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Although touched by technology, surgical pathology always has
been, and remains, an art. Surgical pathologists, like all artists,
depict in their artwork (surgical pathology reports) their
interactions with nature: emotions, observations, and
knowledge are all integrated. The resulting artwork is

a poor record of complex phenomena.

Richard J. Reed, MD






All small tumors do not always keep growing, especially small breast tumors,
testicular tumors, and prostate tumors. Some small tumors may even disap-
pear without a treatment. Indeed, because prostate tumor grows slowly, it is
not unusual that a patient may die at an advanced age of some other causes,
but prostate tumor is discovered in an autopsy study. In some cases of pros-
tate tumors, the patient should be offered the option of active surveillance
followed by PSA test or biopsies. Similarly, every small kidney tumor may
not change or may even regress. Another example of cancer or precancer
reversal is cervical cancer. Precancerous cervical cells found with Pap test,
may revert to normal cells. Tumor shrinkage, regression, dormancy, senes-
cence, reversal, or stabilization is not impossible. Can prosenescence therapy
be an efficient alternative strategy to standard therapies for cancer prevention
and treatment?

Another known example of cancer regression is found in pediatric neuro-
blastoma patients. Neuroblastoma shows one of the highest rates of spontane-
ous regression among malignant tumors. In addition to the well-known
spontaneous regression in stage 4S disease, the high incidence of neuroblas-
toma remnants found during autopsy of newborns suggest that localized
lesions may undergo a similar regression (Guin et al. 1969). Later studies also
indicate that spontaneous regression is regularly seen in infants with local-
ized neuroblastoma and is not limited to the first year of life (Hero et al.
2008). These and other studies justify the “wait and see” strategy, avoiding
chemotherapy and radiotherapy in infants with localized neuroblastoma,
unless MYCN gene is amplified. Infants with nonamplified MYCN and
hyperdiploidy can be effectively treated with less intensive therapy. Infants
with disseminated disease without MYCN have excellent survival with mini-
mal or no treatment. Another example of spontaneous shrinkage and loss of
tumors without any treatment is an intradural lipoma (Endoh et al. 1998).

Although cancers grow progressively, various lesions such as cysts and
thyroid adenomas show self-limiting growth. Probably, cellular senescence
occurs in many organ types following initial mutations. Cellular senescence,
the growth arrest seen in normal mammalian cells after a limited number of
divisions, is controlled by tumor suppressors, including p53 and p16, and so
this phenomenon is believed to be a crucial barrier to tumor development. It
is well-established that cell proliferation and transformation induced by
oncogene activation are restrained by cellular senescence.
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Metastasis is the main cause of death from cancer. Fortunately, metastasis
is an inefficient process. Only a few of the many cancer cells detached from
the primary tumor succeed in forming secondary tumors. Metastatic ineffi-
ciency varies depending on the location within an organ, but the malignancy
may continue to grow preferentially in a specific tissue environment. Some of
the cancer cells shed from the primary tumor are lost in the circulation due to
hemodynamic forces or the immune system, macrophages, and natural killer
cells.

Periodic rejection of a drug by FDA, which was previously approved by
the FDA, is not uncommon. Most recently, the FDA ruled that Avastin should
not be used to treat advanced breast cancer, although it remains on the market
to treat other cancers, including colon and lung malignancies. Side-effects of
Avastin include high blood pressure, massive bleeding, heart attack, and dam-
age to the stomach and intestines.

Unwanted side effects of some drug excipients (e.g., propylene glycol,
menthol) may also pose safety concerns in some patients. Excipients are
defined as the constituents of the pharmaceutical formulation used to guaran-
tee stability, and physicochemical, organoleptic and biopharmaceutical prop-
erties. Excipients frequently make up the majority of the volume of oral and
parenteral drugs. Not all excipients are inert from the biological point of
view. Although adverse drug reactions caused by the excipients are a minor-
ity of all adverse effects of medicinal products, the lack of awareness of the
possible risk from excipients should be a concern for regulatory agencies,
physicians, and patients (Ursino et al. 2011). Knowledge of the potential side
effects of excipients is important in clinical practice.

It is known that chemotherapy can cause very serious side-effects. One
most recent example of such side-effects was reported by Rubsam et al.
(2011). Advanced hepatocellular carcinoma (HCC) induced by hepatitis C
virus was treated with Sorafenib. It is an oral multikinase inhibitor that inter-
feres with the serine/threonine kinases RAF-1 and B-Raf and the receptor
tyrosine kinases of the vascular endothelial growth factor receptors and the
platelet-derived growth factor receptor-beta. Although sorafenib is effective
in regressing HCC, it shows serious side-effects including increasingly pru-
ritic and painful skin changes (cutaneous eruption).

An example of unnecessary surgery is the removal of all the armpit lymph
nodes after a biopsy when a sentinel node shows early stage breast cancer;
removal of only the sentinel node may be needed. Limiting the surgery to the
sentinel node avoids painful surgery of the armpit lymph nodes, which can
have complications such as swelling and infection (such limited surgery is
already being practiced at the Memorial Sloan-Kettering Cancer Research
Center). Radiation-induced second cerebral tumors constitute a significant
risk for persons undergoing radiotherapy for the management of cerebral
neoplasms. High-grade gliomas are the most common radiation-induced
tumors in children (Pettorini et al. 2008). The actual incidence of this compli-
cation is not known, although it is thought to be generally low.
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Medical Radiation

Chromosome aberrations induced by ionizing radiation are well-known.
Medical radiation-induced tumors are well-documented. For example, sev-
eral types of tumors (sarcomas, meningiomas) can develop in the CNS after
irradiation of the head and neck region (Parent 1990). Tumorigenic mecha-
nisms underlying the radiation therapy of the CNS are discussed by
Amirjamshidi and Abbassioun (2000) (See below).

Radiation therapy is commonly used to treat, for example, patients with
primary and secondary brain tumors. Unfortunately, ionizing radiation has
limited tissue specificity, and tends to damage both neoplastic and normal
brain tissues. Radiation-induced brain injury, in fact, is a potential, insidious
later cerebral side-effect of radiotherapy. Most commonly it consists of dam-
age in small arteries and capillaries, resulting in secondary processes of
ischemia.

After radiation therapy, imaging techniques (CT, MRI, SPECT) can be
used to assess treatment response and detect radiation-induced lesions and
recurrent tumors. Optical spectroscopy has also been used for detecting radi-
ation damage (Lin et al. 2005). The Fso nm spectral peak allows accurate
selection of tissues for biopsy in evaluating patients with new, contrast
enhancing lesions in the setting of previous irradiation. This peak is highly
correlated with a histological pattern of radiation injury. Deep lesions require
a stereotactic biopsy to be conclusive. Also, much of the radiation effect is
mediated by acute and chronic inflammatory cellular reactions. Biopsy sam-
ples supplement pathological differentiation of radiation effect from tumor
progression. It should be noted that most of the biopsies show radionecrosis
as well as scattered tumor cells.

Women treated with therapeutic chest radiation may develop cancer. This
possibility becomes exceedingly serious considering that 50,000-55,000
women in the United States have been treated with moderate to high-dose
chest radiation (~20 Gy). This possibility is much more serious for pediatric
or young adult cancer patients, because these women are at a significantly
increased risk of breast cancer and breast cancer mortality following cure of
their primary malignancy (Martens et al. 2008). A recent study also indicates
that such young women develop breast cancer at a young age, which does not
appear to plateau (Henderson et al. 2010). In this high risk population, ironi-
cally there is a benefit associated with early detection. In other words, young
women with early stage breast cancer following chest radiation have a high
likelihood for favorable outcome, although life-long surveillance is needed.

Presently, although approximately 80 % of the children with cancer are
cured, the curative therapy could damage a child’s developing organ system;
for example, cognitive deficits following cranial radiotherapy are well known.
Childhood survivors of malignant diseases are also at an increased risk of
primary thyroid cancer (Sigurdson et al. 2005). The risk of this cancer
increases with radiation doses up to 20-29 Gy. In fact, exposure to radiation
therapy is the most important risk factor for the development of a new CNS
tumor in survivors of childhood cancer, including leukemia and brain tumors.



The higher risk of subsequent glioma in children subjected to medical
radiation at a very young age reflects greater susceptibility of the developing
brain to radiation. The details of the dose-response relationships, the expres-
sion of excess risk over time, and the modifying effects of other host and
treatment factors have not been well defined (Neglia et al. 2006).

A recent study indicates that childhood brain tumor survivors are at an
increased risk of late endocrine effects, particularly the patients treated with
cranial radiation and diagnosed at a younger age (Shalitin et al. 2011). Among
children with cancer, the application of radiotherapy, therefore, should not be
taken lightly, and it should be administered only when absolutely necessary
to successfully treat the primary tumor. When radiotherapy is administered,
use of the minimum effective dose tends to minimize the risk of second CNS
neoplasms (late effect). Prolonged follow-up of childhood cancer survivors
(particularly those treated with radiation) is necessary because of the long
period between treatment and the development of malignancy. This practice
should be a part of the effective therapy of the primary disease.

It is well established that radiation doses are related to risk for subsequent
malignant neoplasms in children with Hodgkin’s disease. It has been reported
that increasing radiation dose was associated with increasing standardized
incidence ratio (p = 0.0085) in survivors of childhood Hodgkin’s disease
(Constine et al. 2008). Approximately, 75 % of subsequent malignancies
occurred within the radiation field. Although subsequent malignancies occur,
for example, in breast cancer survivors in the absence of radiotherapy, the rise
increases with radiation dose.

The pertinent question is: Is it always necessary to practice tumor surgery,
radiotherapy, chemotherapy or hormonal therapy or a combination of these
therapies? Although the conventional belief is that cancer represents an
“arrow that advances unidirectionally”, it is becoming clear that for cancer to
progress, it requires cooperative microenvironment (niche), including
immune system and hormone levels. However, it is emphasized that advanced
(malignant) cancers do not show regression, and require therapy. In the light
of the inadequacy of standard treatments of malignancy, clinical applications
of the stem cell technology need to be expedited.

Prostate Cancer

There were an estimated 217,730 new cases of prostate cancer in the United
States in 2010 with 32,050 deaths, making it the second leading cause of
cancer deaths in men. Currently, there are more than 2,000,000 men in the
United States who have had radical or partial prostate surgery performed.
Considering this huge number of prostate surgeries and the absence of a
cumulative outcome data, it seems appropriate to carefully examine the ben-
efits of radical surgery, especially in younger men.

Clinical prostate cancer is very rare in men of the ages younger than 40
years. In this age group the frequency of prostate malignancy is 1 in 10,000
individuals. Unfortunately, the incidence of malignancy increases over the
ensuing decades, that is, the chance of prostate malignancy may reach to 1 in
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7 in men between the ages of 60 and 79 years. Reactive or aging-related
alterations in the tumor microenvironment provide sufficient influence, pro-
moting tumor cell invasion and metastasis. It has been shown that nontumori-
genic prostate epithelial cells can become tumorigenic when cocultured with
fibroblasts obtained from regions near tumors (Olumi et al. 1999).

Prostate cancer treatment is one of the worst examples of overtreatment.
Serum prostate specific antigen (PSA) testing for the early detection of pros-
tate cancer is in wide use. However, the benefit of this testing has become
controversial. The normal cut-off for serum levels of PSA is 4 ng/ml, so a
man presenting with a PSA above this level is likely to require a rectal biopsy,
but only in 25 % of men with serum levels of PSA between 4 and 10 ng/ml
have cancer (Masters 2007). The PSA threshold currently being used for
biopsy ranges between 2.5 and 3.4 ng/ml. Up to 50 % of men presenting with
prostate cancer have PSA levels within the normal range. It is apparent that
screening of prostate cancer using PSA has a low specificity, resulting in
many unnecessary biopsies, particularly for gray zone values (4—10 ng/ml).
According to one point of view, the risks of prostate cancer overdetection are
substantial. In this context, overdetection means treating a cancer that other-
wise would not progress to clinically significant disease during the lifetime of
the individual. Overdetection results in overtreatment. The advantages and
limitations of PSA test in diagnosing prostate cancer were reviewed by Hayat
(2005, 2008).

Androgen deprivation therapy (ADT) is an important treatment for patients
with advanced stage prostate cancer. This therapy is carried out by blocking
androgen receptor or medical or surgical castration. Although ADT is ini-
tially very effective, treated tumors inevitably progress to androgen-
independent prostate cancer (AIPC); which is incurable. One possible
mechanism responsible for the development of AIPC is modulation of the
tissue microenvironment by neuroendocrine-like cancer cells, which emerge
after ADT (Nelson et al. 2007).

Recently, Pernicova et al. (2011) have further clarified the role of andro-
gen deprivation in promoting the clonal expansion of androgen-independent
prostate cancer. They reported a novel linkage between the inhibition of the
androgen receptor activity, down-regulation of S-phase kinase-associated
protein 2, and the formation of secretory, senescent cells in prostate tumor
cells. It is known that several components of the SASP secretome, such as
IL-6, IL-8, KGH, and epidermal growth factor, are capable of transactivating
androgen receptor under androgen-depleted conditions (Seaton et al. 2008).
It needs to be pointed out that androgen deprivation therapy, used in high-risk
patients with prostate cancer, may cause reduced libido, erectile dysfunction,
fatigue, and muscle loss; osteoporosis is also a late complication. Therefore,
periodic bone density scanning needs to be considered.

Recently, the FDA cleared the use of NADiA (nucleic acid detection
immunoassay) ProsVue prognostic cancer test. This proprietary nucleic acid
detection immunoassay technology identifies extremely low concentrations
of proteins that have not been routinely used as a diagnostic or prognostic aid.
It is an in vitro diagnostic assay for determining the rate of change of serum
total PSA over a period of time. The assay can quantitate PSA at levels <1 ng/ml.
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This technique can be used as a prognostic marker, in conjunction with clini-
cal evaluation, to help identify patients at reduced risk for recurrence of pros-
tate cancer for years following prostatectomy. It targets the early detection of
proteins associated with cancer and infectious diseases. This technique com-
bines immunoassay and real-time PCR methodologies with the potential to
detect proteins with femtogram/ml sensitivity (10-15 g/ml). Additional clini-
cal information is needed regarding its usefulness in predicting the
recurrence.

A significant decrease in the risk of prostate cancer-specific mortality is
observed in men with few or no comorbidities. Indeed, active surveillance in
lieu of immediate treatment (surgery or radiation, or both) is gaining accep-
tance. Most men with prostate cancer, even those with high-risk disease, ulti-
mately die as a result of other causes (Lu-Yao et al. 2009). Debate on this
controversy is welcome, but narrow opinions and facile guidelines will not
lead to facts and new information; men worldwide deserve it (Carroll et al.
2011). Automatic linking positive diagnosis with treatment, unfortunately, is
a common clinical practice. Unfortunately, even men who are excellent can-
didates for active surveillance in the United States often undergo some treat-
ment. Deferment of treatment is advised in men with low-risk disease,
especially of a younger age.

Active surveillance is proposed for patients with low-risk prostate cancer
in order to reduce the undesirable effects of overdiagnosis. Prostate specific
antigen serum level lower than 10 ng/L and Gleason score lower than 7 are
the main criteria to select patients for active surveillance. The correct use of
these two criteria is essential to differentiate between aggressive and nonag-
gressive prostate cancer. Autopsy studies indicate that approximately one out
of three men older than 50 years show histological evidence of prostate can-
cer (Klotz 2008). Thus, a large proportion of prostate cancers are latent, never
destined to progress, or affect the life of the patient. It is estimated that the
percentage of low-risk prostate cancer is between 50 % and 60 % of newly
diagnosed cases. A large number of patients die having prostate cancer, but
not because of this cancer (Filella et al. 2011).

First whole genome sequences of prostate tumors were recently published
online in Nature journal (vol. 470: 214-220, 2011). This study revealed that
rather than single spelling errors, the tumor has long “paragraphs” of DNA
that seem to have broken off and moved to another part of the genome (rear-
rangement of genes), where they are most active. These portions of DNA
contain genes that help drive cancer progression. The mutated genes involved
include PTEN, CADM2, MAG12, SPOP, and SPTA1. This information may
lead to the development of more efficient, less invasive ways to diagnose and
treat this cancer. Such information, in addition, should lead to personalized
therapeutics according to sequencing results of different gene mutations or
chromosomal rearrangements. The urgent need of such studies becomes
apparent considering the huge number of new cases of prostate problems
reported every year.

In contrast to prostate cancer, cardiovascular disorders take the heavier toll
of life. In other words, the risk of death for men in the United States between
the ages of 55 and 74 years due to cardiovascular disease surpasses that of
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prostate cancer. Cardiovascular disease is the most common of the chronic
non-communicable diseases that impact global mortality. Approximately,
30 % of all deaths worldwide and 10 % of all healthy life lost to disease are
accounted for by cardiovascular disease alone.

In conclusion, initial treatment with standard surgery, irradiation, chemo-
therapy, or hormonal therapy, or combination of these protocols can result in
both local and systemic sequalae. Therefore, surveillance for late recurrence
and secondary primary malignancies is recommended for most cancer
patients. Patients with breast, lung, prostate, colorectal, and head and neck
cancers constitute the largest groups requiring long-term monitoring and
follow-up care.

Eric Hayat
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It is recognized that scientific journals and books not only provide current
information but also facilitate exchange of information, resulting in rapid
progress in the medical field. In this endeavor, the main role of scientific
books is to present current information in more details after careful additional
evaluation of the investigational results, especially those of new or relatively
new therapeutic methods and their potential toxic side-effects.

Although subjects of diagnosis, drug development, therapy and its assess-
ment, and prognosis of tumors of the central nervous system, cancer recur-
rence, and resistance to chemotherapy are scattered in a vast number of
journals and books, there is need of combining these subjects in single vol-
umes. An attempt will be made to accomplish this goal in the projected
fourteen-volume series of handbooks.

In the era of cost-effectiveness, my opinion may be minority perspective,
but it needs to be recognized that the potential for false-positive or false-
negative interpretation on the basis of a single laboratory test in clinical
pathology does exist. Interobservor or intraobservor variability in the inter-
pretation of results in pathology is not uncommon. Interpretative differences
often are related to the relative importance of the criteria being used.

Generally, no test always performs perfectly. Although there is no perfect
remedy to this problem, standardized classifications with written definitions
and guidelines will help. Standardization of methods to achieve objectivity is
imperative in this effort. The validity of a test should be based on the careful,
objective interpretation of the tomographic images, photo-micrographs, and
other tests. The interpretation of the results should be explicit rather than
implicit. To achieve accurate diagnosis and correct prognosis, the use of
molecular criteria and targeted medicine is important. Equally important are
the translation of molecular genetics into clinical practice and evidence-based
therapy. Translation of medicine from the laboratory to clinical application
needs to be carefully expedited. Indeed, molecular medicine has arrived.

This is the twelfth volume in the series, Tumors of the Central Nervous
System. As in the case of the eleven previously published volumes, this vol-
ume mainly contains information on the diagnosis, therapy, and prognosis of
brain and spinal cord tumors. Various aspects of a large number of tumor
types, including neuroblastoma, medulloblastoma, meningioma, and chor-
doma, are discussed. The contents are divided into four subheadings: molecu-
lar mechanisms, children’s cancer, treatments, and radiosurgery, for the
convenience of the readers. Molecular profiling of brain tumors to select
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appropriate therapy in clinical trials of brain tumors is discussed in detail. The
classification/diagnosis of brain tumors based on function analysis is pre-
sented. CDK6 as the molecular regulator of neuronal differentiation in the
adult brain, and the role of aquaporins in human brain tumor growth are
explained. Children’s tumors, including neuroblastoma and medulloblastoma,
are discussed. Molecular genetic alterations in medulloblastoma are explained.
Survival differences between children and adults with medulloblastoma are
pointed out. The use of various types of imaging methods to diagnose brain
tumors is explained. Important, effective treatments for patients with brain and
spinal tumors are included. Treatments, such as stereotactic radiosurgery,
endoscopic neurosurgery, electrochemotherapy, transsphenoidal surgery, focal
ablation, whole brain radiation therapy, and recraniotomy, are detailed. The
remaining volumes in this series will provide additional recent information on
these and other aspects of CNS malignancies.

By bringing together a large number of experts (oncologists, neurosur-
geons, physicians, research scientists, and pathologists) in various aspects of
this medical field, it is my hope that substantial progress will be made against
this terrible disease. It would be difficult for a single author to discuss effec-
tively the complexity of diagnosis, therapy, and prognosis of any type of
tumor in one volume. Another advantage of involving more than one author
is to present different points of view on a specific controversial aspect of the
CNS cancer. I hope these goals will be fulfilled in this and other volumes of
this series. This volume was written by 92 contributors representing 11 coun-
tries. I am grateful to them for their promptness in accepting my suggestions.
Their practical experience highlights their writings, which should build and
further the endeavors of the reader in this important area of disease. I respect
and appreciate the hard work and exceptional insight into the nature of cancer
provided by these contributors. The contents of the volume are divided into
three subheadings: Pineal Tumors, Pituitary Tumors, and Spinal Tumors for
the convenience of the reader.

It is my hope that the current volume will join the preceding volumes of
the series for assisting in the more complete understanding of globally rele-
vant cancer syndromes. There exists a tremendous, urgent demand by the
public and the scientific community to address to cancer diagnosis, treatment,
cure, and hopefully prevention. In the light of existing cancer calamity, finan-
cial funding by governments must give priority to eradicating this deadly
malignancy over military superiority.

I am thankful to Dr. Dawood Farahi and Philip Connelly for recognizing
the importance of medical research and publishing through an institution of
higher education. I am also thankful to my students for their contribution to
the preparation of this volume.

M.A. Hayat
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Classification/Diagnosis of Brain
Tumors Using Discriminant
Function Analysis
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with discriminant function analysis would
be recommended to be included to standard
clinical examinations.

Introduction

Brain tumors remain an important cause of
mortality in the world (Farley et al. 2008). The
World Health Organization (WHO) recognizes
a variety of primary brain tumor types. A new
comprehensive classification of neoplasms affect-
ing central nervous system was ratified by the
WHO in 2007 and can be found elsewhere
(Louis et al. 2007). A grading system for each
tumor type is also provided there. In general,
the classification is presented as the standard
for the characterization of brain tumors to the
clinical oncology and cancer research commu-
nities world-wide. The 2007 WHO classifica-
tion is based on the consensus of an international
experts including amongst other pathologists
and geneticists. However, in spite of well
defined standards for brain tumor classification
the difficult and questionable cases still exist
in the neuro-oncology. Therefore, various tech-
niques that could be served as an accessory
diagnostic tool are of grate importance.

Nowadays, both clinical history and radio-
logical investigation can be used to detect the
presence of a brain tumor and provide clue
about its location. However, to decide about
the tumor type and grade of malignancy with
absolute certainty additional laboratory tests
have to be included. Typically, for diagnosing
brain tumors the following techniques are used
(Simonetti 2004):

— Computed Tomography,

— Magnetic Imaging Resonance,

— Positron Emission Tomography,

— Biopsy followed by histopathological
examination.

Routinely, diagnosis given by histopathologist
base on a biopsy sample is a final step in confirm-
ing the tumor type and grade of malignancy.
However, it should be emphasized that biopsy is
an invasive surgical procedure and does not
always enables the correct recognition. This is
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mainly due to the fact that a biopsy provides only
local information from the tumor, which structure
can be heterogeneous and infiltrative. Moreover,
even for specimens taken intraoperatively from a
tumor, some diagnosing difficulties may occur.
As it is known the process of histopathological
diagnosis of tumors is based on the verbatim
interpretation of the pictures (the microscopic
ones) of tissue samples. A histopathologist uses
their expertise and knowledge gained from litera-
ture to diagnose each case. This helps not only in
classification of brain tumor but also in taking a
clinical decision as to its treatment. However,
diagnosis given by histopathologist is not objec-
tive. Moreover, nothing is directly given in a
microscopic picture of the tumor sample. In
many cases evaluation and histopathological
diagnosis are at variance. Probably, oligoden-
droglial tumors are among the most susceptible
with regard to the differences in neuropathological
interpretation and prognostication (Giannini et al.
2008). Moreover, difficulties in differentiation
between reactive, i.e., non-neoplastic glial reac-
tion and low grade astrocytoma should to be
mentioned (Burger and Scheithauer 2007).
Routinely, hematoxylin-eosin (HE) staining of
tissue samples embedded in paraffin is used for
histopathological examination. However, studies
include also immunohistochemical methods
(most frequently with antibodies against glial
fibrillary acidic protein — GFAP, epithelial mem-
brane antigene — EMA, vimentin, cytokeratins,
CD34 and others, accordingly to the specific
requirements of differential diagnosis). Since his-
topathological diagnosis still come up against
difficult or disputable cases it is very important to
develop new tools that can aid in the diagnosis of
brain tumor type and grade. For that reason,
efforts toward implementation of innovative
techniques that could improve accuracy of diag-
nostic procedures in relation to brain tumors are
of grate importance. The usefulness of interdisci-
plinary studies including spectroscopy and imag-
ing techniques of modern physics should be
emphasized. What is more, increasingly special
methods of data analysis are coupled with both
the techniques used routinely for diagnosing of
brain tumors and these not commonly used yet in
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the clinic. The potential usefulness of such methods
in supporting the classification of brain tumors
as well as in providing novel biomarkers of prog-
nosis is verified.

The morphological, biochemical or genetic
pattern of tissues may constitute a source of the
unique fingerprint of different types of brain
tumors. Therefore, the techniques used for
study of neoplastic tissues have to be supported
by appropriate data mining methods. The use of
supervised pattern recognition methods such as
discriminant function analysis on complex data
provides a powerful tool for characterizing
different classes of brain tumors according to
their features, determined with the use of vari-
ous analytical techniques. Discriminant func-
tion analysis is one of the promising procedures
of data processing. In general, this method of
statistical analysis is used to determine which
variables (here: brain tumor features) discrimi-
nate between two or more naturally occurring
groups (here: brain tumor types or grade of
malignancy) (Carroll et al. 1997). Another
major role of discriminant analysis is predictive
classification of cases which may support brain
tumor diagnosis. Mathematically, discriminant
function analysis is aimed to find a set of linear
combinations of the variables, which are called
discriminant functions. The values of such
linear combinations have to be as close as pos-
sible within groups included to analysis and as
far apart as possible between groups. The dis-
criminant functions are calculated for a sample
of cases for which group membership is known
and then can be applied to new cases with
measurements on the same set of variables, but
unknown group membership. This allows for
the classification of new, unknown cases that
have to be diagnosed based on the constructed
classification model. The detailed theoretical
basis of DA technique was presented elsewhere
(Carroll et al. 1997). Generally, discriminant
function analysis is a well-known technique
for data simplification, feature extraction and
case classification. This method has found
many applications including various aspects of
neuro-oncoglogy. Some of them are discussed
in this work.

Brain Tumor Diagnosis Using
Nuclear Magnetic Resonance

Magnetic resonance imaging (MRI) is one of the
most commonly used techniques in clinical diag-
nosis of brain tumors (Simonetti 2004). The record-
ing of stocked images throughout the total volume
of the brain allows for the assessment of anatomi-
cal location, morphology and size of tumor tissue.
The nuclear magnetic resonance (NMR) intensities
of various tissue types are determined by three
parameters, i.e., proton density, the spin — lattice (T)
and spin — spin (T,) relaxation times. Sensitivities if
these factors depend on two acquisition parameters
such us echo time and repetition time. Signal inten-
sity in each voxel is determined by all these
parameters. The magnetic resonance imaging The
MRI methods include imaging with contrast agents
(T,-eighted, T,- weighted, proton density weighted
MR images), diffusion-weighted imaging (analysis
of water movement within brain tissue at the
molecular level) and functional MRI (visualization
of specific brain structure participating in a specific
function). The application of the MRI technique to
brain tumor diagnosis was described in details by
Simonetti (2004).

A new technique based on nuclear magnetic
resonance that could assist brain tumor diagnosis
and classification is magnetic resonance spectros-
copy (MRS) (Simonetti 2004). This technique is
not commonly used in the clinic. However, most
of 1.5 T MRI spectrometers are also appropriate
for MRS measurements. Two methods of mea-
surements are commonly applied in magnetic
resonance spectroscopy. The first one is based on
the spectra obtained from a specific selected
region (voxel or volume element) in the brain.
Therefore, this method is called single voxel spec-
troscopy (SVS). Typically, in brain tumor diagno-
sis the voxel includes neoplastic tissue. Apart
from single voxel measurements, the spectra can
be collected from a two- (or three-) dimensional
grid. This method is referred to magnetic reso-
nance spectroscopic imaging (MRSI) or chemical
shift imaging. In this case, changes in metabolic
levels determined in measured volume of the
tissue may identify heterogeneity of tumor.



The MRS spectra provide information about
the concentrations and chemical properties of
various metabolites. The MRS is particularly
useful for biomedical applications. It is due to the
fact that MRS can be performed with the several
nuclei such as 'H, 3'P, ’C, and "°F. All of them
are important from a medical point of view
(Negendank 1992). The 3'P-MRS may assist
tumor diagnosis by the studies of energy metabo-
lism as the content of phosphocreatine, adenosine-
5’-triphosphate (ATP) and inorganic phosphate
can be determined. Moreover, phosphomonoes-
ters, which level was found to be increased in
tumors in compare with normal tissue, can be
followed using the 3'P-MRS. It should be also
mentioned that this technique allows for the
calculation of intracellular pH, which is an impor-
tant parameter in the study of neoplastic tissues.
Also the proton nucleus is important in the diag-
nosis of brain tumors. As a large number of brain
metabolites contain protons, they can be followed
in the 'H-MRS. The following important brain
metabolites can be examined using proton MRS:
glutamate, choline, creatine, N-acetyl aspartate,
fatty acids, myo-inosinol and lactate. Despite that
the quantification of single metabolite is in prac-
tice, a multivariate approach is highly suited.
Since spectral features of spectra acquired in
neoplastic tissue differ from these obtained from
normal tissue, the proton MRS can assist nonin-
vasive diagnostic of brain tumors. This technique
is also useful for differentiation of tumor types
and grades, as spectra obtained from tumors of
various types and grades reveal significantly
different spectral patterns.

Since the spectroscopic data is very different
in comparison with imaging data the application
of MRS is hampered in clinical diagnostic. This
is also due to a large amount of spectroscopic
data generated. Therefore, there is a need for
implementation of statistical tools that simplify
the data interpretation and therefore reduce time
consuming. Because the linear discriminant anal-
ysis (LDA) is one of the best-known statistical
techniques for pattern recognition, is often used
to assist MRI and MRS studies (Simonetti 2004).
In general, LDA utilizes a subset of data from
original MR images or spectra of known tissue
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type, as training set, and calculate a classification
model. The calculated linear combinations
(discriminant functions) of MR images (or spectral
patterns) discriminate between the tissue classes
defined in the training set. It should be empha-
sized that application of the LDA to classification
of brain tumors using MRSI is problematic. It due
to the fact, that accurate histological characteriza-
tion of all spectroscopic voxels is difficult. In spite
of that, linear discriminant analysis applied to
MRI and MRS results has found application in
classification of brain tumors. Both in vivo and
in vitro studies were conducted. Exemplary appli-
cations of MRI and MRS to diagnosis of brain
tumors are presented in further paragraphs.

In Vivo Spectroscopy and Imaging

As non-invasive diagnostic tests could reduce the
necessity for biopsy and its associated risks of
morbidity and mortality various MRI and MRS
sequences have been studied in an attempt to
recognize brain tumor type without biopsy.

The studies using a combination of MRI and
MRSI features for non-invasive classification of
brain tumors were reported by Devos et al.
(2005). This work was aimed to investigate the
discriminatory value of MRI intensities and met-
abolic data extracted from MRSI for automated
brain tumor diagnosis. Moreover, the usefulness
of several classification techniques including lin-
ear discriminant analysis was tested. The analysis
was carried out for 25 patients with a brain tumor
and four volunteers as a control group. The
following specimens were studied: 10 grade II
gliomas, 4 grade III gliomas, and 7 grade IV glio-
mas, and 3 meningiomas. All of them were
assigned to four classes of brain tumors. From
each patient, data were taken from several voxels
within the tumor area. Additionally, data from
both cerebrospinal fluid from patients and normal
brain tissue from patients and volunteers were
selected. Data from all cases with the same histo-
pathological recognition were combined into one
class. Finally, seven classes of pathologies were
obtained. The following MRI and MRSI features
were taken into account for the classification
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procedures: water normalized magnitude spectra,
metabolite amplitudes obtained by peak integra-
tion, and imaging intensities. The comparison of
MR spectra from MRSI, MR imaging intensities,
peak integration values obtained from the MR
spectra and a combination of the latter two was
used to test the influence of imaging intensities
and metabolic data. As mentioned above LDA
based on binary classification was performed.
Prior to LDA, the use of principal component
analysis as a feature extraction technique was
required. As the area under the receiver operating
characteristic curve (AUC) is a good summary
measure of the test accuracy, the test performance
was measured by the mean AUC and its pooled
standard error calculated from 100 randomiza-
tions. In general, all classification techniques
including LDA obtained a high performance
when using peak integration values with or with-
out MR imaging intensities. Particularly, for
healthy versus tumor tissue, low- versus high-
grade tumors, low- versus high-grade gliomas
and gliomas versus meningiomas, the mean test
AUC was higher than 99 %, 91 %, 95 %, and
99 %, respectively, when both MR imaging inten-
sities and peak integration values were used. It
was found that the use of metabolic data derived
from MRSI significantly improved classification
of brain tumor types in comparison with the use
of MR imaging intensities solely. The studies
showed clearly that '"H MRSI is an important
adjunct to the MRI techniques that increase
classification ability of brain tumors significantly.
Imaging intensities derived from MRI and MRS
metabolic data provide complementary informa-
tion for the accurate discrimination between
brain tissue types. Therefore combination of both
techniques should be included to the standard
clinical examination.

The ability of diffusion tensor MR imaging
(DTIT) metrics combined with tractography to
discriminate between the three most common
brain tumor types i.e. glioblastoma, meningi-
oma, and metastasis was studied by Byrnes et al.
(2006). The analysis was carried out for 36 brain
tumor patients. They were proven histopatho-
logicaly to be glioblastoma, meningioma or
metastasis. The three tumor types were described

by the DTI metrics. Principal component analysis
and subsequently a linear discriminant analysis
using the derived principal components were
applied to determine the variables that differentiate
tumor types most significantly and to classify
the cases. It was found that mean diffusivity cal-
culated for tumor region, linear tensor shape
metrics in tumor, mean diffusivity calculated for
oedema around the tumor, fractional anisotropy
in oedema and streamline density separate the
tumor types most significantly. The results of
case classification showed that 86.1 % of cases
were correctly classified at all data included to
the analysis. Whilst, in cross validation using the
‘leave one out’ method, 80.6 % of cases were
classified according to their histpathological
recognition. Particularly, glioblastoma was cor-
rectly classified in 69 %, meningioma in 75 %
and metastasis in 100 % of cases. This shows
that DTI combined with tractography and linear
discriminant analysis are useful in the diagnosis
of brain tumor in vivo and could potentially
reduce the requirement for invasive biopsy.
Dynamic contrast-enhanced MRI (DCE-MRI)
was combined with immunohistochemical stud-
ies to determine the possibility of brain glioma
grading (Awasthi et al. 2012). The classification
was supported by discriminant function analysis.
Seventy six brain tumors were included to the
studies. Fifty five of them were found to be high
grade on histopathology (41 glioblastoma, 4 glio-
sarcoma, and 10 III grade astrocytoma). Twenty
one low-grade tumors were diagnosed histopath-
ologically as II grade tumors (16 cases), and
I grade tumors (5 cases). DCE-MRI perfusion
indices, i.e., relative cerebral blood volume
(rCBV), relative cerebral blood flow (rCBF),
permeability (k"™ and k.,), and leakage (v.) were
quantified and used in discriminant function
analysis. The mmunohistochemical markers
applied included: vascular endothelial growth
factor (VEGF), hypoxia inducible factor (HIF),
matrix metalloproteinases (MMP), phosphatase
of regenerating liver 3 (PRL-3). MMP-9-, PRL-3-,
HIF-1a-, and VEGF- expressing cells were
quantified from the excised tumor tissues prior to
the statistical analysis. Using Pearson’s correla-
tion the following significantly correlated pairs



were found: VEGF expression and rCBV, VEGF
expression and TCBF, MMP-9 expression and k.,
HIF-1a expression and rCBV, HIF-1a expression
and VEGF expression. Base on these correlation
results, one of the variables from each of these
correlated pairs (i.e., VEGF, MMP-9, and
HIF-1a) was removed to use only non-invasive
markers in farther discriminant analysis. Variables
rCBY, k,,,, and v, were found to be significant dis-
criminators of the tumor grade and were included
to construct a classification model. Using the cal-
culated discriminant functions, 49 of 55 high
grade tumor cases (89.1 %) and 21 of 21 low-
grade tumor cases (100 %) were correctly classi-
fied. The classification procedure showed that
over 92 % of correct classifications were achieved
for all analyzed cases (70 correctly classified of
76 analyzed). The authors showed (Awasthi et al.
2012) that the DCE-MRI is able to differentiate
between high and low-grade gliomas. This sug-
gests utility of the DCE-MRI method in better
noninvasive imaging assessment of these pathol-
ogies in comparison to conventional MRI imag-
ing. Moreover, the significant positive correlation
of selected DCE-MRI indices and immunohisto-
chemical markers indicates that appropriate
DCE-MRI indices can imitate the expression of
these immunohistochemical markers.

Metabolic Characterization In Vitro

A multivariate discriminant analysis procedure
was applied by Roda et al. (2000) to classify
human cerebral tumors in vitro, combining the
use of proton MRS with automatic amino acid
analysis of biopsy extracts. Eighty-one samples
were taken surgically. The following eight
classes, determined in histopathological exami-
nation, were studied: high-grade astrocytomas
(19 cases), low-grade astrocytomas (10 cases),
normal brain (9 cases), medulloblastomas (4
cases), meningiomas (18 cases), metastases (8
cases), neurinomas (9 cases), and oligodendro-
gliomas (4 cases). Perchloric acid extracts were
prepared from every biopsy and analyzed with
the use of proton MRS to obtain a fingerprint of
the metabolite profiles of every tissue class.
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Additionally, amino acid profiles of the biopsies
were studied in the same extracts used for proton
MRS analysis by automatic ion exchange chro-
matography. The details concerning the sample
preparation and measurement conditions can be
found elsewhere (Roda et al. 2000). In general,
44 variables (27 resonances or ratios of reso-
nances measured by proton MRS, and 17 amino
acid concentrations determined by ionic exchange
chromatography) were used to statistical analy-
sis. A step-wise discriminant analysis was carried
out to found the linear combination of variables
that the best discriminate between the classes
compared. It was observed, that inositol and ace-
tate are the metabolites of the highest importance
to the discrimination between biopsy extracts of
high-grade and low-grade astrocytomas. Moreover,
the studies showed that tyrosine and proline
are relevant contributors to the discrimination
between high- and low-grade gliomas. Whilst,
glutamine has been found as the most significant
variable in the discrimination between: high-
grade astrocytomas and meningiomas, low-grade
astrocytomas and normal brain, and low-grade
astrocytomas and medulloblastomas. The highest
importance in the discrimination between low-
grade astrocytomas and neurinomas and between
low-grade astrocytomas and oligodendrogliomas
was noticed for glycine. To conclude, valine,
methionine, cysteine, tyrosine, and proline were
shown by Roda et al. (2000) to contribute impor-
tantly to discrimination between analyzed groups.
Moreover, the applied multilateral classification
procedure enabled to achieve the following
scores of correct classifications: normal brain,
100 %; neurinomas, 100 %; medulloblastomas,
100 %; meningiomas, 94.5 %; metastases, 86 %;
low-grade astrocytomas, 80 %; oligodendroglio-
mas, 75 %; and high-grade astrocytomas, 74 %.
The results presented by Roda et al. (2000)
provide a promising background for the imple-
mentation of nonhistological protocols for in
vitro tumor diagnosis in clinical practice.

High resolution spectra acquired in vitro using
'H MRS are particularly useful to determine the
chemical components of tissue extracts (Faria
et al. 2011). The spectral features of brain tissue
extract at high field strengths are comparable to
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proton MRS in vivo. This means that despite the
degradation of tissues before the extraction pro-
cess and the fact that the analyses rely only on
water soluble metabolites most biochemical
information is retrieved. The work reported by
Faria et al. (2011) was aimed to the application of
discriminant function analysis to high resolution
proton MRS spectra in order to refine the identi-
fication of their metabolic profile and to find pos-
sible markers for various types of brain tumors.
Human brain tumor biopsies were used in the
analysis. Forty three extracts of brain tissue from
39 patients with brain tumors and 4 patients (as
control group) operated for drug-resistant partial
epilepsy were studied. The histological examina-
tion of each specimen was carried out for the
same part of the tumor that was taken to prepare
extracts for 'H MRS. The tumor samples were
divided into four groups: high-grade neuroglial
tumors (Hg), including glioblastomas and ana-
plastic oligoastrocytomas; low-grade neuroglial
tumors (Lg), including non-anaplastic oligoastro-
cytomas and grade II astrocytomas;
neuroglial tumors (NN), including meningiomas,
adenomas, schwannomas and papilloma, and
metastasis from breast, lung and kidney adeno-
carcinomas. Nine metabolites such as acetoacetate
(Ac), alanine (Ala), creatine (Cr), choline com-
pounds [composed of free choline (Cho), glyc-
erophosphocholine (GPC) and phosphocholine
(PC)], y-aminobutyric acid (GABA), glycine
(Gly), glutamine and glutamate (GIn/Glu), myo-
inositol (m-Ins), and N-acetyl aspartate (NAA)
were responsible for the sample discrimination. It
was found that Hg tumors showed a relative
abundance of Gly, Ala, and GIn/Glu. Moreover,
m-Ins was increased in Lg compared to Hg
tumors. NN tumors revealed lower levels of Cr
and NAA in comparison to both Lg and Hg
tumors. NN was also characterized by a higher
relative abundance of Ala and Gly in relation to
Lg tumors and Ac when compared with Hg
tumors. m-Ins and GIn/Glu levels in NN tumors
were relatively increased in Lg and Hg tumors,
respectively. Metastasis showed lower levels of
m-Ins and Gln/Glu in comparison with both NN
and Hg tumors. The comparison between metas-
tasis and Lg tumors showed that metastasis had

non-

higher levels of Ala and Gly and lower levels of
m-Ins, Cr and NAA compare with Lg tumors.
Moreover, it was observed that tumors revealed
higher level of Ala and PC and reduced level of
Cr, m-Ins, NAA, and GABA when compared
with control group. The classification of speci-
mens using ‘leave-one-out” method showed that
from all discriminant function analyses only two
incorrect classifications occurred, i.e., two metas-
tasis samples were classified as Hg tumor. This
proves the efficiency of proton MRS coupled
with discriminant function analysis in group
characterization.

