems (SNS).

Keywords: blood-brain barrier (BBB)

1. Introduction

The blood-brain barrier (BBB) was discovered over 100 years ago by Paul 
Ehrlich during his studies on the brain [1]. Ehrlich’s early observations that water 
soluble dyes stained all organs of animals except for their brains and components 
of the central nervous system (CNS) was the key to our present day understanding 
of the BBB system. Subsequently, other researchers observed that dyes injected into 
the blood stream did not enter the brain hence a barrier existed between the two 
compartments [1].

The BBB differs from normal membranes in that it possesses tight junctions 
between an endothelial cell/astrocyte wall with no pores to allow for transport 
unless materials are lipophilic, water, and/or an actively transported. The BBB is 
also lipophilic, free of aqueous electrolytes and highly electrical resistant. However, 
the BBB compartment can be traversed by lipophilic substances through passive 
diffusion, while other molecules that are substrates for transferases cross by direct 
transport [1, 2].

The BBB prevents most systemic therapies from penetrating the brain; however, 
when cancer cells do penetrate the BBB from a peripheral origin, they generate 
neo-vascularization or cancer associated “vascular mimicry” structures (new 
blood vessels associated with tumor-generated penetrate breaks in the BBB) which 
can connect intracranial metastatic cancer cell colonies with the cerebral blood 
circulation [3]. If undesirable or toxic materials pass through the BBB into the CNS, 
a protective mechanism—the P-glycoprotein (P-gP) transfer system will transport 
toxic materials out of the CNS [4].
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Thus, developing new drugs that can exploit the cancer associated CNS “neo-
angiogenic” vascularization that are not substrates for the P-gP system is of major 
interest and would be very useful in managing CNS and SNS malignancies.

Figure 1 shows a simplified diagram describing the BBB in relation to the brain 
(CNS) or spinal nervous system (SNS), the cerebral circulation and tumors growing 
in the CNS or SNS (Figure 2).

2. Extravascular transport of cancer cells into the CNS

Not all cancer cells infiltrate the CNS or SNS by breaching the BBB. A recent 
report by Yao et al. describes how acute lymphocytic leukemia (ALL) cells possess 
a6 integrin receptors that bind to laminin, a glycoprotein molecule that covers the 
surfaces of the meninges, its nerve sheaths and blood vessels [6]. Tiny blood vessels 
pass directly from the bone marrow through the vertebrae to the meninges tissue 
that line the spinal cord, brain and the cerebral spinal fluid (CSF) circulation. ALL 
cells can attach to the outside of blood vessels and nerves in the bone marrow and 
migrate over the scaffolding proteins. Thus, ALL cells can slide into the CNS and 

Figure 2. 
Describes breaks in the BBB and neoangiogenesis that can be initiated by both metastatic and primary cancers 
in the CNS, allowing RBCs with drugs to cross the BBB and penetrate the CNS and tumor masses (modified 
from Ref. [5]).

Figure 1. 
Depicts three modes of drug transport to primary and secondary brain cancer tumors—direct passive 
permeability, active transport/transfer, and transport in association with RBCs (modified from Ref. [5]).
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SNS via the scaffolding of the cerebral vascular circulation [6]. Other types of 
cancer may be able to do the same.

The next step is to design new agents to block the a6 integrin receptor [6].

3.  Principles for selecting a drug for brain and spinal nervous  
systems—primary and secondary

Most therapy regimens for CNS and SNS cancers involve empirical protocols [7]. 
However, with the advent of tumor targeted and gene mutation designed immuno-
therapies, there are more selective therapeutic approaches to the management of 
cancers [8].

However, if a tumor lacks a specific tumor target antigen, genetic mutation 
or receptor glycoprotein, then a more individualized (personalized) approach is 
possible. Through in vitro sensitivity studies, cytotoxicity parameters (IC50) vs. 
selected drugs can be identified for each individual tumor [9]. Obtaining tumor 
tissue for tumor molecular profiling can now be easily accomplished using liquid 
biopsy techniques and stem cell cultures [9, 13].

In addition, since drugs penetrate the tumors in the CNS and SNS by lipo-
philic and/or selective transport mechanism(s), the partition coefficient, P 
value, is also helpful in appreciating whether a drug has a chance of penetrating 
the lipid rich BBB membrane or if a more selective transportation system is 
required.

The log P value is an accurate and important molecular characteristic that 
defines lipophilicity and the ability of a drug to diffuse across the lipophilic 
BBB. This is can be easily measured by dissolving the drug in n-octanol and shaking 
with equal volumes of water. The concentration of drug is then measured in both 
phases and the ratio of concentration in n-octanol/water evaluated according to  
Eq. 1 [10].

 

(1)

The estimation of drug penetrating through the BBB (log BB) is the concentra-
tion of drug in the brain divided by concentration in the blood [11].

Very lipophilic compounds also tend to be highly protein bound. For a drug to 
diffuse from the plasma (at pH 7.4) across the BBB (log BB) into the CSF, the ideal 
octanol-water partition coefficient is usually 1–10 and corresponds to a log P of 0–1 
[12]. Others recommend higher values—log P ≤ 5 [11].

In addition, when selecting a drug, the maximum concentration of drug in the 
plasma initially (Cmax) and the total drug concentration available after a single 
treatment—area under the curve (AUC), will be of assistance to predict if sufficient 
concentration of the drug is present [13].

Thus, the combination of log P, AUC and an IC10/50 values will be of assistance 
with the selection for a potentially active/useful drug for a specific individual with 
cancer (Table 1).

The above introductory information provides the general principles which gov-
ern the entry of anti-cancer cells—passively or actively, into the CNS and SNS that 
must be considered. Plus, after entering the brain, chemicals and drugs must not be 
substrates for P-glycoprotein (P-gP) transfer systems; or at least not before they can 
penetrate cancer cells and perform their anti-cancer effects.
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ern the entry of anti-cancer cells—passively or actively, into the CNS and SNS that 
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substrates for P-glycoprotein (P-gP) transfer systems; or at least not before they can 
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Compound Structure Calculated log P Calculated BB11 Actual BB12

Cis-platinum −2.83 0.09 0.05–1

Cytarabine −2.77 0.1 1

Pentostatin −2.35 0.13 0.1–0.13

Temozolomide −1.9 0.18 0.19

Cladribine −0.38 0.64 0.25

Dacarbazine −0.35 0.69 0.14

Melphalan −0.01 0.86 0.01–0.1

Busulfan 0.08 0.9 1

Topotecan 1.41 ≥1 0.42

Carmustine 1.67 ≥1 0.15–0.9

Lomustine 2.96 ≥1 >0.5
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4.  Emerging technologies for crossing the brain blood barrier designing 
new agents

The medicinal chemists and molecular pathologists are constantly designing 
new agents for neuro-oncology. The goals are always the same—continue to develop 
new integrative drug designs vs. compliment specific receptors in the BBB or on 
vessels through which cancer cells penetrate the BBB.

5. Exosomes to deliver treatments across the blood-brain barrier

Matthew Wood et al. claim that exosomes can cross the blood-brain barrier 
and deliver siRNAs, antisense oligonucleotides, chemotherapeutic agents and 
proteins specifically to cells—normal and malignant in the brain [15]. Exosomes 
are cell-derived matrix-bound encapsulated vesicles that contain drugs [15]. They 
are naturally or synthetically generated, able to cross the blood-brain barrier and 
deliver poorly solubilized drugs into the CNS and directly to brain cancer, as well as 
other diseases. Again, they must be able to pass the BBB.

6. Nanoparticles

Nanoparticle drug delivery systems contain drugs bound to nanoparticles which 
are capable of traversing the blood-brain barrier [16]. Human serum albumin (HSA) 
is most widely used vehicle to design nanoparticles. The main benefits of HSA 
nanoparticles are that they are well tolerated with minimal side effects, as well as the 
albumin functional groups can be utilized for surface modification that allows for 
specific cell uptake. Nanoparticles have been shown to transverse the blood-brain 

Compound Structure Calculated log P Calculated BB11 Actual BB12

DM-PEN 4.32 ≥1 TBD

Penclomedine 
(PEN)

4.59 ≥1 TBD

DMCHOCPEN 9.68 ≥1 TBD

Note: Not shown in Table 1 is etoposide which has a low BB value of 0.05 and it is pumped out of the brain by the 
P-gP pump [14].

Table 1. 
Calculated and structure related activities for drugs with CNS activity [5].
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barrier carrying host drugs into the brain [16]. To enhance the effectiveness of 
nanoparticles to cross the blood-brain barrier, attempts have been made to coat the 
nanoparticles with polysorbate to make them more permeable [16]. Polysorbate 80 
coated nanoparticles containing doxorubicin delivered up to 6 μg/g concentrations of 
the drug into the brain after intravenous injections of 5 mg/kg of the drug/nanopar-
ticles [16]. No detectable drug was observed when given alone or with the uncoated 
nanoparticles. This technology continues to have promise in neuro-oncology.

7. Prodrugs

CNS prodrugs are derivatized forms of active drugs that are unable to cross 
the BBB. Designing active molecules that are derivatized with lipids, amino acids, 
esters, salts, etc., can improve the former molecules’ ability to penetrate the BBB 
more efficiently [14]. In situ in the CNS the prodrugs are metabolized or degener-
ated after crossing the BBB, releasing the active form of the drug [14].

There are still major drawbacks to the use of prodrugs to treat tumors in the 
CNS. First, the prodrug may be able to pass through the BBB; however, it may be 
transported out of the CNS by the P-gP transport system without ever releasing 
the active drug. Second, the sheer size of these derivatized molecules makes it very 
difficult to pass through the BBB.

Nevertheless, this is a very promising area for new research endeavors [14].

8. Peptide masking

Similar to the prodrug concept, another method to improve drug CNS bioavail-
ability is through derivatizing drugs with peptides and amino acids that have select 
transfer pathways through the BBB and into the brain [17].

One example is through the use of cholesterol [13]. Although the brain synthe-
sizes its own cholesterol for support and metabolism, cholesteryl derivatized drugs 
behave like lipids and penetrate the BBB secondary to be lipophilic [13]. This type 
of masking works well and aids in traversing the blood-brain barrier. Also, a “target 
molecule” could be attached to the drug that helps it pass through the barrier and 
then once inside the brain released. If the drug is not transported out of the brain, 
then it is available for therapeutic use [13].

However, drawbacks to the above exist as well. Once the drug is in the brain 
there is a point where it needs to be degraded to prevent toxic changes in the brain 
tissue. Also the drug may not be transported out of the brain and could become 
toxic with increased concentration. There must always be a mechanism for the 
removal of the active form of the drug from the brain [13].

9. Receptor-mediated permeators

Drugs that increase the permeability of the BBB are described as receptor-
mediated permeators (RMP) [18]. By decreasing the restrictiveness of the BBB, it 
is much easier for a molecule to pass through the barrier. RMPs increase the perme-
ability of the blood-brain barrier temporarily by increasing the osmotic pressure in 
the blood which loosen the junctions between the endothelial cells and pericytes. By 
loosening the junctions, drugs can pass through the BBB and be available as therapy 
vs. cancer cells. These drugs must be administered in a very controlled environment 
because of the risk associated with their use [18].
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First, a major concern is that the brain can be flooded with the drugs that are in 
the blood that are usually blocked by the BBB. Secondly, when the tight junctions 
loosen, the homeostasis of the brain can also be compromised, which can result in 
seizures and other dysfunctional events in the brain.

10. Microbubble-enhanced focused ultrasound

Microbubbles are small “bubbles” of mono-lipids that are able to pass through 
the BBB. One obstacle to this, however is that these microbubbles are large, which 
often prevents their diffusion through the BBB and into the brain. This can be 
counteracted by focused ultrasound. Ultrasound increases the permeability of the 
BBB by causing interference in the tight junctions in the BBB. In combination with 
ultrasound therapy, a very specific area of diffusion will develop, because micro-
bubbles can only diffuse where the ultrasound has disrupted the barrier [19, 20].

The hypothesis and usefulness of this combination is the possibility of loading a 
microbubble with an active drug to diffuse through the barrier and target a specific 
area in the brain or spine. There are several important factors that make this a viable 
solution for drug delivery. The first is that the loaded microbubble must not be 
substantially greater than the unloaded bubble. This ensures that the diffusion will 
be similar and the ultrasound disruption will be sufficient to induce diffusion. A 
second factor is that the stability of the loaded micro-bubble must be stable. This 
means that the drug is fully retained in the bubble and there is no leakage.

Lastly, it must be determined how the drug is to be released from the micro-
bubble in the CNS once it passes through the BBB. Studies have documented the 
effectiveness of employing microbubble technology to get drugs to specific sites in 
the brain in animal models and humans [19, 20].

The author hopes that the concepts discussed herein will be useful to stimulate 
research ideas that ultimately may lead to new treatments and approaches to the 
management of CNS and SNS tumors—primary and secondary.
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IDH-Mutant Gliomas
Kensuke Tateishi and Tetsuya Yamamoto

Abstract

Isocitrate dehydrogenase (IDH) mutation is one of the most critical genomic 
alterations in lower grade and secondary glioblastoma patient. More than 90% of 
IDH mutation is located at codon R132 of IDH1 gene. IDH mutation produces onco-
metabolite “2-hydroxyglutarate” and induces epigenetic alteration, such as DNA 
global methylation and histone methylation. As a result, IDH mutation promotes 
early gliomagenesis. Since IDH mutation is the earliest genomic event and almost 
always retained during tumor progression, IDH mutation is expected as novel 
therapeutic target. Herein, we review the clinical characteristics of IDH-mutant 
gliomas, biological role of IDH mutation for gliomagenesis, and current and future 
therapeutic approach for IDH mutant tumors.

Keywords: IDH mutation, glioma, 2-hydroxyglutarate, tumor biology, 
cancer metabolism, target therapy

1. Introduction

The WHO 2016 classification integrates molecular and histological features 
in the diagnosis of gliomas. Among numerous genomic alterations, the isocitrate 
dehydrogenase (IDH) mutation is one of the most important genetic alterations 
found in this kind of tumor. As IDH mutation is a ubiquitous mutation in lower 
grade gliomas, the development of molecular target therapies against IDH muta-
tions is expected. Here, we review IDH-mutant gliomas, focusing on their role in 
tumorigenesis and as novel therapeutic targets.

2. Discovery of IDH mutations in cancers

The presence of an isocitrate dehydrogenase (IDH) mutation was first discovered 
in colorectal cancers [1]. Parsons et al. [2] found mutations of the IDH1 (2q.33) in 
12% of the glioblastomas (GBMs). Other large scale studies validated that IDH1 
and IDH2 (IDH) mutations were found in the majority of secondary GBM and 
lower grade (WHO grade II and III) gliomas, whereas these were rarely found in 
adult primary and pediatric GBMs [2–4]. Almost all of the IDH1 mutations occur 
at codon 132, >90% of them exhibit a c.395G>A (R132H) substitution, followed by 
R132C [3, 5, 6]. Although the frequency was low, IDH2 mutations were also identi-
fied at codon 172 in gliomas [4, 7].

Besides, IDH mutation was found in hematopoietic cancers, including acute 
myeloid leukemia (AML; 10–15%, IDH2) [8, 9], angioimmunoblastic T-cell lym-
phoma (AITL, 20%) [10], chondrosarcoma (~50%) [11–13], intrahepatic cholan-
giocarcinoma (15–20%, IDH1) [13], and at lower frequency in other hematopoietic 
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IDH-Mutant Gliomas
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Abstract

Isocitrate dehydrogenase (IDH) mutation is one of the most critical genomic 
alterations in lower grade and secondary glioblastoma patient. More than 90% of 
IDH mutation is located at codon R132 of IDH1 gene. IDH mutation produces onco-
metabolite “2-hydroxyglutarate” and induces epigenetic alteration, such as DNA 
global methylation and histone methylation. As a result, IDH mutation promotes 
early gliomagenesis. Since IDH mutation is the earliest genomic event and almost 
always retained during tumor progression, IDH mutation is expected as novel 
therapeutic target. Herein, we review the clinical characteristics of IDH-mutant 
gliomas, biological role of IDH mutation for gliomagenesis, and current and future 
therapeutic approach for IDH mutant tumors.

Keywords: IDH mutation, glioma, 2-hydroxyglutarate, tumor biology, 
cancer metabolism, target therapy

1. Introduction

The WHO 2016 classification integrates molecular and histological features 
in the diagnosis of gliomas. Among numerous genomic alterations, the isocitrate 
dehydrogenase (IDH) mutation is one of the most important genetic alterations 
found in this kind of tumor. As IDH mutation is a ubiquitous mutation in lower 
grade gliomas, the development of molecular target therapies against IDH muta-
tions is expected. Here, we review IDH-mutant gliomas, focusing on their role in 
tumorigenesis and as novel therapeutic targets.

2. Discovery of IDH mutations in cancers

The presence of an isocitrate dehydrogenase (IDH) mutation was first discovered 
in colorectal cancers [1]. Parsons et al. [2] found mutations of the IDH1 (2q.33) in 
12% of the glioblastomas (GBMs). Other large scale studies validated that IDH1 
and IDH2 (IDH) mutations were found in the majority of secondary GBM and 
lower grade (WHO grade II and III) gliomas, whereas these were rarely found in 
adult primary and pediatric GBMs [2–4]. Almost all of the IDH1 mutations occur 
at codon 132, >90% of them exhibit a c.395G>A (R132H) substitution, followed by 
R132C [3, 5, 6]. Although the frequency was low, IDH2 mutations were also identi-
fied at codon 172 in gliomas [4, 7].

Besides, IDH mutation was found in hematopoietic cancers, including acute 
myeloid leukemia (AML; 10–15%, IDH2) [8, 9], angioimmunoblastic T-cell lym-
phoma (AITL, 20%) [10], chondrosarcoma (~50%) [11–13], intrahepatic cholan-
giocarcinoma (15–20%, IDH1) [13], and at lower frequency in other hematopoietic 
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and solid cancers, such as B-acute lymphoblastic leukemia (B-ALL), esophageal 
cancer, colorectal cancer, melanoma, prostate carcinoma, and breast adenocarci-
noma [1, 4, 14–16].

3. Tumorigenesis of IDH-mutant gliomas

3.1 Genomic characteristics of IDH-mutant glioma

The discovery of IDH mutations allowed the distinction of primary GBM, 
which is genetically characterized by TERT promoter mutation, gene alteration 
of epidermal growth factor receptor (EGFR), phosphatase and tensin homolog 
(PTEN) mutation or deletion, trisomy 7, monosomy 10, and cyclin-dependent 
kinase inhibitor 2A (CDKN2A) homozygous deletion, from secondary GBM (GBM, 
IDH-mutant) [3, 5, 17, 18].

In astrocytic tumors, most of the tumor cells have co-mutations in IDH1, TP53, 
and ATRX. Moreover, WHO 2016 [19] defined the presence of IDH mutation and co-
deletion of chromosome1p and 19q as necessary for the diagnosis of oligodendroglial 
tumors. Also, in oligodendroglial tumors, TERT promoter mutation is almost always 
present (>95%), while CIC and FUBP1 are commonly (>40%) observed. These 
genetic abnormalities for astrocytic and oligodendroglial tumors are mutually 
exclusive [20–24]. Importantly, the IDH mutation is the earliest genetic alteration 
observed; it is commonly retained during tumor progression [25–28], but in a subset 
of mutants, IDH1 was either deleted or amplified at tumor recurrence [29], indicat-
ing the critical role of IDH mutation for tumorigenesis. It has also been shown that 
IDH mutations do not select or create ATRX or TERT promoter mutations [30].

3.2 Developmental hierarchy in IDH-mutant gliomas

Two recent large scale single cell RNA-sequencing studies revealed a devel-
opmental hierarchy in IDH1-mutant gliomas [31, 32]. Accordingly, IDH1-mutant 
astrocytoma and oligodendroglioma shared a similar developmental hierarchy, 
consisting of three subpopulations of malignant cells: nonproliferative astrocytic 
and oligodendrocytic cells, proliferative, and undifferentiated neural stem/progeni-
tor cells. In contrast, tumor micro environment (TME) was different in the abun-
dance microglia/macrophage cells between astrocytic and oligodendroglial tumors. 
TME also differs between astrocytic tumors of different grades. Though TME and 
genomic alterations are distinctive, evidence indicates the existence of common 
progenitor cells in IDH1-mutant gliomas. In higher grade tumors, undifferentiated 
glioma stem/progenitor cells were increased [32]. In addition, almost all proliferat-
ing cancer cells were composed of subpopulations of undifferentiated cells (stem-
like) in oligodendroglioma [31], suggesting a significant role for undifferentiated 
cells in cell proliferation and malignant progression.

3.3 IDH-mutant xenograft model

Although IDH1 mutation induced proliferation in vitro [33], IDH1 mutation did 
not promote xenograft formation [34–36]. Intriguingly, Bardella et al. [37] demon-
strated that IDH1R132H overexpression in the murine subventricular zone induced the 
formation of early gliomagenesis, where stem and transit amplifying/progenitor cell 
populations were expanded, indicating the pivotal role of IDH1 mutation in glioma 
formation. Moreover, Wakimoto et al. demonstrated that “tertiary mutations,” such 
as PIK3CA mutation, PDGFRA amplification, and MYC amplification, promote 
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IDH1-mutant glioma formation in xenograft models. Importantly, tumor harboring 
tertiary mutations were associated with unfavorable prognosis in IDH1-mutant glioma 
patients [38]. Recently, large genomic analyses demonstrated that malignant progres-
sion in IDH1-mutant glioma is associated with the PI3K pathway and MYC activation 
[39, 40]. Thus, IDH mutation induces gliomagenesis, whereas tertiary mutations are 
critical to promote tumor progression in lower grade gliomas (Figure 1).

4. The 2016 WHO classification

The 2016 World Health Organization (WHO) Classification of Tumors of the 
Central Nervous System (CNS) integrated phenotypic and genotypic parameters 
for CNS tumor classification. According to this classification, all diffusely infiltrat-
ing gliomas are grouped as diffuse astrocytic and oligodendroglial tumors. These 
tumors were histologically and genetically classified based on the presence of IDH 
mutation, co-deletion of chromosome1p and 19q, or ATRX and TP53 mutations. 
Accordingly, gliomas are classified as follows: (1) diffuse astrocytoma (WHO grade 
II) or anaplastic astrocytoma (AA, WHO grade III): IDH-mutant, -wildtype, or not 
otherwise specified (NOS); (2) oligodendroglioma (WHO grade II) or anaplastic 
oligodendroglioma (WHO grade III): IDH-mutant and 1p/19q-codeleted or NOS; 
(3) oligoastrocytoma (grade II) and anaplastic oligoastrocytoma (WHO grade III): 
NOS; (4) GBM (WHO grade IV): IDH-mutant, -wildtype, or NOS; and (5) diffuse 
midline glioma (WHO grade IV): H3K27M-mutant.

IDH-wildtype GBM (about 90% of cases) is known as primary GBM, while 
IDH-mutant GBM (about 10% of cases) corresponds to secondary GBM [19].

5. Epidemiology of IDH-mutant gliomas

5.1 Age distribution of IDH-mutant gliomas

According to some statistical analyses, the IDH-mutant GBM or anaplas-
tic astrocytoma patients were more than 20 years younger than those with 

Figure 1. 
Genomic alteration and tumor microenvironment in IDH-mutant astrocytic and oligodendroglial tumors.
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The discovery of IDH mutations allowed the distinction of primary GBM, 
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(PTEN) mutation or deletion, trisomy 7, monosomy 10, and cyclin-dependent 
kinase inhibitor 2A (CDKN2A) homozygous deletion, from secondary GBM (GBM, 
IDH-mutant) [3, 5, 17, 18].

In astrocytic tumors, most of the tumor cells have co-mutations in IDH1, TP53, 
and ATRX. Moreover, WHO 2016 [19] defined the presence of IDH mutation and co-
deletion of chromosome1p and 19q as necessary for the diagnosis of oligodendroglial 
tumors. Also, in oligodendroglial tumors, TERT promoter mutation is almost always 
present (>95%), while CIC and FUBP1 are commonly (>40%) observed. These 
genetic abnormalities for astrocytic and oligodendroglial tumors are mutually 
exclusive [20–24]. Importantly, the IDH mutation is the earliest genetic alteration 
observed; it is commonly retained during tumor progression [25–28], but in a subset 
of mutants, IDH1 was either deleted or amplified at tumor recurrence [29], indicat-
ing the critical role of IDH mutation for tumorigenesis. It has also been shown that 
IDH mutations do not select or create ATRX or TERT promoter mutations [30].

3.2 Developmental hierarchy in IDH-mutant gliomas

Two recent large scale single cell RNA-sequencing studies revealed a devel-
opmental hierarchy in IDH1-mutant gliomas [31, 32]. Accordingly, IDH1-mutant 
astrocytoma and oligodendroglioma shared a similar developmental hierarchy, 
consisting of three subpopulations of malignant cells: nonproliferative astrocytic 
and oligodendrocytic cells, proliferative, and undifferentiated neural stem/progeni-
tor cells. In contrast, tumor micro environment (TME) was different in the abun-
dance microglia/macrophage cells between astrocytic and oligodendroglial tumors. 
TME also differs between astrocytic tumors of different grades. Though TME and 
genomic alterations are distinctive, evidence indicates the existence of common 
progenitor cells in IDH1-mutant gliomas. In higher grade tumors, undifferentiated 
glioma stem/progenitor cells were increased [32]. In addition, almost all proliferat-
ing cancer cells were composed of subpopulations of undifferentiated cells (stem-
like) in oligodendroglioma [31], suggesting a significant role for undifferentiated 
cells in cell proliferation and malignant progression.

3.3 IDH-mutant xenograft model

Although IDH1 mutation induced proliferation in vitro [33], IDH1 mutation did 
not promote xenograft formation [34–36]. Intriguingly, Bardella et al. [37] demon-
strated that IDH1R132H overexpression in the murine subventricular zone induced the 
formation of early gliomagenesis, where stem and transit amplifying/progenitor cell 
populations were expanded, indicating the pivotal role of IDH1 mutation in glioma 
formation. Moreover, Wakimoto et al. demonstrated that “tertiary mutations,” such 
as PIK3CA mutation, PDGFRA amplification, and MYC amplification, promote 

17

IDH-Mutant Gliomas
DOI: http://dx.doi.org/10.5772/intechopen.84543

IDH1-mutant glioma formation in xenograft models. Importantly, tumor harboring 
tertiary mutations were associated with unfavorable prognosis in IDH1-mutant glioma 
patients [38]. Recently, large genomic analyses demonstrated that malignant progres-
sion in IDH1-mutant glioma is associated with the PI3K pathway and MYC activation 
[39, 40]. Thus, IDH mutation induces gliomagenesis, whereas tertiary mutations are 
critical to promote tumor progression in lower grade gliomas (Figure 1).

4. The 2016 WHO classification

The 2016 World Health Organization (WHO) Classification of Tumors of the 
Central Nervous System (CNS) integrated phenotypic and genotypic parameters 
for CNS tumor classification. According to this classification, all diffusely infiltrat-
ing gliomas are grouped as diffuse astrocytic and oligodendroglial tumors. These 
tumors were histologically and genetically classified based on the presence of IDH 
mutation, co-deletion of chromosome1p and 19q, or ATRX and TP53 mutations. 
Accordingly, gliomas are classified as follows: (1) diffuse astrocytoma (WHO grade 
II) or anaplastic astrocytoma (AA, WHO grade III): IDH-mutant, -wildtype, or not 
otherwise specified (NOS); (2) oligodendroglioma (WHO grade II) or anaplastic 
oligodendroglioma (WHO grade III): IDH-mutant and 1p/19q-codeleted or NOS; 
(3) oligoastrocytoma (grade II) and anaplastic oligoastrocytoma (WHO grade III): 
NOS; (4) GBM (WHO grade IV): IDH-mutant, -wildtype, or NOS; and (5) diffuse 
midline glioma (WHO grade IV): H3K27M-mutant.

IDH-wildtype GBM (about 90% of cases) is known as primary GBM, while 
IDH-mutant GBM (about 10% of cases) corresponds to secondary GBM [19].

5. Epidemiology of IDH-mutant gliomas

5.1 Age distribution of IDH-mutant gliomas

According to some statistical analyses, the IDH-mutant GBM or anaplas-
tic astrocytoma patients were more than 20 years younger than those with 

Figure 1. 
Genomic alteration and tumor microenvironment in IDH-mutant astrocytic and oligodendroglial tumors.
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IDH-wildtype GBM [4]. In contrast, IDH-mutant GBM patients were only 4 years 
older than those with IDH1-mutant grade II and III astrocytoma [41]. This indicates 
that IDH-mutant glioma arises earlier than IDH-wildtype glioma (mostly GBM).

5.2 Prognosis of IDH-mutant gliomas

Parsons et al. [2] initially demonstrated that IDH1-mutant GBM patients 
survived about threefold longer than those with IDH1-wildtype GBM. Other groups 
verified that IDH1 mutation is a favorable prognostic biomarker in gliomas  
[4, 42, 43]. In addition to GBM, large amounts of clinical studies indicated that the 
IDH mutation was an independent prognostic factor in grade II and III gliomas [ 
4, 28, 43–47]. Notably, the prognosis of IDH1-mutant GBM is better than of IDH1-
wildtype AA [48]. Also, a prospective randomized study (NOA-04) revealed that 
IDH1 mutation, hypermethylation of the O6-methylguanine DNA-methyltransferase 
(MGMT) promoter, age, extent of resection, and oligodendroglial histology are 
independent prognostic factors in anaplastic gliomas [44]. Among them, the impact 
of IDH1 mutation conferred a stronger favorable prognosis than 1p/19q co-deletion, 
MGMT promoter methylation, and histology [44]. Collectively, IDH1 mutation is a 
convincing prognostic factor in gliomas, irrespective of tumor grade and histology.

5.3 Prognostic classification for gliomas

Suzuki et al. [28] distinguished lower grade gliomas on the basis of the presence 
of IDH1 mutation, TP53 mutation, and 1p/19q co-deletion. Accordingly, tumors 
were classified into three groups: type I (IDH1-mutant with 1p/19q co-deletion; 
favorable prognostic group), type II (IDH1-mutant with TP53 mutation; intermedi-
ate prognostic group), and type III (IDH1-wildtype; poor prognostic group). Eckel-
Passow et al. [47] classified gliomas into five groups based on the mutation status of 
IDH1 and TERT promoter and on 1p/19q co-deletion. This group also demonstrated 
that TERT promoter mutations and ATRX alterations provided additional informa-
tion for a tailored prognostic classification [49]. Besides, Arita et al. [50] proposed a 
classification of grade II–IV gliomas based on the mutations in IDH and the hotspot 
in TERT promoter.

Among IDH-mutant astrocytic tumors, CDKN2A/B homozygous deletion was 
demonstrated to be an unfavorable prognostic molecular marker [51]. Similarly, 
another group demonstrated that PIK3R1 mutation and altered retinoblastoma 
pathway genes, including RB1 and CDKN2A, were independent predictors of poor 
survival in astrocytic tumors. In oligodendrogliomas, NOTCH pathway inactiva-
tion and PI3K pathway activation were associated with poor prognosis [52, 53]. 
Collectively, these molecular markers could predict prognosis in glioma patients.

6. The mechanism of tumorigenesis in IDH1-mutant gliomas

6.1 IDH mutation drives production of oncometabolite D-2-hydroxyglutarate

In humans, IDH is composed of three types of isozymes (IDH1, IDH2, and 
IDH3). IDH1 is located in the cytoplasm and peroxisomes, whereas IDH2 and IDH3 
are localized in the mitochondria and are involved in the TCA cycle. IDH1 and IDH2 
are NADP+ dependent, whereas IDH3 is NAD+ dependent. IDH converts isocitrate 
into α-ketoglutarate (α-KG). No mutation in IDH3 has been detected in human 
cancers. If IDH is mutated, it blocks normal enzymatic activity and instead pro-
duces D-2-hydroxyglutarate (2-HG) from α-KG in an NADPH dependent manner, 
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irrespective of the substituted amino acid [54–56]. Compared with IDH-wildtype 
cells, the 2-HG level in IDH-mutant cells is 50–100-fold higher [54, 57]. IDH muta-
tions are almost always heterozygous, and both mutant and wildtype IDH1 alleles 
are required for 2-HG production in glioma cells [58].

6.2 IDH-mutation induced epigenetic alterations

6.2.1 IDH-mutation inducible DNA hypermethylator phenotype

Since the structure of 2-HG is similar to that of α-KG, 2-HG inhibits a variety 
of α-KG-dependent dioxygenases [59, 60]. Among them, 10–11 translocation-2 
(TET2) induces global demethylation of DNA by catalyzing the conversion of 
5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC). Forced mutant 
IDH1 caused increased 5mC concentrations, instead of decreased 5hmC [37, 61]. 
IDH mutation also promotes methylation of DNA by TET2 inhibition, resulting in 
a glioma CpG island methylator phenotype (G-CIMP), a specific DNA methyla-
tion pattern in IDH-mutant tumor cells [61–63]. Indeed, forced overexpression 
of mutant IDH (IDH1R132H and IDH2R172K) produced high concentrations of 2-HG 
and increased global 5-mC levels [61]. Similarly, TET2 mutations, which are 
mutually exclusive to IDH mutations, induce a global hypermethylation signature 
[61]. Turcan et al. [64] demonstrated that a G-CIMP-like phenotype and G-CIMP 
positive proneural glioblastomas were formed after the introduction of an IDH1 
mutation into normal human astrocytes (NHA). These data indicate that mutant 
IDH induced TET2 suppression, followed by G-CIMP, in cancer cells. Consistent 
with IDH-mutant glioma patients, glioma patients with G-CIMP are younger at 
diagnosis and survive longer than those without G-CIMP [62]. Intriguingly, about 
10% of G-CIMP tumors were relapsed as G-CIMP low tumors with poor clinical 
outcome [65].

The Cancer Genome Atlas (TCGA) performed comprehensive transcriptome 
analysis. Accordingly, GBM was classified into four groups (classic, mesenchymal, 
proneural, and neural groups). Aberrations and gene expression of EGFR and 
NF1 define the classical and mesenchymal subtypes, whereas tumors with an 
IDH1 mutation were classified within the proneural group. The proneural group is 
also accompanied by a PDGFRA gene abnormality and the G-CIMP feature [66]. 
DNA methylation induced by the IDH1 mutation caused hypermethylation at 
cohesion and CCCTC-binding factor (CTCF) binding sites and compromised the 
binding of the insulator protein. As a result, loss of CTCF at a domain permits a 
constitutive enhancer to interact aberrantly with the receptor tyrosine kinase gene 
PDGFRA [67].

6.2.2 IDH mutation promotes global histone methylation

IDH mutation is also known to increase histone methylation. Lysine methyla-
tion of histone tails modifies chromatin structure and regulates gene expression. 
By competition with α-KG, 2-HG inhibits histone demethylases including mem-
bers of the Jumonji transcription factor family (JMJD2A, JMJD2C/KDM4C, and 
JHDM1A/FBXL11), resulting in histone hypermethylation [68]. Indeed, 
hypermethylation in H3K4me1, H3K4me3, H3K9me2, H3K27me2, H3K79me2, 
H3K27me3, H3K9me3, and H3K36me3 was observed in cells with exogenous 2-HG 
or mutant IDH1 induction [60, 63, 64, 69]. Sasaki et al. [63] also demonstrated 
that IDH1R132H knock in mice showed significantly increased early hematopoietic 
progenitors, histone hypermethylation, and DNA methylation. Interestingly, 
the elevation of H3K9me3 levels was observed earlier than the DNA methylation 
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IDH-wildtype GBM [4]. In contrast, IDH-mutant GBM patients were only 4 years 
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verified that IDH1 mutation is a favorable prognostic biomarker in gliomas  
[4, 42, 43]. In addition to GBM, large amounts of clinical studies indicated that the 
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4, 28, 43–47]. Notably, the prognosis of IDH1-mutant GBM is better than of IDH1-
wildtype AA [48]. Also, a prospective randomized study (NOA-04) revealed that 
IDH1 mutation, hypermethylation of the O6-methylguanine DNA-methyltransferase 
(MGMT) promoter, age, extent of resection, and oligodendroglial histology are 
independent prognostic factors in anaplastic gliomas [44]. Among them, the impact 
of IDH1 mutation conferred a stronger favorable prognosis than 1p/19q co-deletion, 
MGMT promoter methylation, and histology [44]. Collectively, IDH1 mutation is a 
convincing prognostic factor in gliomas, irrespective of tumor grade and histology.

5.3 Prognostic classification for gliomas

Suzuki et al. [28] distinguished lower grade gliomas on the basis of the presence 
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were classified into three groups: type I (IDH1-mutant with 1p/19q co-deletion; 
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IDH1 and TERT promoter and on 1p/19q co-deletion. This group also demonstrated 
that TERT promoter mutations and ATRX alterations provided additional informa-
tion for a tailored prognostic classification [49]. Besides, Arita et al. [50] proposed a 
classification of grade II–IV gliomas based on the mutations in IDH and the hotspot 
in TERT promoter.

Among IDH-mutant astrocytic tumors, CDKN2A/B homozygous deletion was 
demonstrated to be an unfavorable prognostic molecular marker [51]. Similarly, 
another group demonstrated that PIK3R1 mutation and altered retinoblastoma 
pathway genes, including RB1 and CDKN2A, were independent predictors of poor 
survival in astrocytic tumors. In oligodendrogliomas, NOTCH pathway inactiva-
tion and PI3K pathway activation were associated with poor prognosis [52, 53]. 
Collectively, these molecular markers could predict prognosis in glioma patients.

6. The mechanism of tumorigenesis in IDH1-mutant gliomas

6.1 IDH mutation drives production of oncometabolite D-2-hydroxyglutarate

In humans, IDH is composed of three types of isozymes (IDH1, IDH2, and 
IDH3). IDH1 is located in the cytoplasm and peroxisomes, whereas IDH2 and IDH3 
are localized in the mitochondria and are involved in the TCA cycle. IDH1 and IDH2 
are NADP+ dependent, whereas IDH3 is NAD+ dependent. IDH converts isocitrate 
into α-ketoglutarate (α-KG). No mutation in IDH3 has been detected in human 
cancers. If IDH is mutated, it blocks normal enzymatic activity and instead pro-
duces D-2-hydroxyglutarate (2-HG) from α-KG in an NADPH dependent manner, 
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irrespective of the substituted amino acid [54–56]. Compared with IDH-wildtype 
cells, the 2-HG level in IDH-mutant cells is 50–100-fold higher [54, 57]. IDH muta-
tions are almost always heterozygous, and both mutant and wildtype IDH1 alleles 
are required for 2-HG production in glioma cells [58].

6.2 IDH-mutation induced epigenetic alterations

6.2.1 IDH-mutation inducible DNA hypermethylator phenotype

Since the structure of 2-HG is similar to that of α-KG, 2-HG inhibits a variety 
of α-KG-dependent dioxygenases [59, 60]. Among them, 10–11 translocation-2 
(TET2) induces global demethylation of DNA by catalyzing the conversion of 
5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC). Forced mutant 
IDH1 caused increased 5mC concentrations, instead of decreased 5hmC [37, 61]. 
IDH mutation also promotes methylation of DNA by TET2 inhibition, resulting in 
a glioma CpG island methylator phenotype (G-CIMP), a specific DNA methyla-
tion pattern in IDH-mutant tumor cells [61–63]. Indeed, forced overexpression 
of mutant IDH (IDH1R132H and IDH2R172K) produced high concentrations of 2-HG 
and increased global 5-mC levels [61]. Similarly, TET2 mutations, which are 
mutually exclusive to IDH mutations, induce a global hypermethylation signature 
[61]. Turcan et al. [64] demonstrated that a G-CIMP-like phenotype and G-CIMP 
positive proneural glioblastomas were formed after the introduction of an IDH1 
mutation into normal human astrocytes (NHA). These data indicate that mutant 
IDH induced TET2 suppression, followed by G-CIMP, in cancer cells. Consistent 
with IDH-mutant glioma patients, glioma patients with G-CIMP are younger at 
diagnosis and survive longer than those without G-CIMP [62]. Intriguingly, about 
10% of G-CIMP tumors were relapsed as G-CIMP low tumors with poor clinical 
outcome [65].
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analysis. Accordingly, GBM was classified into four groups (classic, mesenchymal, 
proneural, and neural groups). Aberrations and gene expression of EGFR and 
NF1 define the classical and mesenchymal subtypes, whereas tumors with an 
IDH1 mutation were classified within the proneural group. The proneural group is 
also accompanied by a PDGFRA gene abnormality and the G-CIMP feature [66]. 
DNA methylation induced by the IDH1 mutation caused hypermethylation at 
cohesion and CCCTC-binding factor (CTCF) binding sites and compromised the 
binding of the insulator protein. As a result, loss of CTCF at a domain permits a 
constitutive enhancer to interact aberrantly with the receptor tyrosine kinase gene 
PDGFRA [67].

6.2.2 IDH mutation promotes global histone methylation

IDH mutation is also known to increase histone methylation. Lysine methyla-
tion of histone tails modifies chromatin structure and regulates gene expression. 
By competition with α-KG, 2-HG inhibits histone demethylases including mem-
bers of the Jumonji transcription factor family (JMJD2A, JMJD2C/KDM4C, and 
JHDM1A/FBXL11), resulting in histone hypermethylation [68]. Indeed, 
hypermethylation in H3K4me1, H3K4me3, H3K9me2, H3K27me2, H3K79me2, 
H3K27me3, H3K9me3, and H3K36me3 was observed in cells with exogenous 2-HG 
or mutant IDH1 induction [60, 63, 64, 69]. Sasaki et al. [63] also demonstrated 
that IDH1R132H knock in mice showed significantly increased early hematopoietic 
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the elevation of H3K9me3 levels was observed earlier than the DNA methylation 
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change in NHA upon IDH1R132H induction [69], suggesting that histone meth-
ylation may be an early event in IDH1-mutant cancers. The hypermethylation 
of histones blocks cell differentiation in cancer cells [60, 63, 64, 69]. Using a 
histone demethylating agent or a specific mutant IDH1 inhibitor, suppressed cell 
differentiation can be restored [70, 71]. Besides, 2-HG impairs collagen matura-
tion, which leads to basement membrane aberrations that play a part in glioma 
progression [72]. Taken together, these data show that DNA hypermethylation and 
histone methylation promote tumorigenesis through a wide range of gene function 
changes (Figure 2).

6.3 IDH mutation inducible metabolic alterations

In addition to the epigenetic changes, IDH1 mutation is known to alter hypoxia 
inducible factor 1α (HIF-1α) activity. Under oxidative conditions, α-KG-dependent 
prolyl hydroxylases (PHDs), which form the Egl nine homolog (EglN) families, 
induce HIF-1α hydroxylation. Hydroxylated protein is then bound by the von 
Hippel-Lindau tumor suppressor protein (VHL), ubiquitylated, and degraded via 
proteasome. In contrast, under hypoxia, the hydroxylation reaction is inhibited and 
HIF-1α is upregulated. HIF-1α then activates the transcription of several genes to 
mediate a switch from oxidative to glycolytic metabolism and induces angiogenesis 
by regulating the expression of vascular endothelial growth factor (VEGF) [73, 74]. 
Koivunen et al. [33] demonstrated that IDH1 mutation attenuates HIF-1α through 
the activation of HIF prolyl 4-hydroxylase (EGLN), enhancing the proliferation 
and soft agar growth of NHA.

While several studies demonstrated that the IDH1 mutation induced aerobic 
glycolysis via HIF-1α activity [59, 75], other group reported that HIF-1α responsive 
genes, including lactate dehydrogenase (LDHA) were downregulated; silenced 
LDHA was associated with increased methylation of the LDHA promoter [76]. 
Another group showed that IDH1 mutation reduces pyruvate flux to lactate and 
suppresses monocarboxylate transporters MCT1 and MCT4, which mediate lactate 
transmembrane transport [77]. IDH mutation also alters pyruvate metabolism, 
including pyruvate dehydrogenase and pyruvate carboxylase enzymes, resulting in 
anaplerosis of the TCA cycle [78, 79].

Cancer cells are known to depend on reductive carboxylation (RC) of gluta-
mine-derived α-KG for de novo lipogenesis under hypoxia [80]. It is worth noticing 
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that the RC pathway is inhibited by IDH mutation [55]. Under hypoxia, IDH1 muta-
tion upregulated the contribution of glutamine to lipogenesis [81, 56].

Altered amino acids, glutathione, choline derivatives, and tricarboxylic acid 
(TCA) cycle intermediates were observed in IDH-mutant cells [82, 83]. Glutamate 
dehydrogenase (GDH)1 and GDH2 were overexpressed in IDH1-mutant tumors, 
and the orthotopic growth of an IDH1-mutant glioma is inhibited by a double 
GDH1/2 knockdown [84]. Another group demonstrated that GDH2 was critical 
for IDH1-mutation induced metabolic alterations and IDH1-mutant glioma growth 
[85]. The presence of 2-HG also inhibited ATP synthase and mTOR signaling [41].

Importantly, branched-chain amino acid transaminase (BCAT), which catalyzes 
the α-KG to glutamate conversion, was expressed at lower levels in IDH1-mutant 
gliomas than in IDH1-wildtype [86, 87]. As a result, the glutamate level was 
decreased, and cell proliferation and invasiveness were suppressed in IDH-mutant 
gliomas [87].

7. Role of extensive resection in IDH1-mutant gliomas

There is a huge amount of evidence showing that surgical resection has a pivotal 
role in survival benefit of glioma patients. Extensive resection is known to prolong 
survival in low grade glioma and also in GBM (IDH1-wildtype) [88–91]. In IDH1-
mutant gliomas, an MRI study demonstrated that IDH1-mutant tumors were rarely 
located in high risk areas of the brain and show unilateral patterns of growth, sharp 
tumor margins, and less contrast enhancement [92, 93]. Indeed, radiographic 
atlas revealed IDH1-mutant gliomas were frequently located at frontal lobe [94]. 
A diffusion-tensor imaging study demonstrated that IDH-mutant GBM has a less 
invasive phenotype than IDH-wildtype GBM [95]. Intriguingly, patients with IDH1-
wildtype gliomas had a reduced neurocognitive function and lower performance 
score than those with IDH1-mutant gliomas [96]. In addition, lesion volume was not 
associated with neurocognitive function for patients with IDH1-mutant tumors, but 
associated for those with IDH1-wildtype tumors [96]. Consequently, IDH1-mutant 
gliomas may be relatively less invasive to the surrounding eloquent area than IDH-
wildtype GBM.

In addition, Beiko et al. [97] reported that extensive resection, including 
nonenhancing area, prolonged survival in IDH1-mutant anaplastic astrocytoma 
and glioblastoma. They also mentioned, since IDH1-mutant gliomas were predomi-
nantly located at frontal lobe, that maximal resection was relatively amenable. 
Another group independently demonstrated that gross total resection extended 
survival in grade III IDH1-mutant gliomas without 1p/19q co-deletion [98]. In con-
trast, survival advantage was controversial in grade II astrocytoma [99, 100]. These 
results suggest that for IDH1-mutant gliomas, especially grade III astrocytoma, 
maximal resection should be considered.

8. Prediction of IDH status

To establish IDH status-based treatment strategies, including surgery, advanced 
preoperative or intraoperative molecular analysis is important. Magnetic reso-
nance spectroscopy (MRS) can be used to detect 2-HG and glutamate changes 
[101–107]. A recent MRS study demonstrated that 2-HG peaks rapidly decrease in 
accordance with tumor regression, whereas they increase with tumor progression 
in IDH-mutant gliomas [108], suggesting that 2-HG concentration, measured by 
MRS, may be a reliable approach to evaluate disease states in IDH-mutant gliomas. 
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change in NHA upon IDH1R132H induction [69], suggesting that histone meth-
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changes (Figure 2).
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inducible factor 1α (HIF-1α) activity. Under oxidative conditions, α-KG-dependent 
prolyl hydroxylases (PHDs), which form the Egl nine homolog (EglN) families, 
induce HIF-1α hydroxylation. Hydroxylated protein is then bound by the von 
Hippel-Lindau tumor suppressor protein (VHL), ubiquitylated, and degraded via 
proteasome. In contrast, under hypoxia, the hydroxylation reaction is inhibited and 
HIF-1α is upregulated. HIF-1α then activates the transcription of several genes to 
mediate a switch from oxidative to glycolytic metabolism and induces angiogenesis 
by regulating the expression of vascular endothelial growth factor (VEGF) [73, 74]. 
Koivunen et al. [33] demonstrated that IDH1 mutation attenuates HIF-1α through 
the activation of HIF prolyl 4-hydroxylase (EGLN), enhancing the proliferation 
and soft agar growth of NHA.

While several studies demonstrated that the IDH1 mutation induced aerobic 
glycolysis via HIF-1α activity [59, 75], other group reported that HIF-1α responsive 
genes, including lactate dehydrogenase (LDHA) were downregulated; silenced 
LDHA was associated with increased methylation of the LDHA promoter [76]. 
Another group showed that IDH1 mutation reduces pyruvate flux to lactate and 
suppresses monocarboxylate transporters MCT1 and MCT4, which mediate lactate 
transmembrane transport [77]. IDH mutation also alters pyruvate metabolism, 
including pyruvate dehydrogenase and pyruvate carboxylase enzymes, resulting in 
anaplerosis of the TCA cycle [78, 79].

Cancer cells are known to depend on reductive carboxylation (RC) of gluta-
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that the RC pathway is inhibited by IDH mutation [55]. Under hypoxia, IDH1 muta-
tion upregulated the contribution of glutamine to lipogenesis [81, 56].

Altered amino acids, glutathione, choline derivatives, and tricarboxylic acid 
(TCA) cycle intermediates were observed in IDH-mutant cells [82, 83]. Glutamate 
dehydrogenase (GDH)1 and GDH2 were overexpressed in IDH1-mutant tumors, 
and the orthotopic growth of an IDH1-mutant glioma is inhibited by a double 
GDH1/2 knockdown [84]. Another group demonstrated that GDH2 was critical 
for IDH1-mutation induced metabolic alterations and IDH1-mutant glioma growth 
[85]. The presence of 2-HG also inhibited ATP synthase and mTOR signaling [41].

Importantly, branched-chain amino acid transaminase (BCAT), which catalyzes 
the α-KG to glutamate conversion, was expressed at lower levels in IDH1-mutant 
gliomas than in IDH1-wildtype [86, 87]. As a result, the glutamate level was 
decreased, and cell proliferation and invasiveness were suppressed in IDH-mutant 
gliomas [87].

7. Role of extensive resection in IDH1-mutant gliomas

There is a huge amount of evidence showing that surgical resection has a pivotal 
role in survival benefit of glioma patients. Extensive resection is known to prolong 
survival in low grade glioma and also in GBM (IDH1-wildtype) [88–91]. In IDH1-
mutant gliomas, an MRI study demonstrated that IDH1-mutant tumors were rarely 
located in high risk areas of the brain and show unilateral patterns of growth, sharp 
tumor margins, and less contrast enhancement [92, 93]. Indeed, radiographic 
atlas revealed IDH1-mutant gliomas were frequently located at frontal lobe [94]. 
A diffusion-tensor imaging study demonstrated that IDH-mutant GBM has a less 
invasive phenotype than IDH-wildtype GBM [95]. Intriguingly, patients with IDH1-
wildtype gliomas had a reduced neurocognitive function and lower performance 
score than those with IDH1-mutant gliomas [96]. In addition, lesion volume was not 
associated with neurocognitive function for patients with IDH1-mutant tumors, but 
associated for those with IDH1-wildtype tumors [96]. Consequently, IDH1-mutant 
gliomas may be relatively less invasive to the surrounding eloquent area than IDH-
wildtype GBM.

In addition, Beiko et al. [97] reported that extensive resection, including 
nonenhancing area, prolonged survival in IDH1-mutant anaplastic astrocytoma 
and glioblastoma. They also mentioned, since IDH1-mutant gliomas were predomi-
nantly located at frontal lobe, that maximal resection was relatively amenable. 
Another group independently demonstrated that gross total resection extended 
survival in grade III IDH1-mutant gliomas without 1p/19q co-deletion [98]. In con-
trast, survival advantage was controversial in grade II astrocytoma [99, 100]. These 
results suggest that for IDH1-mutant gliomas, especially grade III astrocytoma, 
maximal resection should be considered.

8. Prediction of IDH status

To establish IDH status-based treatment strategies, including surgery, advanced 
preoperative or intraoperative molecular analysis is important. Magnetic reso-
nance spectroscopy (MRS) can be used to detect 2-HG and glutamate changes 
[101–107]. A recent MRS study demonstrated that 2-HG peaks rapidly decrease in 
accordance with tumor regression, whereas they increase with tumor progression 
in IDH-mutant gliomas [108], suggesting that 2-HG concentration, measured by 
MRS, may be a reliable approach to evaluate disease states in IDH-mutant gliomas. 
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In addition, several MR techniques, including diffusion tensor imaging and MR 
methods for determining relative cerebral blood volume, have been proposed 
to detect mutant IDH1 noninvasively [109–111]. Moreover, T2-FLAIR mismatch 
sign was found as a highly specific imaging marker for IDH-mutant astrocytoma 
[112–114]. Intraoperative technologies to assess IDH1 mutation have also been 
established [115–117]. These advanced technologies may allow the development of 
tailored surgical strategies for IDH-mutant gliomas. Other group demonstrated that 
urinary 2-HG is increased in patients with IDH1-mutant gliomas [118]. These find-
ings indicate the possibility of application of indirectly assessed 2-HG as a clinical 
biomarker.

9. Treatment vulnerability in IDH-mutant gliomas

9.1 Radiotherapy for IDH-mutant gliomas

It has been shown that there is a higher relative sensitivity to radiotherapy and 
concurrent temozolomide (TMZ) in IDH1-mutant GBM patients than in those 
with IDH1-wildtype GBM [119], although there is no prospective clinical evidence 
of radiation therapy to extend survival in glioma patients with IDH1 mutation. 
As described above, IDH mutation inhibits NADPH and glutamate production, 
resulting in reduced glutathione levels and increased reactive oxygen species (ROS) 
[120–123]. Conversely, radiosensitivity in IDH1-mutant tumors was diminished by 
IDH1 inhibitor [124]. These findings support selective vulnerability to radiation 
therapy in IDH-mutant gliomas.

9.2 Chemotherapeutic evidence for IDH-mutant gliomas

9.2.1 Temozolomide

Current standard management of GBM consists of surgical tumor resection, 
following local radiotherapy with temozolomide treatment [125]. Additionally, 
adjuvant TMZ prolonged survival in anaplastic astrocytoma [126]. Several studies 
demonstrated IDH1-mutation as a predictive biomarker for TMZ sensitivity in low 
grade gliomas and secondary GBM [127, 128].

Cytotoxicity of TMZ is provoked by the formation of O6-methylguanine (O6G)-
DNA adducts. O6G-DNA adducts induce DNA strand break and apoptosis through 
the O6G-thymine-mediated mismatch repair pathway [129, 130]. It has also been 
established that the activation of DNA repairing pathways, including methylgua-
nine methyltransferase (MGMT) repair enzyme, together with mismatch repair 
(MMR) system proteins deficiency, such as mutation-induced MSH2 and MSH6, 
result in drug resistance [131–133]. MGMT promoter methylation is highly methyl-
ated in IDH1-mutant gliomas, particularly oligodendrogliomas, compared with 
IDH-wildtype [43].

Some preclinical studies demonstrated that forced IDH mutation sensitized cells to 
chemotherapy by increased ROS [134–136]. Conversely, forced IDH1 mutation revealed 
that IDH1 mutation-induced temozolomide (TMZ) resistance and rapid G2 cell cycle 
arrest through increased RAD-51-mediated homologous recombination (HR) [137, 138]. 
Importantly, among DNA adducts, O6G represents less than 10%, while the majority 
of TMZ-induced DNA lesions are N7-methylguanine (60–80%) and N3-methyladenine 
(10–20%) adducts, which are immediately repaired through poly(ADP-ribose)poly-
merase (PARP)-dependent base excision repair (BER) [129, 139, 140]. We have recently 
shown that there are lower steady state NAD+ levels in IDH1-mutant gliomas [141],  
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and that TMZ immediately induces NAD+ consumption through PARP activation-
mediated BER in IDH1-mutant gliomas [142]. Besides, Lu et al. [143] reported that the 
PARP associated DNA repair pathway was extensively compromised in IDH1-mutant 
cells due to decreased NAD+ availability, thus, cells were sensitive to TMZ, suggest-
ing that deregulated NAD+ metabolism may be related with chemosensitivity. Taken 
together, these studies show that IDH mutation may increase susceptibility to chemo-
therapy; however, it remains unclear if IDH mutation itself promotes TMZ sensitivity.

In contrast, TMZ-induced hypermethylation is a critical problem. Long-term 
TMZ exposure induces MMR inactivation, followed by DNA hypermutation 
phenotype. Among numerous mutations, gene alterations in RB and AKT-mTOR 
pathways promoted malignant progression in IDH1-mutant gliomas [27].

9.2.2 Other chemotherapeutic agents

Sulkowski et al. [144] demonstrated that 2-HG inhibits KDM4A and KDM4B, 
histone demethylases that play a critical role in double strand repair. As a result, IDH1 
mutation suppresses HR and induces PARP inhibitor sensitivity. Additionally, IDH1-
mutant downregulates the DNA double strand break sensor ATM by altering histone 
methylation, resulting in impaired DNA repair. As a result, IDH1 mutation causes 
DNA damage susceptibility to radiation and daunorubicin and reduces self-renewal 
of hematopoietic stem cells in acute myeloid leukemia [145].

10. Novel therapeutic target in IDH1-mutant tumors

10.1 Specific IDH inhibitor

In 2013, specific inhibitors for IDH1 and IDH2 mutations were discovered  
[70, 146]. In IDH2-mutant AML cells, an IDH2R140Q inhibitor induced both histone 
and DNA demethylation [147]. These effects reversed blocked cell differentiation 
and resulted in cytotoxicity in vitro [146, 147]. It is interesting to note that histone 
hypermethylation is more rapidly reversed than DNA hypermethylation [147]. In 
IDH1-mutant AML cells, differentiation and DNA demethylation were also induced 
by a next generation IDH1 inhibitor [148]. Since the IDH2 mutation is crucial for 
proliferation and maintenance of leukemia cells [149], an IDH inhibitor may be 
used as a novel and efficient chemotherapeutic agent against IDH-mutant AML 
cells. Indeed, clinical trials demonstrated durable response for IDH1/2-mutant 
refractory AML patients [150, 151].

In IDH1-mutant glioma cells, Rohle et al. [70] reported that a specific IDH1 
inhibitor, AGI-5198, blocked 2-HG production, histone demethylation, cell dif-
ferentiation, and inhibited cell growth in endogenous IDH1-mutant glioma cells. 
Other group demonstrated that BAY 1436032, a pan inhibitor of IDH1 mutation, 
promoted mild cytotoxic effects in vivo [152]. In contrast, we established that, 
even with a long-term IDH1 inhibitor treatment, 2-HG depletion does not induce 
demethylation of global-DNA and histones, cell differentiation, nor cytotoxicity 
[141]. Studies using another IDH1 inhibitor also revealed minimal cytotoxicity 
despite a rapid decrease in 2-HG levels in glioma cells [153, 154]. Similarly, treat-
ment with an IDH1 inhibitor did not contribute to cytotoxicity, and the CpG island 
methylation status as well as histone trimethylation levels were largely retained 
in malignant glioma and chondrosarcoma [155, 156]. Intriguingly, in immortal-
ized human astrocytes with an inducible IDH1R132H expression system, a specific 
IDH1 inhibitor induced demethylation and inhibited tumorigenesis when forced 
expression was prior or concomitant to inhibitor treatment, but these effects were 
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In addition, several MR techniques, including diffusion tensor imaging and MR 
methods for determining relative cerebral blood volume, have been proposed 
to detect mutant IDH1 noninvasively [109–111]. Moreover, T2-FLAIR mismatch 
sign was found as a highly specific imaging marker for IDH-mutant astrocytoma 
[112–114]. Intraoperative technologies to assess IDH1 mutation have also been 
established [115–117]. These advanced technologies may allow the development of 
tailored surgical strategies for IDH-mutant gliomas. Other group demonstrated that 
urinary 2-HG is increased in patients with IDH1-mutant gliomas [118]. These find-
ings indicate the possibility of application of indirectly assessed 2-HG as a clinical 
biomarker.

9. Treatment vulnerability in IDH-mutant gliomas

9.1 Radiotherapy for IDH-mutant gliomas

It has been shown that there is a higher relative sensitivity to radiotherapy and 
concurrent temozolomide (TMZ) in IDH1-mutant GBM patients than in those 
with IDH1-wildtype GBM [119], although there is no prospective clinical evidence 
of radiation therapy to extend survival in glioma patients with IDH1 mutation. 
As described above, IDH mutation inhibits NADPH and glutamate production, 
resulting in reduced glutathione levels and increased reactive oxygen species (ROS) 
[120–123]. Conversely, radiosensitivity in IDH1-mutant tumors was diminished by 
IDH1 inhibitor [124]. These findings support selective vulnerability to radiation 
therapy in IDH-mutant gliomas.

9.2 Chemotherapeutic evidence for IDH-mutant gliomas

9.2.1 Temozolomide

Current standard management of GBM consists of surgical tumor resection, 
following local radiotherapy with temozolomide treatment [125]. Additionally, 
adjuvant TMZ prolonged survival in anaplastic astrocytoma [126]. Several studies 
demonstrated IDH1-mutation as a predictive biomarker for TMZ sensitivity in low 
grade gliomas and secondary GBM [127, 128].

Cytotoxicity of TMZ is provoked by the formation of O6-methylguanine (O6G)-
DNA adducts. O6G-DNA adducts induce DNA strand break and apoptosis through 
the O6G-thymine-mediated mismatch repair pathway [129, 130]. It has also been 
established that the activation of DNA repairing pathways, including methylgua-
nine methyltransferase (MGMT) repair enzyme, together with mismatch repair 
(MMR) system proteins deficiency, such as mutation-induced MSH2 and MSH6, 
result in drug resistance [131–133]. MGMT promoter methylation is highly methyl-
ated in IDH1-mutant gliomas, particularly oligodendrogliomas, compared with 
IDH-wildtype [43].

Some preclinical studies demonstrated that forced IDH mutation sensitized cells to 
chemotherapy by increased ROS [134–136]. Conversely, forced IDH1 mutation revealed 
that IDH1 mutation-induced temozolomide (TMZ) resistance and rapid G2 cell cycle 
arrest through increased RAD-51-mediated homologous recombination (HR) [137, 138]. 
Importantly, among DNA adducts, O6G represents less than 10%, while the majority 
of TMZ-induced DNA lesions are N7-methylguanine (60–80%) and N3-methyladenine 
(10–20%) adducts, which are immediately repaired through poly(ADP-ribose)poly-
merase (PARP)-dependent base excision repair (BER) [129, 139, 140]. We have recently 
shown that there are lower steady state NAD+ levels in IDH1-mutant gliomas [141],  
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and that TMZ immediately induces NAD+ consumption through PARP activation-
mediated BER in IDH1-mutant gliomas [142]. Besides, Lu et al. [143] reported that the 
PARP associated DNA repair pathway was extensively compromised in IDH1-mutant 
cells due to decreased NAD+ availability, thus, cells were sensitive to TMZ, suggest-
ing that deregulated NAD+ metabolism may be related with chemosensitivity. Taken 
together, these studies show that IDH mutation may increase susceptibility to chemo-
therapy; however, it remains unclear if IDH mutation itself promotes TMZ sensitivity.

In contrast, TMZ-induced hypermethylation is a critical problem. Long-term 
TMZ exposure induces MMR inactivation, followed by DNA hypermutation 
phenotype. Among numerous mutations, gene alterations in RB and AKT-mTOR 
pathways promoted malignant progression in IDH1-mutant gliomas [27].

9.2.2 Other chemotherapeutic agents

Sulkowski et al. [144] demonstrated that 2-HG inhibits KDM4A and KDM4B, 
histone demethylases that play a critical role in double strand repair. As a result, IDH1 
mutation suppresses HR and induces PARP inhibitor sensitivity. Additionally, IDH1-
mutant downregulates the DNA double strand break sensor ATM by altering histone 
methylation, resulting in impaired DNA repair. As a result, IDH1 mutation causes 
DNA damage susceptibility to radiation and daunorubicin and reduces self-renewal 
of hematopoietic stem cells in acute myeloid leukemia [145].

10. Novel therapeutic target in IDH1-mutant tumors

10.1 Specific IDH inhibitor

In 2013, specific inhibitors for IDH1 and IDH2 mutations were discovered  
[70, 146]. In IDH2-mutant AML cells, an IDH2R140Q inhibitor induced both histone 
and DNA demethylation [147]. These effects reversed blocked cell differentiation 
and resulted in cytotoxicity in vitro [146, 147]. It is interesting to note that histone 
hypermethylation is more rapidly reversed than DNA hypermethylation [147]. In 
IDH1-mutant AML cells, differentiation and DNA demethylation were also induced 
by a next generation IDH1 inhibitor [148]. Since the IDH2 mutation is crucial for 
proliferation and maintenance of leukemia cells [149], an IDH inhibitor may be 
used as a novel and efficient chemotherapeutic agent against IDH-mutant AML 
cells. Indeed, clinical trials demonstrated durable response for IDH1/2-mutant 
refractory AML patients [150, 151].

In IDH1-mutant glioma cells, Rohle et al. [70] reported that a specific IDH1 
inhibitor, AGI-5198, blocked 2-HG production, histone demethylation, cell dif-
ferentiation, and inhibited cell growth in endogenous IDH1-mutant glioma cells. 
Other group demonstrated that BAY 1436032, a pan inhibitor of IDH1 mutation, 
promoted mild cytotoxic effects in vivo [152]. In contrast, we established that, 
even with a long-term IDH1 inhibitor treatment, 2-HG depletion does not induce 
demethylation of global-DNA and histones, cell differentiation, nor cytotoxicity 
[141]. Studies using another IDH1 inhibitor also revealed minimal cytotoxicity 
despite a rapid decrease in 2-HG levels in glioma cells [153, 154]. Similarly, treat-
ment with an IDH1 inhibitor did not contribute to cytotoxicity, and the CpG island 
methylation status as well as histone trimethylation levels were largely retained 
in malignant glioma and chondrosarcoma [155, 156]. Intriguingly, in immortal-
ized human astrocytes with an inducible IDH1R132H expression system, a specific 
IDH1 inhibitor induced demethylation and inhibited tumorigenesis when forced 
expression was prior or concomitant to inhibitor treatment, but these effects were 
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not observed if the treatment was delayed [157]. These results indicate that 2-HG 
depletion or blocked mutant IDH1 might be insufficient to control tumor growth 
and reprogramming of epigenomic alterations in progressed IDH1-mutant gliomas. 
Indeed, preliminary results indicate that the 6-month progression-free survival of 
IDH1-mutant glioma, chondrosarcoma, and cholangiocarcinoma is 25, 56, and 43%, 
respectively, suggesting that the potential of the IDH1 inhibitor may be weaker in 
IDH1-mutant gliomas than in other cancers [158].

10.2 Other treatment strategies

10.2.1 DNA demethylating agents

In addition to IDH1 inhibitor treatments, other strategies to control IDH1-
mutant tumor cells have been proposed. Because the IDH1 mutation promotes 
proliferation by blocking DNA demethylation, treatment with DNA demethylat-
ing agents reverses DNA methylation and inhibits proliferation in IDH1-mutant 
cells [71, 159]. Intriguingly, treatment with both the DNA demethylating agent 
5-azacytidine (5-Aza) and TMZ demonstrated extensively prolonged survival in an 
IDH1-mutant orthotopic xenograft model [160].

10.2.2 Bcl-2 family inhibitors

Since 2-HG suppresses the activity of cytochrome c oxidase in mitochondrial 
complex IV, the mitochondrial threshold for apoptosis was decreased after BCL-2 
inhibition in IDH1 and IDH2-mutant AML [161]. Similarly, another Bcl-2 family 
member, the Bcl-xL inhibitor, induced apoptosis in IDH-mutant cells, including 
endogenous IDH1-mutant glioma cells [162]. Together, inhibition of Bcl-2 family 
members may be targetable to control growth in IDH-mutant cells.

10.2.3 DNA damaging agents

Because PLK1 activation provokes a rapid bypass through the G2 checkpoint 
after TMZ treatment in IDH1-mutant tumors, combination treatments with TMZ 
and a PLK1 inhibitor significantly suppressed tumor growth in an IDH1-mutant in 
vivo model [138]. In tumors with ATRX mutation-associated alternative lengthen-
ing telomeres (ALT), ATR inhibitor is highly sensitive [163], implying that such 
inhibition may be useful for treatments of IDH1-mutant astrocytic tumors with 
positive ALT. IDH1 mutation blocked HR, so-called “BRCA ness” phenotype 
provided specific sensitivity for PARP inhibitor both in vitro and in vivo [144].

10.2.4 DLL-3 targeting therapy

Since Notch ligand DLL-3 is overexpressed in IDH-mutant gliomas, anti-DLL3 
antibody-drug conjugate (ADC), rovalpituzumab tesirine (Rova-T), is a potent 
therapeutic agent for IDH-mutant gliomas [164].

10.2.5 Vaccination therapy

Schumacher et al. [165] reported an immunological approach to control IDH1-
mutant cells. They showed that an epitope derived from the IDH1-mutant amino 
acid sequence is presented in HLA class II molecules of antigen-presenting cells, 
which elicit a strong immune response via CD4 + T cells. In addition, they showed 
that constitutive stimulation with synthetic peptides having the IDH1-mutation 
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sequence developed an immune response that eradicated IDH1 mutated tumors in 
a mouse model with human HLA molecules. Thus, vaccine therapy targeting for 
IDH1-mutation is expected to develop for future clinical trial [165, 166]. Moreover, 
IDH1-mutation caused downregulation of leukocyte chemotaxis, resulting in 
repression of the tumor-associated immune system including immune cells, such 
as macrophages [167]. Additionally, tumor infiltrating lymphocytes (TILs) and 
programmed death ligand 1 (PD-L1) were expressed at low levels in IDH1-mutant 
gliomas [168]. In contrast, Kohanbash et al. [153] demonstrated reduced expression 
of cytotoxic T lymphocyte-associated genes and IFN-gamma inducible chemo-
kines in IDH1-mutant cells; these results were reversed by specific IDH1 inhibitor. 
Therefore, combination treatments with vaccine immunotherapy and IDH1 inhibi-
tor result in enhanced toxicity in IDH-mutant tumors.