Differentiation/Classification
of Brain Tumors Based on
Elemental and Macromolecular
Characteristic

Microscopic examination of brain tumor sections
clearly shows variability of morphological
features between various tumor types. As an
example, white-light microscope images of
hematoxylin-eosin stained tissue section of
selected brain tumors are shown in Fig. 1.1. In
that light the question arises: whether the mor-
phological features of brain tumors are mirrored
by their biochemical composition? To answer
this question both elemental and macromolecu-
lar characteristics of neoplastic tissues seems to
be useful. Monitoring of biochemical processes
and interactions within the neoplastic tissues
may be directly realized by recognition of their
organic and inorganic components. It should be
emphasized that investigations of biochemical
features in biological specimens require analyti-
cal techniques that enable precise, microscale
probing. It is due to the complex nature of the
tumor, which apart from the “intrinsic” hetero-
geneity of the neoplasm, frequently shows
admixture of necrotic areas, components of the
host tissue, reactive gliosis and secondary con-
stituents such as lymphocytes, monocytes, blood
vessels, calcifications, macrophages, neutrophils
etc. Moreover, trace level detectability is required
for the determination of low concentrations of
chemical elements that are typical of biological
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Fig. 1.1 White-light microscope images of hematoxylin-
eosin stained tissue section of selected brain tumors: (a)
— gemistocytic astrocytoma (III grade); (b) — oligodendro-
glioma (Il grade); (c¢) — glioblastoma multiforme (IV

tissues. For example, it was found that the mass
fractions of trace elements in gray matter of
brain cortex, in mg/kg (in parentheses) were the
following: Fe (250), Cu (20), Zn (80), Rb (3)
(Boruchowska et al. 2001). This shows that only

grade); (d) — anaplastic astrocytoma (III grade); (e) —
meningothelial meningioma (I grade); (f) — fibrous
meningioma (I grade)

the analytical technique, which ensures the
traceability of mg/kg (ppm) may be used in
probing of neoplastic tissue (assuming that
levels of trace elements in both tumor and host
tissues are in the same range).
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Elemental “Signature” of Brain
Tumors

The X-ray fluorescence (XRF) technique, espe-
cially based on synchrotron radiation (SRXRF),
offers a nondestructive qualitative and quantitative
analysis of chemical elements. The principles of
the XRF technique can be found elsewhere
(Markowicz 1993). The XRF technique includ-
ing the SRXRF method has been used in a
number of applications in biology and medicine
(Szczerbowska-Boruchowska et al. 2011; Ducié
et al. 2011; Ortega et al. 2007).

The usefulness of the SRXRF technique for
classification (diagnosis) of brain tumors was
studied by Szczerbowska-Boruchowska et al.
(2011). The following tumor types were investi-
gated: glioblastoma multiforme (11 cases), gem-
istocyticastrocytoma (2 cases), oligodendroglioma
(4 cases), anaplastic oligodendroglioma (2 cases),
ganglioglioma (1 case), fibrillary astrocytoma
(1 case) and atypical transitional meningioma
(1 case). The specimens, taken intraoperatively,
were diagnosed histopathologically at the
Department of Neuropathology at the Jagiellonian
University Medical College in Krakow. The sample
preparation procedures for both routine histopath-
ological examination and spectroscopic studies
were described in details by Szczerbowska-
Boruchowska et al. (2011).

Elemental analysis of unstained tissue section
representing various brain tumors was carried out
using the SR-XRF technique. The measurements
were performed at the bending magnet beamline
L at HASYLAB (Hamburger Synchrotrostrah-
lunglabor, Hamburg, Germany). The primary
X-ray energy was set to 17 keV. The incidence
beam was focused to a size of 15 pm in diameter
with the use of a half-lenses polycapillary. Each
tissue section was scanned in two directions at a
step size of 15 pm both horizontally and verti-
cally. A typical size of the area of scanning was
from 300 to 500 pm in one direction.

The SR-XRF technique allowed for the deter-
mination of elements such as P, S, Cl, K, Ca, Fe,
Cu, Zn, Br and Rb in all analyzed neoplastic tis-
sues. Based on the masses per unit areas of ele-
ments, determined for each point within the

scanned area of the tissue sections, two-
dimensional maps of elemental distribution were
prepared. An example of XRF maps for oligo-
dendroglioma case is shown in Fig. 1.2. For each
sample data from 100 measurement points were
selected for further statistical analysis. Multiple
discriminant analysis (MDA) was used for two
purposes: (1) detecting the variables (elements)
that allow for discrimination between different
tumor types, and (2) classifying cases into
groups related to histopathological recognition.
In the analysis, the samples were discriminated
into groups based on their histopathological
diagnosis. It was found that the most significant
elements in the general discrimination of tumor
type are as follows: S, Cl, Cu, Fe, K, Br and Zn.
This means, that the contents of these elements
and their relative ratios in neoplastic tissues may
be a source of the unique elemental fingerprint of
different types of brain tumors. Moreover, the
largest difference in elemental composition was
observed between atypical transitional meningi-
oma and fibrillary astrocytoma (c.f. Fig. 1.3). As
one can noticed from Fig. 1.3 the smallest dif-
ferentiation, taking into account the elemental
composition of neoplastic tissues, was noted
between glioblastoma multiforme and oligoden-
droglioma. The usefulness of the calculated dis-
criminant functions was examined via their
ability to correctly classify each data point to
their a priori groups. The mean percentage of
correct predictions determined according to the a
posteriori probabilities procedure was equal to
99.93 %. This means that almost 100 % agree-
ment with histopathological diagnosis was
achieved. Apart from the classification of tumor
cases used previously for construction of dis-
criminant function model the validation proce-
dure was also carried out for ten new samples. In
this case, the mean percentage of correct predic-
tions obtained for the new cases of brain gliomas
was 87.6 %. These results show that the elemen-
tal studies coupled with multiple discriminant
analysis allowed for the classification of different
types of brain tumors into separate groups and
also even for classification/diagnosis of the
unknown cases. Very high predictive accuracies
of MDA that were achieved in the study described
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Fig. 1.2 Distribution of selected elements in oligodendroglioma (II grade) tissue section. Data presented in (pg/cm?).

Scale bar: 50 pm

by Szczerbowska-Boruchowska et al. (2011) should
be emphasized. As the authors suggest, the
created elemental fingerprinting may be a very
useful tool in assisting the process of histopatho-
logical diagnosis/classification of brain tumors.
Moreover, it was pointed out that the elemental
composition of a relatively small fragment of
neoplastic tissue represents satisfactorily the
elemental “signature” of cancer and using mul-
tiple discriminant analysis enables differentia-
tion of various types of brain tumors.

Macromolecular Fingerprint
of Brain Tumors

Apart from elemental composition of brain
tumors an organic components seem to be poten-
tial markers of various neoplastic tissues. The
main biological macromolecules such as proteins,
lipids, nucleic acids and carbohydrates can be
satisfactorily identified with the use of infrared
(IR) spectroscopy (Miller et al. 2002). Due to
unique fingerprinting capabilities, this technique
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Fig. 1.3 The scatterplot of observations in the space of
discriminant variables for different types of brain tumors
(OA anaplastic oligodendroglioma, AG gemistocytic

is a very valuable tool for biomolecular investiga-
tions. Moreover, IR spectroscopy allows for the
probing of tissues and cells at the molecular level.
Therefore, it was suggested as a diagnostic
method for clinical applications. The selected
advantages of IR spectroscopy such us minimal
sample preparation required, non-destructive
characteristic, no external markers required, and
rapidity should be emphasized (Krafft et al.
2006). The IR imaging allows for the determina-
tion of two-dimensional distribution of biological
macromolecules in tissues and cells. Moreover,
molecular structure information can be also
obtained from the same analysis, for protein sec-
ondary structure and fatty acyl chain peroxida-
tion level. Therefore, several cancer markers can
be identified based on IR spectroscopy. Potential
applications of IR spectroscopy imaging coupled
with linear discriminant analysis as a comple-
ment tool for diagnosis of brain tumors were dis-
cussed by Krafft et al. (2006, 2007). The authors
(Krafft et al. 2006) used IR spectroscopic maps

astrocytoma, AF fibrillary astrocytoma, GM glioblastoma
multiforme, G ganglioglioma, O oligodendroglioma, M
atypical transitional meningioma)

of multiple tissue samples from two patients
(with an astrocytoma of III grade and a multifocal
glioblastoma brain tumor) to construct a clas-
sification model. For this purpose linear dis-
criminant analysis was applied. The chemical
properties of training samples were described by
the lipid-to-protein ratio (band intensity ratio
2,850-1,655 cm™), two additional molecular
descriptors identified at 1,545 cm™/1,655 cm™
(amide II to amide I intensities ratio) and (1,231 +
1,450)cm™'/1,655 cm™', which are associated with
hemoglobin and collagen, respectively. The
model was applied to classify normal brain tissue,
IT grade astrocytoma, III grade astrocytoma,
glioblastoma, hemorrhage, and leptomeninges.
For each class, three IR spectra were taken as a
training set from IR spectroscopic maps of two
patients corresponding to the average spectrum,
the minimum magnitude, and the maximum
magnitude of the spectral features within the
metric. Then the LDA model was used to whole
IR spectroscopic images obtained for the analyzed
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tissue sections. The majority of the IR spectra
from IR maps were correctly assigned according
to their histopathological recognition. However,
it was found that glioma tissues are inhomoge-
neous and might encompass several grades of
malignancy. In the same work (Krafft et al. 2006)
additional samples were used in the frame of an
independent test of the previously constructed
LDA classification model. For this purpose tissue
sections taken from 15 patients with astrocytoma
of IIl WHO grade, 31 patients with glioblastoma
brain tumors, and 5 patients without brain tumor
were analyzed. Single IR spectra from these sec-
tions were subjected to the LDA model. The
results showed that for five normal samples
100 % accuracy was achieved. Fifteen III grade
astrocytoma samples were assigned according to
their histopathological recognition with 80 %
accuracy. For 31 glioblastoma samples 74.2 %
accuracy was achieved. Moreover, 20 % of III
grade astrocytoma samples were assigned to
glioblastoma and 19.4 % of glioblastoma sam-
ples were assigned to III grade astrocytoma. This
may result from similar chemical composition of
lipids and proteins. 6.4 % of glioblastoma sam-
ples were incorrectly classified as hemorrhage or
leptomeninges. In general, 100 % of III grade
astrocytoma and 93.6 % of glioblastoma were
recognized as malignant gliomas. No malignant
glioma was assigned to normal tissue or II grade
astrocytoma. The high score (over 93 % of cor-
rect classifications) of the independent test sam-
ples shows that linear discriminant analysis based
on molecular composition of tissue may be a
potentially valuable method assisting classifica-
tion of brain tumors. The usefulness of IR spec-
troscopic  imaging coupled with linear
discriminant analysis for classification of malig-
nant gliomas was also studied by Krafft et al.
(2007). In this work multiple IR images obtained
for three tissue sections from one patient with a
malignant glioma are acquired and assigned to
the six classes normal brain tissue, II grade astro-
cytoma, III grade astrocytoma, glioblastoma
multiforme (IV WHO grade), hemorrhage, and
other tissue. For the diagnosis of new samples the
LDA classification model trained as described by
Krafft et al. (2006) was used. The usefulness of
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such procedure was verified additionally by using
different IR detector (the focal plane array detec-
tor) for collecting new data than this (the single-
channel detector) applied to probe the training
samples. Based on the classification of IR spectra
it was found that on average 95 % of the tissue
cryosection was assigned to malignant glioma
(that means III grade astrocytoma or glioblas-
toma) which points to a location within the tumor.
From 12 % to 34 % of specimens classified as
malignant gliomas and increased cell density
were consistent with a location of the section
near the tumor margins. Only single malignant
glioma cells (less than 0.2 %) within mostly nor-
mal brain tissue of regular cellularity were
detected in the cryosection which most likely
originated from outside of the tumor. The pre-
sented results pinpoint the high accuracy of the
LDA model which was trained by IR spectra
from different patients and with different detec-
tors. This demonstrates that the IR spectral pat-
terns used to distinguish normal brain tissue and
tumors are conserved among patients. Moreover,
the LDA model is able to describe and recognize
these spectral fingerprints. It should be also
emphasized that the chemical information used
in LDA model as the selected descriptors is iden-
tical in IR spectra which were recorded by single-
or multi-channel IR detector. The work described
by Krafft et al. (2007) pointed out that the chemi-
cal and molecular differences between normal
brain tissue and brain tumors are sufficiently
large and the appropriate LDA classification
model may assist diagnosis/classification of brain
tumors.

Myelin Structure Based
Differentiation of Brain Tumors

Different forms of brain tumors, particularly
glioblastoma and meningioma reveal distinct
difference in myelin structure (Falzon et al. 2007).
It was reported that malignant gliomas infiltrate
the brain along myelinated tracts. Contrary,
meningioma infiltration is inhibited along myelin-
ated fibres. Moreover, meningiomas are strongly
affected by the inhibitory proteins present in



1 Classification/Diagnosis of Brain Tumors Using Discriminant Function Analysis 15

myelin of the central nervous system, whilst
glioblastomas are not as sensitive. The alteration
of the structure of myelin between brain tumor
types was examined using small angle X-ray
scattering (SAXS) technique by Falzon et al.
(2007). Due to the differences in myelin struc-
tures of brain tumors, particularly between
glioblastoma and meningioma, selected SAXS
features would indicate differences in tissue
structure. These may include a change in the
scattering ring intensity, the presence of new
scattering rings, shifts in the position of the scat-
tering rings, and changes in the relative intensi-
ties of the scattering rings. Statistical recognition
techniques including flexible discriminant analy-
sis (FDA) have been used to identify differences
in SAXS images obtained for various brain
tumors. The following cases were studied:
schwannoma (5 samples from 5 patients), menin-
gioma (12 samples from 11 patients), and
glioblastoma multiforme (12 samples from 9
patients). In general, 29 SAXS patterns from
25 patients were included to the analysis.
Independent component analysis was applied to
find a feature set representing the SAXS images.
Differences in the features were related to differ-
ences in the myelin scattering rings, the number
of scattering rings at low d-values and differences
in the amorphous background. In the next step,
three mixing coefficients were used to present the
contribution of each feature in the image. This
allowed for the using of flexible discriminant
analysis to discover a hidden order in the data set.
Both the spectral and intensity content of the sec-
ond and fourth order myelin scattering rings
changes from benign to malignant conditions
were observed. The change in peak intensity
would result from a change in the structural order
of myelin or a decrease in the amount of myelin
in the tissue. Using a FDA model that was
assessed using the ‘leave-one out’ cross valida-
tion, an excellent separation of classes (schwan-
noma, meningioma and glioblastoma) was
achieved. This indicates significant changes in
the myelin content or structure within the analyzed
tissues. Moreover, a very good classification
score (almost 100 %) was reached. Only one glio-
blastoma case was classified is a schwannoma.

The results of FDA analysis shows that separation
of the schwannoma, meningioma and glio-
blastoma tissue can be achieved based upon the
properties of the myelin scattering rings. This
means that fundamental differences between
these tumor types are related to myelin and that
successful classification of brain tumors can be
achieved using X-ray scattering.

Differentiation and Grading of
Brain Tumors Using Morphological
Features of Neoplastic Tissue

Vessel Shape Analysis

Malignancy of brain tumors was determined
based on vessel shape by Bullit et al. (2004).
Histological examinations show that blood
vessels associated with malignant tumors reveal
characteristic shape abnormalities. Changes in
vessel tortuosity were proposed as a potential
marker for incipient malignancy. This is due to
the fact that vessel tortuosity precedes sprout
formation. Moreover vessel shape may be nor-
malized by successful tumor treatment.
Therefore, the quantification of such vessel
shape changes in vivo could offer a powerful,
noninvasive means of estimating tumor malig-
nancy. Bullit et al. (2004) reported a study that
used measures of vessel shape to diagnose
malignancy brain tumors based on magnetic
resonance high-resolution 3D images. In gen-
eral, the study was aimed to noninvasively dis-
criminate malignant from benign tumors
including cases difficult to diagnose by other
imaging methods. The analyzed disputable
cases included hemorrhagic lesions, pinpoint
abnormalities, irradiated tumors, and hypervas-
cular benign lesions. The study was carried out
for 21 brain lesions in 19 patients scheduled for
tumor removal. Additionally, images of sixteen
healthy subjects were used to establish the
healthy database. On all subjects the following
sentences were performed: T1, T2, and MRA.
Moreover, the tumor patients received addition-
ally a gadolinium enhanced T1 sequence.
Typically, voxel spacing was 0.5 x 0.5 x 0.8 mm?.
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However bigger spacing values were also
applied for selected patients. Vessel extraction
involved definition of a seed point, automatic
extraction of an image intensity ridge representing
the vessel’s central skeleton, and automatic
determination of vessel radius at each skeleton
point. Such extracted vessels were then pro-
cessed to construct connected vessel trees and to
exclude noise. For each tumor patient, an auto-
mated analysis of vessel shape was performed
only upon those vessels lying within the tumor
boundaries. Next, the same region of interest
was mapped into the coordinate space of each
healthy patient. A similar, regional analysis was
carried out upon each healthy subject’s vascula-
ture. A minimum vessel number was set to 4.
The following vessel attributes of interest were
defined: vessel density measure, tortuosity type
II characterized by a “bag of worms” configuration,
and tortuosity type III characterized by high-
frequency, low-amplitude coils or sine waves. A
quadratic discriminant analysis and a nonpara-
metric discriminant analysis were performed for
automate diagnosis. Classification of each
tumor achieved based on vessel shape was com-
pared to the final pathological report. All of the
21 tumors (12 malignant and 9 benign) were
classified correctly into the benign or malignant
group during the blinded study. Potentially dif-
ficult cases were properly labeled. Four benign
and three malignant lesions had been treated by
months or years earlier. Moreover, it was found
prior surgery and radiation therapy did not
appear to disrupt vessel analysis. The authors
describe one example of a grade III glioma,
which exhibited abnormal vessel tortuosity but
no significant neovascularity. This shows that
vessel analysis as a means of early detection of
incipient cancers seems possible. Moreover, in
spite of vessel density, malignancy was related
to vasculature bearing high-frequency tortuosity
abnormalities. These vascular changes were
displayed by glioma grade IV, glioma grade III,
lymphoma, metastatic melanoma, metastatic
breast carcinoma, and pinealoblastoma. It was
found that abnormal vessel tortuosity occurs not
only within the enhancing margins of malignant
tumors but also in the surrounding tissue. This
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means that even tiny lesions can be classified as
malignant or benign via examination of vessels
in the surrounding tissue. The work described
by Bullit et al. (2004) clearly points out the use-
fulness of vessel shape computerized analysis
and discriminant analysis methods for specific
diagnosis of brain tumors. However, the obser-
vations should be verified for a larger series.

Studies of Tumor Cell Nuclei

As mentioned above, brain tumors reveal differ-
ences in morphological features at the single cell
level. Therefore, appropriate methods of statisti-
cal analysis based on the information provided by
morphometric studies of neoplastic tissue sec-
tions seems to be promising tool assisting classi-
fication of brain tumors. Nuclear shape studies
with reference to the differentiation and grading
of brain tumors using discriminant function anal-
ysis was carried out by Nafe et al. (2006). For this
purpose a digital image analysis system was used
to measure tumor cell nuclei. Typically, at least
300 per case were included to the study. The fol-
lowing tumor types were investigated: II grade
oligodendrogliomas (13 cases), III grade oligo-
dendrogliomas (11 cases), IV grade medulloblasto-
mas (14 cases), Il grade anaplastic ependymomas
(12 cases). Moreover, Ki-67- positive vs. Ki-67
— negative tumor cell nuclei in the 14 medullo-
blastomas were included to the analysis. For each
cell nucleus, Fourier amplitudes no. 1-15,
moments no. 1-7 according to Hu, ellipse shape
factor, concavity factor, roundness factor, Feret
ratio, fractal dimension and bending energy were
determined. The comparisons of the discrimina-
tory power of these parameters were tested in
three pairwise: II grade oligodendrogliomas vs.
IIT grade oligodendrogliomas; IV grade medullo-
blastomas versus III grade anaplastic ependymo-
mas; and Ki-67- positive versus Ki-67 — negative
medulloblastomas cell nuclei. Using data from
Fourier analysis 100 % correct classifications
were achieved when comparing both II grade oli-
godendrogliomas versus III grade oligodendro-
gliomas and IV grade medulloblastomas versus
III grade anaplastic ependymomas. 75 % correct
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classifications were obtained in comparison
between Ki-67-positive and Ki-67-negative
nuclei from medulloblastomas. Including the
other shape parameters to the discriminant func-
tion analysis resulted in a lower percentage of
correctly reclassified cases for all three pairwise
comparisons. The studies presented by Nafe et al.
(2006) clearly show that Fourier analysis allowed
for the optimal statistical discrimination between
different brain tumors. As was reported, nuclear
shape is an important criterion for the investiga-
tion of brain tumors. Therefore, the use of Fourier
shape analysis in combination with discriminant
function analysis is recommended for quantifica-
tion of histological examinations.

In conclusion, the diversity of diagnostic
methods now available allows for the determi-
nation of unique features of neoplastic tissues.
Interdisciplinary studies including these based
of techniques of modern physics and clinical
practice open new opportunities for current
oncology. As an accurate initial diagnosis of
brain tumors has important consequences for
therapeutic decisions and prognosis, methods
assisting brain tumor classification/diagnosis
are of grate importance. Literature studies show
that various techniques, including these not
commonly used in the clinic, provide valuable
information that may improve current diagnos-
tic of brain tumors. What is more, the appropri-
ate methods of statistical analysis such us
discriminant function analysis can be applied to
gain the usefulness of diagnostic techniques.
Undoubtedly, such interdisciplinary approach
to the problem of the classification of brain
tumors requires a remarkable commitment of
clinicians. Often, the close cooperation between
clinicians, radiologist, physicists, analysts and
statistics is necessary. In selected cases, the
need for the complex research facilities (such
as synchrotrons) can provide also some limita-
tions for such studies. However, as was reported
in this work, in most cited cases very high pre-
dictive abilities were achieved. Therefore, the
potential diagnostic methods in combination
with discriminant function analysis would be
recommended to be included to standard clini-
cal examination.
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family proteins ultimately releasing E2F tran-
scription factors, which are essential for cell
cycle progression. In the adult brain, Cdk6 also
controls the length of G1 phase, which is a
critical step for balancing proliferation with
neuronal differentiation.

Adult Neurogenesis
Introduction

For a century, it was established that brain ceased
to grow “new nerve cells after birth”. However, in
the late 1960s, thanks to a new method developed
to label dividing cells with H3-thymidine, Altman
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showed the production of new cells in the rat
adult brain (Altman and Das 1965). Subsequently,
new techniques have been developed to study cell
proliferation and highlight the birth of new neu-
rons during adulthood. In the 1990s, the use of
bromodeoxyuridine (BrdU) and immunohisto-
chemical techniques coupled with confocal
microscopy allowed the definite identification of
adult neurogenesis in mammals including human
beings (Reynolds and Weiss 1992). Indeed, neu-
ral stem cells (NSCs) were isolated from the
adult brain and cultured. These cells could be
expanded and showed self-renewal ability and
multipotentiality in vitro, two characteristics of
stemness. NSCs were the likely source of new
neurons in vivo as they were able to differentiate
in culture into all cell types of the brain, includ-
ing neurons. Neurogenesis takes place through-
out life in two discrete brain areas: the dentate
gyrus of the hippocampus (DG) and the subven-
tricular zone of the lateral ventricle (SVZ). The
process of adult neurogenesis encompasses the
proliferation of resident neural stem and progeni-
tor cells and their subsequent differentiation,
migration, and functional integration into the pre-
existing synaptic network. In the DG, excitatory
granule neurons are generated throughout life
from stem and progenitor cells in the subgranular
zone (SGZ). While in the SVZ, highly prolifera-
tive progenitors give rise to new neurons that
migrate through the rostral migratory stream
(RMS) to reach the olfactory bulb (OB) where
they predominantly differentiate into GABAergic
inhibitory interneurons.

Adult Neurogenesis in the Dentate
Gyrus

The hippocampus is a cortical structure that
belongs to the limbic system. It is folded onto
itself and it locates in the medial temporal lobe of
the brain. It is composed of two major structures:
the Ammon’s horn (CA1l, CA2, and CA3), the
DG divided into three main parts: the hilus, the
granular zone (GCL) and the SGZ. The process
of adult hippocampal neurogenesis encompasses
the slow proliferation of early stem or progenitor
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cells located in the SGZ, the subsequent faster
proliferation of more restricted progenitors
(expansion phase), the selection for survival or
elimination of young neurons, the integration of
the surviving neurons into the pre-existing neuro-
nal network of the GCL. The last phases of post-
mitotic development include gradually increasing
neuronal connectivity and changes in physiologi-
cal neuronal properties. Newly integrated granule
neurons project their axons to CA3 and are elec-
trophysiologically functional.

Type-1 Cells: Radial Glia-Like

Stem Cells

The development of new neurons in the adult DG
is now well defined. Indeed, several cell stages
have been described and can be differentiated by
antigenic and morphological criteria. Hippo-
campal adult neurogenesis originates in the SGZ
from astrocyte-like type-1 cells whose soma is
triangular-shaped and. These cells possess a
radial glia-like morphology as they send a long
apical extension into the molecular layer that
contacts blood vessels through vascular end feet.
Numerically, type-1 cells represent the most
abundant precursor cell type but rarely divide.
These quiescent astrocyte-like type-1 cells
express glial fibrillary acidic protein (GFAP), as
well as nestin, an intermediate filament protein,
and the transcription factor, Sox2 (Fig. 2.1).
However, these cells do not express S100B, a
protein specifically present in the postmitotic
astrocytic population.

Type-2 Cells: Progenitors Cells

Type-1 cells divide asymmetrically and give rise
to type-2 precursor cells, also known as transit
amplifying precursors (TAP) or intermediate pro-
genitor cells (IPC). Indeed, these cells possess an
intense mitotic activity, thereby amplifying the
pool of highly proliferating progenitors. Type-2
cells are morphologically distinct from type-1
cells: their processes are short and horizontally
oriented. Type-2 cells are often subdivided in
early progenitors, i.e. type-2a cells, and more
mature type-2b cells. Type-2a cells still express
markers of radial glia including nestin and Sox2
but no longer GFAP, a specific marker for type-1
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cells. Type-2b cells show the first antigenic signs
of neuronal differentiation and express several
neuroblast markers such as doublecortin (DCX),
a microtubule-associated protein involved in dif-
ferentiation and neuronal migration, and the tran-
scription factors NeuroD and Tbr2. The first
synaptic inputs are GABAergic and recorded in
type-2 cells, which suggest that these cells are
wired to the pre-existing hippocampal network.

Type-3 Cells: Neuroblasts

Type-3 precursor cells correspond to a transition
from a proliferative stage (type-2b cells) to post-
mitotic immature neurons. These cells are the
most neuronally committed precursors and pos-
sess restricted proliferative capacity as compared
to type-2b cells. Type-3 cells express markers of
the neuronal lineage such as DCX, PSA-NCAM,
NeuroD and Prox1 but lack the expression of
glial markers. They exit the cell cycle and
migrate on a short distance into the GCL, where
they give rise to immature DCX neurons express-
ing calretinin, a calcium-binding protein, and
neuronal nuclei (NeuN), a postmitotic neuronal
marker. Most immature neurons produced will
not survive and only few newborn granule cells
will be stably integrated into the synaptic net-
work of the DG.

Stem Cells or Not in the Dentate Gyrus?
Initially, hippocampal precursor cells were found
to be multipotent in vitro and able to differentiate
into electrophysiologically functional granule
excitatory neurons. This persistent neuronal pro-
duction in the adult DG arise from type-1 radial
glial precursors (Doetsch et al. 1999), however
whether these cells are able to self-renew by
symmetric and/or asymmetric division remains
under debate.

Indeed, it has been demonstrated, both in
vitro and in vivo, that type-1 cells enter the cell
cycle to generate, through asymmetric divisions,
type-2 cells that in turn become neuroblasts,
which then differentiate into mature neurons.
Nevertheless, several teams were unsuccessful
in identifying true stem cells in the SGZ. Seaberg
and van der Kooy (2002) followed by Bull
and Bartlett (2005) failed to isolate cells with

self-renewal ability and multipotentiality in the
adult DG (Bull and Bartlett 2005; Seaberg and
Van Der Kooy 2002). More recently, Clarke
et al. used in vitro clonal assay to challenge the
stem cell properties (self-renewal and multipo-
tentiality) of postnatal DG precursors. They
found that type-1 cells are lineage-restricted
progenitors with limited proliferative capacity
and never detected colonies with abilities of self-
renewing and multipotentiality (Clarke and Van
Der Kooy 2011). Likewise, Encinas et al. showed
in vivo that, after a limited number of asymmetric
divisions, type-1 cells exit the cell cycle and start
acquiring the astrocytic morphology, therefore
leading to exhaustion of the “stem cell” pool
(Encinas et al. 2011). However, among type-1
cells, some have a long-term ability to generate
neurons and glia as well as to undergo self-
renewing symmetric divisions, and therefore are
true stem cells (Bonaguidi et al. 2011).

Adult Neurogenesis in the SVZ

The SVZ is composed of three main cell types:
neuroblasts (Type-A cells), radial glia-like cells
(Type-B cells), and TAPs (IPCs, Type-C cells)
(Fig. 2.1). This heterogeneous population of
cells exists in a dedicated environment, mainly
composed of multiciliated ependymal cells
(type-E cells) lining the ventricular surface as
well as specialized vascular network (Ming and
Song 2011). Arrangement of this “niche” is
spatially defined, in that ependymal cells are
organized in a pinwheel-like fashion surround-
ing monociliated type-B cells touching the
ventricular surface (Mirzadeh et al. 2010). This
«pinwheel structure» is only present in the
ventricular wall of the neurogenic SVZ region
suggesting an important role for intercellular
interactions in neurogenesis (Mirzadeh et al.
2010). In addition, SVZ NSCs (i.e. type-B cells)
extend basal processes that terminate on blood
vessels that lie beneath the ependymal layer.
During lineage progression, astrocytic-like
type-B stem cells produce TAPs that in turn
give rise to type-A neuroblasts. These cells are
immature proliferating neurons that migrate



22

N. Caron et al.

Hippocampus

Rostral migratory
stream

b |

Prohferation _

T ommmTmm || oammr |
. Type-1 .. Type-2a .l Type-2b .. Type-3 .

Eell cycle exit

GCL

GFAP BLBP l Thr .

B Nestin / Sox2 B | e Neurodl / DCX

! Type-B !m. l}'pel.-\ .

RMS

Nea¥ - -

BGr s ELER T I Dz

o /sox2 0 I NG I

B | =
PSINCAN /DCK M I Catresain 0




2 Neuronal Differentiation in the Adult Brain: CDK6 as the Molecular Regulator 23

over long distances (several millimetres) from
the SVZ bordering the lateral ventricles of the
brain via the rostral migratory stream (RMS)
toward the olfactory bulb (OB) through a tube
formed by astrocytes. In the OB, type-A cells
detach from the RMS and migrate radially
toward glomeruli where they differentiate and
becoming GABAergic granule or periglomeru-
lar interneurons.

Type-B Cells: Radial Glia-Like

Stem Cells

Type-B cells extend an apical ending that contact
the ventricle and a long basal process ending on
blood vessels. The number of contacts in the
ventricle appears to increase when SVZ prolif-
eration is stimulated (Mirzadeh et al. 2010).
Type-B cells are considered to be the NSCs with
ultrastructural characteristics of astroglial cells
such as irregular contours that profusely fill the
spaces between neighbouring cells, a long basal
process that terminates on blood vessels and a
single primary cilium that reaches the ventricle
lumen. The function of the single primary cilium
remains to be understood. This cilium can have a
mechanosensory function, suggesting that the
force of CSF flow itself may exert an influence
on the proliferative state of the stem cell (Singla
and Reiter 2006). This organelle has also been
implicated in Sonic Hedgehog (Shh), Wnt, and
PDGEF signaling pathways, which are important
for the stemness maintenance (Ihrie and Alvarez-
Buylla 2011).

Type-B cells express, like type-1 cells in the
DG, GFAP, nestin and sox2 but, importantly,
not S100B an astrocytic marker also expressed
by ependymal cells (Ming and Song 2011). In
the RMS, all type-B cells ensheath migrating

<

neuroblasts. Type-B cells divide to generate by
successive asymmetric or symmetric division
TAPs (type-C cells).

Type-C Cells: Transient

Amplifying Cells

Type-C cells represent the most important pool
of proliferating progenitors within the SVZ, as
type-2 cells in the DG. These cells are larger
and more spherical than type-B cells and are
intimately connected to blood vessels. Type-B
cells form a tubular sheath surrounding type-C
cells. Initial observations revealed that in vitro
“neurospheres” were derived from type-B
NSCs (Doetsch et al. 2002), however, a new
study indicates that this neurosphere-forming
ability is also an intrinsic property of type-C
cells (Pastrana et al. 2009). In vivo, these cells
still lack a specific clear-cut molecular marker
that differentiate them from other cells (Doetsch
et al. 1999). It was reported recently that type-
C cells express specifically transcription factor
Mashl and a homeobox transcription factor,
Distal less 2 (DIx2), which is also express in
type-A cells (Ming and Song 2011). Type-C
cells will give rise to neuroblasts also named
type-A cells.

Type-A Cells: Neuroblasts

The ultimate precursor type in the lineage pro-
gression of the adult SVZ is type-A cell. These
cells express DIx2 and are also characterized by
the expression of proteins related to migration as
DCX and PSA-NCAM (PolySialic Acid -
Neuronal Cell Adhesion Molecule) — the embry-
onic form of NCAM. In the RMS, type-A cells
form chains and migrate toward the OB through
glial tube formed by astrocytes.

Fig. 2.1 Schematic representation of adult rodent neu-
rogenesis. (a) Illustration of a sagittal section through the
mouse brain showing location of neurogenic zones: the
subgranular zone (SGZ) of the dentate gyrus (DG) in the hip-
pocampus and the subventricular zone of the lateral ventri-
cles (LV) where neurons are produced and migrate to the
olfactory bulb (OB) via the rostral migratory stream (RMS).
(b) Schematic summary of the neuronal differentiation cas-
cade in the adult dentate gyrus. Each cell type is character-

ized by the expression of specific markers. (¢) Representation
of progenitor cell types and neurons in the SVZ/RMS/olfac-
tory system based on the expression of localization and
expression of specific markers. GFAP Glial Fibrillary acid
protein, BLBP Brain lipid-binding protein, 7br2 T-box brain
protein 2, DCX Doublecortin, Prox/ prospero homeobox 1,
NeuN Neuronal Nuclei, DIx2 distal-less homeobox2, Mashl
mammalian achaete scute homolog 1, PSA-NCAM Poly-
Sialated Neural Cell Adhesion Molecule, E ependymal cells
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Six days after their birth in the SVZ, the first
neuroblasts arrive in the OB and migrate radially
into the layers where they differentiate into
mature interneurons. A majority of neuroblasts
differentiate into GABAergic granule neurons
while a minority differentiate into GABAergic
periglomerular neurons and a small portion into
dopaminergic neurons. Finally, new granule cells
with mature morphologies display spontaneous
synaptic potentials (Carleton et al. 2003).

Cell Cycle
Introduction

The cell cycle consists in a series of sequential
phases that takes place in a cell leading to its divi-
sion and replication. The duration of the cell
cycle varies from 2 to 3 h in unicellular organisms
(such as Saccharomyces cerevisiae) to 24 h in
eukaryotic cells. In prokaryotic cells, which lack
a nucleus, the cell cycle occurs through binary
fission: circular DNA is replicated, and then the
cell splits into two identical cells which contain
an exact copy of the original DNA. In eukaryotic
cells, the cell cycle is an elaborate replication
process divided in two periods: interphase and
mitosis (M). Interphase leads to DNA duplication
and comprises three distinct phases: G1 (Gap 1),
S phase (DNA synthesis) and G2 (Gap 2). During
G1, the expression of genes required for G1
progression and S phase entry results mostly
from the initial Rb phosphorylation. After DNA
replication that occurs in S phase, the cell enters
in G2 where significant proteic biosynthesis
occurs, mainly involving in the generation of
microtubules necessary for mitosis. The process
of mitosis comprises five phases: prophase,
metaphase, anaphase, telophase and cytokinesis
(a cytoplasmic division). Errors in mitosis often
lead to cell cycle arrest and apoptotic cell death
to avoid genomic instability and accumulation
of mutations. Dependent of environmental and
development signals, cells in G1 may stop their
division and, temporarily or permanently, leave
the cell cycle to enter in a quiescence or senes-
cence state, i.e. GO phase (Gap 0). During this
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stage, cells may remain quiescent for long periods
of time (like skin fibroblasts or liver hepatic
cells), possibly permanently (i.e. neurons or
cardiac cells); or cells may enter in senescence
in response to DNA damage or degradation.

The progress through the cell cycle requires
the assembly of complexes of cyclin-dependent
kinase (CDK, catalytic subunit) and a cyclin
(regulator subunit) (Fig. 2.2). Functional het-
erodimer enters into the cell nucleus where it
gets phosphorylated by a CDK-activating
kinase (CAK) to activate or inhibit its target
proteins and allows the entry into the next phase
of the cell cycle. In mammals, they are at least
15 different cyclins known from Cyclin A to
Cyclin Y, and 21 genes encoding CDKs among
which a few (CDK1, CDK2, CDK4, CDK®6) are
exclusively associated with cell cycle regula-
tion (Malumbres and Barbacid 2009). Each
cyclin can bind one or two CDKs and each
CDK can be associated with one or two cyclins.
CDKs are constitutively expressed in cells
whereas cyclins are synthesized in a cyclic
manner in response to various molecular signals
at specific cell cycle stages.

When quiescent cells (GO) enter into the cell
cycle (in G1), the D-type cyclins (i.e. cyclin
D1, D2 and D3) are expressed in response to
mitogenic signals and bind to their catalytic
partners, CDK4 or CDK6. The kinase activity
of these complexes results in the expression of
genes whose products are involved in G1/S
transition and S phase progression. The G1/S
transition requires the binding of CDK2 to
cyclin E. CDK2 activity is also implicated in S
phase progression through binding with cyclin A.
Cyclin A is also important for G2/M transition
through its association with CDKI1. Finally, during
M phase, cyclin B/CDK1 phosphorylates
several important structural components of
the cell that are responsible for nuclear envelope
breakdown and reorganization of the microtubule
and actin filaments.

Redundancy exists between cyclins: in the
absence of cyclin E-Cdk2, cyclin A-Cdk2 can
promote G1/S transition while cyclin D-CDK4/6
and cyclin E-CDK2 play redundant roles during
G1/S progression. The degradation of cyclins A
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Fig. 2.2 Different aspects of cell cycle regulation. Modulation of cell cycle progression by CDK/cyclins, Rb/E2F
pathway and M-phase promoting factor (MPF, i.e. CDK1/CyclinB) modulators

and B is regulated by the APC/C complex
(Anaphase-Promoting Complex/Cyclosome) and
the APC/C inhibitor Emil (Early Mitotic
Inhibitor 1). The APC/C complex is an ubiquitin
multisubunit E3 ligase, which contribute to the
degradation of cyclins A and B by promoting
poly-ubiquitinylation. Expression of these
cyclins in S phase and G2 requires the inactiva-
tion of APC/C by Emil whose transcription is
induced by E2F transcription factors. Emil is
stabilized through binding to Evi5, while its deg-
radation occurs after phosphorylation by Plkl
(Polo-like kinase 1).

CDKs Modulators

The activity of CDKs is regulated by both acti-
vating and inhibitory phosphorylations due to
their association with cyclins, but also with
“non-cyclin” CDK activators or CDK inhibitors.

CDK Inhibitors

The cell cycle is negatively regulated by two fam-
ilies of CDK inhibitors (CKIs): INK4 and CIP/
KIP (Sherr and Roberts 1999). CKIs inhibit CAK
phosphorylation of CDK by conformational
changes, but without binding to CAK.
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e The INK4/ARF Family

The INK4/ARF (Inhibitor of Kinase 4/Alternative
Reading Frame) family exclusively binds and
inhibits CDK4 and CDK6 by blocking their bind-
ing to D-type cyclins during G1 phase progres-
sion. This family contains four members: INK4A
(also named pl16), INK4B (pl5 or CDKN2B),
INK4C (p18 or CDKN2C) and INK4D (p19 or
CDKNZ2D). A unique gene encodes all INK4 pro-
teins, which are 15- to 19-kDa polypeptides con-
taining several ankyrin repeats implicated in their
interaction with CDK4 and CDKG6. These proteins
show poor sequence homology (approximately
40 %), however they are highly conserved among
species (for example, each of the INK4 proteins in
the mouse shares 90 % identity with the corre-
sponding proteins in human). INK4 proteins are
equally potent as inhibitors, but are differentially
expressed during mouse development and show
diversity in their pattern of expression suggest-
ing cell-lineage specificity or tissue-specific
functions.

e The CIP/KIP Family

Members of CIP/KIP (CDK Interacting Protein/
Kinase Inhibitory Protein) family are negative
regulators of the cell cycle progression. The CIP/
KIP family is composed of three members:
p21€e! (CDKNI1A), p27%P! (p27, CDKNI1B) and
p57%P2 (CDKNI1C), which are negative regula-
tors of cyclin E/CDK2, cyclin A/CDK2 and
cyclin B/CDK1, and negative or positive regula-
tors of cyclin D/CDK4-6 (Besson et al. 2008).
Contrary to the INK4/ARF family, the action of
Cip/Kip members depends on their binding to
both cyclins and Cdks subunits, that occurs on a
specific N-terminal domain conserved in all CIP/
KIP members, the “LFG” domain. The remain-
der of their sequence is poorly conserved, sug-
gesting that each of these proteins present specific
functions in the regulation of the cell cycle.
Under physiological conditions, p27 is highly
expressed during GO and early G1 phase, and
then rapidly decrease in late G1 and S phase. p27
blocks S phase progression through inhibition of
cyclin E/CDK2 and cyclin A/CDK2. p21 is less
specific, it inhibits the activity of cyclin E-A/
CDK2 and cyclin B/CDKI1 complexes, and also
cyclin D/CDK4 that controls G1 checkpoint.
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Moreover, p21 can bind PCNA (Proliferating
Cell Nuclear Antigen) subunit of & DNA poly-
merase and inhibits this enzyme activity to block
DNA replication. pS7 seems more implicated in
the regulation of the cell cycle during the embry-
onic development, and it present a tissue-
specificity expression.

Cip/Kip proteins could also act as non-
inhibitory or positive modulators of cell cycle
progression by facilitating the transition between
the G1 and the S phase. Their progressive bind-
ing to increasing amount of cyclin D/CDK4
dimers releases their inhibitory activity on cyclin
E/CDK?2 and thus favors cell cycle progression.
The balance between inhibitory and non-
inhibitory functions of CIP/KIP could be linked
to their phosphorylation state within specific
domains. For example, p27 is an inhibitor of
cyclin D/Cdk4 complexes in cell cycle-arrested
cells, while it is associated with active cyclin
D/Cdk4 complexes in proliferating cells. Indeed,
p27 is preferentially tyrosine phosphorylated
(Tyr88 and 89) in proliferating cells, causing it to
bind cyclin D/Cdk4 in a non-inhibitory mode. In
quiescent cells, p27 is dephosphorylated while
bound to cyclin D/Cdk4 and therefore inhibits
complexes activity (James et al. 2008). It is also
possible that CIP/KIP role as inhibitor or non-
inhibitor could depend directly on their expres-
sion level (Labaer et al. 1997).

Other CDK Modulators

In addition to activation by cyclins and inhibition
by CKIs, CDKs can also be modulated by other
proteins, such as CDK activating kinase (CAK),
RINGO/Speedy family of proteins, Weel/Mytl
kinases and Cdc25 phosphatases.