10.2.6 Target for altered metabolism

IDH1 mutation induced altered metabolism is also expected as a novel therapeu-
tic target. Based on the fact that the main carbon source for α-KG and 2-HG synthe-
sis in IDH1-mutant cells is glutamine from glutaminolysis, a suitable target therapy 
would be the use of glutaminase (GLS) inhibitor or anti-diabetic drug metformin 
via the inhibition of mitochondrial complex I in the electron transport system 
[83, 169–171]. Since reduced glutamate blocks glutathione synthesis, inhibition of 
glutaminase specifically sensitizes IDH-mutant glioma cells to oxidative stress and 
radiation [86].

Mutant IDH1 alters steady state levels of NAD+ through inhibiting NAPRT1, one 
rate limiting enzyme for NAD+ biosynthesis. Therefore, inhibition of nicotinamide 
phosphoribosyltransferase (NAMPT), another rate limiting enzyme, induced high 
cytotoxicity in IDH1-mutant patient-derived glioma cells [141]. Since TMZ rapidly 
consumes NAD+ through PARP activation, combination treatments with TMZ 
and NAMPT inhibitor further enhanced NAD+ depletion-mediated cytotoxicity 
in IDH1-mutant cancers [142]. Similarly, Lu et al. [143] reported that the PARP-
associated DNA repair pathway was extensively compromised in IDH1-mutant cells 
due to decreased NAD+ availability, thus sensitive to TMZ.

Because of the relationships between IDH1 mutation and MYC activation 
[38, 40, 172], target therapy to regulate MYC, by using bromodomain and 
extra-terminal (BET) inhibitors, CDK7 or MYC-induced glycolysis may be used 
for IDH-mutant gliomas [40, 173–175]. Given the results of these studies, IDH1 
mutation-specific biological alterations and metabolic feature may be expected as 
novel therapeutic targets.

11. Conclusions

In summary, investigations on IDH mutations enabled distinctive tumor clas-
sification and may allow the development of specific therapeutic strategies. Further 
preclinical and clinical studies are warranted to overcome the outcomes of cancer 
development in IDH-mutant glioma patients.
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IDH1-mutant glioma, chondrosarcoma, and cholangiocarcinoma is 25, 56, and 43%, 
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in IDH1-mutant cancers [142]. Similarly, Lu et al. [143] reported that the PARP-
associated DNA repair pathway was extensively compromised in IDH1-mutant cells 
due to decreased NAD+ availability, thus sensitive to TMZ.

Because of the relationships between IDH1 mutation and MYC activation 
[38, 40, 172], target therapy to regulate MYC, by using bromodomain and 
extra-terminal (BET) inhibitors, CDK7 or MYC-induced glycolysis may be used 
for IDH-mutant gliomas [40, 173–175]. Given the results of these studies, IDH1 
mutation-specific biological alterations and metabolic feature may be expected as 
novel therapeutic targets.
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In summary, investigations on IDH mutations enabled distinctive tumor clas-
sification and may allow the development of specific therapeutic strategies. Further 
preclinical and clinical studies are warranted to overcome the outcomes of cancer 
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Chapter 3

Intradural Extramedullary Spinal 
Tumors
Saleh Rasras and Arash Kiani

Abstract

Intradural extramedullary (IDEM) spinal tumors are common pathologies, 
and despite their name, they can extend beyond dural confinements. IDEMs can 
have both sporadic and syndromic patterns, and various genetic abnormalities are 
believed to be responsible for these mainly benign pathologies. Meningiomas, nerve 
sheath tumors (NST), and ependymomas are the three most common subtypes, 
and due to their pathologically benign nature, surgical total resection plays the most 
important role in their management. These tumors have always been challenging 
entities to neurosurgeons, and many surgical techniques have been described in 
order to achieve gross total resection, and these techniques have continued to evolve 
over time. Adjuvant therapies such as radiotherapy or radiosurgery are usually 
considered when total resection is not possible or sometimes in syndromic patients 
in order to avoid multiple surgical procedures in a short period of time.

Keywords: intradural extramedullary (IDEM), spinal cord, tumor,  
nerve sheath tumors (NST), meningioma, ependymoma

1. Introduction

A wide variety of tumors can affect spinal column and cord causing functional 
or neurological impairment. Axial skeleton tumors can be either primary or second-
ary with metastatic lesions being the most common and are classified as secondary 
malignant tumors. On the other hand, primary tumors of the axial skeletons are the 
ones arising from vertebral bony structures and can also be benign or malignant.

The skeletal system is one the most common sites for metastasis with spinal part 
being the most frequent site [1] due to its cancellous structure and extensive arterial 
and venous supplies [2]. Cancers with tendency to affect the spinal column are in 
descending order: prostate, breast, kidney, lung, and thyroid [3] (Figure 1).

Benign tumors of the spinal column can be diagnosed in both children and 
adults; in children they could be similar to the tumors of other skeletal areas like 
giant cell tumors (GCT) or osteoblastomas. Regarding the autopsy studies, ver-
tebral hemangiomas are the most common benign primary lesions of the spinal 
column in adults and could be seen in up to 20% of the population. Other common 
benign primary tumors are aneurysmal bone cyst, osteoblastoma, osteoid osteoma, 
GCT, osteochondroma, and enchondroma (Figure 1) [4].

Malignant primary spinal column tumors tend to occur in older patients than 
primary ones, and the most commonly occurring tumors are multiple myeloma and 
plasmacytoma, chordoma, and osteosarcoma in order of frequency (Figure 1).
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Figure 2. 
Intradural spinal cord tumors.

Figure 1. 
Spinal column tumors.
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Tumors that arise within the dural sac are termed as intradural tumors and can 
be within the substance of the spinal cord (intramedullary) or outside of it (extra-
medullary); however, a small portion of tumors can be both intra- and extramedul-
lary and usually are seen at the conus medullaris transition site to filum terminale or 
at the nerve root entry zone areas.

Intramedullary tumors are usually benign but can also be malignant, and the 
most common pathologies are astrocytoma, ependymoma, and hemangioblastoma 
(Figure 2); other less common tumors are gangliogliomas, oligodendrogliomas, 
subependymomas, and in very rare cases lymphomas.

Intradural extramedullary (IDEM) tumors consist almost 70% of all intradural 
lesions [5], and the most frequent types are nerve sheath tumors, meningiomas, 
and myxopapillary ependymomas. Other less common tumors include hemangio-
pericytomas, lipomas, paragangliomas, and inclusion cysts such as dermoid and 
epidermoid cysts (Figure 2).

In this chapter we focus on fundamentals of assessment, diagnosis, and treat-
ment of intradural extramedullary tumors.

2. Epidemiology and histology

IDEM tumors are mostly consisted of meningiomas, nerve sheath tumors 
(schwannomas and neurofibromas), and at the filum terminale myxopapillary 
ependymomas.

Meningiomas are the most frequent intradural tumors and usually happen 
at the thoracic region. Psammomatous subtype is the most common histologic 
subtype, and they resemble the intracranial ones in which numerous psam-
moma bodies can be observed [6, 7]. Meningiomas have female preponderance 
with female to male ratio of 3–4:1 and tend to affect the elder population of 
50–70 years of age [8].

Nerve sheath tumors affect both sexes equally with the peak incidence in  
the fourth and fifth decade of life. Schwannomas are the far more common 
subtype in this category and usually happen sporadically but also can be seen 
in neurofibromatosis type 2 [9]. Spinal NSTs arise from ventral or dorsal nerve 
rootlets with the dorsal nerve rootlet being more common. These tumors can be 
purely extradural especially at the cervical regions or purely intradural; they  
also can have both intra- and extradural components and present in dumbbell 
shape pattern.

The transition zone of the myelin-producing cells from oligodendrocytes to 
Schwann cell is believed to be where schwannomas arise from a nonfunctional 
nerve fascicle, and as they grow, these well-capsulated lesions can cause compres-
sion on adjacent functional fascicles [10]. Schwannomas can be seen in a compact 
cellular pattern with palisading verocay bodies (Antoni A) or in a less cellular 
pattern (Antoni B) [11].

Neurofibromas primarily are seen in patients with neurofibromatosis type 2 
but can also happen sporadically. Unlike schwannomas these tumors can involve 
multiple nerve fascicles and expand the whole nerve which makes it sometimes 
impossible to totally resect the tumor without sacrificing the nerve of origin. The 
presence of axons in gross pathology can help in distinguishing these lesions from 
schwannomas.

Filum terminale ependymomas are well-capsulated tumors with slight male 
preponderance with peak incidence at 36 years of age [12]. Histologic smears reveal 
well-differentiated radially arranged cuboidal or columnar cells around vascular-
ized myxoid cores with a myxopapillary appearance.
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3. Genetic considerations

Genetic syndromes such as neurofibromatosis can be associated with IDEMs. 
Spinal neurofibromas can be associated with NF1 and NF2 in which NF1 is far more 
common than NF2.

Neurofibromatosis type 1 (NF1) caused by a mutation in the NF1 gene on chro-
mosome 17 that codes neurofibromin is an autosomal dominant inherited syndrome 
that can be associated with multiple spinal neurofibromas.

Schwannomas, neurofibromas, and meningiomas are associated with NF2 which 
is inherited as an autosomal dominant syndrome and caused by mutation at chro-
mosome 22 (NF2 gene) that codes merlin protein which is the responsible etiology 
[13]. Schwannomatosis a syndrome which is characterized by multiple schwan-
nomas without defining other features of NF1 or NF2 is also another syndrome that 
may cause spinal schwannomas.

Spinal irradiation and NF2 are two main predisposing factors that cause 
spinal meningiomas. Intramedullary ependymomas are associated with NF2, but 
myxopapillary ependymoma is believed to be a distinct entity and is not related 
to NF2.

4. Sign and symptoms

IDEM tumors are usually benign slow-growing tumors, and there can be a long 
period of time between the initiation of symptoms and the diagnosis. Axial back 
pain can be present for a long time before diagnosis and can be the only symptom. 
Radicular pain is another symptom especially in patients with NSTs. Spinal cord 
compression can cause myelopathy or cauda equina syndrome.

Syndromic patients may reveal symptoms at younger age with more rapid 
progression of functional or neural impairment.

5. Imaging

Plain X-ray is not usually indicated in evaluation of patients with IDEM tumors, 
but due to the slow-growing nature of these tumors, reactive bony responses such 
as foraminal widening, vertebral body scalloping, laminar thinning, and increased 
inter-pedicular space can be seen.

Computed tomographic studies are quite helpful regarding the evaluation of 
bony structures, spinal stability, and tumoral calcification and are also helpful in 
surgical planning.

Magnetic resonance imaging is the modality of choice for the diagnosis of these 
lesions and delineating their relative anatomy regarding the spinal cord and nerve 
rootlets.

Schwannomas and neurofibromas have decreased or equal signals in T1W imag-
ing and increased signal in T2W imaging, and they show avid heterogeneous or 
homogeneous enhancement in contrast studies (Figure 3).

Meningiomas have more homogeneous imaging patterns than NSTs and show 
equal to decreased signals in T1WI and equal to slightly increased signals in T2WI; 
they show more homogeneous contrast enhancement, and dural enhancement 
(dural tail) can also be observed (Figure 4).

Myxopapillary ependymomas usually represent themselves as isointense 
lesions in T1W imaging, but the mucinous component can show hypersignal-
ity in T1WI. Ependymomas are usually hypersignal in T2W imaging studies and 
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are enhanced in contrast studies. Myxopapillary ependymomas are most prone 
to hemorrhage, and when present, MR images show heterogeneous signals and 
heterogeneous enhancement pattern (Figure 5).

Figure 3. 
T1W non-contrast-enhanced (A), T1W contrast-enhanced (B), and T2W (C) axial images of a thoracic 
schwannoma showing cord compression and massive retroperitoneal and paraspinal component. Midsagittal 
T1W and T2W MR images of a patient with thoracic schwannoma (D). Axial T2W MR image of a syndromic 
patient with NF1 showing bilateral spinal neurofibroma (E).

Figure 4. 
Sagittal T2W (A), T1 non-contrast, (B) and contrast-enhanced (C) images of a patient with ventral thoracic 
meningioma. Sagittal T1W (D), T2W (E), and (F) T1 contrast-enhanced images of a patient with dorsal 
thoracic meningioma.
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6. Indications for surgery and surgical routes

Surgical intervention is required in almost all symptomatic patients, but in 
syndromic patients with mild symptoms, due to higher chance of regrowth and 
multiple lesions, surgery might not be performed in order to avoid multiple surger-
ies in a short period of time.

All patients with progressive neural or functional impairment and those with 
rapid tumor growth in serial MR studies should undergo surgery.

Asymptomatic patients can be followed by serial clinical and radiological exami-
nations, and surgery is not advised for diagnostic purposes only; the only exception 
would be myxopapillary ependymoma in which asymptomatic patients may be 
advised to undergo surgical evacuation for CSF seeding prevention [14, 15].

Most of IDEM tumors can be approached via simple posterior standard laminec-
tomy, though the tumor location in the spinal axis and its relation to the spinal cord 
are the major factors determining the surgical route.

Cervical lesions can be addressed via both anterior and posterior approaches. 
Tumors located posteriorly, laterally, and ventrolaterally can be approached by 
posterior laminectomy procedure.

For the lesions above C2 when located ventrally, an extensive lateral approach to 
the foramen magnum can be used which needs vertebral artery transposition and 
sigmoid sinus skeletonization; on the other hand, ventral subaxial lesions can be 
addressed via standard anterior cervical procedure.

Thoracic IDEM tumors are generally operated via posterior approaches due to 
complications and difficulties of the transthoracic technique described by Bohlman 
which needs significant lung retraction and may cause serious vascular injuries 
[16]. Various posterior techniques have been described for ventral thoracic lesion 
removal including the traditional extracavitary technique described by Larson 
which is suitable for both ventrally located tumors and tumors with large extra-
foraminal component and costotransversectomy technique which is also suitable for 
lateral and ventrolateral lesions but not for tumors located ventrally due to limited 
surgical view of the contralateral side passing the midline [17].

Most of lumbar and sacral IDEM tumors are operated via posterior approach or 
its modifications; anterior trans- or retroperitoneal approaches are barely used now. 

Figure 5. 
Sagittal T2W (A), T1 non-contrast, (B) and contrast-enhanced (C) images of a patient with filum terminale 
ependymoma.
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The key to a successful surgery is minimal cord or nerve root retraction, and for this 
purpose extensive resection of bony structures may be necessary, and this might 
lead to spinal instability. There are multiple reports of successful spinal instru-
mented fusion surgeries in treated patients with IDEM [18].

Bilateral laminectomy and medial facetectomies usually do not cause spinal 
instability, while total unilateral facetectomy especially at cervical or lumbar area 
makes spinal column unstable [19].

7. Surgical treatment of nerve sheath tumors

Patients undergoing standard posterior approach are placed in prone position 
with head fixed in Mayfield head holder for cervical tumors or placed at the head-
rest frame. Arms are placed along side of the trunk in upper thoracic lesions or are 
abducted by 90° in lower thoracic or lumbosacral lesions.

Motor and sensory evoked potential monitoring system is applied, and for cervi-
cal and lumbosacral lesions, continuous nerve root EMG monitoring should also be 
performed.

Midline skin and fascia incisions are made, and classic subperiosteal dissec-
tion of the paravertebral muscles is performed. Small laterally located lesions can 
be reached by a simple hemilaminectomy, but bilateral laminectomy widens the 
surgical view and may be preferred in most surgeries. Laminectomy length should 
exceed the whole length of the tumor, and regarding the tumor size and location, 
unilateral facetectomy may also be performed; intraoperative ultrasonography is 
helpful in determining the adequacy of the laminectomy extension.

Dura is usually opened posteriorly in a linear fashion which makes duraplasty 
much easier but also can be opened in a T-shaped fashion or at the paramedian 
site. Dural opening length should exceed the tumors’ length, and when opened, it 
is sutured to the paraspinal musculature, and then the arachnoid layer is opened. 
Surgical microscope is mandatory in intradural tumor resection surgeries, and 
under microscopic view careful dissection of the arachnoid layer, cord, and nerve 
roots from the tumor is carried out. NSTs are usually originated from dorsal nerve 
rootlets, but the normal anatomy might be distorted; careful identification of the 
afferent and efferent origin nerve roots should be performed before tumor resec-
tion. Large tumors obstructing the surgical view should be entered and debulked by 
an ultrasonic aspirator, and then careful identification of the origin roots is carried 
out. Sensory origin nerve roots are usually bulge and vascular, but motor ones can 
appear totally normal, and motor evoked potential monitoring can be helpful in 
distinguishing the motor nerve of origin.

NSTs might extend into the pial surface of the spinal cord, and so, no obvious 
sensory afferent root might be distinguishable; in these cases, careful dissection of 
the tumor from the cord substance should be performed. At the cervical and lumbar 
spine, preservation of the functional motor roots is important, and only those 
confirmed to be nonfunctional by motor evoked potential studies can be sacrificed. 
After identification and ligation of the origin afferent and efferent roots with 
preservation of all functional ones, the tumor is carefully dissected and resected. 
Subarachnoid space is irrigated vigorously until the blood is cleared. Dural closure 
is performed with running sutures in a watertight fashion, and then multilayer 
suturing of the paraspinal muscles, fascia, subcutaneous layer, and skin is carried 
out. Some surgeons advocate the use of lumbar drain post-op for 48–72 hours to 
avoid CSF leakage from the incision site.

NSTs can grow extradurally and into neural foramina and even beyond that and get 
to a significant size at the paraspinal regions; in these cases, we prefer to operate the 
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out. Sensory origin nerve roots are usually bulge and vascular, but motor ones can 
appear totally normal, and motor evoked potential monitoring can be helpful in 
distinguishing the motor nerve of origin.

NSTs might extend into the pial surface of the spinal cord, and so, no obvious 
sensory afferent root might be distinguishable; in these cases, careful dissection of 
the tumor from the cord substance should be performed. At the cervical and lumbar 
spine, preservation of the functional motor roots is important, and only those 
confirmed to be nonfunctional by motor evoked potential studies can be sacrificed. 
After identification and ligation of the origin afferent and efferent roots with 
preservation of all functional ones, the tumor is carefully dissected and resected. 
Subarachnoid space is irrigated vigorously until the blood is cleared. Dural closure 
is performed with running sutures in a watertight fashion, and then multilayer 
suturing of the paraspinal muscles, fascia, subcutaneous layer, and skin is carried 
out. Some surgeons advocate the use of lumbar drain post-op for 48–72 hours to 
avoid CSF leakage from the incision site.

NSTs can grow extradurally and into neural foramina and even beyond that and get 
to a significant size at the paraspinal regions; in these cases, we prefer to operate the 
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intradural part first and decompress the spinal canal; the extradural part can be evacu-
ated at the same procedure or may be addressed to in a staged surgery via the same 
route or in another surgical route depending on the size of the extra-foraminal part.

8. Surgical treatment of spinal meningiomas

In order to approach a spinal meningioma, a surgeon must consider the site and 
the location of the tumor regarding the cord and boney structures. Meningiomas 
barely have extradural components and are commonly ventral to the cord.

Cervical meningiomas are addressed by a posterior standard technique if located 
dorsally or by an anterior approach if located ventrally. Thoracic meningiomas 
are usually reached via posterior routes, and if located ventrally, extracavitary or 
costotransversectomy techniques might be used; sectioning and suture rotating 
the dentate ligament may be helpful for a better and wider surgical view. Lumbar 
meningiomas are usually operated via posterior approaches because the surgeon is 
able to safely retract the nerve roots.

Patients are positioned in the same way as patients with NSTs, and motor and 
sensory evoked potentials are monitored before and during the surgery.

Meningiomas are dural-based lesions, and the extent of dural involvement may 
be greater than the amount shown in MR studies so the laminectomy length should 
exceed the cephalad and caudal poles of the tumor, and intraoperative sonography 
is very helpful in this regard. Durotomy should be performed in an ellipsoid fashion 
in dorsally located tumors so that the tumor and the involved dura matter could be 
resected totally.

Ventrally located meningiomas are more challenging both in surgical resection 
and dural reconstitution which the latter might even be impossible; hence, many 
prefer dural coagulation instead of resection. Dural coagulation at the tumor base 
reduces intraoperative bleeding.

When the tumor poles are exposed, the dentate ligament can be sectioned and 
rotated by a suture for surgical view improvement. Large tumors compressing the 
cord should be debulked by an ultrasonic aspirator before resection so that spinal 
cord gets decompressed and a better view of the tumor margins could be achieved.

9. Surgical treatment of filum terminale ependymomas

Myxopapillary ependymomas are solid fleshy lesions originating from filum 
terminale and can have a large size at the time of diagnosis. These lesions are 
exclusively approached via posterior surgical procedure, and care must be taken to 
resect these tumors in an en bloc fashion so that CSF seeding and metastasis would 
not occur [20, 21].

Standard posterior approach in a prone position is performed under electro-
physiologic monitoring evaluation, and when laminectomy is completed, dura is 
opened dorsally in a linear fashion and then sutured to paraspinal musculature. 
Arachnoid layer is opened, and careful microdissection of the neural roots from 
tumor is performed, and filum is identified proximal and distal to the tumor and 
tested by a neurostimulator.

Filum is cauterized and sectioned at both ends of the tumor, and then en 
bloc tumor resection is achieved with caution not to retract adjacent nerve roots 
excessively.

In some cases, en bloc resection of the tumor cannot be obtained especially when 
the tumor is too fragile and falls apart even with most careful microdissection or 
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when it’s too large, and safe en bloc resection is impossible. The presence of func-
tional nerve roots in the tumor substance also makes en bloc resection impossible, 
and subtotal resection would be the only option.

Dura is approximated by running sutures in a watertight fashion, and multilayer 
closure of the overlying compartments is carried out.

10. Adjuvant therapies

Adjuvant therapies do not play a major role in treatment of IDEM tumors, and 
microsurgical gross total resection still is the gold standard modality of treatment.

Radiotherapy has a defined role in patients with myxopapillary ependymoma 
and improves their progression-free survival when administered postsurgery [21].

Radiotherapy is administered in multiple recurrent meningiomas or the ones 
with atypical or malignant histology [22]. Stereotactic radiosurgery has been shown 
to be beneficial in patients with NSTs or meningiomas as the primary modality 
of treatment or as an adjuvant therapy in patients with post-operation radiologic 
tumor growth [23, 24].

Stereotactic radiosurgery is of more importance in syndromic patients who 
might have multiple lesions and also a higher tumor progression rate and helps them 
to face less surgical procedures in their lifetime.
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Abstract

Jugular foramen paragangliomas are rare neoplasms occurring with a myriad 
of symptoms originating from paraganglionic tissue derived from the neural crest, 
comprising about 0.03% of all human tumors. Patients usually present with symp-
toms of dysfunction of VI, VII, VIII, IX, X, XI, XII nerves and sympathetic trunk. 
Depending on the tumor’s topography, various approaches might be used to obtain 
its gross total resection. Jugular Foramen’s paraganglioma classification, nuances of 
the approaches, pathology, postoperative complications, and outcomes are revised 
as follows. In conclusion, anatomical knowledge and the disease’s comprehension 
are essential when dealing with such tumors, and despite their rarity, we must be 
obstinately committed to the surgical technique and devoted to the patient’s func-
tional postoperative outcome.

Keywords: paraganglioma, brain neoplasms

1. Introduction

Tumors located in the jugular foramen are rare, being one of the significant 
challenges in the surgical practice for cranial base neurosurgeons. Several tumors 
can affect this region, among them schwannomas, paragangliomas, and menin-
giomas representing the most common. Head and neck paragangliomas are rare 
neoplasms comprising about 0.03% of all human tumors. The yearly incidence is 
estimated to be at around 0.001% [1, 2]. Rarely, tumors located in the jugular fora-
men show intracranial and extracranial extension and, thus, present a myriad of 
symptoms, with several clinical syndromes described in the literature (see clinical 
presentation). The term “glomus tumor” has been used to describe the most com-
mon tumor related to this region, representing a tumor originating from paragan-
glionic tissue derived from the neural crest whose cells have the capacity to reserve 
and release catecholamines and may have clinical implications (see preoperative 
preparation) [3, 4].

Malignant tumors can also affect the jugular foramen, including metastatic tumors 
(carcinomas), chondrosarcomas and chordomas, as part of the differential diagnosis 
of these lesions [3]. The detailed discussion of the differential diagnosis of these lesions 
is not part of the scope of this chapter and can be seen in other references [3-5].
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Advances in diagnostic imaging and surgical technique have allowed the under-
standing of these tumors and their exeresis with lower morbidity and mortality. 
A brief review of the clinical, diagnostic, imaging, histopathological and surgical 
aspects related to the glomus tumors of the jugular foramen is given below.

2. Clinical presentation

Glomus tumors of the jugular foramen present with slow growth and with early 
signs and clinical symptoms, being diagnosed on average after 5 years of onset of 
symptoms. These tumors have an average growth rate of approximately 1 mm per 
year [6]. The symptoms are directly related to the site of involvement and infiltra-
tion. Tumors of glomus jugulare represent neoplastic lesions that originate in the 
adventitia of the jugular vein and most commonly present with symptoms related 
to the involvement of lower cranial nerves, such as vagus (X), accessory (XI) 
and hypoglossus (XII). In the variant of glomus tympanicum, which are tumors 
related to the Jacobson’s nerve, the most common initial clinical presentation is 
the presence of tinnitus, followed by conductive deafness and vertigo. Jacobson’s 
nerve represents a tympanic branch of the glossopharyngeal nerve, which conveys 
the sensitivity of the tympanic membrane, auditory tube, and mastoid region. In 
the third anatomotopographic variety of this tumor we have the glomus vagale, 
originating from Arnold’s nerve. Arnold’s nerve emerges between the superior 
and inferior ganglia of the vagus nerve (auricular branch of the vagus nerve) and 
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On the left, anatomical relationships of the glomus tumor of the jugular foramen; on the right, otoscopy 
revealing the presence of a tumor in the lower right field.
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is responsible for the sensitive innervation of the skin over the outer ear’s shell. 
Detailed examination through otoscopy may reveal the presence of tympanic 
membrane invasion, and otorhinolaryngology may be evidenced in some cases 
(Figure 1). Classical syndromes related to this type of tumor and their respective 
locations are described in Table 1.

3. Pre-operative diagnosis and image classification

Detailed clinical examination is essential for accurate lesion location and sched-
uling of resection of the intra- and extracranial portions of the tumor. Detailed 
examinations of the functions of VI, VII, VIII, IX, X, XI, XII and sympathetic 
trunk should be performed, seeking to predict the intraoperative relations of the 
tumor with the cranial nerves. Prior to the decision to resect the lesion, evaluation 
of lesion growth pattern through serial imaging is not considered bad practice. 
Computed tomography (CT) scans and fine sections (1.0 mm) with reconstruction 
in the coronal and sagittal planes are essential to delineate the bone relations of the 
tumor during the chosen surgical approach, as well as the study by the magnetic 
resonance imaging (MRI) with gadolinium is essential for the evaluation of the 
neurovascular relationships of the lesion. Tomography can show a smoother surface 
and have associated bone erosion in cases of schwannoma of the jugular foramen, 
in contrast to paragangliomas of this region, which demonstrate a more irregular 

Figure 2. 
On the superior left, glomus tumor of the right jugular foramen seen on the tomography (moth-eaten pattern); 
on the superior right, magnetic nuclear resonance with “salt and pepper” appearance; below, angiography 
evidencing irrigation of a glomus tumor of the head predominantly by the right ascending pharyngeal artery.
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Advances in diagnostic imaging and surgical technique have allowed the under-
standing of these tumors and their exeresis with lower morbidity and mortality. 
A brief review of the clinical, diagnostic, imaging, histopathological and surgical 
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to the involvement of lower cranial nerves, such as vagus (X), accessory (XI) 
and hypoglossus (XII). In the variant of glomus tympanicum, which are tumors 
related to the Jacobson’s nerve, the most common initial clinical presentation is 
the presence of tinnitus, followed by conductive deafness and vertigo. Jacobson’s 
nerve represents a tympanic branch of the glossopharyngeal nerve, which conveys 
the sensitivity of the tympanic membrane, auditory tube, and mastoid region. In 
the third anatomotopographic variety of this tumor we have the glomus vagale, 
originating from Arnold’s nerve. Arnold’s nerve emerges between the superior 
and inferior ganglia of the vagus nerve (auricular branch of the vagus nerve) and 
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is responsible for the sensitive innervation of the skin over the outer ear’s shell. 
Detailed examination through otoscopy may reveal the presence of tympanic 
membrane invasion, and otorhinolaryngology may be evidenced in some cases 
(Figure 1). Classical syndromes related to this type of tumor and their respective 
locations are described in Table 1.

3. Pre-operative diagnosis and image classification

Detailed clinical examination is essential for accurate lesion location and sched-
uling of resection of the intra- and extracranial portions of the tumor. Detailed 
examinations of the functions of VI, VII, VIII, IX, X, XI, XII and sympathetic 
trunk should be performed, seeking to predict the intraoperative relations of the 
tumor with the cranial nerves. Prior to the decision to resect the lesion, evaluation 
of lesion growth pattern through serial imaging is not considered bad practice. 
Computed tomography (CT) scans and fine sections (1.0 mm) with reconstruction 
in the coronal and sagittal planes are essential to delineate the bone relations of the 
tumor during the chosen surgical approach, as well as the study by the magnetic 
resonance imaging (MRI) with gadolinium is essential for the evaluation of the 
neurovascular relationships of the lesion. Tomography can show a smoother surface 
and have associated bone erosion in cases of schwannoma of the jugular foramen, 
in contrast to paragangliomas of this region, which demonstrate a more irregular 

Figure 2. 
On the superior left, glomus tumor of the right jugular foramen seen on the tomography (moth-eaten pattern); 
on the superior right, magnetic nuclear resonance with “salt and pepper” appearance; below, angiography 
evidencing irrigation of a glomus tumor of the head predominantly by the right ascending pharyngeal artery.
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tumoral surface with adjacent bone destruction (Figure 1). Neurovascular relation-
ships with the internal carotid artery, cephalic trunk, as well as its intra and extra-
cranial extension are better visualized through the MRI. In T1 weighted images, 
the glomus tumor is hypo/isointense to the brainstem, and gadolinium injection 
presents the classic salt and pepper enhancement pattern (Figure 1).

Pepper’s image represents the hypointense void sign, and the “salt” image repre-
sents the hyperintense signal caused by low vascular flow or intratumoral subacute 
hemorrhage. These tumors typically have a distinct pattern of infiltration, generally 
following pathways of lower resistance, such as air mastoid cells, vascular channels, 
Eustachian tube and neural foramina [7, 8].

Angioresonance, angiotomography, or venography may help to demonstrate the 
type of vascularization of the tumor and its local venous circulation (Figure 2). 
Digital angiography is a prerequisite in patients with extremely vascular lesions, for 
whom preoperative embolization is necessary to reduce bleeding during surgery. 
Table 2 shows the imaging modalities and the peculiar characteristics of the tumors 
of this region during the preoperative study, aiming to differentiate the three most 
common lesions of this region. A balloon occlusion test should be performed in case 
of involvement of the internal carotid artery.

The most relevant laboratory exams prior to surgery are serum and urinary 
catecholamines, as well as urinary levels of vanilmandelic acid and urinary meta-
nephrines, to determine the possibility of neuroendocrine secretion of the tumor. 
Five percent of glomus tumors of the jugular foramen (JF) are secretory, and in 

Tumor 
type and 
radiological 
features by 
imaging 
studies

Computed tomography Nuclear magnetic 
resonance

Digital angiography

Glomus 
tumors

• “Moth-eaten” pattern 
of temporal bone

• Dehiscence of the floor 
of the tympanic cavity

• Erosion of the ossicular 
chain

• T1 weighted images het-
erogeneously enhanced 
with gadolinium “salt and 
pepper” pattern

• Irrigation of the infero-
medial portion of the 
tumor by the ascending 
pharyngeal artery

• Posterior auricular, 
stylomastoid and

• occipital arteries irrigate 
the posterolateral por-
tion of the tumor

• Internal maxillary artery 
and ACI may contribute 
to larger tumors

Schwannoma • Isodense tumors

• Enlargement of the 
jugular foramen 
without destruction

• T1 hypointense, T2 
hyperintense and moder-
ate enhancement with 
gadolinium

• Absence of significant 
irrigation or compres-
sion of the jugular vein

Meningioma • Isodense with intense 
and homogeneous 
contrast enhancement

• Hyperostosis, intral-
esional calcifications

• Characteristic and homo-
geneous enhancement

• Presence of dural tail

• Early enhancement with 
slow emptying

Table 2. 
Differential diagnoses by imaging of the main lesions affecting the jugular foramen.
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these cases, the preoperative use of alpha and beta-blockers are essential to avoid 
complications. The most commonly used radiological classification in the preopera-
tive evaluation of patients with glomus tumors of the jugular foramen are Fisch 
[9] (Table 3) and Glasscock-Jackson [10] (Table 4). The most used classification 
of schwannomas of the jugular foramen is Samii’s classification, who divided the 
schwannomas of the jugular foramen into four groups: type A which represents the 
primary tumors of the cerebellar angle with minimal enlargement of the JF; type 
B that are the primary tumors of the JF with intracranial extension; type C which 
have extracranial tumors with extension to the jugular foramen (with clinical signs 
of involvement of the XII nerve); and type D being the “hourglass” tumors with 
intra and extracranial involvement [11].

4. Histopathological characteristics

Glomus tumors of the jugular foramen present polygonal epithelioid cells with 
clear and abundant cytoplasm arranged in small lobes (alveolar arrangement). 
These cellular clusters were given the name Zellballen, which means “cellular balls” 
in German. Numerous capillaries can also be observed in the proximity of tumor 
cells that perform tumor irrigation (Figure 3).

5. Surgical approaches

Patients should be routinely monitored, and preoperative antibiotic (30 min 
before incision) should be administered. The ideal approach for each patient should 
be chosen after a meticulous preoperative study of lesion’s location. Tumors that 

A Tumors limited to the space of the middle ear

B Tumors limited to the middle ear or mastoid, without involvement of the infralabirintic space of the 
temporal bone

C Tumor involving the infralabirintic space and apical spaces of the temporal bone, with extension to 
the petrous apex

C1 Tumor with little involvement of the vertical portion of the carotid canal

C2 Tumor invading the vertical portion of the carotid canal

C3 Tumor invading the horizontal portion of the carotid canal

D1 Tumor invading the horizontal portion of the carotid canal

D2 Tumor with intracranial extension >2 cm in diameter

Table 3. 
Fisch classification for glomus tumors of temporal region.

I Tumor involving jugular bulb, middle ear and mastoid

II Tumor extending below the internal acoustic meatus; may present intracranial extension

III Tumor extending to the petrous apex; may present intracranial extension

IV Tumor extending beyond the petrous apex to the infratemporal clivus or infratemporal fossa; may 
present intracranial extension

Table 4. 
Glasscock-Jackson classification for glomus tumors of jugular foramen.
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following pathways of lower resistance, such as air mastoid cells, vascular channels, 
Eustachian tube and neural foramina [7, 8].

Angioresonance, angiotomography, or venography may help to demonstrate the 
type of vascularization of the tumor and its local venous circulation (Figure 2). 
Digital angiography is a prerequisite in patients with extremely vascular lesions, for 
whom preoperative embolization is necessary to reduce bleeding during surgery. 
Table 2 shows the imaging modalities and the peculiar characteristics of the tumors 
of this region during the preoperative study, aiming to differentiate the three most 
common lesions of this region. A balloon occlusion test should be performed in case 
of involvement of the internal carotid artery.

The most relevant laboratory exams prior to surgery are serum and urinary 
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these cases, the preoperative use of alpha and beta-blockers are essential to avoid 
complications. The most commonly used radiological classification in the preopera-
tive evaluation of patients with glomus tumors of the jugular foramen are Fisch 
[9] (Table 3) and Glasscock-Jackson [10] (Table 4). The most used classification 
of schwannomas of the jugular foramen is Samii’s classification, who divided the 
schwannomas of the jugular foramen into four groups: type A which represents the 
primary tumors of the cerebellar angle with minimal enlargement of the JF; type 
B that are the primary tumors of the JF with intracranial extension; type C which 
have extracranial tumors with extension to the jugular foramen (with clinical signs 
of involvement of the XII nerve); and type D being the “hourglass” tumors with 
intra and extracranial involvement [11].

4. Histopathological characteristics

Glomus tumors of the jugular foramen present polygonal epithelioid cells with 
clear and abundant cytoplasm arranged in small lobes (alveolar arrangement). 
These cellular clusters were given the name Zellballen, which means “cellular balls” 
in German. Numerous capillaries can also be observed in the proximity of tumor 
cells that perform tumor irrigation (Figure 3).

5. Surgical approaches

Patients should be routinely monitored, and preoperative antibiotic (30 min 
before incision) should be administered. The ideal approach for each patient should 
be chosen after a meticulous preoperative study of lesion’s location. Tumors that 

A Tumors limited to the space of the middle ear

B Tumors limited to the middle ear or mastoid, without involvement of the infralabirintic space of the 
temporal bone

C Tumor involving the infralabirintic space and apical spaces of the temporal bone, with extension to 
the petrous apex

C1 Tumor with little involvement of the vertical portion of the carotid canal

C2 Tumor invading the vertical portion of the carotid canal

C3 Tumor invading the horizontal portion of the carotid canal

D1 Tumor invading the horizontal portion of the carotid canal

D2 Tumor with intracranial extension >2 cm in diameter

Table 3. 
Fisch classification for glomus tumors of temporal region.

I Tumor involving jugular bulb, middle ear and mastoid

II Tumor extending below the internal acoustic meatus; may present intracranial extension

III Tumor extending to the petrous apex; may present intracranial extension

IV Tumor extending beyond the petrous apex to the infratemporal clivus or infratemporal fossa; may 
present intracranial extension

Table 4. 
Glasscock-Jackson classification for glomus tumors of jugular foramen.
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are primarily intracranial located (Samii type A schwannomas) or tumors with a 
more significant intracranial extension may be approached by the classic lateral 
suboccipital retrosigmoid approach. The patient should be ideally positioned in a 
semi-sited position, since the presence of tumor bleeding gravitates downward, 
maintaining the surgical field with better visibility throughout the resection. Ideally, 
central venous access and pre-cordial Doppler should be used to prevent and treat air 
embolism. Pneumatic compression boots should be used to facilitate venous return. 
The head should be rotated about 30° to the same side of the lesion, aiming a straight 
direction in relation to the jugular foramen, as well as a smaller cerebellar retraction, 
and be fixed in a Mayfield head holder. Discrete flexion helps to expose the suboccip-
ital region, facilitating the positioning of the surgeon during the approach. Vigorous 
rotation and flexion should be avoided as they may compromise jugular venous 
return; so a space of two fingers should separate the chin from the ipsilateral clavicle 
for this purpose. A cutaneous incision should be made with an upper limit on the 
pinna to the posterior musculature of the neck, maintaining a distance of about 3 cm 
from the mastoid. After incision of the muscular plane, suboccipital craniectomy is 
performed, ideally exposing the inferior portion of the transverse sinus and medial 
portion of the sigmoid sinus. The most crucial step of the craniectomy is its inferior 
extension to the posterior border of the magnum foramen. The dura mater should be 
cut in a “C” fashion with its convex portion of the cut close to the transverse and sig-
moid sinuses. The dura mater, when cut in this way, not only protects the cerebellar 
hemisphere from contusions but also prevents dural redundancy in the visual field of 
the surgeon, also allowing more adequate closure at the end of the procedure.

Next, the arachnoid trabeculae of the Magna cistern of the pontocerebellar angle 
(PCA) should be cut, and careful aspiration of cerebrospinal fluid should follow, 
allowing relaxation of the neurovascular structures. Then, the anterior and medial 
portion of the cerebellum must be carefully covered with cottonoids and retracted 
medially and superiorly with a spatula, and then fixed in a static position. Dialogue 
with neurophysiologists is essential during this time of surgery, and repositioning 
of the spatula may be necessary in case of disturbed auditory brainstem evoked 
potential. It is essential to determine the exact position of the tumor in relation to the 
sigmoid sinus and bulb of the jugular vein, because in larger tumors of this region the 
wall of these vessels may be compromised, with catastrophic bleeding that is difficult 
to control. Extradural drilling of the jugular foramen helps to define the margins of 
the tumor, and after this maneuver follows the careful debulking of the tumor.

We carefully proceed with the dissection between the tumor and the lower cra-
nial nerves, as well as its separation of the sigmoid sinus and bulb of the jugular vein 
when they are involved. The use of ultrasonic aspiration helps significantly during 

Figure 3. 
Typical alveolar pattern with presence of Zellballen, which are classic epithelioid clusters of these tumors.
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the resection of these tumors. As the tumor resection is performed, we maintain 
an incessant dialogue with the neurophysiologist observing the changes during the 
monitoring of the lower cranial nerves (IX, X, XI, XII). At the end of resection, 
hemostasis is followed, and defects in the skull base and mastoid should be covered 
with autologous fat and fibrin glue. The closure in subsequent layers is done, and 
extubation is monitored by an anesthesiologist in the operating room when there is 
no cranial nerve injury. Larger tumors (schwannomas B, C, and D of Samii) or glo-
mus tumors involving the infralabirintic space, auditory meatus, jugular bulb, and 
mastoid need an exposition that allows a more adequate vascular control and more 
significant bone resection to allow complete or near-total resection of the lesions.

The patient should be ideally placed in the supine position, and his/her head 
should be rotated about 60–70 degrees contralaterally and fixed with the Mayfield 
head holder. Due to the need for a more considerable amount of autologous fat 
graft to later wound closure, we suggest the abdominal preparation for its eventual 
use. The incision follows from the anterior sternocleidomastoid (ECM) muscle to 
the retroauricular region, taking care to preserve the larger auricular nerve, since 
it may be a neural graft donor source for an eventual injury of intracranial nerves. 
Dissection of the neck allows adequate identification of the lower cranial nerves 
after their emergence of the skull, as well as carotid artery and internal jugular vein. 
Suboccipital craniectomy prior to mastoidectomy greatly facilitates control over the 
sigmoid sinus and jugular bulb, since the dura of the posterior fossa is less adhered to 
the sigmoid sinus and craniectomy facilitates its identification, reducing the possibil-
ity of injury to the sigmoid sinus even during mastoid air cells drilling. The cortical 
portion of the mastoid can be removed and used for the reconstruction of that region 
at the end of the procedure, and the mastoid air cells are drilled until a thin layer of 
bone remains over the sigmoid sinus/jugular vein’s bulb. The venous structures are 
carefully separated, and the retrolabyrinthine bony portion resected until exposure 
of the posterior fossa dura. Care should be taken when drilling the anterior portion 
of this approach, avoiding entering the labyrinth and injuring the facial nerve. By 
drilling the intralabyrinthine portion, the extracranial portion of the tumor can be 
adequately resected. If there is an intracranial lesion, the opening of the dura mater 
in the presigmoid retrolabyrinthine region is followed, and the intradural resection is 
completed. In the case of preoperative anacusis (diagnosed by audiometry), presig-
moid translabyrinthine approach, transcochlear approach and even posterior or total 
petrosectomy can be performed to maximize resection (Figures 4–9).

Figure 4. 
Skin incision (arrows on the left), muscle dissection and bur hole demarcations (on the right) for a posterior 
petrosal approach.
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are primarily intracranial located (Samii type A schwannomas) or tumors with a 
more significant intracranial extension may be approached by the classic lateral 
suboccipital retrosigmoid approach. The patient should be ideally positioned in a 
semi-sited position, since the presence of tumor bleeding gravitates downward, 
maintaining the surgical field with better visibility throughout the resection. Ideally, 
central venous access and pre-cordial Doppler should be used to prevent and treat air 
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direction in relation to the jugular foramen, as well as a smaller cerebellar retraction, 
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ital region, facilitating the positioning of the surgeon during the approach. Vigorous 
rotation and flexion should be avoided as they may compromise jugular venous 
return; so a space of two fingers should separate the chin from the ipsilateral clavicle 
for this purpose. A cutaneous incision should be made with an upper limit on the 
pinna to the posterior musculature of the neck, maintaining a distance of about 3 cm 
from the mastoid. After incision of the muscular plane, suboccipital craniectomy is 
performed, ideally exposing the inferior portion of the transverse sinus and medial 
portion of the sigmoid sinus. The most crucial step of the craniectomy is its inferior 
extension to the posterior border of the magnum foramen. The dura mater should be 
cut in a “C” fashion with its convex portion of the cut close to the transverse and sig-
moid sinuses. The dura mater, when cut in this way, not only protects the cerebellar 
hemisphere from contusions but also prevents dural redundancy in the visual field of 
the surgeon, also allowing more adequate closure at the end of the procedure.

Next, the arachnoid trabeculae of the Magna cistern of the pontocerebellar angle 
(PCA) should be cut, and careful aspiration of cerebrospinal fluid should follow, 
allowing relaxation of the neurovascular structures. Then, the anterior and medial 
portion of the cerebellum must be carefully covered with cottonoids and retracted 
medially and superiorly with a spatula, and then fixed in a static position. Dialogue 
with neurophysiologists is essential during this time of surgery, and repositioning 
of the spatula may be necessary in case of disturbed auditory brainstem evoked 
potential. It is essential to determine the exact position of the tumor in relation to the 
sigmoid sinus and bulb of the jugular vein, because in larger tumors of this region the 
wall of these vessels may be compromised, with catastrophic bleeding that is difficult 
to control. Extradural drilling of the jugular foramen helps to define the margins of 
the tumor, and after this maneuver follows the careful debulking of the tumor.

We carefully proceed with the dissection between the tumor and the lower cra-
nial nerves, as well as its separation of the sigmoid sinus and bulb of the jugular vein 
when they are involved. The use of ultrasonic aspiration helps significantly during 
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the resection of these tumors. As the tumor resection is performed, we maintain 
an incessant dialogue with the neurophysiologist observing the changes during the 
monitoring of the lower cranial nerves (IX, X, XI, XII). At the end of resection, 
hemostasis is followed, and defects in the skull base and mastoid should be covered 
with autologous fat and fibrin glue. The closure in subsequent layers is done, and 
extubation is monitored by an anesthesiologist in the operating room when there is 
no cranial nerve injury. Larger tumors (schwannomas B, C, and D of Samii) or glo-
mus tumors involving the infralabirintic space, auditory meatus, jugular bulb, and 
mastoid need an exposition that allows a more adequate vascular control and more 
significant bone resection to allow complete or near-total resection of the lesions.

The patient should be ideally placed in the supine position, and his/her head 
should be rotated about 60–70 degrees contralaterally and fixed with the Mayfield 
head holder. Due to the need for a more considerable amount of autologous fat 
graft to later wound closure, we suggest the abdominal preparation for its eventual 
use. The incision follows from the anterior sternocleidomastoid (ECM) muscle to 
the retroauricular region, taking care to preserve the larger auricular nerve, since 
it may be a neural graft donor source for an eventual injury of intracranial nerves. 
Dissection of the neck allows adequate identification of the lower cranial nerves 
after their emergence of the skull, as well as carotid artery and internal jugular vein. 
Suboccipital craniectomy prior to mastoidectomy greatly facilitates control over the 
sigmoid sinus and jugular bulb, since the dura of the posterior fossa is less adhered to 
the sigmoid sinus and craniectomy facilitates its identification, reducing the possibil-
ity of injury to the sigmoid sinus even during mastoid air cells drilling. The cortical 
portion of the mastoid can be removed and used for the reconstruction of that region 
at the end of the procedure, and the mastoid air cells are drilled until a thin layer of 
bone remains over the sigmoid sinus/jugular vein’s bulb. The venous structures are 
carefully separated, and the retrolabyrinthine bony portion resected until exposure 
of the posterior fossa dura. Care should be taken when drilling the anterior portion 
of this approach, avoiding entering the labyrinth and injuring the facial nerve. By 
drilling the intralabyrinthine portion, the extracranial portion of the tumor can be 
adequately resected. If there is an intracranial lesion, the opening of the dura mater 
in the presigmoid retrolabyrinthine region is followed, and the intradural resection is 
completed. In the case of preoperative anacusis (diagnosed by audiometry), presig-
moid translabyrinthine approach, transcochlear approach and even posterior or total 
petrosectomy can be performed to maximize resection (Figures 4–9).

Figure 4. 
Skin incision (arrows on the left), muscle dissection and bur hole demarcations (on the right) for a posterior 
petrosal approach.
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Figure 5. 
Skin incision and bur hole demarcations for a posterior petrosal approach after the craniotomy (left side) and 
after mastoid drilling (right side).

Figure 6. 
Presigmoid approach and tentorial incision (on the left). Three-dimensional perspective of the tumor and its 
relationship with neural, vascular and skull base structures (right side).

Figure 7. 
On the left side, preoperative T1 weighted MRI with gadolinium from a patient operated in our institution; in 
the middle, preoperative embolization, 1 day before surgery. On the right side, artist’s depiction of the tumor 
and its vascularity.
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In cases of infiltration or occlusion of the sigmoid sinus by the tumor, its 
proximal and distal ligation can be performed, generally without the addition of 
deficits since the collateral venous drainage is developed by slow tumor growth. 
After hemostasis and verification of cranial nerve function by neurophysiologists, 
hemostasis follows. The retroauricular space with the mastoid should be filled with 
autologous fat graft and fibrin glue. Closure should than be performed.

6. Treatment with radiotherapy

Increasing evidence demonstrates that stereotactic radiosurgery, particularly 
Gamma-Knife (GK) surgery may play a relevant role in the treatment of these 
tumors. Results show no change in neurological signs and symptoms in up to 65% 
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Figure 5. 
Skin incision and bur hole demarcations for a posterior petrosal approach after the craniotomy (left side) and 
after mastoid drilling (right side).

Figure 6. 
Presigmoid approach and tentorial incision (on the left). Three-dimensional perspective of the tumor and its 
relationship with neural, vascular and skull base structures (right side).

Figure 7. 
On the left side, preoperative T1 weighted MRI with gadolinium from a patient operated in our institution; in 
the middle, preoperative embolization, 1 day before surgery. On the right side, artist’s depiction of the tumor 
and its vascularity.
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venous structures (sigmoid sinus and internal jugular vein), and other complica-
tions such as cerebrospinal fluid fistula and infection. Larger tumors (C and D 
of Fisch) represent a greater surgical challenge, and cranial nerve deficits can be 
seen postoperatively and in around 6% of cases [13]. Facial paralysis can be seen in 
around 6% of cases, and cerebrospinal fluid fistula occurs in about 5% of cases [13]. 
Giant tumors with invasion of multiple structures have a more difficult but feasible 
resection, and malignant tumors have a reserved prognosis [14].

8. Conclusion

Resection of paragangliomas is possible as long as accurate clinical evaluation 
and preoperative examinations are rigorously performed. Complications can occur 
during and after the surgery, and we must be adequately prepared for its treat-
ment. The use of embolization in the preoperative period may considerably reduce 
bleeding during surgery, but it is not considered an innocuous procedure and may 
present cranial nerve paralysis due to vasa nervorum obstruction culminating with 
nerve ischemia. Once again we consider that experience is essential for its effective 
treatment.
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Chapter 5

Surgery for Recurrent 
Glioblastoma
Vamsi Krishna Yerramneni, Ramanadha Reddy Kanala, 
Vasundhara S. Rangan and Thirumal Yerragunta

Abstract

Recurrence of glioblastoma (GB) is inevitable. As the optimal management 
for recurrent glioblastoma continues to evolve, clear treatment guidelines for are 
lacking. Existing literature does not clarify the role that second surgery plays in 
the treatment of these patients. Although few studies report that second surgery is 
beneficial in select patients and leads to longer overall survival (OS), other stud-
ies have demonstrated the limited impact that repeat surgery has on the eventual 
patient outcome. Maximal safe resection (high extent of resection—EOR) has been 
proven to improve the OS at reoperation, even when undertaken for cases where the 
first surgery achieved only a limited EOR. Karnofsky Performance Score (KPS) and 
age at presentation are valuable prognostic factors that predict better OS and aid 
in better patient selection for surgical management. The true value of reoperation 
versus systemic treatment, their effects the patient’s QoL and the added increase in 
overall survival is better judged after detailed investigation by means of a prospec-
tive, randomized trial.

Keywords: EOR—extent of resection, KPS—Karnofsky Performance Score,  
rGB—recurrent glioblastoma

1. Introduction

Glioblastoma (GB) is not only the most common primary intrinsic brain tumor 
of adulthood, but also the most frequently encountered malignant subtype. The 
standard treatment for newly diagnosed GB remains maximal surgical resection 
followed by concomitant or adjuvant chemotherapy [1]. The culmination of all the 
developments in diagnostics, imaging, surgical refinements and adjuvant therapies 
has not translated into any significant boost to the median overall survival (OS) 
of these patients. Prognosis continues to be dismal and OS has risen by just about 
3.3 months (from 11.3 to 14.6 months) [2]. In select cohorts (consisting of a very 
favorable subset of patients), a median OS of 20.5 months has been observed. 
Recurrence is inevitable in GB despite every kind of known therapy. The standard 
care of the recurrent GB (rGB) is incompletely defined. Considering the ineffective-
ness of therapy for first time disease, patients with recurrent disease are left with 
even more limited truly useful treatment options. With no clear standard of care, 
available options include reexcision of the lesion, angiogenesis inhibitor agents, and 
other targeted therapies, some of which have been the subject of clinical trials. In 
current practice, second surgery is performed in less than one half of the patients 
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who present with rGB. This might be either due to a seemingly inoperability of the 
lesion or poor surgical fitness of the patient [3, 4]. Several studies and reviews are 
published, but undertaking extensive surgery in the recurrence of a disease defined 
by poor prognosis continues to remain controversial.

2. Criteria for diagnosis of recurrent GB

Criteria for diagnosis have undergone many modifications over past decade. 
Magnetic resonance imaging every 2–3 months remains the gold standard for 
assessment of response and progression of the GB. The Macdonald criteria have 
served as the standard tool in follow up and evaluation of this disease until 
2010 and their widespread use has led to the observation of several shortcom-
ings [5, 6]. These include the problem of measuring tumor deposits shaped 
irregularly (including tumor forming the lining of cystic or excision cavities), 
observer to observer variability, lack of guidance for the evaluation of multifo-
cal tumors as well as non-enhancing portion(s) of the tumor [5, 6]. Wen et al. 
published updated criteria in 2010 with restricted parameters for diagnosis of 
progressive disease within 3 months after completion of adjuvant therapy and 
integration of the evaluation of T2/FLAIR sequences as well of corticosteroid 
use [6].

According to the Macdonald et al. [5] criteria, progression of the tumor is 
defined as development of one or more of the following features:

“25% increase in sum of the products of perpendicular diameters of enhancing 
lesions, development of any new lesion on imaging and/or clinical deterioration.”

The lack of specificity of enhancement in GB patients treated with surgery, 
radiation or chemotherapy as well as other difficulties in standardization of assess-
ment by the above criteria led to the need for updated Response Assessment in 
Neurooncology group (RANO) criteria. These criteria define progression as pres-
ence of any one of the following:

“≥25% increase in sum of the products of perpendicular diameters of 
enhancing lesions compared with the smallest tumor measurement obtained 
either at baseline (if no decrease) or best response, on stable or increasing doses 
of corticosteroids; significant increase in T2/FLAIR nonenhancing lesion on 
stable or increasing doses of corticosteroids compared with baseline scan or best 
response after initiation of therapy not caused by comorbid events (e.g., radia-
tion therapy, demyelination, ischemic injury, infection, seizures, postoperative 
changes, or other treatment effects); any new lesion; clear clinical deterioration 
not attributable to other causes apart from the tumor (e.g., seizures, medication 
adverse effects, complications of therapy, cerebrovascular events, infection, 
and so on) or changes in corticosteroid dose; failure to return for evaluation as 
a result of death or deteriorating condition; or clear progression of nonmeasur-
able disease.”

Figure 1 is an example of recurrent GBM managed by surgery followed by 
Bevacizumab chemotherapy.

3. Indications of surgery

Surgery is indicated in patients who show both:

1. Progression of disease according to MacDonald or RANO radiological criteria.
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2. Deterioration in clinical status (as manifested by development of new deficits, 
change in neurological status due to mass effect of the lesion, seizures, or, 
features of raised intracranial pressure).

The decision to undertake repeat surgery is especially valid in young patients, 
patients with good functional status and a conveniently resectable tumor.

In rGB, surgery is undertaken with the main aim of cytoreduction. The reduced 
tumor burden is thought to cause an improvement in OS [7, 8]. Lu et al. in their 
meta-analysis concluded that repeat surgery has an overall positive role in managing 
recurrent GBM. It was observed that surgery resulted in a prognostic benefit that was 
observed to be independent of demographic as well as clinical parameters [8]. Various 
factors which are found to affect prognosis are age, extent of resection at repeat 
surgery, adjuvant chemoradiation, tumor location, methylation status, in addition to 

Figure 1. 
(1a–1d) MRI brain T2 Axial, Axial FLAIR, Axial contrast and sagittal contrast images showing Right 
ParietoOcciptial mass with surrounding edema with corresponding enhancement on the contrast. Surgical 
excision of the tumor was done with around 60% excision followed by chemoradiotherapy as per Stupp 
Protocol. (2a–2d) One year after the initial treatment patient follow up MRI (2a–d) shows Tumor regrowth. 
Patient was taken up for Redo surgical excision and around 70% of the tumor excision was achieved. After 
second surgery patient was treated in another center with bevacizumab and he came back to us in 3 months 
with regrowth of the tumor. (3a–3d) Patient had low platelet count as a result of the bevacizumab therapy 
and was in poor general condition. Surgery excision was not considered as the outcome in patients with 
poor performance score in recurrent tumor is bad though the MRI does not show an extensive tumor. Poor 
performance scores with a not so extensive gross tumor on MRI indicate microscopic infiltration.
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functional assessment of the patient using scores like Karnofsky Performance Status 
(KPS) and Eastern Cooperative Oncology Group (ECOG) score. Nonetheless, studies 
conducted that have analyzed patient groups after matching for many of these factors 
have still observed the prognostic advantage conferred by surgery undertaken for 
recurrent disease. The potential benefit is not limited to the first recurrence only. 
Superior OS in patients with GB experiencing more repeat surgeries for continuously 
recurring GB independent of other features has been previously shown [9, 10].

Various factors have been analyzed with respect to surgery in recurrent GB:

3.1 Age

Recent literature proves that age is an important prognostic factor with OS being 
longer in patients who are younger at the time of diagnosis, in contradiction to older 
studies which failed to show any meaningful correlation between age and prognosis 
[9, 11–14]. Although gender has not been commonly thought to be a factor affecting 
prognosis, a study by Tugcu et al. has interestingly noted that male gender was a 
factor according better prognosis.

3.2 Timing of second surgery

Studies have shown that survival is not affected by the time interval between 
initial diagnosis/surgery and repeat surgery [15, 16].

3.3 Performance score

Studies have reported that better performance score at the time of presentation 
(KPS ≥ 70) correlates strongly with a longer OS [14, 16–18]. Chang et al. [16, 18, 
19] documented that the most important factor affecting OS is KPS at the time of 
recurrence. Quick et al., on the same lines, have demonstrated that good statistical 
parallel exists between KPS score and OS in their series [20]. Moreover, Michaelsen 
et al. have reported that the ECOG Performance Status significantly affects the OS 
following therapy [13].

3.4 Molecular markers

The role of molecular markers in predicting/affecting survival in recurrent GB 
has been controversial. Studies have shown an association between loss of MGMT 
expression and survival in patients with GB. Although this correlation was con-
firmed to have a prognostic significance at the time of first surgery, Brandes et al. 
reported that MGMT methylation status has no particular place in the prediction 
of outcome following repeat surgery. Similarly, multiple authors have noted that 
MGMT status at the time of redo surgery in GB patients has no effect on OS or on 
SFR [21, 22]. Mutations of IDH1 and IDH2 are known to be suggestive of secondary 
GB and to confer favorable prognosis [23, 24]. This was confirmed by Hartmann 
et al. who reported longer OS in patients with IDH mutant tumors as compared to 
the IDH wild-type ones. On the contrary, Amelot et al. have reported comparable 
long term survival in patients with and without IDH1/2 mutation [25, 26].

3.5 Extent of resection

That a greater extent of resection (EOR) confers an obvious advantage in 
patients being treated for GB has been demonstrated by multiple studies. This has 
been more widely evaluated and concluded at the time of first surgery [27–32]. 
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It suffices to say that surgical resection of the tumor is still the most effective 
therapy in GB, leading to instant decompression and improvement in the efficacy of 
adjuvant radiation by reducing tumor bulk. An increase in survival by an average of 
5.5 months was noted by Quick et al. in patients in whom atleast 95% of tumor was 
excised. This benefit was noted irrespective of tumor size. However, it is not as clear 
if such an advantage is conferred again during operation for recurrence [20]. On 
inquiry into whether this same benefit holds true in cases of recurrent GB, Robin 
et al., in their review article found 16 studies reinforcing the role of EOR in patient 
survival.

According to Stupp et al. surgery (5ALA fluorescence guided complete tumor 
resection) [35] done at the time of noting disease progression, along with additional 
chemotherapy (Temozolamide) and radiotherapy improved the average patient 
survival to more than 14 months. It was thereby suggested that, in patients where 
surgery for tumor recurrence is deemed prudent, Maximal Safe Resection of the GB 
should be aimed for [33].

The next logical question that arises would be the role of such ambitious surgery 
in further recurrences after the second operation. In a series of 578 primary GB 
patients were studied with reference to the number of repeat surgeries undertaken, 
Chaichana et al. concluded that patients who underwent multiple resections had 
better median survival than those who had single time surgery. The 15 patients 
in this study who underwent resection four times had a median survival of 
26.6 months compared to those who were operated once (354 patients), twice (168 
patients) and thrice (41 cases). These patients were found to have a median survival 
of 6.8, 15.5, 22.4 respectively [9].

Bloch et al. also conducted a valuable study on results of multiple resections in 
107 patients by four-way subgroup analysis after noting EORs during both first and 
second surgery. Whether the initial as well as subsequent surgery achieved Gross 
Total Resection (GTR) or Sub Total Resection (STR) of the tumor was made note 
of. Patients were then categorized into four resection groups: GTR/GTR, GTR/
STR, STR/GTR, and, STR/STR. On follow up, the study established that a survival 
advantage was conferred by performing complete tumor resection during both 
initial surgery as well as second surgery for recurrence of GB [31].

A series by Oppenlander and colleagues also confirms the advantage conferred 
by increased EOR in patients operated for rGB. A survival advantage was observed 
with even 80% resection of tumor volume. The OS for the entire cohort studied was 
19.0 months while median survival on Kaplan-Meier curves showed survival upto 
20 months and even 30 months when EOR was greater than 81 and 97%, respec-
tively. Multivariate analysis identified EOR, age, and KPS as independent predictors 
of survival [30].

Of particular interest is a study by Sanai et al. where in cases when a more com-
plete resection was deemed imprudent due to the tumor being located in eloquent 
brain, more limited resection (78% EOR) of the contrast enhancing lesion did cor-
respond to a survival benefit that was of significance statistically [4]. Despite being 
largely based on class II to III evidence, surgically reducing the amount of residual 
tumor does translate to longer PFS and better OS.

4.  Survival following reoperation for recurrent or progressive 
glioblastoma

With the advancement of refinement in surgical techniques and in nonsurgi-
cal adjunctive therapies, our understanding of the impact of surgery on survival 
in both newly diagnosed and recurrent GB increases. As elaborated so far, varied 
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studies have come to the common conclusion that a survival benefit is accorded by 
surgery, especially by the maximization of EOR, not only in newly diagnosed GB, 
but also in recurrent cases [9, 11, 16, 20, 34].

A detailed review of relevant literature by Ryken et al. suggests that reoperation 
adds about 8 or 9 months to the OS in select patients, without the added burden of 
significant morbidity. This positive outcome is especially observed in patients with 
age less than or equal to 50, KPS scores equal to or greater than 60 or 70 as well as 
favorable tumor location [36].

It can now be safely said that the most effective therapy in recurrent GB is surgi-
cal resection as it improves the efficacy of radiotherapy. Patient selection should 
take into consideration the so far observed positive prognostic factors and maximal 
safe tumor volume resection should be the surgical goal [33] in those patients who 
are candidates to second surgery.

5. Complications

Although surgery logically aims at maximal cytoreduction, the safety of this 
goal is compromised by factors such as highly infiltrative nature of tumor, eloquent, 
deep seated/periventricular location, advanced age and/or coexistence of comor-
bidities. A multicenter retrospective study documented a 2–4% increase in the rate 
of neurological and non-neurological complications in repeat surgery when com-
pared with initial surgery [37].

Following surgery for rGB, mortality rate has been shown to lie in the range of 
0–11% with morbidity rate varying from 13 to 69%, leaving a significant number of 
rGB patients in a condition that precludes administration of adjuvant therapy [19]. 
This risk, therefore, appeared to nullify the survival benefit of reoperation at recur-
rence when compared with patients of recurrence who received no treatment at all. 
Hence, the importance of safer surgery avoiding morbidity as well as judiciousness 
in decision making cannot be overstated.

6. Conclusions

The available literature suggests a higher OS in selected patients who were 
managed with repeat excision of tumor at the time of recurrence of Glioblastoma. 
Although a debate remains open regarding the benefit of such excision, a clear 
trend in its favor has become more evident. The decision of undertaking surgery 
for rGB should be individualized and should surely be considered in patients with a 
favorable functional score at the time of presentation with recurrent disease as well 
as favorable preoperative neurological and radiological characteristics. The goal of 
such repeat surgery should be the resolution of symptoms, stabilization or improve-
ment in QoL, increase in the time to further progression and reduction in require-
ment of steroid therapy. There is also the additional advantage of the possibility 
to offer intracavitary adjunctive therapy as well as an improved response to other 
adjunctive therapies [36]. As is customary to state, the actual value of such repeat 
surgery in comparison with systemic treatments and the effect of each on patient 
QoL and survical remains a topic for further prospective, randomized trials.
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Chapter 6

Surgical Principles for Spinal and 
Paraspinal Neurofibromas
Feyzi Birol Sarica

Abstract

Neurofibromas are the most prevalent seen tumor in the neurofibromatosis 
type 1 (NF1) disease. Spinal neurofibromas, which are the major diagnostic 
criteria of disease, are seen in approximately 60% of the patients with NF1. They 
constitute 23% of all of the spinal tumors. While the spinal neurofibromas most 
frequently show a location in thoracic region, it is followed by their predilection 
in cervical and lumbar regions, respectively. The spinal neurofibromas located in 
the sacral region are quite rarely observed and show an asymptomatic course until 
reaching to the big sizes. Of these spinal neurofibromas, 72% were with intradural 
extramedullary, 14% with extradural, and 13% with intradural and extradural 
“dumbbell formation.” Only 1% of the spinal neurofibromas are intramedullary 
located. The total taking of the single solitary neurofibroma surgically is relatively 
easier. But, the difficulties can be encountered in taking these tumors surgically 
since they are characterized by the multiple tumors in the plexiform neurofibro-
mas, especially accompanying to the NF1. In this chapter, the surgical difficulties 
encountered in the region in which the tumor is localized and different surgical 
approaches are developed in the course of time in order to exceed these difficulties 
are described.

Keywords: dumbbell neurofibroma, dumbbell tumor, neurofibromatosis type 1, 
NF1, paraspinal neurofibroma, spinal nerve sheath tumor, spinal neurofibroma, 
surgery, surgical approach, surgical treatment, von Recklinghausen disease

1. Introduction

The close follow-up is clinically and radiologically suggested in the asymptom-
atic spinal neurofibroma cases that do not make pressure on the spinal cord and 
important nerve roots. But, surgical tumor resection is preferred in the tumors 
showing rapid growth and/or causing the progressive neurodeficits. The total 
taking of the single solitary neurofibroma surgically is relatively easier. But, the 
difficulties can be encountered in taking these tumors surgically since they are 
characterized by the multiple tumors in the plexiform neurofibromas, especially 
accompanying to the NF1. Different surgical approaches had been described for 
the tumor’s total resection in the spinal neurofibroma cases, in which the surgi-
cal difficulty is observed at most and which show a dumbbell formation. While 
a single-stage posterior approach was used for dumbbell tumors having a small 
extraspinal component, the single-stage combined posteroanterior approach had 
been preferred in those having a big extraspinal component. In time, the two-stage 
combined posteroanterior approach had been started to be used instead of the 
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combined posteroanterior approach had been started to be used instead of the 
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single-stage combined posteroanterior approach in order to eliminate the excessive 
hemorrhage risk arising from the length of surgery duration. In this approach, the 
dumbbell tumor is firstly taken by the intraspinal component’s posterior approach, 
and then, by giving a certain period, the tumors’ extraspinal component is taken by 
the anterior approach. In time, the lateral approaches applied by using the extensive 
posterolateral exposure had been described instead of the single-stage or two-stage 
combined posteroanterior approaches in order to totally take the dumbbell tumors, 
in which especially huge extraforaminal component is found. A wider visual angle 
can be provided by the lateral approaches to the spinal channel lateral, interverte-
bral foramen, and extraforaminal regions, and the tumor can be totally taken in a 
single session.

2. Neurofibromatosis type 1

2.1 Epidemiology of the NF1

The neurofibromatosis expressing a tumor-predisposing syndrome group is 
characterized especially by the tumors found in the CNS and peripheral nervous 
system. NF1 constituting 96% of the neurofibromatosis patients is the most fre-
quently seen form. It is followed by the neurofibromatosis type 2 with the rate of 
3% and Schwannomatosis recently defined. The NF1, of which its most extensive 
definition had been made by Friedrich von Recklinghausen in 1882 for the first 
time, is named with “von Recklinghausen disease.” Moreover, since it is described 
by the multiple neurofibromas that are one of the peripheral nerve sheath tumors 
with benign character, they are also named as the “peripheral neurofibromatosis.” 
The NF1, the most frequently seen phakomatosis, shows an autosomal dominant 
hereditary transmission, and its prevalence incidence is approximately 1 per 
2500–3000 births [1, 2].

2.2 Natural history and genetic alterations of the NF1

The gene that is responsible for the NF1 formation is found in the 17q11.2 
chromosome and contains 280 kbp DNAs. The tumor is a suppressor gene. The NF1 
gene provides the synthesizing protein named as the “neurofibromin” that is found 
in Schwann cell at a high level and acts as a tumor suppressor [3]. Neurofibromin, 
which has an activating effect of the GTPaz, also regulates the cellular proliferation 
and differentiation by inactivating the RAS that is a cytosolic signal transduction 
proto-oncogene [4]. Neurofibromin level decreases in varying degrees in the “NF1 
gene”mutations, and as a result, it leads to a formation of the various ectodermal 
and mesodermal tumors that are seen in the NF1 together with the different 
penetration types of NFs. In conclusion, the peripheral nerve sheath tumors 
frequently occur in particular to the neurofibroma. Moreover, prevalence incidence 
of the CNS tumors such as glioma, ganglioglioma, and neuroblastoma as well as 
the other malignancies such as leukemia, pheochromocytoma, Wilms tumor, and 
sarcoma increases [4, 5]. Fifty percent of the mutations in NF1 gene are in the form 
of spontaneous mutations of which family history is not found, and the remain-
ing is in the form of hereditary mutations of which family history is found. Even 
though there are high penetration values in those having a hereditary mutation, the 
different phenotypic presentations can be observed between the family members 
due to the probable epigenetic modification [4–6]. One thousand and five hundred 
different NF1 gene mutations have been notified until today, while a slight pheno-
typic represented by the NF1 table had been observed in the presence of mosaicism; 
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a serious phenotypic represented by the NF1 table had been observed when the 
17q11.2 microdeletion was detected [7].

2.3 Clinical presentations of NF1

Diagnosis in the NF1 bases upon the clinical criteria despite the progressions in 
the molecular genetics. The criteria listed for the NF1 clinical diagnosis had been 
determined in the “NIH Consensus Development Conference” in 1987 [8] (Table 1).

2.3.1 Pigmentation abnormalities

Although these criteria observed in the NF1 show a variation between the 
patients according to the penetration type, at least two of the NIH criteria are 
found in 30% of the cases to the age of 1 and in 97% of the cases to the age of 8. The 
café au lait macules seen in 95% of the adult cases with NF1 are the skin macules 
that are found in an oval shape and are hyperpigmented and light brown colored. 
They can be observed during birth. But, its number and size increase in the first 
decade. Being found of the café au lait macule in number of 6 and more with the 
dimension of 5 mm or larger in the prepubertal period and 15 mm or larger in the 
postpubertal period according to the NIH criteria is in the common features of NF1. 
The café au lait macules, which are not only intrinsic to NF1, can be seen by the 
other genetic syndromes such as McCune Albright syndrome, Legius syndrome, 
and Silver-Russell dwarfism. The malign transformation potential is not found in 
these macules since they can be only seen in 10% of population [1, 2, 9]. Another 
pigmentation anomaly seen in the NF1 is axillary and inguinal freckling. These 
hyperpigmented spots that can also exist at birth come to existence afterward and 
are observed in 90% of the cases with NF1 under the age of 7 years [2]. The most 
frequently encountered eye finding in the adult patients with NF1 is Lisch nodules 
with the rate of 95%. Lisch nodules are asymptomatic, small, and superficial mela-
nocytic hamartomatous nodules generally observed as multiple in the iris. They 
are observed in the shape of a dome and in the form of yellow-brown lesions in the 
slit-lamp examination [1, 10].

2.3.2 Tumors of the optic pathway

The eye finding determined in patients with NF1 in the second frequently 
observed finding with the rate of 15% is an optic pathway glioma and takes part 

1 The presence of six or more café au lait macules 5 mm or more in size during prepuberty or 15 mm or 
more in size during postpuberty

2 The presence of two or more neurofibromas of any type or the presence of one plexiform neurofibroma

3 The presence of freckling in the axillary and inguinal regions

4 The presence of optic glioma

5 The presence of two or more Lisch nodules (iris hamartoma)

6 The presence of bone anomalies, such as long bones with thin cortex without arthrosis, together with 
sphenoid aplasia or arthrosis

7 The presence of NF1 diagnosis in first-degree relatives according to the diagnosis criteria written above

*Two or more of the above points should be present in the cases diagnosed with NF1.

Table 1. 
Neurofibromatosis type-1 diagnosis criteria of the National Institutes of Health [8]*.
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between the important diagnosis criteria. The optic pathway glioma is the most 
frequently observed glioma type in patients with NF1. They are found in the low-
grade glial tumors (WHO grades I and II). The region, in which the optic pathway 
glioma is frequently localized, is prechiasmatic region. They are frequently pre-
sented in the form of an optic nerve pilocytic astrocytoma (WHO grade I). The 
visual field defects give the clinical finding such as a decrease in the visual acuity, 
proptosis, and diplopia in the optic pathway gliomas that are generally presented 
to the age of 7 [1, 6, 11, 12]. The brainstem glioma (pilocytic astrocytoma, WHO 
grade I), glioblastoma multiforme (GBM, WHO grade IV), and ganglioglioma 
(WHO grade I) can be enumerated between the other gliomas that are less fre-
quently observed in the cases with NF1. The development risk of GBM having a 
quite aggressive course among them had increased approximately five times in the 
cases with NF1. The schwannomas and meningiomas originating from any cranial 
nerve sheath can be enumerated among the other intracranial tumors accompany-
ing to the NF1.

2.3.3 Cognitive function disorders and NF1 bright object

One of the non-tumoral CNS lesions observed in patients with NF1 is the lesions 
named as “NF1 bright object,” and they are observed at the rate of 43–93%. The 
hyperintense lesions, of which borders are significant in the magnetic resonance 
imaging (MRI) T2 sequences, are frequently localized in the subcortical white 
matter fields, basal ganglions, and capsula interna in the brain. These lesions named 
as the NF1 bright object are held responsible for cognitive malfunctions such as the 
mental retardation, learning disorder, and speech disorder observed in patients 
with NF1 [13, 14].

2.3.4 Skeletal manifestations

The deformities observed in the various bones accompany to the cases with NF1. 
The most frequently observed skeletal deformity is kyphoscoliosis, which develops 
depending on the vertebral bone deformities, especially in the cervicothoracic 
region. The neurodeficits at various levels can be observed in the cases with NF1 
depending on the rapid increase in the degree of kyphosis and scoliosis. Another 
vertebral bone anomaly observed at the rate of 10% is the dorsal scalloping in the 
vertebral bones. These tables develop independently from the spinal neurofibromas 
observed in the NF1 [15]. Moreover, the tumor’s intraspinal part can cause the 
destruction on the intervertebral foramen walls when extending to the extraspinal 
cavities by passing through the intervertebral foramen in the spinal neurofibroma 
cases constituting the dumbbell formation, and in this case, the intervertebral 
foramen enlargement and thinning can be radiologically observed in the adjacent 
vertebra pedicles.

A thinning had been also observed in cortexes of the long bones such as the 
radius and tibia and between the other skeletal deformities observed in patients 
with NF1. The ptosis is accompanied by vitamin D levels in the bone densitometer, 
osteopenia, and laboratory tests made for patients with NF1 [12]. It had been 
determined that fracture development risk secondarily increased three to five 
times in the cases with NF1 according to the normal population in these tables [16]. 
Although the body rates were normal in many cases with NF1, the growth hormone 
insufficiency and pubertas praecox had been held responsible as the reason of short 
stature developed [12].

Moreover, the anomalies also accompany to the cranial bones in the cases with 
NF1. The parieto-occipital bone defects, sphenoid wing dysplasia or aplasia, and 
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pulsatile exophthalmia developed depending on the unilateral defect on the orbital 
superior wall are observed between them. Moreover, the head asymmetry, macro-
cephaly, and mandibular bone deformities can be also accompanied [1, 10].

2.3.5 Tumors of the gastrointestinal system

The tumoral formations are also observed in the gastrointestinal system in 
patients with NF1. The most frequently accompanying tumor to the NF1 is gas-
trointestinal stromal tumors with the rate of 25% between them [17], and they 
occur as a result of the KIT and PDGFRA mutations. These tumors, of which 
sizes are small, do not generally give the clinical finding. Moreover, endocrine 
tumors of the gastrointestinal system such as somatostatinoma, gastrinoma, 
and insulinoma can be also observed in the cases with NF1. These tumors 
are most frequently in the tendency to localize in the periampullary region. 
However, the gastrointestinal system can be held by the focal or prevalent 
neurofibromas and present the clinical findings characterized by the internal 
organ dysfunction.

2.3.6 Nodular (intraneural), cutaneous (diffuse), and plexiform neurofibromas

The nodular neurofibromas (intraneural form), which are also named as 
solitary, are the most frequently seen form as sporadic independent from the 
NF1. The localization predilection is not found in the neurofibroma, which is 
most frequently seen in the third and fourth decades. Their borders are rela-
tively significant and characterized by slow-growing tumors in an oval and 
elastic shape since they show an intraneural growth pattern in a single nerve. 
The nodular neurofibromas, which frequently originate from the dorsal nerve 
roots, are frequently presented by ache, hearing disorders, and power loss in the 
clinic [18, 19].

The cutaneous neurofibromas (diffuse form) are seen in approximately 10% of 
the patients with NF1, located in the skin and subcutaneous tissue. They can be 
seen in the pedunculated and nodular forms or similar forms like the plaque. They 
are frequently observed in the neonatal and adolescent periods, and an increase is 
observed in their numbers together with the age [1, 11, 12, 18].

The plexiform neurofibroma is the most frequently seen one with the rate 
of 30% in patients with NF1. They had taken this name since they presented 
a plexiform growth pattern in such a way that it would contain more than one 
fascicule, nerve, or plexus branches. The characteristic “worm bag” term had 
been also used for these tumors due to their surgical macroscopic appear-
ances. They are characterized by fusiform-formed multiple neurofibromas 
observed throughout peripheral nerves. They frequently hold the main nerve 
body including the brachial and lumbar plexuses. If a big nerve is held in the 
extremities, they can also lead to a local giantism table in the extremity, which 
is named as the “elephantiasis neuromatosa.” They frequently develop in the 
childhood period, and the plexiform neurofibromas, which make pressure to 
the adjacent tissues with the mass effect by showing a rapid growth tendency, 
are pathognomonic [1, 11]. Moreover, the plexiform neurofibromas contain the 
malign transformation potential differently from the cutaneous neurofibromas, 
and the transformation risk into the malign peripheral nerve sheath tumor 
(MPNST) varies between 5 and 10% [20]. Therefore, scanning should be made 
by the FDG-PET in order to make early malign transformation diagnosis in the 
cases, in which the growth or sudden change was determined in the plexiform 
neurofibroma size.
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pulsatile exophthalmia developed depending on the unilateral defect on the orbital 
superior wall are observed between them. Moreover, the head asymmetry, macro-
cephaly, and mandibular bone deformities can be also accompanied [1, 10].

2.3.5 Tumors of the gastrointestinal system

The tumoral formations are also observed in the gastrointestinal system in 
patients with NF1. The most frequently accompanying tumor to the NF1 is gas-
trointestinal stromal tumors with the rate of 25% between them [17], and they 
occur as a result of the KIT and PDGFRA mutations. These tumors, of which 
sizes are small, do not generally give the clinical finding. Moreover, endocrine 
tumors of the gastrointestinal system such as somatostatinoma, gastrinoma, 
and insulinoma can be also observed in the cases with NF1. These tumors 
are most frequently in the tendency to localize in the periampullary region. 
However, the gastrointestinal system can be held by the focal or prevalent 
neurofibromas and present the clinical findings characterized by the internal 
organ dysfunction.

2.3.6 Nodular (intraneural), cutaneous (diffuse), and plexiform neurofibromas

The nodular neurofibromas (intraneural form), which are also named as 
solitary, are the most frequently seen form as sporadic independent from the 
NF1. The localization predilection is not found in the neurofibroma, which is 
most frequently seen in the third and fourth decades. Their borders are rela-
tively significant and characterized by slow-growing tumors in an oval and 
elastic shape since they show an intraneural growth pattern in a single nerve. 
The nodular neurofibromas, which frequently originate from the dorsal nerve 
roots, are frequently presented by ache, hearing disorders, and power loss in the 
clinic [18, 19].

The cutaneous neurofibromas (diffuse form) are seen in approximately 10% of 
the patients with NF1, located in the skin and subcutaneous tissue. They can be 
seen in the pedunculated and nodular forms or similar forms like the plaque. They 
are frequently observed in the neonatal and adolescent periods, and an increase is 
observed in their numbers together with the age [1, 11, 12, 18].

The plexiform neurofibroma is the most frequently seen one with the rate 
of 30% in patients with NF1. They had taken this name since they presented 
a plexiform growth pattern in such a way that it would contain more than one 
fascicule, nerve, or plexus branches. The characteristic “worm bag” term had 
been also used for these tumors due to their surgical macroscopic appear-
ances. They are characterized by fusiform-formed multiple neurofibromas 
observed throughout peripheral nerves. They frequently hold the main nerve 
body including the brachial and lumbar plexuses. If a big nerve is held in the 
extremities, they can also lead to a local giantism table in the extremity, which 
is named as the “elephantiasis neuromatosa.” They frequently develop in the 
childhood period, and the plexiform neurofibromas, which make pressure to 
the adjacent tissues with the mass effect by showing a rapid growth tendency, 
are pathognomonic [1, 11]. Moreover, the plexiform neurofibromas contain the 
malign transformation potential differently from the cutaneous neurofibromas, 
and the transformation risk into the malign peripheral nerve sheath tumor 
(MPNST) varies between 5 and 10% [20]. Therefore, scanning should be made 
by the FDG-PET in order to make early malign transformation diagnosis in the 
cases, in which the growth or sudden change was determined in the plexiform 
neurofibroma size.
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3. Spinal neurofibromas and dumbbell formation

3.1 Epidemiology of the spinal neurofibroma

The neurofibromas are the most prevalent seen tumor in the NF1 disease. The 
schwannoma, MPNST, meningioma, and astrocytoma from the other spinal tumors 
less often accompany the NF1 [6]. The spinal neurofibromas, which are the major 
diagnostic criteria of disease, are seen in approximately 60% of the patients with 
NF1 [2, 6]. They constitute 23% of all of the spinal tumors [18]. While the spinal 
neurofibromas most frequently show a location in the thoracic region, it is followed 
by their predilection in cervical and lumbar regions, respectively. The neurofibro-
mas located in the sacral region are quite rarely observed and show an asymptom-
atic course until reaching to the big sizes [21]. Of these spinal neurofibromas, 72% 
were with the intradural extramedullary, 14% with the extradural, and 13% with 
the intradural and extradural “dumbbell formation.” Only 1% of the spinal neurofi-
bromas are intramedullary located [22].

3.2 Dumbbell formation of the spinal neurofibroma

The tumor’s intraspinal component extends throughout the peripheral segment 
in the extraspinal distance of the nerve through the intervertebral foramen in the 
dumbbell spinal neurofibroma, of which total resections have difficulty with the 
neurosurgical techniques required for the multidisciplinary-combined approaches. 
The extraspinal tumor part is usually larger than the intraspinal tumor part and can 
reach the giant sizes. The huge dumbbell tumors are generally in a lobule shape and 
show a cystic degeneration [1, 11].

The extraspinal tumor component can adhere to the adjacent tissue and organs 
in the body cavities and also gives the clinical finding through the pressure effect. 
The extraspinal tumor component’s serious respiratory problems are more fre-
quently observed as a result of the pressure of lung parenchyma to the bronchus 
and bronchioles in the chest cavity due to especially thoracic region predilection of 
dumbbell neurofibroma. Therefore, nowadays, the surgical treatment in the tho-
racic dumbbell neurofibromas is frequently carried out by the combined approaches 
planned together with the thoracic surgeons. Moreover, the progression of cervical 
neurofibroma in the adjacency of vertebral artery of extraspinal tumor component 
showing an extension to the subsurface skin is a condition constituting another 
difficulty in terms of the surgery. Similarly, the intraabdominal and retroperitoneal 
organ dysfunctions can be also observed in the lumbar dumbbell neurofibroma cases, 
and they make the multidisciplinary-combined approaches a current issue in the 
surgical treatments of these cases [1, 6, 23].

3.3 Pathology of the spinal neurofibroma

The neurofibromas are macroscopically in gray-white color, gelatinized, and 
in a soft form. Dissecting the nerve macroscopically from the neurofibroma is 
quite difficult due to the close relationship between the nerve and neurofibroma 
[24]. The solitary and plexiform neurofibromas showing the similar microscopic 
features consist of the thin and long fusiform cells dispersed between the collagen 
fibers within a mucopolysaccharide-rich matrix. In addition, these cells are in a 
uniform form and contain the hyperchromatic nucleus. While the cell density is less 
in the neurofibromas, they contain Schwann cells, neural fibroblasts, cells like the 
perineural cell, and mast cells [6]. Sometimes, some difficulties can be encountered 
in separating the neurofibroma from the schwannomas due to their common cell 
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contents. The nuclear atypia and hyalinizing vascular component observed in the 
neurofibromas are less often determined as significant according to the schwan-
noma [20]. It immunohistochemically shows a positive staining feature with S100. 
But, the stained neurofibromas are more subtle since their immunoreactivity is less 
often in comparison with the schwannoma [24]. The neurofibromas show a posi-
tive staining feature in the different levels together with the epithelial membrane 
antigen (EMA), which is specific for the perineural cell [20]. Similarly, they have 
the strong staining features with the vimentin and fibronectin [25]. There is a CD34 
positiveness showing immunoreactivity in the cutaneous (intraneural) neurofibro-
mas [26]. The myelinated nerve fibers in the neurofibromas can be shown by the 
silvering paint and myelin paint.

3.4 Clinical presentations of the spinal neurofibroma

The spinal neurofibromas are generally asymptomatic when they are small. The 
unilateral radicular ache is the most frequently observed symptom with the rate of 
80% in early phases of the disease since most of them are originated from the spinal 
dorsal nerve roots. The paradoxical ache is characterized as increasing during rest 
and nights. This condition depends on the venous return difficulty developed while 
sleeping. The other paresthesia symptoms can accompany to this table. Moreover, the 
deep sensory losses can be also observed as a result of affecting the posterior column. 
The tumor growing in the intradural extramedullary distance leads to the long-tract 
findings by making the spinal cord pressure in advanced stages of the disease. The 
muscle strength losses—motor deficits—observed at the rate of 30% in the spinal 
neurofibroma cases mostly occur as a result of affecting the lateral and anterior 
columns by the tumor. The sphincter disorders developed depending on the involve-
ment of autonomous ways are observed at the rate of 25%. The other neurologic 
deficits can generally develop approximately 3–5 years later following the radicular 
ache in the spinal neurofibromas like in the other intradural tumors [1, 6, 27].

The tumor’s extraspinal component can wrap the peripheral tissues by growing 
and cause the additional symptoms by making pressure in the dumbbell neuro-
fibroma cases. The neck ache and suboccipital headache can be observed in the 
cervical localized tumors [28]. The tumors showing an extension to the chest cavity 
can lead to the respiratory distress by making pressure to the air conduction ways. 
The patients are asymptomatic for a long time in the dumbbell tumors showing an 
intraabdominal growth. However, the intraabdominal tumor leads to the related 
organ dysfunction symptoms by making the displacement and pressure in the 
abdominal organs when it reaches the big or huge sizes. The ache spreading from 
the abdomen toward the lumbar region can be seen in the big tumors showing an 
extension to the retroperitoneal region [29, 30].

3.5 Neurodiagnostic techniques of the spinal neurofibroma

There are variations that will have made a diagnosis in 50% of the cases in the 
direct graphies. The most frequently seen vertebra radiographies findings are pedicle 
erosion and scalloping in the vertebral corpus. The enlargement of the interpedicular 
distance and foramen can regularly and indirectly show a dumbbell tumor existence 
[27, 31]. It had been notified that the whole block was observed in 50% of the cases 
and 83% of the myelographic defects were intradural in the myelographic examination 
[27]. The most used important radiologic imaging method is MRI in order to detect 
the prevalence of disease, reveal the intraspinal and extraspinal components of spinal 
neurofibromas in details, evaluate the complications to be developed in the postop-
erative period, and detect the tumor recurrence in the cases with NF1. The spinal 
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organ dysfunctions can be also observed in the lumbar dumbbell neurofibroma cases, 
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contents. The nuclear atypia and hyalinizing vascular component observed in the 
neurofibromas are less often determined as significant according to the schwan-
noma [20]. It immunohistochemically shows a positive staining feature with S100. 
But, the stained neurofibromas are more subtle since their immunoreactivity is less 
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mas [26]. The myelinated nerve fibers in the neurofibromas can be shown by the 
silvering paint and myelin paint.

3.4 Clinical presentations of the spinal neurofibroma

The spinal neurofibromas are generally asymptomatic when they are small. The 
unilateral radicular ache is the most frequently observed symptom with the rate of 
80% in early phases of the disease since most of them are originated from the spinal 
dorsal nerve roots. The paradoxical ache is characterized as increasing during rest 
and nights. This condition depends on the venous return difficulty developed while 
sleeping. The other paresthesia symptoms can accompany to this table. Moreover, the 
deep sensory losses can be also observed as a result of affecting the posterior column. 
The tumor growing in the intradural extramedullary distance leads to the long-tract 
findings by making the spinal cord pressure in advanced stages of the disease. The 
muscle strength losses—motor deficits—observed at the rate of 30% in the spinal 
neurofibroma cases mostly occur as a result of affecting the lateral and anterior 
columns by the tumor. The sphincter disorders developed depending on the involve-
ment of autonomous ways are observed at the rate of 25%. The other neurologic 
deficits can generally develop approximately 3–5 years later following the radicular 
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fibroma cases. The neck ache and suboccipital headache can be observed in the 
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can lead to the respiratory distress by making pressure to the air conduction ways. 
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intraabdominal growth. However, the intraabdominal tumor leads to the related 
organ dysfunction symptoms by making the displacement and pressure in the 
abdominal organs when it reaches the big or huge sizes. The ache spreading from 
the abdomen toward the lumbar region can be seen in the big tumors showing an 
extension to the retroperitoneal region [29, 30].
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There are variations that will have made a diagnosis in 50% of the cases in the 
direct graphies. The most frequently seen vertebra radiographies findings are pedicle 
erosion and scalloping in the vertebral corpus. The enlargement of the interpedicular 
distance and foramen can regularly and indirectly show a dumbbell tumor existence 
[27, 31]. It had been notified that the whole block was observed in 50% of the cases 
and 83% of the myelographic defects were intradural in the myelographic examination 
[27]. The most used important radiologic imaging method is MRI in order to detect 
the prevalence of disease, reveal the intraspinal and extraspinal components of spinal 
neurofibromas in details, evaluate the complications to be developed in the postop-
erative period, and detect the tumor recurrence in the cases with NF1. The spinal 
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neurofibromas give an isointense or hypointense appearance in the spinal T1-MRIs 
and give a hyperintense appearance in the spinal T2-MRIs [27, 31]. The extraspinal 
tumor component’s extensions to the lateral together with the dumbbell neurofibro-
ma’s specific appearances can be shown better by the spinal MRI. Moreover, imaging 
the dumbbell neurofibroma’s paravertebral extension and pressure by showing an 
extension to the adjacent organs by the MRI is quite important in planning the surgical 
approaches. The MR images of our one NF1 case with multiple dumbbell neurofibro-
mas (cervical, thoracic, and lumbar regions) are presented in Figure 1 [22].

3.5.1 Radiological alterations of the tumors’ growth

The spinal neurofibroma holds the contrast in a significant and homog-
enous way when its size is small [27, 31]. Especially, the cystic degeneration and 

Figure 1. 
Preoperative, T2-weighted MRI scan of the patient’s spinal axis, revealing multiple, massive, hyperintense 
lesions displaying heterogenous insignificant contrast enhancement in the paraspinal region. These lesions 
caused neural foraminal extension by filling all cervical and thoracic neural foramen; they were detectable 
(a) in the coronal plane in the cervical region, (b) in the coronal plane in the thoracic region, and (c) in the 
sagittal plane in the thoracic region. (d) View of the coronal plane in the lumbosacral region, showing intra-
abdominal dumbbell tumor formation due to multiple, massive, hyperintense lesions causing neural foraminal 
extension through filling of all neural foramen. The lesions were located paraspinally and showed heterogenous 
insignificant contrast enhancement. (e) Multiple, massive lesions causing scalloping at the posterior parts of the 
L3 and L4 sacral vertebrae and in the posterior parts of the sacral vertebrae were detected in the lumbosacral 
region of the sagittal plane. “This figure is presented with Copyright permission of the Turkish Neurosurgery 
(Turkish Neurosurgical Society) [22].”
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hemorrhage fields can be observed depending on the vascular thrombosis and 
necrosis developed as long as the tumor grows in the plexiform neurofibromas [32]. 
Therefore, the big dimensional neurofibromas especially present a heterogeneous 
appearance in the T1-weighted sequences due to the degenerative variations and 
pseudocystic fields [33]. Moreover, while the regions are observed as a hyperintense 
in the T2-weighted sequences since the myxoid degeneration is observed in it, 
the fields showing the collagenous fibrous tissue give a hypointense appearance. 
Similarly, the heterogeneous contrast involvement is observed in the big spinal 
neurofibromas [30].

4. Surgical treatment of the spinal neurofibromas

4.1 General surgical principles of the spinal and dumbbell neurofibromas

The neurofibromas consist of a mixture of the proliferous nerve sheath originat-
ing from the perineural fibroblasts. The neurofibromas extend to the fascicules 
by surrounding the axons. The surgical cleavage plan loss develops between the 
nerve fibers and tumor as a result of the fascicule’s complete involvement with 
the tumor in the neurofibroma cases. This condition constitutes a foundation of 
the difficulties in the spinal neurofibroma surgery. The axons surrounded by the 
tumor are generally taken together with the tumor during the surgery. However, the 
fascicules, in which the tumor shows an extension but is not completely held, can 
be most often separated by dissecting the tumor during the surgery, and thus, they 
can be protected [34, 35]. The MR images of our patient, in which the intraspinal 
tumor component of the cervical dumbbell neurofibroma was surgically removed, 
are presented in Figure 2 [22].

The aim in the spinal neurofibromas’ surgical treatments is to remove the tumor 
totally. The nerve root and nerve showing involvement by the tumor are required to 
be sufficiently exposed in the first stage of the surgery since the spinal neurofibromas 
are mostly originated from the nerve root. Then, these neural elements should be 
separated by the sensitive dissection from the tumor, and the total resection should 
be made to the tumor in the last stage of the surgery. But, nerve root can be sacrificed 
especially in the patients, in which neural elements’ dissection cannot be achieved.

The total removal of the single solitary neurofibroma surgically is relatively 
easier. But, the difficulties can be encountered in taking these tumors surgically 
since they are characterized by the multiple tumors in the plexiform neurofibromas, 
especially accompanying to the NF1. The postoperative neurologic deficit devel-
opment risk is much more according to the spinal schwannoma resections in the 
multiple spinal neurofibroma resections due to more than one nerve fiber involve-
ments. Therefore, the activities in the muscles innerved by the functional nerves 
should be followed up by using the intraoperative EMG monitorization in order to 
prevent the postoperative neurodeficit development. Moreover, these fascicules can 
be enlightened whether they are the motor function with the intraoperative electri-
cal stimulation applied to the fascicules by the tumor. The total tumor resection is 
rarely applied in the plexiform neurofibroma cases [36]. Therefore, removing the 
symptomatic tumors primarily is suggested in the multiple spinal neurofibroma 
cases accompanying to the NF1 [37]. For this purpose, the spinal axis regions, to 
which the surgical intervention will be applied, should be researched and revealed 
by both the detailed radiologic imaging methods to be made in the preoperative 
period and detailed neurophysiologic tests.

Sacrificing the nerve root will not cause an additional neurologic deficit for the 
patient since the nerve root is already nonfunctional due to the degeneration in the 
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neurofibromas give an isointense or hypointense appearance in the spinal T1-MRIs 
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Figure 1. 
Preoperative, T2-weighted MRI scan of the patient’s spinal axis, revealing multiple, massive, hyperintense 
lesions displaying heterogenous insignificant contrast enhancement in the paraspinal region. These lesions 
caused neural foraminal extension by filling all cervical and thoracic neural foramen; they were detectable 
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sagittal plane in the thoracic region. (d) View of the coronal plane in the lumbosacral region, showing intra-
abdominal dumbbell tumor formation due to multiple, massive, hyperintense lesions causing neural foraminal 
extension through filling of all neural foramen. The lesions were located paraspinally and showed heterogenous 
insignificant contrast enhancement. (e) Multiple, massive lesions causing scalloping at the posterior parts of the 
L3 and L4 sacral vertebrae and in the posterior parts of the sacral vertebrae were detected in the lumbosacral 
region of the sagittal plane. “This figure is presented with Copyright permission of the Turkish Neurosurgery 
(Turkish Neurosurgical Society) [22].”
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multiple neurofibroma cases accompanying to the NF1 and show a malign degen-
eration [37]. But, protecting the spinal radicular arteries progressing together with 
them while sacrificing the nerve root is quite important in order to avoid the spinal 
cord ischemia that will be preoperatively able to develop [38]. The nerve fibers’ 
large part is held by the tumor, especially in the big or giant dimensional dumbbell 
neurofibroma cases, and it is unfeasible to take these tumors without sacrificing the 
root. Consequently, the total resections of these big or huge dimensional dumb-
bell neurofibromas are surgically concluded by the serious neurologic deficits. 
Therefore, it should be contented with a partial resection of the tumor, in which the 
neural structures are protected as far as possible in these cases [27, 31, 37].  

Figure 2. 
Detection of massive, hyperintense lesion, located paraspinally and displaying heterogenous insignificant 
contrast enhancement that was causing significant spinal cord compression at the C4–C5 level by filling in 
the epidural distance. The lesion was visible in preoperative MRI scans of the patient’s cervicospinal area: (a) 
T2 sagittal sequence, (b) T2 axial sequence. After surgical intervention, removal of the lesions was confirmed 
in (c) a T2-weighted sagittal sequence and (d) a T2-weighted axial sequence. “This figure is presented with 
Copyright permission of the Turkish Neurosurgery (Turkish Neurosurgical Society) [22].”
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On the other hand, even the symptomatic spinal neurofibromas are surgically taken 
in the cases with NF1; the reoperations can be required in these cases as a result of 
becoming symptomatic by growing the localized asymptomatic spinal neurofibro-
mas in the other regions [27, 31].

4.2 Surgical approach review

4.2.1 Surgical approach of the cervical spinal neurofibromas

The spinal neurofibromas are generally tumors showing a concentric enlarge-
ment throughout the spinal nerve [1]. Especially, the spinal cord and nerve roots 
should be protected during the cervical dumbbell tumors’ surgical resections. 
Moreover, the vertebral artery is also required to be brought under control, espe-
cially during the surgery due to the cervical dumbbell tumors’ close relationship. 
The customized ideal surgical approach should be determined, and the tumor 
should be totally taken by taking the tumor size and spreading pattern into consid-
eration in order to decrease the recurrence rate to be developed due to the cervical 
dumbbell tumor’s insufficient resection. Moreover, the spinal instability risk to be 
developed should be preoperatively and/or intraoperatively taken into consider-
ation, and if needed, the cervical fusion should be made in the same session [1, 39].

The important difficulties are encountered in the cervical dumbbell tumors’ sur-
gical treatment due to the tumor’s close adjacency to the vertebral artery and sheath 
and the vertebral body’s involvement. Therefore, various surgical approaches had 
been defined in order to take these tumors surgically. McCormick had described 
a single-stage posterior approach for cervical dumbbell tumors. In this approach, 
a single segmented facetectomy and hemilaminectomy had been used. However, 
there are also limitations to the single-stage posterior approach. It had been notified 
between them that the extraspinal component’s extension to the tumor’s lateral was 
not required to be more and the component showing an extension to the lateral was 
required to be maximum 3 cm beginning from the dural sac margin [40]. But, the 
tumor is not totally taken by the single-stage posterior approach for the cervical 
dumbbell tumors exceeding these nerves.

A combined posteroanterior approach is totally required to take the tumors, of 
which extraspinal extension is big in this manner [41, 42]. The surgery duration is 
longer in this single-stage approach, and intraoperative hemorrhage is much more 
observed. The combined posteroanterior approach had been planned as two-stage 
by Mohd Ariff et al. in order to eliminate the excessive hemorrhage risk arising 
from the surgery duration’s length [43]. The cervical dumbbell tumor’s intraspinal 
component is firstly taken by the posterior approach in this approach. Then, by giv-
ing a length of time, it is gained time for the spinal cord edema’s resorption. In the 
second stage, the tumor’s extraspinal component is taken by the anterior approach 
[1]. Jiang et al. had notified the Peking University Third Hospital classification 
that facilitates the surgical approach planning according to the cervical dumbbell 
tumors’ localization and extension pattern based upon the preoperative MRI or CT 
images. This classification had been described in two stages. In the first stage of this 
classification, the regions, in which the tumor is localized, had been divided into 
five groups, and the regions, in which these tumors extended, had been divided 
into four groups. In the second stage, seven groups had been constituted according 
to the tumor localization’s combination and extension regions, and the suggested 
surgical approach patterns had been indicated for these seven groups [41]. In the 
course of time, the lateral approaches had become to be preferred much more by 
the neurosurgeons instead of the (single-stage or two-stage) combined (instead 
of postero-anterior approach) approaches because the lateral approaches provide 
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which extraspinal extension is big in this manner [41, 42]. The surgery duration is 
longer in this single-stage approach, and intraoperative hemorrhage is much more 
observed. The combined posteroanterior approach had been planned as two-stage 
by Mohd Ariff et al. in order to eliminate the excessive hemorrhage risk arising 
from the surgery duration’s length [43]. The cervical dumbbell tumor’s intraspinal 
component is firstly taken by the posterior approach in this approach. Then, by giv-
ing a length of time, it is gained time for the spinal cord edema’s resorption. In the 
second stage, the tumor’s extraspinal component is taken by the anterior approach 
[1]. Jiang et al. had notified the Peking University Third Hospital classification 
that facilitates the surgical approach planning according to the cervical dumbbell 
tumors’ localization and extension pattern based upon the preoperative MRI or CT 
images. This classification had been described in two stages. In the first stage of this 
classification, the regions, in which the tumor is localized, had been divided into 
five groups, and the regions, in which these tumors extended, had been divided 
into four groups. In the second stage, seven groups had been constituted according 
to the tumor localization’s combination and extension regions, and the suggested 
surgical approach patterns had been indicated for these seven groups [41]. In the 
course of time, the lateral approaches had become to be preferred much more by 
the neurosurgeons instead of the (single-stage or two-stage) combined (instead 
of postero-anterior approach) approaches because the lateral approaches provide 
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wider exposure to the spinal axis’ lateral, intervertebral foramen and extraforami-
nal regions in the single session [44].

The first lateral approach had been used by Verbiest in the cervical spondylosis 
surgery [45]. The various anterolateral approaches had been developed by modify-
ing this lateral approach in the course of time and had been especially used in the 
cervical tumors’ surgical treatments [45–47]. However, these declared anterolateral 
approaches are the approaches generally and technically containing a difficulty and 
bearing an injury risk in the adjacent nerves to the vertebral artery and tumor [42]. 
The transparaspinal approach had been described by Onesti in order to avoid these 
risk factors and take the paraspinal tumors totally without the necessity of anterior 
surgery. In this single-stage approach, the vertebra lateral is completely dominated 
by the combination of cutting the paraspinal muscles with a transverse incision 
together with the laminectomy. All of the paraspinal tumors localized in the verte-
bra lateral can be taken by this approach independently from the tumor size. It is a 
rapid approach that can be used throughout the whole spinal axis as an advantage 
of this approach. Its disadvantage is that it cannot be used in the dumbbell tumors 
making an anterior spinal cord pressure since the spinal cord anterior is not seen 
sufficient with this approach [42].

The extensive posterolateral exposure had been defined by Zhao in 2009 in order 
to totally take the cervical dumbbell tumors, of which huge extraforaminal compo-
nent is especially found. It had been notified by this approach that the total tumor 
resection was made in 16 cases with cervical dumbbell tumor. In this approach, 
the total lateral mass resection and laminectomy had been used. It had been noti-
fied by this approach that the tumors’ most lateral part could be reached by the 
posterolateral wide exposure. Moreover, it had been also notified by this approach 
that separating tumor from vertebral artery could be easily achieved and tumor 
component could be resected since it showed an extension to the lateral vertebral 
body [48, 49].

4.2.2 Surgical approach of the thoracic spinal neurofibromas

The thoracic dumbbell tumors are relatively rarely seen. Taking the thoracic 
dumbbell tumors surgically shows a difficulty since there are two pieces of extraspi-
nal and intraspinal tumor components connected through the foramen. Therefore, 
the various approaches had been defined in the course of time in order to take the 
thoracic dumbbell tumors. The size and position of the thoracic dumbbell tumors 
and extraspinal components are the most important factors in deciding the surgical 
approach [50, 51]. In the course of time, although there are various classifications 
developed by taking these criteria into consideration, nowadays, Eden’s classifica-
tion had been the most frequently preferred one by the neurosurgeons in deciding 
to the surgical approach [51].

The single-stage posterior approach is frequently preferred in order to take the 
dumbbell tumor’s intraspinal component in the cases having Eden type II and type 
III tumors according to this classification. The two-stage combined posteroanterior 
approach is frequently preferred in the cases having a centrally located tumor 
such as Eden type IV, of which the extraforaminal tumor component is big [51]. 
The single-stage posterior approach is frequently preferred in the cases, of which 
extraspinal component is small. The detailed information is obtained about the 
important peritumoral structures’ involvements with the tumor such as the arteries 
found in the adjacency of the tumor by making 3D-CT scanning in the preopera-
tive period. The patient is taken into surgery under the general anesthesia and in 
prone position. Then, records of SSEPs and MEPs of patient are monitored by 
neuromonitorization.
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The paraspinal muscles are subperiosteally dissected after a median vertical 
skin incision in the posterior. The intraspinal component including the tumor’s 
part in the foramen is revealed by making the total facetectomy following the 
total laminectomy. Then, the costotransverse joint, costa, and transverse process 
found in the affected side are revealed. The costotransversectomy is made and the 
tumor’s extraspinal component is reached. The dura is opened by the microsurgery 
method since the tumor’s intradural component is firstly required to be taken in the 
spinal neurofibroma surgery, and the tumor’s intradural component is observed. 
The tumor is firstly separated by the microdissection from the spinal cord and 
then from the nerve roots. But, the thoracic nerve roots that cannot be separated 
from the tumor due to the cohesiveness despite the dissection can be sacrificed in 
this stage of the surgery. Sacrificing the other thoracic nerve roots excluding the 
T1 nerve root, a part of the brachial plexus, is generally and functionally tolerated 
better. Nevertheless, when required, the intraoperative stimulation can be also used 
in this stage in order to evaluate whether the related nerve functions are protected. 
The tumor’s foraminal component is mostly taken by resecting the region together 
with the surrounding dura. In this stage, the radicular artery’s progression coming 
into existence from the descending aorta’s segmental intercostal branches by pass-
ing through the foramen toward the spinal cord should be paid attention to, and 
this artery should be protected in order to avoid the spinal cord damage [52–55].

The combined posteroanterior approach made by the laminectomy and thora-
cotomy had been described for total resection of the tumor, of which big extraspi-
nal component is found in the chest cavity. This is a two-stage approach, and the 
laminectomy and costotransversectomy are firstly made by a neurosurgeon with 
the posterior approach, and the tumor’s extraspinal part is taken. Then, the tumor’s 
extraspinal big component is taken by a thoracic surgeon by making the thora-
cotomy with the anterior approach. An arcuate arc incision is used. One piece of 
costa part, which is found between the costochondral junction and costotransverse 
joint, is taken by making it independent from the surrounding tissues. Next, the 
parietal pleura is opened in the costa bed, and the chest cavity is entered. The lung, 
which is found on the side in which the surgery is made, is damped with the help of 
a double-lumen endotracheal tube. The tumor’s big extraspinal component found 
in the chest cavity is taken after providing the sufficient view field [55, 56]. The 
remaining spinal cord’s dura defect is closed as waterproof by the duraplasty made 
with the help of dura graft after taking the thoracic dumbbell tumor and sacrificing 
all of the nerve roots affected. Then, the fibrin tissue adhesives are put on it, and the 
fatty tissue obtained from the subcutaneous tissue is located in this field.

In the course of time, the open thoracotomy gives its place to the thoraco-
scopic interventions that are more minimally invasive intervention depending on 
the developments in the endoscopy field. In 1999, it had been firstly notified that 
the thoracic dumbbell neurofibroma was taken by Citow et al. with the single-
stage combined laminectomy and thoracoscopy approach. It had been notified 
between the advantages of this approach that the potential morbidity observed 
in the thoracotomy was not observed in this approach and, moreover, the wide 
muscle dissection observed in the single-stage posterior approach was not needed 
in this approach, and consequently, the postoperative ache was less often [57]. 
In 2001, Konno et al. had notified that there were three dumbbell neurofibroma 
cases and two paraspinal neurofibroma cases that they similarly treated by the 
single-stage combined laminectomy and thoracoscopy approach. It had been 
also indicated that the extraforaminal component could be safely and success-
fully taken by the thoracoscopy and the instability risk following the unilateral 
laminectomy and medial facetectomy used in this approach was low, and conse-
quently, the fusion was not required. But, it had been notified as a disadvantage 
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wider exposure to the spinal axis’ lateral, intervertebral foramen and extraforami-
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with the help of dura graft after taking the thoracic dumbbell tumor and sacrificing 
all of the nerve roots affected. Then, the fibrin tissue adhesives are put on it, and the 
fatty tissue obtained from the subcutaneous tissue is located in this field.

In the course of time, the open thoracotomy gives its place to the thoraco-
scopic interventions that are more minimally invasive intervention depending on 
the developments in the endoscopy field. In 1999, it had been firstly notified that 
the thoracic dumbbell neurofibroma was taken by Citow et al. with the single-
stage combined laminectomy and thoracoscopy approach. It had been notified 
between the advantages of this approach that the potential morbidity observed 
in the thoracotomy was not observed in this approach and, moreover, the wide 
muscle dissection observed in the single-stage posterior approach was not needed 
in this approach, and consequently, the postoperative ache was less often [57]. 
In 2001, Konno et al. had notified that there were three dumbbell neurofibroma 
cases and two paraspinal neurofibroma cases that they similarly treated by the 
single-stage combined laminectomy and thoracoscopy approach. It had been 
also indicated that the extraforaminal component could be safely and success-
fully taken by the thoracoscopy and the instability risk following the unilateral 
laminectomy and medial facetectomy used in this approach was low, and conse-
quently, the fusion was not required. But, it had been notified as a disadvantage 
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of this approach that the chest tubes to be specially used in the postoperative 
period had many complication risks such as the postoperative ache, pulmonary 
infection, and pulmonary dysfunction [58].

The T1 nerve root is a part of the brachial plexus and progresses in the adja-
cency of subclavian artery and vertebral artery. It had been notified that the T1 
nerve root dumbbell tumors had a serious hemorrhage risk depending on these big 
artery injuries during surgically taking the tumor due to the cohesiveness to the big 
arteries such as subclavian artery and vertebral artery. Also, while sacrificing the 
other thoracic nerve roots except the T1 can be functionally tolerated due to the 
tumor cohesiveness, sacrificing the T1 root, a part of the brachial plexus, cannot be 
functionally tolerated. Therefore, it is especially required to protect the T1 nerve 
root in dumbbell tumor surgery. As specified above, a standard surgical approach 
had not been notified in the surgery of dumbbell tumors arising from the T1 nerve 
root having the different functional and anatomic features rather than the other 
thoracic nerves [59].

In the course of time, the video-assisted thoracic surgery (VATS), a minimal 
invasive intervention, had been described by the thoracic surgeons as a result of 
the developments in the video technology field. In 2015, the T1 nerve root dumb-
bell tumor had been safely taken by Ohya et al. for the first time with the posterior 
spinal surgical combination applied after the VATS. In this combined approach, the 
subclavian artery and vertebral arteries are firstly assured by the thoracic surgeons 
by making them independent from the T1 nerve root by using the VATS in the ante-
rior approach. Thus, the serious hemorrhages to be developed depending on these 
artery injuries will have been prevented during the posterior spinal surgery that 
will be subsequently applied. The tumor is taken by making the partial costotrans-
versectomy in the posterior spinal surgery. It had been indicated that 3D-CT was 
required to be used in the preoperative period in order to evaluate the tumor’s rela-
tionship with the structures in the adjacency of it in details in the cases, for which 
this combined approach was planned [59]. Moreover, in these cases, it had been also 
notified that the intraoperative stimulation and neuromonitorization were required 
to be used in order to evaluate whether the T1 nerve function was protected.

In 2018, comparative analyses of the single-stage posterior approach used in 
those having Eden type II and type III tumors and combined laminectomy and 
thoracoscopy used in those having Eden type IV tumor had been made in the cases 
having the thoracic dumbbell neurofibroma in a retrospective study declared by 
Li YW et al. In conclusion, it had been indicated that the thoracic dumbbell neu-
rofibromas could be effectively and safely taken by both the surgical approaches. 
However, it had been also notified that the single-stage posterior approach’s opera-
tive results were better than the combined laminectomy and thoracoscopy approach 
and the complications related to the approach pattern were less often observed [60].

4.2.3 Surgical approach of the lumbar spinal neurofibromas

The lumbar dumbbell neurofibromas show an extension to the abdomen cavity 
from the paraspinal muscles and retroperitoneal field and can wrap the surround-
ing of abdominal organs. These tumors symptomatically make pressure to the 
abdominal organs with the organ dysfunction findings when they reached the big 
or huge sizes since they usually show an intraabdominal asymptomatic growth 
[61, 62]. While the lumbar dumbbell tumors’ intraspinal part is taken by posterior 
approach, big dimensional extraspinal part is especially taken by the anterior 
approach [62, 63]. But, the common iliac vein laceration, renal pedicle avulsions, 
and massive hemorrhages had been notified by the single-stage anterior approach, 
in which the total resection of the dumbbell tumor’s intraspinal and extraspinal 
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components was planned [64, 65]. Therefore, the combined posteroanterior 
approaches had become a current issue, especially for the big or huge dimensional 
lumbar dumbbell tumors.

The lumbar dumbbell tumors’ extraspinal part can reach the big and huge sizes 
in the retroperitoneal field and intraabdominal region. Park et al. had used the 
“huge” term for the tumors, of which size exceeds 2.5 cm beginning from the extra-
spinal component’s dural margin [66]. On the contrary, many neurosurgeons had 
notified that using the “huge” tumor term would be more appropriate in the case 
where the tumor’s extraspinal component caused a pushing or pressure in the retro-
peritoneal and/or internal organs when they were shown by the radiologic examina-
tions [64]. The surgical approaches used in the conditions, in which the lumbar 
dumbbell tumors’ extraspinal component was big, had been notified in limited 
number in the literature, and not any guideline describing the surgical approaches 
to be selected according to the tumor’s localization and spreading patterns had been 
notified. The combined posteroanterior approach had been generally used in taking 
the big dumbbell tumors. In this approach, the tumor’s intraspinal component had 
been firstly taken by the posterior approach. Then, the anterior approach had been 
made together with a general surgeon or urologist included in the surgery, and the 
retroperitoneal and/or intraabdominal components, by which the tumor showed 
an extraspinal extension, had been taken [67, 68]. There are disadvantages such as 
being long of the operation duration and being more of the intraoperative hemor-
rhage amount in the single-stage combined posteroanterior approaches.

Therefore, the single-stage extensive posterior approach, a posterolateral approach 
pattern, had been developed in the lumbar dumbbell tumors, of which extraspinal 
component was especially big like in the surgery of cervical and thoracic dumbbell 
tumors instead of the combined posteroanterior approach. In this approach, a midline 
skin incision is made like in posterior approach. But, unilateral muscle dissection is 
made until the transverse process lateral differently from the posterior approach. Then, 
a wide visual angle is obtained toward the retroperitoneal field from the lateral by 
making two transverse process resections. In the cases where the visual angle is insuffi-
cient despite the transverse process resection, the paraspinal muscles are longitudinally 
cut by making a second subcutaneous incision in the lateral, and thus, the paraspinal 
approach is carried out. After revealing the tumor’s extraspinal component in this 
manner, the intraspinal component is also revealed by making the unilateral lami-
nectomy and facetectomy in the second stage. The tumor’s intraspinal component is 
firstly taken following the stages specified in the combined posteroanterior approach. 
Then, the cohesiveness of the tumor’s extraspinal component with the retroperitoneal 
and intraabdominal organs is tried to be separated as far as possible by making a blunt 
dissection, and the extraspinal component is taken by resecting gross totally and/or 
totally. Sometimes, the debulking can be applied in order to minimize the tumor size in 
the lumbar dumbbell tumors having a huge extraspinal component [64].

4.3  Management of the postoperative complications in the spinal  
neurofibroma

4.3.1 Spinal deformity and instability

It had been notified that the cervical instability developed in 20% of the cases 
as a result of the posterior surgical approaches applied in the cervical spinal neu-
rofibromas. Moreover, it had been also notified that scoliosis or kyphoscoliosis 
developed at the rate of 50% when the fusion is not made in the cases, in which the 
facetectomy is applied and cervical instability is observed. Therefore, the fusion 
surgery should be added in the intraoperative period, or the fusion should be made 
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of this approach that the chest tubes to be specially used in the postoperative 
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rior approach. Thus, the serious hemorrhages to be developed depending on these 
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will be subsequently applied. The tumor is taken by making the partial costotrans-
versectomy in the posterior spinal surgery. It had been indicated that 3D-CT was 
required to be used in the preoperative period in order to evaluate the tumor’s rela-
tionship with the structures in the adjacency of it in details in the cases, for which 
this combined approach was planned [59]. Moreover, in these cases, it had been also 
notified that the intraoperative stimulation and neuromonitorization were required 
to be used in order to evaluate whether the T1 nerve function was protected.

In 2018, comparative analyses of the single-stage posterior approach used in 
those having Eden type II and type III tumors and combined laminectomy and 
thoracoscopy used in those having Eden type IV tumor had been made in the cases 
having the thoracic dumbbell neurofibroma in a retrospective study declared by 
Li YW et al. In conclusion, it had been indicated that the thoracic dumbbell neu-
rofibromas could be effectively and safely taken by both the surgical approaches. 
However, it had been also notified that the single-stage posterior approach’s opera-
tive results were better than the combined laminectomy and thoracoscopy approach 
and the complications related to the approach pattern were less often observed [60].
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from the paraspinal muscles and retroperitoneal field and can wrap the surround-
ing of abdominal organs. These tumors symptomatically make pressure to the 
abdominal organs with the organ dysfunction findings when they reached the big 
or huge sizes since they usually show an intraabdominal asymptomatic growth 
[61, 62]. While the lumbar dumbbell tumors’ intraspinal part is taken by posterior 
approach, big dimensional extraspinal part is especially taken by the anterior 
approach [62, 63]. But, the common iliac vein laceration, renal pedicle avulsions, 
and massive hemorrhages had been notified by the single-stage anterior approach, 
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components was planned [64, 65]. Therefore, the combined posteroanterior 
approaches had become a current issue, especially for the big or huge dimensional 
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The lumbar dumbbell tumors’ extraspinal part can reach the big and huge sizes 
in the retroperitoneal field and intraabdominal region. Park et al. had used the 
“huge” term for the tumors, of which size exceeds 2.5 cm beginning from the extra-
spinal component’s dural margin [66]. On the contrary, many neurosurgeons had 
notified that using the “huge” tumor term would be more appropriate in the case 
where the tumor’s extraspinal component caused a pushing or pressure in the retro-
peritoneal and/or internal organs when they were shown by the radiologic examina-
tions [64]. The surgical approaches used in the conditions, in which the lumbar 
dumbbell tumors’ extraspinal component was big, had been notified in limited 
number in the literature, and not any guideline describing the surgical approaches 
to be selected according to the tumor’s localization and spreading patterns had been 
notified. The combined posteroanterior approach had been generally used in taking 
the big dumbbell tumors. In this approach, the tumor’s intraspinal component had 
been firstly taken by the posterior approach. Then, the anterior approach had been 
made together with a general surgeon or urologist included in the surgery, and the 
retroperitoneal and/or intraabdominal components, by which the tumor showed 
an extraspinal extension, had been taken [67, 68]. There are disadvantages such as 
being long of the operation duration and being more of the intraoperative hemor-
rhage amount in the single-stage combined posteroanterior approaches.

Therefore, the single-stage extensive posterior approach, a posterolateral approach 
pattern, had been developed in the lumbar dumbbell tumors, of which extraspinal 
component was especially big like in the surgery of cervical and thoracic dumbbell 
tumors instead of the combined posteroanterior approach. In this approach, a midline 
skin incision is made like in posterior approach. But, unilateral muscle dissection is 
made until the transverse process lateral differently from the posterior approach. Then, 
a wide visual angle is obtained toward the retroperitoneal field from the lateral by 
making two transverse process resections. In the cases where the visual angle is insuffi-
cient despite the transverse process resection, the paraspinal muscles are longitudinally 
cut by making a second subcutaneous incision in the lateral, and thus, the paraspinal 
approach is carried out. After revealing the tumor’s extraspinal component in this 
manner, the intraspinal component is also revealed by making the unilateral lami-
nectomy and facetectomy in the second stage. The tumor’s intraspinal component is 
firstly taken following the stages specified in the combined posteroanterior approach. 
Then, the cohesiveness of the tumor’s extraspinal component with the retroperitoneal 
and intraabdominal organs is tried to be separated as far as possible by making a blunt 
dissection, and the extraspinal component is taken by resecting gross totally and/or 
totally. Sometimes, the debulking can be applied in order to minimize the tumor size in 
the lumbar dumbbell tumors having a huge extraspinal component [64].

4.3  Management of the postoperative complications in the spinal  
neurofibroma

4.3.1 Spinal deformity and instability

It had been notified that the cervical instability developed in 20% of the cases 
as a result of the posterior surgical approaches applied in the cervical spinal neu-
rofibromas. Moreover, it had been also notified that scoliosis or kyphoscoliosis 
developed at the rate of 50% when the fusion is not made in the cases, in which the 
facetectomy is applied and cervical instability is observed. Therefore, the fusion 
surgery should be added in the intraoperative period, or the fusion should be made 
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in the essential cases by making a close radiologic follow-up to the patients in the 
postoperative period in order to prevent the cervical instability to be developed 
after the posterior approach surgeries [41]. The thoracic instability development 
risk is quite low even in the combined posteroanterior approaches, in which the 
total facetectomy and costotransversectomy are made in the thoracic spinal neuro-
fibroma cases. Generally, the fusion is not needed. The principal factor preventing 
the instability in the thoracic region is originated from a more stable nature of  
the thoracic spinal axis compared to the cervical and lumbar regions [50, 69].  
But, the transpedicular stabilization can be made by putting a pedicle screw fol-
lowing the reconstruction made by putting a cage or bone strut to the defective 
field when the vertebra destruction developed as a result of the tumor pressure 
in the adjacency of vertebra body observed in the thoracic paravertebral neurofi-
broma cases showing an extension to the lateral [64]. The fusion with the similar 
instrumentation is planned since the postoperative instability development risk is 
high due to the thoracic vertebra scalloping lesions accompanying to the NF1 [70]. 
Similarly, making the stabilization with the reconstruction and instrumentation is 
suggested in over half of the vertebral body in the lumbar spinal neurofibroma cases 
when the destruction is developed by the tumor [64, 71, 72]. Moreover, the lamina 
reconstruction is added to the surgical approaches by using an autologous iliac crest 
bone or allograft in order to prevent the postlaminectomy kyphotic deformity to be 
developed in the cases, which are the common point of thoracic and lumbar surgi-
cal approaches, and to which more than one laminectomy is specially made [73]. 
In conclusion, the spinal instability risks to be developed should be preoperatively 
and/or intraoperatively evaluated in the spinal neurofibroma cases, and if needed, 
making the cervical fusion in the same session will be more appropriate [1, 39].

4.3.2 Recurrence of the tumor

The recurrence rate is quite less for those, for which the total tumor resection is 
made in the spinal neurofibroma cases. The 5-year and 10–15-year recurrence rates 
had been notified as 10.7 and 28.2%, respectively, in the localized nerve sheath tumors 
within the cervical region accompanying the NF1 [39]. It had been also notified by 
Levy et al. that the recurrence was observed 3 years later in only 1 case of 66 paraspi-
nal neurofibroma cases operated by them [37]. Fifteen patients, to whom the thoracic 
neurofibroma resection was made by using the single-stage posterior approach with 
the costotransversectomy, had been followed up for at least 5–10 years, and it had 
been notified that no recurrence was observed in these cases [53]. Taking the tumor 
totally has difficulties although the surgical approaches are described in these spinal 
neurofibroma cases, in which the surgical cleavage plane was lost between nerve 
fibers and tumor. Moreover, their close relationships with the adjacent important vas-
cular and visceral organs especially affect the dumbbell neurofibromas’ total resec-
tions in a negative way [1, 34, 35, 39]. Therefore, the tumors’ relationships with the 
peritumoral structures such as the vertebra, costa, and arteries should be researched 
in details by the MRI and 3D-CT images that will be made in the preoperative period 
for the spinal neurofibroma cases in order to prevent tumor recurrence, and the 
appropriate surgical approach should be selected [54]. Although the protection of the 
held nerve roots is always given precedence, sometimes, the total resection cannot be 
achieved. Therefore, especially insufficient tumor resections are the most important 
factor causing the increase in the tumor recurrence. Moreover, it had been notified 
that the tumor recurrence was generally asymptomatic in the cases accompanying to 
the NF1. The most important factor in deciding to the surgery in the recurrence cases 
is whether the patients are symptomatic or not. The surgical tumor resection should 
be planned in the symptomatic cases [1, 34, 35, 39].

95

Surgical Principles for Spinal and Paraspinal Neurofibromas
DOI: http://dx.doi.org/10.5772/intechopen.85760

4.3.3 Protection of the nerve roots and fascicules

The fascicules, to which the tumors show an extension but in which they are not 
completely held in the spinal neurofibroma surgery, can be most often separated and 
protected by dissecting the tumor during the surgery [34, 35]. However, the nerve 
roots’ protection problems increase, and the nerve root can be sacrificed in the cases, 
in which dumbbell tumor formation is especially observed. In the literature, in the 
cases of cervical dumbbell neurofibromas operated with combined posteroanterior 
approach, the rate of protection of the nerve root has been reported as 18% [44]. 
Sacrificing the T1 nerve root participated in the brachial plexus together with the 
cervical and lumbar spinal roots cannot be functionally tolerated better for the 
patients in the surgery and causes the neurodeficits at the different levels. However, 
sacrificing the thoracic nerve roots is generally tolerated better in the patients. 
Therefore, the intraoperative stimulation and neuromonitorization are required to 
be used in order to detect the functional fascicules during the surgery in the neurofi-
broma cases, especially arising from the cervical, lumbar, and T1 nerve root [44, 74].

4.3.4 Techniques of the artery protection

The tumor’s extraspinal component can show a close adjacency with the verte-
bral artery in the cervical dumbbell neurofibromas. The vertebral artery is generally 
pushed toward the anteromedial due to the tumor’s extraspinal component. There 
is mostly a thin periosteum layer and perivertebral venous plexus layer between 
the tumor and vertebral artery. If the dissection is made from this surgical cleavage 
region, the ischemic injury probability is much more limited [75, 76]. Adamkiewicz 
artery should be specially paid attention for not being injured in order to protect 
it from the serious spinal cord ischemia in the inferior thoracic surgery and upper 
lumbar region dumbbell neurofibroma cases. Therefore, the enucleation should be 
made, and the aorta’s segmental arteries should be protected in order to minimize 
the tumor size, especially in the resections of the dumbbell tumors’ foraminal and 
extraforaminal components [64, 77].

4.3.5 Cerebrospinal fluid leakage and intralodge hemorrhage

The incision on the nerve root is taken forward by making a dural incision 
toward the medial during the dumbbell neurofibroma surgery. Following sacrific-
ing the tumor resection and nerve root, the dura defect is closed to the interver-
tebral foramen by filling the fibrin tissue adhesive and fat. In this approach, the 
lateral mass fixation is used by mostly using the lateral mass instrumentation. 
The cerebrospinal fluid leakage can be observed in the cases, in which the dural 
defect cannot be successfully made. Moreover, the hemorrhage, hemothorax, 
and/or intraabdominal hemorrhage can be observed depending on the surgery’s 
duration length, especially in the combined posteroanterior approaches. One 
piece of a hemorrhagic drain inside of the lodge in the posterior and one piece of 
an intraabdominal drain in the anterior should be placed at the end of surgery in 
order to prevent these complications to be developed in the postoperative period 
[50, 52, 58, 59, 64, 69].

5. Prognosis of the spinal neurofibromas

The patients’ lifetimes are quite long depending on the tumor’s benign nature 
in the spinal neurofibroma. The most important factor affecting the prognosis in 
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Levy et al. that the recurrence was observed 3 years later in only 1 case of 66 paraspi-
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totally has difficulties although the surgical approaches are described in these spinal 
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the spinal neurofibroma cases is tumor’s surgical resection pattern. The prognosis 
is exceptionally good in the cases, in which the total resection is made. The ache 
complaint is completely recovered in 80% of the cases after the total resection, and 
the whole remission is provided in 60% of the cases. The tumor recurrence is quite 
rarely observed in the cases, in which the total resection is made. It had been noti-
fied that the recurrence was observed 3 years later on only 1 case of 66 paraspinal 
neurofibroma cases operated by Levy et al. [37, 40]. Another factor affecting the 
prognosis is the functional nerve roots’ protection during the surgery. In this point, 
the tumor’s localization comes into prominence much more. The thoracic spinal 
neurofibroma cases’ prognosis is better since it is functionally tolerated in most 
cases by sacrificing the thoracic nerve root [75]. Another prognostic factor is the 
spinal instability developed depending on the vertebral deformities. Causing the 
destruction by the tumor’s extraspinal component in the intervertebral foramen 
and the vertebral body lateral leads to spinal instability, especially in the dumbbell 
neurofibroma cases. Moreover, the total laminectomy, total facetectomy, costo-
transversectomy, and multiple costa resections made depending on the surgical 
approach pattern can also lead to spinal instability. The vertebral scalloping lesions 
observed in patients with NF1 independent from the spinal neurofibroma also 
cause spinal instability [53, 77]. Making the fusion surgery with the intraoperative 
instrumentation will positively affect the prognosis in these tables. Therefore, the 
customized surgical approach should be planned depending on the tumor’s localiza-
tion and extension pattern in the cases with spinal neurofibroma.

6. Conclusion

In conclusion, a customized ideal surgical approach should be determined, and 
the tumor should be totally taken by taking the tumor’s size and spreading pattern 
into consideration in order to decrease the recurrence rate to be developed due to 
the tumor’s insufficient resection in the spinal neurofibroma cases. The surgical 
tumor resection should be carried out in company with the intraoperative stimula-
tion and neuromonitorization. Moreover, if possible, the reconstruction and fusion 
surgery with instrumentation should be also made in the same session in the cases 
having a spinal instability risk to be developed.
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Chapter 7

The Role of Radiotherapy in the 
Treatment of Primary Central 
Nervous System Lymphomas
Meral Kurt, Candan Demiröz Abakay and Ali Altay

Abstract

Primary central nervous system (PCNS) lymphomas are rare disease entities, 
though the incidence is increasing due to various immunosuppressive situations. 
The brain, eyes, and the spinal cord could be affected without any systemic dis-
ease involvement. Untreated PCNS lymphoma has been a rapidly fatal course. 
However, combined modality treatments have positive impact on overall survival. 
Pretreatment plan is formed by evaluating the treatment options to be used, disease 
involvement, and individual comorbidity. The PCNS lymphomas are known to be 
very sensitive to irradiation and chemotherapy treatments. The treatment plan is also 
generated according to the neurological condition and functional status of patients. 
The mainstay of induction therapy has been high dose methotrexate administration 
for most patients. The addition of radiotherapy as a consolidation treatment increases 
progression-free survival. The use of reduced irradiation dose and different frac-
tionation schemes has been investigated in different studies to avoid the increased 
toxicity of high-dose whole-brain radiotherapy. High-dose chemotherapy, autologous 
hematopoietic cell transplantation, and whole-brain radiotherapy are alternative 
applications in patients with insufficient response to induction therapy. Stereotactic 
radiotherapy is another option in case of relapsed or refractory disease. Age and 
performance are also important indicators of survival and tumor progression.

Keywords: primary central nervous system lymphoma, radiotherapy,  
new techniques

1. Introduction

Primary central nervous system lymphomas (PCNSLs) are rare disease entities. 
The brain, eyes, and the spinal cord could be affected without any systemic disease 
involvement [1]. PCNSL is an uncommon subtype of extranodal non-Hodgkin 
lymphoma that accounts for ≈ 3–4% of newly diagnosed central nervous system 
tumors [2]. The overall incidence rate of PCNSL is 0.47 per 100.000 person-years. 
Its incidence has increased during the last 3 decades and has been reported in both 
immunocompromised and immunocompetent patients. Immunocompromised 
patients are affected at a younger age compared with immunocompetent patients. 
The incidence is significantly higher in males compared with females.

The most significant increase in the incidence rates for PCNSLs over time 
has occurred in the oldest adults (aged 75+ years) [3]. There is an increase in 
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incidence of PCNSLs in the elderly, and survival remains poor and is negatively 
dominated by factors associated with HIV infection and advanced age. Such 
changes were largely driven by PCNSL cases in men between the ages of 20 and 
64 years [4]. There has been an overall decline in incidence of PCNSL from 1998 
to 2008. Thus the trend has been attributed in large part to changes in HIV/AIDS 
incidence and management over the same time period. In contrast, the incidence 
rates continued to increase in women at all ages and men aged 65 and older 
(Figure 1).

In immunocompetent individuals, they occur at a median age of about 55 years 
[5]. The incidence of this tumor in immunocompetent individuals has risen three-
fold during the last decades from 0.027 to 0.075; 100.000 person. Immunodeficient 
individuals, especially patients with AIDS, transplant recipients, and patients with 
congenital immunodeficiencies are at increased risk of developing PCNSLs. In 
patients with such severe immunodeficiencies, survival is heavily influenced by the 
underlying disease [6]. Autoimmune diseases that predispose to lymphoma include 
rheumatoid arthritis, systemic lupus erythematosus, Sjögren syndrome, myasthe-
nia gravis, sarcoidosis, and vasculitis [6].

Presenting symptoms and signs vary, depending on the tumor location. 
Periventricular lesions and related symptoms are common in patients with primary 
cerebral lymphoma. The majority of the lesions are located in the periventricular 
area, whereas in a few, they are located in the supratentorial area. In about 60% 
of cases, PCNSLs originate from periventricular areas such as the thalamus, the 
basal ganglia, and the corpus callosum, which are followed by the frontal lobe, 
parietal lobe, temporal lobe, and occipital lobe (20, 18, 15, and 4%, respectively). 
Immunocompetent patients tend to present predominantly with solitary lesions in 
70% of cases, compared with 50% in AIDS patients [1].

2. Pathogenesis

The central nervous system normally lacks lymphoid aggregates. The cellular 
and molecular events leading to neoplastic lymphocytic infiltration of the central 
nervous system are seen in PCNSLs [7].

Figure 1. 
The incidence rates of PCNSLs by gender from 1973 to 2007 [4].
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Primary lymphoma of the central nervous system (CNS) is defined as diffuse 
large B cell lymphoma confined to the central nervous system. Morphology does 
not distinguish between PCNSLs and extra-cerebral DLBCL [7]. While most cases 
of PCNSLs are composed of aggressive lymphoma subtypes, a small number of 
patients show indolent CNS lymphomas. The median growth fraction is 4% [8]. 
Three major issues need to be addressed to understand the nature of PCNSLs and 
develop specific therapeutic regimens (Figure 2):

1. The histogenetic origin of the tumor cells.

2. The transforming events.

3. The role of the microenvironment of the CNS.

The underlying molecular pathogenesis of PCNSL has yet to be elucidated.
Because of the fact that PCNSL is closely associated with EBV infection in 

immunocompromised individuals, involving mechanisms in PCNSL development 
are directed toward the immunologic reactions against EBV infection. On the other 
hand, the EBV infected B cells are controlled by T cells in nonimmunocompromised 
individuals. Therefore, a decline in T cells leads to the proliferation and dissemination 
of abnormal B cells in immunodeficiency states [6]. In addition, occasionally, patients 
with EBV DNA in spinal fluid have PCNSL. But EBV DNA is often found together 
with other microbial findings in CSF of immunocompromised patients [9]. PCNSL 
may be a consequence of EBV-mediated clonal expansion and malignant transforma-
tion of B-lymphocytes, a process that may be regulated by immune mechanisms [10].