¢ CDK Activating Kinase (CAK)

The CDK/cyclin complexes are activated by
phosphorylation at specific sites on the CDKs by
CDK activating kinase (CAK). CAK is formed
by the association of CDK7, cyclin H and the
assembly factor MATI. It activates CDKI,
CDK?2, CDK4 and CDK6 by phosphorylation on
a conserved threonine residue. This phosphoryla-
tion is responsible for an increase binding of
CDK to its substrate. The activation of CAK
requires the binding of CDK?7 to cyclin H, which
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allows the phosphorylation of CDK7 on a con-
served Thr170 residue in the activation loop. But,
contrary to the others CDKs, which need to be
phosphorylated to be active, the phosphorylation
of CDKY7 on its activation segment is not essen-
tial for CAK activity. Indeed, MAT1 can substi-
tute Thr170 phosphorylation and is sufficient to
activate CDK7/cyclin H complex. CDK7 pres-
ents a second site of phosphorylation at Ser164 in
Human, whose activation by phosphorylation
due to CDK7/cyclin H complex enhances activity
and cyclin binding. CAK is also a subunit of the
transcription factor TFIIH, which predominantly
phosphorylates proteins involved in transcrip-
tion, including the RNA polymerase II large sub-
unit C-terminal domain involved in the transition
to transcriptional pre-initiation from transcrip-
tional initiation stage. TFIIH can phosphorylate
CDK2, but less efficiently than free CAK.
e RINGO/Speedy Family
Speedy or RINGO (Rapid Induced of G2/M
progression in Oocytes) proteins are direct acti-
vators of CDK1 and CDK2. They also bind
CDKS5, but not CDK4 or CDK6. To date, five
mammalian RINGO/Speedy family members
have been identified, RINGO A to E. These pro-
teins contain a conserved central region of about
100 residues called the ‘Speedy-box’ essential
for CDK binding and activation, although with
different affinities: the binding and the activation
of CDK2 is more efficient than CDKI. Unlike
cyclins, RINGO/Speedy proteins do not phos-
phorylate CDKs in the activation loop of the
kinase domain. Therefore, unconventional not
yet identified roles for RINGO/Speedy proteins
in the regulation of cell cycle are suggested.
* M-phase Promoting Factor (MPF) Modulators:
Weel/Mytl Kinases and Cdc25 Phosphatases
The entry of cell in mitosis is controlled by the
M-phase promoting factor (MPF, Nobel Price of
Physiology and Medicine 2001 shared by Paul
Nurse, Tim Hunt and Leland Hartwell). MPF is a
complex of two proteins, cyclin B and CDKI.
This complex is necessary for G2/M transition
but must be rapidly inactivated during mitosis to
avoid several mitosis cycles. CDKI1 is expressed
at constant level during the whole cell cycle,
whereas cyclin B has a cyclic expression with an

initiation of synthesis at the end of S phase.
Cyclin B accumulates during G1, S, G2, M phases
but decreases rapidly at the end of mitosis (at the
checkpoint). The increase of cyclin B concentra-
tion allows the formation of CDKl/cyclin B
complex, whose activity is determined by the
phosphorylation state of CDK1 (Fig. 2.2). To be
active, CDK1 must be phosphorylated on Thr161
by CAK. In interphase, after its association with
cyclin B, CDKI is held in a relatively inactive
state by simultaneous phosphorylation of Thr14
and Tyrl5 residues located within the ATP-
binding site by Weel and Mytl. These two resi-
dues must be dephosphorylated for the activation
of the cyclin B/CDK1 complex and thus to pro-
mote the initiation of mitosis. Dephosphorylation
is ensured by the Cdc25 phosphatases (CDC25 A,
CDC25 B and CDC25 C, in humans). Thus, the
active heterodimer cyclin B/CDK1 (phosphory-
lated on Thr161) inhibits Weel and Myt! kinases
and activates Cdc25 phosphatases, therefore
increasing CDK1 activity, and favors the entry of
cell in mitosis by phosphorylation of its target
proteins such as histone H1, lamin or microtubule-
associated proteins, responsible for chromosome
condensation during mitosis, fragmentation and
solubilization of nuclear lamina or microtubules
dynamic stability, respectively. When mitosis
is initiated, CDK1 activates the degradation of
cyclin B by poly-ubiquitinylation, and then CDK1
is dephosphorylated on Thr161 by a phosphatase:
a new cycle can begin.

Rb/E2F Pathway

The primary function of cyclin D-dependent
kinases — CDK4 and CDK®6 - is phosphorylation
of a retinoblastoma tumor suppressor protein
(pRb), encoded by the retinoblastoma susceptibil-
ity gene (RB1). The retinoblastoma tumor sup-
pressor family (also named “pocket proteins”),
pRb, together with the related proteins p107 and
p130, plays a critical role in cell cycle regulation.
pRb proteins have approximately 50 % of
sequence homology, and contain a specific and
conserved domain named the “pocket domain”
that is responsible for their repressor function.
pRb are transcriptional repressors that regulates
the cell cycle through their ability to bind and
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sequestrate E2F transcription factors (Swiss and
Casaccia 2010). pRb interacts and inhibits E2F
through its specific “pocket domain” to coordi-
nate the initiation of S phase by mitogenic signal-
ing molecules (Mcclellan and Slack 2007). To this
end, pRb activity is modulated by a balance of
phosphorylation/dephosphorylation that arises
from kinase and phosphatase activities in a cell
cycle-dependent manner (Fig. 2.2). Indeed, at GO
and early G1, Rb is hypophosphorylated allowing
its binding to E2F factors blocking their transacti-
vation domain and inhibiting the recruitment of
co-repressors (as histone deacetylase 1 (HDAC1)
or Brgl/hBRM, members of the SWI/SNF
nucleosome remodeling complex) as well as the
expression of E2F target genes. The cyclin/CDK
complexes responsible for the cell cycle progres-
sion hyperphosphorylate pRb from late Gl to
mitosis, thus relieving the constraints on E2F pro-
teins and allowing the expression of genes
required for DNA synthesis and cell cycle pro-
gression. Towards the end of M phase, the protein
phosphatase 1 (PP1), which is also necessary for
mitotic exit, dephosphorylates pRb. E2Fs are
required during cell cycle progression, as they
contribute to irreversibility of G1/S transition via
a positive feedback loop: E2Fs activate the over-
expression of cyclin E, which interacts with Cdk2,
resulting in activation of pRb phosphorylation.

“Cell Cycle” CDKs in Neurogenesis

The mechanisms involved in proliferation, neu-
ronal differentiation, migration and functional
integration in the adult brain remain largely
unknown. Initially identified as core cell cycle
regulators, some Cdks have emerged as multifac-
eted proteins with functions beyond cell cycle
regulation. Recently, accumulating evidence
ascribed crucial roles to regulators of Cdk4/6
activity in controlling adult neurogenesis.

Cdk1

Contrary to other “cell cycle” Cdks, the lack of
Cdk1 expression in mice leads the death at mor-
ula stage (E2.5) (Santamaria et al. 2007). Thus,
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Cdk1 seems to be the only cell cycle Cdk whose
loss is not compensated by the others Cdks dur-
ing early stages of embryonic development. In
absence of the other cell cycle Cdks, such as
Cdk2, Cdk4 and/or Cdk6, Cdk1 seems to be able
to form functional complexes with all cyclins
implicated in the embryonic cell cycle division,
resulting in the activation of the pRb/E2F path-
way and therefore in the cell cycle progression
(Santamaria et al. 2007). A possible role of Cdk1
in adult neurogenesis remains to be elucidated.

Cdk2

Cdk2 was thought to be indispensable to drive
cells through the transition from G1 to S phases
and for the progression in S phase. The generation
of Cdk2~~ mice has changed this theory. Indeed,
Cdk2~- mice are viable and develop normally with
a minor body weight reduction (Ortega et al.
2003), therefore suggesting that Cdk?2 is not essen-
tial for proliferation in embryonic or adult mice.
However Cdk2~~ mice are sterile, shedding light
on Cdk2 importance in germ cells.

Regarding brain cells, Cdk2 is required for
oligodendrocyte progenitor cells (OPCs) prolif-
eration in vitro (Belachew et al. 2002), suggest-
ing that Cdk2 may have a similar role in adult
neurogenesis. In the absence of Cdk2 in adult
mice, a decrease of density and proliferation of
NSCs is observed in the SVZ (Jablonska et al.
2007) while no significant difference is detected
in the DG (Vandenbosch et al. 2007). Under path-
ological conditions, such as demyelinating
lesions, the absence of Cdk2 in adult mice is
associated with increase OPCs renewal and
differentiation, thus resulting in promotion of
remyelination (Caillava et al. 2011). In numerous
organs, the absence of Cdk2 can be compensated
by other Cdks. In Cdk2~ cells, Cdkl binds to
Cyclin E, and this active complex regulates effi-
ciently G1/S transition. Indeed, the absence of
Cdk2 in perinatal mice is associated with Cdk4
overexpression in SVZ cells, suggesting that
CDK4 compensate for the loss of CDK2 expres-
sion (Jablonska et al. 2007). This compensatory
effect is absent at later postnatal stages, leading
to impaired neurogenesis.
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Cdk4

Knockout mice for Cdk4 are viable but infertile
and show growth retardation. Moreover, these
mice develop insulin-deficient diabetes due to a
degeneration of beta-islet pancreatic cells (Rane
et al. 1999). In adult mice, Cdk4 expression is
exclusively restricted to dividing NSCs in the DG
and SVZ (Beukelaers et al. 2011). Cdk4, in asso-
ciation with its cyclin partner (i.e. cyclin D1),
play a critical role in adult neurogenesis by mod-
ulating the length of G1 phase. Indeed, overex-
pression of Cdk4 and cyclin DI is associated
with a reduction of G1 length, which results in
inhibition of adult neurogenesis and increases of
NSCs population (Artegiani et al. 2011; Lange
et al. 2009). However, the absence of Cdk4 does
not impact on adult neurogenesis in adult mice
(Beukelaers et al. 2011).

Cdk5

Although CdkS does not act as a checkpoint kinase
during cell cycle progression, it can regulate sev-
eral proteins implicated in the cell cycle, such as
pRb. Mice lacking CdkS die in utero around E16.5
(Ohshima et al. 1996). In the brain, CdkS5 plays a
critical role in corticogenesis and neuronal migra-
tion during embryonic development (Ohshima
et al. 1996). CdkS5 plays also a critical role in adult
neurogenesis where it is implicated in the migra-
tion of neuroblasts in the SVZ, in the migration
and maturation of newborn neurons, and also in
the regulation of adult-generated neuron survival
in the hippocampus (Lagace et al. 2008). However,
the molecular mechanisms of its role in adult neu-
rogenesis remain unknown.

Cdké a Key Molecular Regulator
for Adult Neurogenesis

Cdk6-deficient mice are viable, but present a
reduced proliferation of erythroid lineage and a
decrease in the size of thymus and spleen. In the
adult brain, the expression pattern of Cdk6 is
restricted to the two zones of adult neurogenesis
and more precisely to the proliferating cells

(i.e. Ki67+ cells) (Beukelaers et al. 2011). Our
laboratory showed that the lack of Cdk6 results in
reduced number of proliferating cells in both the
adult DG and SVZ, suggesting that Cdk®6 is essen-
tial to control the biology of progenitor cell in
these neurogenic areas. More precisely, the quanti-
fication of the different subpopulations of prolifer-
ating cells revealed that only neuronally committed
progenitor cell population, i.e. type-2b and type-3
in the DG and Type C and A in the SVZ, are
impaired in the absence of Cdk6. The immature
population of progenitor cells, i.e. type-B (SVZ)
and type-1 and 2a (DG) cells remains unaffected
in both wild type and Cdk6~ mice. The decrease
of neuronally committed cells observed in Cdk6~~
neurogenic areas could affect neuronal cell pro-
duction. Indeed, the authors showed a reduction of
the number of young postmitotic neurons (DCX+/
NeuN+) in the two neurogenic areas, consistent
with the decreased proliferation.

It has been shown that neuronally committed
precursors undergo a define number of cell divi-
sions prior exiting the cell cycle and differentiat-
ing into neurons. Thus, the selective reduction of
neuronal committed precursors likely arises from
a premature exhaustion of progenitor through
increased rate of cell cycle exit. Beukelaers et al.
(2011) showed that the absence of Cdk6 increased
the cell cycle exit in the DG and in the anterior
part of the RMS of Cdk6~~ animals. Altogether,
Cdko6 controls the proliferation and cell cycle exit
of neuronally committed precursors.

Recently, Lange et al. demonstrated that a
lengthening of G1 by Cdk4/cyclin D1 down-
regulation is sufficient to promote the exit of the
cell cycle of cortical progenitors and their differ-
entiation into projection neurons (Lange et al.
2009). In addition, Malumbres et al. demonstrated
a lengthening of G1 in Cdk67 T lymphocytes
(Malumbres et al. 2004). Using cumulative
S-phase labelling with BrdU, Beukelaers et al.
(2011) demonstrated that the overall duration of
the cell cycle (T¢) in DG cycling precursors was
increased in Cdk6~~ (22 h32’ in the DG ; 12 h34’
in the SVZ) compared to WT (19 h55’ in the DG ;
9 h58’ in the SVZ). Importantly, this increase was
linked to a specific increase of G1 length in neu-
ronally committed precursors (+28.08 % in the
DG and +82.21 % in the SVZ).
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Fig. 2.3 Schematic representation of the phenotype
of adult neurogenesis in Cdk6~ mice. Cdk6™~ adult
neural precursors display increased Gl phase length
concomitant with pRb hypophosphorylation. Lengthening

During the G1 phase, Cdk6 phosphorylates
pRb on Ser780, leading to the release of E2F and
S phase entry. In the absence of Cdk6 a decrease
of phosphorylation of Rb was observed in the
DG and the SVZ (Beukelaers et al. 2011).
Therefore, Cdk6 controls the expansion of neu-
ronally committed precursors by controlling the
hyperphosphorylation of pRb and the G1 phase
length (Fig. 2.3).

Conclusion

It has been experimentally demonstrated that
lengthening of G1 is sufficient to induce neuro-
genesis and that shortening G1 inhibits neurogen-
esis and increases the formation and proliferation
of NSCs (Artegiani et al. 2011; Beukelaers et al.
2011). Moreover, the switch between prolifera-
tion and differentiation of neuronal production

3)

of G1 leads to premature cell cycle exit into GO (/), reduces
precursor expansion (2) and, finally, neurogenesis (3) (from
Beukelaers et al. 2011)

in the adult brain is partly controlled by CDK6
via the modulation of Gl phase duration.
Therefore, the manipulation of Cdk/Cyclin
complexes could be used as a new cell-based
therapeutic approach to restore neuronal loss
in several neurodegenerative disorders such as
Parkinson’s disease, Alzheimer’s disease, Hun-
tington’s disorder or multiple sclerosis. The aim
of this strategy would be to induce endogenous
neural cells in the adult nervous system to form
new neurons, by controlling their proliferation
versus differentiation.

The crucial advantage of this therapeutic strat-
egy is to enhance the proliferation of endogenous
adult NSCs to avoid the danger of immunological
graft rejection. Indeed, until now, several thera-
peutic approaches using neural cells have been
studied, such as transplantation of oligodendro-
cyte progenitor cells or phenotypically restricted
neuronal progenitor cells or mixed progenitor
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pools, but all of these present high risks of immu-
nological graft rejection. Moreover, a part of the
challenge in cell replacement therapy is to pro-
duce new cells (i.e. neurons) with the precise
characteristics needed to restore brain function
that has been compromised during the disease
(e.g. the specific loss of GABAergic neurons in
Huntington’s disease or the progressive decrease
of dopaminergic neurons in Parkinson’s disor-
der). The nervous system has an intrinsic capac-
ity to produce new neural progenitor cells, which
can restore the connectivity with existing net-
works in the patient’s brain. This capacity can be
used as therapeutic approach for a multiple of
neurodegenerative disorders.

It is known that genetic modifications, in par-
ticular cell cycle modifications, enhance the risk
of tumor formation. However, the balance
between proliferation and differentiation of neu-
ral cells can be temporarily manipulated to avoid
the deregulation of the cell cycle and formation
of cancer stem cells. Indeed, after stroke, it has
been shown that G1 phase is dynamically and
transiently modified, with an early expansion of
the SVZ neural progenitor pool due to a decrease
of G1 length and an increase of neurogenesis that
is not associated with tumorigenic effect.
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The role of angiogenesis in pituitary tumor
development has been questioned, as pituitary
tumors have been usually found to be less
vascularized than the normal pituitary tissue.
Nevertheless, a significantly higher degree of
vasculature has been shown in invasive pituitary
prolactinomas when compared to noninvasive
prolactinomas. Furthermore, it has also been
described that macroprolactinomas are more
vascular than microprolactinomas.

Many growth factors and their receptors
are involved in pituitary tumor development.
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in dopamine resistant prolactinomas. Even though
the role of angiogenesis in pituitary adenomas is
contentious, VEGF, making permeable pituitary
endothelia, might contribute to adequate
temporal vascular supply and mechanisms
other than endothelial cell proliferation.
The study of angiogenic factor expression in
aggressive prolactinomas with resistance to
dopamine agonists will yield important data
in the search of therapeutical alternatives.

Introduction
Pituitary Tumors

Pituitary tumors rarely produce metastasis, but
cause considerable morbidity and mortality.
In general, they result from monoclonal growth
and intrinsic genetic defects which are related
to oncogenes, suppressor genes, and genes
responsible for differentiation. On the other hand,
growth factors of hypothalamic or pituitary origin
may act on aberrant cells, contributing to their
proliferation (Ezzat 2001). Point mutations iden-
tified up till now can only account for a small per-
centage of pituitary tumors, and the mechanism
of pituitary tumorigenesis is still unraveling.

Prolactinomas

Prolactin secreting adenomas are the most fre-
quent type among pituitary tumors. Patients with
prolactinoma usually present endocrinological
symptoms resulting from hyperprolactinemia and,
less commonly, with visual defects due to com-
pression of the optic chiasm. Macroprolactinomas
are benign, slowly proliferating tumors, although
they may be locally highly aggressive, particu-
larly in males, and invade adjacent structures.
Giant prolactinomas (tumor volume exceeding
4 cm in diameter, and/or with prolactin levels
higher than 3,000 ng/ml and mass effect) are a
rare subcategory of macroprolactinomas, remain
one of the greatest challenges in neurosurgery.
Because of invasive growth, giant adenomas can
compress or destroy adjacent structures, resulting
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in neurological dysfunction, and cavernous
sinus compression. Pharmacological therapy
with dopamine agonists remains the mainstay of
treatment. This therapy is effective in >85 % of
patients with prolactin-secreting pituitary tumors.
A minority of patients show no primary response
to either bromocriptine or cabergoline (Molitch
2005), and the development of dopamine agonist
resistance in an initially responsive prolactinoma
is unusual.

Angiogenesis in Pituitary Tumors

The formation of new blood vessels within
neoplasms, termed angiogenesis, provides the
tumor tissues with oxygen and basic energetic
compounds. An increase in tumor size necessarily
requires a corresponding increase in vascular-
ization that is assured by means of the complex
dynamic process of angiogenesis. In most human
tumors, including breast, bladder, and stomach,
angiogenesis has been shown to be correlated
with tumor behavior. On the other hand, pituitary
tumors are usually less vascularized than the
normal pituitary tissue, as suggested by Schechter
(Schechter 1972), and later confirmed by other
authors (Jugenburg et al. 1995; Turner et al. 2000b).
Differences in the angiogenic pattern of pituitary
adenomas have yielded highly controversial
results concerning hormonal phenotypes, size or
invasion. In most studies, immunohistochemistry
evaluation of different markers of microvascular
density (MVD) such as cluster differentiation
molecules (CD 31 and CD 34), Factor VIII
(factor eight-related antigen), and ulex europaeus
agglutinin I have been used. Nevertheless, the
appraisal of MVD by immunohistochemistry has
a number of substantial limitations, which are
mainly due to the complex biology of tumor
vasculature, and the irregular geometry of the
vascular system (Vidal et al. 2003).

Some data point to increased angiogenesis
in pituitary adenomas. For example, it has been
described that macroprolactinomas are signifi-
cantly more vascular than microprolactinomas
(Jugenburg et al. 1995), and Turner et al. (2000a)
demonstrated a significantly higher degree of



3 Prolactinomas: Role of VEGF, FGF-2 and CD31

vasculature of invasive pituitary prolactinomas.
Inhibitors of angiogenesis were effective in the
suppression of growth of experimental prolacti-
nomas and in angiographic studies the presence
of additional arteries (which were not part of the
portal system) were found in 66 % of patients
with pituitary adenomas (Schechter et al. 1988).
Nevertheless, the role of angiogenesis in pituitary
tumor development has been questioned, as the
normal pituitary is a highly vascularized gland.

Vascular Endothelial Growth Factor

Experiments over the past decades indicate that
vascular endothelial growth factor-A (VEGF-A
or VEGF) is a central regulator of angiogenesis
in endocrine glands. VEGF-A is the founding
member of a family of closely related cytokines
that exert critical functions in vasculogenesis and
in both pathologic and physiologic angiogenesis
and lymphangiogenesis. The VEGF-A gene is
located on the short arm of chromosome 6 and
is differentially spliced to yield several different
isoforms, the three most prominent of which
encode polypeptides of 189, 165, and 121 amino
acids in human cells. The protein has a hydro-
phobic leader sequence, typical of secreted

proteins. It was discovered in the late 1970s as a

tumor-secreted protein that potently increased

microvascular permeability to plasma proteins.

We can summarize its unique properties:

1. It is essential for normal developmental
vasculogenesis and angiogenesis, as both null
(VEGF-A"") and heterozygote (VEGF-A*")
animals are embryonic lethals.

2. It increases vascular permeability to plasma
and plasma proteins, a characteristic trait of
the tumor microvasculature and a critical early
step in tumor stroma generation.

3. It is a selective mitogen for vascular endothe-
lium because its major tyrosine kinase recep-
tors are selectively (though not exclusively)
expressed on vascular endothelium.

4. It is overexpressed in a variety of human
cancer cells (in human vascular tumors,
including brain, colon, gastrointestinal tract,
ovary, breast, and others).

35

5. It has a potential for evaluating prognosis
in individual patients and as a therapeutic
target.

Vascular Endothelial Growth Factor

in the Pituitary Gland

VEGF expression has been described in all cell
types in the normal pituitary, with greater expres-
sion in somatotroph and follicle-stellate cells.
Using immunohistochemistry higher VEGF
expression has been shown in the normal gland
compared with adenomas (Lloyd et al. 1999),
while the opposite has also been published. In a
group of pituitary adenomas, ACTH and GH
secreting adenomas, pituitary carcinomas had the
strongest VEGF immunoreactivity (Lloyd et al.
1999). On the other hand, Viacava et al. (2003)
found no differences in VEGF expression among
tumors of different histotype, and McCabe et al.
(2002) comparing VEGF in a series of adenomas
composed of 77 % non functioning adenomas,
and only 4 % of prolactinomas, found highest
expression in nonfunctioning adenomas and
GH producing adenomas. Elevated serum VEGF
concentrations have been demonstrated in patients
harboring pituitary tumors, and approximately
90 % of human pituitary tumors cultured in vitro
show measurable VEGF secretion.

Using Western blot analysis of pituitary ade-
nomas we found that VEGF protein expression
was higher in prolactinomas compared to non-
functioning (NF), GH, and ACTH secreting
adenomas (Cristina et al. 2010). This finding may
be related to the high percentage of macropro-
lactinomas in the series studied (11/12). In this
respect, using angiogenic markers, it has been
described that macroprolactinomas are significantly
more vascularized than microprolactinomas.
Furthermore, lower VEGF found in ACTH-
producing adenomas may be consistent with the
finding that VEGF production can be suppressed
by glucocorticoids which are potent inhibitors of
VEGF production in vitro (Lohrer et al. 2001).
On the other hand, pituitary adenoma VEGF
expression was similar in both sexes and was not
influenced by age or years of adenoma evolution,
when all adenomas were considered. This is in
agreement with most studies which reveal that sex,
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age or even rate of recurrence did not influence
VEGEF expression in pituitary tumors.

These data indicate that even though the role of
angiogenesis in pituitary adenomas is contentious,
VEGF might contribute to adequate temporal
vascular supply with mechanisms other than
endothelial cell proliferation. Tumor angiogenesis
in the pituitary, as well as in other endocrine neo-
plasms, probably reflects the basic observation
that tumors require neovascularization to grow;
however, the changes that occur may be some-
what different from some other tissues that are
less highly vascularized in the nonneoplastic
state. Some data suggest that VEGF may prolong
cell survival by inducing expression of the anti-
apoptotic protein bcl-2 in pituitary adenomas,
suggesting that part of its angiogenic activity is
related to protection of endothelial cells from
apoptosis. VEGF has been associated to intratu-
moral hemorrhage (Arita et al. 2004), and might
also participate in the occurrence of pituitary
peliosis, a form of vasculogenic mimicry. Peliosis
may be linked to the permeabilizing function of
this growth factor, and to the increased fenes-
tration induced in blood vessels stimulated by
VEGF overexpression. Peliosis occurrence has
been related to high VEGF expression in hepato-
carcinogenesis, spleen damage, and in a lethal
hepatic syndrome in mice. This process may be
seen in prolactinomas and other pitutitary adenomas,
though it usually goes unrecognized. In dopamine
D2 receptor knockout (Drd2~~) mice which
develop lactotroph hyperplasia and eventually
prolactinomas, we have described increased
peliosis occurrence in these pituitary tumors in
association with increased VEGF expression
(Cristina et al. 2005).

Fibroblast Growth Factor-2

Basic fibroblast growth factor-2 (basic FGF, or
FGF2), a potent angiogenic factor, was originally
isolated from the bovine pituitary and has a pleio-
tropic activity affecting both vasculature and
parenchyma cell proliferation and differentiation.
It belongs to a large family of heparin-binding
growth factors comprising at least 22 structurally
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related members. FGF2 expression is complex; at
least four FGF2 isoforms (18, 22, 22.5, and
24 kDa) in human, and three (18, 21, and 22 kDa)
in mouse are synthesized through alternative
translation initiation from CUG codons. The
18 kDa isoform is predominantly cytoplasmic but
can also be found in the extracellular matrix,
while the higher-molecular-weight isoforms are
localized in nuclei and ribosomes. The 18 kDa
FGF?2 isoform is highly expressed in the normal
human pituitary, while pituitary adenomas produce
predominantly the 24 kDa form. Recently, a
34 kDa isoform was reported with the most
upstream CUG codon among all FGF2 forms.
None of the isoforms have a typical secretory
signal sequence, but alternative pathways have
been described for their export from the cell.
The biological effects of FGF2 are mediated
through four high-affinity transmembrane
receptors (FGFR1 — FGFR4) that have intrinsic
tyrosine kinase activity. They can be found on a
wide variety of cell membrane surfaces including
endothelial cells where FGF2 exerts its proan-
giogenic functions.

Fibroblast Growth Factor-2 and FGFR1

in the Pituitary

FGF2 participates in pituitary development and
proliferation and regulates hormone synthesis and
secretion, affecting prolactin and TSH production.
It is mainly produced by folliculostellate cells (FS)
(Ferrara et al. 1987), although somatotrophs and
gonadotrophs have also been reported to be
sources of this growth factor. FGF2 participates in
estradiol-mediated prolactinoma induction in rats
under both physiological and pharmacological con-
ditions. In the hyperplastic pituitaries of Drd2~~
mice, it induces prolactin secretion and cellular
proliferation, and, interestingly has a differential
subcellular distribution compared to that of wild-
type pituitaries, which could be associated with
different biological roles of this angiogenic factor
in both genotypes (Cristina et al. 2007a). FGF2 is
also expressed by human pituitary adenoma cells
in vitro, and high levels of serum FGF2 were
found in patients bearing pituitary tumors, declin-
ing following surgical adenomectomy. In the case
of a giant invasive prolactinoma with loss of
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response to dopamine agonist therapy we have
recently reported strong immunoreactivity for
both angiogenic factors VEGF and FGF2, as well
as immunoreactivity for the endothelial cell
marker CD31 indicating high vascularization of
the adenoma (Mallea-Gil et al. 2009).

FGFR1 is found in the normal human pituitary
as well as in pituitary adenomas, and its mRNA
was described in the rat neural and anterior lobe.
Furthermore, FGFR1 has been proposed as a
candidate marker of pituitary tumors together
with FGF2 and pituitary tumor transforming
gene (PTTG); indeed, the FGF2 receptor FGFR1
was found to be highly expressed in pituitary
tumors compared to the normal gland (McCabe
et al. 2003). Furthermore, significantly increased
FGFR1 mRNA expression was described in
functioning tumors that invaded the sphenoid
bone compared with those that did not, thus
raising the possibility of using the FGFR1 as a
molecular marker of tumor biological behavior
(McCabe et al. 2003). On the other hand, it has
also been determined that cytoplasmic FGFR1
immunoreactivity was inversely correlated with
maximum pituitary tumor diameter.

Proteins and Genes Related to FGF2

in Prolactinomas

FGF4: DNA derived from human prolactinomas
expresses transforming activity in heterologous
cells and has sequences in close resemblance
with those of hst gene. Overexpression of hst
gene leads to increased production of FGF4.
Shimon et al. (1996) demonstrated the function
of the hst gene in rat lactotroph tumor formation
and prolactin secretion. They were able to show
that lactotrophs in 5 of 14 prolactinomas stained
strongly with anti-FGF-4 monoclonal antibodies.
Immunoreactive hst product in adenoma cells
was observed in invasive prolactinomas. These
findings imply a role of hst gene, and its product
FGF4, in cellular proliferation, growth and
aggressive behavior in prolactinomas.

PTTG: Estrogen promotes experimental pro-
lactinoma development via induction of a pituitary
tumour transforming gene (pttg) (Cristina et al.
2007b) that is located on chromosome 5q33.
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PTTG has been shown to be tumorigenic in vivo,
by regulating basic fibroblast growth factor (FGF2)
secretion and inhibiting chromatid separation.

Thrombospondin-1: (TSP-1) is a modular gly-
coprotein secreted by different cell types, includ-
ing endothelial cells. It is composed of multiple
active domains that bind to soluble factors, cell
receptors, and extracellular components. TSP-1
was the first endogenous inhibitor of angiogene-
sis to be identified and its effect is due, at least in
part, to its capacity to bind FGF2. TSP-1 agonists
can inhibit experimental prolactinoma development
(Sarkar et al. 2007).

FGF2 Endogenous Antisense (GFG) RNA: In
Xenopus laevis oocytes, a 1.5 kb FGF2 antisense
(GFG) RNA complementary to the third exon
and 3'UTR of FGF-2 mRNA has been implicated
in FGF2 mRNA regulation. The human homolog
has been localized to the same chromosomal
site as FGF2 (chromosome 4, JO4513 adjacent to
D4S430), confirming this as a human endoge-
nous anti-sense gene. This GFG anti-sense gene
also encodes a 35 kDa protein, and regulates cell
proliferation and hormone secretion. Pituitary
tumors have been shown to express FGF2 and
GFG while the normal human pituitary expresses
GFG but not FGF2; GFG protein levels are
higher in the normal gland than in most tumors.
Aggressive pituitary adenomas appear to express
more FGF-2 than GFG mRNA (Ezzat 2001).

Truncated FGFR4: Altered FGF receptor
expression has been found in pituitary adenomas
(Ezzat 2001), and FGFR4 undergoes alternative
transcription initiation in pituitary adenomas,
giving rise to an oncogenic protein in pituitary
adenomas of various subtypes. Expression of this
pituitary tumor-derived (ptd)-FGFR4 protein is
more frequent in macroadenomas than in micro-
adenomas and correlates with the Ki-67 labeling
index. Recent data suggest that ptd-FGFR4 alters
cell adhesion by a mechanism that explains the
loss of reticulin, which is the hallmark of pituitary
adenomas. Taken together, these data suggest that
deregulated FGF/FGFR function plays a role
in pituitary tumorigenesis, and particularly in
prolactinoma development.
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CD31 and CD34

Different markers of MVD such as CD 31 and
CD 34, Factor VIII (factor eight-related antigen),
and ulex europaeus agglutinin I, have been used
to evaluate angiogenesis. CD31 and CD34, both
endothelial cell antigens, are sensitive markers of
microvessels. They stain the majority of tumor
vessels, both mature and new vessels. Even
though antibodies to CD31 are not completely
specific for endothelial cells, as they may also
detect plasma cells, they are widely used for
MVD appraisal, and results generally correlate
with those obtained with CD34. Using these
endothelial cell markers, some authors have found
more prominent vasculature in prolactinomas,
and others found that these tumors had the lowest
while TSH secreting adenomas had the highest
MVD. It has also been reported that ACTH
secreting tumors had the lowest MVD, while
other authors found that GH secreting adenomas
had the lowest, or the highest MVD. Finally, some
authors did not find any significant difference in
MVD between the hormonal subtypes. These
results point to the complexity of evaluation of
vascularity in the adenomatous pituitary, and, as
suggested by Itoh et al. (2003) angiogenesis may
be revealed in the alteration of diameter or shape
of the blood vessels.

With regard to the relation between MVD and
sex or age of the patients, contradictory findings
have also been reported. Jugenburg et al. (1995)
reported no significant correlations, whereas
Turner et al. (2000a) found tumor MVD clearly
decreased with age in GH producing adenomas,
and there was a trend in other tumor types from
older patients to have lower MVD. In contrast, a
positive correlation between age and MVD
has also been reported. We described that in
pituitary adenomas: CD31 expression was not
different between sexes, and did not correlate
with patients’ age when all adenomas were
considered. Nevertheless, if only non functioning
adenomas were analyzed we found a positive
correlation of CD31 with increasing age (Cristina
et al. 2010), in agreement with other authors
(Vidal et al. 2001), and therefore age may have an
influence on the extent of neovascularization of
non functioning adenomas.
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Interestingly enough, we described a high
correlation of VEGF and CD31 expression for
all adenoma types, and for prolactinomas and
nonfunctioning adenomas in particular (Cristina
etal. 2010). This is in contrast to results published
by other authors in which MVD did not correlate
with VEGF expression. Therefore, the strong
positive association of VEGF and CD31 expres-
sion found in pituitary adenomas suggests the
participation of tumor vascularization in adenoma
development.

On the other hand, proliferation markers
(PCNA and Ki67) do not correlate with the
angiogenic markers CD31 and VEGEF, as described
by us and others. This suggests that the rate of
epithelial and tumor cell proliferation in pituitary
tumors is not directly related to neovascularization,
and other factors, such as primary genetic altera-
tions or alteration of apoptotic pathways, may
directly affect the rate, invasiveness and tumor
behavior. In this respect, a positive relationship
was observed between the expression of bcl-2, an
antiapoptotic protein, and increasing MVD,
suggesting an association between angiogenesis
and cell survival.

Dopamine D2 Receptors
and Angiogenesis

A relationship between the dopaminergic D2
receptor (D2R) and endothelial cell proliferation
within tumors has been proposed. Dopamine and
other related catecholamine neurotransmitters
that interact with the D2R selectively inhibit
VEGF-induced angiogenesis and inhibit the
growth of malignant tumors as well as the vascular
permeabilizing and angiogenic activities of VEGFE.
Besides, in two outbred lines of Wistar rats, which
present high and low dopaminergic reactivity,
respectively, VEGF expression was lower in the
first group, and this group was more resistant to
tumor implantation and developed significantly
fewer lung metastases.

It is well established that D2R is the principal
receptor involved in prolactin inhibition at the
pituitary level, and in MSH regulation at the inter-
mediate pituitary lobe. Therefore, as expected, D2R
knockout (Drd2~~) mice generated by targeted
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mutagenesis have chronic hyperprolactinemia,
pituitary hyperplasia, and a moderate increase in
serum oMSH. We also showed that they are
growth retarded evidence and alteration in the
GH-IGF-I axis. After 16 months of age, highly
vascularized adenomas develop, especially in
females, but also in males. Prominent vascular
channels as well as extravasated red blood cells are
not contained in capillaries or peliosis, a common
finding in the hyperplastic and adenomatous
Drd2~~ pituitaries. As described, peliosis has
been found in different tumors that secrete VEGF.

We found that VEGF mRNA and protein
expression were increased in pituitaries from
Drd2~- female mice when compared to age-
matched wild-type female mice (Cristina et al.
2005). Pituitary VEGF production is stimulated
by estrogen in rat pituitaries and the somatolac-
totroph cell line GH3. Nevertheless, estrogen
levels are not increased in Drd2~/~ female mice,
indicating that increased pituitary VEGF expression
is mainly dependent on the lack of dopaminergic
control. In experiments with wild-type female
mice we found that prolonged treatment with
the D2R antagonist, haloperidol, enhanced
pituitary VEGF protein content and prolactin
release (Cristina et al. 2005), and there was a
significant correlation between pituitary VEGF
levels and serum prolactin after haloperidol
treatment. These results support the notion that
dopamine acting at the D2R inhibits pituitary
VEGF expression.

Interestingly, we found that the main source of
VEGEF in the hyperplastic pituitary were follicle
stellate cells and not lactotrophs (Cristina et al.
2005). Follicle stellate cells represent 5—-10 % of
pituitary cells and are an important component of
paracrine communication within the pituitary.
They are detected by their content of the glial
protein S100, they form follicles, are star shaped,
and have long processes in between the secretory
cells of the pituitary. They also contain FGF-2,
follistatin, and interleukin 6. Because D2Rs
have been described in lactotropes and not in
follicle stellate cells it may be inferred that a
paracrine-derived factor from lactotropes is
acting on follicle stellate cells to increase VEGF
expression. These data indicate that the D2R is
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linked to pituitary VEGF expression. In dopamine

agonist resistant prolactinomas a decrease in

number or function of D2Rs has been proposed

(Caccavelli et al. 1994), and we have found

highly expressed VEGF in a dopamine agonist

giant prolactinoma (Mallea-Gil et al. 2009).
VEGF and its receptor may become supple-

mental therapeutic tools in dopamine-resistant
prolactinomas. In this regard, in recent years,
antiangiogenesis has been publicized as a novel
alternative or supplement to conventional cancer
therapy, and a variety of regimens that prevent
tumor angiogenesis and/or that attack tumor
blood vessels have met with remarkable success
in treating mouse cancers.

Overexpression of VEGF by tumour cells can
be targeted by:

— Antibodies against VEGF (Bevacizumab).

— Antibodies against VEGF receptors.

— Soluble VEGF receptors (VEGF-TRAP) that
bind circulating VEGF.

— Catalytic RNA molecules (ribozymes), which
cleave VEGF receptor mRNA.

— Orally available molecules that selectively
block or prevent activation of VEGF receptor
tyrosine kinases.

Despite the spectacular successes reported in
the treatment of mouse tumors, the first clinical
trials were discouragingly negative. This could
be related to the fact that most of the patients
treated in the beginning had advanced disease
and had already failed conventional treatments.
Also, antiangiogenesis therapy differs funda-
mentally from chemotherapy, and optimal
implementation was needed.

Several agents targeting the VEGF ligand are
now being developed in different clinical trials
around the world to treat colon, rectal, breast,
lung and other cancers. Bevacizumab (Avastin™),
an anti-VEGF monoclonal antibody that inhibits
formation of neovasculature and tumor growth in
many human cancer cell lines, has a proven
survival benefit in metastatic colon rectal cancer,
and has now been approved by the FDA in
combination with intravenous 5-FU-based
chemotherapy as a treatment for patients with
first-line metastatic cancer of the colon or rectum
(Hurwitz et al. 2004).
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Conclusions

In pituitary adenomas an altered expression of
growth factors and their receptors has been
observed (Asa and Ezzat 2002; Ezzat 2001;
Melmed 2003; Renner et al. 1996; Turner et al.
2003). Although it is unlikely that these alterations
play a causative role in pituitary tumor patho-
genesis, intratumoral changes of these factors at
their receptors may result in a permissive micro-
envoronment that contributes to excessive hormone
production and loss of growth control in pituitary
adenomas. Each pituitary tumor of clonal origin
represents the multifactorial result of failure of
different regulatory events. In this regard,
pro- and anti-angiogenic growth factors such as
FGF-2, VEGF, and others, may determine the
final angiogenic phenotype of pituitary tumors,
and thus subsequent tumor behavior. Furthermore,
we believe that the study of angiogenic factor
expression in aggressive prolactinomas with
resistance to dopamine agonists will yield
important data in the search of therapeutical
alternatives.
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Abstract

The aquaporins (AQPs) are a family of trans-
membrane water channel proteins widely dis-
tributed and play a major role in transcellular
and transepithelial water movement. Moreover,
recent evidence indicates that AQPs may be
involved in cell migration and angiogenesis.
This review article summarizes literature
data concerning the involvement of AQPs
in human brain tumor growth, angiogenesis
and metastatic process and suggests a potential
therapeutic approach by antagonizing their
biological activity.

Introduction

The aquaporins (AQPs) represent a family of
transmembrane water channel proteins widely
distributed in various tissues throughout the body
and play a major role in transcellular and tran-
sepithelial water movement. There are at least 13
AQPs present in many epithelial, endothelial and
other tissues of mammals and other animal spe-
cies. AQPs are divided in two groups: AQPI,
AQP2, AQP4, AQP5 and AQPS8 are primarily
water selective, whereas AQP3, AQP7, AQP9
and AQP10 (called ‘aqua-glyceroporins’) also
transport glycerol and other small solutes, such
as lactic acid. Much of our understanding of
AQPs functions in mammalian physiology has
come from phenotype analysis of mice lacking
each of the AQPs.
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AQPs are localized in the plasma membrane
but some isoforms are present in the cytoplasmic
compartments, and their translocation to the
plasma membrane is crucial in the regulation of
water transfer (Saadoun et al. 2002a). Besides
their role in transport fluid and regulating the
osmotic balance, AQPs may be involved in cell
migration (Verkman 2005). Whereas the expres-
sion and role of AQPs in secretion and absorption
across epithelial barriers, their role in growth and
motility of tumor cells is less clearly understood.
AQPs have been found to be expressed in high-
grade tumors and their expression in some tumors
has been correlated with their metastatic poten-
tial (Hoque et al. 2006). AQPs in tumors allow
water to rapidly penetrate into the growing tumor
mass and tumor AQP expression may cause
tumor expansion by exacerbating tumor-associated
edema. Moreover, AQP-1 is involved also in tumor
angiogenesis, tumor cell proliferation and migra-
tion. Thus, AQP-1-null mice showed impaired
angiogenesis and considerable growth reduction
of melanoma cells implanted subcutaneously, as
compared to control animals (Saadoun et al.
2005a). Other studies show that AQPs may influence
cell motility and localize to areas of focal plasma
membrane shape change and protrusions.

Three AQPs have been clearly identified in the
brain, namely AQP-1, AQP-4 and AQP-9. A pos-
itive correlation has been established between
histological tumor grade and the amount of AQPs
expression in brain tumors and human glioblas-
toma (Saadoun et al. 2002a, b; Warth et al. 2007).
The control of brain water balance between dif-
ferent compartments is mainly maintained by
astrocytes via AQPs. Edema and the consequent
increase in intracranial pressure is one of the
most serious consequence of brain tumor growth,
where both vasogenic and cytotoxic edema are
recognizable (Marmarou 2007). In high-grade
gliomas, vasogenic edema, which drives fluids
from blood vessels into the surrounding tissue, is
associated with blood brain barrier (BBB) dam-
age, interendothelial tight junction opening and
an increased vascular permeability (Schneider
et al. 2004). This review article will be focused
on the analysis of the literature data concerning
the role of AQP-1 and AQP-4 in human brain
tumor growth.
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Aquaporin 1

AQP-1 is expressed in endothelial cells of non-
fenestrated capillaries and human arteries. Moreover,
the involvement of AQP-1 in transendothelial water
transport of nonfenestrated endothelium has been
shown in descending vasa recta and in peritoneal
capillaries. Expression of AQP-1 has been related
with lung and colon cancers, mammary carcinomas,
brain tumors, hemangioblastomas and multiple
myeloma (Verkman et al. 2008).