3. Clinical presentation

The location of the lymphoma in the CNS determines the clinical presentation. 
Presenting symptoms and signs vary, depending on the site of involvement PCNSL 
can manifest in the brain, its coverings, spinal cord, and the eye. Distinct clinico-
pathologic entities have been described. In a large series with immunocompetent 

Figure 2. 
Model of pathogenesis for PCNSLs. Schematic presentations of several pathways involved in the pathogenesis 
of PCNSLs, SHM, somatic hypermutation; ASHM, aberrant somatic hypermutation; and CSR, class switch 
recombination [7].
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patients with PCNSL, focal neurologic deficits were found to be the most common 
sign that was seen in 70% of patients. Other important complaints include neuro-
psychiatric symptoms, the signs of raised intracranial pressure such as headache, 
nausea, and vomiting, followed by seizures and ocular symptoms [1]. Presenting 
symptoms may include headaches, blurred vision, motor difficulties, and personality 
changes. Personality changes are most often associated with lesions of the frontal 
lobes, periventricular white matter, or corpus callosum. Visual hallucinations may 
result from infiltration of visual pathways or the brainstem or may result from ocular 
or leptomeningeal involvement. This may result in delayed diagnosis that usually 
prompts neurologic evaluation. Cranial neuropathies can occur as a result of either 
meningeal involvement, infiltration of the brainstem, or invasion of isolated cranial 
nerves or their roots. Headache, especially late, in the course of the disease, involving 
the leptomeninges may be indicative of increased intracranial pressure.

In primary leptomeningeal lymphoma, up to 40% of patients with cerebral 
PCNSL may have evidence of meningeal involvement at the time of diagnosis based 
on analysis and imaging. The frequency of meningeal dissemination (MD) in pri-
mary CNS lymphoma, its prognostic impact, and optimal management have yet to 
be defined. But involvement of the leptomeninges by high risk systemic lymphoma 
is also a common relapse pattern. On the other hand, primary leptomeningeal 
lymphoma without synchronous cerebral/spine or systemic disease is very rare, 
making up less than 10% of all cases of PCNSLs. MD was concluded in the case of 
cytological detection of lymphoma cells, or light-chain restricted B cell population 
demonstrated by immunocytology or flow cytometry, or existence of a dominant 
amplicon in PCR analysis, or clear evidence of MD on MRI [11].

Major patient’s characteristics and therapy did not significantly differ between 
patients with MD versus those without MD [12]. Progression-free survival (PFS) 
and overall survival (OS) were not significantly different in patients with MD 
versus without MD. Median OS, of MD+ and MD- patients, was 21.5 months versus 
24.9 months (p = 0.98) [12]. Primary leptomeningeal lymphoma is a rare form of 
primary CNS lymphoma. Patients usually present with multifocal symptoms, with 
evidence of leptomeningeal enhancement and diagnostic CSF analysis. Presenting 
symptoms are multifocal in 68%. The most common presenting signs are cranial 
neuropathies 58%, especially of eye movements and with cranial nerve VI palsy 
31%, presented with headache 44%. In another study, leptomeningeal enhance-
ment was seen in 74% and the CSF profile was abnormal in all cases. CSF cytology 
detected malignant lymphocyte in 67% [13].

The third process neurolymphomatosis (NL) is a rare clinical entity character-
ized by infiltration of peripheral nerves, nerve roots, plexus, or cranial nerves by 
malignant lymphocytes. Symptoms include loss of sensation or motor function, 
for example, weakness of the extremities [14]. These patients showed lymphoma-
tous cell invasion that was more prominent in the proximal portion of the nerve 
trunk and induced demyelination without macrophage invasion and subsequent 
axonal degeneration in the portion distal from the demyelination site [14]. NL is 
poorly localized severe pain in the absence of parenchymal lesions of the brain or 
spinal cord or obvious lymphoma in the CSF. The process frequently spares the 
meninges.

The International PCNSL Collaborative Group retrospectively analyzed 50 
patients assembled from 12 centers in 5 countries over a 16-year period. NL was 
related to NHL in 90%. It occurred as the initial manifestation of malignancy in 26% 
cases. The affected neural structures included peripheral nerves 60%, spinal nerve 
roots 48%, cranial nerves 46%, and plexus 40% with multiple site involvement 58%. 
CSF cytology was positive in 40% and nerve biopsy confirmed the diagnosis in 88%. 
Thus, instead of insufficient CSF cytology studies, could be nerve biopsy [15].
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4. Evaluation

The baseline evaluation of any newly diagnosed patient with PCNSL should 
include a comprehensive physical and neurologic examination. Age and perfor-
mance status are the two most widely documented prognostic variables and must be 
recorded in every patient. Evaluation of cognitive function is important at baseline, 
and follow-up assessments are critical both to determine the benefit of therapy as 
well as monitor for treatment-related neurocognitive decline.

4.1 Examination of disease extension

Before the initiation of therapy, a careful examination for the disease extension 
has to be carried out, in order to perform optimal treatment modality. The evalua-
tion processes of patients suspected of having PCNSL should include:

• Optimal imaging of the brain parenchyma requires a gadolinium enhanced MRI 
scan. Contrast enhanced CT scans may be substituted in patients in whom MRI is 
medically contraindicated (e.g., cardiac pacemaker) or unavailable. Involvement 
of the spinal cord parenchyma is sufficiently rare that gadolinium enhanced MRI 
of the total spine is warranted only in patients with spinal symptoms.

• All patients should have a lumbar puncture for CSF cytology unless medically 
contraindicated due to elevated intracranial pressure. CSF should be sampled 
before or 1 week after surgical biopsy to avoid false positive results. CSF 
protein levels should only be assessed on lumbar puncture samples because 
ventricular CSF has a lower normal value. Additional CSF studies that may 
be helpful include cell count, beta-2 microglobulin, immunoglobulin H gene 
rearrangement, and flow cytometry.

• A detailed ophthalmologic examination, including dilated fundus examina-
tion, should be done to exclude vitreous, retinal, or optic nerve involvement. 
Fluorescein angiography may be helpful to confirm lymphomatous involve-
ment of the retina.

• Testicular ultrasound may be considered in older men to exclude an occult 
testicular lymphoma metastatic to brain.

Complete systemic staging is warranted in every patient. CT scan of the chest, 
abdomen, and pelvis and bone morrow biopsy with aspirate are the recommended 
staging procedures. Body positron emission tomography imaging may be incorpo-
rated into the evaluation of systemic disease.

The diagnostic procedure of choice for PCNSL is a stereotactic needle biopsy 
because patients derive no clinical benefit from surgical resection, and deep seated 
nature of most lesions increases the risk of surgical complications. Histopathological 
diagnosis is strongly needed, because of the fact that some intracranial processes, 
such as multiple sclerosis, sarcoidosis, and occasional gliomas may mimic similar 
appearance and treatment response to corticosteroids [16]. In general, the use of 
corticosteroids prior to biopsy should be avoided, as these agents are lymphocyto-
toxic; a single injection is known to alter proper histopathological evaluation, and a 
short course of treatment may cause the tumor to disappear temporarily [17].

Whenever possible, the tumor should be characterized by immunophenotyping. 
Characterizing the basic molecular and genetic abnormalities of PCNSL will foster the 
future development and application of target specific therapies in this disease [16].
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5. Radiographic features

Contrast-enhanced MRI of the brain is the preferred imaging modality. The radio-
graphic lesion tends to be solitary nonhemorrhagic mass, situated in the deep white 
matter adjacent to the ventricular surface. The borders are sharply circumscribed 
and supratentorial location in the majority of lesions 87%, but may be ill defined in 
15% [1, 18]. Mass effect and tumor edema are seen in over half of the cases. Contrast 
enhancement is encountered in all lesions but ring enhancement is uncommon [18]. 
Lesions appear isodense to hyperdense on CT images and isointense to hypointense 
on T2-weighted MRI images and enhance homogeneously after contrast administra-
tion. Diffusion weighted MRI images, sensitive to the intracellular water of masses of 
lymphoma cells, are frequently abnormal. The role of positron emission tomography 
scans in diagnosis is unclear. In a study, baseline PET imaging demonstrated hyper-
metabolism consistent with aggressive lymphoma in 75% of patients [19]. PET scans 
can be used to distinguish glucose-absorbing neoplastic lesions from areas of radiation 
necrosis, infection, or inflammation, which may also enhance on conventional CT/
MRI [20]. Prompt initiation of therapy is important in patients with PCNSL. Intensive 
chemotherapy and immunotherapy in patients with PCNSL in study, treatment delay 
was the most important clinical variable associated with decreased survival, and its 
independent from baseline performance status or risk score [21].

6. Treatment of PCNSL

PCNSL tends to be highly sensitive to both radiation and selected chemothera-
peutic agents, which distinguishes it from most other malignant primary brain 
neoplasms. Surgery has a limited, mainly diagnostic role. Neurologic deficits and 
decreased functional status related to the tumor tend to improve rapidly with 
successful therapy, such as chemotherapy or radiation therapy. The disease can be 
exquisitely sensitive to glucocorticoids as well and patients will allow functional 
status particularly if they show an early response to steroids. Methotrexate (MTX), 
given at sufficiently high dose to penetrate the CNS, is the most active single agent 
against PCNSL identified. High dose intravenous MTX should therefore be the back-
bone of induction therapy in most patients. The goal of induction chemotherapy is 
a radiographic complete response, which can be achieved in over half of the patients 
with MTX-based therapy and is generally associated with superior outcomes. Most 
patients, even those in complete response do not achieve long-term disease control 
or survival with induction chemotherapy alone. The optimal consolidation therapy 
has not been established, however, and all strategies have the potential for increased 
toxicity. The three main consolidation approaches being explored include high dose 
chemotherapy with autologous hematopoietic cell transplant rescue, nonmyeloabla-
tive chemotherapy, and whole brain radiation therapy (WBRT).

High dose MTX-based chemotherapy is a standard component of initial therapy 
for PCNSL. The available data suggest that chemotherapy regimens that include 
high-dose systemic MTX are more effective against PCNSL than other regimens. 
WBRT may improve outcome, but is associated with increased risk for neurological 
side-effects in elderly patients [22]. The optimal high-dose MTX-based regimen for 
PCNSL is unknown, and there is variation in clinical practice. Most patients with 
a good performance status suggest using MTX-based combination regimen rather 
than MTX alone. Examples of reasonable regimens include MTX plus cytarabine, or 
temozolomide, or procarbazine, or vincristine. Rituximab is included in all regi-
mens, except in rare cases of CD 20 negative or T cell PCNSL. The goal of induction 
therapy is to achieve a complete radiographic response before proceeding with 
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consolidation therapy in eligible patients. Complete response is achieved in approxi-
mately 30 to 60% patients with high-dose MTX-based induction therapy. While 
high-dose MTX-based induction chemotherapy prolongs survival over WBRT 
alone, at least half of the patients with PCNSL who achieve a complete response will 
relapse within 5 years. This late relapse results from residual systemic malignant 
cell. WBRT remains an alternative consolidation approach in younger patients, 
particularly those with contraindications, which has been shown to improve PFS 
compared with induction chemotherapy alone. The consolidation approach in older 
adults, who are at increased risk for both relapse and toxicities of high dose chemo-
therapy and radiation, is unknown.

6.1 Radiation therapy

PCNSL is extremely sensitive to radiation therapy, but its use in the initial treat-
ment of PCNSL has waned overtime as chemotherapy-based induction regimens 
have been optimized. Phase III trial patients with newly diagnosed PCNSL were 
randomly assigned therapy to six cycles of chemotherapy alone (intravenous MTX+ 
Ifosfamide) or the same chemotherapy with WBRT (45 Gy in 1.5 Gy fractions) [23–25] 
(Figure 3). A total of 13% patients died during initial chemotherapy; 551 patients 
were enrolled and randomized, of whom 318 were treated per protocol of these, and 
90 patients had a major protocol violation. In the per protocol population, median 
overall survival was 32.4 months in patients receiving WBRT (n = 154) versus 
37.1 months in those not receiving WBRT (n = 164) HR: 1.06. Thus primary hypoth-
esis was not proven. Median progression-free survival was 18.3 months in patients 
receiving WBRT and 11.9 months in those not receiving WBRT. Treatment-related 
neurotoxicity in patients with sustained complete response was more common in 
patients receiving WBRT 49% by clinical assessment and 71% by neuroradiology 
than in those who did not 26% and 46% (Figure 4).

After a median follow up of 81.2 months, patients who received WBRT had a 
nonsignificant improvement in PFS (18.2 versus 11.9 month HR, 0.83) and sig-
nificant PFS from last HDMTX (25.5 versus 12 month, HR, 0.65, p = 0.001) but 
without OS prolongation (Figure 5).

This trial prospectively monitored Quality of Life (QoL), to determine whether 
WBRT might lead to quality of life relevant late neurotoxicity. In year 2 after ran-
domization, cognitive functioning and global health status were reduced in the early 
WBRT arm as compared to the no early WBRT arm. Also, fatigue, appetite loss, and 

Figure 3. 
The G-PCNSL-SG-1 trial. Abbreviations: WBRT: whole brain radiotherapy; HD-MTX: high-dose 
methotrexate; CR: complete response; PR: partial response; SD: stable disease; PD: progressive disease; and 
HD-AraC: high-dose cytarabine. * Combined with ifosfamide 1.5 g/m2 daily, d3–5, since 2006 [23].
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Ifosfamide) or the same chemotherapy with WBRT (45 Gy in 1.5 Gy fractions) [23–25] 
(Figure 3). A total of 13% patients died during initial chemotherapy; 551 patients 
were enrolled and randomized, of whom 318 were treated per protocol of these, and 
90 patients had a major protocol violation. In the per protocol population, median 
overall survival was 32.4 months in patients receiving WBRT (n = 154) versus 
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hair loss were more intense in the early WBRT arm. Mini mental state examination 
testing revealed lower values (p = 0.002) in the early WBRT arm [25] (Figure 6).

As can be seen in Figure 6, G-PCNSL-SG-1 trial was the first PCNSL trial docu-
menting a negative influence of early WBRT on QoL parameters. A phase II study 
combined modality therapy, based on high dose MTX, results in improved survival 
outcomes in PCNSL. The risk of neurotoxicity for patients aged >60 years is unaccept-
able with this regimen (1 g/m2 MTX on days 1 and 8 followed by WBRT 45–50.4 Gy), 
although survival outcomes for patients aged >60 years were higher than in many 
other series [26]. At these studies and other demonstrations, the major drawback in the 
use of WBRT in conjunction with chemotherapy for patients with PCNSL is the high 
incidence of cognitive worsening and white matter damage [27–29]. Neurotoxicity 
may present as a rapidly progressive dementia that develops after a variable delay 
from the end of combined modality treatment. Also, the 5 year cumulative incidence 
of neurotoxicity was found to be increased over time [27]. Radiological examinations 
showed diffuse white matter disease as well as cortical-subcortical atrophy. Older age, 
mental status, changes at diagnosis, and radiotherapy predicted neurotoxicity [27].

Figure 4. 
Progression-free survival in the per-protocol and intention-to-treat populations by treatment group PP = per 
protocol. ITT = intention to treat. HR = hazard ratio [24].
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Different radiation field and reduced dose WBRT consolidation in responding 
patients have been explored in studies and appear to be associated with higher 
response and decreased neurotoxicity rates compared with higher dose WBRT 
[30–33]. An example of the impact on the outcome and neurologic performance of 
different radiation fields and doses was assessed in a study in which 33 patients with 
PCNSL who achieved complete response after MTX-containing chemotherapy were 
referred to consolidation WBRT [30]. The study demonstrated that higher irradia-
tion doses (≥40 Gy) were not associated with improved disease control compared 
to lower doses (30–36 Gy). Also, disease control does not significantly differ with 
regard to irradiation doses to the tumor bed, while functional impairment as 
assessed by mini mental status examination was significantly more common in 
patients treated with a WBRT dose ≥40 Gy. Thus, one can consider that consolida-
tion with WBRT 36 Gy is advisable in patients with PCNSL in complete response 
after HD-MTX based chemotherapy. Higher doses do not change the outcome and 
could increase the risk of neurotoxicity. The findings of this important study are 
illustrated in Figure 7 [30].

Figure 5. 
PFS from last high-dose methotrexate-based chemotherapy and overall survival analyzed as-treated in the 
ITT population. (A) Progression-free survival (PFS) from last high-dose methotrexate (HDMTX)-based 
chemotherapy (CHT) in patients with complete response (CR). (B) PFS from last HDMTX-based CHT in 
patients without CR. (C) Overall survival (OS) in patients with CR. (D) OS in patients without CR. The 
good outcome of the non-CR patients without further treatment can be explained by the fact that 6 of them 
probably did in fact have CR after HDMTX-based CHT. They were documented as having CR upon follow-up 
without further therapy. Moreover, one additional patient received whole-brain radiotherapy (WBRT) 
without progression 6 months after HDMTX-based CHT. CI = confidence interval; HR = hazard ratio; and 
ITT = intent-to-treat [25].
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probably did in fact have CR after HDMTX-based CHT. They were documented as having CR upon follow-up 
without further therapy. Moreover, one additional patient received whole-brain radiotherapy (WBRT) 
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As a different radiation fractionation, a phase I/II, NRG Oncology RTOG 0227 
study of MTX, Rituximab and Temozolomide, plus hyperfractionated WBRT 
(36 Gy in twice daily 1.2 Gy fractions) in 66 patients with PCNSL was associated 
with an objective response rate of 85.7%. This study demonstrated that OS and 
PFS were improved compared with historical controls from RTOG-9310. Among 
patients, 66% had grade 3 and 4 toxicities before hWBRT, and 45% of patients 
experienced grade 3 and 4 toxicities attributable to post hWBRT chemotherapy. 
Cognitive function and QoL improved or stabilized after hWBRT [31].

Other consecutive prospective studies, the R-MPV (rituximab, MTX, procarba-
zine, and vincristine) induction chemotherapy followed by consolidation reduced 
dose WBRT (23.4 Gy/ 1.8 Gy fraction), and cytarabine were found to be feasible 
and effective. In these studies, patients with ocular involvement were irradiated 
without orbital shielding to the full dose 23.4 Gy (patients in complete response) 
or to a dose of 36 Gy (patients with less than a complete response). Response rates 
were high (79% complete response) allowing a large proportion of patients to 
receive rdWBRT. These patients achieved durable disease control (2 year PFS 77%) 
associated with favorable neurocognitive outcomes. Median overall survival could 
not be reached (median follow-up for survivors, 5.9 years); 3 year OS was 87%. 
Cognitive assessments showed improvements in terms of executive function and 
verbal memory after chemotherapy [32, 33].

The mechanisms resulting in radiation-induced neurotoxicity remain to be clari-
fied. However, tissue oxidative stress, vasculopathy, demyelination, and depletion 
of progenitor oligodendroglial/neural stem cells have been postulated [34].

In addition to its ongoing role as an alternative to second line chemotherapy in 
younger patients who fail to achieve a complete response with first line systemic 
chemotherapy alone, WBRT is also a reasonable palliative option in patients who 
have contraindications to chemotherapy or relapsed, chemotherapy refractory 
disease.

Stereotactic radiotherapy may be an option for patients who have received 
WBRT. Prognosis is also influenced by therapy, which may include WBRT or stereo-
tactic radio surgery (SRS). In a study [35], patients who had recurred after WBRT 
were treated with salvage SRS. The study demonstrated acceptable local control and 
survival after SRS.

On the other hand, WBRT remains a reasonable salvage therapy in patients who 
have not responded adequately to induction chemotherapy. In addition, WBRT plus 
corticosteroids may be used for the palliation of patients who are not candidates 

Figure 6. 
Comparison of early-whole brain radiotherapy (WBRT) with no early-WBRT with regard to global 
health, cognitive-emotional-social functioning using the time course of median scores, interquartile ranges 
(IQR) for EORTC-QLQ-C30, BN20 dimensions, and the mini mental state examination (MMSE) of the 
G-PCNSL-SG-1 trial *p < 0.05. (A) scores for emotional and social functioning, (B) symptom scores and 
(C) Mini Mental State Examination (MMSE) [23].
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for chemotherapy. Complete responses can be obtained in most patients treated 
with standard fractionation to 20–40 Gy (for a 74% overall response rate). The 
median survival from initiation of WBRT was 16 months. The median time to 
PCNSL progression was 10 months. Treatment associated neurotoxicity is more 
common among those exposed to a total radiation dose >36 Gy, patients treated 
within 6 months of receiving MTX, and those older than 60 years of age [36, 37]. 
Treatment-related neurotoxicity was observed in 22% of patients. Salvage WBRT is 
effective for recurrent and refractory PCNSL.

7. Follow-up and monitoring

After completion of the initially planned treatment of PCNSL, patients should 
be evaluated to determine the disease response to treatment and should be followed 
longitudinally for relapse and long-term treatment toxicities.

Patients should be evaluated no more than 2 months after the completion of 
planned therapy to determine their response to treatment. Gadolinium-enhanced 
MRI scans are the standard for the evaluation of bulky parenchymal brain disease. 
Detailed ophthalmologic examination and lumbar puncture for cytology are 
required only if these studies were initially positive or if clinically indicated by new 
symptoms or sign. An interdisciplinary, international consensus group has devised 
the fallowing response criteria [16].

7.1 Response criteria

The following criteria were developed on the basis of anatomic and radiographic 
definitions.

Figure 7. 
Pattern of relapse according to radiation therapy fields and doses. Graphics at the left: patients treated with 
a WBRT dose of 30–36 Gy. Graphics at the right: patients treated with a WBRT dose 40 Gy. Upper graphics: 
patients treated without a tumor bed boost. Lower graphics: patients irradiated with a tumor bed boost. 
Symbols: ο = irradiated lesion in continuous CR; ● = relapsed lesion; ●==● = relapse with lesions both within 
and outside the boosted volume; ▲: = relapse in nonirradiated central nervous system areas (i.e., meninges and 
spinal cord); ♦ = systemic extra-central nervous system relapse. (Adopted from ref. [30]).
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Complete response requires the following:

1. Complete disappearance of all enhancing abnormalities on gadolinium-
enhanced MRI.

2. No evidence of active ocular lymphoma as defined by the absence of cells in the 
vitreous and resolution of any previously documented retinal or optic nerve 
infiltrate.

3. Negative CSF cytology. If the CSF is examined, patients with an Ommaya 
reservoir should have samples taken for the reservoir and lumbar puncture.

4. At the time a complete response is determined, the patient should have dis-
continued use of all corticosteroids for at least 2 weeks. Patients who met the 
criteria for CR may have the following features/limitations:

A. Any patient who otherwise meet all criteria for CR but needs steroid 
therapy should be regarded as unconfirmed CR.

B. Some patients will have a small but persistent enhancing abnormality on 
MRI related to biopsy or focal hemorrhage.

C. Patients with a persistent minor abnormality on fallow-up ophthalmologic 
examination.

Partial response (PR) was concluded for patients who met all of the following 
criteria: equal or more than 50% decrease in the contrast enhancing lesion that 
was seen on MRI compared to baseline imaging and a decrease in the vitreous cell 
count or retinal cellular infiltrate. PR was thought to be irrelevant to corticosteroid 
dose. CSF cytological examination may be negative or continue to show persistent 
malignant or suspicious cell providing no new sites of disease.

Progressive disease was defined as the following; more than 25% increase in the 
contrast enhancing lesion that was seen on MRI as compared to the best response, 
the progression of ocular disease, and the appearance of any new lesion.

Relapsed disease was considered as the appearance of any new lesion. Stable dis-
ease is that which does not meet the criteria for CR, CRu, PR, or progressive disease.

8. Prognosis

Untreated PCNSL has a rapidly fatal course, with survival of approximately 
1.5 month from the time of diagnosis. Survival increases with combined therapy. In 
population-based studies, among HIV uninfected cases, a 5-year survival increased 
from 19.1 (1992–1994) to 30.1% (2004–2006) [38]. Long-term survival is achieved 
in approximately 15–20% of patients treated with MTX-based therapy and radiation 
in contemporary clinical trial [39]. In a study on 41 patients treated with MATILDE 
chemotherapy regimen followed by WBRT, overall response rate was 76% after 
chemotherapy and 83% after chemotherapy plus radiotherapy. At a median follow-
up of 12 years, approximately 75% patients experienced an event, with a 5-year PFS 
of 24%. At 10 years from diagnosis, no patient showed chronic toxicities, with a 
mini-mental state examination score of ≥29 in all cases but one.

The most consistent prognostic factors are age and performance status. In order 
to adequately assess patients with disorder, standardized systems for prognosis have 
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been proposed [40]. Age, PS, LDH serum level, CSF protein concentration, and 
involvement of deep structures of brain were independent predictors of survival. 
A prognostic score including these 5 parameters seems advisable in distinguishing 
different risk groups in PCNSL. The 2 year OS is seen in 80% for patients with zero 
to one, 48% for patients with two to three, and 15% for patients with four to five 
unfavorable features.

9. Conclusion

Primary brain lymphoma is an uncommon variant of extranodal 
NHL. Therapeutic options include treatment with high dose MTX plus combined 
chemotherapy regimens and WBRT. Patients over age 60 generally succumb to a 
higher risk of treatment-related neurotoxicity. The optimal consolidation strategy 
in these patients has yet to be determined, and the best treatment modality should 
be individualized. By increasing the understanding of the molecular knowledge, 
and the clinical data originating from new researches, more effective treatment 
approaches and the best way to the integration of them into the treatment field of 
PCNSL would be determined.
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Abstract

Along with surgery and chemotherapy, radiation therapy is an essential treat-
ment option for metastatic and primary tumors of the central nervous system. 
Radiation toxicity may be compartmentalized into three subcategories including 
acute toxicities, early-delayed and late delayed effects. Radiation induced toxicity 
spans from self-limiting fatigue to more serious delayed side effects of radione-
crosis. Stereotactic radiosurgery has recently emerged as a highly focused delivery 
method of tumoricidal irradiation with promising results compared to whole brain 
irradiation in many cases. Recognizing and understanding toxicity from cranial 
irradiation can help guide therapy as ever evolving new technologies develop within 
this integral component of cancer treatment.

Keywords: cranial irradiation, CNS toxicity, stereotactic radiosurgery, radionecrosis, 
radiation induced brain toxicity

1. Introduction

Treatment of central nervous system (CNS) tumors involves surgery, chemo-
therapy, radiation therapy, immunotherapy, or a combination of these modalities. 
Radiation therapy is a highly effect treatment that plays a role in the management 
of brain metastases, gliomas, primary central nervous system lymphomas, and 
meningiomas among other brain tumors.

Radiation toxicity can be divided into three subcategories including acute 
toxicities, usually arising within 6 weeks of treatment, early-delayed effects (up to 
4 months post-irradiation) and late delayed starting 4 months after completion of 
radiation therapy to several years later.

Central nervous system toxicity can be better understood by compartmental-
izing toxicities based on cell biology. Injury to brain parenchyma effected by 
radiation includes neuronal cells, glial cells, and vasculature. Surprisingly, side 
effects of radiation are likely not due to damage directly to neuronal cells [1]. This 
is in part due to the paucity of cell replication of most neurons. As such, radiation 
toxicity primarily effects glial oligodendrocytes which are the insulating myelin 
producing cells and glial astrocytes responsible for the essential blood brain bar-
rier. Endothelial vasculature of post-capillary venules within brain parenchyma are 
also highly susceptible to damaging effects of ionizing radiation. Increased cranial 
pressure and edema caused by radiation is deemed to be related to damage to endo-
thelial cells [2]. In addition to direct damage to the endothelia, the tight junctions of 
endothelial cells are another component of the blood-brain barrier. The saliency of 
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the blood brain barrier and the susceptibility to damage by irradiation, makes it a 
point of focus when discussing CNS toxicity.

Not all neuronal cells are uniformly resilient to ionizing radiation. Recent studies 
have shown extreme sensitivity to even low-dose irradiation to the hippocampus. 
This is due to damage to highly proliferative neuronal progenitor cells. Specifically, 
the subgranular zone (SGZ) of the dentate gyrus has been shown to be extremely 
susceptible to damage to progenitor cells. Research for why these phenomena exists is 
ongoing. In addition to direct damage to neural progenitor cells, recent studies have 
linked neuronal damage to endothelial vasculature within the SGZ. Loss of integrity 
of inter-endothelial tight junctions (and eventually the blood brain barrier) causes 
edema and an inflammatory response that prevents the proliferation of neuronal pro-
genitor cells. Clinical manifestations of impairment within this very crucial part of 
the CNS (the dentate gyrus of the hippocampus which is responsible for transition-
ing short term memories into long term memories) is linked to the irreversible late 
delayed side effect of cognitive dysfunction [3–5]. It is worth mentioning that these 
sequelae of radiation to the hippocampus can manifest even with doses as low as 2 Gy 
or less [6, 7]. Strategies to preserve neurocognitive function in patients receiving 
whole brain radiation therapy now include hippocampal sparing techniques [8, 9]. 
Hippocampal avoidance is one of many creative strategies postulated by radiation 
oncologists to aid in minimizing toxicity. Modern radiation delivery techniques are 
beyond the scope of this chapter. Some of these modalities used to avoid sensitive 
anatomic regions and decrease healthy tissue exposure include IMRT, stereotactic 
radiosurgery, and proton therapy. These novel modalities of radiation therapy con-
tinue to be refined in hopes of decreasing brain injury and increasing local control.

Astrocytes also play an important role in support and function of neurons. The 
cell line responsible for proliferation and differentiation of astrocytes and oligo-
dendrocytes is the oligodendrocyte type-2 astrocyte progenitor cell (O-2A) [2]. In 
addition to being a crucial component of the BBB, astrocytes have been shown to be 
homeostatic regulators providing multiple heterogeneous functions including pro-
tecting brain parenchyma from reactive oxygen species [10]. Neuroinflammation 
and reactive astrogliosis caused by irradiation to astrocytes and O-2A, disrupt the 
BBB and likely play a role in edema.

Therapeutic techniques investigating the loss of neurogenesis are also underway. 
Inflammation is primarily instigated by microglial cells. Decreasing the inflam-
matory load within the SGZ by using a nonsteroidal anti-inflammatory, namely 
indomethacin in this case, helped preserve neuronal progenitor cells [6]. Reducing 
the inflammatory load caused by radiation may decrease CNS toxicity which in this 
study was cognitive decline. Prophylactic nonsteroidal anti-inflammatory drugs are 
not currently standard of care in preventing radiation side effects.

As mentioned earlier, glial cells are by far the most abundant types of cells 
within the CNS and responsible for neuronal support and protection. Glial progeni-
tor cells which gives rise to oligodendrocytes and astrocytes are vulnerable targets 
of damage induced by radiation. In addition to glial progenitors, fully differentiated 
oligodendrocytes are also known to be sensitive to radiation. Enough damage to 
the DNA of oligodendrocytes can induce a P53 dependent apoptosis [2, 11]. Taking 
these two cell lines into consideration, damage to myelin producing oligodendro-
cytes in addition to glial progenitor cells responsible for generating new oligoden-
drocytes and astrocytes leads to CNS toxicity [2]. Treatment strategies to ameliorate 
CNS toxicity focused on re-establishing the efficacy of glial progenitor cells are 
ongoing. To date, optimal treatment for CNS toxicity is still unknown and strategies 
for managing side effects have yet to be delineated.

When considering the source of CNS toxicities, it is important to take into con-
sideration the timeframe of manifestations, the specific presentation of symptoms, 
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as well as whether the volume treated and dose deliver are compatible with side 
effects to the CNS. Other modalities of treatment including chemotherapy and 
immunotherapy as well as tumor progression can also have adverse effects on brain 
parenchyma on a cell biologic level. Deciphering the cause of CNS injury is not 
completely understood but should be taken into consideration in guiding treatment 
options.

2. Acute and early-delayed toxicities of cranial irradiation

Early side effects of radiation treatment are considered to manifest during or 
within 6 weeks of completion of radiation therapy. Acute side effects are usually 
transient and self-limiting, due to transient demyelination [3]. Symptoms are rare 
but may include fatigue, nausea, vomiting, headache, and focal neurologic deficits. 
These reported side effects were historically common with patients receiving doses 
>2 Gy per fraction. Reflected in current NCCN guidelines, most clinicians do not 
deliver conventional doses that exceed 2 Gy in one fraction as to avoid side effects. 
Acute radiation toxicities are rare with modern techniques with reports of grade 3 
and 4 acute toxicities occurring in <5% of patients and are usually self-limiting [12].

Side effects occurring within 4 months of radiation treatment are considered 
early delayed effects and most commonly involve transient demyelination and 
somnolence. Similar to acute toxicities, early to late side effects are usually revers-
ible and resolve spontaneously.

2.1 Fatigue

One of the most common side effect of radiation therapy to the central nervous 
system is fatigue and lethargy. Similar to patterns of irradiation outside of the CNS, 
side effects are cumulative and initially start to present 2 weeks into therapy [13, 14]. 
Fatigue usually starts around 2 weeks of therapy, peaks at or around completion 
of therapy, and resolves within several months. A severe form of fatigue, lethargy, 
and lack of concentration is known as somnolence syndrome (SS). SS typical occurs 
as an early delayed toxicity approximately 5–6 weeks after completion of radiation 
therapy. In one study, patients receiving a hypofractionated treatment plan com-
pared to conventional fractionation experienced more severe fatigue [15].

2.2 Alopecia and radiation dermatitis

Another common side effect of acute radiation toxicity is hair loss. Alopecia from 
radiation only occurs in areas where hair follicles are exposed to radiation and there-
fore can be sparse depending on scalp exposure. Alopecia can be permanent or tem-
porary with higher doses to the scalp signifying permanent hair loss [16]. Radiation 
dermatitis is a desquamating rash that can occur to areas of the scalp exposed to 
radiation. Most cases are mild and are treated with moisturizing ointments. In severe 
rare cases of moist desquamation, topical antibiotic ointment may be used.

3. Late-delayed toxicities of cranial irradiation

Late-delayed side effects are of the most concern when discussing radiation 
toxicity. These effects occur starting after 4 months of treatment up to decades 
later. Unlike acute and early-delayed side effects, late-delayed side effects are largely 
irreversible and progressive.
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as well as whether the volume treated and dose deliver are compatible with side 
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3.1 Cumulative effects

Decline in neurocognitive function in patients with brain tumors is a multifacto-
rial phenomenon. The connection between radiation toxicity and cognitive decline 
has been well documented. Nevertheless, it is important, however, to consider 
other factors as well as cumulative effects contributing to cognitive decline. Many 
patients treated with radiation are also treated in combination with chemotherapy. 
Multiple new targeted therapies have also been approved for use. Given that each 
of these individually may cause CNS side effects, it is of utmost importance for 
healthcare providers to be able to recognize toxicity and delineate whether symp-
toms are indeed being caused by treatments (either in combination or individually). 
Furthermore, there are multiple other reasons for why patients may have CNS com-
plications, including tumor progression and advancement of pathologies unrelated 
to malignancy (dementia, depression, polypharmacy, anxiety, etc.).

3.2 Long term delayed effects

There exist patients who have undergone radiation treatment with an overall 
survival of multiple years and even decades. For many, cognitive deficits have 
not arisen even after 6 years of follow-up [6, 13]. Most patients even after 6 years 
have maintained a stable neurocognitive status. Differences in cognitive deficits 
were seen, however, in patients with low-grade gliomas who received radiation 
compared to patients who were radiation naïve after a 12 year follow up [6]. It is 
worth mentioning however that patients who do receive adjuvant radiation in low 
grade gliomas are more likely to have local control, better progression free survival 
and overall survival [14]. Multiple considerations should be taken into account 
when deciding the correct treatment plan for each individual patient. In the case 
of low grade gliomas, radiation and chemotherapy with procarbazine, CCNU, and 
vincristine is recommended by current NCCN guidelines. Given that neurocogni-
tive effects are being reported over a decade after radiation treatment and less so at 
6 years, additional long term delayed effects are of more trepidation now compared 
to years prior.

4. Stereotactic radiosurgery

Advances in the technique and technology of radiation treatment to the brain 
has given rise to stereotactic radiosurgery. The use of localized radiosurgery in the 
setting of metastatic disease compared to whole-brain radiotherapy is an ongo-
ing and complex discussion. In general, brain metastases arise from hematologic 
dissemination and have a poor overall prognosis [17]. Whole brain radiation has 
been utilized given the assumed likelihood of “seeding” or micrometasis to areas 
of the brain outside of visible metastasis seen on imaging. As mentioned earlier 
however, whole brain radiation therapy has high rates of toxicity, the most serious 
being cognitive impairment without the added benefit of overall survival [18–20]. It 
is worth mentioning that the concept of oligometastases has arisen among oncolo-
gists whereby disease may in fact be truly limited and treated as such. SRS alone, 
or in combination with whole brain radiation therapy, has thus become a viable 
option in single lesions or oligometastases. Being a localized modality of treatment, 
SRS alone has a higher likelihood of intracranial progression when compared with 
SRS in combination with WBRT. There has not been shown an increase in overall 
survival nor a better side effect profile with the addition WBRT to SRS vs. SRS 
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alone [19, 20]. Researchers have also concluded that the addition of WBRT results 
in excess morbidity and a decreased quality-of-life resulting in a 35% increase in 
neurocognitive deficit compared to SRS alone at 12 months. In one study, there was 
also a non-statistically significant survival benefit with SRS alone compared to SRS 
with WBRT [20]. Even with the better distant control of the addition of WBRT to 
SRS, the increase in morbidity does not outweigh the benefits and thus SRS alone is 
preferred.

Another viable option for limited brain metastases is surgical resection. Given 
similar outcomes in overall survival with surgical resection, decreased cost and, 
most importantly, less invasive nature of treatment compared to neurosurgery, SRS 
treatment of metastasis is being widely used [19, 21, 22].

The most common long term side effect of SRS is radionecrosis. While in certain 
cases radionecrosis can cause serious neurocognitive deficits requiring steroids or 
even surgical resection, certain patients remain asymptomatic and are diagnosed on 
imaging studies. Only about one third of patients with radionecrosis present with 
symptomatic neurologic deficits [23, 24]. Image based diagnoses can be difficult to 
distinguish from other phenomena including self-limiting inflammation [25]. There 
is a wide range of reported data on the rate of actuarial radionecrosis. In recent 
studies with adequate follow-up, rates vary from as low as 1.5% [26] to as high 34% 
[19, 25, 27] The main risk factor of radionecrosis are total dose, maximum tumor 
diameter and treated volume [25, 27, 28].

Given the variability in data and to help gain a better understanding of risk fac-
tors for radionecrosis, it may be salient to delineate the setting in which SRS is being 
administered. Prevalence of radionecrosis can be divided based on single fraction 
treatments, hypo fractionated treatments (usually three fractions), and adjuvant 
SRS after resection.

In patients receiving single fractionation SRS, the risk of radionecrosis are 
reported to be higher compared to hypofractionated [24]. Additionally, local 
control in hypofractionated regimens have had similar outcomes. Current NCCN 
guidelines recommend either single fraction or multi-fractionated SRS for the 
treatment of brain metastases, with multiple fractions utilized more commonly in 
patients with larger lesions [25, 29].

Not all patients radiologically diagnosed with radionecrosis are symptomatic. 
For patients that are symptomatic common manifestations include headache, 
seizures, motor deficits, sensory deficits, ataxia, and speech deficits [25].

In the past decade, SRS has more frequently been utilized in the post-resection 
adjuvant setting of brain metastases rather than WBRT. In hopes of optimizing 
local control and overall survival, SRS is administered to the tumor bed with the 
goal of covering subtotal resections and unrevealed disease that may have been left 
behind. In this setting, the prevalence of radionecrosis is varied with trends towards 
decreased toxicity with hypofractionated schedules compared to single fraction 
SRS [23, 26, 30]. The region of the brain being irradiated may have implications of 
morbidity as well. Infratentorial metastases are particularly problematic in that they 
portend worse outcomes and have a higher rate of radionecrosis [30]. Patients with 
higher risk of radionecrosis, including large tumors >3 cm, should be considered for 
hypofractionated treatment.

Another method of predicting radionecrosis in patients being treated with SRS 
is looking at volumes of brain parenchyma receiving a specific dose. Specifically, 
volumes receiving 10 Gy (V10) and 12 Gy (V12) have demonstrated strong pre-
dictive value in single fraction SRS [24, 25, 31]. The risk of radionecrosis can be 
predicted using specific volumes that receive certain doses. For example, risk of 
radionecrosis for V12 of less than 10 cm3 is 22% compared to more than 10 cm3 
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which more than doubles the risk to 55% [32]. Novel studies have proposed using 
V12 as the standard method of reporting dose to assess toxicity [25]. For patients 
receiving V12 of <8.5 cm3, the risk of radionecrosis increase to >10% and patients 
should be considered for hypofractionated rather than single fraction SRS [25].

Options in the treatment of radionecrosis includes steroids, hyperbaric oxygen, 
and surgery. There exist novel therapies such as bevacizumab and focused intersti-
tial laser thermal therapy with variable efficacy in treatment [33].

Stereotactic radiosurgery (SRS) is usually well-tolerated and risks of high grade 
toxicity are low. The most important sequelae of SRS is radiation necrosis. Risks and 
benefits must be weighed out on an individualized basis using an evidence based 
and patient centered approach.

5. Hypopituitarism induced by radiation

Endocrine deficiencies have also been reported in lesions irradiated near the 
hypothalamic-pituitary axis or pituitary gland. The prevalence of endocrinopathies 
are higher with nasopharyngeal cancers compared to intracerebral tumors, yet 
there were no differences in the rate of endocrine dysfunction based on underlying 
tumor type [34]. Endocrinopathies may include panhypopituitarism, hypothalamic 
hypothyroidism, and hypothalamic hypogonadism among others. A significant 
portion of the pediatric population treated with radiation therapy are vulnerable to 
pituitary dysfunction, most commonly growth hormone deficiency revealing short 
stature and retarded growth [35].

Patients with the pituitary adenomas are commonly treated with either single 
fraction SRS or hypofractionated SRS with similar rates of efficacy in tumor control 
and prevalence in new-onset hypopituitarism. Rates of hypopituitarism vary but 
are reported to be as high as 66% in conventional radiotherapy and significantly 
lower with stereotactic radiosurgery 5–37% [35–39].

Endocrine dysfunction is considered a late-delay side effect, but current litera-
ture is lacking in predicting a timeline for when hypopituitarism can occur. Follow 
up with dynamic serum hormonal values is of paramount importance given higher 
likelihood of developing endocrinopathies with longer follow up [35, 37].

6. Radiation induced optic neuropathy and stereotactic radiosurgery

Certain tumor types treated with SRS expose the optic nerves to high doses of 
radiation that may induce a decrease in visual acuity and blindness. Deterioration 
of vision may be reversible in an acute setting and is more likely to be permanent 
>6 months after treatment. Optic neuropathy from radiation is usually painless 
and can be monocular or biocular depending on whether optic nerves or the optic 
chiasm are exposed to radiation. Doses of radiation to optic nerves are closely 
monitored and circumvented as best as possible for patients receiving treatment for 
meningiomas, pituitary adenomas, and craniopharyngiomas.

Significant risk factors for radiation-induced optic neuropathy include prior 
radiation re-exposure to the optic chiasm. Prior EBRT and SRS are both risk fac-
tors for radiation induced optic neuropathy. Although multiple centers consider 
<8 Gy to be the upper limit of acceptable tolerability, single fractions of <12 Gy have 
been validated by recent literature [40–42]. A large recent analysis of pooled data 
consider the risk of radiation induced optic neuropathy to be 0–2% in patients with 
no prior irradiation to the optic apparatus and a single fraction <12 Gy [42] and 
even lower (<1%) for patients with a single fraction of <10 Gy [43].
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7. Toxicities of spinal cord irradiation

Radiation myelopathy is the term commonly used for side effects of radiation 
toxicity to the spinal cord. Late effects of radiation myelopathy are a serious concern 
for radiation oncologists during treatment planning of CNS as well as extra-neural 
tumors within the treatment field. This is, in part, due to higher doses of radiation 
required for certain tumors (lung, certain head and neck, mediastinal tumors). 
Moreover, metastatic disease to the spine often requires radiation therapy and is 
becoming more common thanks to the advent of immunotherapy [44]. Long term 
effects may cause life limiting sequelae and are of paramount concern to radiation 
planning and treatment.

Adverse facts of spinal cord irradiation are largely determined by the radiation 
treatment field and can affect both the central and peripheral nervous system. Just 
as side effects can be subdivided by timeframe in radiation toxicity to the brain, 
toxicities of spinal cord irradiation are classified as early toxicity, early-delayed 
effects, and long term effects. Accordingly, the durations are during treatment and 
up to a couple weeks after treatment, within 3 months of treatment, and more than 
3 months after treatment. Although acute central nervous system damage has been 
reported following acute brain irradiation, there is no clinical or experimental evi-
dence that radiation induces acute spinal cord toxicity. Single doses of up to 100 Gy 
have been given without acute effects [32].

Significant advances have been made in the treatment of spinal malignancies 
extrapolating progress made from cranial stereotactic techniques of within millime-
ter precision high dose focal treatment plans. Recently, SRS has also been utilized 
for metastasis to the spinal cord. It is important to note that metastasis to the spinal 
bone, although extremely painful at times, does not carry the risk of neurologic 
compromise posed by spinal cord tumors or spinal impingement.

Side effects using SRS are extremely rare for spinal tumors. Short-term toxicity 
although more common, are still at low rates and are usually self-limiting [45]. One 
study showed no long term side effects with SRS patients with spinal metastasis.

It seems as if long-term toxicity from radiation using SRS and dose sparing 
techniques to organs at risk is extremely rare with modern treatment techniques and 
attention to dose volume parameters. The complication of vertebral compression 
fracture (VCF) is multifactorial including older age portending to higher incidences 
osteoporosis but may be attributed to, in part, radiation therapy [46]. Doses above 
20 Gy in a single fraction have been implicated as a risk factor. The risk of VCF tends 
to occur in the acute period of toxicity [47].

The main factors associated with risk of neurologic deficit relate to total dose, 
length of spinal cord irradiated, fractionation scheme and total duration of treat-
ment. An absolute threshold for development of myelopathy cannot be stated. 
There has not been an established threshold; however the risk of myelopathy varies 
from 0.2 to 5% at 5 years [39]. Another side effects or radiation to the spine is 
characterized by acute paralysis presumably secondary to ischemia. Brown-Séquard 
syndrome is another rare syndrome that has been documented and is characterized 
by paralysis and loss of proprioception to the ipsilateral side and loss of pain and 
temperature to the contralateral side. Similar to irradiation to the brain, the greatest 
concern is delayed-onset radionecrosis of the spinal cord.

Common types of side effects for single dose SRS with 10–16 Gy include: neu-
rologic signs of motor weakness and sensory changes of the extremities [48]. There 
was no detectable acute or subacute radiation toxicity in this series noted clinically 
during the maximum follow-up time of 24 months. Other more disabling manifes-
tations of radiation injury, including acute paralysis secondary to ischemia, hemor-
rhage within the spinal cord, and a lower motor neuron syndrome, are much less 
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common, with only a few case reports in the literature. The treatment of radiation 
myelopathy has not been well studied. High dose corticosteroids are considered first 
line therapy.

8. Conclusions

Radiation therapy is highly effective in CNS malignancies. Nevertheless, the 
rate limiting step in treatment is associated with adverse side effects to healthy 
tissue. As the treatment of CNS malignancies advance with novel therapies and ever 
evolving therapeutic combinations, the goal of minimizing treatment side effects 
remains the same. Significant progress has been made in attempting to understand 
the dynamic mechanisms of brain injury caused by irradiation to healthy tissue. As 
patients continue to live longer, central nervous system side effects are of utmost 
importance to recognize and treat. Radiation oncologists among other cancer 
specialists are putting keen focus and effort towards increasing and optimizing 
quality-of-life in addition to overall survival in cancer patients.

Conflict of interest

Authors do not have conflicts of interest to declare.

Author details

Jason Naziri* and Steven J. DiBiase
Weill Cornell Medical College, New York Presbyterian, New York, USA

*Address all correspondence to: Jnaziri2@gmail.com

129

Toxicity of Cranial and Spinal Cord Irradiation
DOI: http://dx.doi.org/10.5772/intechopen.85396

References

[1] Li YQ , Jay V, Wong CS. 
Oligodendrocytes in the adult rat 
spinal cord undergo radiation-
induced apoptosis. Cancer Research. 
1996;56(23):5417-5422

[2] Belka C et al. Radiation induced 
CNS toxicity—Molecular and cellular 
mechanisms. British Journal of Cancer. 
2001;85(9):1233-1239

[3] Kim JH et al. Mechanisms of radiation-
induced brain toxicity and implications 
for future clinical trials. Journal of Neuro-
Oncology. 2008;87(3):279-286

[4] Limoli CL et al. Redox changes 
induced in hippocampal precursor cells 
by heavy ion irradiation. Radiation 
and Environmental Biophysics. 
2007;46(2):167-172

[5] Fike JR, Rola R, Limoli CL. Radiation 
response of neural precursor cells. 
Neurosurgery Clinics of North America. 
2007;18(1):115-127, x

[6] Mizumatsu S et al. Extreme 
sensitivity of adult neurogenesis to low 
doses of X-irradiation. Cancer Research. 
2003;63(14):4021-4027

[7] Douw L et al. Cognitive and 
radiological effects of radiotherapy in 
patients with low-grade glioma: Long-
term follow-up. Lancet Neurology. 
2009;8(9):810-818

[8] Robin TP, Rusthoven CG. Strategies 
to preserve cognition in patients with 
brain metastases: A review. Frontiers in 
Oncology. 2018;8:415

[9] Gondi V et al. Preservation of 
memory with conformal avoidance 
of the hippocampal neural stem-cell 
compartment during whole-brain 
radiotherapy for brain metastases 
(RTOG 0933): A phase II multi-
institutional trial. Journal of Clinical 
Oncology. 2014;32(34):3810-3816

[10] Baxter PS, Hardingham GE. 
Adaptive regulation of the brain’s 
antioxidant defences by neurons and 
astrocytes. Free Radical Biology & 
Medicine. 2016;100:147-152

[11] Chow BM, Li YQ , Wong CS. 
Radiation-induced apoptosis in 
the adult central nervous system 
is p53-dependent. Cell Death and 
Differentiationr. 2000;7(8):712-720

[12] Gore EM et al. Phase III comparison 
of prophylactic cranial irradiation 
versus observation in patients with 
locally advanced non-small-cell lung 
cancer: Primary analysis of radiation 
therapy oncology group study RTOG 
0214. Journal of Clinical Oncology. 
2011;29(3):272-278

[13] Harjani RR, Gururajachar JM, 
Krishnaswamy U. Comprehensive 
assessment of somnolence syndrome 
in patients undergoing radiation 
to the brain. Reports of Practical 
Oncology and Radiotherapy. 
2016;21(6):560-566

[14] Powell C et al. Somnolence 
syndrome in patients receiving radical 
radiotherapy for primary brain tumours: 
A prospective study. Radiotherapy and 
Oncology. 2011;100(1):131-136

[15] Faithfull S, Brada M. Somnolence 
syndrome in adults following cranial 
irradiation for primary brain tumours. 
Clinical Oncology (Royal College of 
Radiologists). 1998;10(4):250-254

[16] Lawenda BD et al. Permanent 
alopecia after cranial irradiation: Dose-
response relationship. International 
Journal of Radiation Oncology, Biology, 
Physics. 2004;60(3):879-887

[17] Nieder C et al. Postoperative 
treatment and prognosis of patients 
with resected single brain metastasis: 
How useful are established prognostic 



Brain and Spinal Tumors - Primary and Secondary

128

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

common, with only a few case reports in the literature. The treatment of radiation 
myelopathy has not been well studied. High dose corticosteroids are considered first 
line therapy.

8. Conclusions

Radiation therapy is highly effective in CNS malignancies. Nevertheless, the 
rate limiting step in treatment is associated with adverse side effects to healthy 
tissue. As the treatment of CNS malignancies advance with novel therapies and ever 
evolving therapeutic combinations, the goal of minimizing treatment side effects 
remains the same. Significant progress has been made in attempting to understand 
the dynamic mechanisms of brain injury caused by irradiation to healthy tissue. As 
patients continue to live longer, central nervous system side effects are of utmost 
importance to recognize and treat. Radiation oncologists among other cancer 
specialists are putting keen focus and effort towards increasing and optimizing 
quality-of-life in addition to overall survival in cancer patients.

Conflict of interest

Authors do not have conflicts of interest to declare.

Author details

Jason Naziri* and Steven J. DiBiase
Weill Cornell Medical College, New York Presbyterian, New York, USA

*Address all correspondence to: Jnaziri2@gmail.com

129

Toxicity of Cranial and Spinal Cord Irradiation
DOI: http://dx.doi.org/10.5772/intechopen.85396

References

[1] Li YQ , Jay V, Wong CS. 
Oligodendrocytes in the adult rat 
spinal cord undergo radiation-
induced apoptosis. Cancer Research. 
1996;56(23):5417-5422

[2] Belka C et al. Radiation induced 
CNS toxicity—Molecular and cellular 
mechanisms. British Journal of Cancer. 
2001;85(9):1233-1239

[3] Kim JH et al. Mechanisms of radiation-
induced brain toxicity and implications 
for future clinical trials. Journal of Neuro-
Oncology. 2008;87(3):279-286

[4] Limoli CL et al. Redox changes 
induced in hippocampal precursor cells 
by heavy ion irradiation. Radiation 
and Environmental Biophysics. 
2007;46(2):167-172

[5] Fike JR, Rola R, Limoli CL. Radiation 
response of neural precursor cells. 
Neurosurgery Clinics of North America. 
2007;18(1):115-127, x

[6] Mizumatsu S et al. Extreme 
sensitivity of adult neurogenesis to low 
doses of X-irradiation. Cancer Research. 
2003;63(14):4021-4027

[7] Douw L et al. Cognitive and 
radiological effects of radiotherapy in 
patients with low-grade glioma: Long-
term follow-up. Lancet Neurology. 
2009;8(9):810-818

[8] Robin TP, Rusthoven CG. Strategies 
to preserve cognition in patients with 
brain metastases: A review. Frontiers in 
Oncology. 2018;8:415

[9] Gondi V et al. Preservation of 
memory with conformal avoidance 
of the hippocampal neural stem-cell 
compartment during whole-brain 
radiotherapy for brain metastases 
(RTOG 0933): A phase II multi-
institutional trial. Journal of Clinical 
Oncology. 2014;32(34):3810-3816

[10] Baxter PS, Hardingham GE. 
Adaptive regulation of the brain’s 
antioxidant defences by neurons and 
astrocytes. Free Radical Biology & 
Medicine. 2016;100:147-152

[11] Chow BM, Li YQ , Wong CS. 
Radiation-induced apoptosis in 
the adult central nervous system 
is p53-dependent. Cell Death and 
Differentiationr. 2000;7(8):712-720

[12] Gore EM et al. Phase III comparison 
of prophylactic cranial irradiation 
versus observation in patients with 
locally advanced non-small-cell lung 
cancer: Primary analysis of radiation 
therapy oncology group study RTOG 
0214. Journal of Clinical Oncology. 
2011;29(3):272-278

[13] Harjani RR, Gururajachar JM, 
Krishnaswamy U. Comprehensive 
assessment of somnolence syndrome 
in patients undergoing radiation 
to the brain. Reports of Practical 
Oncology and Radiotherapy. 
2016;21(6):560-566

[14] Powell C et al. Somnolence 
syndrome in patients receiving radical 
radiotherapy for primary brain tumours: 
A prospective study. Radiotherapy and 
Oncology. 2011;100(1):131-136

[15] Faithfull S, Brada M. Somnolence 
syndrome in adults following cranial 
irradiation for primary brain tumours. 
Clinical Oncology (Royal College of 
Radiologists). 1998;10(4):250-254

[16] Lawenda BD et al. Permanent 
alopecia after cranial irradiation: Dose-
response relationship. International 
Journal of Radiation Oncology, Biology, 
Physics. 2004;60(3):879-887

[17] Nieder C et al. Postoperative 
treatment and prognosis of patients 
with resected single brain metastasis: 
How useful are established prognostic 



Brain and Spinal Tumors - Primary and Secondary

130

scores? Clinical Neurology and 
Neurosurgery. 2011;113(2):98-103

[18] Chang EL et al. Neurocognition 
in patients with brain metastases 
treated with radiosurgery or 
radiosurgery plus whole-brain 
irradiation: A randomised controlled 
trial. The Lancet Oncology. 
2009;10(11):1037-1044

[19] Aoyama H et al. Stereotactic 
radiosurgery plus whole-brain radiation 
therapy vs stereotactic radiosurgery 
alone for treatment of brain metastases: 
A randomized controlled trial. JAMA. 
2006;295(21):2483-2491

[20] Brown PD et al. Effect of 
radiosurgery alone vs radiosurgery 
with whole brain radiation therapy on 
cognitive function in patients with 1 to 3 
brain metastases: A randomized clinical 
trial. JAMA. 2016;316(4):401-409

[21] Frazier JL et al. Stereotactic 
radiosurgery in the management of 
brain metastases: An institutional 
retrospective analysis of survival. 
International Journal of Radiation 
Oncology, Biology, Physics. 
2010;76(5):1486-1492

[22] Rades D et al. A matched-pair 
analysis comparing whole-brain 
radiotherapy plus stereotactic 
radiosurgery versus surgery plus 
whole-brain radiotherapy and a boost to 
the metastatic site for one or two brain 
metastases. International Journal of 
Radiation Oncology, Biology, Physics. 
2009;73(4):1077-1081

[23] Dore M et al. Stereotactic 
radiotherapy following surgery for 
brain metastasis: Predictive factors for 
local control and radionecrosis. Cancer 
Radiothérapie. 2017;21(1):4-9

[24] Minniti G et al. Single-fraction 
versus multifraction (3 × 9 Gy) 
stereotactic radiosurgery for 
large (>2 cm) brain metastases: A 

comparative analysis of local control 
and risk of radiation-induced brain 
necrosis. International Journal of 
Radiation Oncology, Biology, Physics. 
2016;95(4):1142-1148

[25] Minniti G et al. Stereotactic 
radiosurgery for brain metastases: 
Analysis of outcome and risk of brain 
radionecrosis. Radiation Oncology. 
2011;6:48

[26] Ahmed KA et al. Fractionated 
stereotactic radiotherapy to the post-
operative cavity for radioresistant 
and radiosensitive brain metastases. 
Journal of Neuro-Oncology. 
2014;118(1):179-186

[27] Kohutek ZA et al. Long-term risk 
of radionecrosis and imaging changes 
after stereotactic radiosurgery for brain 
metastases. Journal of Neuro-Oncology. 
2015;125(1):149-156

[28] Korytko T et al. 12 Gy gamma knife 
radiosurgical volume is a predictor 
for radiation necrosis in non-AVM 
intracranial tumors. International 
Journal of Radiation Oncology, Biology, 
Physics. 2006;64(2):419-424

[29] National Comprehensive Cancer 
Network. Central Nervous System 
Cancer. 2018. Version 2.2018

[30] Keller A et al. Risk of radionecrosis 
after hypofractionated stereotactic 
radiotherapy targeting the 
postoperative resection cavity of brain 
metastases. Cancer Radiothérapie. 
2017;21(5):377-388

[31] Blonigen BJ et al. Irradiated volume 
as a predictor of brain radionecrosis 
after linear accelerator stereotactic 
radiosurgery. International Journal of 
Radiation Oncology, Biology, Physics. 
2010;77(4):996-1001

[32] Petrovich Z et al. Survival and 
pattern of failure in brain metastasis 
treated with stereotactic gamma knife 

131

Toxicity of Cranial and Spinal Cord Irradiation
DOI: http://dx.doi.org/10.5772/intechopen.85396

radiosurgery. Journal of Neurosurgery. 
2002;97(5 Suppl):499-506

[33] Chao ST et al. Challenges with the 
diagnosis and treatment of cerebral 
radiation necrosis. International Journal 
of Radiation Oncology, Biology, Physics. 
2013;87(3):449-457

[34] Lam KS et al. Effects of cranial 
irradiation on hypothalamic-
pituitary function—A 5-year 
longitudinal study in patients with 
nasopharyngeal carcinoma. The 
Quarterly Journal of Medicine. 
1991;78(286):165-176

[35] Appelman-Dijkstra NM et al. 
Pituitary dysfunction in adult patients 
after cranial radiotherapy: Systematic 
review and meta-analysis. The 
Journal of Clinical Endocrinology and 
Metabolism. 2011;96(8):2330-2340

[36] Li X et al. Safety and efficacy of 
fractionated stereotactic radiotherapy 
and stereotactic radiosurgery for 
treatment of pituitary adenomas: A 
systematic review and meta-analysis. 
Journal of the Neurological Sciences. 
2017;372:110-116

[37] Toogood AA. Endocrine 
consequences of brain irradiation. 
Growth Hormone & IGF Research. 
2004;14(Suppl A):S118-S124

[38] Paek SH et al. Integration of 
surgery with fractionated stereotactic 
radiotherapy for treatment 
of nonfunctioning pituitary 
macroadenomas. International Journal 
of Radiation Oncology, Biology, Physics. 
2005;61(3):795-808

[39] Stereotactic Radiosurgery and 
Radiotehrapy of Pituitary Adenomas 
Clinical White Paper. 2014

[40] Leavitt JA et al. Long-term 
evaluation of radiation-induced optic 
neuropathy after single-fraction 
stereotactic radiosurgery. International 

Journal of Radiation Oncology, Biology, 
Physics. 2013;87(3):524-527

[41] Stafford SL et al. A study on 
the radiation tolerance of the optic 
nerves and chiasm after stereotactic 
radiosurgery. International Journal of 
Radiation Oncology, Biology, Physics. 
2003;55(5):1177-1181

[42] Milano MT et al. Single- and 
multi-fraction stereotactic radiosurgery 
dose tolerances of the optic pathways. 
International Journal of Radiation 
Oncology, Biology, Physics. 2018

[43] Hiniker SM et al. Dose-response 
modeling of the visual pathway 
tolerance to single-fraction and 
hypofractionated stereotactic 
radiosurgery. Seminars in Radiation 
Oncology. 2016;26(2):97-104

[44] Thariat J et al. Advances in 
radiation oncology for metastatic 
bone disease. Bulletin du Cancer. 
2013;100(11):1187-1197

[45] Rock JP et al. The evolving role 
of stereotactic radiosurgery and 
stereotactic radiation therapy for 
patients with spine tumors. Journal of 
Neuro-Oncology. 2004;69(1-3):319-334

[46] Wenger M. Vertebroplasty 
for metastasis. Medical Oncology. 
2003;20(3):203-209

[47] Faruqi S et al. Vertebral compression 
fracture after spine stereotactic body 
radiation therapy: A review of the 
pathophysiology and risk factors. 
Neurosurgery. 2018;83(3):314-322

[48] Yin FF et al. Dosimetric 
characteristics of Novalis shaped 
beam surgery unit. Medical Physics. 
2002;29(8):1729-1738



Brain and Spinal Tumors - Primary and Secondary

130

scores? Clinical Neurology and 
Neurosurgery. 2011;113(2):98-103

[18] Chang EL et al. Neurocognition 
in patients with brain metastases 
treated with radiosurgery or 
radiosurgery plus whole-brain 
irradiation: A randomised controlled 
trial. The Lancet Oncology. 
2009;10(11):1037-1044

[19] Aoyama H et al. Stereotactic 
radiosurgery plus whole-brain radiation 
therapy vs stereotactic radiosurgery 
alone for treatment of brain metastases: 
A randomized controlled trial. JAMA. 
2006;295(21):2483-2491

[20] Brown PD et al. Effect of 
radiosurgery alone vs radiosurgery 
with whole brain radiation therapy on 
cognitive function in patients with 1 to 3 
brain metastases: A randomized clinical 
trial. JAMA. 2016;316(4):401-409

[21] Frazier JL et al. Stereotactic 
radiosurgery in the management of 
brain metastases: An institutional 
retrospective analysis of survival. 
International Journal of Radiation 
Oncology, Biology, Physics. 
2010;76(5):1486-1492

[22] Rades D et al. A matched-pair 
analysis comparing whole-brain 
radiotherapy plus stereotactic 
radiosurgery versus surgery plus 
whole-brain radiotherapy and a boost to 
the metastatic site for one or two brain 
metastases. International Journal of 
Radiation Oncology, Biology, Physics. 
2009;73(4):1077-1081

[23] Dore M et al. Stereotactic 
radiotherapy following surgery for 
brain metastasis: Predictive factors for 
local control and radionecrosis. Cancer 
Radiothérapie. 2017;21(1):4-9

[24] Minniti G et al. Single-fraction 
versus multifraction (3 × 9 Gy) 
stereotactic radiosurgery for 
large (>2 cm) brain metastases: A 

comparative analysis of local control 
and risk of radiation-induced brain 
necrosis. International Journal of 
Radiation Oncology, Biology, Physics. 
2016;95(4):1142-1148

[25] Minniti G et al. Stereotactic 
radiosurgery for brain metastases: 
Analysis of outcome and risk of brain 
radionecrosis. Radiation Oncology. 
2011;6:48

[26] Ahmed KA et al. Fractionated 
stereotactic radiotherapy to the post-
operative cavity for radioresistant 
and radiosensitive brain metastases. 
Journal of Neuro-Oncology. 
2014;118(1):179-186

[27] Kohutek ZA et al. Long-term risk 
of radionecrosis and imaging changes 
after stereotactic radiosurgery for brain 
metastases. Journal of Neuro-Oncology. 
2015;125(1):149-156

[28] Korytko T et al. 12 Gy gamma knife 
radiosurgical volume is a predictor 
for radiation necrosis in non-AVM 
intracranial tumors. International 
Journal of Radiation Oncology, Biology, 
Physics. 2006;64(2):419-424

[29] National Comprehensive Cancer 
Network. Central Nervous System 
Cancer. 2018. Version 2.2018

[30] Keller A et al. Risk of radionecrosis 
after hypofractionated stereotactic 
radiotherapy targeting the 
postoperative resection cavity of brain 
metastases. Cancer Radiothérapie. 
2017;21(5):377-388

[31] Blonigen BJ et al. Irradiated volume 
as a predictor of brain radionecrosis 
after linear accelerator stereotactic 
radiosurgery. International Journal of 
Radiation Oncology, Biology, Physics. 
2010;77(4):996-1001

[32] Petrovich Z et al. Survival and 
pattern of failure in brain metastasis 
treated with stereotactic gamma knife 

131

Toxicity of Cranial and Spinal Cord Irradiation
DOI: http://dx.doi.org/10.5772/intechopen.85396

radiosurgery. Journal of Neurosurgery. 
2002;97(5 Suppl):499-506

[33] Chao ST et al. Challenges with the 
diagnosis and treatment of cerebral 
radiation necrosis. International Journal 
of Radiation Oncology, Biology, Physics. 
2013;87(3):449-457

[34] Lam KS et al. Effects of cranial 
irradiation on hypothalamic-
pituitary function—A 5-year 
longitudinal study in patients with 
nasopharyngeal carcinoma. The 
Quarterly Journal of Medicine. 
1991;78(286):165-176

[35] Appelman-Dijkstra NM et al. 
Pituitary dysfunction in adult patients 
after cranial radiotherapy: Systematic 
review and meta-analysis. The 
Journal of Clinical Endocrinology and 
Metabolism. 2011;96(8):2330-2340

[36] Li X et al. Safety and efficacy of 
fractionated stereotactic radiotherapy 
and stereotactic radiosurgery for 
treatment of pituitary adenomas: A 
systematic review and meta-analysis. 
Journal of the Neurological Sciences. 
2017;372:110-116

[37] Toogood AA. Endocrine 
consequences of brain irradiation. 
Growth Hormone & IGF Research. 
2004;14(Suppl A):S118-S124

[38] Paek SH et al. Integration of 
surgery with fractionated stereotactic 
radiotherapy for treatment 
of nonfunctioning pituitary 
macroadenomas. International Journal 
of Radiation Oncology, Biology, Physics. 
2005;61(3):795-808

[39] Stereotactic Radiosurgery and 
Radiotehrapy of Pituitary Adenomas 
Clinical White Paper. 2014

[40] Leavitt JA et al. Long-term 
evaluation of radiation-induced optic 
neuropathy after single-fraction 
stereotactic radiosurgery. International 

Journal of Radiation Oncology, Biology, 
Physics. 2013;87(3):524-527

[41] Stafford SL et al. A study on 
the radiation tolerance of the optic 
nerves and chiasm after stereotactic 
radiosurgery. International Journal of 
Radiation Oncology, Biology, Physics. 
2003;55(5):1177-1181

[42] Milano MT et al. Single- and 
multi-fraction stereotactic radiosurgery 
dose tolerances of the optic pathways. 
International Journal of Radiation 
Oncology, Biology, Physics. 2018

[43] Hiniker SM et al. Dose-response 
modeling of the visual pathway 
tolerance to single-fraction and 
hypofractionated stereotactic 
radiosurgery. Seminars in Radiation 
Oncology. 2016;26(2):97-104

[44] Thariat J et al. Advances in 
radiation oncology for metastatic 
bone disease. Bulletin du Cancer. 
2013;100(11):1187-1197

[45] Rock JP et al. The evolving role 
of stereotactic radiosurgery and 
stereotactic radiation therapy for 
patients with spine tumors. Journal of 
Neuro-Oncology. 2004;69(1-3):319-334

[46] Wenger M. Vertebroplasty 
for metastasis. Medical Oncology. 
2003;20(3):203-209

[47] Faruqi S et al. Vertebral compression 
fracture after spine stereotactic body 
radiation therapy: A review of the 
pathophysiology and risk factors. 
Neurosurgery. 2018;83(3):314-322

[48] Yin FF et al. Dosimetric 
characteristics of Novalis shaped 
beam surgery unit. Medical Physics. 
2002;29(8):1729-1738



Chapter 9

Pediatric Medulloblastoma: A
Radiation Oncologist Perspective
Meenu Gupta and Mushtaq Ahmad

Abstract

Pediatric medulloblastomas are radiosensitive and mostly curable tumors if they
are non-metastasized. Postsurgery adjuvant radiation therapy remains the corner-
stone therapy in the curative intent treatment. In case of children less than three
years, pre-irradiation chemotherapy is given to defer radiotherapy till the child is
three year old. Introduction of conformal radiotherapy in addition to technical
improvements in surgery and radiotherapy, risks definition and molecular analysis
of prognostic factors has most likely contributed to the improved survival rates.
Children should ideally be referred in time to an appropriate higher center with
adequate infrastructure, expertise and radiotherapy facilities for better outcome of
the disease.

Keywords: medulloblastomas, radiosensitive, conformal, radiotherapy

1. Introduction

Harvey Cushing and Percival Bailey were the first who described the name
medulloblastoma as “Spongioblastoma Cerebelli” in June, 1925 for posterior fossa
tumors of preadolescents population. They reported 29 cerebellar vermis tumor in
children and young adults. Later they renamed as “medulloblastoma” as the term
“Spongioblastoma multiforme” was described by Globus and Strauss in 1925 for
various adults cerebral tumors in which feature of considerable cellular differentia-
tion was seen. This picture was found absent in tumors of cerebellar origin [1, 2].
World Health Organization (WHO) defined medulloblastoma as “invasive malig-
nant embryonal tumor of the cerebellum with commonest manifestation seen in
children”. These neuroepithelial tumors have inherent tendency to spread through
the cerebrospinal fluid to cranial and spinal subarachnoid spaces [3].

2. Epidemiology

Injuries followed by malignancy are the second leading cause of mortality among
children. After leukaemia’s, brain tumors are the most common in children
accounting for ‘25%’ of all malignancies in children [4]. Most common malignant
CNS tumor in children is medulloblastoma (MB) constituting 20% of primary brain
tumors and approximately 40% of all tumors of the posterior fossa [5]. The incidence
of medulloblastoma in adults is relatively low as compared to pediatric population. This
constitutes 1% of all CNS tumors and this may be the cause of scanty data available in
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adult MB group [6]. U.S data showed the incidence of the medulloblastoma is 1.5–2
cases/100,000 population. Three hundred and fifty new cases in the United States are
seen each year. The peak incidence is seen in 1st decade of life and incidence is noted
higher in the pediatric age group 3–4 years followed by 8–10 years of age.

CBTRUS (Central Brain Tumor Registry of the United States) showed that inci-
dence is higher in males as compared to females (Males: 0.16 vs. Females: 0.12). But
this trend is different in children who are less than one year old. There is rising
trend of higher incidence (APC: 1.7, 95% CI�0.4, 4.0) and death risk (Hazard Ratio
for Survival: 0.74 with pvalue0.09) seen in black race compared to whites which is
non-significant [7, 8].

3. Clinical presentation

There is rapid initiation of clinical symptoms are secondary to the rapid prolif-
eration of these cellular malignant tumors. Symptoms of medulloblastomas vary
with age. Earlier age of onset is associated with behavioral changes. Other symp-
toms may include listlessness, moodiness or irritability, vomiting, and lack of social
interactions. As medulloblastoma is rapidly growing tumor, this results in obstruc-
tive hydrocephalus which manifests as raised intracranial pressure (ICP). Children
may be seen with macrocephaly, fullness of fontanelle, and delayed developmental
milestones. Older children and adults have symptoms of raised intracranial pressure
like headache, vomiting, especially upon awakening in the morning hours.
Headache usually gets better during the day. As anatomical location of medullo-
blastoma is cerebellum but symptoms slightly vary within various sites of cerebel-
lum. Truncal ataxia result from tumors located in midline of cerebellum and
appendicular ataxia is associated with the hemispheric located tumors [1]. There
can be stretching of sixth cranial nerve because of hydrocephalus resulting in
double vision. Meningeal irritation causes tilting of head and stiffness of neck due to
the tonsillar herniation. Trochlear nerve palsy related to tumor compression is
another reason of head tilt. Patients with spinal metastasis had symptoms of back-
ache, weakness of bilateral lower limb and loss of bowel and bladder control.
Metastatic disease symptoms depend upon the site involvement [9]. Majority are
sporadic cases but there are associated syndromes like Gorlin syndrome (nevoid
basal-cell carcinoma syndrome), Blue rubber-bleb nevus syndrome, Rubinstein-Taybi
syndrome and Turcot syndrome (glioma polyposis syndrome) [10].

4. Management

Although radiology is good contributor of diagnosis still detailed history and
physical examination remained important and has to be done before proceeding for
any investigations. Alteration of child behavior, persistent symptoms and focal
neurological deficit are warning signs and should be proceeded with neuroimaging
for diagnosis.

4.1 Imaging

4.1.1 Computed tomographic

Computed tomographic (CT) appearance of a medulloblastoma is seen as well-
defined vermian cerebellar mass which is hyperattenuated with surrounding
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vasogenic edema and sometimes evidence of hydrocephalus is seen. Contrast
enhanced images show homogeneous enhancement.

4.1.2 MRI imaging

MRI imaging of the entire neuraxis, brain and spine is recommended for
suspected cases. MRI images show “Low-to-intermediate signal intensity” on
T1-weighted images and “moderately high signal intensity” on T2-weighted images,
compared to cerebellar white matter. Intratumoral haemorrhage, peritumoral
oedema, tonsillar herniation, hydrocephalus and calcification are other associated
findings. Multivoxel MR spectroscopy (MRS) of the primary tumor can assess the
tumor metabolites like ‘elevated Choline peaks and decreased Creatine and N-acetyl
acetate peaks’. Even without frank necrosis, a small amount of lipid-lactate peak
sometimes observed indicating an increase in metabolic activity. Due to densely
packed cells within the tumor and nuclear: cytoplasm ratio is higher, MB causes
restriction of diffusion. There is restriction of diffusion of water particles in the
tumor. So there is high signal of the tumor in diffusion-weighted MR images [11].
As frequency of spine seeding is 35% at diagnosis, to rule out any leptomeningeal
metastases, Sagittal fat-suppressed post- gadolinium contrast MRI of the spine
should be performed prior to surgery (Figure 1). Guang-Yao Wu et al. published
data showed that proton magnetic resonance spectroscopy (1H-MRS) and Diffusion
Weighted Imaging are helpful for qualitative diagnosis of medulloblastoma [12].

Baseline hearing status with tests like Audiometry, IQ Testing and hormonal
levels with Serum TSH and GH can be tested.

4.2 Neurosurgery

Mostly medium and large sized tumors in posterior fossa are associated with
hydrocephalus. In routine practice, prior to definitive surgery, ventriculo-
peritoneal (VP) shunt should generally be avoided as definitive resection of tumor
efficiently relieves the obstruction by opening the CSF pathways. Ideal surgery of
any tumor is complete surgical resection, but feasibility and safety is priority. In

Figure 1.
Showing preoperative MRI. (A) T1 weighted image post- gadolinium with tumor arising from midline of
cerebellum. (B) T2 FLAIR with mild hyper intensity and voxel showing the tumor area of interest for
spectroscopy. (C) Drop metastasis. (D) Significantly increased choline peaks with decreased NAA and Cr peaks
on Spectroscopy.
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such circumstances, it is recommended to attempt maximal safe resection and
residual disease can be left behind rather than aggressive surgical resection
approach that can precipitate significant morbidity. Benefit to risk ratio of complete
surgical removal of tumor has to be assessed preoperatively [13, 14].

4.2.1 Post surgery neuroimaging

Ideal timing of post surgery MRI imaging should be obtained immediately,
within 24–48 h of tumor resection, for accurately identification of the extent of
surgical resection and quantification of the status of the residual tumor. If immedi-
ate post surgery MRI imaging has not been obtained, then recommendation is to
wait for at least 2–3 weeks, but no more than 4-weeks, for resolution of post surgical
changes and this will further prevent false positive results. Recommendations for
timing of postoperative CSF analysis for malignant cells are also same, at least 2–
3 weeks post surgery to prevent errors like false positive results [15, 16].

4.3 Histopathology

Classification of most of the CNS tumors are still relying on only histopatholog-
ical features but in medulloblastomas, integration of additional molecular informa-
tion has updated WHO classification from 2007 to 2016. Medulloblastoma is
classified now by an integrative diagnosis including a histologically as well as
genetically defined compound as shown in Table 1 [17].

Molecular classification provides additional clinical and prognostic information
which has the potential for identification of innovative strategies and research for
the management of this disease (Table 2) [18, 19].

4.4 Staging

Medulloblastomas originally were staged only on surgical basis but “Modified
Chang Staging” is the current standard and there is addition of imaging [20]
explained in Figure 2.

Risk stratification based on clinico-radiological analysis is still widely practiced
and remains valid for Radiation planning in institutions. COG and SIOP Group
accepted the clinical prognostic variables [21] shown in Figure 3. Although with the
inclusion of molecular sub-grouping and genetic analysis of disease, more robust
information about risk stratification and outcome of disease can be concluded to
some extent but this required availability of these facilities with expertise in insti-
tutions. Incomplete neuraxis staging should be classified as high risk disease.

Histopathologically defined MB Genetically defined MB

Medulloblastoma, classic • Medulloblastoma, WNT-activated

Desmoplastic/nodular medulloblastoma • Sonic Hedgehog (SHH) activated and
TP53-mutant

• Sonic Hedgehog (SHH) activated and
TP53-wildtype

Medulloblastoma of extensive nodularity • Non-SHH/Non-WNT

Large cell/anaplastic medulloblastoma • Medulloblastoma, group 3

Medulloblastoma, not otherwise specified (NOS) • Medulloblastoma, group 4

Table 1.
WHO 2016 updated classification of medulloblastomas.
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Wingless
activated
(WNT) MB

Sonic hedgehog
(SHH) subgroup

Group 3 Group 4

Cell of origin Dorsal brainstem
(lower rhombic
lip) neuronal
progenitors

Cerebellar external
granular layer,
neuron precursors

Ventricular
zone neural
progenitors

Cerebellum progenitors
(upper rhombic lip)

Prevalence 10% 30% 25% 35%

Male:female 1:1 1:1 2:1 3:1

Common age Older children <3 year and >16
year, adult group

Infants and
children <16
year

Infants/children/adults

Histopathology Classic. In few
case, large cell
and anaplastic

Nodular desmoplastic
histology, classic,
large cell and
anaplastic

Classic, large
cell and
anaplastic

Classic, large cell and
anaplastic

Genetic
aberrations

CTNNB1
DDX3X
SMARCA4

MYCN, GLI2,
PTCH1, SUFU,
MLL2, SMO,TP53,
BCOR1, LDB1,
GABRG1

MYC, PVT1,
OTX2,
MLL2,
SMARCA4,
CHD7

OTX2, DDX31, CHD7,
SNCAIP, MYCN, CDK6
GFI1/GFI1B, MLL2,
KDM6A, MLL3, ZMYM3

Chromosome �/6 3q gain, 9q loss, 10q
loss

1q gain, 5q
loss, 10q loss

Isochromosome 17q chr X
loss, 17p loss

Molecular
markers

Beta-catenin SFRP1or GAB1 MYC
activation in
50% of this
subtype

Unknown

Metastasis Rarely present Not common High 35–40% at presentation

Recurrence Rarely seen Local Metastasis Metastasis

5 year overall
survival

95% 75% 50% 75%

Future strategy Reduction in
therapy

SHH pathway
inhibitors

Intensified
therapy,
novel
therapeutics

Robust and large data
research

Table 2.
Medulloblastoma as a group of molecularly distinct subtypes.

Figure 2.
Modified Chang’s staging system.
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5. Radiation therapy

Medulloblastoma, the embryonal tumors of the central nervous system, are highly
radiosensitive tumors. After 200 cGy, the survival fraction has been reported to be
27%. Although Dargeon in 1948 stated that “medulloblastomas … have a consistently
unfavourable prognosis” but later careful observation of Edith Paterson regarding
pattern of disease spread brings hope to this disease. Radiating brain and spinal cord
in one undivided volume principle mentioned by Edith Paterson and Farr. was based
on the post-mortem findings of brain and spinal cord deposits in untreated cases. In
1953, at the Christie Hospital a five-year survival rate for children who were treated
with kV irradiation reported by Paterson and Farr was 41%. Since then the practice to
irradiate the entire craniospinal axis is universally adopted [22, 23].

After resection of tumor, entire craniospinal axis irradiation followed by whole
posterior fossa or tumor bed boost irradiation is recommended irrespective of
clinically detectable disease. Being Radiosensitive, Radiotherapy is curative up to
70% of standard risk patients. For this pediatric age group disease, linear accelera-
tors are better than telecobalt machines and these children should preferably be
referred in time to well equipped higher center with radiotherapy facility and
infrastructure to prevent unnecessary side effects. As treatment delays beyond 6–
7 weeks result in worse outcome, cobalt-60 therapy may be offered in those areas
where linacs are not available. To prevent the adverse effects of radiotherapy in the
developing nervous system, radiotherapy is avoided initially in children up to
3 years of age. CSI technique required accurate reproducibility and complex field
matching techniques. Long and complex shaped target volume homogeneity is a
technically challenging process.

Timing of radiotherapy
Improved survival for patients is associated with a shorter interval from surgery

to the start of radiation therapy. After definitive surgery, treatment should be
started within 4–7 weeks. International Society of Paediatric Oncology (SIOP) trials
showed that increase in the risk of relapse is seen if radiotherapy treatment is
delivered after 7 weeks [24].

5.1 Radiotherapy planning techniques

Younger brains are much more sensitive to damage caused by radiotherapy. CT
based conformal radiation therapy, 3DCRT, is standard of care exists for many

Figure 3.
The stratifying medulloblastoma patients clinically into high risk and standard (average) risk based on
variables like age, resection and metastasis.
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years. Patient can be in the supine or prone position during CSI treatment. Over
the years, prone position was used universally. Nowadays supine position is
used increasingly.

Advantages of supine position [25]

• Target volume coverage is more easily assured and delivery more
reproducible.

• Patient is more comfortable due to stable position.

• Technically, there is better shielding of cribriform plate and inferior temporal
lobes.

• For younger pediatric patients who require anaesthesia, there can be
better management of airways and cardiopulmonary complications can be
reduced.

Limitations of supine position

• Without adequate portal imaging, setup accuracy is difficult.

• Old couches contain metal inserts and beam entrance posteriorly through the
head rest and treatment couch is not possible.

Advantages of prone position is the junction between the spinal and cranial
fields can be better visualized.

For younger children, good sedation may be required. Expert play therapist may
help in treatment for radiotherapy without sedation.

5.1.1 Conventional planning

In 2-dimensional planning, fluoroscopic guidance two-dimensional simulation is
done. Immobilization is done with thermoplastic cast and universal prone head-rest
is used. CSI board with Lucite base plate having semicircular Lucite structures are
available for head rest and chin rest. Various degrees of neck extensions is possible
which will prevent the exit of superior border of spinal field through the oral cavity.
Chest wall can be supported by thermocols.

This complex 2-dimensional CSI technique fundamentals are:

• Two parallel opposed lateral portals for cranium and upper cervical spinal cord.

• Posterior spinal field matching with the cranial fields.

• In case of adults or larger children, matching of upper posterior spinal field
with the separate lower posterior spinal field.

Craniospinal junction can be placed at higher level: C1/C2 interspace or lower
level C5-C7. At higher level, overdose to spinal cord is low. Shoulders are excluded
from the lateral fields by keeping the craniospinal junction at lower level (C5-C7).
Also the exit dose to mandible, thyroid, pharynx and larynx is lowered. Inferior
edge of S2 is mostly the anatomical landmark where lower border of spinal field
(SF) is set. Single Craniospinal junction is set for smaller children. If length is
>36 cm, two junctions are required which are craniospinal and spinal-spinal (SS)
junction. Mostly SS junction is place at L2-L3 interspace. Multi-leaf collimators or
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custommade lead blocks are utilized for orofacial region shielding. In order to know
the divergence of spinal fields, the spinal fields are simulated first.

Various techniques used for matching craniospinal junction are:

• For matching the beam divergence of the lateral head portals with the superior
beam edge of SF, Collimator rotation is done 7–10°.

• Couch rotation 6°.

• Half beam blocks

• Asymmetric jaws

• Penumbra trimmers

The craniospinal junction should be feathering/moving weekly during craniospinal
irradiation for homogenous dose distribution and further minimizing the hot or cold
spots resulted from the gap-junction or set-up errors. With each shift, spinal field can
be extended superiorly, and cranial fields can be decreased inferiorly by 0.5–1 cm.
Similarly LB (lower border) of “superior spinal field” and SB (superior border) of
“inferior spinal” field can be shifted superiorly. This all is done for spread out of dose
homogeneity. Still the contribution of human errors is seen in many studies. As there
is direct visualization of the optical field light on the skin surface in prone position,
verification of beam delivery of CSI is relatively simple (Figure 4A) [26, 27].

The posterior fossa (PF) boost volume
Depending on the risk-stratification of the disease, volume of the posterior fossa

boost is decided. Those cases which are considered low risk and standard risk
medulloblastomas, posterior fossa target volume includes pre-operative tumor bed
with adequate margins. Most institutions add 1–1.5 cm margin to the tumor bed.
Cases of high risk and very high risk disease require irradiation of the entire poste-
rior fossa. Posterior fossa irradiation can easily be planned based on fluoroscopic
imaging in low and middle income countries where there is no availability of
multileaf collimators.

Figure 4.
(A) Gap feathering during craniospinal irradiation (CSI). Junction movement across the long treatment length
allows homogenous dose distribution by reducing the overlap hot spot and gapping cold spots. If field length <
35 cm, 100 cm SSD is used and for field length >35 cm, 120 cm SSD is used. (B) Posterior fossa boost volume
including whole infratentorial compartment.

140

Brain and Spinal Tumors - Primary and Secondary

Conventional portals for PF boost
The PF boost is given using two lateral opposing fields. Anterior radiotherapy

borders are formed by the posterior clinoids, posteriorly by internal occipital protu-
berance, superiorly extended up to mid-point of foramen magnum and vertex (or 1 cm
above tentorium) and inferiorly extended up to C2-C3 interspace (Figure 4B) [28].

5.1.2 Conformal radiotherapy planning

In case of pediatric patients who are potential long term survivors, critical
structures are better spared by conformal techniques.

Immobilization is done in supine position and patient is aligned straight keeping
neck in the neutral position. A 4-clamp thermoplastic immobilization cast for the
head and shoulder region along with appropriate neck rest should be used. A five
point orfit for immobilization along with hyperextended head and depressed both
shoulders can result in optimal sparing of the upper esophagus and laryngeal struc-
tures.

Traditionally, axial planning images of 5 mm thickness on CT simulator from the
vertex till the upper thigh region were preferred. But in this era of high precision
radiotherapy where CTV accuracy is important for optimal outcome, CT slice
thickness is reduced in some anatomical sites of CSI field. Slice Thickness of 1–
2.5 mm from the vertex to the inferior border of third cervical vertebrae (C3) and
2–5 mm from the lower border of third cervical vertebrae (C3) to the upper ana-
tomical region of the femur should be obtained. Skull base foramina delineation is
of utmost important and for their identification, “1 mm slice thickness at the base of
skull” is preferred. To improve better identification of cranial nerves dural sheaths,
co-registration of planning imaging CT to MRI can be done [29]. CSF extensions
within the dural reflections are better demonstrated by FIESTA (Fast Imaging
Employing Steady-State Acquisition) MRI sequences [30].

Treatment volumes
Due to the risk of CSF dissemination, entire arachnoid space is included in the

clinical target volume (CTV).

5.1.2.1 Whole brain treatment volume

The frontal lobe and the cribriform plate must be included in the clinical target
volume. Inclusion of superior orbital tissue is must in the radiation field for the
adequate coverage of the frontal lobe and cribriform plate. As per SIOPE guidelines,
“the geometric edge of shielding should extend at least 0.5 cm inferiorly below the
cribriform plate and at least 1 cm elsewhere below the base of the skull”.

Delineation of CTVcranial

a. Brain along with its covering meninges are contoured till second cervical
vertebrae (C2). For outlining the inner table of the skull, CT bonywindow setting
is used with window/level: 1500–2000/300–350 suggested by SIOPE group.

b.The most critical sites are the ‘cribriform plate’, the ‘most inferior parts of the
temporal lobes’, and the ‘whole pituitary fossa’. They all to be included in the
CTVcranial delineation. For cribriform plate CT window/level suggested is
3000/400.

c. For inclusion of CSF within the dural sheath of cranial nerves, CTVcranial is
modified. For second cranial (optic) nerve, window width 350/level 40 is to be
used
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custommade lead blocks are utilized for orofacial region shielding. In order to know
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with adequate margins. Most institutions add 1–1.5 cm margin to the tumor bed.
Cases of high risk and very high risk disease require irradiation of the entire poste-
rior fossa. Posterior fossa irradiation can easily be planned based on fluoroscopic
imaging in low and middle income countries where there is no availability of
multileaf collimators.

Figure 4.
(A) Gap feathering during craniospinal irradiation (CSI). Junction movement across the long treatment length
allows homogenous dose distribution by reducing the overlap hot spot and gapping cold spots. If field length <
35 cm, 100 cm SSD is used and for field length >35 cm, 120 cm SSD is used. (B) Posterior fossa boost volume
including whole infratentorial compartment.
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berance, superiorly extended up to mid-point of foramen magnum and vertex (or 1 cm
above tentorium) and inferiorly extended up to C2-C3 interspace (Figure 4B) [28].
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In case of pediatric patients who are potential long term survivors, critical
structures are better spared by conformal techniques.

Immobilization is done in supine position and patient is aligned straight keeping
neck in the neutral position. A 4-clamp thermoplastic immobilization cast for the
head and shoulder region along with appropriate neck rest should be used. A five
point orfit for immobilization along with hyperextended head and depressed both
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tures.

Traditionally, axial planning images of 5 mm thickness on CT simulator from the
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thickness is reduced in some anatomical sites of CSI field. Slice Thickness of 1–
2.5 mm from the vertex to the inferior border of third cervical vertebrae (C3) and
2–5 mm from the lower border of third cervical vertebrae (C3) to the upper ana-
tomical region of the femur should be obtained. Skull base foramina delineation is
of utmost important and for their identification, “1 mm slice thickness at the base of
skull” is preferred. To improve better identification of cranial nerves dural sheaths,
co-registration of planning imaging CT to MRI can be done [29]. CSF extensions
within the dural reflections are better demonstrated by FIESTA (Fast Imaging
Employing Steady-State Acquisition) MRI sequences [30].
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Due to the risk of CSF dissemination, entire arachnoid space is included in the
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adequate coverage of the frontal lobe and cribriform plate. As per SIOPE guidelines,
“the geometric edge of shielding should extend at least 0.5 cm inferiorly below the
cribriform plate and at least 1 cm elsewhere below the base of the skull”.
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a. Brain along with its covering meninges are contoured till second cervical
vertebrae (C2). For outlining the inner table of the skull, CT bonywindow setting
is used with window/level: 1500–2000/300–350 suggested by SIOPE group.

b.The most critical sites are the ‘cribriform plate’, the ‘most inferior parts of the
temporal lobes’, and the ‘whole pituitary fossa’. They all to be included in the
CTVcranial delineation. For cribriform plate CT window/level suggested is
3000/400.

c. For inclusion of CSF within the dural sheath of cranial nerves, CTVcranial is
modified. For second cranial (optic) nerve, window width 350/level 40 is to be
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Foramina or canals of skull base which are significant for delineation of
CTVcranial are cribriform plate, optical canal of sphenoid, superior orbital fissure,
foramen ovale, internal auditory meatus (IAM), jugular foramen and hypoglossal
canal. Entire components length of the optic nerves in the CTVcranial is included in
most institutions where photons are used. But in those institutions where medullo-
blastomas are treated by protons, for prevention of any potential optical retinopa-
thy risk, only the posterior length components of the optic nerves is included
[31, 32].

As CSF flows up to the posterior aspect of eyeball which is better observed in
MRI images, it is better to include whole optic nerves in CTV in routine practice of
photon beam based radiotherapy in these cases. The cranial nerves which are
wrapped without dural cuff are the third, fourth and sixth (oculomotor, trochlear
and abducens) nerves. Nobel et al. studied the flow of cerebrospinal fluid beyond
the inner table of skull into the IAM (internal auditory meatus), juglar foramen (JF)
and hypoglossal canal (HC). Their study (on basis of 96 FIESTA MRI sequences)
concluded that the CSF extension was up to ‘16 mm’ in the internal auditory meatus
which is not very far away from the cochlea. So the cochlear sparing by CSF
exclusion within the internal acoustic canal should not be attempted. Their data also
showed that the CSF extension was up to 11 mm in the juglar fossa from inner table
of skull. There is no extension of CSF within these dural sheaths outside the outer
table of the skull. It is not so easy to delineate dural sheath CSF on MRI but CT
images with 1 mm thickness along the base of skull can show skull foramina and
canals and they can easily be contoured on bony windows (Figure 5) [29].

Figure 5.
Showing conformal planning. (A) Cribriform plate is in close proximity to ocular structures. Shielding edge
should be at least 0.5 cm below the cribriform plate and 1 cm elsewhere below base of skull to cover the temporal
fossa and skull base foramina. (B) The petrous part of temporal bone showing Internal acoustic canal (IAC).
(C) Various skull base foramina contoured in CTVcranial including dural cuffs of cranial nerves. (D)
Cribriform plate must be in target volume. (E) Entire subarachnoid space, including nerve roots laterally must
be included in CTVspinal. SFOP, French Paediatric Oncology Society; CP, cribriform plate; SOF, superior
orbital fissure; FO, foramen ovale.
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Issues of the cribriform plate (CP)
According to a 1982 report from MSKCC, 15% of recurrences are subfrontal in

medulloblastomas [33]. Hypothesis given by Donnal et al. was that the pooling of
cells secondary to gravitational effect of prone position with maximum shielding of
eyes can result in the recurrences at the region of cribriform plate [34].

5.1.2.2 CTVSpinal

The CTVSpinal (spinal target volume) includes the complete dural or thecal sac.
Lateral extension of delineation is must to cover the intervertebral or neural foramina
with their exiting nerve roots from the C2 cervical spine till the lower end of the
thecal sac. Lower border of CTVSpinal is appreciated by the latest spinal MRI imaging.
Children Oncology Group (ACNS0332, ACNS 0331, ACNS 0122) recommended the
inferior border of CTVSpinal is ‘2 cm below the termination of the subdural space’ which
is usually at bottom of second sacral vertebrae. The other SIOPE group trials
recommended that the lower border of CTVSpinal must be determined by the spinal
MRI imaging of the termination of the thecal or dural sac. This border should be
kep. 1 cm inferior to this. Root canals in the Sacral CTVSpinal can be excluded. This
recommendation is based on a MRI study conducted on ten volunteers who were
healthy proved that there was no CSF around the nerve roots of sacral segments.

If patients are to be treated by protons, then for skeletally immature patients,
CTVSpine should include the vertebral bodies. This will decrease the risk of unequal
vertebral growth. In skeletally mature patients, spinal TV should include the sub-
arachnoid space of spine with a margin of 3–5 mm is summed up to the body of
vertebrae for set up uncertainties/variation (interfraction) [29].

Delineation of posterior fossa boost volume
High Risk and Very High Risk disease: The clinical target volume PF (CTVPF)

boost encompassed the whole PF. The boost CTVPF extends superiorly up to the
tentorium cerebelli, inferiorly to the foramen magnum, and posterolaterally to the
occipital bony walls and temporal fossa. BS (Brain Stem) anterior border and mid-
brain cover the components of the posterior fossa anteriorly. The geometric margin
of 0.5 cm around the CTVPF is taken for delineation of the PTV posterior fossa
(PTVPF). PTVPF is limited to the bony confines of the skull, except at the foramen
magnum where it extended to the level of C1. The PTVPF contoured anteriorly up to
the posterior clinoids and inferiorly to the C1-C2 junction. PTV is modified at sella
and pituitary gland is excluded from anterior extension of PF boost planning.

For low risk and standard risk, tumor bed, as defined on CT images, delineation
with a margin of 1–2cm is recommended. For three-dimensional planning, two lateral
opposing portals with editing/shaping using the multileaf collimators (MLCs) is
recommended. Finally, these craniospinal and boost plans must be summated to
produce a composite treatment plan and final dose-distribution is calculated [35, 36].

5.2 Intensity modulated radiotherapy for CSI

Children and adults are two different groups as far as radiotherapy treatment in
medulloblastoma is concerned. Proliferating tissues are more in children as

CTV brain: brain and its covering meninges till lower border of C2.
PTV brain: 5 mm isotropic margin around CTV brain.
CTV spine: entire arachnoid space with nerve roots.
PTV spine: 5–8 mm isotropic margin is recommended around the CTV-spine
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Foramina or canals of skull base which are significant for delineation of
CTVcranial are cribriform plate, optical canal of sphenoid, superior orbital fissure,
foramen ovale, internal auditory meatus (IAM), jugular foramen and hypoglossal
canal. Entire components length of the optic nerves in the CTVcranial is included in
most institutions where photons are used. But in those institutions where medullo-
blastomas are treated by protons, for prevention of any potential optical retinopa-
thy risk, only the posterior length components of the optic nerves is included
[31, 32].

As CSF flows up to the posterior aspect of eyeball which is better observed in
MRI images, it is better to include whole optic nerves in CTV in routine practice of
photon beam based radiotherapy in these cases. The cranial nerves which are
wrapped without dural cuff are the third, fourth and sixth (oculomotor, trochlear
and abducens) nerves. Nobel et al. studied the flow of cerebrospinal fluid beyond
the inner table of skull into the IAM (internal auditory meatus), juglar foramen (JF)
and hypoglossal canal (HC). Their study (on basis of 96 FIESTA MRI sequences)
concluded that the CSF extension was up to ‘16 mm’ in the internal auditory meatus
which is not very far away from the cochlea. So the cochlear sparing by CSF
exclusion within the internal acoustic canal should not be attempted. Their data also
showed that the CSF extension was up to 11 mm in the juglar fossa from inner table
of skull. There is no extension of CSF within these dural sheaths outside the outer
table of the skull. It is not so easy to delineate dural sheath CSF on MRI but CT
images with 1 mm thickness along the base of skull can show skull foramina and
canals and they can easily be contoured on bony windows (Figure 5) [29].

Figure 5.
Showing conformal planning. (A) Cribriform plate is in close proximity to ocular structures. Shielding edge
should be at least 0.5 cm below the cribriform plate and 1 cm elsewhere below base of skull to cover the temporal
fossa and skull base foramina. (B) The petrous part of temporal bone showing Internal acoustic canal (IAC).
(C) Various skull base foramina contoured in CTVcranial including dural cuffs of cranial nerves. (D)
Cribriform plate must be in target volume. (E) Entire subarachnoid space, including nerve roots laterally must
be included in CTVspinal. SFOP, French Paediatric Oncology Society; CP, cribriform plate; SOF, superior
orbital fissure; FO, foramen ovale.
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medulloblastomas [33]. Hypothesis given by Donnal et al. was that the pooling of
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eyes can result in the recurrences at the region of cribriform plate [34].
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High Risk and Very High Risk disease: The clinical target volume PF (CTVPF)

boost encompassed the whole PF. The boost CTVPF extends superiorly up to the
tentorium cerebelli, inferiorly to the foramen magnum, and posterolaterally to the
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(PTVPF). PTVPF is limited to the bony confines of the skull, except at the foramen
magnum where it extended to the level of C1. The PTVPF contoured anteriorly up to
the posterior clinoids and inferiorly to the C1-C2 junction. PTV is modified at sella
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For low risk and standard risk, tumor bed, as defined on CT images, delineation
with a margin of 1–2cm is recommended. For three-dimensional planning, two lateral
opposing portals with editing/shaping using the multileaf collimators (MLCs) is
recommended. Finally, these craniospinal and boost plans must be summated to
produce a composite treatment plan and final dose-distribution is calculated [35, 36].
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compared to the adults. IMRT for adult population is a used as a routine practice for
numerous malignancies but for pediatric patients, IMRT has to be used with great
caution in view of low dose volumes. Spinal irradiation during CSI results in
increased doses delivered to anterior thoracic and abdominal structures with con-
ventional plans. Parker et al. published data showed that the PTV and dose homo-
geneity was better for the medulloblastoma CSI, IMRT plans. Dosimeteric analysis
showed V95% for IMRT was 100%, 3D planning was 96% and 2D planning was 98%.
Also V107% for IMRT was 3%, 3D planning 38% and 2D was 37%. The IMRT plans
provided better sparing of heart and liver in terms of V (10 Gy) and above. Integral
Dose analysis showed the IMRT plans were superior for liver and heart and the 3D
plan were better for the body contour. Tomotherapy may be helpful in reducing
high dose regions in OAR, but low dose of radiation to a large volume is a concern
for pediatric patients [37].

IMRT planning
IMRT for craniospinal irradiation in adult medulloblastomas is delivered after

summation of PTV brain plan and PTV spine plan. Usually the spinal PTV planning
is done first with ‘inverse planning technique’ using the 5 posterior fields with 0°,
�20° and� 50°gantry angles. For the craniocaudal direction, the isocenter is kept at
the “geometrical center of the PTV_spine”. For the depth and lateral position, it is
usually set at the “midline and midplane” at the level of the interphase of second
and third cervical vertebral body. Dose prescription and normalization is to the
isocenter of the spine. For the cranial target, a separate plan is created. Cranial fields
isocenter is set at the inferior most slice of the PTV brain. MLC positions can be
modified for dose reduction to the nearby OARs and adequate coverage of the
target volume. The geometric center of the PTV_brain is defined as the reference
point for dose prescription and normalization. Final composite plan for the whole
cranio-spinal axis is obtained after dosimetrically summation of spinal and cranial
plans. For taller patients, for upper and lower spine, IMRT plans are created sepa-
rately [38].

Intensity modulated radiotherapy for posterior fossa boost
Meenu et al. re-planned seven previously irradiated patients of MB with seven

field inverse planning IMRT for whole posterior fossa boost. Equidistant gantry
angles (0°, 50°, 100°, 150°, 210°, 260°, 310°) were used with step and shoot IMRT
on 6MV energy LINAC. Treatment isocenter was set at the geometrical center of the
planning target volume. They compared with 3DCRT plan delivered by two lateral
opposing beams with multileaf collimators for shaping. Their dosimeteric results
showed there were decreased mean dose to most critical organ at risk, cochlea, with
IMRT compared to the three dimensional radiotherapy plans with significant p
values i.e. 0.032 for the cochlea of right ear and 0.020 for the left sided cochlea
(Figure 6) [35] Similar results are found in published clinical studies conducted by
Huang et al. where 13% of the IMRT group had grade 3 or 4 hearing loss as
compared to 64% for the conventional group [39].

Organ at risk
OAR as demarcated on axial CT images include brain, eyes, lens, optic nerves,

optic chiasma, cochlea, parotids, mandible, thyroid, esophagus, lungs, heart,
breasts, liver, kidneys, bowel bag, rectum, bladder, gonads (ovary or testes),
vertebral bodies, uterus plus pelvis (red bone marrow).

5.3 Radiotherapy doses

Berry et al. reported a five year survival rate of 47% with lesser doses and ten
year DFS of 77% once the posterior fossa doses delivered were >52 Gy [40].
Abacioglu et al. showed in adult medulloblastomas, control rate was 33% at 5 year
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with doses <54 Gy native to 91% in those patients on whom higher doses were
delivered [41]. CSI dose reduction is feasible with the addition of chemotherapy as
level 1 evidence based data released by Children’s Cancer Study Group showed that
the reduction of doses from 36- to 23.4 Gy resulted in significantly higher risk of
recurrences outside the posterior fossa [42].

Radiotherapy doses to CSI depends upon the risk stratification of the disease at
presentation. If risk stratification or accurate staging is incomplete then patient can
be treated as high-risk disease. Radiation therapy doses according to the risk strat-
ification are shown in Table 3 [43]. There are different long term toxicities between
the adult and children. CSI dose reduction approach is avoided for adult patients.
Still big data is required to justify the addition of adjuvant chemotherapy to radio-
therapy in average risk adult patients as data showed that 70–80% of these patients
have no progression of disease at 5 years when RT is used as a sole modality. Also
there are issues of hematological toxicities in adult patients.

5.4 Proton therapy

Pediatric age is more sensitive to radiation induced carcinogenesis as compared
to adults by a factor of at least 10 [44].

As children anatomy is small so critical organs are very much close to the target
volume. Also the scatter from the treatment volume is highly significant in children
having small body area as compared to large body of adults. Particle beam therapy is
a potential powerful tool for improving the therapeutic ratio. Goal of pediatric
radiation oncologists is integral dose minimization to whole body and organs at risk.
Advantage of protons over the photons is that they can modulate the dose to avoid
very close OARs. For CSI, advantages of protons are because of absorption of low
dose on tissue entry and the point of maximum dose deposition at the Bragg-peak.
This results in the avoidance of dose deposition to anterior organs like thyroid,
lungs, heart, gut, liver, esophagus, kidneys and urinary bladder. Also critical brain
structures such as the lens, optic chiasma, pituitary, cochleae are better spared.

Figure 6.
Coursey JCRT. Meenu et al. mid-axial dose distributions with (a) 3DCRT (b) IMRT for one of the
representative case of entire posterior fossa boost. Yellow represents 100%, red 95% and blue 70% of the isodose
lines. IMRT is advantageous over 3DCRT for cochlear sparing. 3DCRT, three dimensional conformal
radiotherapy; IMRT, intensity modulated radiotherapy.
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compared to the adults. IMRT for adult population is a used as a routine practice for
numerous malignancies but for pediatric patients, IMRT has to be used with great
caution in view of low dose volumes. Spinal irradiation during CSI results in
increased doses delivered to anterior thoracic and abdominal structures with con-
ventional plans. Parker et al. published data showed that the PTV and dose homo-
geneity was better for the medulloblastoma CSI, IMRT plans. Dosimeteric analysis
showed V95% for IMRT was 100%, 3D planning was 96% and 2D planning was 98%.
Also V107% for IMRT was 3%, 3D planning 38% and 2D was 37%. The IMRT plans
provided better sparing of heart and liver in terms of V (10 Gy) and above. Integral
Dose analysis showed the IMRT plans were superior for liver and heart and the 3D
plan were better for the body contour. Tomotherapy may be helpful in reducing
high dose regions in OAR, but low dose of radiation to a large volume is a concern
for pediatric patients [37].

IMRT planning
IMRT for craniospinal irradiation in adult medulloblastomas is delivered after

summation of PTV brain plan and PTV spine plan. Usually the spinal PTV planning
is done first with ‘inverse planning technique’ using the 5 posterior fields with 0°,
�20° and� 50°gantry angles. For the craniocaudal direction, the isocenter is kept at
the “geometrical center of the PTV_spine”. For the depth and lateral position, it is
usually set at the “midline and midplane” at the level of the interphase of second
and third cervical vertebral body. Dose prescription and normalization is to the
isocenter of the spine. For the cranial target, a separate plan is created. Cranial fields
isocenter is set at the inferior most slice of the PTV brain. MLC positions can be
modified for dose reduction to the nearby OARs and adequate coverage of the
target volume. The geometric center of the PTV_brain is defined as the reference
point for dose prescription and normalization. Final composite plan for the whole
cranio-spinal axis is obtained after dosimetrically summation of spinal and cranial
plans. For taller patients, for upper and lower spine, IMRT plans are created sepa-
rately [38].

Intensity modulated radiotherapy for posterior fossa boost
Meenu et al. re-planned seven previously irradiated patients of MB with seven

field inverse planning IMRT for whole posterior fossa boost. Equidistant gantry
angles (0°, 50°, 100°, 150°, 210°, 260°, 310°) were used with step and shoot IMRT
on 6MV energy LINAC. Treatment isocenter was set at the geometrical center of the
planning target volume. They compared with 3DCRT plan delivered by two lateral
opposing beams with multileaf collimators for shaping. Their dosimeteric results
showed there were decreased mean dose to most critical organ at risk, cochlea, with
IMRT compared to the three dimensional radiotherapy plans with significant p
values i.e. 0.032 for the cochlea of right ear and 0.020 for the left sided cochlea
(Figure 6) [35] Similar results are found in published clinical studies conducted by
Huang et al. where 13% of the IMRT group had grade 3 or 4 hearing loss as
compared to 64% for the conventional group [39].

Organ at risk
OAR as demarcated on axial CT images include brain, eyes, lens, optic nerves,

optic chiasma, cochlea, parotids, mandible, thyroid, esophagus, lungs, heart,
breasts, liver, kidneys, bowel bag, rectum, bladder, gonads (ovary or testes),
vertebral bodies, uterus plus pelvis (red bone marrow).

5.3 Radiotherapy doses

Berry et al. reported a five year survival rate of 47% with lesser doses and ten
year DFS of 77% once the posterior fossa doses delivered were >52 Gy [40].
Abacioglu et al. showed in adult medulloblastomas, control rate was 33% at 5 year
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with doses <54 Gy native to 91% in those patients on whom higher doses were
delivered [41]. CSI dose reduction is feasible with the addition of chemotherapy as
level 1 evidence based data released by Children’s Cancer Study Group showed that
the reduction of doses from 36- to 23.4 Gy resulted in significantly higher risk of
recurrences outside the posterior fossa [42].

Radiotherapy doses to CSI depends upon the risk stratification of the disease at
presentation. If risk stratification or accurate staging is incomplete then patient can
be treated as high-risk disease. Radiation therapy doses according to the risk strat-
ification are shown in Table 3 [43]. There are different long term toxicities between
the adult and children. CSI dose reduction approach is avoided for adult patients.
Still big data is required to justify the addition of adjuvant chemotherapy to radio-
therapy in average risk adult patients as data showed that 70–80% of these patients
have no progression of disease at 5 years when RT is used as a sole modality. Also
there are issues of hematological toxicities in adult patients.

5.4 Proton therapy

Pediatric age is more sensitive to radiation induced carcinogenesis as compared
to adults by a factor of at least 10 [44].

As children anatomy is small so critical organs are very much close to the target
volume. Also the scatter from the treatment volume is highly significant in children
having small body area as compared to large body of adults. Particle beam therapy is
a potential powerful tool for improving the therapeutic ratio. Goal of pediatric
radiation oncologists is integral dose minimization to whole body and organs at risk.
Advantage of protons over the photons is that they can modulate the dose to avoid
very close OARs. For CSI, advantages of protons are because of absorption of low
dose on tissue entry and the point of maximum dose deposition at the Bragg-peak.
This results in the avoidance of dose deposition to anterior organs like thyroid,
lungs, heart, gut, liver, esophagus, kidneys and urinary bladder. Also critical brain
structures such as the lens, optic chiasma, pituitary, cochleae are better spared.

Figure 6.
Coursey JCRT. Meenu et al. mid-axial dose distributions with (a) 3DCRT (b) IMRT for one of the
representative case of entire posterior fossa boost. Yellow represents 100%, red 95% and blue 70% of the isodose
lines. IMRT is advantageous over 3DCRT for cochlear sparing. 3DCRT, three dimensional conformal
radiotherapy; IMRT, intensity modulated radiotherapy.
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In grown up children, sparing the anterior portion of the vertebral body results in
minimization of bone marrow dose (Figure 7).

Consensus report from the Stockholm pediatric proton therapy conference
showed that treatment of choice for medulloblastoma is proton therapy [45]. Based
on the review of the existing theoretical and early clinical outcomes evidence,
results showed that proton craniospinal irradiation provide similar control of tumor
with potentially decreased doses to the normal structures thus reduces the risk of
side effects when compared with photon existing data [46]. Spot-scanned intensity-
modulated proton therapy (IMPT) is advantageous over the photon therapy in
terms of all radiobiological risk estimation [47].

Weight changes in medulloblastoma and adaptive proton therapy are coming up
but at present there is scanty data available. Patient selection is of utmost important
in proton therapy. Limitations of patients with their families to travel in these

Various risk
stratification

Volume and doses of radiation therapy Concurrent or adjuvant
chemotherapy

High risk and
very high risk
disease

CSI: 36Gy/ 20 fractions, 5 days a week
Boost to posterior fossa: 19.8Gy/ 11
fractions, 5 times/week
Gross metastatic deposits: Boost dose of
5.4–9 Gy/3–5 fractions

Concurrent carboplatin followed by
adjuvant six cycles of systemic
chemotherapy

Standard risk Children <18 year
CSI: 23.4Gy/13 fractions, 5 days a week
Boost to whole posterior fossa (or tumor
bed): 30.6Gy/17 fractions, 5 times/week
Adults
CSI: 36Gy/20 fractions, 5 days a week
Boost to posterior fossa: 19.8Gy/11 fractions,
5 times/week

Children <18 year
Weekly vincristine followed by
adjuvant six cycles of systemic
chemotherapy

Low risk CSI: 23.4Gy/13 fractions, 5 days a week
Boost to whole posterior fossa (or tumor
bed): 30.6Gy/17 fractions, 5 times/week

Reduced intensity chemotherapy

Table 3.
Radiotherapy doses according to risk stratification.

Figure 7.
CSI Schematic Model. (A) Photons are absorbed and secondary electrons have large range in mm resulting in
doses beyond the target volume. (B) Advantage of stopping of protons is due to the Bragg peak curve resulting in
lower doses to OARs with proton therapy.

146

Brain and Spinal Tumors - Primary and Secondary

centers, the proton center capacity to treat children and the availability of expertise
and support structures must be evaluated by the referral physicians.

6. Chemotherapy

Chemotherapy is integral part of treatment and in standard risk cases CSI doses
can be reduced. Children less than 3 years, chemotherapy is recommended till the
child will attain the age of 3 years. Drugs like carboplatin, cyclophosphamide and
etoposide is recommended. There are various regimens recommended (Box 1). In a
published database analysis of medulloblastoma children (n = 816) age 3–8 years
who received adjuvant chemotherapy after surgery, overall rate of RT deferral after
surgery was 15.1%. Their practice was associated was decreased overall survival in
this pediatric population even in the well-established era of chemotherapy. [48] At
present, recommendations of chemotherapy are:

• Following RT as adjuvant settings

• In Infant medulloblastoma, to defer RT, till the age of 3-years

• Autologous stem-cell rescue accompanied with high-dose chemotherapy with

• Concurrent chemotherapy with radiotherapy

• As a salvage therapy in cases of relapsed of recurrent medulloblastoma.

Box 1.
Chemotherapy regimens (adjuvant) in MB children >3 years of age [49, 36].

A detailed discussion about the chemotherapy and late effects of radio-
chemotherapy, management of adverse effects are outside the scope of this chapter.
It is recommended and important to havemultidisciplinary follow-up with pediatric
radiation oncologists and endocrinologists.

7. Follow up

Follow up counseling is mandatory prior to initiation of treatment. MRI brain
may be performed every three months and MRI spine may be obtained every six
months in standard risk category of standard risk patients for the initial two years.
These two investigations can be performed every 6 months up to five years, and
then repeated every year. In high-risk group, MRI of whole brain and spine may be
repeated every three months for the initial two years. Thorough clinical examina-
tion with every visit is necessary. In case of pediatric or adolescence groups follow-
ing radiotherapy, neuroendocrine follow-up with evaluation of serum hormonal
levels should be performed every six months.
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centers, the proton center capacity to treat children and the availability of expertise
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6. Chemotherapy

Chemotherapy is integral part of treatment and in standard risk cases CSI doses
can be reduced. Children less than 3 years, chemotherapy is recommended till the
child will attain the age of 3 years. Drugs like carboplatin, cyclophosphamide and
etoposide is recommended. There are various regimens recommended (Box 1). In a
published database analysis of medulloblastoma children (n = 816) age 3–8 years
who received adjuvant chemotherapy after surgery, overall rate of RT deferral after
surgery was 15.1%. Their practice was associated was decreased overall survival in
this pediatric population even in the well-established era of chemotherapy. [48] At
present, recommendations of chemotherapy are:

• Following RT as adjuvant settings

• In Infant medulloblastoma, to defer RT, till the age of 3-years

• Autologous stem-cell rescue accompanied with high-dose chemotherapy with

• Concurrent chemotherapy with radiotherapy

• As a salvage therapy in cases of relapsed of recurrent medulloblastoma.

Box 1.
Chemotherapy regimens (adjuvant) in MB children >3 years of age [49, 36].

A detailed discussion about the chemotherapy and late effects of radio-
chemotherapy, management of adverse effects are outside the scope of this chapter.
It is recommended and important to havemultidisciplinary follow-up with pediatric
radiation oncologists and endocrinologists.

7. Follow up

Follow up counseling is mandatory prior to initiation of treatment. MRI brain
may be performed every three months and MRI spine may be obtained every six
months in standard risk category of standard risk patients for the initial two years.
These two investigations can be performed every 6 months up to five years, and
then repeated every year. In high-risk group, MRI of whole brain and spine may be
repeated every three months for the initial two years. Thorough clinical examina-
tion with every visit is necessary. In case of pediatric or adolescence groups follow-
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Chapter 10

Laser Ablation for Gliomas
Alexa Semonche, Daniel Eichberg, Ashish Shah
and Michael E. Ivan

Abstract

Laser interstitial thermal therapy (LITT) is a novel minimally invasive
neurosurgical procedure in which laser light is delivered through a stereotactically
positioned probe to an intracranial lesion for controlled thermal ablation of the
pathological tissue. LITT is considered for patients who are poor candidates for
open surgical resection due to (1) location of lesion (e.g., deep-seated or near
critical structures), (2) history of intracranial interventions or medical
comorbidities that increase surgical risk, or (3) lesion refractoriness to prior
conventional therapies. The use of LITT was initially limited by concerns over
off-target thermal damage; however, recent advances in magnetic resonance
imaging-based thermal imaging have enabled real-time monitoring of tissue
ablation dynamics, thereby improving its safety profile. Accordingly, the past two
decades have seen a rapid expansion in the use of LITT for a variety of intracranial
pathologies, including neoplasms, radiation necrosis, and epilepsy. This chapter
focuses on the novel application of LITT to both newly diagnosed and recurrent
glioblastoma multiforme (GBM). We first review the technological developments
that enabled the safe use of LITT for GBM. We then review recent evidence
regarding the indications, outcomes, and limitations of LITT as a novel adjuvant
treatment for GBM.

Keywords: LITT, laser, glioma, glioblastoma, astrocytoma, ablation

1. Introduction

1.1 Glioblastoma multiforme: standard-of-care and prognosis

World Health Organization (WHO) grade IV glioma (glioblastoma multiforme)
is the most common and most lethal malignant primary brain tumor. The incidence
in the United States is estimated to be 3.12 per 100,000 persons with a median age
of 64 years at diagnosis [1]. Current standard-of-care guidelines for initial
treatment for grade III or IV gliomas (high-grade gliomas (HGG)) are maximal safe
surgical resection followed by adjuvant temozolomide chemotherapy and radiation
[2]. Although standard-of-care treatment improves median survival from 3 months
in untreated patients to 14.8 months, GBM remains a terminal diagnosis as tumors
inevitably recur [2, 3]. There are few positive prognostic factors. In a minority of
patients, certain tumor molecular phenotypes correlate with improved prognosis.
For example, methylguanine methyltransferase (MGMT) promoter
hypermethylation is associated with an increased median survival of 21.7 months.
Isocitrate dehydrogenase 1 (IDH) mutation-positive tumors, especially in
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combination with MGMT hypermethylation, also correlate with a survival benefit
[4]. Other favorable prognostic factors include younger age at diagnosis, pre-
treatment functional status, and extent of surgical resection of the tumor mass [5].

1.2 Rationale for use of LITT for glioblastoma

Recent studies have improved our understanding of how the extent of surgical
resection impacts progression-free survival and overall survival for GBM patients
[6, 7]. Although GBM is a diffusely infiltrative disease, gross total resection (GTR)
is associated with increased progression-free survival and overall survival compared
to subtotal resection (STR), which itself confers a survival benefit compared to
biopsy alone [7]. Studies aiming to quantify a threshold extent of resection have
concluded that a threshold at 78% resection of radiographic tumor is necessary to
confer a survival benefit compared to radiation and chemotherapy alone [8–11].
Other recent studies have found an additional survival benefit from supra-total
resection (i.e., resection beyond the contrast-enhancing tumor margins) to include
any fluid-attenuated inversion recovery (FLAIR) abnormalities or a total right
frontal or parietal lobectomy compared to GTR [12, 13]. These findings support the
current standard-of-care guidelines for maximal safe surgical resection and rein-
force the primary role of cytoreduction in GBM treatment.

However, some patients may not be able to undergo conventional open surgical
resection. Factors contributing to this include medical comorbidities that increase
surgical risk, low preoperative functional status, inability to tolerate general anes-
thesia, and history of radiation therapy or prior craniotomy that may impair wound
healing and increase risk of postoperative neurological worsening [14]. Up to 40%
of GBM tumors are considered surgically “unresectable” based on their location in
deep or eloquent brain regions or adjacent to critical neurovascular structures [15].
Postoperative neurological deficits from injury to eloquent brain regions during
open surgical resection are associated with reduced overall survival and functional
status [16]. When open surgery is not an option, patients may simply receive a
needle biopsy for diagnosis and chemoradiation. For these patients, laser interstitial
thermal therapy is a minimally invasive alternative approach for cytoreductive
intervention.

2. Laser interstitial thermal therapy: Principles and technological
developments

2.1 Technological principles

LITT is a minimally invasive neurosurgical procedure that delivers laser light to
an intracranial target to thermally ablate pathological tissue [17]. Laser light is a
form of non-ionizing radiation and is emitted from a power source as a coherent
beam of electromagnetic radiation. Laser light is delivered intracranially through a
fiber optic ensheathed in a rigid laser probe that can be stereotactically inserted
along a linear trajectory from a single skull entry point to the lesion. The primary
mechanism of thermal damage occurs when laser light is absorbed by tissue water
and hemoglobin molecules, causing excitation and release of heat. In LITT, laser
light in the near-infrared range (980–1064 nm) is used to maximize tissue
penetrance (up to 10 mm). Tissue heating to at least 43°C for several minutes is
sufficient to cause irreversible tissue damage; heating to 60°C rapidly induces
protein denaturation and damage to DNA and lipid membranes, resulting in
coagulative necrosis [18]. At 100°C, tissue vaporization occurs, which can result in
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increased intracranial pressure. Tissue charring at temperatures >90°C can also
damage healthy brain and impair laser penetration to further target regions.
Therefore, the ideal temperature range for thermal ablation is 50–90°C [19].

The first use of LITT in neurosurgery was reported in the early 1980s [20];
however, concerns were raised over how to limit thermal injury to pathological
tissue only [21]. Although early LITT users could stereotactically position a laser
optical fiber to the center of a lesion, they did not have an accurate method for
measuring heat distribution throughout the target and to surrounding off-target
areas. Two advances in LITT technology have improved its safety: (1) real-time
magnetic resonance (MR) thermometry and (2) the development of commercially
available LITT systems that successfully integrate MR thermometry data and
enhanced control over laser energy delivery into a standard workflow.

MR thermometry was introduced in the 1990s as a way to monitor real-time
changes in tissue temperature on an MR imaging sequence [22, 23]. T2-weighted
MRI images are taken intraoperatively; changes in tissue temperature affect the
water proton resonance frequency signal in a linear relationship and can be mapped
onto pixels of the MRI image. The result is a heat damage map that can be updated
throughout the procedure and used to guide the boundaries of laser ablation [24].

The NeuroBlate laser ablation system (Monteris, Inc.) and the Visualase
Thermal Therapy System (Medtronic, Inc.) received Food and Drug Administration
(FDA) approval in 2007 and 2009, respectively. These commercial LITT platforms
use MR thermometry software that allows the surgeon to define a maximum
temperature threshold at the periphery of the target lesion; surpassing this
threshold automatically triggers laser shutdown to protect off-target regions [24].
The Visualase and NeuroBlate LITT systems also improved procedure safety in
designing a cooling sheath to surround the laser fiber along the length of laser
probe, thereby limiting thermal damage to the tip of the probe [18].

2.2 Overview of the LITT setup and workflow

The LITT setup consists of four components: (1) laser energy source, (2) laser
applicator probe, (3) cooling mechanism, and (4) computer workstation with soft-
ware for processing real-time MRI thermometry data and controlling laser energy
delivery. The patient is induced under general anesthesia or monitored anesthesia
care (MAC). In the operating room, the laser trajectory from a skull entry point to the
target lesion is planned using standard neuronavigation (e.g., Stealth system,
Medtronic Inc.) technology. The laser applicator probe is stereotactically positioned
along this trajectory through a single burr hole at the entry point. The surgeon may
opt to perform stereotactic needle biopsy prior to implantation of the applicator
probe to obtain a histopathological diagnosis. The patient is then transferred to an
MRI suite under anesthesia. Laser energy is delivered through the probe to the target
lesion in controlled doses lasting several minutes each. Concurrent real-time MRI
thermal imaging (MRTI) of the treatment region allows the user to adjust laser output
parameters so that thermal ablation of the target is achieved while avoiding thermal
damage to normal surrounding brain tissue. Following LITT treatment, the applicator
probe is removed, and the small skin opening overlying the entry point is closed.

2.3 LITT system platforms and surgical technique

2.3.1 LITT system platforms

The NeuroBlate system consists of a 12-Watt (W) pulsed-output 1064 nm
wavelength neodymium-doped yttrium aluminum garnet (Nd-YAG) laser with a
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increased intracranial pressure. Tissue charring at temperatures >90°C can also
damage healthy brain and impair laser penetration to further target regions.
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The first use of LITT in neurosurgery was reported in the early 1980s [20];
however, concerns were raised over how to limit thermal injury to pathological
tissue only [21]. Although early LITT users could stereotactically position a laser
optical fiber to the center of a lesion, they did not have an accurate method for
measuring heat distribution throughout the target and to surrounding off-target
areas. Two advances in LITT technology have improved its safety: (1) real-time
magnetic resonance (MR) thermometry and (2) the development of commercially
available LITT systems that successfully integrate MR thermometry data and
enhanced control over laser energy delivery into a standard workflow.

MR thermometry was introduced in the 1990s as a way to monitor real-time
changes in tissue temperature on an MR imaging sequence [22, 23]. T2-weighted
MRI images are taken intraoperatively; changes in tissue temperature affect the
water proton resonance frequency signal in a linear relationship and can be mapped
onto pixels of the MRI image. The result is a heat damage map that can be updated
throughout the procedure and used to guide the boundaries of laser ablation [24].

The NeuroBlate laser ablation system (Monteris, Inc.) and the Visualase
Thermal Therapy System (Medtronic, Inc.) received Food and Drug Administration
(FDA) approval in 2007 and 2009, respectively. These commercial LITT platforms
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threshold automatically triggers laser shutdown to protect off-target regions [24].
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The LITT setup consists of four components: (1) laser energy source, (2) laser
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ware for processing real-time MRI thermometry data and controlling laser energy
delivery. The patient is induced under general anesthesia or monitored anesthesia
care (MAC). In the operating room, the laser trajectory from a skull entry point to the
target lesion is planned using standard neuronavigation (e.g., Stealth system,
Medtronic Inc.) technology. The laser applicator probe is stereotactically positioned
along this trajectory through a single burr hole at the entry point. The surgeon may
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probe to obtain a histopathological diagnosis. The patient is then transferred to an
MRI suite under anesthesia. Laser energy is delivered through the probe to the target
lesion in controlled doses lasting several minutes each. Concurrent real-time MRI
thermal imaging (MRTI) of the treatment region allows the user to adjust laser output
parameters so that thermal ablation of the target is achieved while avoiding thermal
damage to normal surrounding brain tissue. Following LITT treatment, the applicator
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2.3 LITT system platforms and surgical technique
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wavelength neodymium-doped yttrium aluminum garnet (Nd-YAG) laser with a
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side-firing laser probe design, allowing some control over the direction of ablation.
Temperature at the tip is controlled with a C02 gas cooling mechanism with a built-
in thermocouple for feedback control. The Visualase system consists of a 15 W
980 nm diode laser with diffusing-tip probe design. Within the probe, the laser
fiber optic is ensheathed within catheter circulating cooled saline. Both systems
have a computer workstation with software for MR thermal imaging analysis and
control over laser treatment parameters [25]. The 1064 nm wavelength laser used in
the NeuroBlate system allows for deeper tissue penetration and potentially larger
ablation zone, while the Visualase 980 nm wavelength laser produces more efficient
heating [9].

2.3.2 Surgical procedure

After the patient is induced under anesthesia, stereotactic registration is
performed to plan laser probe trajectory. If a stereotactic headframe is used to set
the laser probe trajectory, then a preoperative T1-weighted MRI with contrast and
neuronavigation technology is used to plan the trajectory. If the surgeon is using a
frameless setup for registration, then an initial computed-tomography (CT) head
with fiducial markers is obtained; this is merged with preoperative T1-weighted
MRI with contrast studies, and then registration proceeds using neuronavigation.
Once registration is complete, a linear trajectory is planned connecting a single
entry site at the skull to the lesion that avoids critical brain structures. A trajectory
that is orthogonal to the skull surface in all three dimensional planes helps to
prevent skiving during drilling and catheter placement and should be utilized. After
image registration, the entry point is found with the navigation wand and marked.
Local anesthetic is infiltrated at the scalp over the entry site. A precision aiming
device and Stealth navigation wand are aligned along the planned trajectory.
A 4-mm incision is made to bring the navigation wand tip onto the skull surface
entry point. A small burr hole is made with a 3.2-mm drill bit. After the dura is
punctured, a reducing cannula is used to pass a rigid stylet, which maintains align-
ment during placement of the plastic bone anchor. The plastic bone anchor is
screwed into the skull with the rigid stylet as a guide. The laser probe is placed into
the cooling catheter and fixed in place (Figure 1). The patient is then transported
under sterile draping and with continued general anesthesia to the MRI suite, where
a T2-weighted MRI imaging is then performed to confirm placement of the laser
probe in the lesion.

The LITT system software is used to set maximum temperature thresholds of
90°C in the immediate ablation zone around the laser probe tip and 50°C at the
target periphery to ensure tissue ablation throughout the target zone
(Figure 2A–D). Additional maximum temperature thresholds are set in the normal
parenchyma surrounding the lesion that, if reached, trigger automatic shutoff to
avoid off-target tissue damage [19]. Under real-time MR thermography guidance, a
30–60-second, 3–4 W-test dose is administered to localize the distal end of the laser
probe. Once localization of the laser probe to the target is confirmed, the lesion is
treated with 10–15 W doses of laser light in 1–3 minute intervals. Ablation is
considered complete when the region of tissue reaching 50°C is covered
(Figure 2E). After ablation is complete, the LITT apparatus is removed through the
burr hole craniotomy, and the skin is closed. Typical length of hospital stay is under
48 hours [19, 24, 26, 27].

Postoperative MRI imaging is typically obtained on the first day following LITT.
On T1-weighted MRI with contrast, the thermal ablation zone has a thin enhancing
rim with potential surrounding edema and enhancing residual blood products and
protein coagulation [19]. Residual tumor remaining after subtotal ablation can be
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detected on this first postoperative scan. The extent of ablation can be determined
using volumetric analysis volume of the ablation zone postoperatively to the volume
of the lesion on the preoperative MRI obtained for surgical planning [28].

Figure 1.
Intraoperative setup for laser interstitial thermal therapy. The laser probe trajectory is planned under
neuronavigation. The skin overlying the skull entry point is incised, a small burr hole is drilled, and a small
incision in the dura is made. A cannula is inserted and used to guide the rigid stylet and bone anchor in the
correct orientation along the planned trajectory.

Figure 2.
Representative results of MR thermometry, which acquires real-time temperature data for each pixel of an M2-
weighted MRI image. Representative preoperative sagittal (A), axial (B), and coronal (C) T1-weighted MRI
with contrast images are suggestive of high-grade glioma. In planning a course of LITT, markers for temperature
thresholds to achieve ablation while avoiding off-target damage or tissue vaporization are set by the user (D).
During LITT, a damage zone of tissue achieving temperatures sufficient for ablation is represented by orange
pixels (E).
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Intraoperative setup for laser interstitial thermal therapy. The laser probe trajectory is planned under
neuronavigation. The skin overlying the skull entry point is incised, a small burr hole is drilled, and a small
incision in the dura is made. A cannula is inserted and used to guide the rigid stylet and bone anchor in the
correct orientation along the planned trajectory.

Figure 2.
Representative results of MR thermometry, which acquires real-time temperature data for each pixel of an M2-
weighted MRI image. Representative preoperative sagittal (A), axial (B), and coronal (C) T1-weighted MRI
with contrast images are suggestive of high-grade glioma. In planning a course of LITT, markers for temperature
thresholds to achieve ablation while avoiding off-target damage or tissue vaporization are set by the user (D).
During LITT, a damage zone of tissue achieving temperatures sufficient for ablation is represented by orange
pixels (E).
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Additional follow-up MRI studies are obtained 1–3 months postoperatively and then
at longer intervals depending on clinical status, pathology, and radiology findings.

3. Patient selection

3.1 Indications

The development of commercially available stereotactic LITT systems that allow
highly controlled delivery of laser light and real-time MRTI monitoring has enabled
the routine use of the LITT. Currently, LITT is a treatment option for a variety of
intracranial pathologies, including neoplasms (e.g., dural-based lesions, gliomas,
metastases), epileptogenic foci (e.g., medial temporal sclerosis, focal cortical dys-
plasia), radiation necrosis, and chronic pain syndromes. The application of LITT to
both newly diagnosed and recurrent gliomas has developed over the past decade;
reports from initial institutional experiences demonstrate that LITT can be safely
used for both supratentorial and infratentorial gliomas [28].

3.2 Criteria for patient selection

Identifying suitable candidates for LITT is important to ensure procedural safety
and to optimize target lesion ablation. We propose that LITT is a viable alternative
to open surgical resection in patients who meet the following criteria:

1. Lesion size of <3 cm diameter in any dimension. This size restriction reduces
the risk of damage to critical brain regions.

2. The surgeon can reasonably predict to achieve an extent of ablation of at least
80%. This threshold is generalized from previous studies of the extent of tumor
resection necessary to confer a significant survival benefit in open surgical
resection [8–11].

3. Lesions that are inaccessible via conventional open surgery (e.g., lesions
located adjacent to deep structures such as the basal ganglia, thalamus,
splenium, etc., in eloquent motor or speech areas or near critical neurovascular
structures).

4.Treatment refractory lesions (i.e., failure of previous craniotomy or radiation).

5. Patients with medical comorbidities, low preoperative functional status, or
history of previous craniotomy/radiation therapy who are unable to tolerate
prolonged anesthesia and blood loss or who are at high risk of surgical
morbidity and impaired wound healing. Of note, patients should still have a
preoperative functional status appropriate for a minimally invasive surgical
procedure under anesthesia; in our institutional experience, patients are
eligible if they have a Karnofsky Performance Score (KPS) of at least 70.

Therefore, LITT offers a minimally invasive cytoreductive therapy for patients
with surgically inaccessible or treatment refractory tumors who would not benefit
more from open surgical resection.

3.3 Illustrative case series

Here we present three cases of GBM tumors treated with LITT at our institution
(University of Miami, Miller School of Medicine). Case 1 illustrates the use of LITT
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for recurrent GBM. Case 2 demonstrates the use of LITT in treating primary GBM
and the utility of performing stereotactic needle biopsy during the same operative
setting to yield diagnostic information. In Case 3, we provide an example of subtotal
ablation of a recurrent GBM tumor.

3.3.1 Case 1

A 55-year-old gentleman with a 1-year history of GBM presented with focal
nodular enhancement in the right temporal lobe on surveillance MRI. One year
prior, he underwent surgical resection followed by temozolomide chemotherapy
and radiation. Upon presentation to our surgical neuro-oncology service, the patient
was asymptomatic; neurological exam was non-focal. Because of the surgeon’s
judgment that LITT would be able to achieve gross total ablation, the small size of
the lesion, and the patient’s history of treatment failure with surgical resection and
chemoradiation, the patient was consented for LITT. After the stereotactic place-
ment of the Visualase laser probe and confirmation of its location on intraoperative
MRI imaging (Figure 3A), LITT was performed according to the following treat-
ment parameters:

Figure 3.
A 55-year-old gentleman presenting with asymptomatic GBM recurrence. Intraoperative T2-weighted sagittal
MRI showing stereotactic placement of laser probe at target lesion (A). Postoperative day 1 of T1-weighted
axial MRI with contrast demonstrates gross total lesion ablation; hyperintense signal most likely represents blood
products (B) instead of residual tumor, as the same region does not enhance on T2-weighted MRI (C). At 22-
months follow-up,T1-weighted axial MRI imaging with contrast showed the patient was recurrence-free (D).
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Additional follow-up MRI studies are obtained 1–3 months postoperatively and then
at longer intervals depending on clinical status, pathology, and radiology findings.
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highly controlled delivery of laser light and real-time MRTI monitoring has enabled
the routine use of the LITT. Currently, LITT is a treatment option for a variety of
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metastases), epileptogenic foci (e.g., medial temporal sclerosis, focal cortical dys-
plasia), radiation necrosis, and chronic pain syndromes. The application of LITT to
both newly diagnosed and recurrent gliomas has developed over the past decade;
reports from initial institutional experiences demonstrate that LITT can be safely
used for both supratentorial and infratentorial gliomas [28].

3.2 Criteria for patient selection

Identifying suitable candidates for LITT is important to ensure procedural safety
and to optimize target lesion ablation. We propose that LITT is a viable alternative
to open surgical resection in patients who meet the following criteria:

1. Lesion size of <3 cm diameter in any dimension. This size restriction reduces
the risk of damage to critical brain regions.

2. The surgeon can reasonably predict to achieve an extent of ablation of at least
80%. This threshold is generalized from previous studies of the extent of tumor
resection necessary to confer a significant survival benefit in open surgical
resection [8–11].

3. Lesions that are inaccessible via conventional open surgery (e.g., lesions
located adjacent to deep structures such as the basal ganglia, thalamus,
splenium, etc., in eloquent motor or speech areas or near critical neurovascular
structures).

4.Treatment refractory lesions (i.e., failure of previous craniotomy or radiation).

5. Patients with medical comorbidities, low preoperative functional status, or
history of previous craniotomy/radiation therapy who are unable to tolerate
prolonged anesthesia and blood loss or who are at high risk of surgical
morbidity and impaired wound healing. Of note, patients should still have a
preoperative functional status appropriate for a minimally invasive surgical
procedure under anesthesia; in our institutional experience, patients are
eligible if they have a Karnofsky Performance Score (KPS) of at least 70.