In an experimental model in which wild-type
and AQP-1-null mice were subcutaneously
implanted with B16F10 melanoma cells, it has
been demonstrated that tumor growth was
reduced in AQP-1-null mice due to impaired
angiogenesis (Saadoun et al. 2005a). A consis-
tent histological finding in tumors of AQP-1 null
mice was a much lower density of microvessels
and the presence of islands of viable tumor cells
surrounded by necrotic tissue. Tumor cell migra-
tion and metastatic potential greatly increased in
two mouse tumor cell lines with AQP-1 expres-
sion as compared to the same cell lines without
AQP-1 expression (Hu and Verkman 2006).

AQP-1 is strongly expressed in proliferating
tumor microvessels in human (Saadoun et al.
2002a, b) and rat and in the chick embryo chorio-
allantoic membrane (CAM) microvessels. The
AQP-1 chicken sequence has been clones and
then AQP-1 specific dsRNA oligonucleotides
(siRNA) has been generated that caused a signifi-
cant reduction in the growth of new blood vessels
in the CAM, providing evidence that AQP-1 is
involved in angiogenesis. A positive correlation
between AQP-1 expression and intratumoral
microvascular density has been demonstrated in
endometrial adenocarcinoma, ovarian cancer,
and multiple myeloma.

AQP-1 is expressed at the apical membrane of
endothelial cells and its deletion significantly
reduces tumor growth and migration (Saadoun
et al. 2005a) while up-regulation of AQP-1
increases the migration and metastatic potential
of melanoma cells (Papadoupolos et al. 2008).
In the brain, capillaries have no immunohisto-
chemical signal in anti-AQP-1 staining. However,
an induction of AQP-1 mRNA in immortalized
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rat brain microvascular endothelial cells is
reported following dexametasone treatment.
AQP-1 is localized in the apical membrane of the
choroid plexus epithelium.

Impaired fluid secretion has been found in
AQP-1 knockout mice in choroid plexus where
cerebrospinal fluid is produced and is up-
regulated in choroid plexus tumors, which are
associated with increased cerebrospinal fluid pro-
duction (Hasegawa et al. 1994). AQP-1 expres-
sion is up-regulated in glioblastoma multiforme
(GBM) in tumor cells and peritumoral astrocytes
(Saadoun et al. 2002a; Oshio et al. 2005) and
may have a role in the formation of cerebral
edema (Papadopoulos et al. 2004a). Moreover,
AQP-1 was found expressed in pathological brain
endothelium when AQP-4 expression on astro-
cyte foot has disappeared.

Saadoun et al. (2005a) reported impaired
angiogenesis and endothelial cell migration in
AQP-1-null mice and suggested that AQP-
dependent cell migration might be a general cel-
lular phenomenon. They demonstrated the
presence of slowed lamellipodial dynamics in
AQP-1 null mice and AQP-1 polarization to the
leading edge of migrating cell, and proposed a
mechanism of AQP-facilitated cell migration in
which actin cleavage and ion uptake at the tip of
lamellipodium create local osmotic gradients that
drive water influx, facilitating lamellipodial
extension and cell migration. The formation of
pseudopodial protrusions at the leading edge of
migrating cells is the earliest step in locomotion.
The molecular mechanism responsible for AQP-1
polarization in migrating cells is not known, but
might involve interaction between water chan-
nels and actin cytoskeleton. In this context,
AQP-1 accelerates cell migration by facilitating
the rapid turnover of membrane protrusions at the
leading edge. Monzani et al. (2009) have investi-
gated the possible relationship between AQP-1
and cytoskeleton in endothelial and melanoma
cells (both expressing AQP-1), demonstrating the
involvement of Lin proteins, which are plasma
membrane-associated proteins containing one or
several PDZ domains required for the organiza-
tion of the cytoskeleton (Craven and Bredt 1998).

Hu and Verkman (2006) transfected B16F10
and 4T1 tumor cells with AQP-1 and demonstrated
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an increase in their plasma membrane osmotic
water permeability by five- to ten-fold. In vitro
analysis of cell migration by transwell assay,
wound healing and video microscopy showed a
two- to three-fold accelerated migration of the
AQP-1-expressing tumor cells compared to con-
trol ones. AQP-1 is expressed in the plasma mem-
brane of human HT20 colon cancer cells and
adenovirus-mediated high expression of AQP-1
increased relative plasma membrane water per-
meability and migration rate in both wound heal-
ing and invasive transwell migration assay (Jiang
2009). AQP-1 also is up-regulated by increased
glucose consumption and glycolysis in glioma
cells. If AQP-1 contributes to the glycolysis-
dependent acidification of the extracellular envi-
ronment, the coordinate up-regulation of AQP-1
and cathepsin B in the perivascular area at the
tumor periphery provides a favourable microen-
vironment for glioma cells invasion.

Aquaporin 4

In the brain, AQP-4 is expressed at the glia limi-
tans everywhere, ependymal lining, cerebellum,
hippocampal dentate gyrus, and in the supraoptic
and paraventricular nuclei of the hypothalamus
(Badaut et al. 2002). Low AQP-4 expression has
also been found in the neocortex, hippocampal
areas, nucleus of the stria terminalis, and the
medial habenular nucleus (Badaut et al. 2002).
AQP-4 is expressed in a polarized way by astro-
cytic foot processes at the borders between major
water compartments and the brain parenchyma
(Nielsen et al. 1997) and the perivascular expres-
sion of AQP4 coincides with the K* channel protein
Kir 4.1 at BBB level (Nagelhus et al. 1999).
Otherwise, in glioma cells co-localization of
AQP4 with K* channel protein Kir 4.1 is abolished
and a misallocation of both Kir channels and
AQP4 has been reported (Warth et al. 2007),
suggesting that this molecular rearrangement
occurs as a reaction to BBB damages, facilitating
edema fluid flow. Furthermore, AQP4 colocalizes
with a-p dystroglycan proteins, which, in turn,
are receptors for the basement membrane proteins
laminin and agrin. In glioma cells, agrin deficiency
is coupled with redistribution of AQP4 and loss in
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a-dystroglycan (Warth et al. 2007), indicating a
key role for the extracellular matrix in the polarity
and functions of the astroglial endfeet. Mice
lacking AQP-4 showed improved outcome and
reduced brain water accumulation compared with
wild type mice in models of cytotoxic brain
edema including water intoxication and ischemic
stroke (Manley et al. 2000) and the diffusion rate
of FITC-labeled dextran in the brain of AQP-4
gene-knockout mice was accelerated.

AQP-4 is involved in the clearance of extra-
cellular fluid from the brain parenchyma in vaso-
genic edema. AQP-4 null mice have a significantly
greater increase in brain water content and intra-
cranial pressure than the wild type, indicating
that brain water elimination is defective after
AQP-4 deletion (Papadopoulos et al. 2004b;
Papadopoulos and Verkman 2007). AQP-4 may
be involved also in cytotoxic brain edema; in fact,
swelling of astrocytic foot processes is a major
finding in cytotoxic edema and water intoxicated
AQP-4-null mice show a significant reduction in
astrocytic foot processes swelling and a decrease
in brain water content (Manley et al. 2000).
It is to note that AQP-4 not only facilitates
water influx in edema formation, but also serves
as an efflux route for water in edema elimination,
in line with the bidirectional flow of water
through the AQP-4 water channel (Saadoun and
Papadopoulos 2010).

AQP-4 is up-regulated in several brain tumors.
In glioma, AQP-4 is highly concentrated at the
cell membrane covering the surface of tumor cells
and is strongly up-regulated and redistributed
across the surface of glioma cells (Warth et al.
2007). AQP-4 is up-regulated in GBM (Saadoun
et al. 2002a), its distribution is not restricted to
astrocytic endfeet and its up-regulation in tumor
cells and reactive astrocytes surrounding gliomas
plays a role in vasogenic edema formation
(Warth et al. 2005, 2007). High-grade gliomas
are characterized by peritumoral vasogenic
edema and AQP-4 has been found to be strongly
up-regulated and redistributed across the surface
of glial tumor cells (Saadoun et al. 2002b; Warth
et al. 2007), so AQP-4 could be considered as a
protective factor in reducing cerebral fluid
accumulation in glioma. We have evaluated
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AQP-4 expression and content in GBM and have
demonstrated that chemotherapy and radiotherapy
induce a down-regulation in AQP-4 expression
restoring its perivascular rearrangement suggesting
its potential role in the resolution of brain edema
(Fig. 4.1) (Nico et al. 2009).

Mou et al. (2010) investigated changes of
AQP-4 protein expression in normal brain and in
brain glioma tumor and peritumoral edematous
tissues and analyzed the relationship of AQP-4
protein with edema index, vascular endothelial
growth factor (VEGF) and hypoxia inducible factor
1 alpha (HIF-1a) protein. They demonstrated that
expression of AQP-4 was higher in the tumor and
highest in the peritumor tissue. Moreover, AQP-4
protein in tumor tissue of gliomas of different
grades was not statistically different. In normal
brain tissues, AQP-4 was mainly expressed in the
foot processes of atsrocytes, but rare in the paren-
chyma. Finally, the degree of peritumoral edema
positively correlated with the expression level of
AQP-4 protein and this latter correlated with
VEGF and HIF-1a expression. Over-expression of
AQP-4 in human meningiomas was associated with
significant peritumoral edema. Noél et al. (2012)
combining freeze-fracture electron microscopy,
immunohistochemistry and Western blotting,
described alterations of expression and distribu-
tion of AQP-4, dystroglycan, agrin, and matrix
metalloproteinases (MMP)-2, -3, and -9 in human
primary glioblastomas. They demonstrated an
increase in AQP-4 and MMPs expression, and a
loss of agrin and dystroglycan expression in
glioblastoma compared to control tissue.

AQP-4 knockdown in rat and human astro-
cytes was associated with a depolymerization of
F-actin cytoskeleton with changes of morphol-
ogy (Nicchia et al. 2005). AQP-4-facilitated
astroglial cell migration involves increased
plasma membrane osmotic water permeability,
which enhances water transport into the cell at its
leading edge (Saadoun et al. 2005b). AQP-4
deletion in astroglial cells markedly impaired cell
migration toward a stab wound in adult mouse
brain and glial scar formation was impaired in
AQP-4-null mice with reduced migration of
reactive astroglia towards a site of brain injury
(Auguste et al. 2007; Saadoun et al. 2005b).
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Fig. 4.1 AQP-4 immunocytochemical localization in
the peripheral areas of glioblastoma nultiforme primary
surgical specimens (a), in relapsed surgical specimens
from patients treated with radiotherapy (b) and with
chemiotherapy and radiotherapy (c—e). (a). Primary tumor
shows a vessel faintly labeled by AQP-4 (arrowhead), or
unlabeled (inset, arrowhead), surrounded by tumor cells
expressing AQP-4 on the membranes (thin arrows) and
connected with a cytoplasmic extension of an adjacent
tumor cell, strongly expressing AQP-4 in both the cytoplasm

AQP-4 could be also involved in brain tumor
migration and invasion and may accelerate gli-
oma migration by facilitating the rapid changes
in cell volume that accompany changes in cell
shape. We have observed in the peripheral areas
of primary tumors isolated glioma cells strongly
labeled by AQP-4, indicative of their migratory
activity (Nico et al. 2009). Glioma cells show

and plasmamembrane (thick arrow). Note in the inset, an
AQP-4 labeled tumor cell (arrow) near to an unlabeled,
thick vessel wall (arrowhead). (b) A faintly AQP-4 labeled
vessel (arrowhead) is surrounded by stained tumor cells
(arrows). (c—e) Numerous thin walled vessels with a contin-
uous AQP-4 perivascular arrangement (arrowheads) are
surrounded by astrocytes labeled processes (d, arrowheads)
and by a few tumor cells, with stained plasmamembranes
(d, arrows). Scale bar: a, d, e, 25 pm; ¢, 50 pm; b, 33.3 pm
[Reproduced from Nico et al. 2009]

cytoskeleton alterations and a rearrangement
of actin filaments (Zhou et al. 2008) and it may
be hypothesized that cytoskeleton alterations
occurring during glioma transformation induce
an up-regulation and mislocalization of AQP-4
favouring tumor cell detachment and migration.
Nicchia et al. (2005) have shown that AQP-4
knockdown in rat and human cells was associated
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with a depolymerization of actin with a change
of morphology characterized by a remarkable
F-actin cytoskeleton rearrangement in AQP-4
knock-down mouse astrocytes. Moreover, AQP-4
can interact with a-syntrophin, a member of the
dystrophin-dystroglycan complex, indicating an
involvement of AQP-4 protein in altering the cell
cytoskeleton. Accordingly, we have recently dem-
onstrated that in the brain of mdx mouse, an animal
model of the Duchenne muscular dystrophy, glial
cells showed a significant reduction in both protein
and mRNA content of the dystrophin-associated
proteins (DAPs), including AQP-4, Kir 4.1, syntro-
phin and a-B-dystroglycan, coupled with a decrease
in dystrophin isoform (Dp71) (Nico et al. 2010).
Moreover, we have shown alterations of the vascu-
lar basement membrane and reduction of the
expression of its components laminin and agrin
and trasnslocation of a-p-dystroglycan receptors
in the glial cytolasmic endfeet.

Therapeutic Perspectives

AQPs have been considered new candidates for
potential drug targets, but there are at the present
no AQPs inhibitors that are suitable for clinical
development (Monzani et al. 2007). Inhibition of
AQP-1 and AQP-4 expression (by small interfer-
ence RNA technology) or their function (with a
blocking antibody or a small inhibitory mole-
cule) may result in increased intracellular acido-
sis and cytotoxicity and reduced invasive
potential of glioma cells. Ding et al. (2011),
using small-interference RNA and a pharmaceu-
tical inhibitor to knock down the expression of
AQP-4, demonstrated a specific and massive
impairment of glioblastoma cell migration and
invasion in vitro and in vivo. Moreover, they
showed that down-regulation of MMP-2 expres-
sion coincides with decreased cell invasive
ability. Accordingly, Badaut et al. (2011) using
RNA interference has demonstrated that brain
water motility decreases after astrocyte AQP-4
inhibition.

Acetazolamide inhibits the osmotically induced
water swelling and can suppress tumor metastasis,
in part by inhibiting AQP-1 gene expression.
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The suppressive action of carbonic anydrases
inhibitors on AQP-1 might contribute to their
inhibitory effect on cancer invasion and metas-
tasis. Topiramate, an antiepilectic agent, inhibits
AQP-1 expression and attenuates water influx at
the leading edge, thereby affecting membrane
protrusion, cell migration and metastasis.
Corticosteroids are largely used in combination
with chemotherapy and contribute to signifi-
cantly reduced peritumoral brain edema by
decreasing the permeability of tumor vessels
and/or enchance the clearance of extracellular water.
Animal experiments showed a decrease of cerebral
AQP-4 protein expression upon dexamethasone
treatment, suggesting that AQP-4 may be consid-
ered one of the major molecular targets of the
well-functioning steroid treatment in brain edema
formation. Moreover, corticosteroids reduced
AQP-4 mRNA level in experimental brain tumor
model and after intracerebral hemorrhage in rats
(Heiss et al. 1996; Gu et al. 2007).

The evidence that AQP-4 facilitates the
migration of reactive astrocytes towards an injury
site and the infiltration of malignant astrocytes in
glioblastoma (Verkman et al. 2008) suggests that
AQP-4 inhibitors may reduce reactive gliosis and
infiltration of astrocytes.
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Introduction

Human adipose tissue is no longer considered
simply as a storage depository of lipids, but as a
critical organ involved in energy regulation, whole-
body insulin action and inflammation, through
intricate endocrine, paracrine and autocrine
signals (Dandona et al. 2004). Adipose tissue con-
tains adipocytes and non-adipose cells. Mature
adipocytes are functionally the most important
cell type in adipose tissue, while the stromal
vascular fraction contains several cell types and
represents a reservoir not only of specific adipo-
cyte precursor cells but also of multipotent stem
cells (Gimble and Guilak 2003).

The literature give higher attention to stromal
stem cells than to mature adipocytes which
demonstrated to have stem cells properties. The
stemness features of fat and its in vitro dediffer-
entiation process is largely unknown, despite
the potential clinical applications of both mature
adipocytes and dedifferentiated adipocytes in such
fields, as regenerative medicine.

White adipose tissue has attracted attention
because of its great and reversible capacity
for expansion, which appears to be permanent
throughout adult life (Planat-Bernard et al. 2004).
The process of cellular differentiation in termi-
nally differentiated mammalian cells is thought
to be irreversible, but recent data suggest that the
mature adipocytes, when under physiological
stimuli, are able to reversibly change their pheno-
type and directly transform into cells with a dif-
ferent morphology and physiology (De Matteis
et al. 2009; Poloni et al. 2012a).

Mature adipocytes are functionally the most
important cell type in adipose tissue. White
adipocytes are spherical cells with a single large
lipid droplet formed by triacylglycerols that
accounts for >90 % of the cell’s volume (Cinti
2009). They have a variable size that depends
mainly on the size of the lipid droplet stored in
them. Even on electron microscopy there seems
to be no distinct structure separating it from the
thin rim of cytoplasm by a non-membranous
electron-dense barrier containing functionally
important proteins such as perilipin (Blanchette-
Mackie et al. 1995). The thin cytoplasm contains
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the nucleus, characteristically squeezed by the
large lipid vacuole, an usually under-developed
Golgi apparatus, rough endoplasmic reticulum
made up of short, isolated cisternae and rare
lysosomes. Mitochondria are thin and elongated,
with randomly oriented cristae, and variable in
amount: in general, they are less numerous in
the larger cells. Several caveolae are found on the
outer surface. Numerous pinocytotic vesicles
are found at the level of the outer cytoplasmic
membrane, where a distinct basal membrane is
present. Other organelles are usually poorly rep-
resented (Cinti 2009). Mature adipocytes should
be studied using their buoyant property (Fig. 5.1).

To obtain isolated mature adipocytes free of
stromal-vascular elements, after collagenase diges-
tion, the disrupted tissues were filtered through a
200 pm nylon sieve. The filtered cells should be
washed 4-5 times and eventually re-filtered if it is
necessary. Only the floating top layer was collected
after each washing step (Zhang et al. 2000).

The confocal microscopy analysis of adipo-
genic cellular fraction isolated is a good and easy
way to exclude any contamination coming from
other cell types contained in the whole tissue.
These cells are large (50-70 pm), unilocular,
perilipin-immunoreactive with a peripheral flat-
tened nucleus.

The ceiling culture is the method that uses the
buoyant property of adipocytes, allowing them to
adhere to the top inner surface of a culture flask
which is completely filled with medium (Sugihara
et al. 1987). In this way, mature adipocytes adhere
to the ceiling surface, then the flask should
be reinverted to allow normal observation and the
subsequent manipulation of the culture.

The aim of this chapter is to collect and com-
pare the literature data about both mature and
dedifferentiated adipocytes to better underline
their stem cells properties. In addition to well
characterize adipocytes morphologically and
structurally, this chapter reports on the pluripo-
tent differentiation ability, immunoregulatory
and hematopoietic supporting functions of these
cells. These findings open new perspectives on
adipose tissue plasticity and highlight the way
for cellular therapy and regenerative medicine
based on the administration of adipose tissue
stem cells.



5 Molecular and Functional Characterization of Human Adipocytes 53

Fig.5.1 Electron microscopy analysis. Mature adipocyte has thin cytoplasm and a nucleus characteristically squeezed by
the large lipid vacuoles. The cytoplasmatic organelles are poorly represented. Scale bar=4 pm

The Dedifferentiation Process
of Mature Adipocytes

Mature adipocytes are generally considered
terminally differentiated because they have lost
their proliferative abilities, but recent data sug-
gest that the process of cellular differentiation in
terminally differentiated mammalian cells is not
irreversible.

When maintained in culture, mature adipo-
cytes undergo spontaneously a process of dedif-
ferentiation (Matsumoto et al. 2008). Adipocytes
lost their intracytoplasmatic lipid droplet, the
nuclei became more centralized and the cells
became elongated in shape, assuming a fibroblast-
like morphology. At this step, the cells enter a
proliferative log phase until cellular senescence
(Fig. 5.2).

At molecular level, data revealed significant
changes in gene expression during the dediffer-

entiation process (Ono et al. 2011; Poloni et al.
2012a). Adipocytes downregulated many genes
that play a role in lipid and fatty acid metabolism,
while concomitantly upregulated genes involved
in cell proliferation, altered cell morphology,
movement and migration of cells, and regulation
of differentiation.

As murine adipocytes (De Matteis et al. 2009),
recent data demonstrated that also human mature
adipocytes expressed genes required for the
cell reprogramming process, which include Oct4,
Klf4, c-myc and Sox2 (Poloni et al. 2012a).
Moreover, these cells expressed transcripts for
embryonic stem cell genes that are required for
self-renewal and pluripotency. Thus, recent data
underline the potential role of mature adipocytes
as stem cells (Poloni et al. 2012a; Cinti 2009).
The reprogramming of genes in isolated as well
as cultivated adipocytes is in line with the plastic
properties of these cells.
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Fig.5.2 Dedifferentiation process of mature adipocytes.
During culturing, the cells attached to the upper surface
of the flasks, followed by conversion to fibroblast-like
dedifferentiated adipocytes, reached a morphology
similar to BM-derived MSCs. (a) Morphological changes
at different time points from mature adipocytes to

Immunophenotype
Characterization and Pluripotential
Properties of Mature

and De-differentiated Adipocytes

While dedifferentiated fat cells are well charac-
terized (Matsumoto et al. 2008), there are only
few studies that provided the cell-surface antigen
profile of human mature adipocytes (Poloni et al.
2012a). The stemness markers expressed by
mature adipocytes at the molecular level are also

dedifferentiated adipocytes. (b) Mature adipocytes
lose their lipid droplets. Cells were stained by toluidine
blue. Scale bar in b is equal to 4 pm, in al equal to
80 pm, in a2 equal to 40 pm, in a3 equal to 80 pm, in
a4 equal to 80 pm, in a5 equal to 120 pm, and in a6 equal
to 150 pm

present as surface antigens. These cells are
positive stained by some stem cells markers, CD34
(hematopoietic progenitor cell antigen 1, HPCA 1),
CD133 (prominin 1), CD90 (Thy-1), CDI105
(endoglin), CD271 (NGFR) and CD117 (c-kit).
During the dedifferentiation process, the typical
mesenchymal stem cells markers are highly
preserved at the molecular and antigenic levels,
while CD34 and CD133 are lost as antigens.
After the dedifferentiation process, adipocytes
are easy to isolate and cultivate, so there are many
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studies that described their immunophenotype.
The cell-surface antigen profile of dedifferentiated
cells was analyzed (Matsumoto et al. 2008) and
this profile is consistent with previous findings
for bone marrow MSCs (Pittenger et al. 1999)
with uniformly positive expression of CD13 (ami-
nopeptidase N), CD29 (integrin f1), CD44
(hyaluronate receptor), CD49b (integrin
o4-subunit), CD90, CD105, CD271, CD73 (ecto-
5’-nuclotidase) and HLA-A, -B, -C, but negative
for CD11b (integrin aM), CD31 (platelet endothelial
cell adhesion molecule), CD34, CD133, CD45
(leukocyte common antigen), CD106 (vascular
cell adhesion molecule-1) and HLA-DR.

These findings suggest that the dedifferenti-
ated adipocytes are an homogeneous population
expressing the same markers as bone marrow-
derived MSCs and adipose tissue-derived MSCs.
Data showed that dedifferentiated adipocytes
are a highly homogeneous population of cells
respect to adipose-derived stem cells, that
contained a variety of cell types: high number of
smooth muscle cells (19 %), endothelial cells
(3 %) and blood cells (13 %) (Yoshimura et al.
2006). These observations are convincing because
dedifferentiated adipocytes originate from a frac-
tion of highly pure mature adipocytes, whereas
adipose-derived stem cells are an heterogeneous
population.

Electron microscopy (EM) analysis of dedif-
ferentiated adipocytes is shown in Fig. 5.3a, b.
The images show most organelles described
during the early stages of developing stromal vas-
cular fraction-derived MSCs in primary cultures,
i.e., well-developed Golgi complexes, short
strands of rough endoplasmic reticulum, small
lipid droplets, small mitochondria, lysosomes and
small granules of glycogen. Nuclei were fusiform
with smooth edges. Thus, the EM features of
dedifferentiated adipocytes were very similar
to developing stromal vascular fraction-derived
MSC:s (Fig. 5.3c). The spontaneous dedifferentia-
tion process represents the manifestation of mor-
phological, molecular and functional changes of
mature adipocytes, that might be interpreted as a
return back to a noncommitted status of the cells.

The methylation status of cells is the most
common epigenetic modification of genome in

mammalian cells (Bibikova and Fan 2010). Data
showed that there are significant difference between
the methylation statuses of mature adipocytes and
dedifferentiated adipocytes, while there are no
difference between dedifferentiated adipocytes
and bone marrow-derived MSCs (Poloni et al.
2012a). These findings suggested that during the
dedifferentiation process a gene reprogramming
event takes place, which leads to changes in cellular
epigenetic status. Dedifferentiated adipocytes
achieve the DNA methylation status of bone
marrow-derived MSCs by this process.

Recent advances in regenerative medicine have
created a broad spectrum of stem cell research.
Among them, tissue stem cell regulations are
important issues to clarify the molecular mecha-
nism of differentiation. Tissue engineering and
cell therapy techniques have been developed to
reconstitute different tissues. Attention has
been focused on cells that might be useful in
regenerative medicine (Barrilleaux et al. 2006).
However, because stem cells only represent a
minor population of the cells in the body, invasive
procedures are frequently needed to obtain the
amount of stem cells required for cell therapy.
Therefore, adult stem cells sources are needed to
be easily isolated and expanded with high purity.

Several studies have demonstrated that mes-
enchymal progenitor cells from various tissues
have the potential to differentiate into other cells,
suggesting that pre-committed and committed
cells have plasticity in cell fate determination
(Sudo et al. 2007).

Mature adipocytes are the most abundant cell
type in adipose tissue and they can be easily
isolated without painful procedures or donor
site injury. Recent data demonstrated that mature
adipocytes are able to transdifferentiate into
another cell type, suggesting a great plasticity
of these cells. This process implies an in vivo
phenomenon of physiological and reversible
reprogramming of genes in mature cells (Cinti
2009). During this process a differentiated cell
turns phenotypically and functionally into a
differentiated cell of another type without under-
going dedifferentiation. Some other include the
additional step of dedifferentiation (Tosh and
Slack 2002).
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Fig. 5.3 Electron microscopy
analysis. (a) Dedifferentiated
adipocytes displayed structural
organelle similarities (cytoplasm
enlarged in b) to stromal vascular
fraction-derived MSCs (c¢);

RER =rough endoplasmic reticulum,
m=mitochondria

Data showed two important examples of
physiological and reversible transdifferentiation.
In conditions of chronic cold exposure the
amount brown adipose tissue (BAT) in the organ
could increase via white-to-brown transdifferen-
tiation and, vice versa, BAT could turn into WAT
in case of exposure to an obesogenic diet, to

enable greater energy accumulation (Cinti 2011).
Moreover, murine mature adipocytes undergo
a reversible process of adipocytic/epithelial dif-
ferentiation during pregnancy and lactation. During
pregnancy, adipocytes seem to transform progres-
sively into epithelial cells, forming the lobolo-
alveolar part of the mammary glad responsible
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for milk production. At the end of lactation the
lobolo-alveolar component disappears and a new
adipocyte population restores the prepregnancy
anatomy (Cinti 2011).

While little is known about the potential
differentiation of mature adipocytes, more informa-
tions are available regarding the dedifferentiated
population. Because adipose tissue is abundant
and easily accessible tissue at most ages, dediffer-
entiated cells may be an attractive source of
mesenchymal lineages for tissue engineering and
other cell-based therapy (Matsumoto et al. 2008).
The plastic properties of mature adipocytes are
present also in dedifferentiated adipocytes.

In line with these observations, results showed
that dedifferentiated adipocytes can be converted
into fully differentiated cells, like adipocytes both
in vitro and in vivo (Fernyhough et al. 2008), chon-
drocytes and skeletal myocytes in vitro (Kazama
et al. 2008) under the appropriate culture condi-
tions. In particular, dedifferentiated cells may be
applicable to bone tissue engineering strategies
and cell-based therapies, because they could con-
vert into differentiated osteoblasts in vitro only
by transient all-trans retinoic acid stimulation.
Thus, dedifferentiated cells can undergo terminal
osteoblast differentiation and osteoblast matrix
formation, following subcutaneous injection into
the peritoneal cavity of mice (OKki et al. 2008).

Moreover, dedifferentiated adipocytes also have
the potential to rapidly acquire the endothelial
phenotype in vitro and to promote neovasculariza-
tion in ischemic tissue and vessel-like structure
formation, suggesting that cells of endothelial
and adipocyte phenotype may have a common
precursor (Planat-Benard et al. 2004). These
results also highlight the concept that adipose
lineage cells represent a suitable new source for
therapeutic angiogenesis in ischemic disease.

Data of literature demonstrated that dediffer-
entiated fat cells can differentiate into smooth
muscle cell lineages under specific culture condi-
tions (Sakuma et al. 2009). Green fluorescence
protein labelled dedifferentiated fat cells were
injected into cryo-injured bladder walls in mice,
examining the ability of the fat cells to regenerate
smooth muscle tissue after 14 and 30 days after

transplantation. Significantly a larger amount of
cell expressing a-smooth muscle actin plus green
fluorescence protein were observed at the bladder
wall injection sites in transplanted mice than in
saline injected control mice.

Furthermore, some studies have suggested a
close relationship between mature white adipocytes
and cardiovascular cells, providing evidence that
adipocytes and endothelial cells have a common
progenitor cells (Jumabay et al. 2010). Results
showed that dedifferentiated adipocytes can act as
sources of spontaneously contracting cardiomyo-
cytes in vitro, in which cardiomyocyte phenotype
was identified by morphological observations,
expression of cardiomyocyte-specific markers
and pacemaker activity revealed by electrophysi-
ological studies. These results support a possible
link between adipocyte and cardiomyocyte differ-
entiation that might be of importance for pathol-
ogy and cardiac regeneration.

Moreover, data showed that dedifferentiated
adipocytes could differentiated even in cells
different from mesenchymal lineages, like neu-
rogenic differentiation. Dedifferentiated cells
displayed the capability of forming neurosphere-
like structures with significantly increased of
nestin expression level respect to non treated
control cells (Hermann et al. 2004).

Furthermore, results achieved megakaryo-
cytes and platelets from adipocyte cells with a
similar ultrastructures of cells obtained from
bone marrow CD34-positive cell. In addition,
adipocyte-derived platelets exhibited surface
expression of P-selectin and bound fibrinogen
upon stimulation with platelet agonists, suggest-
ing that these platelets were functional (Matsubara
et al. 2012).

Taken together, the results shown above
indicate the capability of the dedifferentiated
adipocytes to differentiate into multiple cell
lineages. This results might be interpreted as a
return back to a noncommitted status for dedif-
ferentiated adipocytes, which was favoured by
the culture conditions. These findings suggest
that de-differentiated cells have the molecular
signature of a reprogrammed cell with features
similar to stem cells.
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Mature and Dedifferentiated
Adipocytes Maintain

the Survival and Differentiation
of Hematopoietic Stem Cells

Experiments performed in mice demonstrated the
presence of hematopoietic progenitors in adipose
tissue able to reconstitute hematopoiesis in lethally
irradiated animals by systemic infusion of adipose-
derived stem cells (Cousin et al. 2003). This benefi-
cial effect could be assigned to the presence of
hematopoietic stem cells in the graft, the differentia-
tion of injected mesenchymal stem cells into hema-
topoietic repopulating cells or the ability of the
donor adipose cells to promote the differentiation of
residual endogenous hematopoietic progenitors in
the host (Corre et al. 2006). In line with this latter
hypothesis, results showed that dedifferentiated adi-
pocytes support the complete in vitro differentiation
of hematopoietic progenitors without a signifi-
cant difference in the well-known hematopoietic-
supporting capacity of adipose tissue-derived
mesenchymal stem cells (Poloni et al. 2012a).
Other data compared the hematopoietic sup-
porting capacity of adipocytes differentiated in
culture and adipose-derived MSCs (Ookura et al.
2007; Corre et al. 2006). Umbelical cord blood
CD34+CD38- cells were co-cultured on MSCs
or adipocytes and the results showed that the
hematopoietic-supporting capacity of MSCs
decreased with adipocyte differentiation. However,
CD34+CD38- cells co-cultured with adipocytes
preserved the ability to engraft in NOD/SCID mice,
suggesting that adipocytes maintain the ability to
support transplantable SCID-repopulating cells.
Moreover, a co-culture system of CD34+ cells
seeded onto BM-derived adipocytes was studied
to investigated their role in supporting hemato-
poiesis (Corre et al. 2004). These differentiated
cells supported complete myeloid and lymphoid
differentiation from hematopoietic stem cells, but
they not supported the proliferation of immature
progenitors. Moreover, the same authors showed
that adipocytes differentiated from adipose-
derived stem cells secreted cytokines promoting
the differentiation of hematopoietic committed
progenitors, like IL-6, G-CSF and GM-CSF, and
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cytokines inhibiting the proliferation of stem
cells, like MIP1a (Corre et al. 2006).

Recently data demonstrated that isolated
mature adipocytes co-cultured for long time with
CD34+ cells has the ability to support the differ-
entiation of hematopoietic stem cells as adipose
tissue-derived MSCs (Poloni et al. 2012a, 2013).
Because it is abundant and accessible, adipose
tissue could be a convenient source of cells for
the short-term reconstitution of hematopoiesis.

For many years adipose tissue was regarded as
just a heat insulator and store of excess free fatty
acids that could be released when needed. Now, it
is considered a critical organ involved in energy
regulation, inflammation, immune response
thought intricate signals and interrelationships
with other cells (Kershaw and Flier 2004). The
immunoregulatory capacity of mature adipocytes
during the dedifferentiation process was analyzed,
studying their behaviour in co-cultures with
allogeneic lymphocytes. Results showed that the
morphological changes of mature adipocytes
during the culture time were associated with
functional changes. Indeed, dedifferentiated
adipocytes were able to inhibit the proliferation
of stimulated lymphocytes in direct co-culture,
while mature fat cells stimulated their growth.
These features may be associated with the ability
of adipose tissue to promote inflammation via
cytokine production and with the immunoregula-
tory capacity of MSCs (Gregor and Hotamisligil
2011) derived from different sources such as
adipose tissue (Kronsteiner et al. 2011) bone mar-
row, amniotic fluid and chorionic villi (Krampera
et al. 2006; Poloni et al. 2011, 2012b).
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suggesting that high expression of esVEGFR-2
may indicate differentiated neuroblastoma
and vice versa. Real-time RT-PCR analyses
revealed that INSS stage 1 and 2 neuroblasto-
mas express higher amounts of esVEGFR-2
transcripts than stage 3 and 4 tumors.
Intriguingly, the down-regulation of the tran-
scripts inversely correlates with lymph-node
involvement and metastasis formation.

Together, esVEGFR-2 may indicate differen-
tiation in neuroblastoma and provide new insights
into cancer progression mechanisms where
not only expression of pro-angiogenic molecules
may facilitate tumor progression, but also the
down regulation of anti-(lymphangiogenic)-
molecules could drive malignancy.

Introduction to Tumor
Angiogenesis

Angiogenesis, the formation of blood- and lymphatic
vessels from preexisting vessels, can be observed
under physiological conditions whenever regen-
eration of blood vessels is needed, namely during
the proliferative phase of the endometrial mucosa
or during wound healing. In tumor pathology, the
supply with nutrients and oxygen via blood vessels
is a key prerequisite for tumor growth beyond the
borders of normal diffusion. Tumor lymphatics
drain interstitial fluid from the tumor. Therefore
many clinically relevant tumor entities share the
ability to induce and stimulate vessel outgrowth
from existing surrounding capillaries or larger
vessels and to attract the newly formed vessels to
the tumor. This process is termed tumor angio-
genesis. Both, angiogenesis and tumor angiogenesis
are mediated by secreted molecules and signaling
pathways which are often found deregulated
in malignancies. Molecules involved are the
Hypoxia-Inducible transcription factor (HIFs),
Angiopoietins (Ang-1, Ang-2) and their recep-
tors (TIE-1; TIE-2), Integrins, Fibroblast Growth
Factors (FGFs) or Transforming Growth Factor
beta (TGFbeta), just to mention some of them
(Carmeliet 2003). However the strongest regula-
tors in angiogenesis and tumor angiogenesis are
the Vascular Endothelial Growth Factor family
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members, which are VEGF-A, VEGF-B, VEGF-C,
VEGEF-D and Placenta growth factor (PIGF) in
collaboration with their appropriate tyrosin-
kinase receptors VEGFR-1 (Flt-1), VEGFR-2
(KDR/FIk1) and VEGFR-3 (Flt-4).

The VEGF-Family and its Receptors

VEGF-family members are predominantly active
as homo-dimers, but heterodimers between various
VEGF members have also been observed. The
complexity of this system is further increased by
the fact that several splicing-forms or proteolytic
fragments exist for most of the VEGFs. As there
are excellent recent reviews only a short overview
will be provided here (for review see Adams and
Alitalo 2007; Koch et al. 2011). In brief, VEGF-A
is the main inducer of blood vessels. It binds to
VEGFR-2 homodimers, which are assisted by the
co-receptor neuropilin 1 (NRP1). The activation
of VEGFR-2 is regulated by VEGFR-1, which
has tenfold higher affinity to VEGF-A but only
weak signaling capacity. VEGFR-1 seems to have
mainly regulatory properties such as the induction
of VEGFR-2 expression or attenuation of VEGF-A
signaling by trapping the ligand. Of VEGF-B,
two isoforms are generated by alternative splicing,
both binding exclusively to VEGFR-1. The func-
tion of VEGF-B still remains a matter of debate
but there is emerging evidence that it is involved
in cardiac angiogenesis during development.
PIGF is expressed strongly in the placenta, but
can also be found in other tissues. It also binds
exclusively to VEGFR-1 and its role is not fully
understood, however it seems to potentiate VEGF-A
induced angiogenesis. VEGF-C and VEGF-D
both bind to VEGFR-3 and are the main inducers
of lymphangiogenesis.

Since VEGF-C and VEGF-D were identified,
it became evident that members of the VEGF-
family orchestrate not only hemangiogenesis but
also lymphangiogenesis. In tumors, lymphangio-
genesis was considered to be non-existing for a
long time, until VEGF-C-induced lymphangiogen-
esis was demonstrated by using VEGF-C express-
ing tumor cells on the chorioallantoic membrane
of the chicken embryo (Papoutsi et al. 2000).
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Subsequently a series of experiments could show
that this also holds true for mouse models, where
VEGF-C induced lymphangiogenesis correlates
positively with the formation of lymphnode-
metastases (Karpanen et al. 2001; Skobe et al.
2001; Stacker et al. 2001). Even though many
human tumor entities also show a positive corre-
lation between the expression of VEGF-C and
VEGF-D and lymphnode involvement, this is not
the case for all human malignancies (Pepper et al.
2003). Therefore it is reasonable to assume that
lymphangiogenesis is not only controlled by
activators but could also be counterbalanced
by inhibitory molecules.

Despite intensive investigations by many
groups the VEGF-system is not fully understood
yet. Nevertheless, the discovery of VEGF-A opened
the door to access a mighty system of angiogenic
regulators, which were consequently identified
as targets for anti-angiogenic therapy of cancer
and other diseases, although, at least so far, not
with the expected success (Leung et al. 1989;
Carmeliet 2003; Sitohy et al. 2012).

EsVEGFR-2 is a Novel
Endogenous Inhibitor
of Lymphangiogenesis

For both, VEGFR-1 and VEGFR-2, soluble
fragments, which can be detected in blood and inter-
stitial fluid, are known (sVEGFR-1 and sVEGFR-2).
These fragments are often derived by enzymatic
shedding of the membrane-bound receptor.
Thereby sVEGFR-1 is considered to be a major
negative regulator of VEGF-A-induced haeman-
giogenesis, and it has been shown that especially
in the cornea the soluble fragment is not a prod-
uct of proteinase activity but rather synthesized
by alternative splicing from the VEGFR-1 mRNA
(Ambati et al. 2006).

Recently, Albuquerque and colleagues also
identified a novel soluble splice variant of
VEGFR-2, termed sVEGFR-2, in mouse cornea
and also in human tissues (Albuquerque et al.
2009). To make strictly clear that this molecule is
not a shedded proteolytic fragment, it is subse-
quently termed endogenous soluble VEGFR-2

(esVEGFR-2) by the author as proposed by
Shibata et al. (2010). EsSVEGFR-2 is characterized
by a unique C-terminal 13 amino-acid sequence
in mice or 16 amino-acid sequence in human, and
a complete lack of the membrane-spanning and
intracellular signalling components of the full-
lengthVEGFR-2. The C-terminal amino acid
stretches are generated by the use of an alternative
stop-codon in intron 13 and proved suitable
for the production of specific antibodies as
well as specific primers for real-time RT-PCR.
Surprisingly, esVEGFR-2 does not seem to bind
VEGF-A, but exhibits high binding affinity for
VEGF-C. In a series of elegant experiments
Albuquerque et al. (2009), demonstrated that
tissue specific knock-down of esVEGFR-2 in the
mouse cornea, using the PAX6 promotor in a cre-
lox system, leads to proliferation and growth of
lymphatic vessels into the (normally avascular)
cornea (Albuquerque et al. 2009). Additionally,
keratin 14 promotor-based cre-lox VEGFR-2
knock-out causes edema in the skin due to dila-
tion and hyperplasia of lymphatics. Cell culture
experiments revealed that esVEGFR-2 inhibits
VEGF-C induced proliferation of human lymphatic
endothelial cells in vitro.

EsVEGFR-2 in Embryonic
Development

The above discussed experiments published by
Albuquerque et al. (2009), were performed using
the offspring of transgenic mice and suggest that
esVEGFR-2 exerts its functions during embry-
onic development. We used sections of human
embryos and fetuses for immunohistology in
order to determine esVEGFR-2 expression
patterns (Becker et al. 2012).

In 8 weeks-old embryos positive staining is
detectable in the epithelium of the choroid plexus,
the floor plate of the neural tube, the anterior
spinal artery and distinct cells of the notochord.
In the liver hematopoietic cells (Fig. 6.1a, b) and
scattered cells in the adventitia of the portal vein
stain positive for esVEGFR-2. Scattered positive
cells are also detectable in the developing dermis,
and the epidermis of 8 weeks-old embryos stains
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Fig. 6.1 Immunostaining for esVEGFR-2 in tissues of
human, 8-10 weeks old, embryos and fetuses. (a) adrenal
gland (ad), liver (li) and diaphragm (di). (b) liver.

nicely positive, too. However, the identity of
the scattered cells found in many tissues is not
clear yet. Additional positive organs are the gut
mucous-membrane, skeletal muscle cells, the
tendons of skeletal muscles (Fig. 6.1c), the adrenal
gland (Fig. 6.1a) and sympathetic paravertebral
ganglia (Fig. 6.1d). Most strikingly, we could
show that arterial endothelial cells are positive
for esVEGFR-2 whereas venous endothelial cells
are not (Becker et al. 2012). This phenomenon
may be explained with regard to co-localization
patterns of blood and lymphatic vessels. Larger
arteries are accompanied by lymphatics that drain
exudates, produced due due to high arterial fluid
pressure. Additionally, larger lymphatics and
lymphatic trunks, which drain a tributary region,
are in most cases co-localized with the arteries
that supply this region. Blood endothelial cells
are a source of VEGF-C and therefore it can be
speculated, that esVEGFR-2 might be expressed

() intercostal muscles (im), ribs (ri), note strong immu-
noreactivity of tendineous parts of the intercostal muscle.
(d) sympathetic ganglion (sg)

and secreted by arterial endothelial cells to block
VEGF-C on the abluminal side in order to pre-
vent attraction of lymphatic endothelial cells and
thereby preventing formation of anastomoses
between lymphatics and blood vessels.