Therefore, LITT offers a minimally invasive cytoreductive therapy for patients
with surgically inaccessible or treatment refractory tumors who would not benefit
more from open surgical resection.

3.3 Illustrative case series

Here we present three cases of GBM tumors treated with LITT at our institution
(University of Miami, Miller School of Medicine). Case 1 illustrates the use of LITT
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for recurrent GBM. Case 2 demonstrates the use of LITT in treating primary GBM
and the utility of performing stereotactic needle biopsy during the same operative
setting to yield diagnostic information. In Case 3, we provide an example of subtotal
ablation of a recurrent GBM tumor.

3.3.1 Case 1

A 55-year-old gentleman with a 1-year history of GBM presented with focal
nodular enhancement in the right temporal lobe on surveillance MRI. One year
prior, he underwent surgical resection followed by temozolomide chemotherapy
and radiation. Upon presentation to our surgical neuro-oncology service, the patient
was asymptomatic; neurological exam was non-focal. Because of the surgeon’s
judgment that LITT would be able to achieve gross total ablation, the small size of
the lesion, and the patient’s history of treatment failure with surgical resection and
chemoradiation, the patient was consented for LITT. After the stereotactic place-
ment of the Visualase laser probe and confirmation of its location on intraoperative
MRI imaging (Figure 3A), LITT was performed according to the following treat-
ment parameters:

Figure 3.
A 55-year-old gentleman presenting with asymptomatic GBM recurrence. Intraoperative T2-weighted sagittal
MRI showing stereotactic placement of laser probe at target lesion (A). Postoperative day 1 of T1-weighted
axial MRI with contrast demonstrates gross total lesion ablation; hyperintense signal most likely represents blood
products (B) instead of residual tumor, as the same region does not enhance on T2-weighted MRI (C). At 22-
months follow-up,T1-weighted axial MRI imaging with contrast showed the patient was recurrence-free (D).
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1. Test dose at 4 W for 7 seconds. Concurrent real-time MRI thermometry data
confirmed total coverage of the target lesion.

2. Ablation dose at 10 W laser power for 3 minutes. Because MRI thermometry
data confirmed target area ablation and ablation temperature threshold was
reached (without reaching the maximum temperature threshold in off-target
zones), the treatment was considered complete.

T1-weighted MRI on postoperative day 1 showed gross total (100%) lesion
ablation (Figure 3B and C). The hyperintense signal in the tumor region
represented blood products. On follow-up, the patient remained recurrence-free for
over 2 years (26 months) (Figure 3D). The patient’s family reported his death
3 months following tumor recurrence.

3.3.2 Case 2

A 60-year-old gentleman with progressive gait instability and confusion for
2 weeks and worsening headache for 2 days presented to the emergency depart-
ment. MRI demonstrated a deep-seated left mesial temporal lobe lesion
(Figure 4A). Due to the location of the lesion and progression of his symptoms, the
patient was consented for stereotactic needle biopsy and LITT. In the operating
room, a trajectory for the stereotactic biopsy needle and laser probe was planned,
taking care to avoid critical cortical structures, ventricles, tentorium, arteries, and
veins, targeting the center of the lesion volume (Figure 4B). To perform stereotac-
tic needle biopsy, a preoperative and intraoperative computed-tomography scan
was obtained using an O-Arm (Medtronic) to register and confirm intralesional
biopsy. Two frozen cores of tissue were sent for pathological analysis, which
confirmed the presence of necrotic brain tissue. Following biopsy, the laser probe
was targeted to the lesion using neuronavigation with preoperative MRI registra-
tion. Follow-up T1-weighted MRI with contrast demonstrated gross total (100%)
ablation (Figure 4C). At 1.4-year follow-up, the patient remains recurrence-free.

3.3.3 Case 3

A 58-year-old female with history of GBM initially diagnosed 2 years prior
presented with focal recurrence in the left frontoparietal lobe on MRI imaging. The
recurrence had recently been treated with stereotactic radiosurgery, after which the
patient noticed new-onset right-hand weakness that did not improve with steroids.

Figure 4.
A 60-year-old gentleman found to have a new, deep-seated lesion on T1-weighted coronal MRI with contrast
suspicious for glioma (A). Intraoperative T2-weighted sagittal MRI shows stereotactic positioning of the laser
probe to access the lesion while avoiding critical brain structures (B). Postoperative T1-weighted sagittal MRI
with contrast demonstrates gross total ablation of the lesion (C).
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Neurological exam was positive for 4/5 strength in the right hand, but was other-
wise non-focal. MRI studies re-demonstrated the recurrence and extensive sur-
rounding edema (Figure 5A, B). Because the lesion was small (2.0 cm maximum
diameter) and failed both prior surgical resection and radiosurgery, the patient was
consented for LITT. The patient was induced under general anesthesia, and a laser
probe entry site and trajectory angle to the target lesion were planned using preop-
erative MRI imaging and Stealth neuronavigation (Medtronic, Inc.). The Visualase
thermal therapy system laser probe was inserted stereotactically along the planned
trajectory as described above (Figure 5C). The ablation procedure began with a test
dose of laser energy at 3 W (20% of maximum power) for 3 minutes. Concurrent
real-time MRI thermometry data was used to confirm target lesion coverage by the
developing ablation zone. Next laser power output was increased to 7.5 W (50%
maximum power) for 3 minutes, with successive 3-minute doses at 3 W stepwise
increases in power. Once target area coverage was maximized and ablation temper-
ature threshold reached (without reaching the maximum temperature threshold in
off-target zones), the laser power was increased to 90%maximum power output for
maximal ablation in 3-minute intervals. The final ablation zone was confirmed with
MRI thermometry.

There were no complications. The patient was discharged the following day on
a course of dexamethasone with steroid taper over 2 weeks. T1-weighted MRI
with contrast on postoperative day 1 showed subtotal ablation of 70% of the
pre-treatment volume (Figure 5D). Follow-up MRI imaging showed tumor
recurrence at 9-week post-LITT (Figure 5E). The patient died 10 months following
the procedure.

We present this case to illustrate how a subtotal ablation <80% may not be
sufficient to confer a clinical benefit.

Figure 5.
A 58-year-old female with left frontoparietal ring-enhancing lesion T1-weighted axial MRI with contrast
suspicious for tumor recurrence (A) with surrounding peripheral edema on T2-weighted FLAIR sequence
(B). Intraoperative sagittal T2-weighted MRI showing correct positioning of the laser probe to the lesion
(C). Postoperative day 1 of axial T1-weighted MRI (D) demonstrates subtotal (�70%) thermal ablation of the
lesion. Follow-up T1-weighted MRI with contrast approximately 9-week post-LITT demonstrates tumor
progression (E).
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1. Test dose at 4 W for 7 seconds. Concurrent real-time MRI thermometry data
confirmed total coverage of the target lesion.

2. Ablation dose at 10 W laser power for 3 minutes. Because MRI thermometry
data confirmed target area ablation and ablation temperature threshold was
reached (without reaching the maximum temperature threshold in off-target
zones), the treatment was considered complete.

T1-weighted MRI on postoperative day 1 showed gross total (100%) lesion
ablation (Figure 3B and C). The hyperintense signal in the tumor region
represented blood products. On follow-up, the patient remained recurrence-free for
over 2 years (26 months) (Figure 3D). The patient’s family reported his death
3 months following tumor recurrence.

3.3.2 Case 2

A 60-year-old gentleman with progressive gait instability and confusion for
2 weeks and worsening headache for 2 days presented to the emergency depart-
ment. MRI demonstrated a deep-seated left mesial temporal lobe lesion
(Figure 4A). Due to the location of the lesion and progression of his symptoms, the
patient was consented for stereotactic needle biopsy and LITT. In the operating
room, a trajectory for the stereotactic biopsy needle and laser probe was planned,
taking care to avoid critical cortical structures, ventricles, tentorium, arteries, and
veins, targeting the center of the lesion volume (Figure 4B). To perform stereotac-
tic needle biopsy, a preoperative and intraoperative computed-tomography scan
was obtained using an O-Arm (Medtronic) to register and confirm intralesional
biopsy. Two frozen cores of tissue were sent for pathological analysis, which
confirmed the presence of necrotic brain tissue. Following biopsy, the laser probe
was targeted to the lesion using neuronavigation with preoperative MRI registra-
tion. Follow-up T1-weighted MRI with contrast demonstrated gross total (100%)
ablation (Figure 4C). At 1.4-year follow-up, the patient remains recurrence-free.

3.3.3 Case 3

A 58-year-old female with history of GBM initially diagnosed 2 years prior
presented with focal recurrence in the left frontoparietal lobe on MRI imaging. The
recurrence had recently been treated with stereotactic radiosurgery, after which the
patient noticed new-onset right-hand weakness that did not improve with steroids.

Figure 4.
A 60-year-old gentleman found to have a new, deep-seated lesion on T1-weighted coronal MRI with contrast
suspicious for glioma (A). Intraoperative T2-weighted sagittal MRI shows stereotactic positioning of the laser
probe to access the lesion while avoiding critical brain structures (B). Postoperative T1-weighted sagittal MRI
with contrast demonstrates gross total ablation of the lesion (C).
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Neurological exam was positive for 4/5 strength in the right hand, but was other-
wise non-focal. MRI studies re-demonstrated the recurrence and extensive sur-
rounding edema (Figure 5A, B). Because the lesion was small (2.0 cm maximum
diameter) and failed both prior surgical resection and radiosurgery, the patient was
consented for LITT. The patient was induced under general anesthesia, and a laser
probe entry site and trajectory angle to the target lesion were planned using preop-
erative MRI imaging and Stealth neuronavigation (Medtronic, Inc.). The Visualase
thermal therapy system laser probe was inserted stereotactically along the planned
trajectory as described above (Figure 5C). The ablation procedure began with a test
dose of laser energy at 3 W (20% of maximum power) for 3 minutes. Concurrent
real-time MRI thermometry data was used to confirm target lesion coverage by the
developing ablation zone. Next laser power output was increased to 7.5 W (50%
maximum power) for 3 minutes, with successive 3-minute doses at 3 W stepwise
increases in power. Once target area coverage was maximized and ablation temper-
ature threshold reached (without reaching the maximum temperature threshold in
off-target zones), the laser power was increased to 90%maximum power output for
maximal ablation in 3-minute intervals. The final ablation zone was confirmed with
MRI thermometry.

There were no complications. The patient was discharged the following day on
a course of dexamethasone with steroid taper over 2 weeks. T1-weighted MRI
with contrast on postoperative day 1 showed subtotal ablation of 70% of the
pre-treatment volume (Figure 5D). Follow-up MRI imaging showed tumor
recurrence at 9-week post-LITT (Figure 5E). The patient died 10 months following
the procedure.

We present this case to illustrate how a subtotal ablation <80% may not be
sufficient to confer a clinical benefit.

Figure 5.
A 58-year-old female with left frontoparietal ring-enhancing lesion T1-weighted axial MRI with contrast
suspicious for tumor recurrence (A) with surrounding peripheral edema on T2-weighted FLAIR sequence
(B). Intraoperative sagittal T2-weighted MRI showing correct positioning of the laser probe to the lesion
(C). Postoperative day 1 of axial T1-weighted MRI (D) demonstrates subtotal (�70%) thermal ablation of the
lesion. Follow-up T1-weighted MRI with contrast approximately 9-week post-LITT demonstrates tumor
progression (E).
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4. Clinical outcomes

The first case series reporting the use of LITT in gliomas were published in 1990
by Sugiyama et al., which described the successful total ablation of five deep-seated
gliomas [37]. The advent of MRI thermography and the Visualase and NeuroBlate
systems enabled institutional centers to publish data on larger case series over the
past decade. These initial experiences provide valuable evidence supporting the
safety and efficacy of LITT in select patient. In Table 1 we present a comprehensive
review of the literature of studies evaluating clinical outcomes in patients treated
with LITT for either newly diagnosed or recurrent GBM tumors. To accurately
represent the current use of LITT, only studies that included the use of real-time
MR thermography are included in our review.

Abbreviations: M, male; F, female; NR, not reported; LITT, laser interstitial
thermal therapy; STA, subtotal ablation; SupA, supra-ablation

5. Discussion

5.1 Current role of LITT in neurosurgery

The use of laser-based ablation technology in neurosurgery began with the
treatment of movement disorders, chronic pain syndromes, and epilepsy. Techno-
logical advances over the past two decades in laser interstitial thermal therapy
delivery platforms and real-time MR thermal imaging of tissue ablation dynamics
have made LITT a viable minimally invasive therapy for a variety of intracranial
and spinal lesions, including metastases, epileptogenic foci, radiation necrosis,
dural-based lesions, and gliomas.

The advantage of LITT in treating gliomas includes:

1. Achieving cytoreduction in poor open surgical candidates: because laser light is
delivered through a 1–3-mm diameter laser probe inserted through a single
burr hole and dural opening, LITT reduces the risk of morbidity associated
with craniotomy for surgical resection. This is especially relevant in GBM
patients as the risk of neurological morbidity and poor wound healing or
infection increases with repeat craniotomies and radiation therapy. The ability
to tightly control the ablation zone using real-time MR thermography means
that LITT is well suited for treatment of lesions in deep-seated locations or near
critical structures.

2. Shorter procedure time and quicker recovery: the small incision required may
result in fewer wound-healing complications, particularly in patients with
impaired wound healing due to prior craniotomies or radiation therapy. Finally,
a minimally invasive approach enables a quicker recovery and transition to
continue chemotherapy or initiate another adjuvant therapy [26, 39].

3. The use of non-ionizing radiation: unlike ionizing radiation therapy, LITT
thermal therapy can be used repeatedly without the risk of radiation necrosis
[9]. Moreover, LITT can be used as a salvage therapy in treatment refractory
tumors and may avoid increased risk of secondary malignancy-associated
ionizing radiation [18].

4.Treatment of lesions that are inaccessible via open surgery: gliomas located in
deep or eloquent regions of the brain (e.g., insula, thalamus, corpus callosum)
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Reference #
Cases

Newly-
diagnosed

or
recurrent
GBM
lesions

Age, Gender Location of lesion LITT
system
used,

Extent of
ablation

Mean/median
Recurrence-
free survival;

Overall
survival

Schwartzmaier
et al. 2005 [29]

2 Recurrent 47 M
67 M

1 Temporal
1 Parietooccipital

1064 nm
laser, STA

1 recurrence;
13-16 months

Schwartzmaier
et al. 2006 [30]

16 Recurrent Median age 62,
range 44-69, 10
men, 6 women

3 Frontal
1 Frontoparietal
1 Frontotemporal

1 Temporal
1 Parietal

3 Parietooccipital
1 Corpus callosum

1 Parasagittal

1064 nm
laser; NR

6.9 months; NR

Carpentier et
al. 2012 [26]

4 Recurrent 40-58
years, 3 men,
1 woman

1 temporo-polar
1 corpus callosum

1 frontal
1 temporal

Visualase;
SupA of
1 mm

diameter or
more

1.25 months; 10
months

Jethwa et al
2012 [19]

4 Newly-
diagnosed

Media n 60
years, range

56-81

right frontal right
frontal left

temporal right
midbrain

Visualase,
NR

NR; NR

Hawasli et al.,
2013 [31]

6 Newly-
diagnosed

Media n 50
years, range

34-78,
6 men,
2 women

thalamus
left thalamus basal

ganglia left
thalamus right
corpus callosum

thalamus

Neuroblate;
median
90.3%
ablation

Recurrence in 3
of 6 patients
at median 3.2
months (range
2.5-15 months);
3 of 6 patients
alive at last

follow-up, 3 of
6 patients died
at median 1.7

months

Sloan et al.
2013 [27]

10 Recurrent Media n 54
years, range

34-69.
8 men, 2
women

2 temporal
1 temporoparietal
1 temporooccipital

3 parietal
3 frontal

NR 10.5 months;

Mohammadi et
al. 2014 [32]

24 Recurrent
(14) and
new (10)
lesions

Media n age 56
(range 19-79),

38%
female

15 tumors in
frontal lobe,
7 in thalamic

region, 5 parietal,
5 temporal,
2 insular,

1 corpus callosum.

Neuroblate;
Median
ablation
volume at
yellow line:
98%, at blue
line: 91%
(includes
non-GBM
tumors

included in
study)

5.1 months;
68% survival at

1 year

Thomas et al.
2016 [33]

21 Recurrent
(13) and
new (8)
lesions

Mean age 49
years

8 in eloquent
regions (62%):

3 in motor cortex,
3 in speech,
1 temporal,
2 splenium,
2 cingulate,
2 insular

NeuroBlate;
NR

5 months;
7 months
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4. Clinical outcomes
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gliomas [37]. The advent of MRI thermography and the Visualase and NeuroBlate
systems enabled institutional centers to publish data on larger case series over the
past decade. These initial experiences provide valuable evidence supporting the
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represent the current use of LITT, only studies that included the use of real-time
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have made LITT a viable minimally invasive therapy for a variety of intracranial
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1. Achieving cytoreduction in poor open surgical candidates: because laser light is
delivered through a 1–3-mm diameter laser probe inserted through a single
burr hole and dural opening, LITT reduces the risk of morbidity associated
with craniotomy for surgical resection. This is especially relevant in GBM
patients as the risk of neurological morbidity and poor wound healing or
infection increases with repeat craniotomies and radiation therapy. The ability
to tightly control the ablation zone using real-time MR thermography means
that LITT is well suited for treatment of lesions in deep-seated locations or near
critical structures.

2. Shorter procedure time and quicker recovery: the small incision required may
result in fewer wound-healing complications, particularly in patients with
impaired wound healing due to prior craniotomies or radiation therapy. Finally,
a minimally invasive approach enables a quicker recovery and transition to
continue chemotherapy or initiate another adjuvant therapy [26, 39].

3. The use of non-ionizing radiation: unlike ionizing radiation therapy, LITT
thermal therapy can be used repeatedly without the risk of radiation necrosis
[9]. Moreover, LITT can be used as a salvage therapy in treatment refractory
tumors and may avoid increased risk of secondary malignancy-associated
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may increase open surgical risk to a degree that patients only receive stereotactic
needle biopsy and adjuvant chemoradiation, thus losing the survival benefit
associated with aggressive cytoreduction. Because LITT is delivered through a
thin laser probe, lesions that are typically considered “surgically inaccessible”
can now be treated with reduced risk of neurological morbidity [39].

The use of LITT for gliomas was initially limited to treating recurrences that
failed conventional first-line therapies (i.e., surgical resection and adjuvant
chemoradiation). Recently, LITT has been applied as a primary treatment for
newly-diagnosed gliomas. Preliminary institutional experiences report local control
and overall survival times of several months—over 1 year.

Patient selection is of critical importance in ensuring safe and effective use of
LITT. To summarize, lesions should be <3 cm in diameter, in a region that can be
accessed via a linear laser catheter trajectory without injury to critical structures and
in patients who are able to tolerate a minimally invasive surgical procedure under
anesthesia. In addition, the lesion should have identifiable margins such that at
least 80% of the target area can be feasibly ablated with a roughly spherical ablation
zone.

5.2 Limitations of LITT

The increasing use of LITT has revealed it to be an overall safe, well-tolerated
procedure. The most common adverse events associated with the procedure include:

1. Intracranial hemorrhage: despite the use of neuronavigation and stereotaxy for
trajectory planning, the laser probe may be malpositioned, resulting in injury
to vessels and bleeding [40]. Estimates of overall rates of accurate implantation
range from 85.7 to over 95%, with only three reported cases of resulting
intracranial hemorrhage resulting from malpositioning [19, 40]. The risk of

Reference #
Cases

Newly-
diagnosed

or
recurrent
GBM
lesions

Age, Gender Location of lesion LITT
system
used,

Extent of
ablation

Mean/median
Recurrence-
free survival;

Overall
survival

Shah et al.,
2016 [34]

7 Newly-
diagnosed

Mean age 59,
3 male,
4 female

1 splenium
1 orbitofrontal

1 parieto- occipital
1 post. Cingulate
1. precuneus

1 Genu

Visualase;
mean 98.5%

14.3 months;
6 of 7 patients
alive at last
follow-up,
1 death at
14 months

Schroeder et al.
2014 [35]

5 Newly-
diagnosed

Mean age 47 94% 11.5 months;
NR

Kamath et al.
2019 [36]

54 Recurrent
(41) and
Newly-

diagnosed
(17)

Mean age 59
years

14 frontal
8 temporal
9 parietal
1 occipital

4 pareito-occipital
4 temporo-parietal
8 corpus callosum

2 insular
8 thalamic

Neuroblate;
93.2%
(yellow

boundary),
88.0% (blue
boundary)

6.6 months;
11.5 months

Abbreviations: M, male; F, female; NR, not reported; LITT, laser interstitial thermal therapy; STA, subtotal ablation;
SupA, supra-ablation.

Table 1.
Literature review of case series describing LITT for GBM (adapted from: [9, 38]).
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hemorrhage may be reduced by obtaining a computed-tomography
angiography (CTA) showing the location of critical vessels to avoid during
laser trajectory planning.

2. Transient neurological deficit: neurological deficits such as weakness,
hemianopsia, seizures, and dysphagia are often attributed to direct thermal
injury to functional brain areas or cerebral edema. Estimates of transient
neurological deficits have been reported to occur in 13–15% of patients [19, 40].
Permanent neurological morbidity is less common (5.6% of cases according to a
recent literature review) [40]. Cerebral edema is frequently observed in the
immediate postoperative period following LITT. A recent volumetric and time-
course analysis found that edema volume has been shown to increase on
average 41.5% immediately postoperatively, followed by a gradual decline
resulting on average an 80.9% decrease in preoperative edema volume [28].
Although cerebral edema is common, it is unlikely to cause permanent
neurological deficits and may be controlled with a course of steroids. Treatment
of large (>3cm) lesions, use of multiple laser probes, or use of multiple laser
trajectories is associated with a higher risk of significant cerebral edema [41].

Less common (<5% of all cases) complications include permanent neurological
deficit, infection (e.g., ventriculitis, meningitis, or brain abscess), deep venous
thrombosis, diabetes insipidus, hyponatremia, and intracranial hypertension. There
is one reported case of gliosarcoma tumor seeding along the laser probe tract [27].
Finally, there are only two recorded deaths attributed to LITT in the literature, from
postoperative meningitis and intracranial hemorrhage [32].

Our discussion of patient selection also reveals specific limitations of LITT.
Multiple reviews cite a lesion size limit of 3 cm to reduce the chance of intracranial
hypertension secondary to edema [18, 31]. As discussed previously, preoperative
functional status, lesion accessibility by a laser trajectory, and anticipated extent of
ablation are also factors that limit the use of LITT to particular lesions.

5.3 Future directions

In discussing complication rates, it is important to emphasize that LITT is a
novel procedure, and so practitioners and institutions operate with a learning curve
[18]. Recently, more institutional case series have proposed modifications to
improve safety, for example, staging the treatment of larger (>3 cm) lesions to over
multiple procedures to avoid morbidity or employing algorithms to optimize laser
trajectory planning [42].

Along with further improvements in procedural safety, the future of LITT may
lie in combination therapies to enhance tumor control and overall survival. Previous
studies have shown that LITT induces a temporary increase in blood-brain barrier
(BBB) permeability, which may offer a window of opportunity to deliver adjuvant
chemotherapy more effectively [42, 43]. Another line of investigation is the use
of gold nanoparticles, which may enhance tissue energy absorption and increase
ablation efficacy [45].

Finally, future investigations will require prospective and randomized-controlled
trials to evaluate the clinical outcomes of LITT compared to other therapies.

6. Conclusion

LITT is a novel adjuvant therapy for treatment of a wide variety of intracranial
pathologies. In this chapter we review the evidence supporting the safety and
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may increase open surgical risk to a degree that patients only receive stereotactic
needle biopsy and adjuvant chemoradiation, thus losing the survival benefit
associated with aggressive cytoreduction. Because LITT is delivered through a
thin laser probe, lesions that are typically considered “surgically inaccessible”
can now be treated with reduced risk of neurological morbidity [39].

The use of LITT for gliomas was initially limited to treating recurrences that
failed conventional first-line therapies (i.e., surgical resection and adjuvant
chemoradiation). Recently, LITT has been applied as a primary treatment for
newly-diagnosed gliomas. Preliminary institutional experiences report local control
and overall survival times of several months—over 1 year.

Patient selection is of critical importance in ensuring safe and effective use of
LITT. To summarize, lesions should be <3 cm in diameter, in a region that can be
accessed via a linear laser catheter trajectory without injury to critical structures and
in patients who are able to tolerate a minimally invasive surgical procedure under
anesthesia. In addition, the lesion should have identifiable margins such that at
least 80% of the target area can be feasibly ablated with a roughly spherical ablation
zone.

5.2 Limitations of LITT

The increasing use of LITT has revealed it to be an overall safe, well-tolerated
procedure. The most common adverse events associated with the procedure include:

1. Intracranial hemorrhage: despite the use of neuronavigation and stereotaxy for
trajectory planning, the laser probe may be malpositioned, resulting in injury
to vessels and bleeding [40]. Estimates of overall rates of accurate implantation
range from 85.7 to over 95%, with only three reported cases of resulting
intracranial hemorrhage resulting from malpositioning [19, 40]. The risk of

Reference #
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system
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Extent of
ablation

Mean/median
Recurrence-
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Overall
survival
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2016 [34]

7 Newly-
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Mean age 59,
3 male,
4 female

1 splenium
1 orbitofrontal

1 parieto- occipital
1 post. Cingulate
1. precuneus

1 Genu

Visualase;
mean 98.5%

14.3 months;
6 of 7 patients
alive at last
follow-up,
1 death at
14 months

Schroeder et al.
2014 [35]

5 Newly-
diagnosed

Mean age 47 94% 11.5 months;
NR

Kamath et al.
2019 [36]

54 Recurrent
(41) and
Newly-

diagnosed
(17)

Mean age 59
years

14 frontal
8 temporal
9 parietal
1 occipital

4 pareito-occipital
4 temporo-parietal
8 corpus callosum

2 insular
8 thalamic

Neuroblate;
93.2%
(yellow

boundary),
88.0% (blue
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6.6 months;
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Abbreviations: M, male; F, female; NR, not reported; LITT, laser interstitial thermal therapy; STA, subtotal ablation;
SupA, supra-ablation.
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Literature review of case series describing LITT for GBM (adapted from: [9, 38]).
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hemorrhage may be reduced by obtaining a computed-tomography
angiography (CTA) showing the location of critical vessels to avoid during
laser trajectory planning.

2. Transient neurological deficit: neurological deficits such as weakness,
hemianopsia, seizures, and dysphagia are often attributed to direct thermal
injury to functional brain areas or cerebral edema. Estimates of transient
neurological deficits have been reported to occur in 13–15% of patients [19, 40].
Permanent neurological morbidity is less common (5.6% of cases according to a
recent literature review) [40]. Cerebral edema is frequently observed in the
immediate postoperative period following LITT. A recent volumetric and time-
course analysis found that edema volume has been shown to increase on
average 41.5% immediately postoperatively, followed by a gradual decline
resulting on average an 80.9% decrease in preoperative edema volume [28].
Although cerebral edema is common, it is unlikely to cause permanent
neurological deficits and may be controlled with a course of steroids. Treatment
of large (>3cm) lesions, use of multiple laser probes, or use of multiple laser
trajectories is associated with a higher risk of significant cerebral edema [41].

Less common (<5% of all cases) complications include permanent neurological
deficit, infection (e.g., ventriculitis, meningitis, or brain abscess), deep venous
thrombosis, diabetes insipidus, hyponatremia, and intracranial hypertension. There
is one reported case of gliosarcoma tumor seeding along the laser probe tract [27].
Finally, there are only two recorded deaths attributed to LITT in the literature, from
postoperative meningitis and intracranial hemorrhage [32].

Our discussion of patient selection also reveals specific limitations of LITT.
Multiple reviews cite a lesion size limit of 3 cm to reduce the chance of intracranial
hypertension secondary to edema [18, 31]. As discussed previously, preoperative
functional status, lesion accessibility by a laser trajectory, and anticipated extent of
ablation are also factors that limit the use of LITT to particular lesions.

5.3 Future directions

In discussing complication rates, it is important to emphasize that LITT is a
novel procedure, and so practitioners and institutions operate with a learning curve
[18]. Recently, more institutional case series have proposed modifications to
improve safety, for example, staging the treatment of larger (>3 cm) lesions to over
multiple procedures to avoid morbidity or employing algorithms to optimize laser
trajectory planning [42].

Along with further improvements in procedural safety, the future of LITT may
lie in combination therapies to enhance tumor control and overall survival. Previous
studies have shown that LITT induces a temporary increase in blood-brain barrier
(BBB) permeability, which may offer a window of opportunity to deliver adjuvant
chemotherapy more effectively [42, 43]. Another line of investigation is the use
of gold nanoparticles, which may enhance tissue energy absorption and increase
ablation efficacy [45].

Finally, future investigations will require prospective and randomized-controlled
trials to evaluate the clinical outcomes of LITT compared to other therapies.

6. Conclusion

LITT is a novel adjuvant therapy for treatment of a wide variety of intracranial
pathologies. In this chapter we review the evidence supporting the safety and
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efficacy of LITT as a primary or adjuvant treatment for glioblastoma. Thus far,
LITT is a safe, minimally invasive approach to cytoreduction in patients with
gliomas that are poor open surgical candidates.
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Abstract

IGF-I, insulin-like growth factor 1, is present in normal fetal/neonatal brain 
development and reappears in the mature brain participating in the development of 
malignant tumor, glioblastoma multiforme. Targeting the IGF-I system has emerged 
as a useful method to reduce glial malignant development. Downregulation in the 
expression of IGF-I using antigene anti-IGF-I technology (antisense, AS, and triple 
helix, TH) applied in glioma cell culture established from glioblastoma biopsies 
induces the expression of B7 and MHC-I antigens in transfected cells (immuno-
genicity). The transfected cancer cells, “vaccines,” after subcutaneous injection, 
initiated an immune response mediated by T CD8+ lymphocytes, followed by tumor 
regression (immunotherapy). The median survival of patients treated by surgery 
followed by radiotherapy and immunotherapy was 21–24 months. On the other side, 
the experimental work has demonstrated that IGF-I AS or TH transfected tumor 
cells fused with activated dendritic cells, DC, showing more striking immunogenic 
character. Using IGF-I TH/DC “vaccination,” the efficiency in suppressing rat 
glioma tumors is not only relatively higher than that obtained using IGF-I TH cells 
but is also more rapid.

Keywords: brain neoplastic development, glioblastoma, IGF-I, antisense,  
triple helix, immunogene therapy, cell hybridomas, dendritic cells, CD8

1. Introduction

There is a convergence between onto-genesis and onco-genesisgenesis and the 
same specific oncoproteins like alpha-fetoprotein (AFP) or growth factors, such as 
IGF and TGF-beta, are present in embryo/fetal tissues and in neoplastic developing 
tissues and particularly in the central nervous system (CNS). As far as AFP and IGF-I 
are considered, there is an important remarque: the first antigen is present in both 
neural and glial developing and cancerous cells, whereas the second one is only pres-
ent in glial developing and tumoral cells. This striking difference has oriented our 
studies toward the most malignant brain tumor expressing IGF-I gene: glioblastoma.

In this chapter, we have described our scientific approach coming from the 
analysis of neoplastic CNS development conducted to glioblastoma malignancy 
up to the establishment of immunogene therapy of this tumor: the first cancer 
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immunogene therapy. The strategy of therapy consisted of blocking IGF-I synthesis 
in cancer cells inducing apoptotic and immunogenic phenomena. Both phenomena, 
related to the arrest of IGF-I expression in neoplastic glial cells, were used to pre-
pare antitumor cell vaccines for therapy of glioblastoma. Successful clinical results 
were obtained in USA, EU, and China and the therapy is introduced in Colombia 
(Wikipedia—Gene therapy, History 1990s–2010s).

2. Neoplastic brain

To understand the morphology of CNS neoplastic development, the model 
of mouse teratocarcinoma derived from PCC3 and PCC4 embryonal carcinoma 
cell lines was investigated. Thanks to this unique model reproducing “caricatural” 
development of the normal CNS, after examining histologic and electron micros-
copy sections, the different stages of abnormal nervous tissue histogenesis [1–4] 
were established as follows: 1. undifferentiated carcino-embryonic structures; 2. 
medulloepithelial structures (composed of a mixture of ectoblastic and neuroecto-
blastic components); 3. neuroblastic structures; and 4. neuroepithelial structures. 
The final differentiation was the encephaloid tissue. These results were confirmed 
by studying the localization of oncoproteins as alpha-fetoprotein (AFP), serum-
albumin (SA), and IGF-I directly included in normal and neoplastic histogenesis, 
the last using teratocarcinoma model [3, 5–8].

As to the application of these observations in the pathology of human central 
nervous system (CNS) tumors, the model of mouse teratocarcinomas, containing 
neuroglial structures [3, 6, 9, 10] (described in the first studies of Stevens and then 
by his followers during almost 40 years of investigations [11–20]), should be useful 
as well in understanding human embryonic tumors of the CNS, which are able to 
differentiate into both neuronal and glial lineages [1, 10, 21–23], as in future gene 
therapies, including CNS malignant tumors [24–27].

3. IGF-I

In 1992, Trojan and his coworkers demonstrated that another oncodevelop-
mental antigen, an insulin like-growth factor, IGF-I [28–32], is present in glioma 
cells but absent in neuroblastoma cells [33]. Using the teratocarcinoma model, 
Trojan and his coworkers showed that neoplastic neuroblastic cells express IGF-II 
[34]. These observations permitted to study separately, using IGF-I and IGF-II 
as the oncoprotein markers, different tumors, especially glial and neural tumors 
[28–31, 35–40].

Comparative studies of the presence of AFP, IGF-I, and IGF-II in neoplastic 
cells [3, 33, 40–49] have demonstrated that IGF-I constitutes an essential target 
for genetic testing and therapy purpose. IGF-I, similar to AFP, is involved in tissue 
development and differentiation, especially in the development of the nervous 
system [6, 50, 51] as a mediator of growth hormone and glucose metabolism and 
acting locally with autocrine/paracrine, with a predominant role compared to other 
growth factors [29, 39, 51–55]. IGF-I is currently considered as one of the most 
important growth factors related to normal and neoplastic differentiation, and its 
overproduction is considered to be a participating factor in cancer development 
[32, 54, 56–58] (Figure 3). IGF-I reconstitutes the first step of the following signal 
transduction pathway: IRS/PI3K-PKC/PDK1/AKT-Bcl2/GSK3/GS [59, 60]. The 
elements of the said IGF-I-related transduction pathway were also considered as 
targets for diagnostic and therapeutic purposes [51, 59, 61–70].
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Considering the IGF-1 gene, an overexpression of this gene in mature tissues is a 
sign of neoplastic processes, especially brain tumors [40]. IGF-I becomes useful in the 
molecular diagnosis of neonatal CNS malformations and tumors [9, 21, 38, 51, 71, 72]. 
Diagnosis and treatment should logically be related, at first using IGF-I gene testing 
for diagnosis [73–75] and then targeting IGF-I gene through special therapy, such as 
cancer gene therapy, especially therapy of gliomas [40, 76–79].

4. Gene therapy

4.1 Introduction

IGF-I and -II are expressed at high levels in nervous system–derived tumors, for 
example, astrocytomas and meningiomas [37, 44, 80]. In contrast, the block of IGF-I 
synthesis in these tumors induces apoptotic and immunogenic phenomena [81].

Our experimental approach of gene therapy has centered on the comparative 
use of IGF-I RNA antisense and IGF-I RNA–DNA triple helix [82, 83], to stop the 
translation and transcription of the IGF-I gene, respectively. Triple helix strat-
egy [84, 85] and antisense strategy [86–88] have been applied successfully to a 
growing number of genes in cultured cells. However, the antisense approach has 
sometimes been not completely efficient due probably to insufficient antisense 
RNA levels [89].

We have applied the antisense strategy by employing a self-amplifying episomal 
vector that replicates to high copy numbers extrachromosomally [33]. The utility 
of episome-based expression vectors for the effective inhibition of cellular RNA 
expression has been subsequently confirmed by others [90]. C6 rat glioma cells 
expressed MHC-I [91, 92] and B7 [55, 93, 94] antigens when transfected with 
vectors producing IGF-I antisense RNA (IGF-I AS) or inducing IGF-I triple helix 
RNA-DNA (IGF-I TH) [95, 96]. IGF-I AS or IGF-I TH blockade of IGF-I syntheses 
changes the phenotype of transfected CNS-1 and PCC-4 cells. Moreover, it was 
demonstrated that transfected C6 cells become pro-apoptotic [96]. The AS and 
TH cells lost tumorigenicity and were able to induce a T-cell–mediated immune 
response in syngeneic animals against both themselves and the nontransfected 
tumorigenic parental cells [34, 40, 82, 97]. The experiment described here has 
permitted us to prepare human “vaccine” for a Phase 1 clinical trial.

4.2 Material and methods

Cell culture. The CNS-1 cell line was offered by the Dartmouth Medical 
School, Hanover, NH, USA (Dr W. Hickey) and then cultivated in the Laboratory 
of INSERM, Salpetriere Hospital, Paris (Dr M. Sanson). The PCC-4 cell line was 
provided by Institut Pasteur, Paris (Dr J.F. Nicolas). The cell lines were cultivated as 
described earlier [97]. Primary cell cultures of human glioma derived from tumors 
of glioblastoma multiforme patients were established (Clinical Laboratory of 
Collegium Medicum, UJ University, and School of Medicine, CWRU) according to 
the technique described earlier [96, 98–100] (Figure 1).

Plasmids. The vector pMT-EP [6, 26] was described earlier [33] (Figure 2). 
IGF-I “antisense” and “triple helix” technology was used to construct episome-
based plasmids expressing IGF-I RNA antisense, pMT-anti IGF-I [26], or IGF-I 
triple helix–inducing vector, pMT-AG TH [33, 82]. The vector pMT-EP containing 
cDNA expressing IGF-II antisense RNA as insert was used in control experiments 
[34]. In parallel, using the vector pMT-EP, the vectors expressing MHC-I and B7, as 
well as vectors “antisense” MHC-I and B7, were prepared [96].
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Transfection. The FuGENE 6 Transfection Reagent (Boehringer Mannheim) 
was used. Hygromycin B (Boehringer Mannheim) at a concentration of 0.05 mg/ml 
was added 48 h after transfection to select for transfected cells.

Northern blot. The content of IGF-I antisense RNA was determined in 50% 
confluent cell cultures. Northern blot and hybridizations were done according to 
Maniatis [98]; the 770 bp human IGF-I cDNA and 500 bp rat IGF-I cDNA were used 
as probes (Figure 3).

Flow cytometric analysis. Cells were incubated (30 min, 40°C) with saturated 
amounts of monoclonal antibodies, rat or human MHC-I (HLA ABC), MHC- II, 
CD80, and CD86 (Becton Dickinson Pharmingen). Cells were collected (10.000 
events per sample) in FACScan BD cytometer (Figure 4).

Ex vivo generation of dendritic cells. Two techniques for the generation of 
dendritic cells were used:

1. CD34+ hematopoietic progenitor cells were isolated, using the MACS CD34 
Cell Isolation Kit, and functional DC cells were generated by culturing CD34+ 
cells in the presence of GM-CSF, TNFalpha, and SCF for 10 days [101].

2. Monocytes were isolated, using MACS CD14 MicroBeads. Monocytes were 
cultured in the presence of GM-CSF and IL-4 generated activated DCs [102].

Hybridomas of transfected cells with dendritic cells. The fusion of dendritic 
cells with tumor transfected cells was obtained as follows [103]: activated DCs (one 
of the two techniques mentioned above) were fusioned with tumo IGF-I antisense 
or triple helix transfected cells using polyethylene glycol—PEG [104]. Fusions were 
carried out with 40% PEG in PBS without Ca2+ and Mg2+.

In vivo experiment. For the determination of tumorigenicity, 5 x 106 rat CNS-1 
cells were injected subcutaneously into Lewis rats. Experimental sets were injected 
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4.3 Results and discussion

Northern blot analysis is shown in Figure 3. The RNA of nontransfected cells is 
distributed in 7.5 and 1.0 kb bands. The RNA of anti-IGF-I transfected cells shows 

Figure 1. 
In vitro staining of IGF-1 biomarker human in human glioma cell culture. The tissue and cells are stained for 
IGF-1 using anti-IGF-1 antibodies applied in immunoperoxidase technique. Nine days of culture established 
from human glioblastoma biopsy. (left down) Note the cells (head arrows) proliferating from compact tissue 
of biopsy (left down corner) (200×); (right up) Note the cluster of cells showing dark cytoplasm of staining 
(400×).
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only an abundant 1.0 kb band. The transfected cultures were positively stained 
either for both MHC-I and B7 antigens (in 60% of cloned lines) or for MHC-I (only 
in 40% of cloned lines). The data show that transfection with “antisense” and 
“triple helix” vectors induced a significant increase in the expression of MHC-I and 
B7 (Table 1). The “triple helix” rat and human cells as compared to “antisense” cells 
showed slightly higher expression of MHC-I or B7. As to apoptosis, it was detected 
in approximately 70% of the IGF-I antisense and triple helix transfected cells. As 
expected, the hybridomas of IGF-I triple helix or IGF-I antisense cells fused to acti-
vated dendritic cells, IGF-I TH//DC or IGF-I AS//DC, were negative for IGF-I. The 
most important observations concerned the increased level of MHC-I and MHC-II, 
and especially the presence of B7 in IGF-I TH//DC and IGF-I AS//DC hybridomas 
(Table 1). No tumors were observed in animals injected subcutaneously with CNS-1 
cells transfected with IGF-I “triple helix” vector, expressing both MHC-I and B7.

The simultaneous increase in the presence and role of B7 and MHC-I antigens in 
the induction of T-cell immunity against tumors has been extensively investigated 
[33, 93, 94]. The injection of IGF-I antisense and triple helix transfected cells pre-
senting both MHC-I and B7 molecules stopped effectively the established rat glioma 
tumors. This was not the case for cells expressing MHC-I only (Table 1). Injection 
of cell hybridomas composed of IGF-I antisense cells and activated dendritic cells 
(IGF-I AS//DC) into tumor-bearing animals suppressed the established glioma 

Figure 2. 
Diagrammatic representation of steps employed to construct the episomal vector pMT/EP used for preparation 
of IGF-I antisense and triple helix expression vectors.
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tumors in 4/6 cases of Lewis rats. The experience was repeated using cell hybrid-
omas composed of IGF-I triple helix cells and activated dendritic cells (IGF-I TH//
DC). In this case, the subcutaneous injection of the hybridomas into glioma-bearing 
animals completely suppressed tumors in a ratio 6/6.

MHC-I molecules were in general not sufficient to stimulate T-cell response. In 
the absence of B7 molecule, MHC-peptide complexes could selectively inactivate 
T cells [105]. B7 molecules bound to the counter-receptor CD28 and/or CTLA4 
expressed on the T cells [9, 106, 107]; enhancement in B7 costimulation through a 
cAMP mechanism linked to tyrosine kinase of the CD28 receptor has been previ-
ously reported [108]. The mechanism of signaling (tyrosine kinase activates IRS-1, 
and then IRS-1 activates PI3K [109, 110]) could be considered in the cytokine 
induced B7-1 expression demonstrated in fetal human microglia in culture [111].

Using CNS-1 glioma, we have confirmed the relation between the immunogenic-
ity and apoptosis found in IGF-I transfected cells [96]. The phenotypic modifica-
tions due to apoptosis may explain the recognition of the transfected cells by the 
immune system like tumor-specific immunity mediated by CD8+ T described 
earlier by us [40, 98]. Apoptotic cells, in the context of MHC-I, are recognized 
by dendritic cells activating lymphocytes T-CD8 [112, 113]. B7 molecules can be 
included in this mechanism, because both MHC-I and B7 molecules are necessary 
for T-cell activation [4, 55, 79, 93, 114–116]. Considering the role of dendritic cells, 
the presented results may be useful in introducing IGF-I TH//DC “vaccines” into 
cellular therapy of human gliomas. Moreover, the obtained results of tumor sup-
pression are in agreement with the immunogenic character of used “vaccines”—the 
efficiency of “vaccines” being related to the expression level of MHC-I, -II, and B7 
(Table 1) [97, 117–119].

Figure 3. 
Antisense transcripts in cultured C6 glioma cells. Molecular sizes of IGF-I transcripts are shown in kilobases. 
Lane 1, parental nontransfected C6 glial cells exposed to serum-free medium. Lanes 2 and 3, transfected C6 
glioma cells incubated in serum-free medium in the absence (lane 2) or presence (lane 3) of ZnSO4. For lanes 2 
and 3, nick-translated rat IGF-I cDNA was used.
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5. Clinical gene therapy

5.1 Methodology

Using radiotherapy and chemotherapy, the mortality of glioblastoma remains 
close to 100% and the median survival, using conventional therapy, is 9–14 months. 
Current pharmacology increases the survival to 15 and rarely to 18 months [120]. The 
etiology of glioma is still being investigated using molecular biology techniques [64]. 
New or proposed therapies are based either on immune treatment or on immuno-gene 
strategies [121]. The AS and TH technologies [84–87] have permitted us to establish 
new and successful immuno-gene therapy strategies targeting glioma’s growth factors 
[40, 122]. Other technologies include those of potentially useful siRNA [123, 124] and 

Cells Rat glioma CNS-1 cells

MHC-I MHC-II B7

NT <0.5 <0.5 <0.5

IGF-I AS 12.3 <0.5 18.1

IGF-I TH 14.6 <0.5 19.6

IGF-I AS/IGF-I TH 12.8 <0.5 18.4

IGF-I AS/MHC-I AS/B7 AS 1.0 <0.5 1.0

IGF-I TH/MHC-I AS/B7 AS 1.0 <0.5 1.0

IGF-I AS//DC 14.7 3.8 19.3

IGF-ITH//DC 16.9 4.2 21.9

NT: parental nontransfected cells; pMT-EP: cells transfected with “empty vector”; IGF-I AS or IGF-II AS: cells 
transfected with IGF-I or IGF-II antisense expression vector; IGF-I TH: cells transfected with IGF-I triple helix 
expression vector; IGF-I AS/IGF-I TH: cotransfection with antisense and triple helix vectors; IGF-I AS/MHC-I AS/
B7 AS, and IGF-I TH/MHC-I AS/B7 AS: triple cotransfection with IGF-I antisense or triple helix, MHC-I antisense 
and B7 antisense expression vectors; IGF-I TH//DC or IGF-I AS//DC: cells transfected with IGF-I antisense or triple 
helix expression vectors, and fused to dendritic cells. 
*The data of flow cytometry (the average of three experiments) are presented as percent change in value of 
fluorescence relative to fluorescence in control nontransfected cells (CC). The increase in MHC-I, -II, and B7 is 
significant at the P < 0.01 level (Wilcoxon’s signed rank test).

Table 1. 
Expression of MHC-I, MHC-II, and B7 in the cells of rat glioma.*

Figure 4. 
Flow cytometry analysis (FACScan Becton Dickinson). Expression of MHC-I (left) and B7 (right) in primary 
human glioblastoma cell line. Upper panels: non transfected cells; lower panels: transfected cells (upregulation 
of MHC-I and B7).
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Figure 5. 
Antisense immunotherapy. Example of antisense anti-IGF-I treatment of glial malignant tumor—
glioblastoma. The schema of therapy shows transfected in vitro brain tumor glial cells using a vector containing 
cDNA of IGF-I in antisense orientation. After transfection, the cells express IGF-I RNA antisense stopping the 
IGF-I synthesis characteristic for tumor cells. They become MHC-I [+] and B7 [+], and partially apoptotic. 
The transfected cells, together with apoptotic cells and APC cells induced in vivo, activate T lymphocytes (CTL 
CD8+CD28+). Abbreviations used in signal transduction pathway: TK (tyrosine kinase of growth factors 
receptor); PI3K (phosphatidylinositol 3 kinase); PKC (protein kinase C); TAP 1,2 (transporter associated with 
antigen processing antigen); APC (antigen presenting cell).

miRNA (microRNA) [125]. The role of 21–23mer double-stranded RNA (siRNA) in 
the silencing of genes is strongly similar to that of the TH DNA mechanism, which 
also involves 23mer RNA [85]. Whether or not siRNA technology or miRNA knock-
down will supplant the AS oligodeoxynucleotide approaches remains in question at 
this time [124, 126, 127]. The AS oligodeoxynucleotides reinforced by association with 
polycations (polyethyleneimine), polylysine, or cationic lipids (DOTMA, DOTAP) 
were also used for transfection of cells with plasmids encoding antisense RNA [128].

As to growth factors, historically, first IGF-I and its receptor and then TGF-
beta were targeted in experimental preclinical studies [40, 57, 122, 129, 130] and 
then glycogen synthase, GS [51]. The absence of IGF-I, TGF-beta, and GS synthe-
sis in “AS” transfected cells leads to a compensated increase in IGF-I-receptor [51] 
(relation between the signal transduction pathway of tyrosine kinase (IGF-I-R) 
and the induction of B7 [131]). Other growth factors such as EGF and VEGF, 
and their receptors, have also been investigated by AS technology in preclinical 
studies. The in vitro and in vivo results were similar to the results obtained with AS 
IGF-I technology [51, 130]. Thus IGF-I via IGF-I-R not only increases cell prolifer-
ation but also “supervises” mitogenic action of other growth factors (EGF, PDGF, 
etc.) by its autocrine-paracrine stimulation, becoming some kind of growth factor 
director. In clinical IGF-I antisense/triple helix immunotherapy, the cells used for 
“vaccination” were downregulated in IGF-I and presented both MHC-I and B7.1 
molecules (Figure 4).

5.2 Results and discussion

The first clinical assay for human GBM using AS IGF-I approach was per-
formed by Anthony et al. and by Trojan et al. [96, 100, 114]. After each of three 
AS IGF-I vaccinations, there was an increase in the percentage of CD8+ T cells 
in peripheral blood lymphocytes with a characteristic phenotype—switch 
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CD8+CD11b+/CD8+CD11b− (Figure 5). In patients with GBM treated in Bromberg 
(NATO Science Programme—U.S.A./France/Poland), life from time of diagnosis to 
time of demise was 19 and 24 months.

Histopathologic examination of resected tumors showed peritumor necrosis 
and infiltration by lymphocytes CD8+ T and CD4+ T cells [100]. Moreover, we can 
underline, as described in our previous studies [51], that using anti-IGF-I approach 
without chemotherapy, median survival in GBM-treated patients has reached 
19 months and has increased to more than 21 months (NATO Programme) when 
applied in combination with chemotherapy (temozolomide). The individualized 
therapy using IGF-I antigene treatment and pharmacology (temozolomide) has 
been applied in phase I/II trials [132].

In 2001, simultaneously with the first assay with AS IGF-I, Andrews et al. [133] 
treated 12 patients with recurrent glioblastoma and anaplastic astrocytoma using 
an antisense to IGF-I receptor, AS IGF-I-R, strategy. Histological analysis of tumors 
resected from patients with disease progression revealed lymphocytic infiltra-
tion and necrosis [133]. As new experimental therapies and efficient viral vectors 
expressing AS IGF-I-R are being developed, clinical trials using this approach will 
increase [66, 133, 134].

The approach of AS TGF-beta using an AS oligodeoxynucleotide, compound 
AP 12009, has given satisfactory results [135–137]. In another clinical AS TGF-beta 
study, a phase I clinical trial in grade IV astrocytoma (GBM) was performed using 
autologous tumor cells modified by an AS TGF-beta2 vector. There were indications 
of humoral and cellular immunity induced by the vaccine [138].

6. Conclusions

The clinical strategies of glioma treatment, using either inhibitors (i.e., ima-
tinib and gefitinib) or antibodies (i.e., Avastin) targeting growth factors and their 
receptors [139–143], are currently focusing on antisense technology combined with 
pharmacological treatment.

The neuro-oncology research on glial cells focuses on the PI3K/AKT pathway 
becoming a potential target in antisense/triple helix strategy for the treatment 
of glioblastoma patients [59, 69]. The arrest of at least two links either IGF-I or 
TGF-beta or VEGF and GS of the pathway TK/PI3K/AKT/GSK3/GS [64] seems to 
be in line for a future clinical gene therapy trial strategy for treatment of GBM. The 
final result of this signal transduction pathway element inhibition is an immune 
response mediated in vivo by lymphocytes T CD8 and APC cells (Figure 5). But the 
near future in treating this group of disorders belongs to a combination of treat-
ment [4, 42, 70, 79, 115, 130, 144–150]: classical surgery; radiotherapy with immu-
notherapy, including the use of dendritic cells pharmacologic therapy; growth 
factor inhibitors; and the use of the antisense/triple helix gene blockade approach 
targeting signal transduction pathway elements of cancer processes.
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Advances in the Systemic 
Treatment of Melanoma Brain 
Metastases
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Abstract

It is estimated that up to 40% of patients with distantly metastatic melanoma 
develop clinically detectable brain metastases. The prognosis for these patients is very 
poor with an historical median overall survival of approximately 4 months. Targeted 
surgical and radiotherapy-based approaches can improve outcomes in certain patients. 
Over the past decade, the efficacy of systemic treatments for metastatic melanoma has 
improved with the development of anti-CTLA-4 and anti-PD-1-based immunothera-
pies (checkpoint inhibitors) that provide survival benefit. In patients whose melanoma 
expresses a V600 BRAF mutation which activates the MAPK signaling pathway, the 
targeted inhibition of BRAF and MEK also confers survival benefit. These immuno-
modulatory and molecular-targeted approaches have recently been studied in patients 
with melanoma brain metastases to determine efficacy of these approaches in treating 
the brain metastases. Advances in use of chemotherapy, immune checkpoint inhibi-
tors, and BRAF plus MEK inhibitors to treat melanoma brain metastases are discussed.

Keywords: melanoma, brain, metastases, immunotherapy, PD-1, BRAF, 
targeted therapy

1. Introduction

Melanoma arises through the accumulation of genetic aberrations in melanocytes 
which lead to uncontrolled cellular proliferation, resistance to apoptosis, and escape 
from immune surveillance. Melanoma has the potential to metastasize distantly through 
hematologic and lymphatic channels. When distant spread is present, the melanoma is 
classified as stage IV. The American Joint Committee on Cancer (AJCC) eighth edition 
subcategorizes stage IV melanoma into four prognostic subgroups with the worst prog-
nostic group (stage IV M1d) defined by the presence of brain metastases [1]. Melanoma 
is the third most common type of cancer to metastasize to the brain following breast and 
lung cancer. It is estimated that 10–40% of patients with stage IV melanoma eventually 
develop clinically detectable brain metastases [2]. In autopsy series, a high incidence of 
subclinical metastasis is noted as over 50% of patients have brain metastases [2].

2. Management of melanoma brain metastases

Brain metastases can lead to morbidity with the development of seizures, 
cerebral edema, and neurologic symptoms reflective of the part of the brain 
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involved. However, several retrospective analyses have shown that the majority of 
patients with brain metastases are asymptomatic [2]. While metastases can develop 
in any part of the brain, the incidence is not evenly distributed. A study evaluating 
the location of 115 brain metastases showed that 43.5% were located in the frontal 
lobe with only 8.6% in the cerebellum and less than 1% in the hippocampus [3]. 
Similarly, a retrospective single center analysis of 6064 brain metastases in 632 
cancer patients revealed that fewer than 1% of the metastases develop in the hip-
pocampus, while the distribution is highest in the frontal lobe (31.6%) [4].

The prognosis for patients with melanoma metastatic to the brain is very poor 
with an historical median overall survival of approximately 4 months [5]. However, 
prognosis is heterogeneous with a small subset of patients demonstrating greater 
than 3-year survival despite the development of brain metastases. A retrospec-
tive review of 702 patients with melanoma-related brain metastases identified a 
small subset of patients who survived greater than 3 years. These patients were 
largely categorized by the presence of an isolated brain metastasis that was treated 
 surgically [5].

Several retrospective studies have attempted to associate clinical and pathologi-
cal characteristics with the development of brain metastases and with the outcome 
following the development of brain metastasis. A review of clinical features and 
survival outcome in melanoma patients who enrolled in any of 12 clinical trials at 
a single cancer center identified factors prognostic for overall survival [6]. About 
44% of 743 chemotherapy naive melanoma patients developed brain metastases 
with the median overall survival following diagnosis of brain metastases being only 
4.3 months. Age at the time of diagnosis of brain metastases did not predict for sur-
vival outcome. However, the year of diagnosis was prognostic as patients diagnosed 
prior to 1996, the midpoint for inclusion of these patients, had worse survival than 
patients diagnosed after the start of 1996 (4.14 months vs. 5.92 months, p = 0.01). 
While prognosis has improved over time, survival outcomes remain very poor. 
Other prognostic factors included the number of brain metastases with a median 
survival for patients with one to three metastases of 5.92 months as opposed to 
3.52 months for those with more than three brain metastases (HR 1.57, p = 0.001). 
The presence of leptomeningeal involvement conferred an even worse prognosis 
with a median overall survival of only 1.2 months. The development of brain metas-
tases after receiving systemic therapy for extracranial metastases conferred worse 
overall survival compared to developing the brain metastases before or synchronous 
to extracranial metastases (HR 1.78, p < 0.0001). Therefore, in multivariate analy-
sis, the year of diagnosis, number of parenchymal brain metastases, and timing of 
metastases relative to extracranial metastases were significantly associated with 
overall survival. Another retrospective analysis of 49 patients with melanoma 
metastatic to the brain identified as part of a melanoma database collected from 
1998 to 2012 associated survival to the presence or absence of symptoms, number 
of parenchymal brain lesions (one vs. two or more), and response to chemotherapy 
[2]. A multivariate analysis of 89 melanoma patients from a single institution who 
developed brain metastases and who were part of a larger prospectively accrued 
cohort of 900 melanoma patients revealed that the presence of neurologic symp-
toms and extracranial metastases predicted for worsened survival [7].

The modality used to treat brain metastases may reflect prognosis. The median 
survival of 686 patients with melanoma and cerebral metastases treated at the 
Sydney Melanoma Unit between 1985 and 2000 was 8.9, 8.7, 3.4, and 2.1 months, 
respectively, in patients treated with surgery plus postoperative radiotherapy, 
surgery alone, radiotherapy alone, and supportive care alone [8]. While outcomes 
differed in patients receiving surgery and/or radiotherapy compared to best sup-
portive care, the differences may reflect patient selection based on performance 
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status, extent of extracranial metastases, comorbidities, and number, size, and 
location of brain metastases. These features impact the decision to recommend 
surgery or radiation therapy. Furthermore, the size, location, and number of 
metastases impact the ability to perform stereotactic radiosurgery as opposed to 
whole brain radiation therapy.

Overall survival of stage IV melanoma patients also is determined by the effec-
tiveness of systemic therapy. Systemic treatment options have improved over the 
past decade through the development of efficacious immunotherapies and molecu-
larly targeted approaches translating into improvements in survival. Prior to 2011, 
the only two systemic therapies Food and Drug Administration (FDA) approved for 
the treatment of stage IV melanoma were the cytotoxic chemotherapy dacarbazine 
(DTIC) and the cytokine immunotherapy high-dose interleukin-2 (HD-IL2). DTIC 
is an intravenously administered alkylating agent that confers responses in 5–20% 
of stage IV melanoma patients but the responses are largely partial and not durable 
[9]. Treatment with HD-IL2 confers a 16% response rate with 5% of patients devel-
oping complete durable responses [10]. The potential for HD-IL2 to cause capillary 
leak syndrome and cerebral edema limits the ability to use this treatment in patients 
with brain metastases. Neither HD-IL2 nor DTIC have been shown in randomized 
studies to confer overall survival benefit.

Temozolomide is an oral alkylating agent that is metabolized to MTIC the same 
active agent that dacarbazine is metabolized to. Treatment of stage IV melanoma 
patients randomized to treatment with dacarbazine or temozolomide showed 
equivalency in terms of response rate and survival [11]. Temozolomide has better 
penetrance of the central nervous system. A retrospective analysis comparing CNS 
relapse rate in patients who responded to treatment with temozolomide versus 
dacarbazine showed that temozolomide-treated patients had significantly fewer 
CNS relapses [12]. This suggests that temozolomide may prevent development of 
brain metastases in melanoma patients. To assess efficacy of temozolomide in treat-
ing brain metastases in melanoma patients where the metastases did not require 
immediate radiation therapy, a phase II study was performed treating 151 patients 
with temozolomide at dose of 150 milligrams per meter squared (mg/m2) per day 
for 5 days in row every 28 days. Among the 117 patients who did not receive prior 
systemic therapy, the response rate was 7%, while 29% had stabilization of the brain 
metastases. Of the 34 patients who received prior systemic therapy, only 1 patient 
responded and 6 patients developed stable disease in the brain [13]. Therefore, 
while temozolomide demonstrates efficacy in treating melanoma brain metastases, 
the benefit is limited and seen only in a small subset of patients.

An improved mechanistic understanding of the positive and negative regulation 
of the immune system through multiple immune-mediated checkpoints has led to 
the development of more efficacious treatment for stage IV melanoma patients. 
Since 2011, the FDA has approved for treatment of stage IV melanoma an inhibitor 
of the negative regular cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 
ipilimumab, and two inhibitors of the negative regulator programmed death-1 
(PD-1), nivolumab and pembrolizumab. Ipilimumab is administered intravenously 
at a dose of 3 milligrams per kilogram (mg/kg) every 3 weeks for a total of four doses. 
Nivolumab is administered intravenously at a flat dose of 240 mg intravenously 
every 2 weeks or 480 mg every 4 weeks. Pembrolizumab is administered at a dose of 
200 mg every 3 weeks.

T-cell activation requires binding of the T-cell receptor to an antigen-derived amino 
acid sequence complexed to MHC molecules on antigen presenting cells. For T-cell 
activation, costimulatory interactions are necessary with binding of CD28 on the T-cell 
to B7 on the antigen presenting cell. CTLA-4 is expressed on T-cells and binds to B7 
with higher affinity that CD28 leading to disruption of CD28-B7 interaction thereby 
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involved. However, several retrospective analyses have shown that the majority of 
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dampening the immune response. Ipilimumab is a fully human IgG1 monoclonal 
antibody that binds to CTLA-4 in an inhibitory fashion enhancing T-cell priming and 
decreasing suppressor T-cell activity [14]. A phase III study that randomized previously 
treated stage IV melanoma patients to treatment with ipilimumab alone at a dose of 
3 mg/kg intravenously every 3 weeks for four treatments, a peptide vaccine GP-100 
alone, or the combination of ipilimumab plus the vaccine demonstrated a statistically 
significant improvement in overall survival following ipilimumab treatment [14]. 
The median overall survival was 10.1 months in the ipilimumab group as opposed to 
6.4 months in the gp100 vaccine group (hazard ratio for death of 0.68; p-value < 0.001). 
A pooled analysis of long-term data from 12 phase II and phase III studies encompass-
ing 1861 melanoma patients treated with ipilimumab showed a mean overall survival of 
11.4 months with a survival rate at 3 years of 22% [15].

Nivolumab and pembrolizumab are monoclonal antibodies which inhibit the 
activity of PD-1 leading to increased T-cell activity in the tumor microenvironment 
[16, 17]. PD-1 is expressed on the surface of tumor infiltrating T-cells and binds to 
PD-L1 which is aberrantly expressed on tumor cells leading to functional inhibition 
of the T-cells. Both of the PD-1 inhibitors confer 35–40% response rates and lead to 
significantly improved survival when compared to outcomes following ipilimumab 
treatment [18, 19]. The Keynote-006 phase III study randomized 834 melanoma 
patients to treatment with pembrolizumab or ipilimumab. Median overall survival 
with a median follow-up of 22.9 months was not reached in the pembrolizumab-
treated patients as opposed to 16 months in the ipilimumab-treated patients 
(p = 0.0009). Twenty-four-month overall survival was 55 and 43% in the pembroli-
zumab and ipilimumab groups, respectively (p = 0.0009) [18].

CTLA-4 and PD-1 inhibitors modulate different parts of the immune system, 
and preclinical murine models demonstrate synergistic activity following concur-
rent CTLA-4 and PD-1 blockade [20]. The CheckMate 067 study randomized 945 
advanced melanoma patients to placebo-controlled treatment with ipilimumab 
monotherapy, nivolumab monotherapy, or the combination of ipilimumab plus 
nivolumab [21]. Ipilimumab-treated patients received ipilimumab at dose of 3 mg/kg 
every 3 weeks for a total of four treatments. Nivolumab-treated patients were treated 
with 3 mg/kg nivolumab every 2 weeks. Patients receiving combination therapy were 
treated with ipilimumab at a dose of 3 mg/kg plus nivolumab 1 mg/kg every 3 weeks 
for a total of four doses and then nivolumab alone every 2 weeks at a dose of 3 mg/kg. 
Objective responses were noted in 58, 45, and 19% of combination therapy, nivolumab 
monotherapy- and ipilimumab monotherapy-treated patients, respectively. With 
a minimum 4 year follow-up, the median overall survival was not reached in the 
combination group, was 36.9 months in the nivolumab group, and was 19.9 months in 
the ipilimumab group.

Inhibition individually or in combination of the CTLA-4 and PD-1 checkpoints 
leads to survival benefit for stage IV melanoma patients. However, the initial 
clinical trials excluded patients with untreated brain metastases. To determine the 
antimelanoma efficacy of these immune modulatory approaches in patients with 
untreated brain metastases, clinical trials were developed specifically enrolling 
melanoma patients with untreated brain metastases.

A phase II study of patients with melanoma and untreated brain metastases 
treated with ipilimumab showed intracranial responses in 8 of 51 (16%) of asymp-
tomatic patients who did not need steroids and 1/21 (5%) of patients requiring 
steroids because of perimetastasis edema or neurologic symptoms related to the 
metastases. Median overall survival remained poor being 7 months for patients not 
needing steroids and 3.7 months for patients requiring steroids [22]. The overall 
survival assessment also reflects the time period when the study was conducted 
prior to availability of anti-PD-1 immunotherapies.

197

Advances in the Systemic Treatment of Melanoma Brain Metastases
DOI: http://dx.doi.org/10.5772/intechopen.85673

A single center phase II study treated 18 stage IV melanoma patients with at least 
1 untreated or progressive brain metastasis between 5 and 20 mm in diameter and 
without associated neurologic symptoms to treatment with pembolizumab at a dose 
of 10 mg/kg every 2 weeks. Four of the patients (22%) developed a partial response 
in the brain. The responses were durable lasting at least 4 months, and at the time of 
data, cutoff was ongoing in all responders [23].

To determine the intracranial efficacy of combined CTLA-4 and PD-1 blockade, 
a phase II multicenter study, CheckMate 204, treated melanoma patients who had 
at least one measurable nonirradiated brain metastasis with a diameter between 0.5 
and 3 cm and with no associated neurologic symptoms to combined treatment with 
nivolumab and ipilimumab [24]. The primary endpoint was intracranial clinical 
benefit defined as complete or partial response or stable disease at 6 months. Brain 
metastases were felt to not need immediate resection or radiosurgery and patients 
did not receive steroid treatment for at least 10 days prior to treatment initiation. 
The nivolumab was administered at dose of 1 mg/kg and ipilimumab 3 mg/kg every 
3 weeks for four doses followed by single agent nivolumab at dose of 3 mg/kg every 
2 weeks until disease progression or prohibitive toxicity. With a median of 14 month 
follow-up, the rate of intracranial benefit in the 94 patients who were followed 
for at least 6 months was 56% with a 26% complete response rate and 30% partial 
response rate. About 2% of patients had intracranial stable disease that lasted greater 
than 6 months. About 64% of patients did not experience intracranial progression 
of brain metastases 6 months after treatment initiation. The extracranial clinical 
benefit rate was 56% similar to the intracranial rate. As expected, the combination 
immunotherapy treatment led to a 55% rate of high-grade toxicity felt related to the 
immunotherapy. Treatment-related adverse events involving the central nervous 
system were seen in 36% of patients and high-grade CNS toxicity developed in 7% 
of the patients. The most common treatment-related nervous system toxicity of any 
severity was headache affecting 22% of patients with 3% having severe headaches.

Additional evidence that anti-PD-1 immunotherapy has efficacy in treating 
active brain metastases comes from the results of a phase II study conducted at 
four sites in Australia. Melanoma patients with asymptomatic brain metastases 
that did not receive prior localized treatment were randomized to systemic 
therapy with nivolumab or combined nivolumab plus ipilimumab blockade. 
Efficacy was appreciated in both cohorts with intracranial response rates of 20 
and 46% seen in nivolumab alone versus combination therapy-treated patients, 
respectively [25].

Treatment of stage IV melanoma has improved not only through the use 
of immunotherapy but also through the use of molecular-targeted therapies. 
Approximately, 40% of melanomas select for an activating mutation in the protein 
BRAF which is a component of the mitogen-activated protein kinase (MAPK) sig-
naling pathway. The MAPK signaling pathway is a cascade initiated by extracellular 
signals binding to cell membrane receptors activating RAS which then activated 
CRAF and BRAF leading to downstream activation of MEK and ERK. Greater than 
90% of BRAF mutations in melanoma are activating hotspot mutations present at 
position 600 with the most common being a V600E mutation. Activation of BRAF 
leads to melanoma proliferation and survival due to enhanced signaling through 
the MAPK pathway. Three different combinations of BRAF plus MEK inhibitors 
(the BRAF inhibitors dabrafenib, vemurafenib, and encorafenib combined with the 
MEK inhibitors trametinib, cobimetinib, and binimetinib, respectively) are FDA 
approved for the treatment of unresectable melanoma expressing a V600E BRAF 
mutation [26–28]. Randomizing 947 previously untreated patients with unresect-
able melanoma to treatment with dabrafenib plus placebo or dabrafenib plus 
trametinib as part of an international phase III study demonstrated overall survival 
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benefit favoring the dual inhibitor approach [29]. Treatment with dabrafenib 
monotherapy conferred a 53% response rate, while dabrafenib plus trametinib 
treatment led to a 69% response rate. Efficacy is limited by the development of 
resistance with median progression free survival being 8.8 and 11 months for 
patients treated with dabrafenib monotherapy or combination therapy, respectively. 
Two-year overall survival was 42% for patients treated with BRAF inhibition alone 
and improved to 51% for patients treated with concurrent BRAF and MEK inhibi-
tion [29]. Eligibility requirements for the trial required definitive treatment of any 
preexisting brain metastases with confirmed stability of at least 12 weeks. Patients 
with untreated or unstable brain metastases were excluded from enrollment.