EsVEGFR-2 in Neuroblastoma

Neuroblastoma is an embryonic tumor originating
from neural crest cells, which belong to the
sympathetic neuroblast lineage. In normal devel-
opment, these cells migrate from the neural
crest and form the sympathetic nervous system.
Therefore neuroblastomas usually develop within
or nearby sympathetic ganglia, for example along
the sympathetic trunk or the adrenal medulla.
Both of the latter tissues display esVEGFR-2 posi-
tivity in human embryos and fetuses (Fig. 6.1a, d).
It remains unclear whether the malignantly
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transformed cells follow their normal pathways
in the embryo or whether the malignant transfor-
mation occurs when the cells have reached their
final destination.

VEGF-C-induced lymphangiogenesis and the
existence of lymphatic vessels in primary neuro-
blastoma specimens and experimental tumors has
been shown some time ago (Lagodny et al. 2007).
The international neuroblastoma staging system
(INSS) refers to the lymphnode status as one of the
main criteria for the clinical evaluation of tumor
progression and prognosis. Albeit this system has
currently been revised and transferred into the
International Neuroblastoma Risk Group Staging
System (INRGSS), which covers more clinical
imaging data, the impact of the lymphnode status
is still undoubted (Monclair et al. 2009).

Therefore, we decided to investigate the
expression of esVEGFR-2 in primary neuroblas-
toma and the clinical relevance of the expression
pattern (Becker et al. 2010). Additionally, neuro-
blastoma cell-lines were screened for VEGFs
and VEGF-receptors, including esVEGFR-2. All
tested molecules were expressed in the cell-lines,
but as expected for neuroblastoma, a wide het-
erogeneity of the expression levels could be
observed. When we used the same primer sets on
untreated (which means without adjuvant chemo-
therapy before surgery) primary tumor samples, a
slight increase of VEGF-A transcripts in stage 4 s
tumors and a lower expression of VEGF-D
transcripts in tumors of stages 3, 4 and 4 s could
be detected. Other VEGFs did not show remark-
able differences between clinical stages, except
for esVEGFR-2, which was expressed signifi-
cantly lower in tumor stages 3, 4 and 4 s, whereas
membrane-bound VEGFR-2 (mbVEGFR-2) did
not show any alterations (Becker et al. 2010).

The most significant marker for neuroblastoma
progression is the amplification of the transcription
factor MYCN, which strongly correlates with
unfavorable outcome (Westermann and Schwab
2002). MYCN amplification can be found in
20-25 % of neuroblastomas and amplification
levels may reach up to several hundred copies.
This leads to a massive over-expression of MYCN
at transcript and protein level. Neuroblastomas
with high MYCN expression are aggressive,
fast growing, well vascularized and frequently

metastasizing to other organs and lymphnodes.
In our studies, we could not find differences
between MYCN-amplified and non-amplified
primary stage 4 neuroblastoma specimens for
VEGF-C, VEGFR-2 and VEGFR-1 at mRNA level.
However, VEGF-A and VEGF-D transcripts are
moderately increased in the MYCN-amplified
samples and the inhibitory soluble receptors
SVEGFR-1 and esVEGFR-2 are clearly, yet
not statistically significantly, down-regulated.
Of note, in 26 neuroblastoma cell-lines, mainly
derived from primary tumors or metastases, there
were no differences between MYCN-amplified
and non-amplified specimens detectable, suggest-
ing that in vitro data and cell-line experiments
may not adequately reflect tumor behavior in this
aspect (Becker et al. 2010).

However, in vitro experiments using WAC2,
which are MY CN-transfected and over-expressing
cells derived from the neuroblastoma cell line
SH-EP, confirmed the correlation between MYCN
expression and down-regulation of esVEGFR-2
(Becker et al. 2010). Other Groups reported
earlier that MYCN amplified neuroblastomas
up-regulate VEGF-C and that VEGF-A is down-
regulated after siRNA-mediated knock-down of
MYCN (Eggert et al. 2000; Kang et al. 2008).
These data suggest that up-regulation of pro-
angiogenic factors is one feature that facilitates
neuroblastoma progression, but on the other
hand, down-regulation of inhibitors of angiogen-
esis namely esVEGFR-2 and sVEGFR-1 may
also severely disrupt the balance of pro- and anti-
angiogenic factors and may strongly contribute to
neuroblastoma progression.

EsVEGFR-2 Expression Correlates
with Differentiation in
Neuroblastoma

Typically for embryonic tumors, most neuroblas-
tomas are diagnosed in the first 2 years of life or,
with the help of modern imaging techniques even
before birth. The median age of neuroblastoma
patients is about 24 months. Interestingly many
neuroblastomas of younger patients respond
better to chemotherapy or even differentiate
spontaneously to benign ganglioneuroma or
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undergo complete regression. Therefore statis-
tically, younger age strongly correlates with
favorable outcome. In the neuroblastoma staging
system, attention has been given to this fact with
the introduction of the stage 4 s, which encloses
children with progressed neuroblastoma including
some degree of metastases to the skin and liver,
but with an age not exceeding 12 months. Despite
metastases formation these patients share an
excellent prognosis and can often be cured. In
older children with high risk neuroblastoma,
retinoic acid derivatives have successfully been
used to increase survival when applied together
with or after conventional chemo-therapy (Masetti
et al. 2012). The differentiating effect of retinoic
acid on neuroblasoma cells in vitro has been
shown in 1982 by Sidell and was refined in the
years since (Sidell 1982; Reynolds et al. 1994).

We sought to identify whether esVEGFR-2
expression is correlated with differentiation in
neuroblastoma. By immunohistology using an
antibody raised against the specific C-terminal
intronic peptide of esVEGFR-2, we found expres-
sion predominantly in low grade neuroblastomas
(Hughes Grade I), which are stroma-rich with
large tumor cells resembling differentiated
neuronal cells (Fig. 6.2b). This tumor type is
associated with no or only minor, regional lymph
node involvement and good prognosis. In con-
trast, undifferentiated lesions with small round
tumor cells (Hughes Grade III; WHO Grade 111,
IV) are often associated with distant lymph
node metastases and dissemination to other
organs like bone marrow or liver. This type of
neuroblastoma is associated with poor prognosis
and in the specimens we probed, no positive
staining for essVEGFR-2 was detectable (Fig. 6.2a)
(Becker et al. 2012). Especially in neuroblastoma
with a histology of the differentiating phenotype,
expression was detectable in the cytoplasm of
maturing neurons, and in ganglioneuroblastoma
and ganglioneuroma (Hughes Grade I) most of
the ganglionic cells were strongly positive. This
suggests that sympathetic neuroblasts might be
able to inhibit tumor lymphangiogenesis by the
production of esVEGFR-2.

Therapy with ATRA induces differentiation of
the neuroblastoma cells and can stop malignant

Fig. 6.2 Expression of esVEGFR-2 in human primary
neuroblastoma. Paraffin sections of primary neuroblastoma
specimens were subjected to immuno-histochemistry using
anti-esVEGR-2 antibodies and horseraddish peroxidase-
coupled secondary antibodies. (a) Neuroblastoma of
the undifferentiated small round cells type shows no
immunoreactivity for esVEGFR-2. (b) Neuroblastoma of
the differentiating type: large neuron-like cells show up
with strong immunoreactivity for esVEGFR-2 in the
cytoplasm

progression of the tumor especially in children
younger than 18 months of age (Reynolds et al.
2003). Treatment of neuroblastoma cell-lines
with 5-10 pM ATRA induced the maturation of
the cells in vitro, which is depicted microscopi-
cally by the formation of neurite-like protrusions
and by a proliferation delay or even arrest.
Screening of ATRA-treated neuroblastoma cells
by real-time RT-PCR revealed that esVEGFR-2
is constantly up-regulated over 12 days of treat-
ment in SMS-KAN cells, however not all of the
tested cells responded at the same degree (Becker
et al. 2012).
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EsVEGFR-2 in Other Cancers

So far, the effects of esVEGFR-2 have not been
studied in other human cancer entities. Shibata and
colleagues used a mouse model with virally induc-
ible mamma carcinoma (Shibata et al. 2010). They
treated the experimental mouse tumors with plas-
mid vectors containing esVEGFR-2 cDNA, intro-
duced into the carcinoma cells by in vivo
electroporation. After such treatment, tumor vol-
umes were reduced by 30 % while survival rates
increased from 60 % in controls to 90 % in
esVEGFR-2-treated animals. Also, metastases to
lymph nodes and the number of metastatic foci in
organs like the lung were reduced by 50 %.
However the number of organs (lung, kidney, adre-
nal and ovaries) with metastases was not altered,
suggesting that the hematogenic spread of tumor
cells was not affected. Remarkably, only the
number of lymphatics was significantly decreased
in treated tumors, while the blood vessel number
was not altered. Even more interestingly, the
number of lymphatics with tumor cells in the
lumen decreased by about 25 % in treated tumors,
which is far more than one would assume by the
mere reduction of vessel number, indicating that
esVEGFR-2 may also affect tumor-vessel interac-
tions. For carcinoid cancer, a tumor derived from
enterochromaffin cells of the gut, Silva et al. (2011)
reported that migration in vitro is enhanced by
VEGEF-C binding to VEGFR-3. The authors specu-
late that the observed expression of esVEGFR-2 in
carcinoid tumor cells may bind VEGF-C and thus
slow down tumor progression (Silva et al. 2011).

Induction of Alternative Splicing

In 2011 Vorlova and co-workers published their
studies on the induction of alternative splicing
in tyrosine-kinase receptors (RTK). They show
that alternative splicing like in VEGFR-2 can be
found regularly in most of the RTK-family mem-
bers (Vorlova et al. 2011). More interestingly,
using VEGFR-2 in human umbilical vein endo-
thelial cells (HUVEC), they demonstrated that
alternative splicing can be induced with appropri-
ate morpholino oligonucleotides which block the

Ul small nuclear ribonucloparticle (Ul snRNP,
here Ul) binding site at the 5’ splicing site. As
shown both at mRNA and protein levels this led
to specific and efficient inhibition of splicing at
intron 13 and complete replacement of mem-
brane-bound VEGFR-2 by secreted esVEGFR-2.
The authors conclude that their morpholino
approach may have new therapeutic prospects by
targeting RTK signaling at three levels: (i) the
induction of alternative splicing substitutes
membrane bound receptor by the soluble inactive
form; (ii) secreted soluble receptor may bind
ligands and act as a decoy receptor and (iii) the
secreted soluble isoforms may dimerize with
their membrane-bound counterparts and form
binding-active receptors with reduced or even
absent signaling capacity (Vorlova et al. 2011).

Lately, Uehara and colleagues (2013) were
able to confirm the results published by Vorlova
and co-workers (Vorlova et al. 2011; Uehara et al.
2013). They used a similar morpholino specific
for the splicing site at the exon 13 — intron 13
boundary and forced polyadenylation at the latent
polyA-site of intron 13. The resulting product was
correctly glycosylated and exported to the culture
fluid. In vivo intravitreal injection of morpholinos
induced esVEGFR-2 expression and suppressed
neovascularization of the choroidea after laser
treatment, therefore the effects of esVEGFR-2 on
hemangiogenesis may following the mechanisms
proposed by Vorlova et al. (2011). Also in cornea
suture experiments, morpholinos injected under
the conjunctiva inhibited hemangiogenesis and
lymphangiogenesis during cornea healing.
Additionally, after cornea transplantation,
morpholino-treatment prevented graft rejection
effectively (Uehara et al. 2013).

In sum, morpholino based induction of
esVEGFR-2 seems to be a promising tool to con-
trol lymphangiogenesis and hemangiogenesis in
the future.

Conclusions

The novel soluble splice variant of VEGFR-2 is a
potent inhibitor of VEGF-C-mediated processes.
There is evidence that in neuroblastoma, the
down-regulation of esVEGFR-2 correlates with
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tumor progression and lymph node involvement.
There are several scenarios to explain this
assumption. Firstly, with regard to the findings
in the human embryonic tissues, esVEGFR-2
expression seems to be a marker of normally
differentiating sympatho-adrenal cells and
progenitor cells. The down-regulation of the
inhibitor may therefore be a sign that the cells
have left their differentiation pathway into a
malignant direction. This notion is supported by
our experiments with the retinoic acid derivative
ATRA, which induces differentiation of tumor
cells and increases the levels of esVEGFR-2.
Secondly, the loss of esVEGFR-2 expression in
neuroblastomas of progressed stages may elicit
indirect effects in the stroma such as increased
lymphatic endothelial proliferation, which facili-
tates the lymphatic spread of tumor cells. Beside
anti-angiogenic effects, the molecule may have
further properties, which influence tumor out-
come, for example the modulation of immune
responses. A connection between the immune
system and VEGF-C has earlier been described
(Chen et al. 2005). When siRNA directed against
VEGF-C was applied to mice bearing experimental
mammary-carcinoma the authors found that the
knock-down of VEGF-C causes increased infiltra-
tion of CD 8* T-cells and dendritic cells, indicating
an increased immune response, but also decreased
lymphangiogenesis. Their anti-VEGF-C treatment
resulted in an overall increased survival of the
animals. A similar effect may be postulated for
esVEGFR-2, which may offer an additional valu-
able therapeutic option. However further studies
are required to fully elucidate the therapeutic
value of this promising molecule.
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Abstract

Hypothalamo-pituitary dysfunction is commonly
seen in children with brain tumors after neuro-
surgery, resulting in endocrine disorders,
including growth hormone deficiency (GHD).
GHD causes growth failure, and thus the
majority of the patients need GH replacement
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osteoblasts, leading to acceleration of linear
growth. Interaction between insulin- and IGF-
I-induced signaling pathways and of insulin
with other hormonal factors such as leptin or
PRL may play a crucial role for promoting lin-
ear growth in patients with GWGH. Despite
normal or excessive linear growth, patients
with GWGH still have metabolic abnormali-
ties and retarded bone maturation. It remains
elusive whether GH replacement therapy
solves these problems and enables the patients
to reach normal height in adulthood. Better
understanding for the mechanisms of GWGH
is essential to improve the quality of life of
patients with GWGH. Because of a lack of
accumulating data, further studies would be
necessary to clarify the clinical characteristics
and the mechanisms of GWGH in more detail
in the future.

Introduction

Hypothalamo-pituitary (HP) dysfunction occurs
in the majority of children with brain tumors after
neurosurgery. The most common HP dysfunction
includes growth hormone deficiency (GHD) and
diabetes insipidus (Carmel et al. 1982; Di Battista
et al. 2006). GHD causes growth failure, and thus
GH replacement therapy is necessary in the
majority of patients with brain tumors after
Neurosurgery.

In 1964, it was first reported that despite GHD,
some patients with brain tumors after neurosur-
gery grew normally or excessively (Matson
1964). This phenomenon has been recognized as
growth without GH (GWGH). The mechanisms
of GWGH remain elusive. However, hyperinsu-
linemia is often associated with the patients with
GWGH, and thus it has been considered to play a
crucial role for promoting linear growth in these
patients. In this chapter, we will focus on a role of
hyperinsulinemia for GWGH by reviewing the
auxological and endocrinological data of the
children with GWGH after neurosurgery of brain
tumors reported in the literature. In addition, we
will discuss the possible causes of hyperinsu-
linemia associated with GWGH and the proposed
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mechanisms of GWGH, including a role of insu-
lin-induced cell signaling and of interaction
between insulin and other hormonal factors for
promoting linear growth in patients with GWGH.

Growth Hormone Deficiency (GHD)
and Growth Failure in
Craniopharyngiomas Before and
After Neurosurgery

Craniopharyngiomas (CPs) are the most common
brain tumors, affecting the HP region, and
account for approximately 10 % of primary intra-
cranial tumors in children (DeVile et al. 1996;
Srinivasan et al. 2004). HP dysfunction is com-
monly associated with the pediatric patients with
CPs even before neurosurgery (Thomsett et al.
1980; Blethen and Weldon 1986; Sorva 1988;
DeVile et al. 1996; Pinto et al. 2000; Di Battista
et al. 2006; Trivin et al. 2009). GHD occurs in
62-90 % of the patients with CPs (Thomsett et al.
1980; Lyen and Grant 1982; Tiulpakov et al.
1998), and growth failure caused by GHD is seen
in 15-90 % of these patients before neurosurgery
(Costin et al. 1976; Thomsett et al. 1980; Carmel
et al. 1982; Lyen and Grant 1982; Stahnke et al.
1984; Sorva 1988; DeVile et al. 1996; Pinto et al.
2000; Di Battista et al. 2006). Since the brain
lesion itself causes the damage to the cells in the
HP region and/or to the vessels that transfer the
hypothalamic hormones to the pituitary, the inci-
dence and severity of HP dysfunction may
depend on the location of brain lesions. The
majority of the patients with CPs have a suprasel-
lar lesion (~95 %); purely suprasellar, 20-46 %;
both supra- and intrasellar, 39-75 %, and purely
intrasellar, 1.5-15 % (Stahnke et al. 1984).

The treatment of the brain lesion by surgery
may be a determinant for the incidence and sever-
ity of HP dysfunction. HP dysfunction is signifi-
cantly increased and becomes almost universal in
patients with CPs after neurosurgery (Matson
1964; DeVile et al. 1996; Pinto et al. 2000). In fact,
severe GHD is more frequently found in patients
with CPs after neurosurgery, ranging from 73 % to
100 % of the patients reported (Thomsett et al.
1980; Lyen and Grant 1982; Tiulpakov et al. 1998;
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Gonc et al. 2004). In patients with CPs, total
resection of tumors has been suggested to signifi-
cantly increase the incidence and severity of HP
dysfunction compared to subtotal resection alone
and/or radiotherapy (Matson 1964; Thomsett et al.
1980), although it was challenged (Gonc et al.
2004; Di Battista et al. 2006; Trivin et al. 2009).

Overview of Growth Without
Growth Hormone (GWGH)

Since Matson (1964) has first reported the cases
of CPs with normal growth despite GHD, at least
180 cases of GWGH with CPs or other brain
tumors after neurosurgery have been reported in
the literature (Table 7.1). Approximately 39 % of
the patients with brain tumors after neurosurgery
grow normally or excessively. The majority of
the patients with GWGH have CPs, and only a
few case reports of GWGH with other sellar
tumors have been documented, including astro-
cytoma and pinealoma (Finkelstein et al. 1972;
Schoenle et al. 1995), chordoma (Saenger et al.
1974), glioma and tuberculoma (Gluckman and
Holdaway 1976), teratoma (Araki et al. 2000),
Langerhans cell histiocytosis (Nagasaki et al.
2010), or germinoma (Iwayama et al. 2011).

The location of brain tumors and the mode of
surgery may affect the incidence of GWGH.
GWGH has been more frequently found in the
patients with suprasellar tumors (Bucher et al.
1983; Blethen and Weldon 1986; Tiulpakov
et al. 1998). On the other hand, it was reported
that 5 (42 %) of the 12 children with GWGH
underwent a total resection of the tumors (Carmel
et al. 1982). Thomsett et al. (1980) have shown
that 4 (57 %) and 3 (43 %) of the 7 children with
GWGH received total and partial resection of
the tumors. Similarly, other investigators have
suggested that the severity of HP dysfunction in
the patients with GWGH was not related to the
total or subtotal resection of the brain tumors
(Di Battista et al. 2006). However, because of a
limited data, it remains inconclusive whether
the mode of surgery affects the incidence of
GWGH among children with brain tumors after
neurosurgery.

In patients with GWGH, the “catch-up” growth
spurt is usually seen within the first 2 years after
neurosurgery, which is often paralleled with
weight gain (Holmes et al. 1968; Thomsett et al.
1980; Bucher et al. 1983; Sorva 1988; Tiulpakov
et al. 1998). However, an unusual case of GWGH
with teratoma has been reported (Araki et al.
2000), in which the linear growth was poor until 4
years without GH replacement therapy, but accel-
erated 5 years after neurosurgery despite before
puberty. The “catch-up” growth spurt may be self-
limited. It was reported that the linear growth was
decelerated in older children with GWGH and
that the final adult height for 3 (30 %) of the 10
patients with GWGH was more than -2.5 SD
below the mean adult height for gender 1.5-6
years after neurosurgery (Blethen and Weldon
1986). In this study, all surviving patients with
GWGH, who grew excessively, continued to grow
at a relatively high or normal growth rate until the
adult height was reached. Similar trend has been
reported by other study (Bucher et al. 1983).
Sorva (1988) has reported that of the 5 patients
with CPs and GWGH, the growth rate declined in
1 with tumor recurrence, 1 subsequently needed
the GH replacement therapy, and the remaining 3
(60 %) patients reached the final height with
height SDS, ranging from +0.2 to —2.4 during
1.7-8.2 years after neurosurgery. In other series
(Thomsett et al. 1980; Bucher et al. 1983;
Schoenle et al. 1995; Tiulpakov et al. 1998),
57-100 % of the patients with GWGH achieved a
relatively high or normal linear growth rate during
2-14 years after neurosurgery. These data suggest
that some patients with GWGH do decelerate the
linear growth 2 or more years after neurosurgery.
Because of a lack of the long-term follow-up data,
it remains unknown what is the frequency of the
patients with GWGH who maintain normal or
excessive linear growth till a final normal height is
reached in adulthood.

GWGH and Puberty

Sex steroids, secreted by the control of gonado-
tropins (luteinizing hormone, LH, and follicle
stimulation hormone, FSH), induce growth spurt
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during puberty. Approximately 71-95 % of the
patients with CPs have gonadotropin deficiency
after neurosurgery (Thomsett et al. 1980; Lyen
and Grant 1982; Stahnke et al. 1984; Schoenle
et al. 1995; DeVile et al. 1996; Gonc et al. 2004;
Srinivasan et al. 2004; Di Battista et al. 2006;
Iwayama et al. 2011). Only 1 (5 %) boy of the 20
patients with CPs and gonadotropin deficiency,
older than 12 years of age, has been shown to
develop precocious puberty 6 years after neuro-
surgery (Di Battista et al. 2006). In other study, of
the 48 patients with CPs, only 3 (6 %) boys had
precocious puberty and 1 (2 %) girl showed full
adult sexual maturation 6.7 years after neurosur-
gery (DeVile et al. 1996).

Because of hypogonadotropic-hypogonadism,
the patients with GWGH also lack sex steroids,
resulting in failure or delay of growth spurt dur-
ing puberty. It was shown that 14 of the 15
patients, including the patients with GWGH,
had abnormal serum levels of LH and FSH, which
did not differ between the patients with GWGH
and those without (Bucher et al. 1983). Holmes
et al. (1968) have found that all 4 patients with
GWGH, more than 15 years of age, remained
sexually immature with no detectable gonadotro-
pin excretion. It was reported that of the 14
patients with GWGH, only 1 boy (7 %) and 2
girls (14 %) had precocious puberty and pubertal
development, respectively, 1-6 years after neuro-
surgery (Lyen and Grant 1982). Schoenle et al.
(1995) have found that 4 of the 6 patients with
GWGH had no puberty and that only 2 (33 %)
patients, including one of each boy and girl,
developed puberty. The replacement therapy with
sex steroids or gonadotropin was necessary to
induce the onset of puberty in the majority of
the patients with CPs after neurosurgery,
including the patients with GWGH (DeVile et al.
1996). These data suggest that hypogonado-
tropic-hypogonadism, resulting in delayed
puberty, is associated with the majority of the
patients with GWGH and that hormone replace-
ment therapy is necessary to induce pubertal
growth spurt in these patients.

Recently, serum levels of insulin and insulin-
like growth factor (IGF)-I have been shown to be
higher in girls with precocious puberty than
healthy controls (Sorensen et al. 2012). Thus,

increased serum levels of insulin and/or IGF-I
may play a role for the development of “catch-
up” growth spurt, especially in girls with GWGH.
However, because of a lack of data, it remains
elusive whether puberty may develop more fre-
quently in patients with GWGH than those with-
out, and whether insulin- and IGF-I-induced
signaling pathways play a role for promoting
“catch-up” growth spurt in patients with GWGH.

GWGH and Hyperinsulinemia

Hyperinsulinemia is highly associated with the
patients with GWGH compared to those without
(Bucher et al. 1983; Iwayama et al. 2011). The
incidence of hyperinsulinemia in the patients with
GWGH ranges from 11 % to 100 % in some series
(Kenny et al. 1968; Costin et al. 1976; Gluckman
and Holdaway 1976; Bucher et al. 1983; Stahnke
et al. 1984; Blethen and Weldon 1986; Sorva
1988; Tiulpakov et al. 1998; Srinivasan et al.
2004; Di Battista et al. 2006; Simoneau-Roy et al.
2010; Iwayama et al. 2011). Of the 55 patients
with GWGH reported, in whom the data for serum
insulin levels are available, serum levels of insulin
are increased in 19 (34 %), within normal range in
35 (64 %), and decreased in only 1 (2 %)
(Table 7.1). Of the 50 patients with GWGH, in
whom the data for insulin secretion after loading
are available, the insulin secretion is increased in
30 (60 %), normal in 19 (38 %), and decreased in
only 1 (2 %). These data, although limited, sug-
gest that approximately one thirds of the patients
with GWGH have hyperinsulinemia and that the
ability of insulin secretion is well preserved in
almost all of these patients. It is noteworthy that
only 2 patients with GWGH who had low serum
insulin levels and/or insulin secretion have been
reported (Holmes et al. 1968; Gluckman and
Holdaway 1976).

The peak serum levels of insulin in response
to pharmacological loading have been shown to
be higher in the CPs patients with GWGH than in
those without (Bucher et al. 1983; Stahnke et al.
1984), and significantly correlated with linear
growth, including the patients with GWGH
(Stahnke et al. 1984). In addition, we have previ-
ously shown that some patients without GWGH
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maintained normal linear growth within the first
year postoperatively while hyperinsulinemia was
present, whereas the subsequent linear growth
was decelerated with a decrease in serum levels
of insulin (Iwayama et al. 2011). Taken together,
these data suggest a crucial role of insulin for
promoting linear growth in patients with GWGH.

Hyperinsulinemia and Other
Hormonal Factors in Obesity
Associated with GWGH

GHD leads to increased fat mass, which is associ-
ated with metabolic derangements, including
insulin resistance (Kreitschmann-Andermahr
et al. 2010). Hyperphagia and obesity are com-
monly seen in children with CPs after neurosur-
gery (Sorva 1988; Roth et al. 1998; Srinivasan
et al. 2004). The body mass index (BMI) in chil-
dren with suprasellar CPs has been shown to be
greater than that in those with intrasellar tumors
(Tiulpakov et al. 1998). A positive correlation
between plasma fasting insulin levels and BMI,
IGF-I and IGF-II has been found in the patients
with CPs before neurosurgery (Pinto et al. 2000).
Similarly, serum fasting insulin levels and/or
insulin secretion after loading have been shown
to be positively correlated with BMI and weight
gain in the CPs patients after neurosurgery
(Tiulpakov et al. 1998). These data suggest that
the location of brain tumor may affect the metab-
olism and body weight gain and that insulin and
IGFs play an important role for the regulation of
body weight gain and/or obesity in patients with
CPs after neurosurgery.

Obesity is found in 70 % of the patients with
GWGH reported in the literature (Table 7.1). It is
commonly seen in the patients with GWGH who
have suprasellar lesions, excessive growth, and
associated hyperinsulinemia (Thomsett et al. 1980);
Bucher et al. 1983; Sorva 1988; DeVile et al. 1996;
Tiulpakov et al. 1998; Pavlou et al. 2001). The
patients with GWGH and excessive growth have
been found to be more obese than those with nor-
mal growth or without GWGH (Thomsett et al.
1980; Lyen and Grant 1982; Bucher et al. 1983).
Similarly, the patients with GWGH have been
shown to be more obese than those without before
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neurosurgery, and this trend becomes more
profound after neurosurgery (Stahnke et al. 1984).
Hyperphagia and obesity are commonly seen dur-
ing the initial period of the “catch-up” growth spurt
in the patients with GWGH after neurosurgery
(Holmes et al. 1968; Stahnke et al. 1984; Sorva
1988; DeVile et al. 1996). In addition, some
patients with GWGH but no obesity have normal
serum levels of insulin and subnormal levels of
IGF-I (Sorva 1988). In obesity, insulin resistance
and associated hyperinsulinemia to overcome insu-
lin resistance play an important role in the regula-
tion of metabolism of glucose, free fatty acids and
amino acids (Kreitschmann-Andermahr et al.
2010). In fact, the altered composition of the fatty
acids in the subcutaneous adipose tissue has been
found in the obese patients with GWGH and asso-
ciated hyperinsulinemia (Holmes et al. 1968).
These lines of clinical evidence suggest a crucial
role of hyperinsulinemia in the regulation of energy
balance and metabolism, leading to obesity, and
that there is a positive relationship between body
weight gain and/or obesity and serum levels of
insulin and normal or excessive growth in patients
with GWGH.

GH increases hepatic synthesis of IGF-I
(Giustina et al. 2008). Under the conditions of
GHD, GH-independent IGF-I secretion is an addi-
tional important metabolic regulator. Interaction
between insulin and IGF-I through their own
receptors regulates metabolism in obesity
(Kreitschmann-Andermahr et al. 2010). In addi-
tion, the biological actions of IGF-I are regulated
by IGF binding proteins (IGFBPs) (Giustina et al.
2008; Kreitschmann-Andermahr et al. 2010).

A positive correlation between BMI and serum
levels of IGF-I, IGF-II and IGFBP-3 has been
shown in the patients with CPs before or after
neurosurgery (Tiulpakov et al. 1998; Pinto et al.
2000). In contrast, a negative correlation between
BMI and serum levels of IGFBP-1 has been found
in these patients (Tiulpakov et al. 1998). Obesity,
hyperinsulinemia and/or high insulin secretion
after loading as well as low serum levels of
IGFBP-3 are associated with the majority of the
patients with GWGH (Table 7.1). In addition,
more than a half of the patients with GWGH have
normal or high levels of IGF-I, suggesting that
BMI may be positively correlated with serum
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Fig.7.1 The possible mechanisms of hyperinsulinemia
and growth without growth hormone (GWGH). The
location of brain tumors and/or the mode of surgery may
affect serum levels of insulin and/or insulin secretion prob-
ably through an axis between hypothalamo-pituitary and
pancreas. Insulin resistance associated with obesity
increases insulin secretion. Insulin-like growth factor
(IGF)-1 suppresses insulin secretion, but plays a minor role
for the regulation of insulin secretion. Leptin inhibits insu-
lin secretion from the pancreas directly or by improving
insulin resistance associated with obesity through inhibi-
tion of hypothalamic neuropeptide, resulting in reduced
appetite. However, hyperinsulinemia cannot be corrected
by hyperleptinemia. Hyperprolactinemia, resulting from
disturbed secretion of the prolactin (PRL) inhibiting factor
due to hypothalamic damage, increases food intake and
body weight gain. Insulin and IGF-I stimulate PRL release

levels of insulin and/or insulin secretion and IGF-I
in patients with GWGH. On the contrary, BMI is
likely to be negatively correlated with serum lev-
els of IGFBP-3 in the patients with GWGH. This
finding is in contrast to previous studies using the
patients without GWGH (Tiulpakov et al. 1998;
Pinto et al. 2000), in which a positive correlation
was found between BMI and serum levels of
IGFBP-3. A regulatory role of IGF-I for weight
gain is controversial in the patients with GHD
(Kreitschmann-Andermahr et al. 2010). However,
these data suggest a role of IGF-I and IGFBP-3
and of interaction between insulin and these fac-
tors for the regulation of metabolism associated
with obesity in patients with GWGH.

Leptin, secreted by adipose tissue, plays a
major role for the regulation of fat metabolism
(Roth et al. 1998; Mantzoros et al. 2011; Su et al.
2011). Congenital leptin deficiency results in

from extrapituitary sites, including adipose tissue.
Conversely, PRL stimulates insulin secretion and hepatic
synthesis of IGF-I. Interaction between insulin/insulin
receptors (IRs)- and IGF-I/IGFIR-induced signaling path-
ways stimulates proliferation of osteoblasts, resulting in
acceleration of longitudinal bone growth. Insulin and
growth hormone deficiency (GHD) reduce IGF binding
protein (IGFBP)-1 and -3, respectively. Reduced serum
levels of IGFBP-1 and -3 increase free fraction of IGF-I
and its biological actions, including proliferation of osteo-
blasts. Decreased concentrations of IGFBP-3 by itself and
leptin stimulate proliferation of osteoblasts. PRL may pro-
mote linear growth by increasing insulin secretion and
IGF-1, resulting in activation of insulin/IRs- and IGF-I/
IGFIR-induced signaling pathways. See in the text. —;
stimulation, -| ; inhibition, =>; regulation (stimulation or
inhibition)

marked obesity due to hyperphagia and failure to
reach puberty without growth spurt (Mantzoros
et al. 2011). Leptin reduces appetite by inhibiting
hypothalamic neuropeptide Y, resulting in con-
trolled food intake (Roth et al. 1998; Mantzoros
etal. 2011). Hyperleptinemia associated with low
insulin sensitivity has been found in the obese
patients with CPs after neurosurgery (Srinivasan
et al. 2004; Trivin et al. 2009; Simoneau-Roy
et al. 2010). Serum levels of leptin have been
shown to be increased in the obese patients with
suprasellar CPs after neurosurgery, and positively
correlated with BMI (Roth et al. 1998), suggest-
ing a role of leptin for the regulation of weight
gain and/or obesity and that the location of brain
tumors and/or surgery may affect serum levels of
leptin (Fig. 7.1). Of the 14 obese patients with
GWGH reported, in whom the data for serum
leptin levels are available, serum levels of leptin
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are increased in 7 (50 %) and normal in the
remaining 7 (50 %) patients, but none of the
patients have low serum levels (Table 7.1). The stud-
ies in humans have shown that serum leptin levels
are positively correlated with the percentage of
body fat. Thus, normal or increased serum levels
of leptin found in the patients with GWGH
may represent the status of weight gain and/or
obesity.

Leptin may synergize with IGF-I to affect
body fat composition (Su et al. 2011). It was
shown that serum levels of leptin were positively
correlated with those of insulin and IGF-I in the
obese patients with CPs but without GWGH after
neurosurgery (Trivin et al. 2009). In contrast, no
significant correlation has been found between
BMI and insulin secretion or leptin in the patients
with CPs after neurosurgery, including a small
number of the patients with GWGH (Simoneau-
Roy et al. 2010). In the 9 obese patients with
GWGH reported, in whom the data for serum
levels of insulin, IGF-I and leptin are available,
serum levels of IGF-I are decreased despite nor-
mal or high serum levels of insulin and leptin
(Table 7.1). These data may suggest that BMI is
positively correlated with serum levels of insulin
and leptin and negatively correlated with those of
IGF-I in obese patients with GWGH, and that
leptin and insulin rather than IGF-I play an
important role for the regulation of body weight
gain and/or obesity in some cases of GWGH with
low serum levels of IGF-I. Because of a lack of
enough data, it remains to be elucidated whether
interaction between leptin and insulin or IGF-I
plays a role for the regulation of body weight
gain and/or obesity in patients with GWGH.

Prolactin (PRL) affects the regulation of body
weight, differentiation of adipocytes, lipid
metabolism, and adipogenesis (Ben-Jonathan
et al. 2008). Hyperprolactinemia is associated
with an increase in food intake and body weight
gain (Ben-Jonathan et al. 2008). The basal serum
levels of PRL have been shown to be significantly
higher in the patients with GWGH than in those
without or healthy children, and the patients with
GWGH were highly associated with obesity, par-
ticularly during the first year postoperatively
(Bucher et al. 1983), suggesting a role of PRL for
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obesity. However, of the 48 patients with GWGH
reported, in whom the data for serum levels of
PRL are available, only 14 (29 %) patients show
hyperprolactinemia, whereas 31 (65 %) and 3
(6 %) patients have normal or low serum levels of
PRL (Table 7.1). Obesity is associated with
almost all of these patients. Similar observation
has been reported by other study, in which mild
hyperprolactinemia was only found in 20 % of
the patients with CPs after neurosurgery and
serum PRL levels were not significantly corre-
lated with BMI (Tiulpakov et al. 1998). In
addition, serum levels of PRL have been shown
to be normal in both obese and non-obese patients
with GWGH (Costin et al. 1976; Blethen and
Weldon 1986; Araki et al. 2000; Iwayama et al.
2011). Furthermore, low serum levels of PRL
have been found in the obese patients with
GWGH (Schoenle et al. 1995). Thus, it remains
inconclusive whether PRL plays a role for the
regulation of weight gain and/or obesity in
patients with GWGH.

Other Hormonal Factors Promoting
Linear Growth in GWGH

IGFs/IGFBPs

Neither hyperinsulinemia nor increased insulin
secretion after loading is associated with some
patients with GWGH. Although such patients
have normal serum levels of insulin and/or insu-
lin secretion, other hormonal factors should be
responsible for promoting linear growth. These
hormonal factors include IGFs (IGF-I and -II)
and IGFBP-3, which play a crucial role for the
regulation of skeletal growth and bone metabo-
lism (Giustina et al. 2008). It is little doubt that
they contribute to normal growth in patients with
GWGH, regardless of the presence or absence of
hyperinsulinemia and/or high insulin secretion.
Little information is available about an altera-
tion of serum IGF-I levels in patients with
GWGH. Bucher et al. (1983) have shown that
serum IGF-I levels were normal in all 7 patients
with GWGH and excessive growth and that only
2 of the 6 patients with GWGH with normal
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growth had low serum IGF-I levels. They have
found that serum IGF-I levels were within nor-
mal range but significantly higher in patients
with GWGH than in those without GWGH.
Other investigators have reported similar finding
that serum levels of somatomedin C (SMC; IGF-I)
were higher in patients with GWGH than in
those without, and, in addition, that some chil-
dren with GWGH had marked reduction in
serum levels of SMC when their growth rates
were decelerated (Blethen and Weldon 1986).
The patients with GWGH who already had
abnormal low IGF-I levels during the first year
postoperatively did the growth rate decelerate
slowly, and the GH replacement therapy was
subsequently initiated (Bucher et al. 1983). In
addition, serum levels of IGF-I have been shown
to be positively correlated with linear growth in
the patients with CPs after neurosurgery, which
was the most important predictor of linear
growth rate (Tiulpakov et al. 1998). These data
suggest a crucial role of IGF-I for promoting lin-
ear growth in patients with GWGH.

Of the 65 patients with GWGH reported, in
whom the data for serum levels of IGF-I are
available, 4 (6 %), 31 (48 %), and 30 (46 %)
patients have high, normal, or low serum levels of
IGF-I (Table 7.1). These data suggest that more
than a half of the patients with GWGH have high
or normal serum levels of IGF-I and that nearly
half of those have low levels. Hyperinsulinemia
and/or high insulin secretion after loading is
found in almost all of the GWGH patients with
low serum levels of IGF-I. In such patients,
insulin-induced cell signaling may promote lin-
ear growth despite relatively low biological func-
tions of IGF-I. In fact, we have found that serum
levels of IGF-1 were decreased in all 3 patients
with GWGH and 7 of the 9 patients without
GWGH and that the former but not the latter had
hyperinsulinemia (Iwayama et al. 2011). These
data suggest an important role of IGF-I and of
interaction between insulin and IGF-I for the
regulation of linear growth in patients with
GWGH.

There is only one study showing an alteration
of serum IGF-II levels in patients with GWGH,
in which serum levels of IGF-II were within nor-

mal range, independent of the presence or
absence of GWGH (Bucher et al. 1983), suggest-
ing a minor role of IGF-II for linear growth in
patients with GWGH. However, because of a
lack of enough data, a role of IGF-II in the regu-
lation of linear growth remains to be elucidated
in patients with GWGH.

The biological functions of IGFs are regulated
by IGFBPs (IGFBP-1-6) in the local cellular
environment (Giustina et al. 2008). IGFBP-3 is a
major component of the circulating IGF com-
plex, and interacts with IGF-I receptor (IGFIR),
leading to inhibition of the binding of IGF-I to
IGFIR in a competitive manner. In addition, low
concentrations of IGFBP-3 by itself stimulate
bone growth in vivo (Giustina et al. 2008).

Serum levels of IGFBP-3 have been shown to
be normal in 12 of 31 measurements, and a posi-
tive correlation was found between serum
IGFBP-3 levels and linear growth in the CPs
patients without GWGH after neurosurgery
(Tiulpakov et al. 1998). Although this study
included a small number of the patients with
GWGH, the data for serum levels of IGFBP-3 in
these patients are not available. Regarding an
alteration of serum levels of IGFBP-3, 10 (91 %)
patients with GWGH reported have low serum
levels of IGFBP-3, whereas only 1 patient shows
normal levels (Table 7.1). Serum IGFBP-3 levels
are decreased in these patients because of a lack
of GH-induced increase in IGFBP-3 concentra-
tions (Giustina et al. 2008). Seven (70 %) of these
10 patients with GWGH and low serum levels of
IGFBP-3 have hyperinsulinemia, suggesting a
negative correlation between serum levels of
IGFBP-3 and insulin in patients with GWGH.
However, these GWGH patients with low serum
levels of IGFBP-3 have low serum IGF-I levels.
Despite low serum levels of IGF-I, low serum lev-
els of IGFBP-3 may increase free fraction of
IGF-I and its biological activity, and in addition,
low serum levels of IGFBP-3 by itself can stim-
ulate bone growth (Giustina et al. 2008). Thus,
hyperinsulinemia and/or high insulin secretion,
together with low serum levels of IGFBP-3, may
account for normal linear growth in some cases of
GWGH with low serum levels of IGF-L
Nonetheless, interaction between insulin, IGF-I
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and IGFBP-3 plays a crucial role for the regulation
of linear growth in patients with GWGH.

Leptin

Leptin has mitogenic effects on various cell
types, and stimulate linear growth by regulating
the energy balance, bone remodeling and prolif-
eration of chondrocytes of the epiphyseal growth
plate (Mantzoros et al. 2011). In addition, leptin
stimulates IGF-I receptor gene expression and
acts as a growth factor (Su et al. 2011).

Little information is available on the data for
serum levels of leptin in patients with GWGH.
All 14 patients with GWGH reported have nor-
mal or high serum levels of leptin (Table 7.1). In
these patients, serum IGF-I levels are low, but
serum insulin levels are normal or increased.
These data, although limited, may suggest that
serum levels of leptin are positively correlated
with those of insulin, but negatively correlated
with those of IGF-I. This finding is somewhat
different from that in a previous study, in which
serum levels of leptin were positively correlated
with those of insulin and IGF-I in the patients
with CPs without GWGH after neurosurgery
(Trivin et al. 2009). The data from the patients
with GWGH suggest that leptin by itself, or
together with normal or high serum insulin lev-
els, may contribute to linear growth. Because of a
lack of enough data, it cannot be excluded that
leptin stimulates bone growth through IGF-I
actions (Mantzoros et al. 2011; Su et al. 2011).