To determine the ability of combined BRAF and MEK inhibition to treat pro-
gressive brain metastases in patients with melanoma expressing a V600 BRAF 
mutation, a multicenter international phase II (COMBI-MB) study was performed 
which treated four cohorts with dabrafenib plus trametinib [30]. The four cohorts 
were: A. Patients with melanoma expressing a V600E BRAF mutation and with 
asymptomatic brain metastases, no prior localized therapy to the brain metastases, 
and an ECOG performance status 0 or 1. B. Patients with melanoma expressing a 
V600E BRAF mutation and asymptomatic brain metastases and an ECOG perfor-
mance status 0 or 1 but who received prior localized therapy to the brain metastases. 
C. Patients with melanoma expressing a V600 D/K/R mutation and asymptomatic 
brain metastases and ECOG performance status of 0–1 with or without prior local-
ized treatment of the brain metastases. D. Patients with melanoma expressing a V600 
D.E/K/R BRAF mutation and with symptomatic brain metastasis and an ECOG 
performance status of 0, 1, or 2. The primary endpoint was investigator-assessed 
intracranial response in the first patient cohort. Intracranial response in the other 
three cohorts was a secondary endpoint. With a median follow-up of 8.5 months, 
the intracranial response rate in the 76 patients enrolled in cohort A was 58%. The 
intracranial response rates in the 16 patients enrolled in cohort B, 16 patients enrolled 
in cohort C, and 17 patients enrolled in cohort D were 56, 44, and 59%, respectively. 
Therefore, clinical benefit intracranially was appreciated in all four cohorts even 
in patients with worsened performance status (ECOG 2) and symptomatic brain 
metastases. Longer follow-up is needed to determine effects on survival and long-
term intracranial metastases control rates.

While systemic therapies can lead to intracranial efficacy in a subset of meta-
static melanoma patients, multimodality approaches may lead to further improve-
ment in clinical outcome. A meta-analysis performed in April 2017 identified six 
retrospective studies which compared treatment with stereotactic radiotherapy 
alone to radiotherapy plus ipilimumab [31]. Of the 411 patients identified, 128 were 
treated with a combined radiotherapy and immunotherapy approach, while 283 
received radiotherapy alone. Combination therapy significantly improved survival 
(HR 0.74, p = 0.04) without significantly increasing the incidence of adverse 
events. The authors conclude that combining stereotactic radiosurgery (SRS) is safe 
and effective treatment option.

Given the survival benefits of initial immunotherapy treatment with a PD-1 
inhibitor as opposed to ipilimumab in patients with melanoma who have brain 
metastases, one may expect that SRS plus a PD-1 inhibitor may incrementally 
improve intracranial response and survival compared to treatment with SRS plus 
ipilimumab. A study of patients who received SRS plus a PD-1 inhibitor had a 
median overall survival of 20.4 months as opposed to 7.5 months in patients treated 
with SRS plus CTLA-4 blockade [32]. A single institution retrospective study 
assessed the intracranial metastasis control rate in patients treated with SRS for 
melanoma brain metastases within 3 months of receiving treatment with anti-PD-1 
immunotherapy, anti-CTLA-4 immunotherapy, BRAF plus MEK inhibitor targeted 

199

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Advances in the Systemic Treatment of Melanoma Brain Metastases
DOI: http://dx.doi.org/10.5772/intechopen.85673

therapy, anti-BRAF monotherapy, or cytotoxic chemotherapy [33]. The 12-month 
distant melanoma metastasis control rates were 38, 21, 20, 8, and 5%, respectively. 
Local melanoma brain metastasis control rates were similar among the groups. 
Combining systemic therapy with SRS was overall well tolerated without significant 
increase in neurotoxicity. Multivariate analysis showed improved overall survival in 
patients treated with immunotherapy or BRAF targeted therapy when compared to 
those treated with cytotoxic chemotherapy.

3. Conclusions

Treatment of patients with melanoma brain metastases should be based upon a 
personalized treatment plan that may include multimodality approaches utilizing 
systemic therapy, surgery, and radiation therapy. The treatment approach will be 
impacted by multiple factors including but not limited to comorbidities, perfor-
mance status, number, size, and location of brain metastases, CNS metastasis-
related symptoms, steroid needs, prior therapy, the presence or absence of a BRAF 
mutation, and patient preference. Recent advances identifying immunomodulatory 
and BRAF-targeted therapies with intracranial efficacy have led to outcomes that 
are better than historically expected through the use of anti-PD-1 monotherapy, 
combined anti-CTLA-4 plus anti-PD-1 blockade, and if patients with a V600 BRAF 
mutation combined BRAF and MEK inhibition.
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Chapter 13

Angiogenesis in Malignant 
Gliomas and Bevacizumab 
Resistance
Scott G. Turner

Abstract

Standard therapy for malignant gliomas includes maximal resection followed by 
radiotherapy and temozolomide. The increase in neovascularization in high-grade 
gliomas serves the increased metabolic demands of these fast-growing tumors and 
the main pathway mediating this process involves vascular endothelial growth 
factor (VEGF) and its receptor. This pathway is targeted by bevacizumab (BEV), an 
anti-VEGF monoclonal antibody. Though preclinical trials with BEV were promis-
ing, clinical trials failed to show improvement in overall survival, and ultimately 
GBM become resistant to BEV. By better understanding the molecular mechanisms 
involved in angiogenesis, new targets may be identified and by elucidating the 
mechanism behind BEV resistance, new treatment modalities may be developed to 
treat these aggressive tumors.

Keywords: angiogenesis, bevacizumab, vascular endothelial growth factor,  
glioma, glioblastoma

1. Introduction

Glioblastoma multiforme (GBM) is the most common primary adult brain 
tumor with 9000 predicted new cases in the US each year [1]. Prognosis remains 
poor and standard therapy includes maximal safe resection followed by radio-
therapy and temozolomide chemotherapy [2]. Because of their high metabolic 
demand, GBM tend to outgrow their blood supply, leading to a hypoxic, necrotic 
core [3]. One of the hallmarks of these aggressive tumors, therefore, is their ability 
to signal new blood vessels to grow into the tumor mass to counteract this effect. 
This chapter will examine the current state of our understanding of these pro-
angiogenic pathways involving VEGF, integrins, angiopoietins, platelet-derived 
growth factor (PDGF), protein kinase C and mTOR [4–6]. The primary pathway 
involves VEGF [6] and is targeted by bevacizumab (BEV), a monoclonal antibody 
to VEGF [7]. BEV resistance, thought to be due, in part, to redundant angiogenic 
pathways, remains a serious concern, as few subsequent treatment options exist. 
Other mechanisms of BEV resistance will be discussed, including vessel co-option, 
vascular intussusception, vascular mimicry, and recruitment of bone-marrow-
derived cells.
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2. Angiogenesis

Normal endothelial cells form a monolayer interconnected by tight and adherens 
junctions made up of molecules such as occludin, claudin, and junction adhesion 
molecule proteins. These structures form the basis of the blood brain barrier. 
Endothelial cells are surrounded by pericytes, which regulate cell proliferation and 
a vascular basement membrane is formed by the endothelial cells and pericytes [8].

Sprouting is the process by which new blood vessels are produced from exist-
ing blood vessels and this serves to supply the increased metabolic demands of 
rapidly growing tumors [10]. This is achieved by increasing the production of 
proangiogenic factors, of which, VEGF is one of the most important players [6]. 
Often, hypoxia is the trigger for signaling the expression of proangiogenic factors 
via the expression of hypoxia-induced factor (HIF1α) [11], although other hypoxia-
independent pathways exist involving the mitogen-activated protein kinase 
(MAPK) and phosphoinositide 3-kinase PI3K) pathways [4]. A balance of proan-
giogenic and antiangiogenic signals within the tumor microenvironment determine 
whether angiogenesis will occur, the so-called “angiogenic switch” [9]. When the 
proangiogenic signal predominates, pericytes secrete matrix metalloproteases 
and detach from the basement membrane. Endothelial cells loosen theist tight 
and adherens junctions. Plasma proteins leak out of the blood vessel and supply a 
scaffold for the new blood vessel. Endothelial cells migrate into this extracellular 
matrix in response to integrin signaling. A single endothelial serves as the “tip cell” 
to direct the nascent blood vessel toward the proangiogenic signal. The trailing 
“stalk cells” form the lining of the new lumen. Signaling by Ang-2, VEGF, Notch, 
PDGF, neuropilins and others are involved in this process. These new blood vessels, 
however, tend to be tortuous and lack an intact blood-brain barrier, making them 
leaky, leading to vasogenic edema in the vicinity of the tumor [12]. Hypoxic tumors 
also tend to be more resistant to standard chemotherapy regimens. Agents targeting 
angiogenic pathways, therefore, could reduce peritumoral edema, reduce hypoxia, 
and improve the delivery of cytotoxic agents [13].

The VEGF family consists of VEGF-A, B, C, D and placental growth factors 
(PlGF1–4) and their receptors—VEGFR-1, 2, 3, neuropilin (NRP)-1, and NRP-2 
[5, 14–17]. This family has been shown to be important in normal and pathologic 
angiogenesis, maintenance of blood vessels, migration of endothelial cells, and vas-
cular permeability. The most important of these is VEGF-A (VEGF) [18] that forms 
disulfide-linked homodimers that then bind to VEGFR-1 and VEGF-2. These are 
both receptor tyrosine kinases that in turn signal through the PI3K/MAPK pathway 
as well as the AKT1 signaling pathway [19]. Most of the proangiogenic signaling is 
effected by VEGF-A binding to VEGF-2, which has strong tyrosine kinase activity 
[20]. VEGFR-1 binding tis thought to modulate VEGFR-2 signaling by sequestering 
VEGF-A, which binds to VEGFR-1 with higher affinity than it does to VEGFR-2 [21].

3. Bevacizumab

Standard of care for high-grade gliomas starts with maximal surgical resection 
[22] followed by Temozolomide chemotherapy [2]. Because of the FDA approval of 
BEV with Irinotecan (IRI) in colorectal cancer, two single-arm Phase II prospective 
studies for patients with recurrent malignant gliomas were undertaken in 2007.

The BRAIN trial started with two cohorts of 35 patients with GBM who pro-
gressed after standard therapy. Twenty-three patients received both BEV and IRI 
every 14 days and once this was deemed safe, a second cohort of 12 patients was 
treated with IRI for 4 doses in 6 weeks and BEV every 3 weeks. The results seemed 
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promising with a 6 month progression-free survival (PFS-6) of 46% (vs. 15% in 
historic controls) and median overall survival (OS) of 42 weeks, vs. 21 months in 
historic controls). However, complications included thromboembolism, grade 2–3 
proteinuria, and intracranial hemorrhage [23]. A second trial involved 9 Grade 
III and 23 Grade IV glioma patients who had progressed on standard therapy 
treated with BEV and IRI every 2 weeks of a 6-week cycle. PFS-6 was 38% and 
the median overall survival was 40 weeks in Grade IV patients. Though no intra-
cranial hemorrhages occurred, three patients developed deep venous thromboses 
or pulmonary emboli, and one patient had an arterial ischemic stroke [24]. As 
a result of these studies, BEV was FDA approved for use as a combination with 
IRI or alone in recurrent high-grade glioma in 2009. In 2014, the BELOB trial, a 
randomized Phase II trial randomized 148 patients to receive BEV 10 mg/kg every 
2 weeks, lomustine 110 mg/m2 every 6 weeks or combination of both. The primary 
endpoint was OS at 9 months and was found to be 38% in the BEV arm, 43% in the 
lomustine arm, and 59% in the BEV/lomustine arm [25]. The EORTC-2601 trial 
compared lomustine monotherapy to BEV plus lomustine combination therapy 
and though PFS was improved (4.2 vs. 1.5 months), no significant difference in OS 
(9.1 vs. 8.6 months) was noted [26].

Because BEV looked promising in the recurrent setting, three trials were 
commenced to determine its efficacy in newly diagnosed GBM. The first of these 
was a single-arm, multicenter Phase II trial of 70 patients with newly diagnosed 
GBM comparing combined RT, TMZ and BEV (concurrent administration of 
daily TMZ and biweekly BEV with RT followed by TMZ for 5 days every 4 weeks 
and continued biweekly BEV) with a control arm in which patients received RT/
TMZ followed by TMZ for 5 days every 4 weeks and BEV at recurrence. Though 
addition of BEV improved PFS (13.6 vs. 7.6 months), no significant improve-
ment in OS was seen (19.6 vs. 21.1 months). Importantly, the BEV cohort showed 
increased incidence of cerebrovascular ischemia, wound infections, GI perfora-
tions, GI bleeds, and CNS hemorrhage [27]. RTOG 0825 was a large random-
ized, placebo-controlled, double-blinded trial of 637 patients in which patients 
received Stupp protocol with either BEV or placebo from week 4 of RT continued 
for 12 weeks. Though there was an improvement in PFS was slightly improved 
(10.7 vs. 7.3 months) no significant survival benefit was seen in the BEV group 
(15.7 vs. 16.1 months). There was an increased incidence of hypertension, throm-
boembolism, wound dehiscence, visceral perforation, serious hemorrhage, and 
serious neutropenia in the BEV group [28]. Finally, in a similar design, the AVAglio 
study randomized 921 patients to receive Stupp protocol with BEV or placebo 
every 2 weeks starting during RT and continuing until the disease progressed or 
unacceptable toxic effects developed. The median PFS was improved (10.6 vs. 
6.2 months) but no improvement in overall survival (16.8 vs. 16.7 months) was 
seen. BEV did, however, appear to decrease dependence on steroids and prolong 
cognitive function in this study, though the rate of adverse events was higher with 
bevacizumab than with placebo [29].

Other chemotherapy agents such as carboplatin, irinotecan, erlotinib, and 
etoposide have shown no improvement in survival when added to Bevacizumab 
[30–33]. Aflibercept (VEGF Trap), is a recombinant fusion protein of the

Extracellular domains of VEGF fused to the Fc portion of immunoglobulin G1; it 
binds with high affinity to both VEGF and placental growth factor (PlGF) and thus 
scavenges both VEGF and PlGF. A Phase II study of patients with recurrent high 
glioma demonstrated no survival benefit and moderate toxicities including hyper-
tension, lymphopenia, and wound healing complications [34]. Other antiangio-
genic agents such as sunitinib, cediranib, and vandetanib, which are tyrosine-kinase 
inhibitors that target VEGF, have likewise failed to show survival benefit [35–37].
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4. Pseudoprogression and pseudoresponse

Pseudoprogression is an inflammatory treatment-related effect seen on MRI 
that can occur weeks to months after the end of therapy. Therefore, new gado-
linium enhancement and T2 signal in the vicinity of the resection cavity may not 
necessarily represent recurrent tumor as pseudoprogression is thought to occur 
occurs in about 30% of cases [38]. Furthermore, only surgery can definitively 
distinguish between pseudoprogression and true progression, though spectros-
copy, PET scan, functional MRI, and magnetic resonance perfusion have been 
employed, but with sensitivities of less than 80% [39]. Pseudoprogression has 
been treated with corticosteroids, hyperbaric oxygen, pentoxifylline, and vitamin 
E. Bevacizumab has also been used to treat pseudoprogression as it stabilizes the 
blood-brain barrier [40].

Confounding the picture further is the phenomenon of pseudoresponse. 
Because bevacizumab normalizes tumor vasculature, restoring the blood-brain bar-
rier and reducing peritumoral edema [41, 42], MRI tend to show reduced T2 signal 
and gadolinium enhancement, making it difficult to visualize the underlying tumor. 
Bevacizumab may, however, increase perfusion, reduce hypoxia, and improve deliv-
ery of cytotoxic agents to the tumor [43, 44]. These tend to be a transient effect, 
however.

5. Bevacizumab resistance

Though it seems to improve PFS and reduce steroid dependence, bevacizumab 
does not confer a survival benefit. Ultimately, malignant gliomas overcome the 
antiangiogenic effect of BEV and tumor progression occurs. There are many mecha-
nisms by which tumor cells can achieve resistance to bevacizumab [8]. In a process 
called vessel co-option, tumor cells migrate along and grow around existing blood 
vessels. Intussusception is the process by which existing blood vessels are enlarged 
and bifurcated. Tumor cells may incorporate into the endothelium of native blood 
vessels in a process called vascular mimicry that is associated with invasion, rapid 
tumor growth, and resistance to radiotherapy. Endothelial progenitor cells may 
be recruited, and cancer-like stem cells may differentiate into endothelial cells or 
pericytes to supply new blood vessels [45].

As antiangiogenic agents like BEV cause vessel regression and hypoxia, tumor 
cells switch from a proliferative to a migratory phenotype [42]. This type of migra-
tory cell expresses mesenchymal markers and matrix metalloproteases used to 
degrade the extracellular matrix and allow for cell migration [46]. The c-MET 
tyrosine kinase and its ligand, hepatocyte growth factor (HGF) are both strongly 
up-regulated in hypoxic environments as well as in patients with BEV resistance. Its 
downstream targets are likewise phosphorylated, including focal adhesion kinase 
(FAK) and STAT3, which are involved in promoting cell migration [47]. Targeting 
members of this signaling pathway could lead to improvements in survival and may 
help to overcome BEV resistance [48] and rilotumumab, a monoclonal antibody to 
HGF is currently under investigation [49].

BEV-induced hypoxia may also alter the metabolism of tumor cells toward 
aerobic glycolysis to increase glucose uptake and promoting proliferation and 
migration. Hypoxic microenvironments cause increased levels of hexokinase-2  
[50, 51] known to promote proliferation and drug resistance, and pyruvate dehy-
drogenase kinase-1 ultimately blocking pyruvate from entering the Krebs cycle 
[52]. The phosphinositol-3-kinase (PI3K)/Akt pathway and Myc also are involved in 
this metabolic shift [53, 54].
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Finally, BEV treatment may lead to the adoption of other proangiogenic path-
ways involving fibroblast growth factor, platelet-derived growth factor, transform-
ing growth factor-α, Ang-2, and Tie-2 [55]. The integrin family of cell-adhesion 
molecules is attractive targets for antiangiogenic therapy as hypoxia induces 
overexpression of αvβ3 and αvβ5 in GBM and correlate with tumor aggressiveness 
[56, 57]. α5 integrin is upregulated and β1 and α5 integrin were downregulated in 
tumor cells resistant to BEV.

6. Conclusion

GBM remains an incurable and difficult to treat malignancy. Due to its aggres-
sive nature, the tendency for tumor cells to invade into normal brain along blood 
vessels and white matter tracks, and its ability to supply its metabolic needs via a 
number of complimentary proangiogenic mechanisms, new targets and therapies 
are needed. Targeting multiple angiogenic pathways simultaneously with mono-
clonal antibodies and receptor tyrosine kinase inhibitors may help mitigate the 
problem of targeting angiogenesis and bevacizumab resistance.
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Chapter 14

Innovations in Metastatic Brain 
Tumor Treatment
Caleb Stewart, Brody Stewart and Marcus L. Ware

Abstract

Metastatic brain tumors (MBTs) are the most common intracranial tumor and 
occur in up to 40% of patients with certain cancer diagnoses. The most common 
and frequent primary locations are cancers originating from the lung, breast, kid-
ney, gastrointestinal tract or skin, and also may arising from any part of the body. 
Treatment for brain metastasis management includes surgery, whole brain radio-
therapy (WBRT), stereotactic radiosurgery (SRS), and chemotherapy. Standard 
treatment for MBTs includes surgery and SRS which offer the best outcomes, while 
the WBRT is still an important treatment option for patients who cannot tolerate 
surgery and SRS or patients with multiple brain metastases. Newer approaches such 
as immunotherapy and molecularly targeted therapy (e.g., small molecules and 
monoclonal antibodies) are currently being evaluated for the treatment of MBTs. 
In this chapter, we will review current available treatments for MBTs and discuss 
treatments that are undergoing active investigation.

Keywords: brain metastasis, chemotherapy, radiotherapy, targeted-therapy, 
neuroimaging

1. Introduction: epidemiology and pathophysiology

Metastatic brain tumors (MBTs) are the most common central nervous system 
tumors in the United States [1, 2]. Patients are living longer with cancer with the 
advent of imaging modalities leading to earlier detection and improved systemic 
therapies. As a result, the probability of patients developing brain metastases (BM) 
over time has increased [2]. A number of studies support the expected trend of ris-
ing MBT incidence. A cohort study in Sweden found the incidence for brain metas-
tases doubled from 1987 to 2006 [3]. Another study from the Swedish National 
Cancer Registry reported that patients diagnosed with breast cancer from 2004 to 
2006 had a 44% increase in risk in brain metastasis as compared to patients in 1998 
and 2000 [4]. A forecast for greater frequency of metastatic brain cancer (MBC) 
emphasizes the need for continued innovation in MBT treatment.

Roughly 200,000 patients are newly diagnosed with MBC annually in the United 
States [5, 6]. The incidence rate for primary central nervous tumors was estimated at 
6.4 per 100,000, while the incidence for metastatic brain tumors has been estimated 
between 8.3 and 11.3 per 100,000 [2, 7]. More recent studies suggest that MBTs 
may occur as much as 10 times more frequently than primary tumors [2, 8, 9]. For 
cancer patients, an estimated 8.5–9.6% will be diagnosed with brain metastasis [2]. 
In adults, the most common sources of brain metastases are lung, breast, melanoma, 
renal and colorectal cancer [10–13]. Another study of patients in Detroit from 1973 
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cancer patients, an estimated 8.5–9.6% will be diagnosed with brain metastasis [2]. 
In adults, the most common sources of brain metastases are lung, breast, melanoma, 
renal and colorectal cancer [10–13]. Another study of patients in Detroit from 1973 
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to 2001 found the incidence for brain metastases for melanoma (6.9%) and renal car-
cinoma (6.5%) superseded breast cancer (5.1%) as the second and third most com-
mon sources [5]. A 2002 study examined patients from 1986 to 1995 and found renal 
carcinoma was the second most common MBC followed by melanoma and breast 
cancer [14]. In contrast, MBC in children has the lowest incidence and has previ-
ously estimated at 1.5 per 100,000 between the ages of 0 and 14 years [15]. A study 
following children diagnosed with cancer at MD Anderson Cancer Center found 
1.4% of individuals had a BM, which most commonly originated from sarcomas and 
melanomas [16]. Previous studies reported incidence as high as 4 and 4.9% among 
children diagnosed with solid tumors [17, 18]. For adults, melanoma, testicular and 
renal carcinomas have the greatest tendency to metastasize to the brain, but their 
relative scarcity translates to lower frequencies compared to other types of metastatic 
brain cancers [13] Whereas metastases in children most frequently emanated from 
neuroblastoma, sarcomas, and germ cell tumors [18–20].

Barnholtz-Sloan et al. reported that race, gender and age impact the incidence 
of brain metastasis. Shifts in these demographic features of MBC can be explained 
by the rising incidence of lung cancer among women compared to men [5, 21]. 
Investigation by Barnholtz-Sloan found that men had higher incidence percentage 
(IP%) of BM for each type of systemic cancer with the exception of breast and lung 
cancers. In patients with lung cancer, the cumulative incidence for BM in women 
was 21.8 and 18.9% for men [5]. There is a higher cumulative incidence of BMs in 
African Americans as compared to Caucasians for lung, melanoma, and breast can-
cers [5]. Renal cancers displayed a higher IP% among Caucasian patients compared 
to African American patients. Lastly, the IP% for colorectal cancer was similar 
between the two populations [5]. The frequency of BM increases with age for most 
cancer types. Primary cancers presenting with BM increases proportionally with 
age with a peak around 60 years old [22]. A 1996 study estimated incidence rates for 
MBTs by age and found the highest incidence was in the age bracket of 65–74 years 
at 53.7 per 100,000 [15].

1.1 Clinical presentation

MBTs might present with a number of different signs and symptoms. The most 
common clinical sign is headache, which occurs in as many as 50% of cases [23]. 
Headaches that are ≤10 weeks in duration have been suggested to be more predic-
tive of BM [24]. These headaches usually can be generalized or localized. They can 
persist for hours and reoccur at various intervals. Tension headaches, migraines and 
even cluster type headaches are not uncommon. Lateralization of the headaches to 
the ipsilateral side only happened in the minority of cases [25]. The headaches have 
been suggested to be due to increase intracranial pressure due to mass effect and a 
resulting hydrocephalus. An even smaller number of patients (~20%) have a result-
ing papilledema due to increase intracranial pressure. Another common presenting 
symptom is nausea and vomiting. This has been suggested to occur in as many as 
54% of cases to as few as 12% of cases [26, 27].

Focal neurological deficits are a common clinical manifestation of MBTs. They 
occur in approximately 40% of cases [28]. The deficits that patients suffer depends 
on a number of factors including number of BMs, areas of the brain affected, and 
more tumor specific factors such as growth, associated swelling or recent hemor-
rhage. These deficits can progress as the tumor increases in size. These symptoms 
can present acutely in a stroke-like manner due to hemorrhage or as a slow ominous 
progression. Weakness has been the primary presenting complaint in between 20 
and 40% of BMs. Sensory deficits have been reported to be slightly less common 
than weakness.
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Other frequently encountered symptoms included altered mental status, 
seizures, ataxia, and dysphagia. The actual rates of occurrence are not clear. These 
variations are largely predicated on the fact that MBTs unpredictably seed the 
central nervous system. Most frequently BMs seed the frontal lobe (32%). The 
parietal (18%), occipital (13%), and temporal (12%) lobes each make up a signifi-
cant portion. Cerebellar metastases make up approximately 18% of BM. The least 
common area is the brainstem [26, 29, 30]. Studies have suggested that the sites of 
BMs vary based on the primary site of origin and cerebral blood flow. There are data 
that suggest that the differences in surface characteristics make specifics sites more 
conducive to invasion by circulating cancer cells. The exact mechanisms or charac-
teristics have not been elicited [31].

1.2 Genomics

Metastatic tumors may have very different rates of occurrence and different 
responses to treatment. There are a number of studies that suggest that these can 
be explained by genetic and/or epigenetic differences. Research on BM models has 
shown idiosyncratic expressions of genes that mediate metastasis [32, 33]. Several 
chromosomal translocations are associated with the development of brain metastases. 
Lee et al. identified that regions 5q53, 10q23, and 17q23-24 were correlated with devel-
opment of BM within 3 months of primary tumor diagnosis [34]. Specific genes have 
also been associated with development of BM in lung cancer such as PLGF, VEGFR1, 
c-MET, and CXCR4 [35–37]. Other genes suggest a greater risk for brain relapse 
[38–42]. Metastatic pathophysiology is not limited to protein-coding regions, since 
non-coding RNA regions are associated with many cancer types [43]. Studies docu-
menting unique mutations in MBTs compared to the source tumor indicate lesions 
evolve in character and underscore the need for genomic evaluation for best-fit 
therapies [44]. Although the molecular mechanisms leading to early brain metastasis 
are poorly understood, these insights provide potential targets for therapy.

1.3 Microenvironment

A growing focus among researchers is understanding the dynamic interactions 
of cancer cells with astrocytes that may provide several novel therapeutic options. 
Following extravasation, individual cancer cells are surrounded by reactive astro-
cytes [45, 46]. Astrocytes serve as the first line of protection in the central nervous 
system (CNS) [45, 47, 48]. With regard to brain metastasis (BM), astrocytes reduce 
the number of potential metastatic cells by activating plasmin [45]. Adaptive cancer 
cells can evade these defense systems by expressing serpins [45]. Serpins represent a 
target for future therapies.

Neoplastic cells surviving this phase usually seed in the perivascular niche [49, 50],  
adjacent to neural stem cells and nearby nutrient and oxygen supplies [51–53]. 
Proliferation in perivascular niches establishes micrometastases where only a fraction 
of sites reach detectable volumes [54]. Recent research suggests the natural selection of 
micrometastases is regulated by reactive astrocytes in the microenvironment [55, 56].  
Astrocytic-neoplastic interactions depend upon the presence of protocadherin 7 
(PCDH7) which mediates contact between the cell groups [56]. Following interaction, 
gap junctions form and cell-cell communication occurs that increase cancer cell growth 
and resistance to chemotherapeutic apoptosis [57]. Born out of the pro-metastatic 
astrocytes research, silibinin represents a targeted therapy attacking the microenviron-
ment with promising results [58]. Meclofenamate and tonabersat are another promis-
ing set of medications that target carcinoma-astrocyte gap junctions that suppressed 
brain metastasis in mice models [56].
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2. Metastatic brain tumor diagnosis

Magnetic resonance imaging (MRI) is the current gold standard for brain mass 
evaluation. MRI provides a wide array of benefits including lesion detection and 
characterization as well guiding treatment by establishing differential diagnoses, 
guiding invasive procedures, and monitoring patients for changes over time. Within 
the past decade we have witnessed imaging transition from indirect diagnosis of 
lesions using cerebral angiography to precise lesion diagnosis by implementing 
multi-planar CT and MRI. Modern tumor imaging can be categorized as anatomic, 
metabolic, and functional (physiological) in nature. This section reviews conven-
tional and advanced imaging techniques provided by CT, MRI, PET, and biomark-
ers as it relates to the management of metastatic brain cancer.

2.1 Computer tomography

Computed tomography images are obtained by transmitting precisely col-
limated beams of radiation through specimens at multiple angles. Detectors 
opposite the radiation source record absorbed and scattering of beams whereby 
computer algorithms derive attenuation at each location. Currently, multislice 
CT scanners (MSCT) implement a multilayered matrix system of detectors to 
generate registration simultaneously for several helical trajectories [59]. The chief 
advantage of MSCT is higher resolution and faster scan times. Metastases appear 
as isodense lesions or lower density relative to the density of normal brain matter 
in native CT scans. Tumor boundaries can be distinguished adjacent to edematous 
regions. Nonenhanced CT is capable of detecting neurosurgical emergencies such as 
hydrocephalus, hemorrhage, and mass effect. In cases where patients have implants 
that are not compatible with MRI, we still rely heavily on CT for diagnosis and to 
evaluate response to treatment. Another advantage of CT is its ability to detect the 
extent of bony destruction from calvarial metastases [60]. Sensitivity and ionizing-
radiation exposure are the two main limitations when imaging for tumors with 
CT. Visibility of metastases can be enhanced with contrast-based injections typi-
cally with iodine-based injections [61].

Three-dimensional (3D) imaging technology has improved the standards of neu-
rosurgical diagnostics and planning in general [62, 63]. 3D renderings convey greater 
information (e.g., the scope of bony involvement and destruction) and improves 
localization of abnormal lesions in relation to surrounding tissues. Combining 3D 
technology with CT angiography (CTA) helps elucidate tumor blood supply and 
their orientation with cerebral arteries. Visualizing vasculature information permits 
better planning for surgical access and the extent of tumor resection. CTA provides 
higher spatial resolution than MR angiography (MRA), but poorer contrast between 
arteries and surrounding tissues. One of the more useful CT technological advances 
in the treatment of brain tumors is perfusion CT. Perfusion CT (PCT) administers 
an intravenous bolus of contrast agent to evaluate changes in density characteristics 
of tissue. Quantitative estimates of hemodynamic perfusion cerebral blood volume 
(CBV), cerebral blood flow (CBF), mean transit time (MTT), microvascular perme-
ability (PS) can be acquired for monitoring the effectiveness of cancer treatment. 
This technique opens up the possibility for measuring the hemodynamics in brain 
tissue, tumors, and proximate regions. Perfusion methods estimate and quantify 
blood flow feeding brain regions through specialized workstations calculating 
CBF, CBV, MTT, and PS parameters for each voxel [64, 65] Initially, CT perfusion 
was utilized to evaluate the extent of ischemic brain damage by visualizing brain 
hypoperfusion within minutes of an ischemic attack [66, 67]. More recently, PCT 
has been implemented for brain tumor diagnosis and differentiation from adjacent 
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lesions based on hemodynamic characteristics [68, 69]. Visual perfusion analysis 
reconstructs parametric color maps that are proportional to the selected perfusion 
parameter. Maps codify the quantitative data into a visual system, which allows 
medical specialists to examine the vasculature supplying structures of interest 
[70]. It also allows greater appreciation of solid components and distinguishing the 
regions of viable neoplastic tissue. Parametric maps for CBF and MTT have been 
used to generate mean values for different metastatic tumor types, which may serve 
to predict the sources of tumors. A comparative assessment of perfusion parameters 
performed on varying lesion sizes found CBF values were higher than in smaller 
lesions. However, MTT values were not affected significantly with regard to lesion 
size. Presently, CTP is implemented for primary diagnosis of MBTs and assessing 
post-radiation changes. Changes in the perfusion parameters proved more effective 
for monitoring radiation therapy at earlier stages (2 months post-treatment) when 
compared to CT and MRI methods [71]. Lastly, positron emission imaging hybrid-
ized with CT image data (PET-CT) can serve to localize brain abnormalities with 
useful anatomical landmarks while correcting photon attenuation.

2.2 Magnetic resonance imaging (MRI)

MR imaging utilizes electromagnetic waves in radiofrequency ranges to generate 
incident energy and contrast between tissues. Advantages of MRI compared with 
CT include superior contrast in soft tissues, greater selection of contrasts between 
tissues, versatility of advanced imaging techniques, and lack of ionizing radiation 
[72]. Pulse sequences are different patterns of incident radiofrequency waves that 
generate multiple types of contrast between tissues. After a radiofrequency wave 
emitted by the scanner perturbs nuclei of the body, the body transmits a signal to 
MRI receivers. The returning waveform varies based on the rate of relaxation of the 
excited nuclei towards its initial state. Two types of relaxation are measured, i.e., 
longitudinal and transverse. T1 sequence is the time it takes longitudinal magneti-
zation to return to 63% of its equilibrium value after excitation. While, T2 sequence 
is the same percent value for transverse magnetization. Each sequence has specific 
functions with particular advantages and disadvantages relative to others.

Typically, tumors have greater water content than brain parenchyma and thus 
exhibit hypoattenuation on T1-weighted images relative to parenchyma. This pattern is 
regularly altered with the presence of necrosis, fat, proteinaceous fluid, hemorrhage, 
and calcifications. MBTs, in particular, are roughly spherical, highly vascularized 
and tend to hemorrhage more than primary brain tumors. The effects of hemorrhage 
oftentimes obscure tumors and hematomas and require follow-up imaging, imaging 
with contrast or perfusion-based imaging to reveal an underlying image. Metastases 
develop in parenchyma and wide range of nonparenchymal regions including cal-
varium, diploic space, meninges, choroid plexus, and pituitary gland. Typically, 
contrast-enhanced MRI is the preferred imaging modality for evaluating metastases in 
these regions for its superior contrast, resolution, and multitude of sequences [73].

MR has higher sensitivity for recognizing small metastases compared to CT 
and CT/PET [74, 75]. Knowledge of the size, location, and number of metastases 
are essential in treating patients with MBs. The ability to detect very small tumors 
is essential in treatment. Multiple gadolinium-based contrast agents (GBCA) are 
available to enhance the sensitivity of MRI scans. These agents vary in biophysical 
properties but generally increase T1 relaxivity resulting in greater signal-to-noise 
ratios [76, 77]. Increasing GBCA leads to increased sensitivity, particularly for 
lesions smaller than 5 mm, but at the expense of increasing false-positive results 
[78]. In the same vein, stronger magnets (1.5–3.0 T) increase MRI field strengths 
and improves metastatic detection. Theoretical predictions suggest signal-to-noise 
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ratios (SNR) should improve linearly as field strength increases [79]. Altering these 
two variables has profoundly improved sensitivity for detection of suspected meta-
static lesions [80, 81]. The emergence of 7 T MRI machines may allow for better 
lesion detection while reducing the contrast dose and scan time [82]. In light of the 
association between GBCA and nephrogenic fibrosis, higher doses may be avoided 
without compromising scan quality. Magnets have been manufactured for 8 and 
9.4 T systems are currently being used on humans [83]. We expect image quality 
and tumor elucidation to continue to improve into the near future. Another option 
for enhancing detection is to increase time delay between contrast administration 
and T1 acquisition [84]. The development of machine learning and automated 
detection of brain lesions with human interpretation could generate greater sensi-
tivity and accuracy of lesion characterization [85, 86].

The hallmark of malignancy is uncontrolled cell proliferation and an increase 
in blood supply once the tumor reaches 2–4 mm3 [87]. Tumor growth leads to focal 
hypoxia and hypoglycemia which stimulates angiogenesis. Tumor-derived blood 
vessels differ from normal brain vessels in vascular consistency, fragility, perme-
ability, trajectory underlie the differences observed in hemodynamic parameters 
measured in MRI perfusion [88–90]. MRI perfusion technique administers a bolus 
of contrast agent and calculates the intensity of the MR signal during its transit 
[91–93]. CBF, CBV, and MTT maps assess tumor vascularity similar to PCT, but 
perfusion MRI avoids several pitfalls, e.g., radiation exposure and iodine-based 
contrast agents. MR perfusion has several common techniques including dynamic 
susceptibility contrast (DSC), arterial spin labeling (ASL), and dynamic contrast-
enhanced (DCE) which have different tradeoffs. Ktrans is a DCE derived perfusion-
based metric that describes leakiness of blood vessels [94]. ASL can be acquired 
without GBCA by labeling blood water protons to generate an endogenous tracer 
[95]. MRI perfusion also maintains its superior anatomical characterization of 
tumors along with hemodynamic measurements [96, 97]. While perfusion MRI has 
existed for over 20 years, it has not been used as much as other techniques and has 
not become standard of care for brain tumor patients [98, 99]. Reasons for under-
utilization include an unclear reimbursement scheme, lack of approved GBCA for 
perfusion MRI, insufficient methodological standardization, and limited evidence 
supporting a significant advantage for patients than current practices [99]. Despite 
these limitations, perfusion MRI is an intriguing candidate for determining tumor 
grade, prognosis and therapeutic efficacy.

2.3 Metabolic imaging: PET

Positron emission tomography (PET) is an imaging technique that depicts the 
metabolism of brain metastases and other brain lesions [100]. A wide range of 
PET tracers are labeled with a positron-emitting radionuclide to promote decay by 
positron emission. Collisions with nearby electrons produces two gamma-rays with 
a fixed energy separated by 180°. Detectors absorb the photon energy and reemit 
the energy as visible light. Visible light is converted into electrical current, which is 
proportional to the incident photon energy and reconstructed into a 3D image [101–
103]. Common positrons employed with tracers consist of 18F (110-minute half-life) 
and 11C (20-minute half-life). While the most common tracer is FDG, a glucose 
analog taken up by insulin-dependent GLUT 1 transporters. Phosphorylation of 
the tracer inside the cell prevents further metabolism resulting in greater uptake in 
cells that are metabolically active. Image registration is exceedingly important to 
accurately correlate PET metabolic findings with MRI abnormalities.

There are several limitations for FDG tracers within the brain. One important 
problem is the high background activity present in the cortex and basal ganglia as 
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a result of these tissues elevated glucose consumption. High background activity 
sizeably degrades the SNR and reduces image sensitivity, which is critical for distin-
guishing small lesions from cortical regions [104]. Resolution is another hindrance 
(5 mm compared to sub 2 mm for MRI) stemming from multiple technical factors. 
As a consequence, both sensitivity and specificity for FDG PET are reduced for the 
detection of brain metastases when compared to MRI [75, 105, 106]. Therefore, FDG 
uptake is not specific for solely brain tumors, but may also indicate nontumorous 
lesions such as inflammatory lesions, focal epilepsy, and recent ischemic infarcts.

Despite the aforementioned limitations for diagnosing lesions, PET is particu-
larly adept at differentiating between recurrent or residual tumor and necrotic 
tissue post-radiation therapy [107]. One study found that sensitivity of FDG-PET 
for detecting recurrent tumors versus radiation-induced necrosis was 75% and the 
specificity was 81% [108]. However, significant variation has been observed for 
low-grade, high-grade tumors, inflammatory and other brain lesions [109]. Another 
utility of PET is discerning responders from nonresponders in its earliest stages 
during chemotherapy treatment. Identification of nonresponders has practical 
implications in avoiding essential bone marrow reserves, patient quality of life, and 
unnecessary expenses on ineffective treatment [110].

Constraints posed by FDG tracer has researchers focused on developing alterna-
tive tracers to capture greater metabolic information and produce favorable imaging 
outcomes. Tracers reflecting amino acid metabolism help to characterize metastatic 
brain tumors. Amino-acid tracers take advantage of the L-amino acid transporter 
type 1 system to avoid the inefficient process of blood-brain barrier (BBB) break-
down for uptake. Alternative uptake for amino acid tracers greatly reduces brain 
background activity and correlates with a variety of malignant activities, e.g., cell 
proliferation and angiogenesis. Amino acid tracers appear to perform better than 
FDG tracer in differentiating postradiation changes from recurrent tumors. Even in 
brain lesions without increased uptake for FDG-PET, sensitivity and specificity for 
tumors (89 and 100%) were obtained [111].

2.4 Proton magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) is a noninvasive MRI technique that 
produces metabolic spectra rather than producing anatomic images. Several nuclei 
(proton, carbon, sodium, fluorine) can be used but proton is the most common 
because of its high sensitivity. MRS can be used to measure the metabolite concen-
trations or the chemical composition of tissues. Commonly measured metabolites 
include N-acetyl aspartate (NAA) and choline (Cho) that are markers for neuronal 
integrity and membrane turnover in gliomas. Lactate, lipids, amino acids, and 
myoinositol can also be detected by MRS [112, 113]. MRS imaging of peri-enhancing 
brain regions may be useful for distinguishing solitary metastases from primary brain 
tumors. Gliomas often show elevated Cho in surrounding tissue, whereas MBTs are 
generally encapsulated and do not exhibit elevated Cho signals [114, 115]. Elevated 
Cho and lipid signals on MRSI make glioblastomas more likely than MBC [116]. MRSI 
may also have a role in evaluating prognosis based upon metabolite ratios [117–119]. 
However, MR spectroscopy was not adept at differentiating metastatic brain tumors 
of disparate etiologies. For that reason, its utility in MBT diagnostics is unproven [59].

2.5 Functional imaging

A unique feature of MRI is the ability to visualize thermal or Brownian motion 
of water molecules in the brain tissues. Diffusion properties of water in an iso-
tropic medium is represented by Fick’s law relating molecular flow vectors to 
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ratios (SNR) should improve linearly as field strength increases [79]. Altering these 
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existed for over 20 years, it has not been used as much as other techniques and has 
not become standard of care for brain tumor patients [98, 99]. Reasons for under-
utilization include an unclear reimbursement scheme, lack of approved GBCA for 
perfusion MRI, insufficient methodological standardization, and limited evidence 
supporting a significant advantage for patients than current practices [99]. Despite 
these limitations, perfusion MRI is an intriguing candidate for determining tumor 
grade, prognosis and therapeutic efficacy.

2.3 Metabolic imaging: PET

Positron emission tomography (PET) is an imaging technique that depicts the 
metabolism of brain metastases and other brain lesions [100]. A wide range of 
PET tracers are labeled with a positron-emitting radionuclide to promote decay by 
positron emission. Collisions with nearby electrons produces two gamma-rays with 
a fixed energy separated by 180°. Detectors absorb the photon energy and reemit 
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proportional to the incident photon energy and reconstructed into a 3D image [101–
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and 11C (20-minute half-life). While the most common tracer is FDG, a glucose 
analog taken up by insulin-dependent GLUT 1 transporters. Phosphorylation of 
the tracer inside the cell prevents further metabolism resulting in greater uptake in 
cells that are metabolically active. Image registration is exceedingly important to 
accurately correlate PET metabolic findings with MRI abnormalities.

There are several limitations for FDG tracers within the brain. One important 
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a result of these tissues elevated glucose consumption. High background activity 
sizeably degrades the SNR and reduces image sensitivity, which is critical for distin-
guishing small lesions from cortical regions [104]. Resolution is another hindrance 
(5 mm compared to sub 2 mm for MRI) stemming from multiple technical factors. 
As a consequence, both sensitivity and specificity for FDG PET are reduced for the 
detection of brain metastases when compared to MRI [75, 105, 106]. Therefore, FDG 
uptake is not specific for solely brain tumors, but may also indicate nontumorous 
lesions such as inflammatory lesions, focal epilepsy, and recent ischemic infarcts.

Despite the aforementioned limitations for diagnosing lesions, PET is particu-
larly adept at differentiating between recurrent or residual tumor and necrotic 
tissue post-radiation therapy [107]. One study found that sensitivity of FDG-PET 
for detecting recurrent tumors versus radiation-induced necrosis was 75% and the 
specificity was 81% [108]. However, significant variation has been observed for 
low-grade, high-grade tumors, inflammatory and other brain lesions [109]. Another 
utility of PET is discerning responders from nonresponders in its earliest stages 
during chemotherapy treatment. Identification of nonresponders has practical 
implications in avoiding essential bone marrow reserves, patient quality of life, and 
unnecessary expenses on ineffective treatment [110].

Constraints posed by FDG tracer has researchers focused on developing alterna-
tive tracers to capture greater metabolic information and produce favorable imaging 
outcomes. Tracers reflecting amino acid metabolism help to characterize metastatic 
brain tumors. Amino-acid tracers take advantage of the L-amino acid transporter 
type 1 system to avoid the inefficient process of blood-brain barrier (BBB) break-
down for uptake. Alternative uptake for amino acid tracers greatly reduces brain 
background activity and correlates with a variety of malignant activities, e.g., cell 
proliferation and angiogenesis. Amino acid tracers appear to perform better than 
FDG tracer in differentiating postradiation changes from recurrent tumors. Even in 
brain lesions without increased uptake for FDG-PET, sensitivity and specificity for 
tumors (89 and 100%) were obtained [111].

2.4 Proton magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) is a noninvasive MRI technique that 
produces metabolic spectra rather than producing anatomic images. Several nuclei 
(proton, carbon, sodium, fluorine) can be used but proton is the most common 
because of its high sensitivity. MRS can be used to measure the metabolite concen-
trations or the chemical composition of tissues. Commonly measured metabolites 
include N-acetyl aspartate (NAA) and choline (Cho) that are markers for neuronal 
integrity and membrane turnover in gliomas. Lactate, lipids, amino acids, and 
myoinositol can also be detected by MRS [112, 113]. MRS imaging of peri-enhancing 
brain regions may be useful for distinguishing solitary metastases from primary brain 
tumors. Gliomas often show elevated Cho in surrounding tissue, whereas MBTs are 
generally encapsulated and do not exhibit elevated Cho signals [114, 115]. Elevated 
Cho and lipid signals on MRSI make glioblastomas more likely than MBC [116]. MRSI 
may also have a role in evaluating prognosis based upon metabolite ratios [117–119]. 
However, MR spectroscopy was not adept at differentiating metastatic brain tumors 
of disparate etiologies. For that reason, its utility in MBT diagnostics is unproven [59].

2.5 Functional imaging

A unique feature of MRI is the ability to visualize thermal or Brownian motion 
of water molecules in the brain tissues. Diffusion properties of water in an iso-
tropic medium is represented by Fick’s law relating molecular flow vectors to 
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concentration gradient [120]. Water molecules in solutions above absolute zero 
exhibit Brownian motion, which in pure water behaves randomly and isotropically. 
The higher the diffusion coefficient value, the greater the distance molecules can 
move within the same time period. Apparent diffusion coefficient (ADC) acts as 
a surrogate for this motion and can be calculated by MRI techniques. B values are 
parameters of DWI pulse sequence and represent the diffusion weighting. DWI 
acquisition with a minimum of two distinct b values enables derivation of dif-
fusivity for each individual voxel. Multiple images with varying b values generate 
ADC maps. Molecular water movement occurs within individual cells (restricted 
diffusion) and extracellular spaces amongst structures that constrain the motion 
of molecules (free and hindered diffusion). Generally, the magnitude of diffusion 
coefficient is dependent on microstructural organization and its respective chemi-
cal composition. Abnormal areas of reduced diffusion appear bright on DWI. The 
first diffusion-weighted image (DWI) was procured in 1985, but DWI did not reach 
clinical practice until the third generation of MR scanners emerged [121, 122].

On diffusion-weighted MR imaging, MBTs are characterized by heterogeneous 
changes on DWI and ADC maps. Homogenous MRI signals on DWI usually 
originated from solid lesions. A variety of biophysical conditions of tissue can 
result in reduction of diffusion. For instance, edema and increased cellularity can 
inhibit the motion of water molecules. DWI is considered the standard imaging 
technique for early diagnosis of cerebral ischemia, as it visualizes impaired diffu-
sion following cytotoxic edema and microstructural damage to cells. In addition to 
this clinical application, DWI is highly sensitive to cerebral abscesses, epidermoid 
cysts, traumatic shearing injuries, encephalitis, and postoperative brain injury. One 
major drawback to DWI is the sensitivity to lesions containing high concentrations 
of magnetic materials, e.g., blood products, calcium, metal, bone or air. This is 
particularly true for postoperative DWI imaging.

2.6 Diffusion tensor imaging

Within certain brain tissues, barriers restricting water diffusion are isotropi-
cally distributed meaning water diffuses in all directions. At other sites in the 
brain, barriers will be distributed anisotropically leading to directional diffusion 
perpendicular to the barriers. In white matter, diffusion runs parallel to axonal 
projections and myelin fibers and restricted perpendicularly by biological mem-
branes. Diffusion tensor imaging applies diffusion gradients in three orthogonal 
directions. When the three directions are compared, important differences 
become visible. The corpus callosum exhibits these differences with the greatest 
intensity. When diffusion gradients are applied in the z direction, diffusion is 
greatly restricted and has low signal intensity. When the gradient is applied in the 
x direction, diffusion is unrestricted in the right-to-left orientation and parallel to 
the corpus callosum fibers. This region of the brain displays anisotropy with the 
greatest intensity. Tensor models help quantify diffusion anisotropy by measur-
ing ADC in three perpendicular directions x, y, and z and all combinations of 
the selected directions. Diagonal elements are transformed to coincide with the 
principle axis of diffusion for each voxel. New diagonal elements correspond to 
three eigenvectors and three eigenvalues codifying the main directions of diffusion 
and associated diffusivities (radial, axial, median). Fractional anisotropy (FA) 
measures the mean anisotropic diffusion. Color-coded maps can then be developed 
corresponding to directionality of water movement along axons.

DTI-tractography is a post-processing method for selecting white matter 
pathways in the brain. Fiber bundles in the brain correspond to the color maps. 
Diffusion tensor MRI is the means for evaluating the brain with attention to the 
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anatomic microstructure or brain white matter. These white matter maps can then 
be used to infer functional pathways. This knowledge allows neurosurgeons to 
plan surgical resections with a better margin of safety. Before the onset of modern 
brain mapping, complications rates for brain tumor resections were as high as 26% 
[123–126]. DTI and presurgical brain mapping have made a tremendous impact on 
surgical risk-benefit analysis and outcomes following surgery [127]. Tractography 
provides the qualitative information for assessing nerve bundle status, whether 
there is mass effect, tumor infiltration, edema, or functional reorganization [128]. 
Mass effect often leads to deviation in nerve tracts. Infiltration refers to any sec-
tion of the tract with lower anisotropy but preserved morphology. Degeneration 
of tracts can be visualized with reduced fiber size or lower anisotropic values. 
Finally, fibers may appear interrupted or discontinuous indicating organizational 
alteration lesions. Appreciation of these features by surgeons allows for preopera-
tive planning for maximal resection, targeting specific regions for biopsy, and 
avoiding functional tissue. DTI is a promising imaging technique for examining 
microscopic differences in tumors. In combination with intraoperative localization 
techniques, neurosurgeons can tailor presurgical mapping data to reduce opera-
tion times by testing language and motor functions while dissecting along tumor 
borders. Electrical stimulation is one method implemented for testing the white 
matter function [129, 130]. Transient speech or language deficit during dissection 
means imminent white matter injury is within millimeters beyond the dissection 
plane. Importation of DTI mapping data into neuronavigation systems allow real-
time interaction with spatial relationships between lesions and functional nerve 
pathways.

2.7 Advanced diffusion imaging

High angular diffusion imaging (HARDI) method detects diffusion greater 
directions than DTI. HARDI implements 55 to over 100 gradient directions as 
compared to the standard 6 gradient directions in DTI [130]. The HARDI model 
estimates fiber orientations (orientation distribution function) that minimizes 
scan acquisition time compared to other methods (diffusion spectrum imaging). 
By changing from an ellipsoid model to orientation distribution function, HARDI 
appreciates multiple fibers in a single voxel. Scan acquisition time for DTI is roughly 
3–10 minutes, whereas HARDI requires a minimum of 12 minutes. HARDI scan 
times are more reasonable for research and clinical use as opposed to other novel 
techniques [130].

By propagating fiber trajectories in multiple alternative directions, HARDI is 
more sensitive in picking up fibers displaced by brain lesions. White matter critical 
for speech, language, and motor functions better delineated by HARDI in cases 
where lesion-induced deviation or interruption may occur. Corticospinal tracts 
(CST) near the centrum semiovale run against crossing white matter tracts from the 
corpus callosum and superior longitudinal fasciculus [131]. Identifying motor fibers 
represented by CST is critical for presurgical brain mapping in tumor resection 
cases.

Neurite orientation dispersion and density imaging (NODDI) is a recent diffu-
sion MRI technique detecting microstructural features of brain tissue with higher 
resolution than DTI [132, 133]. NODDI maps both gray and white matter micro-
structure. Detection of diffusion for both dendrites and axons constitutes the term 
neurite. Neurite density (intracellular volume fraction) and orientation dispersion 
are calculated using 17 b values and 153 gradient directions, making it tedious for 
clinical translation [134]. Quantifying neurite morphology in terms of density 
and orientation provides alternative information for the structural basis of brain 
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concentration gradient [120]. Water molecules in solutions above absolute zero 
exhibit Brownian motion, which in pure water behaves randomly and isotropically. 
The higher the diffusion coefficient value, the greater the distance molecules can 
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fusivity for each individual voxel. Multiple images with varying b values generate 
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cysts, traumatic shearing injuries, encephalitis, and postoperative brain injury. One 
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cally distributed meaning water diffuses in all directions. At other sites in the 
brain, barriers will be distributed anisotropically leading to directional diffusion 
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intensity. When diffusion gradients are applied in the z direction, diffusion is 
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the corpus callosum fibers. This region of the brain displays anisotropy with the 
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principle axis of diffusion for each voxel. New diagonal elements correspond to 
three eigenvectors and three eigenvalues codifying the main directions of diffusion 
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measures the mean anisotropic diffusion. Color-coded maps can then be developed 
corresponding to directionality of water movement along axons.
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anatomic microstructure or brain white matter. These white matter maps can then 
be used to infer functional pathways. This knowledge allows neurosurgeons to 
plan surgical resections with a better margin of safety. Before the onset of modern 
brain mapping, complications rates for brain tumor resections were as high as 26% 
[123–126]. DTI and presurgical brain mapping have made a tremendous impact on 
surgical risk-benefit analysis and outcomes following surgery [127]. Tractography 
provides the qualitative information for assessing nerve bundle status, whether 
there is mass effect, tumor infiltration, edema, or functional reorganization [128]. 
Mass effect often leads to deviation in nerve tracts. Infiltration refers to any sec-
tion of the tract with lower anisotropy but preserved morphology. Degeneration 
of tracts can be visualized with reduced fiber size or lower anisotropic values. 
Finally, fibers may appear interrupted or discontinuous indicating organizational 
alteration lesions. Appreciation of these features by surgeons allows for preopera-
tive planning for maximal resection, targeting specific regions for biopsy, and 
avoiding functional tissue. DTI is a promising imaging technique for examining 
microscopic differences in tumors. In combination with intraoperative localization 
techniques, neurosurgeons can tailor presurgical mapping data to reduce opera-
tion times by testing language and motor functions while dissecting along tumor 
borders. Electrical stimulation is one method implemented for testing the white 
matter function [129, 130]. Transient speech or language deficit during dissection 
means imminent white matter injury is within millimeters beyond the dissection 
plane. Importation of DTI mapping data into neuronavigation systems allow real-
time interaction with spatial relationships between lesions and functional nerve 
pathways.

2.7 Advanced diffusion imaging

High angular diffusion imaging (HARDI) method detects diffusion greater 
directions than DTI. HARDI implements 55 to over 100 gradient directions as 
compared to the standard 6 gradient directions in DTI [130]. The HARDI model 
estimates fiber orientations (orientation distribution function) that minimizes 
scan acquisition time compared to other methods (diffusion spectrum imaging). 
By changing from an ellipsoid model to orientation distribution function, HARDI 
appreciates multiple fibers in a single voxel. Scan acquisition time for DTI is roughly 
3–10 minutes, whereas HARDI requires a minimum of 12 minutes. HARDI scan 
times are more reasonable for research and clinical use as opposed to other novel 
techniques [130].

By propagating fiber trajectories in multiple alternative directions, HARDI is 
more sensitive in picking up fibers displaced by brain lesions. White matter critical 
for speech, language, and motor functions better delineated by HARDI in cases 
where lesion-induced deviation or interruption may occur. Corticospinal tracts 
(CST) near the centrum semiovale run against crossing white matter tracts from the 
corpus callosum and superior longitudinal fasciculus [131]. Identifying motor fibers 
represented by CST is critical for presurgical brain mapping in tumor resection 
cases.

Neurite orientation dispersion and density imaging (NODDI) is a recent diffu-
sion MRI technique detecting microstructural features of brain tissue with higher 
resolution than DTI [132, 133]. NODDI maps both gray and white matter micro-
structure. Detection of diffusion for both dendrites and axons constitutes the term 
neurite. Neurite density (intracellular volume fraction) and orientation dispersion 
are calculated using 17 b values and 153 gradient directions, making it tedious for 
clinical translation [134]. Quantifying neurite morphology in terms of density 
and orientation provides alternative information for the structural basis of brain 
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disorders. Branching complexity can be computed in terms of dendritic density. 
Areas with less complex dendritic structures tend to engage in early information 
processing, while regions with greater complexity participate in the end stages of 
information processing [135]. Changes in neurite morphology is associated with 
development as humans age [136], numerous neurological disorders including 
multiple sclerosis [137], amyotrophic lateral sclerosis [138, 139], and Alzheimer’s 
disease [140].

Prior to the advent of NODDI, changes in the brain microstructure from brain 
disorders were studied using scarce postmortem tissue samples. There is growing 
evidence that neurite morphology from NODDI methods is comparable to indepen-
dent measures derived from histology [141]. NODDI provides a promising tool for 
differentiating glioblastomas from solitary brain metastases and assessing tumor 
malignancy grades [142–144].

3. Metastatic brain tumor therapeutics

3.1 Surgery

Despite advances in other technologies, surgical resection of BMs remains 
a mainstay of treatment. Surgical resection provides a number of immediate 
benefits to patients including symptomatic relief from BMs through resolution 
of mass effect and reducing edema [145]. Often this is for emergent situations in 
which complications, like increased intracranial pressure, become life threaten-
ing. Surgical resection of the tumor can also be a non-pharmacological solution to 
seizures. The epileptic medications can have significant interactions with chemo-
therapy due to inhibition of the cytochrome p450. Another valuable product of 
surgical resection is histological evaluation of the tumor. This gives pathologist a 
change to determine the source of metastatic tumors in the event of undiagnosed 
primary disease, and also the opportunity to evaluate the genetic variations to help 
guide further clinical decision making.

Aggressive surgical resection of BMs of solitary tumors has gained greater popu-
larity in the last few decades. This type of management gained more traction in the 
90s and early 2000s when studies began to show benefits for surgical resection over 
radiation therapies. Studies demonstrated a reduction in local recurrence, increase 
life expectancy, and improved quality of life [146–148]. The difficulties in assessing 
the indications for surgical resection over other treatment modalities have led to the 
development of nonograms like recursive partitioning analysis (RPA) that classify 
MBT patients into three classes. Class I patients have a Karnofsky Performance 
Status (KPS) ≥ 70, are younger than 60 years of age, have a well-controlled primary 
tumor and metastatic disease that is limited to the brain [149]. These patients have 
been shown to be the best surgical candidates of the RPA classes. This has demon-
strated that subgroups of this patient population will benefit from more aggressive 
treatment. Various nonograms have been developed in more recent years to help 
define this population of patients more clearly. This has been somewhat of a moving 
target as surgical advancements have been made which can improve outcomes 
through reduced surgical complication and more accurate resection of tumors and 
tumor margins.

3.2 Augmented reality

A number of technological advancements over the last couple of decades have 
culminated to allow for new developments in the realm of augmented reality (AR) 
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use in surgery. Modeling of patient-specific anatomy and pathology has become 
easier to produce and more accurate. With this and other advancements like smaller, 
less bulky AR hardware, intraoperative use of AR more feasible. One of the most 
difficult obstacles AR is facing is determining the best method for image alignment 
and maintaining this alignment during tissue movement [150]. Several studies have 
demonstrated that some of these techniques have an accuracy that meets the clinical 
requirement of under 2 mm [151, 152]. One study even demonstrated an accuracy 
of 0.8 ± 0.25 mm for projecting images on the skull and brain [153]. This can allow 
the surgeon direct visualization of the tumor and has the potential to increase the 
accuracy of resection. It has been demonstrated that AR has shown to be beneficial 
of a 2D approach in rates of correct localization and in efficiency [154]. It has also 
been demonstrated that there may be no difference in terms of error between opera-
tors [155].

AR technology requires much more work before being used routinely in the 
operative setting. Larger scale studies are needed to compare AR in tumor resec-
tion to other techniques like fluorescence guided surgery. These studies need to 
determine whether AR improves clinical outcomes, such as reducing morbidity, 
mortality, and local tumor recurrence. Headset technology and computing platform 
limitations with regard to field of view, positional tracking and coregistration with 
moving tissue need further development. The larger hope for developers is integrat-
ing artificial intelligence, robotics and AR technology to merge machine-learning 
with pre-programmed trajectories and spatial parameters from the overlay [156].

3.3 Whole brain radiotherapy

Whole-brain radiotherapy had long been the standard of care for the manage-
ment of patients with brain metastases (BM). Toxicities associated with whole-brain 
radiotherapy has led to greater selectivity for its use. Multiple Radiation Therapy 
Oncology Group (RTOG, now NRG) have examined optimal WBRT dose regimen 
[157–160]. Typical WBRT fractionation schedule consisted of 20 Gy in five frac-
tions, 30 Gy in 10 fractions, or 37.5 Gy in 15 fractions to produce noticeable effects 
on imaging [161]. Multiple randomized trials have shown WBRT is an effective 
treatment for controlling intracranial metastases and preventing new occurrences 
[162–165]. Studies have also reported that WBRT is associated with both stabilized or 
improvements in neurological signs and symptoms [166–168]. Despite the benefits 
of tumor control and neurological improvements, routine use of WBRT for all 
patients is still controversial. The QUARTZ trial examined patients with nonsmall 
cell lung cancer (NCLC) patients with BM [168]. Over 500 patients were evaluated 
comparing patients receiving WBRT with supportive care. The trial reported no 
difference in survival, quality-adjusted life years, or steroid use. This study suggests 
that WBRT provides little to no benefit for patients unsuitable for surgical resection.

Routine use of WBRT as an adjuvant for patients with BM following resection 
remains controversial [162]. A randomized trial in 1998 examined WBRT after 
surgery and found WBRT was associated with lower rates of recurrence and less 
neurologic death, however, no improvement in overall survival was reported. A 
phase III randomized trial evaluating adjuvant WBRT after surgery versus solely 
stereotactic radiosurgery (SRS) or surgical resection in patients with one to three 
MBTs found greater control by WBRT than the alternatives [164]. In 2016, another 
phase III trial compared postoperative SRS with post-resection WBRT and found 
6-month cognitive deterioration was worse in the WBRT group [169]. Although 
cognitive deterioration was worse following WBRT, intracranial control was still 
better in the WBRT group than the SRS group. No overall survival benefit was 
reported for WBRT and quality of life was worse.
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disorders. Branching complexity can be computed in terms of dendritic density. 
Areas with less complex dendritic structures tend to engage in early information 
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development as humans age [136], numerous neurological disorders including 
multiple sclerosis [137], amyotrophic lateral sclerosis [138, 139], and Alzheimer’s 
disease [140].
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3.2 Augmented reality
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223

Innovations in Metastatic Brain Tumor Treatment
DOI: http://dx.doi.org/10.5772/intechopen.86047

use in surgery. Modeling of patient-specific anatomy and pathology has become 
easier to produce and more accurate. With this and other advancements like smaller, 
less bulky AR hardware, intraoperative use of AR more feasible. One of the most 
difficult obstacles AR is facing is determining the best method for image alignment 
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requirement of under 2 mm [151, 152]. One study even demonstrated an accuracy 
of 0.8 ± 0.25 mm for projecting images on the skull and brain [153]. This can allow 
the surgeon direct visualization of the tumor and has the potential to increase the 
accuracy of resection. It has been demonstrated that AR has shown to be beneficial 
of a 2D approach in rates of correct localization and in efficiency [154]. It has also 
been demonstrated that there may be no difference in terms of error between opera-
tors [155].
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limitations with regard to field of view, positional tracking and coregistration with 
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comparing patients receiving WBRT with supportive care. The trial reported no 
difference in survival, quality-adjusted life years, or steroid use. This study suggests 
that WBRT provides little to no benefit for patients unsuitable for surgical resection.

Routine use of WBRT as an adjuvant for patients with BM following resection 
remains controversial [162]. A randomized trial in 1998 examined WBRT after 
surgery and found WBRT was associated with lower rates of recurrence and less 
neurologic death, however, no improvement in overall survival was reported. A 
phase III randomized trial evaluating adjuvant WBRT after surgery versus solely 
stereotactic radiosurgery (SRS) or surgical resection in patients with one to three 
MBTs found greater control by WBRT than the alternatives [164]. In 2016, another 
phase III trial compared postoperative SRS with post-resection WBRT and found 
6-month cognitive deterioration was worse in the WBRT group [169]. Although 
cognitive deterioration was worse following WBRT, intracranial control was still 
better in the WBRT group than the SRS group. No overall survival benefit was 
reported for WBRT and quality of life was worse.
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In an effort to prevent new metastases WBRT has been combined with SRS 
in multiple randomized control trials (RCTs). Despite increased tumor control, 
multiple trials have shown no survival benefit by adding WBRT [163, 164, 170]. 
Furthermore, patients with WBRT following SRS had worse memory, verbal 
fluency and quality of life outcomes [170]. Novel WBRT techniques have been 
developed to preserve neurocognitive and quality-of-life by avoiding the hippo-
campus during treatment. RTOG studied the effect of hippocampal avoidance and 
found much lower declines in Hopkins Verbal Learning Test—Revised compared 
to traditional WBRT [171]. Pharmacologic therapy has provided another method 
for greater neuroprotection after WBRT. Memantine and donepezil have shown 
some potential in reducing the rate of cognitive decline and memory loss in patients 
[172]. Limitations in these studies necessitate more RCTs to validate these protective 
therapies [173].

3.4 Stereotactic radiosurgery

SRS is a treatment for MBTs that converges multiple, well-collimated beams of 
ionizing radiation to tumors, while reducing toxic exposure to surrounding brain 
tissues. In many cases, SRS can be performed as a direct alternative to surgical 
resection. SRS is often preferred over surgical resection for tumor located within or 
near eloquent brain structure for in areas that may be challenging to access such as 
the brainstem, thalamus, and basal ganglia [174, 175]. In addition SRS, may be used 
as an adjuvant following resection. Several retrospective studies and one incomplete 
RCT have compared SRS + WBRT versus resection + WBRT and SRS versus resec-
tion + WBRT. Generally, these studies show no significant difference in outcomes 
between treatment groups for median survival, neurologic death, or functional 
outcome [176–180]. Since survival outcomes are the same for surgical resection and 
SRS, many institutions perform resection in cases with unclear histology, signifi-
cant mass effect or patients with neurological deficits. Radiosurgery is the primary 
option for tumors smaller than 3 cm in diameter. Overall, SRS provides high local 
tumor control rates, low toxicity, and reduced risk of hemorrhage, infection, and 
tumor seeding [181, 182].

More recently, MBC is managed with SRS in combination with targeted agents 
and immunotherapies. SRS and BRAF inhibitors have been safely combined for 
cases of melanoma brain metastases with no resulting toxicity [183, 184]. Several 
studies demonstrated greater median survival for patients treated with SRS and 
targeted therapies in melanoma and nonsmall cell lung cancer brain metastases 
[185–187]. However, some studies have not shown a benefit when combining SRS 
with targeted agents [188, 189]. Concurrent delivery of SRS and immunotherapy 
may enhance the effectiveness of SRS. Several studies have reported better out-
comes after treating metastatic brain melanoma with combination radiosurgery and 
immunotherapy [221, 222]. One downside to this treatment is the inflammatory 
response may be overactive resulting in elevated peritumoral edema and more 
severe neurologic symptoms [190, 191]. Efficacy and safety of concurrent SRS and 
immunotherapy needs further investigation.

3.5 Chemotherapy

Cytotoxic chemotherapy for metastatic brain cancer is currently considered 
when surgical resection and radiation therapies are not adequate or sufficient for 
treatment. This is often the case for patients with lower prognostic factors such as 
patients in RPS class II or III. Patient who have no targetable genetic factors and 
for which immunotherapeutic agents are inappropriate or contraindicated are 
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considered for cytotoxic chemotherapeutic agents. The agent(s) change based on 
the primary tumor. A number of phase II and III trials have evaluated the role of 
chemotherapy for NSCLC MBTs. Patients were treated with six cycles of cisplatin 
and pemetrexed followed by WBRT in one trial and recorded a response rate of 
34.9% [192]. Median survival in the same study was 7.4 months. A more recent cis-
platin/pemetrexed study examined patients with BM from lung adenocarcinoma. 
Overall response rates were comparable to the aforementioned study with median 
overall survival of 12 months [193].

A randomized phase III trial reversed the order of treatment in patients with 
NSCLC MBTs where WBRT was followed by chemotherapy [194]. In this study, 
patients received cisplatin and vinorelbine for six cycles. Intracranial response rates 
were similar for both the group receiving chemotherapy alone and those receiv-
ing WBRT early and concurrently [194]. Another study evaluated paclitaxel and 
cisplatin chemotherapy in MBTs from NSCLC. The response rate after completion 
of the course resulted in slightly higher response rates (38%) compared to previ-
ous trials. Multiple chemotherapeutic agents have been studied for the treatment 
of MBTs from breast cancer. Cisplatin, etoposide, cyclophosphamide, high dose 
methotrexate and 5-fluorouracil have achieved response rates over 50% [195, 196]. 
Innovation to systemic chemotherapy for brain metastases has been modest with 
regard to drug development. Modifications to drug delivery ranging from direct 
injection, convection-enhanced, and implantable seeds have been examined for 
efficacy [197–200].

3.6 Brachytherapy

Brachytherapy delivers high doses of radiation with small pieces of radioac-
tive material placed within the resection cavity for treating residual tumor. 
Brachytherapy enables delivery of customizable doses for sparing of functional 
tissue. Brachytherapy seeds have been used in neurosurgery for over a half-century 
with mixed results [201–203]. Isotypes used in brachytherapy changed since the 
1960s. More recently, cesium-131 and iodine-125 are now replacing gold and 
iridium-based isotypes. Modern brachytherapy has been studied for the treatment 
of meningiomas, gliomas, and metastases [204, 205]. Intraoperative brachytherapy 
may also be used as salvage treatment for recurrent cancers [206]. Recently, a 
randomized trial evaluated cesium-131 for the treatment of MBTs [207]. Twenty-
four patients underwent total resection followed by intraoperative placement of 
cesium-131 with a planned dose of 80 Gy [207, 208]. The patients had no local 
recurrence, symptomatic radiation necrosis, and minimal surgical morbidity. 
Despite limitations in the study including small sample size, these promising results 
confirm the need for more robust trials.

3.7 Laser interstitial thermal therapy

MR-guided laser interstitial thermal therapy (LITT) builds upon previ-
ous thermal ablation technology with safer and more accurate results. LITT 
is performed by implanting a laser catheter into the tumor and heating it to 
temperatures monitored by MRI thermography. Patients often return home the 
day after treatment. Two studies have shown promising results for tumors fail-
ing to respond to radiotherapy. LITT is minimally invasive and requires only a 
2-mm access port. Four patients with six tumors were treated with LITT without 
complications and no recurrence within 90-day follow up [209]. Another study 
demonstrated similar results using LITT for five metastases [210]. More recent 
studies have bolstered LITT in larger sample sizes as an alternative option for 
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the primary tumor. A number of phase II and III trials have evaluated the role of 
chemotherapy for NSCLC MBTs. Patients were treated with six cycles of cisplatin 
and pemetrexed followed by WBRT in one trial and recorded a response rate of 
34.9% [192]. Median survival in the same study was 7.4 months. A more recent cis-
platin/pemetrexed study examined patients with BM from lung adenocarcinoma. 
Overall response rates were comparable to the aforementioned study with median 
overall survival of 12 months [193].

A randomized phase III trial reversed the order of treatment in patients with 
NSCLC MBTs where WBRT was followed by chemotherapy [194]. In this study, 
patients received cisplatin and vinorelbine for six cycles. Intracranial response rates 
were similar for both the group receiving chemotherapy alone and those receiv-
ing WBRT early and concurrently [194]. Another study evaluated paclitaxel and 
cisplatin chemotherapy in MBTs from NSCLC. The response rate after completion 
of the course resulted in slightly higher response rates (38%) compared to previ-
ous trials. Multiple chemotherapeutic agents have been studied for the treatment 
of MBTs from breast cancer. Cisplatin, etoposide, cyclophosphamide, high dose 
methotrexate and 5-fluorouracil have achieved response rates over 50% [195, 196]. 
Innovation to systemic chemotherapy for brain metastases has been modest with 
regard to drug development. Modifications to drug delivery ranging from direct 
injection, convection-enhanced, and implantable seeds have been examined for 
efficacy [197–200].

3.6 Brachytherapy

Brachytherapy delivers high doses of radiation with small pieces of radioac-
tive material placed within the resection cavity for treating residual tumor. 
Brachytherapy enables delivery of customizable doses for sparing of functional 
tissue. Brachytherapy seeds have been used in neurosurgery for over a half-century 
with mixed results [201–203]. Isotypes used in brachytherapy changed since the 
1960s. More recently, cesium-131 and iodine-125 are now replacing gold and 
iridium-based isotypes. Modern brachytherapy has been studied for the treatment 
of meningiomas, gliomas, and metastases [204, 205]. Intraoperative brachytherapy 
may also be used as salvage treatment for recurrent cancers [206]. Recently, a 
randomized trial evaluated cesium-131 for the treatment of MBTs [207]. Twenty-
four patients underwent total resection followed by intraoperative placement of 
cesium-131 with a planned dose of 80 Gy [207, 208]. The patients had no local 
recurrence, symptomatic radiation necrosis, and minimal surgical morbidity. 
Despite limitations in the study including small sample size, these promising results 
confirm the need for more robust trials.

3.7 Laser interstitial thermal therapy

MR-guided laser interstitial thermal therapy (LITT) builds upon previ-
ous thermal ablation technology with safer and more accurate results. LITT 
is performed by implanting a laser catheter into the tumor and heating it to 
temperatures monitored by MRI thermography. Patients often return home the 
day after treatment. Two studies have shown promising results for tumors fail-
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demonstrated similar results using LITT for five metastases [210]. More recent 
studies have bolstered LITT in larger sample sizes as an alternative option for 
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patients unresponsive to radiotherapy. Ahluwalia et al. reported LITT stabilized 
the Karnofsky Performance Scale (KPS) score, prolonged quality of life, reduced 
steroid usage with minimal complications [211]. With the advent of real-time 
monitoring and damage estimation, LITT has emerged as a valuable management 
modality for metastatic tumors. Larger scale trials need to standardize protocols 
and specify indications [212].

3.8 Checkpoint inhibitors

Immunotherapies are treatments that activate the immune system to destroy 
cancer and have been around for over a century. The brain has limited infiltration 
of leukocytes [213]. Following an injury or metastasis, infiltration of non-resident 
cell will take place. Metastatic brain infiltrate consists of a mixed array of immune 
cells, specifically, CD3+, CD4+, CD8+, FoxP3+, CD45RO+ lymphocytes, natural 
killer (NK) cells, and macrophages [214, 215]. Patient survival is correlated to the 
quantity of tumor-infiltrating leukocytes in peritumoral edema [214]. In the last 
decade, exciting advancements from a group of monoclonal antibody treatments 
called checkpoint inhibitors. Checkpoint inhibitors act to prevent lymphocyte sup-
pression. Several clinical trials have studied immune checkpoint inhibitors efficacy 
on patients with MBC [216–218].

Programmed cell death proteins (PD-1) are immunomodulatory molecules 
expressed on the surfaces of immune cells to prevent T-cell overactivation [219]. 
There are two ligands for PD-1 (PD-L1 and PD-L2) found on the surface of tis-
sue macrophages that regulate the immune response of T cells against pathogens 
and foreign cells [220]. Cancers are known to express PD-L1 and PD-L2 on their 
surface to suppress the cytotoxic T lymphocytes (CTLs) response. Nivolumab and 
pembrolizumab are both anti-PD-1 antibodies that selectively block PD-1 receptor 
interaction with ligands PD-L1 and PD-L2. These antibodies were approved by the 
FDA based on efficacy data from phase III trials for the treatment of melanoma, 
NSCLC, renal cell carcinoma, and head-neck cancer [221–228]. Three new PD-1 
antibodies against PD-L1 (durvalumab, atezolizumab, and avelumab) are currently 
being investigated in phase III trials. Despite a large number of studies examining. 
Caponnetto et al. provide a timely overview of immunotherapy studies for the 
treatment of brain metastases [229]. PD-L1 antibodies have been studied on NSCLC 
brain metastases that resulted in the majority of participants discontinuing treat-
ment from exacerbation of neurologic symptoms [230]. A study by Goldman et al., 
did not report high toxicity rates in the treatment of NSCLC BM with nivolumab 
and observed improved overall survival for patients [231]. Large prospective studies 
will be needed to confirm initial results.

Cytotoxic T lymphocyte-associated molecule-4 (CTLA-4) is another simi-
lar checkpoint molecule regulating CTL activity. CTLA-4 is on the surface of 
CTLs, which connect with CD28 and deactivate T cells [232]. Ipilimumab, an 
anti-CTLA-4 antibody, has demonstrated promising results in multiple trials in 
patients with metastatic melanoma [233, 234]. Another Phase III trial reported 
enhanced overall survival in patients with advanced melanoma and BM [233]. 
More tests will be required to determine if ipilimumab provides durable responses 
against melanoma, which is a limitation for BRAF inhibitors. Combination 
ipilimumab and nivolumab has shown promising results in several studies [228, 
235, 236]. Unfortunately, there are no studies testing combination therapy on 
non-melanoma tumor types. Combination immunotherapy with radiotherapy is 
limited MBT studies, but radiation necrosis is an emerging concern [237]. Long-
term effects of combination treatment and more robust studies to determine its 
efficacy.

227

Innovations in Metastatic Brain Tumor Treatment
DOI: http://dx.doi.org/10.5772/intechopen.86047

3.9 Adoptive cellular therapy

Adoptive Cellular Therapy (ACT) for the treatment of BM extracts T cells 
from the patient, genetically modify and culture the cells in vitro before return-
ing them to the same patient. Growth factors are usually added to the cells prior 
to reintroduction to stimulate survival and expansion in vivo [238]. There are 
three forms of ACT that use T cells including tumor-infiltrating lymphocyte (TIL) 
therapy, chimeric antigen receptor (CAR) T-cell therapy, and endogenous T-cell 
(ETC) therapy. Similar to the process described previously, TIL therapy removes 
T cell from the patient’s tumor, expands them in vitro with an immune signaling 
molecule (Interleukin-2), before being infused back into the patient [239]. CAR 
T-cell therapy genetically engineer T cells to recognize specific tumor antigens. 
ETC neither requires a tumor source nor genetic engineering. Rather, ETC selects 
intrinsically tumor-reactive T cells in the peripheral blood and expands them. These 
cells are exceptionally rare and require intense processing methods. Several studies 
have reported successful treatment of melanoma brain metastases with ACT or 
combination therapy that includes ACT [240–243].

3.10 Targeted cancer therapy

Targeted cancer treatments are treatments that target specific proteins, pro-
cesses, and pathways that have become pathological in cancer cells. Generally, 
targeted entities involve surface proteins on cancer cell membranes, faulty or 
overactive enzymes in cytoplasm, or faulty cell signaling pathway. The majority of 
these therapies can be classified under two categories, namely, monoclonal antibod-
ies or kinase inhibitors. It is estimated that 18% of patients with MBTs are suscep-
tible to targeted therapies [244]. Recent developments in the field of tumor biology 
have presented new therapeutic targets with greater BBB penetrance for a variety of 
metastatic brain cancers.

3.11 Breast cancer and brain metastases

MBTs occur in 10–15% of patients with breast cancer, although studies based 
on findings at autopsy suggest that the incidence is closer to 40% of cases [245]. 
Human epidermal growth factor receptor-2 (HER2) is overexpressed in approxi-
mately 15–20% of patients with breast cancer [246]. HER2-positive breast cancer is 
associated with higher rates of MBTs and prolonged survival than HER2-negative 
breast cancer [246]. Trastuzumab, a recombinant monoclonal antibody against 
HER2, improves tumor control and confers a survival benefit for HER2-positive 
patients [246]. However, the relative higher incidence of BM when treated with 
trastuzumab has prompted development of alternative therapies with enhanced 
blood-brain barrier (BBB) penetrance [247]. Lapatinib, a dual tyrosine kinase 
inhibitor (TKI) of epidermal growth factor receptor (EGFR) and HER2, has been 
used for treating patients with resistance to trastuzumab [248]. In contrast to 
trastuzumab, lapatinib can penetrate the BBB when combined with capecitabine. 
The intracranial response rate was 66% in a Phase II study of HER2-positive breast 
cancer patients with brain metastases [249–251]. By comparison, lapatinib as a 
single agent demonstrates only modest activity [249, 252]. Similar findings were 
observed with neratinib in combination with capecitabine [253, 254].

Triple-negative breast cancer (TNBC) does not express hormone receptors and 
presents a greater challenge identifying molecular targets. Approximately, 10–15% of 
breast cancers are TNBC, which have higher incidence and reduced survival [245, 255]. 
One potential target is poly adenosine diphosphate ribose polymerase (PARP) inhibitors 
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3.9 Adoptive cellular therapy
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ing them to the same patient. Growth factors are usually added to the cells prior 
to reintroduction to stimulate survival and expansion in vivo [238]. There are 
three forms of ACT that use T cells including tumor-infiltrating lymphocyte (TIL) 
therapy, chimeric antigen receptor (CAR) T-cell therapy, and endogenous T-cell 
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T cell from the patient’s tumor, expands them in vitro with an immune signaling 
molecule (Interleukin-2), before being infused back into the patient [239]. CAR 
T-cell therapy genetically engineer T cells to recognize specific tumor antigens. 
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have presented new therapeutic targets with greater BBB penetrance for a variety of 
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on findings at autopsy suggest that the incidence is closer to 40% of cases [245]. 
Human epidermal growth factor receptor-2 (HER2) is overexpressed in approxi-
mately 15–20% of patients with breast cancer [246]. HER2-positive breast cancer is 
associated with higher rates of MBTs and prolonged survival than HER2-negative 
breast cancer [246]. Trastuzumab, a recombinant monoclonal antibody against 
HER2, improves tumor control and confers a survival benefit for HER2-positive 
patients [246]. However, the relative higher incidence of BM when treated with 
trastuzumab has prompted development of alternative therapies with enhanced 
blood-brain barrier (BBB) penetrance [247]. Lapatinib, a dual tyrosine kinase 
inhibitor (TKI) of epidermal growth factor receptor (EGFR) and HER2, has been 
used for treating patients with resistance to trastuzumab [248]. In contrast to 
trastuzumab, lapatinib can penetrate the BBB when combined with capecitabine. 
The intracranial response rate was 66% in a Phase II study of HER2-positive breast 
cancer patients with brain metastases [249–251]. By comparison, lapatinib as a 
single agent demonstrates only modest activity [249, 252]. Similar findings were 
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Triple-negative breast cancer (TNBC) does not express hormone receptors and 
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breast cancers are TNBC, which have higher incidence and reduced survival [245, 255]. 
One potential target is poly adenosine diphosphate ribose polymerase (PARP) inhibitors 
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that potentiate chemotherapy and radiotherapy [256]. PARP inhibitors can be effective 
as single agents for BRCA associated breast and ovarian cancers. Iniparib has begun 
Phase II trials and in combination with irinotecan yielded a modest benefit for treatment 
of TNBC [257]. Another potential candidate for TNBC are histone deacetylase (HDAC) 
inhibitors that prevent transcription of particular genes and expression of cellular 
activities [258, 259]. Vorinostat, an HDAC inhibitor, has prevented brain metastatic 
colonization by over 62% in mouse models [260]. Polo-like kinase 1 (Plk1) is another 
well-performing molecular target in BM from breast cancer. Inhibitors of Plk1 prevented 
the development of large BMs by 62% and prolonged survival by 17% in mouse models 
with breast cancer [261]. Plk1 inhibitors may be a new target for MBT prevention and 
treatment [262].

However, studies reported to date have not demonstrated improvements to 
overall survival with these treatments. An important factor for these findings 
may be the failure of targeted therapies to achieve complete responses in the brain 
[263]. To address these shortcomings, researchers are unraveling the mechanisms 
for therapeutic resistance, revising brain metastasis models, and developing more 
penetrative treatments. Specifically, these modifications include patient-derived 
xenografts, 3D bioprinted metastatic models, genetically-modified mouse models, 
and nanoparticles for enhanced drug delivery [264]. Vorinostat has undergone a 
Phase I clinical trial to study its use as a radiosensitizer for WBRT [265]. Treatment 
was well-tolerated by patients and is expected to enter a Phase II study.

3.12 Lung cancer and brain metastases

Approximately 40–50% of patients with lung cancer are diagnosed with MBC 
during their disease course [266]. Small cell lung cancer (SCLC) has a greater 
tendency to metastasize early in its development [267]. MBTs are more commonly 
encountered in this histological type than NSCLC. Overall, lung cancer patients 
commonly present with brain metastases at diagnosis [268]. As of today, no tar-
geted therapies have been developed for BM in SCLC.

Roughly, 2–4% of lung cancer brain metastases originate from EGFR mutant 
[269]. Another 5% of lung cancer MBTs derive from ALK-translocated primary 
tumors (ibid). Gefitinib and Erlotinib are two first-generation EGFR TKIs approved 
for the management of EGFR mutant NSCLC [270]. Recent evidence has validated 
its effectiveness in decreasing the tumor burden by over 30% in over 80% of 
patients [271, 272]. The median time to progression was also extended for patients 
treated with erlotinib from 11.7 to 5.8 months [271]. Other studies have confirmed 
these findings with overall progression-free survival (PFS) of 15.2 months versus 
4.4 months for patients without the mutation [273]. Gefitinib or erlotinib may be 
useful as prophylaxis since they were found to reduce the risk of progression in 
patients with NSCLC [274]. Similar findings have been observed for another EGFR 
inhibitor, osimertinib [275]. Osimertinib outperformed patients receiving chemo-
therapy in a Phase III trial with brain metastasis patients (ibid). Crizotinib is the 
first TKI approved for ALK-translocated lung cancer [276]. However, it exhibited 
suboptimal BBB penetration. Next-generation TKIs (e.g., brigatinib and alectinib) 
targeting translocated ALK have greater penetrance with greater intracranial 
responsiveness [277, 278].

3.13 Melanoma and brain metastases

Melanoma brain metastases have also benefited from targeted therapies. MBTs 
are found approximately in 10–20% of patients with melanoma, although autopsies 
suggest the incidence is as high as 70% in such patients [279]. Targeted therapies 
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such as BRAF V600 TKI dabrafenib have exhibited 39% intracranial response in 
BMs that increased to 58% in studies combining dabrafenib and trametinib [280, 
281]. Another BRAF inhibitor, vemurafenib, recorded a response rate of 18% in 
another trial [282]. In a previous study, vemurafenib resulted in complete or partial 
tumor regression and improved overall survival in patients positive for BRAF 
V600E metastatic melanoma [283]. The downside with BRAF inhibitors is that the 
majority of melanoma patients develop drug resistance and eventual relapse [284]. 
Combination therapies with targeted approaches will be necessary to counteract 
cancer resistance.

4. Experimental therapies

4.1 Nanooncology

Biotechnologies are increasingly used in cancer research [285]. The application 
of nanotechnology in cancer research is termed nanooncology and has generated 
promising solutions to address our current limitations in imaging and treatment of 
brain tumors [286]. Currently, two nanotechnology-based products are approved 
for the treatment of cancer, e.g., Doxil (liposomal doxorubicin) and Abraxane 
(nanoparticle formulated paclitaxel). Novel cancer therapeutics ranging from tiny 
carbon nanotubes and polymeric nanoparticles to large-scale thermal therapies 
such as magnetic nanoparticle-based hyperthermia [287, 288]. This field of research 
is growing rapidly with approximately 150 drugs currently in development that 
incorporate nanotechnology. The purpose of this section is to provide exposure to 
the field of nanooncology and highlight some promising materials.

4.2 Liposome-based nanoparticles

Liposomes are one of the most established nanomedicines in cancer therapy 
and theranostics. It is an effective delivery system with their flexibility, versatility, 
biocompatibility, and biodegradability [289]. Liposomes resemble biological mem-
branes by adopting a lipid bilayer structure and house a wide range of cytotoxic 
drugs and imaging agents. The vesicle structure of liposomes permits encasement 
of a variety of lipophilic and hydrophilic cargos. The drug adopts the pharmacoki-
netic properties of the liposomal carrier until they are released [290]. This feature 
results in enhanced therapeutic index and reduction in systemic toxicity [291–293]. 
Additionally, hydrophilic polymers and ligands may be attached to the liposomes to 
modulate circulation time and targeting capabilities [294, 295]. Several studies have 
reported enhanced uptake and efficacy of ligand-targeted liposomes in diseased 
tissue versus non-targeted liposomes. Ligands are selected that have high affinity 
for highly-expressed receptor on cancer cells [296, 297].

Different strategies have been developed to promote the loading and release 
of therapeutics for cancer treatments. Liposomes act to protect encapsulated 
drugs from degradation, dilution and premature release [298]. As a consequence, 
therapeutic efficacy of anticancer drugs are increased since higher amounts reach 
the destination [299, 300]. Liposomal doxorubicin-cyclophosphamide for the 
treatment of breast cancer patients with MBTs demonstrated greater response rates 
and median survival time for both mouse models and human patients [299, 300]. 
One challenge for liposome-based nanoparticles is the encapsulation inefficiency 
(<30%) for passive loading of hydrophilic therapeutics [301]. In contrast, hydro-
phobic drugs tend to load with much higher efficiency because they readily dissolve 
inside the lipid bilayer.



Brain and Spinal Tumors - Primary and Secondary

228

that potentiate chemotherapy and radiotherapy [256]. PARP inhibitors can be effective 
as single agents for BRCA associated breast and ovarian cancers. Iniparib has begun 
Phase II trials and in combination with irinotecan yielded a modest benefit for treatment 
of TNBC [257]. Another potential candidate for TNBC are histone deacetylase (HDAC) 
inhibitors that prevent transcription of particular genes and expression of cellular 
activities [258, 259]. Vorinostat, an HDAC inhibitor, has prevented brain metastatic 
colonization by over 62% in mouse models [260]. Polo-like kinase 1 (Plk1) is another 
well-performing molecular target in BM from breast cancer. Inhibitors of Plk1 prevented 
the development of large BMs by 62% and prolonged survival by 17% in mouse models 
with breast cancer [261]. Plk1 inhibitors may be a new target for MBT prevention and 
treatment [262].

However, studies reported to date have not demonstrated improvements to 
overall survival with these treatments. An important factor for these findings 
may be the failure of targeted therapies to achieve complete responses in the brain 
[263]. To address these shortcomings, researchers are unraveling the mechanisms 
for therapeutic resistance, revising brain metastasis models, and developing more 
penetrative treatments. Specifically, these modifications include patient-derived 
xenografts, 3D bioprinted metastatic models, genetically-modified mouse models, 
and nanoparticles for enhanced drug delivery [264]. Vorinostat has undergone a 
Phase I clinical trial to study its use as a radiosensitizer for WBRT [265]. Treatment 
was well-tolerated by patients and is expected to enter a Phase II study.

3.12 Lung cancer and brain metastases

Approximately 40–50% of patients with lung cancer are diagnosed with MBC 
during their disease course [266]. Small cell lung cancer (SCLC) has a greater 
tendency to metastasize early in its development [267]. MBTs are more commonly 
encountered in this histological type than NSCLC. Overall, lung cancer patients 
commonly present with brain metastases at diagnosis [268]. As of today, no tar-
geted therapies have been developed for BM in SCLC.

Roughly, 2–4% of lung cancer brain metastases originate from EGFR mutant 
[269]. Another 5% of lung cancer MBTs derive from ALK-translocated primary 
tumors (ibid). Gefitinib and Erlotinib are two first-generation EGFR TKIs approved 
for the management of EGFR mutant NSCLC [270]. Recent evidence has validated 
its effectiveness in decreasing the tumor burden by over 30% in over 80% of 
patients [271, 272]. The median time to progression was also extended for patients 
treated with erlotinib from 11.7 to 5.8 months [271]. Other studies have confirmed 
these findings with overall progression-free survival (PFS) of 15.2 months versus 
4.4 months for patients without the mutation [273]. Gefitinib or erlotinib may be 
useful as prophylaxis since they were found to reduce the risk of progression in 
patients with NSCLC [274]. Similar findings have been observed for another EGFR 
inhibitor, osimertinib [275]. Osimertinib outperformed patients receiving chemo-
therapy in a Phase III trial with brain metastasis patients (ibid). Crizotinib is the 
first TKI approved for ALK-translocated lung cancer [276]. However, it exhibited 
suboptimal BBB penetration. Next-generation TKIs (e.g., brigatinib and alectinib) 
targeting translocated ALK have greater penetrance with greater intracranial 
responsiveness [277, 278].

3.13 Melanoma and brain metastases

Melanoma brain metastases have also benefited from targeted therapies. MBTs 
are found approximately in 10–20% of patients with melanoma, although autopsies 
suggest the incidence is as high as 70% in such patients [279]. Targeted therapies 

229

Innovations in Metastatic Brain Tumor Treatment
DOI: http://dx.doi.org/10.5772/intechopen.86047

such as BRAF V600 TKI dabrafenib have exhibited 39% intracranial response in 
BMs that increased to 58% in studies combining dabrafenib and trametinib [280, 
281]. Another BRAF inhibitor, vemurafenib, recorded a response rate of 18% in 
another trial [282]. In a previous study, vemurafenib resulted in complete or partial 
tumor regression and improved overall survival in patients positive for BRAF 
V600E metastatic melanoma [283]. The downside with BRAF inhibitors is that the 
majority of melanoma patients develop drug resistance and eventual relapse [284]. 
Combination therapies with targeted approaches will be necessary to counteract 
cancer resistance.

4. Experimental therapies

4.1 Nanooncology

Biotechnologies are increasingly used in cancer research [285]. The application 
of nanotechnology in cancer research is termed nanooncology and has generated 
promising solutions to address our current limitations in imaging and treatment of 
brain tumors [286]. Currently, two nanotechnology-based products are approved 
for the treatment of cancer, e.g., Doxil (liposomal doxorubicin) and Abraxane 
(nanoparticle formulated paclitaxel). Novel cancer therapeutics ranging from tiny 
carbon nanotubes and polymeric nanoparticles to large-scale thermal therapies 
such as magnetic nanoparticle-based hyperthermia [287, 288]. This field of research 
is growing rapidly with approximately 150 drugs currently in development that 
incorporate nanotechnology. The purpose of this section is to provide exposure to 
the field of nanooncology and highlight some promising materials.

4.2 Liposome-based nanoparticles

Liposomes are one of the most established nanomedicines in cancer therapy 
and theranostics. It is an effective delivery system with their flexibility, versatility, 
biocompatibility, and biodegradability [289]. Liposomes resemble biological mem-
branes by adopting a lipid bilayer structure and house a wide range of cytotoxic 
drugs and imaging agents. The vesicle structure of liposomes permits encasement 
of a variety of lipophilic and hydrophilic cargos. The drug adopts the pharmacoki-
netic properties of the liposomal carrier until they are released [290]. This feature 
results in enhanced therapeutic index and reduction in systemic toxicity [291–293]. 
Additionally, hydrophilic polymers and ligands may be attached to the liposomes to 
modulate circulation time and targeting capabilities [294, 295]. Several studies have 
reported enhanced uptake and efficacy of ligand-targeted liposomes in diseased 
tissue versus non-targeted liposomes. Ligands are selected that have high affinity 
for highly-expressed receptor on cancer cells [296, 297].

Different strategies have been developed to promote the loading and release 
of therapeutics for cancer treatments. Liposomes act to protect encapsulated 
drugs from degradation, dilution and premature release [298]. As a consequence, 
therapeutic efficacy of anticancer drugs are increased since higher amounts reach 
the destination [299, 300]. Liposomal doxorubicin-cyclophosphamide for the 
treatment of breast cancer patients with MBTs demonstrated greater response rates 
and median survival time for both mouse models and human patients [299, 300]. 
One challenge for liposome-based nanoparticles is the encapsulation inefficiency 
(<30%) for passive loading of hydrophilic therapeutics [301]. In contrast, hydro-
phobic drugs tend to load with much higher efficiency because they readily dissolve 
inside the lipid bilayer.
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4.3 Quantum dots

Quantum dots (QDs) are extremely small nanoparticles measuring a few 
nanometers in size. QDs emit light of specific frequencies modifiable by altering the 
size, shape, and material of the dots. QDs possess great potential for tumor fluores-
cence imaging and delivering therapies. Fluorescence imaging is a potent tool for 
cancer diagnosis and achieves more complete resections [302]. Biomolecules can 
be used to modify QDs which provides several improvements from other organic 
fluorophores, e.g., higher photoluminescence efficiency, greater photostability, and 
sharp emission profile. QD-based fluorescence also has good biocompatibility and 
low toxicity [303–307].

Visible fluorescence imaging uses light in the visible wavelength spectrum 
(400–700 nm) and is adept at cancer diagnosis and enhancing spatial resolution. 
For in vivo tumor fluorescence imaging, imaging agent delivery to brain tumors is 
challenging because the BBB restricts the passage of large molecules [308]. Thus, 
BBB prevents the transposition of many imaging agents and cancer therapeutics 
ergo attenuating their effect on tumor treatment and illumination. QDs provide a 
workaround for these physiological constraints due to their miniscule dimensions. 
Recent studies have developed QD nanoprobes that cross the BBB and target tumors 
specifically [309, 310]. These QDs cross the BBB and target cancer cells for in vivo 
imaging.

4.4 Gene therapy

Gene therapy of the nervous system is now a commonplace tool used around 
the world. Widely used to generate preclinical models, gene therapy is now dem-
onstrating success in the clinic for both safety and efficacy for the treatment of 
congenital blindness and neurodegenerative disorders [311, 312]. A major compo-
nent to gene therapeutics is the delivery system known as vectors. Vectors are com-
monly categorized as viral and non-viral vectors. Adenoviral vectors have proven 
valuable in the development of anticancer agents by selectively replicating within 
cancer cells [313]. Retroviral vectors are another useful delivery system for cancer 
treatment. Previous studies have demonstrated its ability to activate enzymes that 
convert 5-fluorocytosine (5FC) into toxic 5-fluorouracil (5FU) for treatment of 
gliomas [314, 315]. RRV with prodrug is currently being tested in randomized 
trials, however, this concept may be tested on MBTs in combination with immu-
notherapy [316]. Another rising technology is Clustered Regularly Interspaced 
Short Palindromic Repeats (CRISPR) that allows gene editing within organisms. 
Recently, CRISPR was used to engineer tumor cells to exhibit homing behavior 
[317]. After engineering, cells are released back into circulation and return back 
to the main tumor site. Cells were designed to secrete death receptor-targeting 
ligands that destroy the main tumor cells. Self-homing cells were also programmed 
with a drug-triggered cellular suicide system to eliminate them following tumor 
death. CRISPR has also been used to enhance therapeutic T cells in cancer immu-
notherapy [318]. These new capacities may expand into brain metastatic treatment 
in the near future.

5. Conclusion

In 1971, the National Cancer Act was signed to strengthen the National Care 
Institute with the objective to eliminate cancer as a leading cause of death in the 
United States [319]. This was expected to be achieved by funding research for 
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understanding the mechanisms of cancer biology and developing effective treat-
ments. Although cancer death rates have declined for the past 25 years in the United 
States, the results have overall been disappointing when considering total cancer 
deaths and mortality rate. Much of the progress against cancer can be attributed 
to the decline in tobacco use and the development of screening tools for earlier 
detection [320]. Since 1971, there has been expansion of knowledge in cancer 
biology and diversification of diagnostic tools and treatment options. With respect 
to brain metastases, the median survival has improved modestly [321] and innova-
tive approaches to MBC management continue to emerge in the fields of imaging, 
biotechnology, and pharmaceuticals. Having said that, it is fair to question whether 
the rate of progress for cancer patient outcomes and innovation is decelerating and 
whether subsequent inventions will be as impactful as those previous [322, 323]. 
As Gordon has pointed out, successive Industrial Revolutions after the 1960s have 
made depreciating impacts on productivity and economic growth [322]. A similar 
trend is observed in pharmaceuticals with a noticeable decline in research and 
development (R&D) efficiency defined as the number of new drugs approved for 
every billion dollars spent on R&D [323]. Studies have haggled over the cost for one 
new drug approval with estimates between roughly $700 million and $2.5 billion 
dollars [324, 325]. This trend is referred to as Eroom’s Law, which means drug 
discovery becomes slower and more expensive with time. Additionally, we have 
seen a decline in the state of competition and economic dynamism characterized 
by rising mergers and declining start-up rates [323, 326]. Even with newer treat-
ments reaching market, we see evidence of diminishing returns for the treatment of 
cancer [327]. Despite these problematic economic and healthcare patterns, innova-
tion in MBC management remains resilient producing robust tools for improving 
treatment safety and efficacy.
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Chapter 15

A Nutrition Perspective on the 
Ketogenic Diet as Therapy for 
Malignant Brain Cancer
Meredith Morgan

Abstract

Glioblastoma multiforme is the most deadly primary brain tumor. Current ther-
apies have not demonstrated improved outcomes for patients; generally the median 
life expectancy is 8–15 months. Due to brain tumor cells dependence on glucose as a 
sole energy source, there is potential to target treatments towards glucose metabo-
lism. The ketogenic diet (KD) is a high fat, low carbohydrate diet that has proven 
successful in the animal model. However, human studies are limited and there 
currently is not enough research to conclude the KD is an effective therapy. A few 
aspects need to be addressed for inclusion in protocols of future studies: (1) when 
to initiate the KD during treatment; (2) how much carbohydrate per day to provide 
to patients; (3) how to ensure patient compliance to diet; (4) the optimum duration 
of the diet; (5) how to mitigating patient weight loss. In addition, the registered 
dietitian nutritionist (RD or RDN) is a vital, and underutilized, member of the 
health care team. The inclusion of a RD to future KD protocol, as well as oncology 
practices, can enhance patient outcomes and help future patients overcome barriers 
when adhering to the KD.

Keywords: nutrition, ketogenic diet, glioblastoma multiforme, registered dietitian 
nutritionist, brain cancer

1. Introduction

In 2013, it was estimated that there were 23,130 cases of primary brain cancer 
in the United States and 14,080 deaths from the disease [1]. One type of tumor is 
glioblastoma multiforme (GBM), which is the most deadly primary brain tumor in 
children and adults [2]. Most cases of GBM occur in patients over the age of 50 years 
old [3]. Current median life expectancy for these patients is 8–15 months; 1 year 
survival is 34.6% and 5 year survival is less than 5% [1, 3]. Standard treatment is 
typically palliative in nature and includes surgery (maximal tumor resection), radia-
tion, as well as chemotherapy [2, 3]. While there are new therapies, which include 
gene therapy, immune modulating therapy and anti-angiogenic therapy, these have 
not demonstrated improved outcomes for this disease [4]. Overall, the current aims 
of therapies are to increase life expectancy and enhance quality of life [3].

Patients with cancer often have a “wide range of nutrition related problems” [5]. 
These nutritional issues may occur anywhere along the digestive tract-from 
 salivary dysfunctions to changes in stooling and often involve weight loss [5]. Other 
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patients may be at higher risks of developing morbidities such as “diabetes, adi-
positas, hyperlipidemia or cardiovascular disease” related to cancer therapies [5]. 
Patients with head and neck cancers have a high risk of mortality (50%) and many 
of these patients suffer from malnutrition [6]. This is often a result of the malig-
nancy and may be attributed to loss of appetite, difficulties eating, weight loss as 
well as fatigue [6]. Malnutrition is an issue as it may cause setbacks in healing, such 
as weakened immune system, longer treatment times and increased complications 
along with the cancer [6].

When it comes to medical nutrition therapy (MNT), cancer patients are often 
“under-recognized and undertreated” as a patient population [5]. Data constantly 
demonstrates that patients with cancer that do not receive MNT have decreased 
likelihood of responding to therapies and success may be lower [5]. A registered 
dietitian nutritionist (RD or RDN) is trained to deliver nutrition facts as well as 
scientifically based nutrition education and counseling, while also considering 
educational levels and “psycho-oncological” influences [5]. Current nutrition 
recommendations correspond generally to patients with head and neck cancer, 
and there are no specific nutrition recommendations for patients with GBM. The 
ketogenic diet (KD) has shown promising results in the animal model for malignant 
brain tumors, but as of 2015, very few studies detail the treatment of primary brain 
tumors with the KD [1]. Currently, the data is limited whether the KD is effective 
for patients with GBM for improving outcomes and extending longevity. In addi-
tion, the question remains: should health professionals recommend the KD as a 
therapeutic treatment for patients with GBM?

2. Brain cell metabolism

The brain is a “metabolically active organ” that is almost completely dependent 
on glucose as its exclusive energy source [7]. Without the ability to locally store 
glucose, the brain relies on tight homeostasis of blood glucose to ensure adequate 
energy supplies [7]. Blood glucose concentrations are considered normal between 
70 and 144 mg/dL, while any concentration over 200 mg/dL is considered hypergly-
cemic [7].

For patients with GBM, blood glucose concentrations have been found to average 
459 mg/dL [7]. In part, this may be due to high dose of glucocorticoids to help 
with peritumor associated edema [8, 9]. Glucocorticoids usage results in impaired 
glucose transport and high plasma glucose [8]. In addition, glucose metabolism is 
higher in environments with poor blood supply, such as acidic and hypoxemic envi-
ronments [7]. This may be attributed to the Warburg effect. This effect is part of the 
aberrations observed in cancer cell metabolism; it involves a switch from  oxygen 
dependent oxidative phosphorylation to “glucose intensive” anaerobic glycolysis 
for ATP production [7]. This results in the production of essential proteins, lipids 
and nucleic acids required for cell growth under hypoxic conditions [7]. Tumors 
in microenvironments are negative indictors of “therapeutic response” and overall 
survival [7]. Previous work has demonstrated that cancer cells have enhanced 
aptitude to defy damage from radiation when in hyperglycemic environments [10]. 
Unfortunately, due to high mortality rate, and decreased likelihood of patients 
developing diabetes in the long term, hyperglycemia is not managed by intensive 
therapies; rather, the goal is to avoid acute complications [8]. However, previous 
studies have demonstrated that higher amounts of glucose in the brains of cancer 
patients is correlated to a shorter survival [7, 8]. Other reports have demonstrated 
that the higher the glucose levels, the faster the tumor growth [9]. Glioma cells have 
previously been shown to display a “threefold increase” in the rate of glycolysis 
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compared to normal astrocytes and when glucose is removed; this leads to apoptosis 
in tumor cells, compared to normal cells [11].

When the brain has decreased access to glucose, it is able to metabolize ketone 
bodies (acetoacetate and β-hydroxybutyrate) for energy [9]. This occurs as the liver 
transforms fat into ketone bodies and fatty acids. The ketone bodies then circulate 
to the brain and substitute glucose as the brain’s energy source [4]. The benefit is 
that as brain tumor cells are completely dependent on glucose to perform glycolysis, 
they are unable to metabolize ketones. The latter is due to impaired mitochondria 
[2]. Another benefit is that ketones may be toxic to some tumor cells by decreasing 
free radicles from oxygen and improving metabolism in healthy cells [9]. Therefore, 
focusing anti-tumor treatments on glucose metabolism may be beneficial for GBM 
patients’ outcomes [2].

2.1 The ketogenic diet

The ketogenic diet (KD) was established in the 1920s and consists of a high 
fat content while providing a low carbohydrate content [2, 10]. It is best executed 
under medical supervision; it has been effective for treating children with epilepsy 
and may be successful in neurodegenerative diseases such as Alzheimer’s and 
Parkinson’s [2, 12]. The diet is successful as it mimics the fasting state by increasing 
the level of ketones circulating in the blood, while decreasing circulating glucose; 
this diet also avoids malnutrition in patients [2, 10]. The KD typically consists of 
90% fat, with the remaining 10% contributed by both protein and carbohydrate 
[13]. Protein is indispensable in the diet, but too much protein can result in the 
transformation to glucose via gluconeogenesis and act metabolically as a carbo-
hydrate [13]. It has previously been demonstrated that extremely malnourished 
oncology patients that were given a diet consisting of 44 kcal/kg, where medium 
chain triglycerides provided 70% of the macronutrient content, had no significant 
changes in nitrogen balance or protein synthesis [13].

Using the KD as a therapeutic approach for malignant brain cancer rests on 
the assumption that brain tumors do not have the necessary enzymes to oxidize 
ketones, and are based on successful rodent studies [4]. However, a recent study 
contradicted previous findings and reported that rodent brain tumors were able to 
metabolically change and the “up regulation of the ketone body monocarboxylate 
transporter,” which “facilitated the update and oxidation of ketone bodies in the 
gliomas” [4]. To date, there are very few human studies and most of them have 
small sample sizes [4]. Using the KD as the sole treatment or part of the treatment 
may be effective against GBM, and has been suggested and discussed in previous 
literature [3, 9, 14].

Another idea worth noting is that the treatment of GBM with the KD may be 
enhanced by a calorie restriction; this idea has been shown to prevent tumor prog-
ress in a range of models [15]. Schwartz et al. provided a calorie restriction after 
calculating energy needs based on ideal body weight, then providing 20–25 kcals/kg 
with a 20% restriction in kcals per day [1]. A calorie restriction typically provides a 
20–40% reduction in daily calories. During calorie restriction, serum levels of glu-
cose and insulin decrease while fat breakdown increases. This eventually activates 
peroxisome proliferator-activated receptor-α (PPAR-α), which hinders glycolysis 
and fatty acids production. PPAR-α also stimulates transcription of enzymes that 
promote ketogenesis and fatty acid oxidation in the mitochondria and peroxisome 
[13]. For the tumor cells, which lack the enzymes needed to metabolize ketones, 
energy in the form of adenosine triphosphate (ATP) can no longer be produced via 
glycolysis; the cells also lack the ability to compensate via oxidative phosphoryla-
tion, which deprives the cell of ATP and means for growth [13]. A calorie restriction 
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patients may be at higher risks of developing morbidities such as “diabetes, adi-
positas, hyperlipidemia or cardiovascular disease” related to cancer therapies [5]. 
Patients with head and neck cancers have a high risk of mortality (50%) and many 
of these patients suffer from malnutrition [6]. This is often a result of the malig-
nancy and may be attributed to loss of appetite, difficulties eating, weight loss as 
well as fatigue [6]. Malnutrition is an issue as it may cause setbacks in healing, such 
as weakened immune system, longer treatment times and increased complications 
along with the cancer [6].

When it comes to medical nutrition therapy (MNT), cancer patients are often 
“under-recognized and undertreated” as a patient population [5]. Data constantly 
demonstrates that patients with cancer that do not receive MNT have decreased 
likelihood of responding to therapies and success may be lower [5]. A registered 
dietitian nutritionist (RD or RDN) is trained to deliver nutrition facts as well as 
scientifically based nutrition education and counseling, while also considering 
educational levels and “psycho-oncological” influences [5]. Current nutrition 
recommendations correspond generally to patients with head and neck cancer, 
and there are no specific nutrition recommendations for patients with GBM. The 
ketogenic diet (KD) has shown promising results in the animal model for malignant 
brain tumors, but as of 2015, very few studies detail the treatment of primary brain 
tumors with the KD [1]. Currently, the data is limited whether the KD is effective 
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therapeutic treatment for patients with GBM?

2. Brain cell metabolism

The brain is a “metabolically active organ” that is almost completely dependent 
on glucose as its exclusive energy source [7]. Without the ability to locally store 
glucose, the brain relies on tight homeostasis of blood glucose to ensure adequate 
energy supplies [7]. Blood glucose concentrations are considered normal between 
70 and 144 mg/dL, while any concentration over 200 mg/dL is considered hypergly-
cemic [7].

For patients with GBM, blood glucose concentrations have been found to average 
459 mg/dL [7]. In part, this may be due to high dose of glucocorticoids to help 
with peritumor associated edema [8, 9]. Glucocorticoids usage results in impaired 
glucose transport and high plasma glucose [8]. In addition, glucose metabolism is 
higher in environments with poor blood supply, such as acidic and hypoxemic envi-
ronments [7]. This may be attributed to the Warburg effect. This effect is part of the 
aberrations observed in cancer cell metabolism; it involves a switch from  oxygen 
dependent oxidative phosphorylation to “glucose intensive” anaerobic glycolysis 
for ATP production [7]. This results in the production of essential proteins, lipids 
and nucleic acids required for cell growth under hypoxic conditions [7]. Tumors 
in microenvironments are negative indictors of “therapeutic response” and overall 
survival [7]. Previous work has demonstrated that cancer cells have enhanced 
aptitude to defy damage from radiation when in hyperglycemic environments [10]. 
Unfortunately, due to high mortality rate, and decreased likelihood of patients 
developing diabetes in the long term, hyperglycemia is not managed by intensive 
therapies; rather, the goal is to avoid acute complications [8]. However, previous 
studies have demonstrated that higher amounts of glucose in the brains of cancer 
patients is correlated to a shorter survival [7, 8]. Other reports have demonstrated 
that the higher the glucose levels, the faster the tumor growth [9]. Glioma cells have 
previously been shown to display a “threefold increase” in the rate of glycolysis 

257

A Nutrition Perspective on the Ketogenic Diet as Therapy for Malignant Brain Cancer
DOI: http://dx.doi.org/10.5772/intechopen.84307

compared to normal astrocytes and when glucose is removed; this leads to apoptosis 
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this diet also avoids malnutrition in patients [2, 10]. The KD typically consists of 
90% fat, with the remaining 10% contributed by both protein and carbohydrate 
[13]. Protein is indispensable in the diet, but too much protein can result in the 
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hydrate [13]. It has previously been demonstrated that extremely malnourished 
oncology patients that were given a diet consisting of 44 kcal/kg, where medium 
chain triglycerides provided 70% of the macronutrient content, had no significant 
changes in nitrogen balance or protein synthesis [13].

Using the KD as a therapeutic approach for malignant brain cancer rests on 
the assumption that brain tumors do not have the necessary enzymes to oxidize 
ketones, and are based on successful rodent studies [4]. However, a recent study 
contradicted previous findings and reported that rodent brain tumors were able to 
metabolically change and the “up regulation of the ketone body monocarboxylate 
transporter,” which “facilitated the update and oxidation of ketone bodies in the 
gliomas” [4]. To date, there are very few human studies and most of them have 
small sample sizes [4]. Using the KD as the sole treatment or part of the treatment 
may be effective against GBM, and has been suggested and discussed in previous 
literature [3, 9, 14].

Another idea worth noting is that the treatment of GBM with the KD may be 
enhanced by a calorie restriction; this idea has been shown to prevent tumor prog-
ress in a range of models [15]. Schwartz et al. provided a calorie restriction after 
calculating energy needs based on ideal body weight, then providing 20–25 kcals/kg 
with a 20% restriction in kcals per day [1]. A calorie restriction typically provides a 
20–40% reduction in daily calories. During calorie restriction, serum levels of glu-
cose and insulin decrease while fat breakdown increases. This eventually activates 
peroxisome proliferator-activated receptor-α (PPAR-α), which hinders glycolysis 
and fatty acids production. PPAR-α also stimulates transcription of enzymes that 
promote ketogenesis and fatty acid oxidation in the mitochondria and peroxisome 
[13]. For the tumor cells, which lack the enzymes needed to metabolize ketones, 
energy in the form of adenosine triphosphate (ATP) can no longer be produced via 
glycolysis; the cells also lack the ability to compensate via oxidative phosphoryla-
tion, which deprives the cell of ATP and means for growth [13]. A calorie restriction 
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may be a beneficial aspect along with the KD, but is not consistently explored in KD 
studies. A few concerns should be addressed when considering the KD as a thera-
peutic treatment for patients with GBM: carbohydrate content of diet; compliance 
to diet; when to initiate the diet; duration of diet; quality of life, and involving a RD 
with the treatment protocol to improve outcomes.

2.2 Exploring best practices

While the KD typically provides 90% fat, the amount of carbohydrate permit-
ted during treatment tends to vary with each study [13]. In the human studies 
investigated, the carbohydrate content ranged from 10 grams (g) per day, up to 
70 g per day [2, 16]. Previous studies using the animal model have demonstrated 
that by restricting carbohydrates to <50 g/day, ketone levels ≥1 millimoles per 
liter (mmol/L) enhances the expression of monocarboxylic acid transporters in 
the brain; this results in the movement of ketones through the blood brain bar-
rier [13]. An issue with very restrictive dietary carbohydrate is that patients with 
malignant tumors have been documented to have higher rates of gluconeogenesis, 
which decreases the body’s stores of lean mass and hurts the patient [16]. Therefore, 
cancer patients may benefit from slightly more carbohydrate, and not risk leaving 
ketosis [16]. In addition, more carbohydrate options increases the types of food 
that can be eaten, which helps with compliance [16]. Best practice may be to allow 
patients to eat around 50 g of carbohydrate per day, which may improve adherence 
to the prescribed diet and improve treatment outcomes.

Compliance to the KD is an issue as it requires a lifestyle change, which may 
be difficult for some patients [16]. It is not uncommon for studies to report that 
some participants had low compliance [4, 16]. However, a few participants found 
the KD was tolerable: the diet was rated as good by seven patients, moderate by 
three patients and poor by only one patient [16] and was reported to be “relatively 
well tolerated” [15]. One patient was reported to strictly adhere to the KD and a 
calorie restricted diet for 56 days [2]. For patients following the KD, it is important 
for strict adherence to the diet. For those with strict compliance to the KD, it was 
reported there was a partial response to treatment, and ketone bodies were found 
in the normal appearing white matter 8 months after starting the diet; although, 
this response was attributed to bevacizumab therapy and not the KD [4]. However, 
there may be other barriers that exist that hinder patients from strictly adhering to 
the diet. To help mitigate these barriers, the addition of a RD to the treatment team 
would be best practice; this will be discussed later in the chapter.

Having patients test their own ketone and glucose levels may help them to com-
ply with the diet, as they can see if their levels are in goal range. The goal for GBM 
therapy is to have blood glucose ranges between 55 and 65 milligram per deciliter 
(mg/dL) for maximum therapeutic implications [2]. To measure compliance to the 
KD, ketones are measured via urine analysis; however, there is evidence to show 
that urine concentrations are not reflective of the concentrations of ketones avail-
able to the brain for consumption [4]. Artzi et al. reported only three incidences 
where ketones were found in the brain using magnetic resonance spectroscopy 
(MRS): two times in the normal appearing white matter, at 4 and 25 months after 
starting KD, and one in the tumor area 13 months after starting KD; it was noted 
that participant compliance to the KD was low [4]. Compliance to the KD was 
measured either by urine analysis or by blood analysis. The goal for urine ketones 
was set >2, while blood ketone goals were between 3 and 8 mmol/L [1, 4]. It was 
reported that 92% of patients that tested urine ketones 2–3 times per week achieved 
ketosis at least one during the study [15]. Schwartz et al. went further and also 
had their participants test their blood glucose at least two times per day. Goals for 
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blood glucose were between 50 and 70 mg/dL, which is a suggested best practice for 
maximum therapeutic effect [1]. A benefit to testing ketones via the blood is that 
the patient can also test blood glucose and have measureable results. While the goal 
for blood glucose is 50–70 mg/dL, it is important that patients keep track of blood 
glucose to avoid hypoglycemic events, which is defined as blood glucose <45 mg/dL 
[2]. Hypoglycemia is a concern because if it goes untreated it can lead to coma and 
death [17]. However, it has been reported that while following the KD, there was no 
issue with hypoglycemic events, and that patients that had elevated blood glucose 
prior to the study, ended up with normal levels after starting the KD [2, 16]. There 
is valid concern that ketosis, defined by urine or blood concentrations, may not be 
indicative of the brain and tumor usage of ketones. However, MRS may not be a tool 
available for all patients and providers. Best practice would be to have patients test 
blood glucose and ketones 2–3 times per day to help with measurable goals, help 
encourage compliance and to avoid any hypoglycemic events.

While the KD has been promising in the mouse model, the studies in human 
clinical trials have yet to clearly demonstrate that the KD is effective as a sole inter-
vention. Part of the issue is that the KD has not been consistently used an isolated 
therapy and many of the studies use KD concomitantly with other treatments; 
therefore, the studies have not able to conclude if the KD was an effective therapy 
[1, 2, 4, 16]. However, the KD may be most effective when used in combination with 
chemotherapy. Rieger et al. found that patients that received the KD and received 
bevacizumab had a median progression free survival of 20.1 weeks while patients 
receiving bevacizumab and not on the KD had a median progression free survival of 
16.1 weeks [15].

The duration of the KD ranged greatly amongst the studies, and there does not 
appear to be a pattern for best practice. However, it has previously been reported 
that effects of the KD cannot be ascertained until after 8 weeks on the diet [16]. As 
mentioned previously, a case study reported on a patient following the KD and a 
calorie restriction for 56 days, then discontinued the KD and followed a low calorie 
diet for 5 months and was found to be disease free at that follow up [2]. Artzi et al. 
had dietary components that lasted from 2 months up to 31 months, although not 
all patients were able to follow the KD strictly [4]. Meanwhile, Reiger et al. had a 
median duration of 36 days for diet adherence and reported that patients followed 
the diet for 6.8 days out of the week. Schwartz et al. reported two participants fol-
lowed the KD for 12 weeks, but there was no benefit to stopping tumor growth [1]. 
Meanwhile, there was evidence that the KD could be effective for longer “progres-
sion free survival;” in patients with stable ketosis, the median overall survival was 
32 weeks, with a range from 6 to 86+ weeks [15]. Current recommendations state 
that dietary interventions should be started before cancer treatments then continue 
along with and after treatments; it also may be more successful of an intervention if 
a registered dietitian is an active part of the treatment team [18].

Nutrition status and quality of life have a positive relationship and both are 
associated with survival [10, 19]. While most patients with GBM have a short life 
expectancy, it is important that their quality of life is maximized, and the quality 
of their diet is an important factor. Food is one of the few aspects of health that 
both patients and care givers continue to have control over, and is both a “mental 
and social act” that has many external influences [5]. Schmidt et al. investigated 
the quality of life for patients with different types of cancer on the KD. Quality 
of life was initially low for participants due to stage of tumor progression, but the 
KD was found to increase their quality of life over time. Symptoms of fatigue, pain 
and dyspnea amplified over time, but emotional function and insomnia improved. 
Previous side effects reported on the KD have included vomiting, fatigue, hunger 
and constipation; however, the study reported no incidence of hunger, meanwhile 
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may be a beneficial aspect along with the KD, but is not consistently explored in KD 
studies. A few concerns should be addressed when considering the KD as a thera-
peutic treatment for patients with GBM: carbohydrate content of diet; compliance 
to diet; when to initiate the diet; duration of diet; quality of life, and involving a RD 
with the treatment protocol to improve outcomes.

2.2 Exploring best practices

While the KD typically provides 90% fat, the amount of carbohydrate permit-
ted during treatment tends to vary with each study [13]. In the human studies 
investigated, the carbohydrate content ranged from 10 grams (g) per day, up to 
70 g per day [2, 16]. Previous studies using the animal model have demonstrated 
that by restricting carbohydrates to <50 g/day, ketone levels ≥1 millimoles per 
liter (mmol/L) enhances the expression of monocarboxylic acid transporters in 
the brain; this results in the movement of ketones through the blood brain bar-
rier [13]. An issue with very restrictive dietary carbohydrate is that patients with 
malignant tumors have been documented to have higher rates of gluconeogenesis, 
which decreases the body’s stores of lean mass and hurts the patient [16]. Therefore, 
cancer patients may benefit from slightly more carbohydrate, and not risk leaving 
ketosis [16]. In addition, more carbohydrate options increases the types of food 
that can be eaten, which helps with compliance [16]. Best practice may be to allow 
patients to eat around 50 g of carbohydrate per day, which may improve adherence 
to the prescribed diet and improve treatment outcomes.

Compliance to the KD is an issue as it requires a lifestyle change, which may 
be difficult for some patients [16]. It is not uncommon for studies to report that 
some participants had low compliance [4, 16]. However, a few participants found 
the KD was tolerable: the diet was rated as good by seven patients, moderate by 
three patients and poor by only one patient [16] and was reported to be “relatively 
well tolerated” [15]. One patient was reported to strictly adhere to the KD and a 
calorie restricted diet for 56 days [2]. For patients following the KD, it is important 
for strict adherence to the diet. For those with strict compliance to the KD, it was 
reported there was a partial response to treatment, and ketone bodies were found 
in the normal appearing white matter 8 months after starting the diet; although, 
this response was attributed to bevacizumab therapy and not the KD [4]. However, 
there may be other barriers that exist that hinder patients from strictly adhering to 
the diet. To help mitigate these barriers, the addition of a RD to the treatment team 
would be best practice; this will be discussed later in the chapter.

Having patients test their own ketone and glucose levels may help them to com-
ply with the diet, as they can see if their levels are in goal range. The goal for GBM 
therapy is to have blood glucose ranges between 55 and 65 milligram per deciliter 
(mg/dL) for maximum therapeutic implications [2]. To measure compliance to the 
KD, ketones are measured via urine analysis; however, there is evidence to show 
that urine concentrations are not reflective of the concentrations of ketones avail-
able to the brain for consumption [4]. Artzi et al. reported only three incidences 
where ketones were found in the brain using magnetic resonance spectroscopy 
(MRS): two times in the normal appearing white matter, at 4 and 25 months after 
starting KD, and one in the tumor area 13 months after starting KD; it was noted 
that participant compliance to the KD was low [4]. Compliance to the KD was 
measured either by urine analysis or by blood analysis. The goal for urine ketones 
was set >2, while blood ketone goals were between 3 and 8 mmol/L [1, 4]. It was 
reported that 92% of patients that tested urine ketones 2–3 times per week achieved 
ketosis at least one during the study [15]. Schwartz et al. went further and also 
had their participants test their blood glucose at least two times per day. Goals for 
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blood glucose were between 50 and 70 mg/dL, which is a suggested best practice for 
maximum therapeutic effect [1]. A benefit to testing ketones via the blood is that 
the patient can also test blood glucose and have measureable results. While the goal 
for blood glucose is 50–70 mg/dL, it is important that patients keep track of blood 
glucose to avoid hypoglycemic events, which is defined as blood glucose <45 mg/dL 
[2]. Hypoglycemia is a concern because if it goes untreated it can lead to coma and 
death [17]. However, it has been reported that while following the KD, there was no 
issue with hypoglycemic events, and that patients that had elevated blood glucose 
prior to the study, ended up with normal levels after starting the KD [2, 16]. There 
is valid concern that ketosis, defined by urine or blood concentrations, may not be 
indicative of the brain and tumor usage of ketones. However, MRS may not be a tool 
available for all patients and providers. Best practice would be to have patients test 
blood glucose and ketones 2–3 times per day to help with measurable goals, help 
encourage compliance and to avoid any hypoglycemic events.

While the KD has been promising in the mouse model, the studies in human 
clinical trials have yet to clearly demonstrate that the KD is effective as a sole inter-
vention. Part of the issue is that the KD has not been consistently used an isolated 
therapy and many of the studies use KD concomitantly with other treatments; 
therefore, the studies have not able to conclude if the KD was an effective therapy 
[1, 2, 4, 16]. However, the KD may be most effective when used in combination with 
chemotherapy. Rieger et al. found that patients that received the KD and received 
bevacizumab had a median progression free survival of 20.1 weeks while patients 
receiving bevacizumab and not on the KD had a median progression free survival of 
16.1 weeks [15].

The duration of the KD ranged greatly amongst the studies, and there does not 
appear to be a pattern for best practice. However, it has previously been reported 
that effects of the KD cannot be ascertained until after 8 weeks on the diet [16]. As 
mentioned previously, a case study reported on a patient following the KD and a 
calorie restriction for 56 days, then discontinued the KD and followed a low calorie 
diet for 5 months and was found to be disease free at that follow up [2]. Artzi et al. 
had dietary components that lasted from 2 months up to 31 months, although not 
all patients were able to follow the KD strictly [4]. Meanwhile, Reiger et al. had a 
median duration of 36 days for diet adherence and reported that patients followed 
the diet for 6.8 days out of the week. Schwartz et al. reported two participants fol-
lowed the KD for 12 weeks, but there was no benefit to stopping tumor growth [1]. 
Meanwhile, there was evidence that the KD could be effective for longer “progres-
sion free survival;” in patients with stable ketosis, the median overall survival was 
32 weeks, with a range from 6 to 86+ weeks [15]. Current recommendations state 
that dietary interventions should be started before cancer treatments then continue 
along with and after treatments; it also may be more successful of an intervention if 
a registered dietitian is an active part of the treatment team [18].

Nutrition status and quality of life have a positive relationship and both are 
associated with survival [10, 19]. While most patients with GBM have a short life 
expectancy, it is important that their quality of life is maximized, and the quality 
of their diet is an important factor. Food is one of the few aspects of health that 
both patients and care givers continue to have control over, and is both a “mental 
and social act” that has many external influences [5]. Schmidt et al. investigated 
the quality of life for patients with different types of cancer on the KD. Quality 
of life was initially low for participants due to stage of tumor progression, but the 
KD was found to increase their quality of life over time. Symptoms of fatigue, pain 
and dyspnea amplified over time, but emotional function and insomnia improved. 
Previous side effects reported on the KD have included vomiting, fatigue, hunger 
and constipation; however, the study reported no incidence of hunger, meanwhile 
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nausea and vomiting were reported as infrequent [16]. In addition, the KD has been 
found to have no adverse neurological or physiological impacts for patients [2].

Another aspect of quality of life is weight loss. Ten to eighty-three percent of 
patients with cancer may have unwanted weight loss [5]. The KD in theory should 
mimic the benefits of long term fasting, while avoiding weight loss in the “oncologi-
cal setting” [10]. The KD is intended to meet the energy and nutrition requirements 
of oncology patients while also stimulating lean body mass recovery [13]. From a 
nutrition perspective, unintentional weight loss is defined as ≥5% in 1 month or 
≥10% in 6 months [18]. In the few studies that investigate the KD, most reported 
that participants lost weight [1, 2, 15, 16]. Zuccoli et al. reported on a patient that 
received the KD along with a calorie restriction and after 20 days had experienced a 
13.4 pound (9.5%) weight loss, which is nutritionally significant based on malnutri-
tion criteria [2, 20]. It is to be noted that this patient was on a calorie restriction of 
600 calories per day [2]. Meanwhile, Rieger et al. reported a statistically significant 
weight loss of 2.2% overall for patients on the KD [15]. While the KD, especially 
if paired with a calorie restriction, may cause weight loss, one of the goals during 
cancer treatment is preventing malnutrition. Significant weight loss is one of the 
criteria used to diagnose malnutrition. Malnutrition has been found to be the lead-
ing reason for interrupted treatments [6].

Overall, the KD appears relatively safe for patients with GBM, and may help 
increase longevity, although excessive weight loss may be a concern. It is important 
that patients following the KD have a balance of food choices to increase quality 
of life and mitigate weight loss while also adhering to the KD for best treatment 
outcomes.

2.3 Role of registered dietitian in cancer treatment

It is essential for patients with head and neck cancers to follow nutrition advice 
for best “treatment and health outcomes” [6]. Patients that participated in a nutri-
tion intervention during treatment were able to “maintain or improve nutritional 
status” as well as improving the rate of treatments completion, decreasing hospital 
visits, length of hospital stays and decreasing the amount of weight lost during 
treatment [6]. Unfortunately, patients with head and neck cancer are not always 
compliant with dietary advice, especially if dietary is not considered an essential 
part of the treatment by patients [6]. It has previously been reported that more 
participants received nutrition counseling after treatment (60.7%) compared to 
during cancer treatment (47.4%) [5].

When considering diet therapy in combination with anti-tumor treatments, 
it would be best practice to consult a registered dietitian. A registered dietitian 
nutritionist (RD or RDN) is a food and nutrition expert with a bachelor and/or 
master degree from an accredited university, and has taken coursework that has been 
approved by the Accreditation Council for Education in Nutrition and Dietetics. 
In addition, the RD has completed a 1200 hour supervised practice with rotation 
concentrations in clinical, community and food service management, and passed a 
national credentialing exam. RDs have to take continuing education credits, regarding 
up-to-date food and nutrition information, to maintain RD credentials. RDs also have 
the option to become certified in specific areas of practice; one such area is oncology 
[21]. RDs are trained to do assessments and give detailed nutrition educations. As 
part of the assessment, the RD assesses current weight and discusses weight history, 
discusses current nutrition symptoms, assesses diet history, and calculates protein 
and energy needs [22]. RDs use the nutrition care process, which is an internationally 
validated and accepted tool, which makes nutrition care more visible amongst the 
health profession and ensures access of information to qualified professionals [5].
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The RD is an integral part of the health care team, and may be an underutilized 
resource. Maschke et al. found that cancer patients were more likely to receive 
nutrition advice from a dietitian if they were between ages 45–70 years old, and 
those patients between ages 27–45 years old received nutrition information from 
the internet, nurse or doctor. It would have been beneficial for more patients to see 
a dietitian as the most often reported questions was regarding a “healthy diet” as 
well as issues with fatigue and weakness [5]. Kiss et al. found that when the dietitian 
clinic was located separately from the oncology clinic, the RD was not included as 
part of the multidisciplinary team and patients did not attend the dietitians’ clinic. 
When the RD team was moved to be a part of the oncology team, it was found to 
improve communication amongst team members, resulting in the ability to quickly 
identify nutrition complications and reduce hospital admissions [22].

In regards to the studies administering the KD to patients, a RD was mentioned 
in a few studies as part of the protocol. Benefits of adding the RD as a part of the 
study protocol team is the ability to check in on patients more often, either via the 
phone or in the clinic, answer questions and refer patients to the doctor if there are 
medical treatment issues that arise. This can help take part of the burden off of the 
doctors [1]. In addition, it has been reported that when patients visited with a RD 
regularly, the percent of patients admitted to the hospital for nutrition related issues 
decreased from 12 to 4.5% and that hospital days decreased from 199 to 62 days 
[22]. The RD has the expertise and the experience to calculate energy and protein 
needs as well as diet plans to fit patient’s individual needs, which has some benefit 
[4]. To best highlight this, it is best to discuss the studies that do not involve a 
RD. For the two studies that did not provide patients with a RD, the study provided 
patients with instructions or a diet manual with a list of foods, the nutrition con-
tents of foods, recipes and rules to follow when on the KD. Patients were left to their 
own devices to prepare meals and only one of the studies provided a daily menu 
[15, 16]. This could be one of the barriers that prevented patients from strictly 
adhering to the KD. Previous findings have shown that individualized diet counsel-
ing based on patients’ normal food preferences, along with head and neck cancer 
treatments, is a very successful way to improve patients’ nutrition status, nutrition 
intake and quality of life [19]. Maschke et al. reported that over half of their study 
respondents wanted nutrition information, which suggested there is a need for 
providing consistent and evidenced based MNT. In addition, they suggested that 
there is the potential for a strong partnership between RDs and oncologists to meet 
the “informational needs” of patients [5]. The majority of the cancer patients that 
followed a special diet reported they adhered to it after receiving education from a 
registered dietitian [5].

3. Conclusion

GBM is a deadly primary brain tumor and patients with this diagnosis have 
a limited life expectancy. The ketogenic diet has shown promising results in the 
animal model and in theory should work to target brain tumor cells’ glucose 
metabolism. However, it is difficult to draw conclusions on the effectiveness of 
the diet due to the limited number of studies, small sample sizes, and the inability 
to use the KD as an isolated therapy. More studies need to be performed before 
the KD can be recommended as a sole therapy for GBM, and using the KD as a 
therapy should occur only with direct medical supervision. Future research needs 
to include a standardized protocol for including KD in studies. Based on the cur-
rent literature, best practice would include: (1) initiate KD prior to chemotherapy 
and continue concomitantly with chemotherapy; (2) KD composed of 50 grams of 
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nausea and vomiting were reported as infrequent [16]. In addition, the KD has been 
found to have no adverse neurological or physiological impacts for patients [2].
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When considering diet therapy in combination with anti-tumor treatments, 
it would be best practice to consult a registered dietitian. A registered dietitian 
nutritionist (RD or RDN) is a food and nutrition expert with a bachelor and/or 
master degree from an accredited university, and has taken coursework that has been 
approved by the Accreditation Council for Education in Nutrition and Dietetics. 
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national credentialing exam. RDs have to take continuing education credits, regarding 
up-to-date food and nutrition information, to maintain RD credentials. RDs also have 
the option to become certified in specific areas of practice; one such area is oncology 
[21]. RDs are trained to do assessments and give detailed nutrition educations. As 
part of the assessment, the RD assesses current weight and discusses weight history, 
discusses current nutrition symptoms, assesses diet history, and calculates protein 
and energy needs [22]. RDs use the nutrition care process, which is an internationally 
validated and accepted tool, which makes nutrition care more visible amongst the 
health profession and ensures access of information to qualified professionals [5].
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[4]. To best highlight this, it is best to discuss the studies that do not involve a 
RD. For the two studies that did not provide patients with a RD, the study provided 
patients with instructions or a diet manual with a list of foods, the nutrition con-
tents of foods, recipes and rules to follow when on the KD. Patients were left to their 
own devices to prepare meals and only one of the studies provided a daily menu 
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the diet due to the limited number of studies, small sample sizes, and the inability 
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the KD can be recommended as a sole therapy for GBM, and using the KD as a 
therapy should occur only with direct medical supervision. Future research needs 
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carbohydrate per day; (3) patients test blood levels of ketones and glucose daily for 
compliance and to prevent hypoglycemia; (4) continue the KD for at least 8 weeks; 
(5) minimize patient weight loss. In addition, it would be best practice to include 
a registered dietitian nutritionist with the protocol to improve patient outcomes, 
educate patients on the KD, monitor patient progress, calculate energy needs and 
help patients overcome potential barriers while following the KD.
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