Prolactin (PRL)

Hyperprolactinemia is found in 5-21 % of the
patients with CPs after neurosurgery (Gonc et al.
2004), and often associated with hyperinsu-
linemia and insulin resistance (Ben-Jonathan
et al. 2008). Serum levels of PRL are increased or
normal in the majority of the patients with
GWGH reported (Table 7.1). In these patients,
serum levels of IGF-I are normal and those of
insulin and/or insulin secretion are normal or
high, suggesting a positive relationship between
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serum levels of PRL and IGF-I and insulin in
patients with GWGH. In support of this finding,
serum levels of PRL have been shown to be
higher in the patients with GWGH than those
without, and they were positively correlated with
serum levels of IGF-I in the patients with GWGH
during prepubertal period (Bucher et al. 1983).
Normally, synthesis of IGF-I is stimulated by
GH. However, under GHD conditions, hyperpro-
lactinemia may be responsible for the generation
of normal amounts of IGF-I in patients with
GWGH (Bucher et al. 1983). This is further
supported by the fact that an association of hyper-
prolactinemia and increased serum IGF-I levels
has been found in hypopituitarism (reference in
Bucher et al. 1983). In addition, experimental
data suggest that PRL stimulates hepatic synthe-
sis of IGF-I (Bole-Feysot et al. 1998). Although
there is no evidence for a direct role of PRL for
promoting linear growth, PRL might promote
linear growth through activation of insulin secre-
tion and/or its interaction with IGF-I in patients
with GWGH.

Discussion

Why Does Hyperinsulinemia Occur
in Patients with GWGH?

The possible mechanisms of hyperinsulinemia
associated with GWGH are illustrated in Fig. 7.1.
An association of hyperinsulinemia with GWGH
has been found not only in patients with neurosur-
gery of brain tumors but also in those with other
HP lesions, suggesting the existence of an axis
between HP and pancreas. This is further sup-
ported by the observation that the CPs patients
with hypothalamic involvement had higher serum
levels of insulin than those without after neurosur-
gery (Trivin et al. 2009). Hyperinsulinemia is
highly associated with patients with GWGH after
neurosurgery, and GWGH is commonly seen in
patients with suprasellar tumor (Bucher et al.
1983; Blethen and Weldon 1986; Tiulpakov et al.
1998). Serum levels of insulin and/or insulin secre-
tion have been shown to be greater in the patients
with suprasellar CPs than in those with intrasellar
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tumors, including a small number of the patients
with GWGH (Tiulpakov et al. 1998). In addition,
CPs by itself and neurosurgery have been sug-
gested to modulate insulin secretion (Pinto et al.
2000). Although enough data are lacking, these
observations suggest that the location of brain
tumors and the mode of surgery may affect serum
levels of insulin and/or the ability of insulin secre-
tion, probably through an axis between HP and
pancreas, in patients with GWGH.

Insulin increases free IGF-I by inhibiting
IGFBP-1 (Kreitschmann-Andermahr et al. 2010).
Conversely, IGF-1 suppresses insulin secretion
from B-cells of the pancreas and restore insulin
sensitivity (Kreitschmann-Andermahr et al.
2010). The GWGH patients with high serum lev-
els of IGF-I have high serum levels of insulin
and/or insulin secretion (Table 7.1). In addition,
despite that almost all of the patients with GWGH
have high or normal serum levels of insulin and/
or insulin secretion, only a half of these patients
show normal or high serum IGF-I levels. This is
in contrast to a previous study showing a positive
correlation between serum levels of IGF-I and
insulin secretion in the patients without GWGH
after neurosurgery (Tiulpakov et al. 1998). These
data from the patients with GWGH reported sug-
gest that hyperinsulinemia and/or high insulin
secretion cannot be corrected by IGF-I and that
the inhibitory effect of IGF-I on insulin secretion
plays a minor role for the regulation of serum lev-
els of insulin and/or insulin secretion in patients
with GWGH.

Insulin resistance, a state of reduced sensitiv-
ity of insulin-responsive tissues to insulin, is
commonly associated with obese patients with
CPs after neurosurgery (Srinivasan et al. 2004;
Simoneau-Roy et al. 2010). Insulin secretion is
increased to overcome insulin resistance, affect-
ing glucose metabolism and cell differentiation
and proliferation. Thus, insulin resistance might
induce hyperinsulinemia in patients with GWGH,
particularly in those associated with obesity. So
far, there is no study examining a role of insulin
resistance in patients with GWGH and those
without.

In vitro and in vivo studies suggest that leptin
reduces insulin release from p-cells of the pan-

creas under physiological conditions, and restore
the insulin sensitivity (Mantzoros et al. 2011).
However, serum leptin levels have been shown to
be positively correlated with those of insulin in
the obese patients with CPs after neurosurgery
(Trivin et al. 2009). Despite hyperleptinemia,
hyperinsulinemia and low insulin sensitivity are
often associated with the patients with GWGH
(Simoneau-Roy et al. 2010). All GWGH patients
with normal or increased serum levels of leptin
have normal or high serum levels of insulin
(Table 7.1), suggesting a positive correlation
between serum levels of leptin and insulin. These
clinical observations suggest that hyperinsu-
linemia cannot be corrected by hyperleptinemia
and that the inhibitory effect of leptin on insulin
secretion plays a minor role for the regulation of
insulin secretion in patients with GWGH.

PRL is released not only from lactotrophs of
pituitary cells, which is regulated by hypotha-
lamic dopaminergic neurons, but also from
extrapituitary sites, including adipose tissue
(Ben-Jonathan et al. 2008). The stimulatory fac-
tors for extrapituitary PRL release include insu-
lin and IGF-I. PRL is more potent and has
longer-lasting action than GH to increase
glucose-stimulated insulin secretion, insulin
synthesis, and proliferation of pancreatic p-cells
(Ben-Jonathan et al. 2008). Normal or high
serum levels of insulin and/or insulin secretion
after loading are found in almost all of the
GWGH patients with normal or high serum lev-
els of PRL (Table 7.1). These data suggest a
positive correlation between serum levels of
PRL and insulin and that PRL may be a determi-
nant of hyperinsulinemia in patients with GWGH
(Bucher et al. 1983).

A Role of Insulin and Interaction
Between Insulin and Other Factors
for Promoting Linear Growth in
GWGH

A number of possible mechanisms of GWGH
have been proposed, including hyperinsulinemia,
IGF-I and possively IGF-II, hyperprolactinemia,
GH variants and structurally similar lactogenic
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hormones as well as other possible and unidenti-
fied growth factors. In this section, we will dis-
cuss a role of insulin and of its interaction with
other hormonal factors, including IGF-I, leptin
and PRL, for promoting linear growth in patients
with GWGH (Fig. 7.1).

A role of Insulin for Promoting Linear
Growth

Insulin-induced cell signaling may promote lin-
ear growth in patients with GWGH. In fact, a role
of insulin as a growth factor has been suggested
in other clinical setting. For example, children
with diabetes mellitus show growth retardation,
and insulin treatment can induce catch-up growth
(Laron 2008). A genetically determined low
response of insulin secretion has been associated
with some children with idiopathic short stature
(Laron 2008).

The diverse effects of insulin are mediated by
its binding to cell-surface insulin receptors (IRs),
which belongs to a family of transmembrane
receptor tyrosine kinases, consisting of two iso-
forms, IR-A and IR-B (Siddle 2011). Insulin
binds to both isoforms with similar affinity. IGF-I
exclusively binds to its receptor, IGFIR, but
IGF-II have greater affinity for IR-A than IR-B,
and thus IR-A is a significant mediator of IGF-1I
action at physiological concentrations (Siddle
2011). Insulin binds to both IRs and IGF recep-
tors (IGFRs), leading to activation of phos-
phoinositide 3-kinase (PI3K), which, in turn,
activates the serine/threonine kinase Akt, a major
downstream effector of PI3K. Activation of
PI3K/Akt plays a crucial role for insulin-
mediated biological effects, including insulin-
induced metabolic processes such as stimulation
of glucose uptake, activation of glycogen syn-
thase, and inhibition of hepatic gluconeogenesis.
On the other hand, the binding of insulin to IRs
and IGFRs results in activation of the Ras/Raf-1/
MEK/ERK signaling pathway, which mediates
insulin-induced cellular growth and differentia-
tion, including osteoblasts (Giustina et al. 2008;
Laron 2008; Kawai and Rosen 2009), leading to
promotion of linear growth.
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IRs have a high homology with IGFRs, and, in
addition, there is a 40-50 % homology between
the entire molecule of insulin and that of IGF-I
(Laron 2008). Thus, insulin may exert its biologi-
cal effects, including growth promoting actions,
directly or through interaction with IGF-I-
induced signaling system. Both IR isoforms can
form hybrids with IGFRs (Laron 2008; Siddle
2011). Hetero-dimerisation of pro-receptors,
generating insulin/IGF hybrid receptors, occurs
with similar efficiency to homo-dimerisation
(Laron 2008). IGFs can bind to these hybrid
receptors with similar affinity to IGFRs, and
insulin can bind to the hybrid receptors with
lower affinity than IRs. To date, the physiological
role of insulin/IGF hybrid receptors remains
unknown in humans.

Insulin and Bone Metabolism

In pre-pubertal children, bone age is predomi-
nantly influenced by GH and thyroxine (Giustina
et al. 2008). Despite normal or excessive linear
growth, the bone age has been shown to be
delayed in some patients with CPs and GWGH
after neurosurgery (Holmes et al. 1968; Gluckman
and Holdaway 1976; Bucher et al. 1983; Sorva
1988; Pavlou et al. 2001), indicative of poor skel-
etal maturation. In contrast, no delayed or even
increased bone age has been reported in the
patients with GWGH (Finkelstein et al. 1972;
Thomsett et al. 1980). The fact that patients with
GWGH achieve normal or excessive linear
growth despite retarded bone maturation sug-
gests that GH-independent growth-promoting
mitogenic activity in bone may be well preserved
in these patients despite a lack of GH/IGF-I axis
activity.

Insulin markedly stimulates differentiation of
pre-cartilage cells to chondroblasts and chondro-
cytes in vitro (Laron 2008). A recent in vitro study
has shown that insulin/IRs-induced signaling in
osteoblasts regulates bone acquisition, suggesting
the presence of a bone-pancreas axis through
which insulin signaling in the osteoblasts ensures
differentiation of osteoblasts and stimulates osteo-
calcin production, which, in turn, regulates insulin
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sensitivity and pancreatic insulin secretion
(Fulzele et al. 2010). The insulin/IRs-induced
signaling pathway, which is implicated in the
regulation of proliferation of osteoblasts and bone
metabolism, may contribute to promotion of linear
growth in patients with GWGH.

Interaction Between Insulin
and IGFs/IGFBPs

Longitudinal bone growth is determined by pro-
liferation and differentiation of chondrocytes in
the epiphyseal growth plate. From postnatal to
puberty, GH and IGF-I play a critical role for the
regulation of not only skeletal growth but also
bone modeling and remodeling (Giustina et al.
2008). Systemic IGF-I is synthesized predomi-
nantly by the liver in GH-dependent manner, but
IGF-I is also synthesized in extrahepatic tissues
in GH-independent manner, where it acts as a
local growth factor (Giustina et al. 2008). In cir-
culation, IGF-I forms a complex with IGFBPs or
the acid labile subunit. IGF-I exerts growth-
promoting properties through its binding to the
receptor, IGFIR. The availability and biological
activity of IGF-I are regulated by IGFBPs, par-
ticularly IGFBP-3, and less than 1 % of total
serum IGF-I exists as a free hormone (Kawai and
Rosen 2009). Reduced concentrations of
IGFBP-3 caused by GHD (Giustina et al. 2008)
enhance the biological actions of IGF-I through a
decrease in its inhibitory effect on the binding of
IGF-I to IGFIR. Insulin increases free fraction of
IGF-I by inhibiting hepatic synthesis of IGFBP-1
(Giustina et al. 2008; Kreitschmann-Andermahr
et al. 2010). Although IGF-II shares similar bio-
logical properties to IGF-I, it is much more active
during prenatal life, and IGF-I is the predominant
regulator of linear growth from postnatal to pre-
pubertal periods (Giustina et al. 2008).

The binding of IGF-I to IGFIR initiates recep-
tor autophosphorylation in the intracellular
kinase domain, thereby activating similar cell
signaling pathways utilized by insulin/IRs-
induced signaling, including PI3K/Akt and Ras/
Raf-1/MAP pathways. IGF-I/IGFIR-induced
activation of PI3K/Akt pathway plays a critical

role for skeletal acquisition and of Ras/Raf-1/
MAP pathway stimulates the proliferation of
osteoblasts, leading to acceleration of longitudi-
nal bone growth (Kawai and Rosen 2009).

Clinical evidence supports the contention
that IGF-I regulates bone growth and metabo-
lism in GH-dependent and -independent ways.
Decreased bone mineral density is associated
with children with GHD and low serum levels
of IGF-I, and the GH replacement therapy
improves bone mass, which is accompanied by
increased serum levels of IGF-I (Kawai and
Rosen 2009). On the other hand, the human
recombinant IGF-I therapy increases the linear
growth rate in children with short stature, IGF-I
deficiency and GH insensitivity (Chernausek
et al. 2007), suggesting that IGF accelerates
bone growth in GH-independent manner.

Despite a lack of GH/IGF-I axis activity,
serum levels of IGF-I have been shown to be
greater in the patients with CPs after neurosur-
gery, and correlated with linear growth and bone
age (Tiulpakov et al. 1998). Hyperinsulinemia
and normal serum levels of IGF-I have been
found most frequently in the patients with CPs
who had fast growing despite GHD (Tiulpakov
et al. 1998). So far, only 1 case of GWGH with
hypoinsulism but normal serum levels of IGF-I
has been reported in the literature (Gluckman and
Holdaway 1976). In addition, increased insulin
secretion has been suggested to maintain nearly
normal serum levels of IGF-I in children with
CPs (Pinto et al. 2000). This is further supported
by the fact that insulin increases free serum
IGF-I levels through inhibition of IGFBP-1
(Kreitschmann-Andermahr et al. 2010). Serum
levels of IGF-I have been shown to be normal in
patients with GWGH, but low in those with
decelerated growth (Bucher et al. 1983). Taken
together, these data suggest a crucial role of inter-
action between insulin- and IGF-I-induced sig-
naling pathways for promoting linear growth in
patients with GWGH.

GH promotes renal phosphate absorption
directly or through IGF-I actions. A patient with
GWGH has been reported, in whom the
GH-dependent renal retention of phosphate and
serum levels of IGF-I were persistently low and
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normalized with GH replacement therapy (Pavlou
et al. 2001). These observations suggest that the
GH-dependent renal retention of phosphate, con-
tributing to skeletal development and bone min-
eralization, may be impaired in patients with
GWGH. IGF-I induces phosphate retention by
raising the renal threshold for phosphate, inde-
pendent of parathyroid hormone (PTH) and vita-
min D activity (Giustina et al. 2008). It also
mediates anabolic actions of PTH in bone and
reproduces selected effects of PTH on prolifera-
tion and survival of osteoblasts. IGF-I modulates
renal la-hydroxylase and 24-hydroxylase activi-
ties, with increased production of active
1,25-dihydroxyvitamin D3, contributing to bone
mineralization (Giustina et al. 2008). Serum
IGF-I levels are normal or high in 54 % of the
patients with GWGH reported (Table 7.1). In
these patients, these IGF-I-mediated cellular
processes may be relatively well preserved, but
those with low serum IGF-I levels may develop
retarded bone maturation.

Do the diverse effects of hyperinsulinemia
on promoting linear growth require normal
serum levels of IGF-I in patients with GWGH?
Hypoinsulism and low serum levels of IGF-I
are uniform features of the CPs patients with-
out GWGH after neurosurgery (Bucher et al.
1983; Iwayama et al. 2011). Hyperinsulinemia
associated with normal serum levels of IGF-I
have been more frequently found in the
patients with GWGH and excessive growth
than those with GWGH and normal growth or
those without GWGH (Bucher et al. 1983).
Increased or normal serum levels of insulin
and/or insulin secretion, together with normal
IGF-I levels, are most frequent features of the
patients with GWGH (Table 7.1), which may
explain normal or excessive linear growth in
these patients. However, nearly a half of the
GWGH patients with increased or normal
serum levels of insulin and/or insulin secretion
show low serum levels of IGF-I. These data
suggest a predominant role of insulin for pro-
moting linear growth in patients with GWGH,
regardless of the presence or absence of low
serum levels of IGF-I. However, some GWGH
patients with normal serum levels of insulin
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and low IGF-I levels do decelerate the linear
growth subsequently (Bucher et al. 1983). To
our best knowledge, there is no case of GWGH
reported in the literature, in which both serum
levels of insulin and/or insulin secretion and
IGF-I are decreased. Taken together, these
lines of clinical evidence suggest a predomi-
nant role of insulin for promoting linear
growth but that an alteration of serum levels of
both insulin and IGF-I may be a determinant
for linear growth in patients with GWGH.

Interaction Between Insulin, Leptin
and Prolactin for Linear Growth

Serum levels of leptin have been found to be low
and associated with lower bone age in children
with GHD (Su et al. 2011). The serum fasting
insulin levels have been shown to be positively
correlated with IGF-I and leptin in the patients
with CPs before or after neurosurgery (Pinto et al.
2000; Trivin et al. 2009). It is likely that serum
levels of leptin are positively correlated with
serum levels of insulin and/or insulin secretion in
the patients with GWGH reported (Table 7.1). In
vitro and in vivo studies have shown that leptin
increases bone growth by regulating bone marrow
stroma cells, proliferation of osteoblasts and
osteoclastogenesis (Mantzoros et al. 2011).
Although a crosstalk exists between the insulin-
and leptin-induced signaling pathways, especially
PI3K (Mantzoros et al. 2011), there is no evidence
for a role of interaction between insulin and leptin
for the regulation of bone growth. Children with
congenital leptin deficiency have normal linear
growth, but those with the leptin receptor muta-
tion develop early growth delay (Mantzoros et al.
2011). This raises a question as to whether leptin
plays a role for linear growth in patients with
GWGH. Further studies are needed to clarify a
role of leptin-induced signaling, including the
leptin receptor mutation, and of interaction
between leptin and insulin for promoting linear
growth in patients with GWGH.
Hyperprolactinemia, resulting from disturbed
secretion of the PRL inhibiting factor due to
hypothalamic damage, have been found in children
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with GWGH after neurosurgery. PRL enhances
pancreatic insulin secretion and hepatic synthesis
of IGF-I (Bole-Feysot et al. 1998; Ben-Jonathan
et al. 2008), which, in turn, may promote linear
growth thorough activation of insulin- and IGF-I-
induced signaling pathways. Conversely, insulin
and IGF-I stimulate the release of PRL (Bole-
Feysot et al. 1998).

As discussed earlier, a positive correlation
between serum levels of PRL and insulin has
been found in the patients with GWGH reported
in the literature. Of the 38 patients with GWGH,
in whom the data for both serum levels of PRL
and IGF-I are available, 28 (74 %) patients show
normal or high serum levels of IGF-I (Table 7.1).
In addition, serum levels of PRL are normal or
high in the majority of the patients, suggesting a
positive correlation between serum levels of PRL
and IGF-I. In support of this finding, serum PRL
levels have been shown to be higher in patients
with GWGH than in those without, and there was
a positive correlation between serum levels of
PRL and IGF-I in all prepubertal patients with
GWGH (Bucher et al. 1983). These data suggest
an important role of PRL for the generation of
normal amounts of IGF-I and of interaction
between insulin, IGF-I and PRL, which may pro-
mote linear growth. Further studies are needed to
determine whether PRL and its interaction with
insulin or IGF-I play a role for the regulation of
linear growth in patients with GWGH.

Do Children with GWGH Need GH
Replacement Therapy for Their
Quality of Life?

Despite normal or excessive linear growth, chil-
dren with GWGH still have metabolic abnormali-
ties after neurosurgery, including obesity, insulin
resistance, dyslipidemia, fatty liver and retarded
bone age (Sorva 1988; Schoenle et al. 1995;
Pavlou et al. 2001; Srinivasan et al. 2004;
Nagasaki et al. 2010; Simoneau-Roy et al. 2010).
Recent case reports have shown the beneficial
effect of GH replacement therapy on metabolic
abnormalities in children with GWGH. The
short-term (4-day) GH replacement therapy has

been suggested to improve renal retention of
phosphate in a patient with GWGH (Pavlou et al.
2001). The long-term (2-year) GH replacement
therapy has been shown to accelerate the linear
growth in a patient with GWGH, but not in the
other patient (Nagasaki et al. 2010). In this study,
dyslipidemia was improved in both cases, but the
percentage of body fat decreased in 1 patient. The
long-term (l-year) GH replacement therapy
failed to increase linear growth but decreased
BMI in the patients with GWGH (Schoenle et al.
1995). These observations raise an important
clinical issue as to whether the patients with
GWGH should be treated with GH replacement
therapy for improving linear growth and meta-
bolic abnormalities. Further studies would be
necessary to address whether GH replacement
therapy improves the metabolic abnormalities
and enables the patients to reach normal height in
adulthood.

In summary, the patients with brain tumors
involving HP area develop various endocrine
disorders, including GHD, before neurosurgery.
The HP dysfunction becomes universal and
more profound after neurosurgery, but some
patients achieve normal or excessive growth
despite GHD, being recognized as GWGH. The
patients with GWGH are likely to have suprasel-
lar tumors, hyperinsulinemia and/or high insulin
secretion, and obesity. It remains elusive why
hyperinsulinemia occurs in patients with
GWGH. However, the data to date collectively
suggest that the location of brain tumors and/or
the mode of surgery, insulin resistance associ-
ated with obesity, IGF-I, IGFBP-1 and -3, leptin
and PRL may contribute to the regulation of
serum levels of insulin and/or insulin secretion
in these patients. Despite extensive studies, the
mechanism of GWGH remains to be elucidated.
Besides its metabolic effects, insulin exerts the
diverse effects as a growth factor, including pro-
liferation and differentiation of osteoblasts and
bone metabolism, leading to acceleration of lin-
ear growth. Interaction between insulin/IRs- and
IGF-I/IGFIR-induced signaling pathways and of
insulin with other hormonal factors such as
leptin or PRL may play a crucial role for pro-
moting linear growth in patients with GWGH.
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Despite normal or excessive linear growth,
children with GWGH still have metabolic abnor-
malities and retarded bone maturation. This
raises an important clinical issue as to whether
GH replacement therapy solves these problems
and enables the patients to reach normal height
in adulthood. Better understanding for the mech-
anisms of GWGH is essential to improve the
quality of life of patients with GWGH. Further
studies would be necessary to address these
issues in more detail in the future.
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Abstract

There is a long tradition for multidisciplinary
therapy which includes surgery, chemotherapy
and radiotherapy in the treatment of paediatric
malignancies. In most childhood brain tumours
radiotherapy is a necessity for the achievement
of local control. However, radiation treatment
may also lead to serious late side effects that may
affect the quality of life of the children who
become long time survivors.

The dosimetric advantages of proton beams
make them very attractive for paediatric
radiotherapy.

There are three main advantages of using
protons instead of photons:

1. Protons reduce late side effects by sparing
normal tissue,

2. Because of the reduced side effects, it might
be possible to escalate the radiation dose
resulting in better tumour control and

3. Protons reduce the risk of secondary
malignancy

The advantage of protons over photons has
been demonstrated in several treatment
planning studies, but there are no randomized
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controlled studies proving the superiority
of protons. Nevertheless, a large number of
hospital based modern proton facilities are
currently under construction and in the close
future protons will be available for a larger
group of cancer patients, especially for children.
This chapter describes the basic principles
of proton radiotherapy and provides a review
of the literature on paediatric brain tumours
irradiation with special emphasis on the value
of proton radiotherapy.

Introduction

Long Term Outcome in Childhood
Malignancies

The incidence of malignancies in children
under 15 years in the developed countries is
140 per million. The most common are leuke-
mias, brain tumours and lymphomas. The sur-
vival rates are about 80 % after 5 years for the
whole group of paediatric cancers, ranging
from over 90 % for Hodgkin’s lymphoma and
retinoblastoma to 60 % for AML and cPNET
(Kaatsch 2010). These survival rates are very
much in contrast to the survival rates in the
1960s where the 5 year overall survival rate
for all paediatric cancer patients was only 30 %
(Robison et al. 2009). The increase in survival is
a result of improvements in diagnostic methods
and therapies such as surgery, radiation therapy,
chemotherapy and supportive care, and it is
especially due to the introduction of a multi-
disciplinary approach which now character-
izes paediatric oncology.

Although the survival improvement is a success,
it appears that cure comes at a high price as survi-
vors are at a high risk for chronic morbidity
such as cardiovascular, pulmonary, musculoskel-
etal, endocrine diseases or heavy neurocognitive
impairment. Brain tumours are the second most
common childhood cancers and survivors of
childhood brain cancer have a high risk for func-
tional and cognitive impairments. These patients
often present with multiple morbidities such as
seizures, auditory or visual and neurocognitive
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disturbances or endocrine disorders (Oeffinger
et al. 2006). On top of this, these patients have a
considerably increased risk for secondary radia-
tion induced cancer. As seen in the studies of
the Japanese atomic bomb survivors, children
have a higher sensitivity for radiation induced
cancer than adults. The lifelong risk of having a
radiation induced cancer is age dependent, and
varies between children and adults by a factor
of 10. Scatter radiation inside the treated patient
is also more important in the small body of a child
than in a large body of an adult. Some childhood
malignancies also have genetical susceptibilities
that make them more likely to develop a radiation
induced cancer (Hall 2006).

However, by combining radiotherapy with
chemotherapy it has become possible to reduce
the radiation dose in some patient groups. This
has been shown in randomised studies, especially
for low risk medulloblastoma where the total
dose to the craniospinal axis in some patients
could be reduced when RT is combined with che-
motherapy. In addition, chemotherapy may be used
to postpone RT in small infants. Since the brain
in infants less than 3 years old is especially
vulnerable to radiation it is of utmost importance,
whenever possible, to delay RT until after this
age. In intracranial low risk germinoma, chemo-
therapy has replaced the craniospinal irradiation
and radiation is only needed for the periventricular
and initial tumour volumes.

Finally, prophylactic brain irradiation is now
most often omitted after chemotherapy for child-
hood leukemia. These changes in treatment policy
will lead to a reduction in the long term morbidity
after childhood cancer therapy.

Modern Radiotherapy

The present literature on radiation related morbidity
following therapy for childhood brain cancer is
based on the use of traditional photon therapy.
Use of photon radiotherapy inevitably leads to
unintended exposure of the surrounding normal
tissue. Until recently two to four photon fields
were usually used to achieve an acceptable
homogeneous dose to the tumour volume. As a
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result of these beam arrangements large volumes
of normal brain received a dose which potentially
leads to radiation induced morbidity. It has been
the goal of the technological development in
modern radiotherapy to reduce the radiation dose
to the normal tissue.

Accurate patient alignments by use of imaging
of the patients in the treatment position at the
accelerator immediately prior to each treatment
session represent a major step forward in radiation
therapy. Image guided radiation therapy (IGRT)
is based on either mega-voltage X-rays delivered
by the accelerator or by kilo-voltage systems that
are mounted on the accelerator. Both technologies
allow for planar and volumetric imaging. Most
sophisticated is the cone-beam CT which allows
acquisition of CT images which are matched to
the treatment planning scans. From these matched
images, errors in positioning can be determined
and the patient can be accurately repositioned.

Another technological development has been
to conform the dose distribution more precisely
to the tumour volume. Intensity modulated
radiotherapy (IMRT) is a technique which uses
advanced treatment planning algorithms and
powerful computers. The use of multiple beams
shaped by a multi-leaf collimator enables dose
distributions conforming to the shape of the target
with a steep dose fall-off outside the target. By
volumetric arc therapy (VMAT), the radiation is
delivered during one or two perpendicular gantry
rotations around the patient. Novel technologies
are now being developed with the specific purpose
to deliver IMRT under IGRT guidance. The tomo-
therapy machine is a compact LINAC integrated
with a MV single-slice CT scanner which treats the
patient slice-by-slice with simultaneous imaging
of the treated volume.

IMRT is useful in the therapy of a number
of childhood brain tumours. As an example, it
has become possible to spare the inner ear in the
therapy of posterior fossa medulloblastoma.
However, by IMRT or VMAT the radiation dose
is being re-distributed from critical normal tissue
to less critical normal tissue or over a larger
volume with less dose and the total body dose
is increased because of leakage radiation by
the accelerator equipment. Modelling studies
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have suggested an increased risk for secondary
malignancies when IMRT is used (Hall 2006).

Proton Radiotherapy

William Bragg discovered the deposition of
ionization density at the end of the path of alpha
particles already in 1905. Protons are charged
particles produced by removing an electron from
a hydrogen atom. They deposit almost all their
energy in a very narrow spot, the Bragg Peak, and
there is only a small exit dose. Because of their
mass, their penetration in depth can be controlled.
They have thus a finite range in the body. This
physical characteristic can be used to spare normal
tissue beyond the tumour and to keep the irradi-
ated volume and thus late side effects low.

In 1954, the first patient was treated with
proton irradiation of the pituitary gland at
Berkeley University. Until recently, proton units
were mainly operated by physical laboratories
that were conducting physical particle research
but allowed radiation oncologist clinics to use
their accelerators with dedicated time slots for
patients. Technical development offering lighter
and more comfortable machines has increased
the availability of proton therapy for the radiation
community in the last years. Although these
treatment facilities have a high cost and despite
the fact that protons are not the usual standard of
care in the therapy of a large number of tumour
types, the number of hospital based proton centers
under planning or under construction worldwide
is increasing considerably. Thirty-five proton
treatment units exist today, of which seven have
an energy that only permits the treatment of
ocular lesions. Nineteen other units are in a
planning or construction phase. So far, more than
96,000 patients have been treated with protons
worldwide (PTCOG 2012).

The unique dose distribution characteristics of
protons allowing a high dose at the end of their
path with virtually no exit dose make them
particularly attractive in the field of paediatric
radiotherapy. The total dose to the body is lower for
protons than for photons and might lessen the risk
for induction of secondary cancers (Fig. 8.1).
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Fig. 8.1 Treatment planning study for a 3 year old child
with a glioma. (a) Shows a VMAT photon plan and (b) a two
field proton plan for a treatment with 54 Gy. (The threshold
dose of the dose colorwash was set to 7 Gy). The low dose area

Although photons and protons differ with
respect to the physical dose distribution, they are
almost identical in regards to the radiobiological
effects. Protons have a very discrete increased
radiobiological effectiveness (RBE) with respect
to photons. In general, the dose of 1 Gy in protons
is equivalent to 1.1 Gy in photons.

The high precision of proton beams is a
challenge in treatment delivery. Proton radiation
plans are less robust than photon radiation plans.
Minor changes in patient anatomy or set up errors
can increase or decrease the beam range and dose
delivered to the patient and can thus lead to an
increase or decrease of dose in the target and the
organs at risks. Image guided techniques and firm
immobilization are therefore of utmost impor-
tance in proton therapy.

As stated above proton treatment can be espe-
cially attractive in paediatric radiotherapy as
long time survivors are not at risk for developing
functional impairments and secondary cancers.
However, there is a lack of statistical evidence to
demonstrate the clinical superiority of proton
treatment. Some studies have shown that local
control is comparable to photon treatment, but
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L is spread out over a much larger volume with the VMAT
plan, the high dose area H is nearly identical for the two
techniques and highly conformal to the target. The right
hippocampus / can be better spared by the proton plan

there are as yet no published studies on late
morbidity after proton therapy (Brada et al. 2009).
Some caution is also advisable, since the risk of
secondary cancer might be higher than theoreti-
cally estimated for proton treatment because of
neutron contamination with some proton delivery
systems. There are no randomized controlled
trials comparing the therapies in children and it is
controversial whether conduction of such trials
would be possible or desirable. Right now there
are not enough proton facilities worldwide to
meet the needs for treatment of paediatric patients
therefore it is not realistic to expect that all children
needing radiotherapy will be treated with protons.
Accordingly, a case selection is necessary. It must
be emphasized that protons are mainly superior
to photons when patients are treated for cure.
In case of palliative radiotherapy there is no or
very little advantage of protons.

As large randomized controlled face-to-face
trials comparing modern photon and proton
radiotherapy are not expected to be conducted, it
is important that all information on children
treated on routine basis are collected in databases
and evaluated. It is therefore desirable that all
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children treated with modern treatment modali-
ties such as photon IMRT or proton radiotherapy
are included in large multi-institutional databases
for registration of local control, survival and late
morbidity outcomes.

The following review will focus mainly on
childhood brain tumours with a good prognosis,
when proton therapy is expected to have an impor-
tant impact on the long term outcome compared
with modern photon treatment.

Photon Radiotherapy for Common
Childhood Brain Tumours

Medulloblastoma

Primitive neuroectodermal tumours (PNET) arise
from the neural crest. PNET tumours of the
posterior fossa of the brain are referred to as
medulloblastoma.

Due to their location adjacent to the fourth
ventricle they often cause increased intracranial
pressure at the time of diagnosis. They are
considered as grade IV tumours in the WHO
classification and have an aggressive growth not
only locally but also by their potential to dissemi-
nate in the whole subarachnoid space.

Radiation therapy to the complete cerebro-
spinal axis combined with systemic therapy
has dramatically improved survival and today
medulloblastoma patients have a 5 year survival
rate of 60—80 % depending on their risk profile.

Treatment for medulloblastoma includes sur-
gical resection, radiotherapy and chemotherapy.
The surgery needs to be as radical as possible.
Standard risk patients have no or only residuals
following surgery and no dissemination to the
cerebrospinal fluid (CSF) or along the surbarachnoi-
dal space. High risk patients have macroscopic
residual tumour following surgery or spread of
tumour cells to the CSF. Radiotherapy consists
of irradiation of the complete cerebrospinal axis
and a boost in the posterior fossa. Chemotherapy
has allowed reduction of the dose to the cranio-
spinal axis in standard risk patients and the delay
of radiotherapy in small infants. A routine
prescription for standard risk patients is 23.4 Gy
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to the craniospinal axis combined with a boost in
the posterior fossa to a total dose of 54-55 Gy.
High risk patients need a radiation dose to the
craniospinal axis of 36 Gy followed by a boost
in the posterior fossa to a total dose of 55 Gy.
Concomitant single agent chemotherapy is admin-
istered along with the radiotherapy and multidrug
chemotherapy is continued for several cycles
after completion of radiotherapy for all medul-
loblastoma patients. Newer protocols and studies
are aiming to confine the boost volume to the
tumour bed with a small margin instead of
irradiating the whole posterior fossa.

Traditional irradiation of the craniospinal axis
is conducted with photons. The technique consists
of two lateral fields to include the whole brain and
the upper cervical spine combined with posterior
fields to cover the rest of the subarachnoidal space
until the sacral roots. Often two to three posterior
fields have to be applied depending on the length
of the spinal cord. All the fields have to be per-
fectly matched and it has to be assured that field
junctions between the fields are neither under- or
overdosed. Although only the spinal cord is the
desired target to treat, the beam will exit through
the organs anterior to the spinal cord, thus resulting
in a considerable dose to the vertebral bodies, the
thyroid gland, the heart, the gastrointestinal tract,
the lungs, the kidneys and the female reproductive
tract, resulting in possible side effects to multiple
organs from irradiation. With modern photon
based IMRT techniques doses to organs anterior to
the craniospinal axis like the mediastinum, the
thyroid gland or the heart as well as structures
anterior to the posterior fossa like the cochleae or
the pituitary gland can be spared to some degree.

Electron irradiation of the spinal axis has been
proposed and is practised in some institutions.
It has the advantage that with the rapid fall off of
dose at depth, tissues anterior to the spinal cord
can be better spared. But matching with cranial
photon fields and resulting dosimetric uncertainties
make electrons difficult to use. Because of insuf-
ficient range of the electrons this technique may
lead to underdosage of deeply located parts of the
spinal subarachnoid space.

Nowadays prospective clinical studies often
stratify patients according to immunohistochemical
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and histological risk factors, and patients may
be allocated to treatments designed according to
the risk factors, but the principle of irradiating
the whole subarachnoid space and boosting the
tumour bed remains for the moment unchanged.
Pattern of failure studies have shown that cerebral
recurrences often occur in the posterior fossa,
the subventricular area and the frontal area and
it has been speculated whether the whole
brain irradiation could be replaced with subtotal
irradiation of the brain which includes these areas
(Miralbell et al. 1997a, b).

Radiation remains an integral part of the
therapy of medulloblastoma, but the risk for
late morbidity for these patients is high because
of the large volumes needing irradiation.

Low Grade Glioma

Low grade glioma originate from the glial cells.
These tumours present a variety of different his-
tologies and localisations in the brain. They often
grow along the midline structures of the brain
like the optical pathways, the hypothalamus and
the brainstem and can also be found in the supra-
tentorial hemispheres and the cerebellum. Long
term survival is favourable in patients treated
with macroradical resection. Radical resection
can often be achieved in tumours of the supraten-
torial hemispheres, but more rarely in the cerebellum
and in the midline regions where even a biopsy
carries a risk of severe morbidity.

Radiotherapy is used for patients with pro-
gressing tumours where radical surgery is not
possible. The timing of radiotherapy is contro-
versial. Immediate postoperative radiotherapy in
the case of residual disease has shown to increase
the progression free survival, but not the overall
survival. Therefore, radiotherapy is in general
deferred in case of asymptomatic patients with
slowly progressing low grade glioma. Radiotherapy
is advised in the case of symptoms or progressing
tumour at the time of recurrence. Trials are inves-
tigating the use of chemotherapy at progression
of low grade glioma with the primary purpose
of deferring radiotherapy as long as possible
Radiotherapy is usually applied with conformal
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techniques with localized irradiation of the lesion
and an appropriate margin for microscopic
disease. The dose given is usually 45-54 Gy in
25-30 fractions depending on the site of the
lesion. Small lesions have been successfully
treated by some centers with stereotactic radio-
surgery or fractionated stereotactic radiotherapy
with favourable local control and morbidity
(Kortmann et al. 2003). The overall survival of
children with low grade glioma treated with
radiotherapy is in the range of 80 % at 10 and 20
years after treatment.

Ependymoma

Ependymoma arise from the neuroepithelial linings
of the ventricles. They are graded into grade II
ependymoma and grade III anaplastic ependy-
moma. Two thirds of the tumours are located in
the posterior fossa and one third in the hemi-
spheres. It is mainly a neoplasm of children and
adolescents, but one third of the patients are
small infants (MacDonald and Yock 2010).

The standard treatment for cerebral ependymoma
constists in gross tumour resection followed by
radiation therapy. Radical surgery is an important
prognostic factor and improves survival. If the sur-
gery was not radical, a second look operation is often
recommended. Postoperative chemotherapy may
be considered in case of residual tumour (MacDonald
and Yock 2010; Massimino et al. 2006).

Postoperative radiotherapy consists of invol-
ved field irradiation of the tumour bed with an
appropriate margin to a total dose of 54 Gy.
Radiotherapy yields a local control of up to 80 %
if the initial surgery was radical (MacDonald and
Yock 2010).

Less than 10 % of cerebral ependymoma
disseminate into the subarachnoid space or the
CSF. The pattern of failure is mainly locally, and
postoperative craniospinal radiotherapy has been
abandoned as a standard treatment for non
disseminated tumours. In cases with CSF seed-
ing the postoperative radiotherapy should include
radiotherapy to the whole craniospinal axis with
36 Gy and a local boost to the spinal metastases
and the initial tumour site.
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Postoperative chemotherapy may defer radio-
therapy in infants younger than 3 years old. Studies
on young infants have conflicting results. There
are reports on long term survival in infants treated
by chemotherapy without radiotherapy. On the
other hand several studies have shown that the
progression free survival is impaired if radiotherapy
is delayed to more than 1 year after surgery
(MacDonald and Yock 2010; Koshy et al. 2011).

Craniopharyngioma

Craniopharyngioma are benign tumours arising
from embryonic tissue in the pituitary region and
often affect the functions of the optic chiasm, the
hypothalmus and the pituitary gland. They often
contain a mixture of cystic components and solid
components.

The primary therapy is surgery, but as the
lesions are situated in the area described, in close
proximity to important risk organs, radical resec-
tion is often not possible. Postoperative radio-
therapy is not needed in case of total tumour
resection, but salvage radiotherapy is often used
in case of progression after primary surgery. The
overall survival is good, in most series approxi-
mately 80 % at 20 years after diagnosis.

Radiotherapy needs to be applied with a dose
of at least 50 Gy (Fitzek et al. 2006). Although
this tumour is often curable using combined
treatment modalities, the patients often suffer
from side effects related to therapy.

Intracranial Germinoma

Intracranial germ cell tumours are rare tumours
that arise in the region of the third ventricle.
Histologically, they are divided — like germ cell
tumours in other locations — into pure germinoma
and non-germinomateous germ cell tumours. In
this section intracranial pure germ cell tumours
will be described. These germ cell tumours may
occur in children and in adolescents and have an
excellent prognosis. Surgery may be omitted
unless a histological confirmation of the diagnosis
in addition to serum markers and MRI-scans is
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needed. These tumours may be cured with
radiotherapy alone. Previously, radiotherapy of
pure intracranial germ cell tumours included the
whole craniospinal axis with a boost in the
tumour region. Nowadays, the therapy consists of
combined chemo- and radiotherapy where the
later is restricted to the periventricular volume
and a boost to the tumour volume.

Morbidity After Radiotherapy
for Childhood Brain Tumours

In radiation therapy it is important to distinguish
between acute, temporary toxicities like headache,
nausea or fatigue starting during the course of
radiotherapy and late complications. Acute side
effects are often due to edema and are usually
treated with steroids and disappear in less than 3
months after the treatment. Late toxicity is defined
as toxicity appearing later than 3 months after the
treatment, these side effects usually do not resolve
and may become permanent. Neurocognitive
impairments, neuroendocrine deficits, hearing
loss, impaired vision, increased risk for vascular
insult and secondary cancer are examples of late
reactions caused by irradiation of the brain.
Impaired thyroid gland-, cardiac- and pulmonary
function, growth retardation and infertility may
be late manifestations of irradiation of the cranio-
spinal axis. The development of these morbidities
is dose and often also volume dependent.

Neurocognitive Problems
After Radiotherapy

Varying degrees of neurocognitive changes after
cerebral irradiation unfortunately are a frequent
occurrence and often result in reduced quality of
life. Survivors have a lower chance of getting
employed and of getting married (Fossati et al.
2009). The brain tumour itself and the surgical
procedure may lead to intellectual deficits. This
may be further worsened however by structural
changes caused by radiation therapy. Endocrine
disturbances and ototoxicity may attribute to the
neurocognitive problems as well. Neurocognitive
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decline is most pronounced after whole brain irra-
diation. The mechanism involved is mostly white
matter loss, but vascular factors and glial cell atro-
phy may be responsible as well (Fossati et al. 2009).

Neurocognitive disturbances are more pro-
nounced after irradiation of children than in ado-
lescents or adults. Neurocognitive impairment is
dose dependent and reduction of the whole brain
irradiation dose from 36 to 23.4 Gy in standard
risk medulloblastoma patients has resulted in less
neurocognitive decline (Fossati et al. 2009).

The neurocognitive function has been corre-
lated to the dose delivered to the whole brain,
supratentoriel brain, and the temporal lobes.
Regarding the dose to the supratentorial brain it
was shown in a study of childhood ependymoma
that the risk of neurocognitive loss was related not
only to the irradiation of the high dose volume
(> 40 Gy), but also the low dose volume (< 20 Gy)
and even the very low dose volume (< 5 Gy). This
has to be considered when treating these patients
with IMRT because the very low dose and
low dose volume will be increased with IMRT
(Merchant et al. 2005). Unfortunately the supra-
tentorial brain and temporal lobes, as well as the
subventricular and hippocampal areas may often
not be spared in the therapy of midline and supra-
tentorial tumours. However, the dose to the brain
outside the target should be kept at a minimum.

Neuroendocrine Problems After
Radiotherapy

Endocrine effects occur as a consequence of
irradiation of the hypothalamic-pituitary axis.
Growth hormone deficiency may be caused by
irradiation of the hypothalamic region and has an
impact not only on growth, but also on metabo-
lism, cardiovascular function and neurocognitive
function. The threshold dose for development
of neuroendocrine dysfunction is low; when
doses >16 Gy are given to the hypothalamus the
patient may develop growth hormone deficiency.
The higher the dose to the hypothalamus, the
higher is the risk for growth hormone deficiency
and the earlier it may appear (Merchant et al.
2011). This condition can be treated by growth
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hormone substitution. Accordingly it is important
that children who have received radiotherapy to
the hypothalamic region are screened regularly
(Fossati et al. 2009).

Irradiation of the pituitary gland will often
result in dysfunction of the gonadotropine
axis. This may result in precocious puberty
which together with growth hormone deficiency
and irradiation of the vertebral bodies during
craniospinal irradiation may lead to growth retar-
dation. Patients should also be screened for
adrenal cortical hormone deficiency and thyroid
hormone deficiency due to a hypopituitarism.

Vascular Problems After
Radiotherapy

It has been demonstrated that children treated for
brain tumours have a higher risk of vasculopathy
like Moyamoya disease and strokes and also
for developing vascular malformations and aneu-
rysms. In the childhood cancer survivor study
cohort it has been shown that the relative risk of
developing stroke after irradiation for childhood
brain cancer was 7 % higher for patients than for
their siblings, 25 years after radiotherapy. There
was proposed a dose effect, with the risk for stroke
increasing at doses above 30 Gy and the risk
being highest at doses above 50 Gy. Endocrine
changes can also attribute to this. Vascular changes
after radiotherapy are more often seen in children
with neurofibromatosis NF1. Venoocclusive dis-
ease and Moyamoya vasculopathy may already
develop in the first years after radiotherapy.
Mineralizing microangiopathia can already be
seen at doses as low as 15 Gy. Some adult survi-
vors are also at increased risk of developing
migraine attacks several years after treatment
(Morris et al. 2009).

Auditive Problems After
Radiotherapy

Ototoxicity results from irradiation of the
cochlear region and is a sensorineuronal hearing
loss. It is dose dependent and the threshold dose
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has been estimated at 35 Gy (Moeller et al. 2011).
Hearing loss therefore often occurs if tumours
are located in the posterior fossa, as it is the case
for medulloblastoma or ependymoma. The risk is
increased by addition of chemotherapy such as
cisplatinum which is often given with radiotherapy
in the treatment of medulloblastoma. New
generations of protocols allowing restriction of
the irradiated volume to the tumor bed instead
of the whole posterior fossa will most likely
have an impact on the risk of hearing loss. With
modern photon based IMRT techniques the inner
ears can often be spared.

Visual Problems After Radiotherapy

Reduced vision due to development of cataract
may occur after irradiation of the lens at low
doses of 7 Gy. In young children the frontal sinus
is not well developed and therefore the cribriform
plate is often located at the same level as the lens
and the lens may receive some dose during radia-
tion treatment of medulloblastoma. In pattern
of failure studies, recurrences appeared at the
cribriform plate because of shielding of the lens
(Miralbell et al. 1997a, b). However, as cataract is
relatively easily treatable, the dose coverage to
the cribriform plate should not be compromised.
Vision loss due to irradiation of the chiasm
and the optical nerves is rare, as the dose of 54 Gy
customarily employed for irradiation of child-
hood brain tumours is generally tolerated by the
optic apparatus.

Secondary Cancer After Radiotherapy

Cancer secondary to irradiation is a concept
founded mainly on radiobiological models as
well as the experience of following the Japanese
atomic bomb survivors. The field is filled with
uncertainties and conflicting results.
Carcinogenesis is derived partly from the
primary irradiation of the radiation field. This
risk will probably be reduced in proton treatment
as less radiation is necessary to achieve the same
coverage of the target. But carcinogenesis is also
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induced by secondary radiation. In photon treatment
secondary radiation is due to leakage from the
accelerator head and multileaf-collimator. This
stray irradiation is difficult to estimate and is
generally not reported by treatment planning
systems. With conformal radiotherapy techniques
the tumour is irradiated through few portals with
a homogenous dose and secondary cancers are
expected to arise in the high dose volumes along
with the treatment fields. In modern IMRT
the high dose volume is reduced at the expense
of increased medium and low dose volumes. It is
speculated if IMRT techniques increase the risk
of secondary cancer induction (Hall 2006).

Among children followed in the childhood
cancer survivor study, medulloblastoma patients
had the highest risk for death from secondary
cancer in comparison to other childhood malig-
nancies. It was concluded that increased risk for
secondary cancer was due to the craniospinal
irradiation which leads to secondary neoplasms
in the brain as well as in the body (Armstrong
et al. 2009).

Toxicities After Radiotherapy
of the Craniospinal Axis

Irradiation of the entire spinal cord as in therapy
for medulloblastoma leads to a considerable dose
to organs anterior to the spinal cord resulting in
acute as well as late toxicity. As acute toxicity
the children often experience nausea which
may be reduced with modern antiemetic therapy.
The patients may also present with moderate
mucositis. Transient haematological toxicity is
also often present and haematological parame-
ters need to be followed during treatment and
at follow up.

Radiation induced cardiac diseases have been
described especially after the treatment of
mediastinal targets in Hodgkin’s disease. They
often develop several decades after the radiation
therapy. The risk for cardiac morbidity in patients
with Hodgkin’s disease is even further increased
by the use of anthracycline chemotherapy. Cardiac
toxicity after craniospinal radiotherapy is less
well studied. In treatment planning studies it has
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been shown that the dose to the heart can be
reduced by modern IMRT photon technique.
Studies from the childhood cancer survivor study
cohort show that patients with Hodgkins lymphoma
or nephroblastoma are at the highest risk of
cardiac mortality and that medulloblastoma
patients even after a long period of follow up and
treated with conventional photon treatment do
not have an increased risk for cardiac mortality.
However this cohort has not yet reached a plateau
for late toxicity and cardiac toxicity might still
arise at a later time in the craniospinal group
(Armstrong et al. 2009).

Asymptomatic restrictive lung disease has
been described in medulloblastoma patients and
is attributed to radiotherapy not because of a high
dose nor volume treated, but because of a reduced
chest volume due to the reduced growth of the
spine (Fossati et al. 2009).

Height and especially sitting height is impaired
in medulloblastoma patients after cranio-
spinal radiotherapy. This is due to both neuro-
endocrinological dysfunction and irradiation of
the vertebral bodies. The lumbar spine is often
more affected than the thoracic region and the
upper cervical region seems to be least affected.
The threshold dose for growth retardation seems
to be approximately 25 Gy (Fossati et al. 2009).

Ovarian function may suffer after craniospinal
irradiation and also after chemotherapy regimens
containing especially alkylating agents (Fossati
et al. 2009). Preservation of ovarian tissue is
therefore advisable before radiotherapy. Likewise
in boys sperm conservation is advisable prior to
radiotherapy.

Proton Radiotherapy for Common
Childhood Brain Tumours

Proton treatments, although already available for
several decades have in the past mainly been used
for the treatment of ocular melanoma or of skull
base tumours. In the last decade proton treatment
has gained much more interest in radiation oncol-
ogy and many treatment planning studies for dif-
ferent tumour histologies and localisations have
demonstrated that proton treatment is superior to
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photon treatment for sparing organs at risk that are
not a part of the target region and makes it feasible
to decrease the total body dose to the patient
necessary to deliver the desired dose in the target.

Proton Radiotherapy for
Medulloblastoma

In dose planning studies proton treatment has
been shown to be important for decreasing the
risk of late toxicities that can develop after cra-
niospinal irradiation with a boost to the posterior
fossa. When considering the different compo-
nents of the treatment, target coverage is gener-
ally as good as with photon treatment. The
technique for the neuraxis is often the same as
with conventional photon treatment, lateral fields
for the whole brain part, posterior fields for the
spinal cord and often lateral fields for the boost to
the posterior fossa.

Considering the whole brain part of the irradia-
tion no normal brain tissue can be spared as the
whole brain is the target. It was shown that with two
posterior oblique proton fields the lens can be
spared more efficiently without compromising cov-
erage of the cribriform plate (Cochran et al. 2008).

Considering the irradiation of the spine, the
target is essentially the subarachnoid space. The
vertebral bodies are usually included to avoid
asymmetrical growth. One treatment planning
study showed that the dose to the vertebral body
could be reduced to 6 Gy with protons a dose that
is considered negligible for growth problems
(Miralbell et al. 1997a, b). It is controversial if
all the vertebral body has to be included into
the target to avoid asymmetric growth. The
organs in front of the spinal cord are not consid-
ered as targets but cannot be avoided with photon
techniques unless modern IMRT techniques are
used. Several treatment planning studies have
shown that with proton treatment the dose to the
heart and lungs is negligible and that the total
body dose to the patient is reduced in comparison
to modern photon techniques (Lee et al. 2005;
St. Clair et al. 2004; Brodin et al. 2011; Miralbell
et al. 1997a, b; Yoon et al. 2011). Also the ovaries
can be spared (Fig. 8.2).
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Fig. 8.2 Shows a treatment planning study for a 9 year
old boy with a medulloblastoma for a treatment of the
craniospinal axis with 35 Gy, (the threshold dose of
the colour wash was set to 15 Gy). (a) Shows a photon
plan and (b) shows a proton plan. The dose anterior to the
spinal cord is neglectable in the proton plan, whereas in
the photon plan a larger low dose area is found anterior to
the spine

The boost irradiation to the posterior fossa
increases the dose to organs at risk near the pos-
terior fossa like the inner ear and the hippocampus,
more distantly also to the pituitary gland, the
temporal lobes and parts of the supratentorial brain.
With 3 D conformal photon treatment all these
structures receive considerable doses by the boost
treatment. With intensity modulating techniques
the dose to critical structures can be decreased
to acceptable levels. With proton treatment the
dose to the organs at distance in the supratentorial
brain becomes negligible, the dose to the inner
ear is reduced substantially and the total dose to
the brain is diminished in comparison to modern
photon techniques. As the supratentorial brain
and the temporal lobes are not receiving as much
from the boost dose in protons as in photon treat-
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ment, neurocognitive models have shown that
the expected decline in intelligence after irradia-
tion for medulloblastoma might be slower after
proton radiotherapy than after photon radiotherapy
(Merchant et al. 2008).

A clinical study that followed patients treated
for medulloblastoma with proton therapy for
ototoxicity showed that high grade ototoxicity
was found only in 5 % of the patients at 1 year
after treatment (Moeller et al. 2011).

Several treatment planning studies have tried
to assess the risk for secondary cancer after irra-
diation of medulloblastoma patients with differ-
ent techniques. However, it has to be emphasized
that several uncertainties have to be accounted
for when estimating the risk of radiation induced
secondary cancer. Proton therapy decreases the
risk of secondary cancer induction because of a
lower total body dose to the patient. In proton
treatment secondary radiation is due to neutron
contamination, which can be higher with passive
modulated treatment delivery techniques than
with pencil beam scanning techniques. However,
the pencil beam scanning techniques are more
sophisticated and more challenging and most
of the proton centers still employ the passive
modulated technique (Hall 2006). Neutrons are
important for carcinogenesis, but the amount of
neutrons produced by proton treatments is again
difficult to estimate and cannot be calculated by a
treatment planning system. In general treatment
planning studies show that the risk of developing
secondary cancer is substantially reduced by
protons also when secondary stray irradiation
by neutrons is taken into account (Table 8.1).

Although the risk of secondary cancer can be
substantially reduced by proton irradiation it will
take several decades until this will be demon-
strated in the clinical setting.

Proton Radiotherapy for Low
Grade Glioma

Low grade glioma requires focal radiation therapy
in the area of the brain where the tumour is situ-
ated. When the tumour is localised in the optical
pathways, the optical nerves or the chiasm can
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Table 8.1 Showing several doseplanning studies for development of secondary cancer in medulloblastoma and

comparing proton and photon irradiation

Protons (%) 3 D Photons (%)

7 45 56

9 56 71
0.05 0.71 0.43
44-5.1 54.8 31.4

be either part of the target volume or very close
to it. Similarly, the hypothalamus and the pitu-
itary gland are in close relationship with these
structures. Additionally the medial parts of the
temporal lobes and sometimes the hippocampal
zone as well can be close to the target. When the
tumour is localised in the supratentorial hemi-
spheres, sparing of the controlateral hemisphere
is very important, a feat that can be difficult to
achieve with modern photon IMRT techniques
as the volume irradiated with low doses is substan-
tially increased. When the tumour is localised
in the cerebellum, the inner ears, the brain stem
as well as the hippocampal zones might be near
the target volume.

Although stereotactic photon radiotherapy
methods spare normal tissue effectively when the
target is small, a treatment planning study showed
that protons could spare the normal brain better
than stereotactic treatment delivered by linacs or
gamma knife and that this effect became more
pronounced with larger or more irregular shaped
lesions (Verhey et al. 1998).

One series of 27 children treated for low grade
glioma with protons had comparable local con-
trol and survival data compared to photon data
and no recurrence was found at the field margins
or outside the high dose region. No serious
late effects apart from one case of Moyamoya
vascular disease in a child with neurofibromato-
sis were noted after a median follow up of 3.3
years (Hug et al. 2002).

IMRT/VMAT/Tomo (%)

Reference
Brodin et al. (2011)

Endpoint
2ndary cancer
Lifetime risk
Dose 23.4 Gy
2ndary cancer Brodin et al. (2011)
Lifetime risk
Dose 36 Gy
2ndary cancer

Yearly incidence after
radiotherapy

Miralbell et al. (2002)

Newhauser et al.
(2009)

2ndary cancer
Lifelong risk

In a treatment planning study of optical pathway
low grade glioma comparing irradiation with
protons and photons it was shown in a neurocog-
nitive model that the differences in dose to the
structures important for neurocognitive function
was only small but that it was still expected that
this would be clinically significant (Merchant
et al. 2008).

Proton Radiotherapy
for Ependymoma

Radiotherapy for childhood ependymoma usually
consists in focal irradiation to the posterior fossa
carrying a risk for late toxicities concerning the
auditory, neurocognitive and endocrine function
and a risk of vascular disease and secondary
malignancies.

A cohort of 17 ependymoma patients were
treated with localised radiotherapy with protons.
Tumours were located both infra- as supraten-
torially. The outcome data after a median follow
up of 26 months were excellent, the proton
treatment did not impair local control or survival.
Subtotally resected patients had a worse outcome
than radically resected, as expected. No major
toxicity was seen in the patients so far at follow
up (MacDonald et al. 2008).

A treatment planning study of an ependymoma
case with a neurocognitive model analysing the
dose to the neurocognitive structures showed that
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these structures could be spared better by protons
than by photons (Merchant et al. 2008). That could
also be confirmed in a second treatment planning
study that analysed doses to the same structures
(MacDonald et al. 2008). This is noteworthy as
the patients are often very young children and
neurocognitive late effects can be expected to be
worsened when treatment is done at a younger age.
In the two studies it was also demonstrated that
the dose to the hypothalamus can be decreased
significantly by protons in comparison to con-
ventional photons or photon IMRT. The same
was true for the dose to the inner ear (MacDonald
et al. 2008).

Proton Radiotherapy for
Craniopharyngioma

Craniopharyngioma are usually situated in the
midbrain area and treated if indicated with local
irradiation in this area. This can lead to toxici-
ties from the optical apparatus, the endocrine
system, the vascular system and the neurocogni-
tive functions. Two studies have reported out-
come and toxicity data of children treated with
protons for craniopharyngioma. The outcome
data are good and in the same range as for com-
parative photondata, demonstrating that local
control is not impaired by more conformal ther-
apy. In one study, five irradiated children also
finished high school, and three of them went to
college, all were living independently at follow
up. These children did not experience any serious
side effects from the radiation treatment after
a median follow up of 13 years (Fitzek et al.
2006). In another study three children out of 12
long time survivors experienced serious side
effects at a mean follow up of 60 months. One
child had developed hypopituitarism, one child
an ischemic episode and one child a meningi-
oma. This child had also received photon radio-
therapy at an earlier time in the same location
(Luu et al. 2006).

A treatment planning study with a neurocog-
nitive model analysed doses to the neurocognitive
structures in cranophayngioma patients with
protons and photons. The difference in dose to

103

these structures was small but was assumed to be
clinically significant (Merchant et al. 2008).

Another treatment planning study in cranio-
pharyngioma patients has shown that the dose to
the central vessels could be reduced with pro-
tons in comparison to photon IMRT therapy
(Boehling et al. 2012).

Craniopharyngioma poses a particular chal-
lenge to radiotherapy because the cysts can
alter their volume during the several weeks of
irradiation. An increase in the size of the cysts
especially during the beginning of the treat-
ment has been described, sometimes necessi-
tating an aspiration of the cysts. Studies have
demonstrated that regular interfractional scan-
ning of the target volume is necessary to assess
the size of the cystical components during
treatment and that adaptive replanning often
has to be performed. Assessment of the cyst
size is critically important as target coverage is
very precise with proton therapy (Winkfield
et al. 2009).

Proton Radiotherapy for Intracranial
Germinoma

As these tumours have an excellent prognosis,
the long term survivors are at risk for developing
long term sequelae that can be mainly neurocog-
nitive and endocrine as the periventricular area
and the tumour is irradiated.

The early outcome data for 22 children
treated with proton therapy for germ cell
tumours after a median follow up of 28 months
showed that the local control was excellent, as
expected. One patient had a peritoneal failure
attributed to a ventriculoperitoneal shunt. As
late complications only growth hormone and
thyroid hormone deficiency have been noted.
The authors also made a treatment planning
study of a periventricular irradiation case com-
paring protons with intensity modulating pho-
ton irradiation. The dose to the temporal lobes
and to the whole brain was significantly reduced
by proton treatment, although the paraven-
tricular hippocampal zone could not be spared.
It was noted that the ocular lenses received
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Fig. 8.3 Shows a treatment planning study for a 17 year
old adolescent with a cranial germinoma for a treatment
with 26 Gy in the ventricular area. (The threshold dose for
the colorwash was set to 15 Gy). (a) Shows a six field

radiation doses that could induce a cataract
with the photon plan. The lenses could be com-
pletely spared by the protons (MacDonald et al.
2011) (Fig. 8.3).

Conclusion

Radiotherapy is an important part in the multidis-
ciplinary treatment of childhood brain tumours.
For some tumours chemotherapy has permitted
a decrease in the radiation dose or volume necessary
for achieving local control. However, in most
curable childhood brain tumours radiotherapy
cannot be omitted.

With modern radiotherapy techniques doses to
organs at risk outside the target volume can be
efficiently spared by using intensity modulating
photon techniques. The disadvantage of these
very efficient techniques is a redistribution of the
radiation dose to a larger low dose region and an
increase of the total body dose distant to the target,
which might lead to an increase in secondary
cancer in the future.

Proton radiotherapy has been shown in both
dose planning studies as well as in forthcoming

IMRT plan. (b) Shows a three field proton plan. The
proton plan is highly conformal and the lateral temporal
lobes are better spared from low and intermediate dose

clinical studies that organs at risks are efficiently
spared by the favourable dose depth characteris-
tics that allow for sparing organs beyond the
target. In addition, organs that are relatively close
to the target can be better spared than with any
photon technique and dose to organs further away
can become negligible, simultaneously the total
dose to the body is decreased and thus the risk for
developing a secondary cancer can be reduced at
the same time.

This makes protons especially interesting for
the use in paediatric malignancies and it is to
be hoped that more proton facilities will soon be
available so that children with curable diseases
necessitating radiotherapy will have an easy
access to proton radiotherapy.
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Abstract

Medulloblastoma (MB) was first described as
a distinct neuropathological entity about a
century ago, but it is still responsible for sig-
nificant morbidity and mortality. Over the last
decade, we have entered an era where our
understanding of the molecular genetics of
MB may soon play a role in directing patients’
management and eventually affecting their
prognosis and outcome. In this review, we will
describe our current knowledge of the pre-
sumed cell of origin of MB. We discuss the
role of inherited genetic syndromes associated
with MB such as Gorlin Syndrome. We review
the development of the normal cerebellum in
the context of signaling pathways which, if
altered, can lead to MB formation. And finally,
we will discuss the significance of molecular
genetics in the prognosis of MB patients and
then summarize the potential areas for further
research.

Introduction

Medulloblastoma is a cancer of cerebellum and
the most common malignant brain tumor in
childhood. It accounts for up to 40 % of all poste-
rior fossa neoplasms and is the cause of many
paediatric oncology-related deaths (Sardi et al.
2007). Medulloblastoma is currently diagnosed
on histopathological examination of tumor tissue
obtained at surgery. However, recent transcrip-
tomic approaches have demonstrated that MB is
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comprised of multiple clinically and molecularly
distinct subgroups (Thompson et al. 2006; Kool
et al. 2008). At least four subgroups of MB have
now been described: WNT, SHH, Group 3, and
Group 4 (Northcott et al. 2009). Additionally,
there may be other subtypes within these sub-
groups (Northcott et al. 2012).

Recent advances in molecular biology have
led to the development of powerful tools for the
study of MB tumorigenesis which have revealed
new insights into the molecular underpinnings of
this disease (Onvani et al. 2010). Emerging evi-
dence indicates that the different precursor cell
populations that form the cerebellum and the cell
signaling pathways that regulate its development
likely represent distinct compartments from
which the various subtypes of MB arise.
Definitive characterization of each MB subtype
will undoubtedly improve treatment of this dis-
ease and provide important insights to the origins
of cancer (Gilbertson and Ellison 2008).

Medulloblastoma: Cells of Origin

Medulloblastomas are known to arise from two
different cerebellar germinal zones. The cerebel-
lar anlage is established within the roof of the
metencephalon (Miale and Sidman 1961). In
contrast to most other brain regions, the cells of
the cerebellum are derived from two distinct ger-
minal zones.

1. Glutamatergic projection neurons of the deep
nuclei arise from the rhombic lip and migrate
to their final positions via the nuclear transi-
tory zone, which is located just below the pial
surface at the rostral end of the cerebellar
plate (Fink et al. 2006).

2. GABAergic neurons that include those of the
deep nuclei, Purkinje cells and Golgi neurons,
arise sequentially from multipotent precursor
cells of the primary germinal epithelium in the
roof of the fourth ventricle (Morales and
Hatten 2006). Once this neurogenic process is
underway, a second germinal zone forms from
cells within the rhombic lip. This germinal
zone comprises granule neuron precursor
cells (GNPCs) that invade rostrally across the
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cerebellum anlage to produce the external

germinal layer (EGL). GNPCs then migrate

inward along Bergmann glial fibers, past the

Purkinje cell layer, to form the mature gran-

ule cell neurons of the internal granular layer.

The EGL persists until the second postnatal

year in the human.

3. A stem cell population was recently identified
within the white matter of the postnatal cere-
bellum (Di Marcotullio et al. 2006). These
cells express the neural stem cell markers
CD133 and Nestin; they undergo extensive
self-renewal; and they are multipotent, gener-
ating astrocytes, oligodendrocytes, and neu-
rons but not granule cell neurons, in vivo.
Thus, the cerebellum includes three distinct
pools of progenitor cells that might each serve
as cells of origin for the MB and its variants.
This may explain their histological and molec-
ular heterogeneity.

The ventricular zone gives rise to classic mid-
line MBs, whereas the external granule layer
(EGL) gives rise to the lateral cerebellar hemi-
spheric desmoplastic MBs (Onvani et al. 2010).
The external granule cell lineage of desmoplastic
MBs was demonstrated through expression of the
ZIC1 gene, a marker of the granule cell lineage
(Yokota et al. 1996; Behesti and Marino 2009).

Several important developmental signal trans-
duction pathways, including Sonic hedgehog
(SHH), Wingless (WNT) and Notch signaling
cascades, are implicated in the cellular transition
from the EGL to the IGL. Aberrancies in these
signaling pathways can promote tumorigenesis.

Medulloblastoma and Hereditary
Cancer Syndromes

There are several hereditary cancer syndromes that
have been associated with a higher incidence of
MB formation. The study of genetic profile of
these familial conditions has revealed several path-
way abnormalities that are integral in MB patho-
genesis. Our understanding of MB molecular
pathogenesis has come from examining genetic
alterations in these syndromes. However, most
MBs develop as a result of sporadic mutations in
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these signaling pathways as well as in a number of

other growth factor pathways.

1. Gorlin syndrome (nevoid basal-cell carci-
noma syndrome) is an autosomal dominant
disorder where patients have a germline dele-
tion in the patched homologue 1 (PTCHI)
gene locus at 9q22. The PTCH1 gene encodes
a transmembrane receptor protein and serves
as a negative regulator of the SHH pathway dur-
ing normal cerebellar development. Mutations
in the PTCH1 gene therefore result in aberrant
SHH signaling leading to the development of
a transformed phenotype. Consequently, the
patients have a predisposition to cancers,
including multiple cutaneous basal cell carci-
nomas, ovarian fibromas and MB. The inci-
dence of MBs in these patients ranges from
5 % to 20 % (Taylor et al. 2000; Friedrich
2007).

2. Turcot syndrome is found in kindred with pri-
mary brain tumors and multiple colorectal
adenomas/carcinomas. It is further divided
into two groups:

A. Brain Tumor-Polyposis Syndrome 1:
(BTPS1) Colorectal cancer associated
with gliomas in which kindreds harbor
germ-line mutations in the DNA mismatch
repair gene hMLH].

B. Brain Tumor-Polyposis Syndrome 2:
(BTPS2) Colorectal cancer associated
with MB and related to an autosomal-
dominant mutation in the adenomatous
polyposis coli (APC) tumor suppressor
gene. The APC gene regulates the WNT
signaling pathway, and altered regulation
can predispose to tumor formation (Huang
et al. 2000).

3. Li-Fraumeni syndrome is a rare familial syn-
drome associated with germline mutations in
the TP53 tumor suppressor gene. These patients
have a predisposition for several malignancies,
including sarcomas, leukemia and CNS tumors,
such as MBs (Barel et al. 1998).

4. Rubenstein—-Taybi is an autosomal dominant
condition, also known as broad thumb-hallux
syndrome. It is characterized by short stature,
moderate to severe learning difficulties, dis-
tinctive facial features, broad thumbs and first
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toes and an increased risk of developing non-
cancerous and cancerous tumors, lymphoma
and MB.

This syndrome is due to a genetic mutation
in the CREBBP and EP300 genes. CREBBP
plays an important role in regulating cell
growth and division and is essential for normal
fetal development. Mutations in the EP 300
gene are responsible for a small percentage of
cases of this syndrome (Taylor et al. 2001).

5. Aicardi syndromes is a rare genetic disease
which typically arises from a mutation local-
ized on the distal part of the short arm of the
X chromosome, an area that may be of
importance for tumor development. It occurs
almost exclusively in females. It is defined
by the triad of lacunar chorioretinopathy,
flexor spasms, and agenesis of the corpus
callosum. Clinically the patients have intrac-
table seizures and severe cognitive impair-
ment (Palmer et al. 2004).

Histopathological Classification

The latest (2007) WHO classification of tumors
of the CNS lists the classic MB and several vari-
ants: desmoplastic, anaplastic, large-cell MBs,
and the MB with extensive nodularity (MBEN).
Of these variants, the anaplastic and large-cell
MBs form a continuum; all large-cell MBs have
regions of anaplasia. Large-cell and anaplastic
tumors make up between 2—4 % and 10-22 % of
MBs, respectively (Ellison 2002; McManamy
et al. 2003; Gilbertson and Ellison 2008). Because
these two variants form a continuum with a poor
prognosis, they have been grouped as large cell/
anaplastic (LCA) MBs in several studies.

Desmoplastic MBs encompass the nodular/
desmoplastic MB and the MBEN, which contrib-
ute approximately 7 % and 3 % of all MBs,
respectively (Ellison 2002) (Fig. 9.1). Classic
MBs constitute the remainder. Morphological
differentiation in MBs can be diverse, but occurs
principally along neuronal lines (Ellison 2002;
Gilbertson and Ellison 2008). Neuronal differen-
tiation is most common while glial differentia-
tion is rare.
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7%

3%

Desmoplastic nodular MBs are composed of pale
nodular areas with patterns of neuronal differentiation
surrounded by densely packed hyperchromatic cells
(arrows). These nodular areas produce a dense
intercellular fibre network (demoplasia).

Medulloblastoma with extensive nodularity shows
extensive lobular architecture with large, elongated
reticulin-free zones between the nodules (arrows).
Internodular zones contain small, round
neurocytic-like cells in the fibrillary background.

BClassic DLCA @ Desmoplastic I:lMBENI

LCA: Large-cell anaplastic medulloblastomas are
characterized by enlarged pleomorphic nuclei with
prominent nucleoli and variable amount of cytoplasm
(arrows). Mitotic and apoptotic figures are abundant.

Fig. 9.1 Histology of medulloblastoma (MB) subgroups
and Pie chart frequency. (a) Desmoplastic nodular MBs
are composed of pale nodular areas with patterns of
neuronal differentiation surrounded by densely packed
hyperchromatic cells (arrows). These nodular areas
produce a dense intercellular fibre network (demoplasia).
(b) Medulloblastoma with extensive nodularity shows
extensive lobular architecture with large, elongated retic-
ulin-free zones between the nodules (arrows). Internodular

Molecular Heterogeneity

The observation that MB encompasses a number
of distinct morphologic variants suggests that
these tumors represent different entities arising
through alternative mechanisms. Studies of gross
chromosomal alterations in MB support this
notion and have provided the first clues that dif-
ferent molecular processes underlie the develop-
ment of MB subtypes (Ellison 2002; Gilbertson
2002; Gilbertson and Ellison 2008).

Deletions of 17p and isochromosome 17q
(117q), which combines loss of 17p and gain of
17q, have long been recognized as the most com-
mon chromosomal alterations in MB (Griffin et al.
1988). However, these alterations are not distrib-
uted equally among the histologic variants. i17q
has been observed in 34 % and 36 % of classic
and LCA tumors, respectively, but in only 12 % of

Classic MBs are composed of sheets of small, poorly
differentiated cells with arrangements in parallel
rows and areas of Homer—Wright neuroblastic
rosettes (arrows).

zones contain small, round neurocytic-like cells in the
fibrillary background. (¢) LCA: Large-cell anaplastic
medulloblastomas are characterized by enlarged pleomor-
phic nuclei with prominent nucleoli and variable amount
of cytoplasm (arrows). Mitotic and apoptotic figures are
abundant. (d) Classic MBs are composed of sheets of
small, poorly differentiated cells with arrangements in
parallel rows and areas of Homer—Wright neuroblastic
rosettes (arrows)

desmoplastic MBs (Gilbertson et al. 2001; Lamont
et al. 2004; Thompson et al. 2006). Furthermore,
the presence of i17q in tumors has been associated
with a poor clinical outcome, suggesting that this
cytogenetic alteration may contribute to the devel-
opment of aggressive variants of MB (Batra et al.
1995; Gilbertson et al. 2001).

In contrast, monosomy 6 has recently been
shown to occur exclusively in favorable progno-
sis, mainly classic MBs that contain an intact
chromosome 17 and activating mutations in the
fB-catenin gene (Ellison et al. 2005; Clifford et al.
2006; Thompson et al. 2006) Thus, chromosome
6 may harbor a tumor suppressor gene that coop-
erates with aberrant Wingless (WNT) signaling
to generate an especially curable subtype of MB.

The desmoplastic and LCA variants are also
associated with specific chromosomal alterations.
Deletions of 9q are observed in up to 40 % of
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Table 9.1 Key pathway aberrations and inhibitors associated with medulloblastoma

Pathway Gene Aberration Pathway inhibitor
SHH PTCH Loss of function Hh-Antag691
SUFU Loss of function Cyclopamine
SMO Activation
MYC Amplification, overexpression
WNT APC Loss of function Unavailable
B-catenin Activation
AXINI Loss of function
GSK3-p Decreased expression
NOTCH NOTCH2 Gain GSI-18
HES] Overexpression DFK-167
EGF ERBB2 Overexpression Erlotinib
MAP2K1 Activation
MAP2K?2 Activation
MAPK]I/3 Activation
HGF/cMET cMET Gain PHA665752

desmoplastic MBs, but occur rarely in tumors of
the classic variant (Schofield et al. 1995), and
amplifications of the MYCC and MYCN onco-
genes occur predominantly in LCA tumors
(Ellison 2002). Furthermore, a recent study
showed that MB cells transduced with MYCC
adopt a severely anaplastic phenotype when
grown as xenografts, suggesting a causative rela-
tionship between MYCC expression and the LCA
phenotype (Stearns et al. 2006).

Aberrations of Genes and Signaling
Pathways

Tumor formation is in many ways similar to nor-
mal development since both involve processes
such as cell proliferation, migration, differentia-
tion and apoptosis. Tumorigenesis is in fact ‘devel-
opment gone wrong’, whereby developmental
signaling or growth factor pathways involved in
normal development become aberrant and drive
tumor formation. Table 9.1 summarizes signaling
and growth factors pathway aberrations.

SHH Signaling Pathway

This pathway has been implicated in the patho-
genesis of the desmoplastic variant of MB
(Behesti and Marino 2009). It plays a major role

in proliferation of the GNPCs during cerebellar

development. During this time, the SHH gly-

coprotein is predominantly produced by the

Purkinje cells ventral to the EGL and secreted to

bind with the PTCH1 receptor on EGL precursor

cells. This process releases the PTCHI1-mediated
inhibition of the SHH pathway, which leads to
the activation of target genes via the Gli family of
transcription factors and promotes GNPCs

proliferation (Fig. 9.2) (Rossi et al. 2008).

Consequently, mutations of the SHH pathway

may induce aberrant pathway activation and

uncontrolled GNPCs proliferation, resulting in
the formation of MBs. Mutations affecting

PTCH]I and other components of the SHH sig-

naling complex, namely, SUFU, PTCH2 and

SMO, have been identified in up to 25 % of spo-

radic cases of MB (Taylor et al. 2002).
Supportive Evidence:

1. The role of PTCHI mutations in the genesis
of MB has been further supported by murine
models, where ~14 % of mice with a hetero-
zygous deletion of Ptc (Ptc+/—) develop MB.

2. Overexpression of the polycomb transcription
regulator BMI-1 has been reported in a subset
of human primary MBs and linked with SHH
pathway activation. This gene also regulates
GNPCs proliferation during cerebellar devel-
opment and its correlation with SHH pathway
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Fig.9.2 Signaling and growth factor activation pathways implicated in medulloblastoma formation. Arrows activators,

bars repressors

activity suggests an alternative mechanism for
SHH signaling in the development of MB.

WNT Signaling Pathway

During normal development, WNT ligands bind
with the receptor Frizzled (FRZ) to activate this
pathway and relay signals to the nucleus via a
multiprotein complex (Fig. 9.2) (Rossi et al.
2008). The APC protein is a regulator of WNT
signaling that functions in a complex with
AXIN, glycogen synthase kinase-binding pro-
tein and glycogen synthase kinase-3b to regu-
late proliferation and specification of neural
progenitor cells during early cerebellar develop-
ment. APC functions as a tumor suppressor by
modulating the levels of cytoplasmic b-catenin,
a downstream component of the WNT signaling
pathway. Inactivating mutations in APC and

other WNT signaling cascade members result in

an uncontrolled increase in b-catenin levels in

the cytoplasm. Consequently, b-catenin translo-
cates to the nucleus where it activates transcrip-
tion of several oncogenes, including MYC and
cyclinD1 (CCND1), resulting in enhanced cel-
lular proliferation.

Supportive Evidence:

1. Similar observations have also been reported
in mutations of SUFU, a downstream
component of the SHH pathway, which causes
ineffective b-catenin nuclear export resulting
in an increased b-catenin-mediated gene
expression (Taylor et al. 2004).

2. Mutations in the WNT signaling complex,
especially activating mutations in b-catenin
(CTNNBI), account for 15 % of sporadic cases
of MBs. In addition, b-catenin mutations and
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nuclear localization have been associated with
a favorable prognosis, but of unknown molec-
ular mechanisms.

NOTCH Signaling Pathway

Notch promotes proliferation of GNPCs and pre-

vents their differentiation (Behesti and Marino

2009). To date, four highly conserved Notch

receptors have been identified (Notchl, -2, -3

and -4) that are single-pass transmembrane pro-

teins. Binding of the Notch receptor by its ligand
triggers proteolytic cleavage and activation of
the receptor, followed by the release of an intra-
cellular domain of the receptor from the mem-
brane that translocates to the nucleus (Carlotti

et al. 2008). In the nucleus this protein forms a

complex with the DNA-binding protein CBF1,

activating the transcription of effector genes

including Hesl, Hes5, p2l and cyclin DI

(Fig. 9.2).

Supportive Evidence:

The Notch pathway has been implicated in
medulloblastoma tumorigenesis in a number of
studies. For example,

1. Fan et al. 2004 reported increased Notch2
copy number in 15 % of MBs, consistent with
its expression in proliferating GNPCs during
normal cerebellar development.

2. Upregulation of the Notch pathway target
gene Hes! in a subset of MB samples.

3. Hesl expression also correlated with poor
patient survival.

Growth Factors Mutations

In addition to the developmental pathways
described earlier, other pathways have been
implicated in MB pathogenesis and these have
been investigated for a more precise understand-
ing of the molecular basis of this tumor.
Abnormalities in the EGF family of receptor
tyrosine kinases, for example, have been detected
in MBs. Receptor activation through ligand bind-
ing leads to its dimerization, autophosphoryla-
tion and activation of downstream PI3K and
MAPK signaling cascades (Fig. 9.2). This pro-
cess is essential for normal development of the

CNS. Consequently, aberrant activation of this
pathway results in upregulation of downstream
signaling elements, which leads to increased cell
proliferation and altered cell migration through
the activation of transcription factor target pro-
teins. In line with this, upregulation of RAS—
MAP kinase downstream components, such as
MAP2KI, MAP2K?2 and MAPK1/3, has been cor-
related with metastatic behavior of MBs
(MacDonald et al. 2001; Del Valle et al. 2002;
Gilbertson and Clifford 2003). Furthermore,
overexpression of the EGF receptor family mem-
ber ERBB2 has been reported in MBs and linked
to metastasis. High levels of expression of this
protein co-overexpressed with ERBB4 signifies
poor clinical outcome in cases of MB.

The HGF/cMET signaling pathway is also
known to contribute to MB formation (Fig. 9.2).
HGF signaling through the cMET receptor plays
a critical role in cerebellar GNPCs proliferation
and survival as they migrate from the EGL inward
to form the mature IGL. Overactivation of this
pathway can thus promote malignancies via
increased cell proliferation and cell cycle dys-
regulation and lead to metastatic behavior by
abnormal cell migration and invasion.

Aberrant signaling of the HGF/cMET path-
way due to loss of pathway inhibition, ligand or
receptor overexpression and/or activating muta-
tions has been implicated in several human
malignancies, including renal, lung, breast and
CNS tumors. In MB, MET gene copy number
gains have been detected by comparative genomic
hybridization in 38.5 % of primary tumor sam-
ples and the receptor mRNA expression levels
have been inversely correlated with patient
survival(Tong et al. 2004; Li et al. 2005).

Finally, the amplification of MYC and MYCN
proto-oncogenes has been detected in 5-15 % of
primary MBs (Herms et al. 2000; Aldosari et al.
2002). MYCN is an early transcriptional target of
the SHH pathway and its activation by SHH
promotes the expression of the cell cycle proteins
CyclinD1 and CyclinD2 leading to GNPCs pro-
liferation. A high expression level of MYC is
reported to cause progression of MB to an ana-
plastic phenotype and has been linked to poor
clinical outcome.
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DNA Repair Pathways
and Medulloblastoma

Genes that have recently emerged as important
suppressors of MB tumorigenesis are those that
regulate the DNA damage response. The DNA
repair pathway includes proteins such as poly-
(ADP-ribose) polymerase (PARP-1) that sense
DNA damage and proteins that repair the dam-
age. DNA double-strand breaks activate two
major repair pathways, homologous recombina-
tion repair and nonhomologous end joining.

The breast/ovarian cancer susceptibility pro-
tein BRCAZ2 is a DNA repair protein with a key
role in homologous recombination repair.
BRCA?2 colocalizes with Partner and localizer
of BRCA2 (PALB2) protein, which stabilizes
BRCA2 within nuclear structures, facilitating
DNA repair. Proteins involved in nonhomolo-
gous end joining include the nuclear ligase Lig4
and XRCC4.

Inactivating mutations in BRCA2 and PALB2
cause Fanconi anemia (FA) types D1 and N,
respectively. FA includes a collection of disor-
ders characterized by chromosomal instability,
growth retardation, congenital malformations,
progressive bone marrow failure, cancer predis-
position, and cellular hypersensitivity to DNA
cross-linking agents. Mutations in 12 genes have
been identified in families with the various forms
of the disease. FA-D1 and -N each carry a high
risk of childhood solid tumors, including MB.
Indeed, at least five of seven childhood brain
tumors diagnosed in six FA-D1 kindreds were
MBs, and seven patients identified with FANS
had MB (Offit et al. 2003; Hirsch et al. 2004;
Reid et al. 2007).

Although suppression of human MB by other
components of the DNA damage response path-
way remains to be established, mice null for
either Lig4, XRCC4, or Parp-1 and p53 develop
MB with high penetrance. Interestingly, most
XRCC4-null/p53-deficient MBs delete Ptchl
and, in Parp-1 deficient mice, develop within the
EGL. These tumors also express markers of
GNPC and Shh pathway activation. Thus, defects
in DNA repair may cooperate with mutations in
the Shh pathway to cause MB.
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Molecular Genetics Analysis
of Medulloblastomas

Similar to what happened in WHO Classifications,
MB was re-classified more than once depending
on its biologic behavior, recent advances in gene
expression profiling techniques have led to the
generation of several molecular classification
schemes in MBs:

1. Thompson et al. in 2006 were the first to report
molecular subgroups of MBs, identifying five
distinct clusters of MB (subgroups A to E).
They used a combination of FISH and direct
sequencing for gene expression analysis.
Subgroup-specific abnormalities included
mutations in the Wingless (WNT) pathway
and deletion of chromosome 6 (subgroup B)
and mutations in the Sonic Hedgehog (SHH)
pathway (subgroup D) (Thompson et al. 2006).

2. Kool et al. in 2008 corroborated Thompson’s
molecular subgroup findings by using a com-
bination of gene expression and comparative
genomic hybridization (CGH) array. Signature
genetic and genomic events within the five
molecular subgroups included WNT signaling
(group A), SHH signaling (group B), expres-
sion of neuronal differentiation genes (groups
C and D) and photoreceptor genes (D and E).
This study showed that groups C, D and E
were genetically related to each other, and
clinically associated with metastatic disease,
most strongly with group E. Monosomy of
chromosome 6 occurred only in type A
tumors, loss of 9q mostly occurred in type B
tumors, whereas chromosome 17 aberrations,
most common in MB, were strongly associ-
ated with type C or D tumors. Loss of the
inactivated X-chromosome was highly spe-
cific for female cases of type C, D and E
tumors (Kool et al. 2008).

3. Northcott et al. in 2009 identified four distinct
molecular subgroups of MB, including the
well-characterized WNT and SHH groups, as
well as two independent subgroups (group C
and D). They used both mRNA and miRNA
microarrays (Northcott et al. 2009). Of inter-
est, miR-17/92, an oncogenic miRNA cluster,
was most highly expressed in SHH tumors in
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Group 4 (35%)
Genetics:
CDKG6 amplification, isochromosome
17q Neuronal/glutamatergic pathway,
minimal MYC family expression
Histology: classic, LCA
Metastasis: frequently M+

Prognosis

©

Fig.9.3 Medulloblastoma subgroups. Pie chart illustrat-
ing the frequency, genetics, gene expression of the four
subgroups of medulloblastoma. LCA large-cell anaplas-

association with MYCN, while its expression
in group C tumors was found to be correlated
with MYC (Fig. 9.3).

Clinical correlation of MB molecular sub-
groups has a significant potential for disease
stratification. Kool et al. (2008) demonstrated
that groups C, D and E patients demonstrated
a higher metastatic potential. Therefore, such
patients would require aggressive treatment.

Medulloblastoma in Adults

Adult MB is rare and distinct from pediatric MB
in terms of genomic aberrations and their impact
on clinical outcomes. The following are some of
these differences:

tic, MBEN medulloblastoma with extensive nodularity,
M+ positive for metastasis at diagnosis, SHH sonic
hedgehog

1. Approximately 25 % of adult MB shows no

genomic imbalances in comparison to 5 %
within the pediatric cohort, suggesting that
genomic instability is more critical for tumor-
igenesis in childhood MB (Korshunov et al.
2010).

. CDKG6 was the frequent focal amplification in

adult MB detected to date, whereas focal
amplifications of MYC/MYCN are far more
common in pediatric tumors.

. Gain of chromosomes 3q, 4, and 19 are more

common in adult MB, whereas gain of chro-
mosomes 1q, 2, 7, and 17q, as well as loss of
16q are more frequent in pediatric MB.

. All chromosome 6 deletions were monosomy

6 in pediatric tumors, whereas they were
mostly partial deletions in adult MB cases.
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5. In contrast to pediatric tumors, adult MB
cases with CTNNB1 mutation did not always
show a monosomy 6.

6. For adult MB, shortened survival was found
for tumors with CDK6 amplification, 17q
gain, and 10q loss.

7. Adult MB with WNT signaling pathway acti-
vation, however, did not share the excellent
prognosis seen in childhood MB.

Therefore, adult MBs have their age-specific
risk stratification model, a molecular staging
system based on DNA copy number status of
10q and 17q (Korshunov et al. 2010; Pfister
et al. 2010).

Genetic Divergence of Metastatic
Medulloblastoma

It is well known that MB disseminates through
the cerebrospinal fluid (CSF) in the leptomen-
ingeal space to coat the brain and spinal cord.
Dissemination, a marker of poor prognosis, is
found in up to 40 % of children at diagnosis
and in most children at the time of recurrence.
The mechanisms of dissemination through the
CSF are poorly studied, and MB metastases
have been assumed to be biologically similar
to the primary tumour. The studies revealed
that the metastases from an individual are
extremely similar to each other but are diver-
gent from the matched primary tumour. Clonal
genetic events in the metastases can be dem-
onstrated in a restricted subclone of the pri-
mary tumour, suggesting that only rare cells
within the primary tumour have the ability to
metastasize. Failure to account for the diver-
gent molecular pathology of the metastatic
compartment may result in selection of thera-
peutic targets present in the primary tumour,
which is more amenable to surgical control,
but not the metastases, which are the more frequent
cause of death and this could be a major bar-
rier to the development of effective targeted
therapies (Wu et al. 2012).
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Prognostication from Genetic/
Molecular Point of View

The following genetic observations have been
associated with poor clinical outcome and favor-
able prognosis.

A. Poor Clinical Outcome

1. Deletions of 17p and isochromosome 17q
(i17q), which combines loss of 17p and
gain of 17q, which is the most common
chromosomal alterations in MB.

2. Hesl expression.

3. RAS-MAP kinase downstream compo-
nents upregulation, such as MAP2KI,
MAP2K2 and MAPKI1/3, are associated
with metastatic behavior of MB.

4. Overexpression of the EGF receptor fam-
ily member ERBB2 has been linked to
MB metastasis. High levels of expression
of this protein co-overexpressed with
ERBBA4 signifies poor clinical outcome.

5. HGF/cMET signaling pathway overacti-
vation and/or mutations has been corre-
lated to metastasis.

6. MET gene copy number gains and the
receptor mRNA expression levels have been
inversely correlated with patient survival.

7. A MYC high expression level has been
linked to poor clinical outcome.

B. Favorable Clinical Outcome

1. Monosomy 6 occurs exclusively in favor-
able prognosis, mainly classic MBs that
contain an intact chromosome 17.

2. p-catenin gene mutations and nuclear
localization.

3. The detection of high mRNA expression
levels of neurotrophin-3 receptor.

Current Researches and Future
Directions

The challenge for the future will be to identify
the patient subgroups who respond well to cur-
rent treatment, and those who respond poorly and
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eventually to improve patients’ survival. Multiple
lines of evidence suggest that the response to
treatment is determined by the biology of the
tumor and that treatments targeting cell signaling
pathways involved in MB might provide thera-
peutic alternatives with lower toxicity profiles
than the conventional approaches (Gilbertson
2004).

The existing molecular heterogeneity within
MBs is considered to be responsible for the
observed differences in treatment response and
treatment-related toxicities between patients
(Kool etal. 2008). This means a single population-
based therapeutic approach is inadequate. As a
result, the current research focus is conducting
multi-inhibitor studies to target multiple factors
simultaneously.

In the future, it is possible that MB treatment
protocols will include target-specific chemother-
apy, minimally invasive surgery and elimination
of radiation therapy. It is expected that, individu-
alized patient therapy will offer dramatic changes
in cancer treatment that will improve patients’
quality of life along with lowering the burden of
current treatments and their related toxic side
effects.

Conclusions

The myriad of genomic discoveries in MB in the
last decade has enriched the field of neuro-
oncology enormously. The recent development
of precise and sensitive molecular biology tech-
niques has greatly improved knowledge of the
basic biology of MB formation. To a certain
extent, the enigma of MB heterogeneity has been
elucidated. Genetic analysis of some of heredi-
tary syndromes has helped us understand the
molecular profile of MB. Evidence has emerged
recently supporting the fact that the genetic aber-
rations have a major role in driving MB forma-
tion. These mutations encompass the various
signaling pathways, growth factor pathways, and
DNA repair mechanisms.

The elucidation of molecular factors that con-
tribute to MB pathogenesis will help in refining
disease risk stratification, prognostication and

facilitating accurate prediction of treatment out-
comes. Progress in the field of personalized med-
icine will enable the implementation of less toxic
and more effective therapeutic approaches, lead-
ing to substantial improvements in patient quality
of life. This comprehensive detailed understand-
ing of MB molecular genetics allows for the
identification of novel therapeutic targets against
which patient-specific targeted therapies could be
developed.
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Abstract

Age is a very well known prognostic factor in
brain tumors. Adults with a medulloblastoma
(MB) have a poorer outcome compared to
children with a MB. A feature specific to MB’s
relationship to age when determining survival
is the appearance of differences in survival
between age groups after a particular follow-up
time. Up to 4 years post-diagnosis, the prognosis
remains the same, but between 4 and 10 years
of follow-up, adults become significantly more
likely to die than children.

The relationship between age and survival
may be a confounded relationship due to the
genetic basis of the tumor, responses and
compliance to treatment protocols, and the
anatomical location of the tumor. Each of
these factors may be the actual “drivers” of
these differences, rather than age itself. When
measuring the differences across age groups
in MBs, there are two important statistical
concepts that are key: relative survival and
the proportional hazards assumption. Both of
these are discussed within this chapter.
This chapter focuses on the factors that
may be the drivers of the survival differences,
such as clinical factors, genetics, treatment
response and/or compliance, and progression
patterns.

M.A. Hayat (ed.), Tumors of the Central Nervous System, Volume 12, 121
DOI 10.1007/978-94-007-7217-5_10, © Springer Science+Business Media Dordrecht 2014
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Introduction

Medulloblastomas (MB) originate from primitive
embryonal cells, typically with neurectodermal
components, which is why this tumor is classified
as a primitive neurectodermal tumor (PNET).
The incidence of this tumor is just under 2 per
million, and children are 10 times more likely to
be affected than adults (Smoll and Drummond
2012). Today, MBs are considered to be distinct
from PNETSs (Pomeroy et al. 2002), and MBs are
considered to be made up of four different sub-
groups: WNT tumors showing wingless pathway
activation (excellent prognosis) make up only
11 % of MBs; SHH showing hedgehog pathway
activation (worse prognosis, affects infants and
adolescents/adults (affects children less), similar
to a “bathtub” distribution) form approximately
28 % of all MBs; group 3 tumors (worst progno-
sis, rarely found in adults) compose 27 % of all
MBs; and group 4 tumors are the most common
MB subtype (34 % of MB). Therefore, I suggest
that age may be surrogate variable associated
with outcomes, because its association with
survival is really a relationship confounded by
several “driver” variables described here.

In 2012 I demonstrated how the differences in
survival across age-categories is time-dependant,
using a large population-based dataset. This
means that the differences in hazard rates (and
similarly, survival rates) across the age groups
only emerge after 4 years of follow-up, also
known as a “fork” type interaction because of it’s
appearance on Kaplan—Meier curves or similar
hazard rate plots. To exemplify this, children and
adults had 75 % and 75 % 2-year survival rates,
but 57 % and 46 % 10-year survival rates respec-
tively. Thus demonstrating how differences in
survival are follow-up time-dependant.

It is suggested that MBs probably develop
silently during embryologic phases of develop-
ment, and mutations after repeated multiplication
will accumulate throughout life until a certain
combination of mutations (especially those asso-
ciated with a specific MB subtype) lead to tumor
growth (Jones et al. 2012). This is based on the
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findings that adult MBs have higher frequencies
of passenger mutations (Parsons et al. 2010) and
confirmed by Jones et al. (2012) finding that the
rate of mutations is positively correlated with age.

The question regarding survival differences
between adults and children has been a difficult
one to answer, as the two patient groups are
remarkably different across the entire range of
variables. The most obvious example of these
important differences is that children and adults
get treated in different institutions because of
the different requirements of each age group.
Since we cannot randomize patients into adult
and childhood age groups, the differences across
these age groups are best measured using data
from observational and/or registry studies. Like
all observational/registry studies, there are an
infinite number of important variables that
cannot be controlled for, and there are probably
multiple variables which may confound the
relationship. What is important to note, is that
age is a variable that is probably confounded by
other “driver” variables, which are the variables
that are imbalanced across age groups, but are
independant factors affecting survival rates.

There are probably several important interac-
tions (effects of an independent variable or pre-
dictor which vary across the range of values of
another variable) between variables that are
known to predict outcomes. Unfortunately, to
detect these one must have large sample sizes, or
very large effect sizes. For example, a particular
type of chemotherapy protocol may show effi-
cacy in children with an MB, but may not show
the same efficacy in adults with an MB, revealing
an interaction between chemotherapy and age
groups (or more precisely, some as yet unknown
biological driver variable closely related to age).
Interactions are probably (it could be argued
certainly) present between genetic subtypes of
MBs and their response to chemotherapy and or
radiotherapy. While the genetic subtypes of MB
are dominating the field of MB research, out-
comes are also determined by other factors.
There are clinical and/or treatment variables that
also impact the differences in survival outcomes
between adults and children.
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Using relative survival (RS) to remove the
effect of expected mortality rates seen in the
general population, it appears that adults and
children have the same survival outcomes up to 4
years post-diagnosis. After 4 years, adults
become significantly more likely to die than chil-
dren (Smoll 2012). Although recent randomized
studies are showing impressive results, with
some finding 5-year survival rates in children of
up to 95 % (Packer et al. 2006; Rutkowski et al.
2005). Most importantly, this chapter will focus
on discussing the drivers of survival differences
between children and adults.

Genetic Drivers of Survival
Differences Between Children
and Adults

The most promising factor in MB research
currently is the four genomic subtypes of MB,
first discussed by Kool et al. in 2008. Kool et al.’s
recent study demonstrated impressive survival
rates in patients with metastases positive and
metastases negative wingless (WNT) tumors
(greater than 95 % 5-year survival for both age
categories). Across all age categories, the WNT
subtypes were virtually always found in the
Classical histology category, which is typically
known to have a worse prognosis than the
Desmoplastic histology subtype. Nonetheless, this
genetic subtype has similarly excellent outcomes
in both adults and children (Kool et al. 2012).

The sonic hedgehog (SHH) driven subtype
which is more likely to be found in infants and
adults similar to a “bathtub”-type age distribution,
may be the driver of the differences in survival
between adults and children seen after 4 years.
This was remarkably different at 10 years post-
diagnosis, with survival rates for SHH tumors at
34 % in adults and 51 % in children. Therefore,
the differences in survival seen after 5-years post-
diagnosis may be because adults are more likely
to be affected by the SHH-driven subtype, and
the differences in survival in this subtype begins
to appear after 5-years post-diagnosis, and are
clear by 10 years (Table 10.1).
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Treatment Drivers of Survival
Differences Between Children
and Adults

Investigators must remember that patients are
exposed to treatment regimens that are often dif-
ferent for adults when compared to children.
Children and adults differ in their ability to with-
stand different treatment protocols. Greenberg
et al. 2001 and Packer et al. 1994 found that 44 %
of children were able to complete a multi-agent
CDP protocol (to the 8th cycle), while no adult
patients in Greenberg et al.’s study were able to
complete the CDP protocol (Greenberg et al.
2001; Packer et al. 1994). While the inability to
complete therapy may have something to do with
the differences in survival, perhaps a more com-
plex mechanism is at work. Adults are typically
offered the same post-operative adjuvant therapy
protocols as children, but because they are more
likely to have SHH-driven tumors, the effect of
chemotherapy is less, because SHH-driven tumors
may not have the same response as WNT, group 3,
and group 4 tumor subtypes. Thus, while we
suspect that WNT tumors respond well to typical
adjuvant therapies because of their impressive
survival rates, the interaction between the latest
radiochemotherapy protocols and MB subtypes is
unclear when survival or progression-free sur-
vival is the measured outcome.

Anatomical Location Drivers of
Survival Differences Between
Children and Adults

It is well known that adults get more MBs in the
cerebellar hemispheres, while children are more
likely to have tumors located in the cerebellar
vermis. While it is often thought that it is easier
to obtain gross-total resection in hemispherically
located tumors, there is little evidence that location
is associated with survival (Greenberg et al. 2001).
Lastly, the effect of anatomical location on sur-
vival is probably a relationship confounded by
gross-total resection rates or genetic factors.
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Table 10.1 Differences between children and adults

Clinical

Histologic

Genetic

Children are more likely to present with midline lesions and adults with hemispheric lesions.
83 % of children present with midline lesions compared with 49 % of adults (Sarkar et al. 2002)
Tumors rarely (2 %) present with metastases in adults, while 24 % of tumors appear to have
metastases in children (Kool et al. 2012)

Children are more likely to present with the classic histological subtype, while adults are more
likely to present with the desmoplastic variant of MBs. 32 % of adults present with a
desmoplastic variant, while only approximately 12 % of children may present with a desmoplastic
variant (Bloom and Bessell 1990; Kortmann et al. 2000)

The relationship of MIB index of tumors to age remains unclear. Some believe adults have lower
proliferation indices (Sarkar et al. 2002), and other believe the proliferation index is higher
(Giordana et al. 1997). Giordana et al. 1997 found a median MIB-1/PCNA labelling index of

20/25 % in children and 35/50 % in adults

Children have fewer passenger mutations compared to adults, but they have the same amount
of driver mutations (probable cancer- causing mutations) (Parsons et al. 2010)

There is a positive correlation between genome-wide mutation rates and age, a relationship
which is stronger in diploid tumors (Jones et al. 2012)

WNT (wingless pathway) tumors have excellent survival rates (>90 % 5-year survival) even in
the presence of metastatic disease. This is the smallest subgroup of with a peak incidence at 10-12
years of age (Kool et al. 2012)

SHH showing hedgehog pathway activation (worse prognosis, affects infants and older
children/adults, similar to a “bathtub” distribution) make up approximately 28 % of all MBs
Group 3 tumors have the worst prognosis and are rarely found in adults. They compose 27 %
of all MBs

Group 4 tumors are the most common MB subtype (35% of MB), almost exclusively found
in those under the age of 18yrs, and have a similar prognosis to those with an SHH subtype

of tumor
Treatment

Tolerance of treatment protocols may be less in adults, so fewer adults appear to be able to

complete chemotherapy protocols. In 2000, Greenberg et al. noted in a series of 17 adults that
adults had higher rates of toxicity from chemotherapy and that all adults were unable to complete
their course of treatment compared with 44 % of children were unable to complete the same
treatment protocol (Packer Protocol) (Greenberg et al. 2001; Packer et al. 1994)

Outcomes

Incidence of late relapses is greater in adults, with relapses in children tending to occur before

3 years, as seen in progression-free survival curves plateauing earlier

To briefly recap: confounding is considered
to be the situation in which the study exposure
groups (in this case, age-categories) differ in
their hazard rates or in relative survival-excess
hazard rates for reasons other than the effects of
the exposure group variable (Greenland et al. 1999).
To relate this to the ideas presented here, if
anatomical location was known to have an
impact on excess hazard rates, when gross-total
resection rates are taken into account (controlled
for), the effect of anatomical location on excess
hazard rates may disappear. In other words, the
anatomical location has a relationship with survival,
only because it affects the surgeons ability to
achieve a gross-total resection at surgery.

Relapse-Free Survival as a Driver
of Survival Differences Between
Children and Adults

Incidence of late relapse appears to be greater in
adults, with relapses in children tending to occur
before 3 years post-diagnosis. Khalil (2008) pres-
ents a series of 51 pediatric MBs in which all
patients that relapsed (10, or 20 %) relapsed
before 2 years. Brandes et al. 2007 demonstrated
17 relapses in 36 adult patients (47 %), with a
median recurrence time of 3 years post-diagnosis
(Brandes et al. 2007). In addition, when one
reviews the progression-free curves of various
studies including children, plateaus are noted to
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start at or before 4 years for children (Allen et al.
2009; Evans et al. 1990; Rutkowski et al. 2010;
Zeltzer et al. 1999). When compared to adults the
progression-free curve of adults continues to
decrease and reaches a plateau at 10 years
(Padovani et al. 2007). While these progression-
free curves are consistent with the finding of sur-
vival differences between adults and children
(because adults appear to progress later than chil-
dren), although it may seem logical, but we are as
yet unclear if later progressions explain the sur-
vival difference seen after 4 years.

Relative Survival and Measuring
Differences Between Children
and Adults

To measure survival differences between adults
and children, investigators must take into account
that adults, and especially elderly people in the
general population are already more likely to die
than children. The mortality rate of the general
population is called the expected mortality rate.
Subtracting the expected mortality rate from the
hazard rate in a population of cancer patients
gives us a measure known as the excess hazard
rate, and when transformed into the survival
scale this gives us the measure known as relative
survival (RS). RS is considered to be the gold
standard of cause-specific survival estimation
because of its robustness and non-reliance on
death certificates for correct descriptions of the
cause of death.

When one compares the survival rates of chil-
dren to those of adults, the relationship between
the categories changes during follow-up (at least
in population-based studies). As mentioned pre-
viously, survival rates are virtually identical
before 4 years. After 4 years the survival rates
begin to differ, with adults faring worse. This
concept is known as non-proportional hazards,
and is key to understanding changing relation-
ships between two groups. As a brief recap,
hazard rates are what underpin survival rates. A
hazard rate is the instantaneous event per unit of
time. In other words, it is the amount of deaths
per smallest unit of time. Some might call this
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the “speed of death” or “speed of mortality”.
Regression models that present hazard ratios
generally present a ratio of two hazard rates. For
example, if during a particular month 5 children
per 100 children died, and this was compared
with 10 adults per 100 died, a hazard ratio of 2
would be present.

Proportional hazards models (such as the Cox
proportional hazards model) assume that this
difference will be present throughout the entirety
of follow-up, and therefore only one estimate is
presented, like if it was an average over time.
This is unanimously, and I believe erroneously
considered to be appropriate for almost all brain
tumors and all situations. This is evidenced by
most analyses of data published on brain tumors
relying on Cox’s proportional hazards model to
provide regression estimates. The assumption of
“proportional hazards” has been found to be
violated for MBs and low grade gliomas (Smoll
2012; Smoll et al. 2012). In these studies, the
differences in hazard rates changed throughout
follow-up. For example, when young adults are
compared to the elderly, the excess hazard rates
for low-grade gliomas (adjusted for expected
mortality) are enormously different (magnitude
of 30 times in the first year) for the first 2 years,
and as time progresses the excess hazard rates
re-approximate for what is termed the “reverse
fork-type interaction”. For a more extensive
discussion of this problem, see the article by
Miguel Hernan (2010).

In addition to non-proportionality, adults and
children have much different expected mortality
rates when all-cause mortality is considered.
Adults are simply more likely to die from all
causes. Therefore, to truly extract differences
in survival between adults and children, the use
of relative survival methodology is required.
Relative survival is considered the gold-standard
of cause-specific survival, because all deaths in a
particular population that are above the rate
normally seen in the general population can be
considered to be due to the tumor, irrespective
of the listed cause of death. This is particularly
important when we measure the differences
between adults and children because it is well
known that adults and children have different
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expected mortality profiles, and relative survival
methods intrinsically control for this factor.

Excess hazard rates of MBs have therefore
demonstrated the quality of non-proportionality
when adults and children are compared, which
means the investigator must beware when using
proportional hazards models when modeling MB
data. Thus, modelling of age differences requires
the use of specialized models such as a discrete-
time survival models or Dickman’s piecewise
constant hazards model for relative survival data
to accurately model such data (Dickman et al.
2004; Singer and Willett 1993).

In conclusion, the differences in survival
between children and adults with MB/PNETS are
clear, but the relationship is complex. We know
that the differences in survival become apparent
after 4 years and that adults appear to relapse
often at later stages, but the difficult part is finding
out why. Adults are more likely to be affected by
the SHH-subtype which has a worse prognosis.
Children may be more likely to complete chemo-
therapy protocols and their tumors progress/recur
earlier. But there are many factors that speak in
favor of adult tumors having better prognosis.
Therefore, while the relationship is complex, new
information on the genomics is emerging. Thus,
to find out if there is truly a relationship between
age and survival, we must first be able to control
for the imbalances in the independant predictors
of survival.
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Abstract

Pediatric cancer survival rates have improved
significantly over the past several decades as
advances have been made in both therapies
and supportive care. Improved survival rates
have been accompanied by increased recog-
nition of therapy-related late effects, such as
second neoplasms. Two of the most common
classes of pediatric cancers include acute
leukemias and tumors of the central nervous
system, both of which have historically
involved CNS-directed radiation therapy.
Through multiple childhood cancer survivor
cohorts, it has been recognized that survi-
vors previously treated with radiation to
the central nervous system are at increased
risk for developing secondary gliomas and
meningiomas, both of which have been
shown to occur at well-defined time points
and in a dose-responsive fashion. Based on
these findings, current era treatment proto-
cols have been modified to minimize toxicity
and reduce the use of radiation when possi-
ble. Long term follow up of cancer survivors
remains an imperative part of their ongoing
care given the long latency period that has
been observed to development of secondary
CNS tumors.
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Introduction

Survival of childhood cancer has improved
dramatically over the past four decades, predom-
inantly due to improvements in therapies, surgical
techniques and supportive care. Two of the most
common childhood cancers are the acute leukemias
and central nervous system (CNS) tumors. Both
leukemias and, to a lesser extent, CNS tumors
have traditionally been treated with a combination
of chemotherapy and therapeutic radiation,
as well as surgery in CNS tumors. Acute lympho-
blastic leukemia is the most common childhood
cancer, with associated survival rates of >85 %
and resultant 2000 new 5-year survivors every
year in the United States (Bhatia et al. 2002).
Tumors of the CNS represent the second most
common class of tumors behind acute leukemias
and also represent the second leading cause of
cancer-related deaths in children. Overall 5-year
survival for primary CNS tumors -currently
exceeds 70 % in children (Altekruse et al. 2010).
While improved survival from these and other
malignancies is widely recognized as success, it
may bring with it multiple late effects resulting
from the original cancer itself or from therapy.
One of the best studied of these late effects is the
development of both benign and malignant subse-
quent neoplasms. Although the leading cause of
death among 5-year cancer survivors is recurrence
of the original cancer (Mertens et al. 2008), by 20
years from initial cancer diagnosis, the mortality
rate from second neoplasms exceeds that of
recurrence (Armstrong et al. 2009; Mertens et al.
2008). Despite having utility in the treatment of
multiple malignancies, radiation has been impli-
cated in the development of secondary neoplasms
including neoplasms of the central nervous system
(CNS) (Pui et al. 2003). Secondary CNS tumors
can cause significant morbidity with long-lasting
health impacts, and in some cases, mortality.
Several large cohort studies have looked at
subsequent malignancies in childhood cancer
survivors (Mike et al. 1982; Hawkins et al. 1987,
Friedman et al. 2010; Taylor et al. 2010). Within
all of these cohorts, secondary CNS tumors
were noted at frequencies much higher than
would be anticipated in the general population. As
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the studies have become more sophisticated,
they have looked at specific risk factors, including
chemotherapy and radiation and their roles in
second cancers, and confirmed that use of radiation
increased risk of second CNS tumors, including
gliomas and meningiomas.

Secondary Glioma

Gliomas are a broad class of tumors, typically
occurring in the brain, that are more specifically
identified by their cell type, histologic grade and
location. They can behave as low-grade tumors
with relatively good prognosis to more aggressive,
high-grade tumors that behave in a malignant
fashion. Both low-grade and high-grade gliomas
have been identified in childhood cancer survi-
vors; one of the difficulties in this group can be
differentiating between recurrence of a primary
CNS malignancy and development of a new tumor.
Much of the available body of literature likely
tends towards more conservative estimates with
more stringent exclusion criteria for similar second
malignancies. This implies that the actual number
of secondary gliomas may be underestimated.

In an analysis of the North American Childhood
Cancer Survivor Study (NA-CCSS) cohort of
over 14,000 patients, 40 patients were diagnosed
with subsequent gliomas (Neglia et al. 2006). The
histology of these tumors included ten glioblasto-
mas, nine anaplastic astrocytomas, ten other malig-
nant gliomas, four oligodendrogliomas (two were
anaplastic), two juvenile pilocytic astrocytomas,
and one each of gliosarcoma, fibrillary astrocytoma,
myopapillary ependymoma, ganglioglioma and
giant cell astrocytoma. When compared with
the general population, the overall standardized
incidence ratio was 8.66 (95 % CI 6.24-11.6).
More of the cohort leukemia patients went on to
develop gliomas as compared to meningiomas.
For any patient who received radiation as part of
their treatment plan, SIR was 12.9, and primary
diagnosis specific SIRs were 16.9 for leukemia
and 14.2 for CNS tumors. The majority of gliomas
were diagnosed in the first 5 year follow up period
(between 5 and 10 years from original cancer
diagnosis), with 70 % of patients diagnosed before
age 20 years, and only 10 % diagnosed beyond
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Fig. 11.1 Relative risk of subsequent glioma (closed
boxes) and meningioma (open boxes) within the Childhood
Cancer Survivor Study cohort by radiation dose (Printed
with permission from Oxford University Press, (Neglia
et al. 2006))

15 years of follow up. No sex predilection
was observed. While no association was demon-
strated between various chemotherapeutic agents
and development of a subsequent glioma, there
was significant association between radiotherapy
and glioma. The risk for developing glioma was
highest among children exposed to radiation at
less than 5 years of age, with a SIR of 14.5 and an
excess absolute risk (EAR) of 31.95 per 10,000
years follow-up. A positive linear dose-response
relationship was observed, with increasing risk of
glioma with increasing radiation exposure (see
Fig. 11.1). Odds ratios peaked at greater than
20-fold at the 30-44.9 Gy dose category, with
excess relative risk (ERR) of 0.33 per Gy (Neglia
et al. 2006).

In a cohort of ALL survivors followed by
St Jude Children’s Research Hospital, ten patients
of the 1,612 survivors developed subsequent high-
grade gliomas (glioblastoma multiforme, n=4,
anaplastic astrocytoma, n=2, other high grade
glioma, n=4) and one patient developed a low-
grade glioma. Of those developing high grade
tumors, latency from the time to diagnosis to
tumor development ranged from 5.9 to 14.1 years
(median 9 years) (Walter et al. 1998). Similar to
the NA-CCSS cohort, children less than 6 years at
the time of initial cancer diagnosis were more likely
to develop high-grade tumors, as were children
with CNS disease at the time of diagnosis.

Fig.11.2 Para-falcine meningioma in a 20+ year survivor
of childhood acute lymphoblastic leukemia

Secondary Meningioma

Meningiomas are typically thought of as benign
tumors arising from the dura mater surrounding
the brain and spinal cord (see Fig. 11.2). The asso-
ciation with cranial radiation has been understood
for quite some time, as these lesions have occurred
at higher rates in children treated with radiation for
tinea capitis (Ron et al. 1988; Sadetzki et al. 2002).
In the NA-CCSS cohort, meningiomas occurred
much later (median 22.9 years, range 15.8-32.7
years) than either subsequent glial tumors or medul-
loblastomas. This finding was similar to the St. Jude
ALL cohort, where meningiomas were diagnosed a
median of 19 years from initial cancer diagnosis
(Walter et al. 1998), as well as the BCCSS cohort,
where meningiomas were diagnosed 23.1 years
from initial cancer diagnosis (Taylor et al. 2010).
Among the NA-CCSS cohort, meningioma
risk was increased by female sex, younger age at
primary diagnosis, radiation therapy exposure and
previous treatment for CNS tumor. They occurred
at the highest rate among survivors of medullo-
blastoma, with cumulative incidence of 16.4 %
(95 % CI=7.5-25.3 %) (Friedman et al. 2010).
Multiple studies have attempted to establish asso-
ciations between chemotherapy exposure and
subsequent meningioma, and for the most part,
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no associations have been found; however, Taylor
et al. (2010) reported an interesting association
between intrathecal methotrexate and risk of
meningioma, in an analysis of secondary CNS
tumors in the BCCSS. Within the BCCSS cohort,
individuals who had received at least 70 mg/m? of
intrathecal methotrexate had a 36-fold increased
risk of meningioma when compared to those
unexposed. Within this same cohort, no relation-
ship was observed with systemic methotrexate or
other agents. Other studies have failed to find an
association between intrathecal chemotherapy
and meningioma (Fontana et al. 1987; Walter
et al. 1998). In a 2006 analysis of the NA-CCSS
patients who had follow-up through 2002, a
detailed reconstruction of radiation exposure,
including location and dose, was performed to
better understand the dose-response relationship
between radiotherapy and the development of
CNS tumors. Within this cohort, 66 meningiomas
were identified, of which three were classified
as malignant with other subtypes classified as:
meningotheliomatous (5), fibrous (4), and transi-
tional (4) (Neglia et al. 2006). Meningiomas
were more common than gliomas in those with
secondary CNS tumors. While the overall median
time to secondary CNS tumor development was
14 years, it was 17 years for those patients devel-
oping meningiomas, with 71 % of patients being
diagnosed 15 years or more after their initial
cancer diagnosis. The majority of this subset of
patients (74 %) was diagnosed after 20 years of
age. In children exposed to radiation therapy
for their primary malignancy, a positive linear
dose-response relationship was observed for
development of a meningioma. For survivors
treated with 10-20 Gy, the odds of developing
meningioma were 12, whereas in those treated
with 20-30 Gy the odds increased to 21.6 and,
most notably, in survivors who received radiation
doses greater than 30 Gy, the odds of developing
a meningioma was in the order of 50-100 times
that of the general population (see Fig. 11.1).

In an Israeli study of 210 patients treated for
acute lymphoblastic leukemia and T-cell non-
Hodgkin’s lymphoma before 1990, meningiomas
were detected in 16 survivors. Median age of
detection was 28.7 years and median time from
diagnosis was 21 years (10-29 years). Of the 210
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patients, 88 had received cranial radiation, and of
the 16 identified meningiomas, 15 had received
cranial radiation at ages 2—14 years (median 7.6
years); 14 had received 24 Gy and one had
received a 18 Gy. This group found the rate of
meningiomas increased after 15 years from
therapy (Goshen et al. 2007).

In a unique genetic case-control study, a
cohort of patients who had been treated with
cranial radiation for tinea capitis and then gone
on to develop subsequent meningioma was
recruited for participation. Their family members,
both exposed and not exposed to radiation, were
recruited as well. Patients who had been treated
with radiation and had not developed subsequent
meningioma were recruited, with their family
members, as well. Radiation exposure was variable
within this group (estimated average dose range to
the brain 1.0-6.0 Gy). The patients with radiation-
associated meningiomas were more likely to
have one or more first-degree relatives develop
meningioma as compared to the radiated patients
who had not developed meningiomas. These
findings suggested the possibility of genetic sus-
ceptibility to developing tumors following radia-
tion exposure, although specific candidate genes
were not identified and similar studies would
be nearly impossible to carry out (Flint-Richter
and Sadetzki 2007).

With longer follow-up, meningiomas are now
being reported in excess of malignant brain
tumors, confirming the longer latency to develop-
ment (Friedman et al. 2010) and the need for
long-term follow up of childhood cancer survi-
vors. There is some evidence that the incidence
of meningiomas is underestimated by as much as
one-third, since they can often be asymptomatic
and routine screening is not part of standard
follow-up care (Larjavaara et al. 2008).

Screening

Currently the United Kingdom does not recom-
mend routine imaging or surveillance for child-
hood cancer survivors previously treated with
cranial radiation (CCLG 2005). The North
American-based Children’s Oncology Group
follow-up guidelines recommend screening brain
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MRIs beginning 2 years after completion of
radiotherapy for survivors with neurofibromato-
sis (NF) and for symptomatic survivors at high
risk of developing second brain tumors (COG
2008). Presently, the majority of subsequent
neoplasms of the CNS are identified once they
have become symptomatic or incidentally during
investigation of another issue.

Survival

There are limited data available on survival fol-
lowing secondary neoplasms of the CNS among
childhood cancer survivors. Treatment can be
challenging, particularly in higher grade tumors,
because of the risks associated with re-irradiation
of the CNS. One of the first studies to investigate
survival by CNS tumor type was conducted by the
BCCSS (Taylor et al. 2009). In their cohort,
13,211 survivors were surveyed and 247 tumors
of the brain and spine were identified as secondary
neoplasms; of these, 73 were gliomas, 137 menin-
giomas, and the rest were a variety of other tumors
types. Of these 247 second CNS neoplasms, 123 led
to death, 62 after glioma and 42 after meningioma;
73 % of the deaths were classified as death from
secondary neoplasm. Five year relative survival
following meningioma was greater than 80 % for
both males and females while for glioma was only
19.5 % with worsening survival paralleling higher
tumor grade. Worse outcomes were also observed
in patients treated in earlier treatment eras. In
a smaller cohort of 1,612 ALL survivors from
St. Jude Children’s Research Hospital, 22 subse-
quent CNS tumors were identified; 11 of which
were meningiomas, 10 high-grade gliomas, and
one low-grade glioma. Overall survival following
meningiomas was very good, with all patients
alive with up to 10 years of follow-up. Prognosis
in the high-grade glioma group was very poor
(Walter et al. 1998).

Closing and Future Directions
Exposure to therapeutic radiation for the purpose

of treatment of the primary malignancy is the
most notable risk factor for the development of
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subsequent CNS tumors, specifically meningioma
and glioma, and evidence is now available to
support that a dose-response relationship exists.
Children exposed at very young ages appear to
be at increased risk for high-grade tumors, empha-
sizing possible increased susceptibility of the
developing brain to radiation effects.

Protocols for chemotherapy and radiation
have been modified to minimize toxicity while
still maintaining acceptable treatment outcomes
(Loning et al. 2000; Bhatia et al. 2002; Hudson
et al. 2012). Radiation was first introduced to
the treatment of ALL in the late 1960s. Typical
radiation dosing at that time was 24 Gy. By the
early 1980s, typical prophylactic dosing was
18 Gy for standard risk patients and eventually
for patients with high-risk disease as well;
although, higher dosing has traditionally been
used in the setting of CNS-positive disease
(Pui et al. 2003). With the introduction of early
intensified intrathecal chemotherapy, patients
with standard risk disease were no longer receiving
prophylactic cranial radiation and were still
able to maintain very low rates of CNS relapse
(Pui et al. 1998) and CNS-directed radiation is
being given at doses as low as 12 Gy. In the
St. Jude cohort, no CNS tumors were observed in
patients who were not treated with cranial radia-
tion (Walter et al. 1998).

In the case of primary CNS or head and neck
tumors, current radiation modalities such as con-
formal radiation therapy, intensity-modulated
radiation therapy and proton-beam therapy have
allowed for more focused therapy with reduced
exposure to tissue surrounding the tumor. There
are also greater efforts being made to avoid
radiation in very young children because of its
detrimental effects on the developing central
nervous system. In the recent treatment era, the
use of chemotherapy has allowed for the reduction
of radiotherapy dosing; in the case of average-risk
medulloblastoma, Packer et al. (2006) were able
to show encouraging event free survival rates in
children receiving reduced dosing of craniospinal
radiation, consisting of 2,340 cGy versus the
standard 3,600 cGy, with the addition of post-
radiation adjuvant chemotherapy. Given the long
latency that has been observed prior to develop-
ment of second CNS tumors, particularly in the
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case of meningiomas, it will be important to follow
patients from the more contemporary treatment
protocols to see if decreased rates of second CNS
tumors are observed over time.

Ongoing vigilance must be practiced for
childhood cancer survivors, as the latency period
to development of secondary CNS tumors is
often long and symptoms may not be easily
identified if primary practitioners are not familiar
with late risks. This is particularly important in
the context of secondary meningiomas, where the
rates have not shown evidence of plateau in the
survivor cohorts. As the survivor population
ages into adulthood and is no longer following
up with their primary pediatric oncology team,
continual education of survivors and primary
care practitioners, as well as age and personalized,
diagnosis- and therapy-specific screening guide-
lines, are imperative.
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Abstract

Survival following childhood cancer diagnosis
has improved dramatically over the past four
decades. With this improvement has come
increased identification of therapy-related
late effects. Among the best studied of these
late effects are second neoplasms, and although
these can occur at nearly any site, one of the
locations often associated with high morbidity
and, in some cases mortality, is the central ner-
vous system. Second tumors of the central ner-
vous system most commonly arise in survivors
treated for primary CNS tumors or for acute
leukemias; this association can be attributed
to therapeutic risk factors, most notably prior
treatment with radiation therapy. Additional
risk factors have been identified, including age
at initial cancer diagnosis, as well as underlying
genetic predisposition syndromes. Data from
multiple childhood cancer survivor cohorts
have helped in predicting time to second tumor
development and have also helped inform sur-
vivor screening and surveillance.

Introduction

There has been dramatic improvement in child-
hood cancer survival over the past 40 years.
These improved outcomes are associated with the
use of improved surgical procedures, multi-agent
chemotherapy, aggressive supportive care and
radiation therapy. As survival has improved,
multiple late effects have been identified. Second
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neoplasms have been one of the most widely
studied late effects in survivors of childhood
cancer, accounting for nearly 20 % of mortality
in survivor cohorts (Armstrong et al. 2009a;
Mertens et al. 2008). It is noteworthy that by 20
years of follow-up, the death rate from second
malignancies exceeds that seen from primary dis-
ease recurrence (Mertens et al. 2008). Secondary
neoplasms of the central nervous system (CNS)
have been well studied and can occur following
primary neoplasms both in the CNS as well as in
other sites and their occurrences have been asso-
ciated with characteristics of the treatment of the
initial cancer. These tumors may be associated
with high rates of morbidity and mortality.

Second tumors of the CNS most commonly
arise in survivors previously treated for either a
primary CNS tumor or for an acute leukemia. In
the cases of primary CNS tumors, second tumors
often occur at or near the primary tumor site; at
times, these can be difficult to differentiate from
recurrence of the primary tumor. The issue can
be further complicated by individuals with inher-
ited cancer predisposition syndromes such as
neurofibromatosis, in which multiple CNS
tumors may occur and appear to be therapy
related, when in fact risk is likely in part due to
genetics. Behavior of second tumors of the CNS
ranges from very benign to highly malignant,
and they can be quite devastating; as a result,
much has been done to understand risks and
modify initial therapies when possible. The
strongest known risk factor for is previous
cranial radiation. Other risk factors have been
investigated through multiple cohort studies and
knowledge continues to increase regarding the
importance of long-term surveillance for the sur-
vivor population.

Epidemiology

The Late Effects Study Group (LESG) conducted
one of the earliest studies of second malignant
neoplasms in 1982. Records from nearly 15,000
survivors diagnosed between 1950 and 1970
from ten participating centers were analyzed for
the occurrence of second malignancies; from this
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cohort, 113 cases were identified and of these,
nine were located in the brain. Histology was not
specified. These followed a variety of primary
tumor sites (Mike et al. 1982). This was one of
the first cohorts with the ability to look at long-
term childhood cancer survivors, in part because
for the first time survival was long enough to
exceed the typical latency period associated with
radiation and chemical carcinogenesis. Multiple
cohorts have followed, now with more in-depth
data collected on primary tumor and type of treat-
ment administered.

The Childhood Cancer Research Group
(CCRG) tracked 16,541 cases of 3-year childhood
cancer survivors initially diagnosed between 1926
and 1987. There was a fivefold increase in the
number of second primary tumors compared with
expected numbers (Hawkins et al. 1987). In an
early analysis of cohort data, with only 10,106
identified survivors, Hawkins et al. (1987) identi-
fied a relative risk of 7 (95 % CI=4-12) for sub-
sequent CNS tumors. Within the more recent
analysis of the cohort, 278(2 %) developed sec-
ond neoplasms, 44 of which were in the CNS, giv-
ing a SIR of 12.4(95 % CI=9-16.6) for secondary
CNS tumors (Jenkinson et al. 2004).

The British Childhood Cancer Survivor Study
(BCCSS) has also looked at secondary neoplasms
of the CNS in 17,980 5-year British cancer survi-
vors; members within this cohort were diagnosed
with cancer between 1940 and 1991, so overlap-
ping with the CCRG study above. Within their
cohort, 247 second primary CNS tumors were
observed, including 137 meningiomas, 73 glio-
mas, 16 schwannomas, 9 PNETs and 12 other
CNS tumors. The observed mean time to devel-
opment of glioma from initial cancer diagnosis
was 17.4 years (15.5 years for low-grade, 18.7
years for high-grade and 21 years for grade 4),
whereas mean time to development of meningi-
oma was 23.1 years (23.5 years for low-grade and
15.9 years for high-grade) (Taylor et al. 2009).
The overall standardized incidence ratio (SIR)
for glioma was 10.8 (95 % CI=8.5-13.6) (Taylor
et al. 2010).

The North American Childhood Cancer
Survivor Study (NA-CCSS) was initiated in 1994
and includes a cohort of 14,361 5-year childhood
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cancer survivors who received treatment between
1970 and 1986. Similar to the BCCSS, the
NA-CCSS has been able to identify and follow
second neoplasms; mean follow up of this popula-
tion now exceeds 20 years and information regard-
ing tumor histology, cumulative chemotherapeutic
and radiation exposures and surgeries are quite
complete. Among these individuals, 1,402 devel-
oped at least one secondary neoplasm, with a total
of 2,703 secondary neoplasms. Of these, 159 non-
malignant meningiomas, 11 malignant meningio-
mas, 53 glial tumors, 6 medulloblastomas/PNETs
and 16 other CNS tumors have been identified
(Friedman et al. 2010).

A nested case—control study of the NA-CCSS
cohort was performed to more carefully assess
new primary neoplasms of the CNS (Neglia
et al. 20006). This study allowed for more precise
primary and second tumor localization, and cal-
culation of radiation exposure during initial ther-
apy. This was also one of the first analyses to
give histology-specific CNS tumor relative risks
associated with radiation and chemotherapeutic
agents and look at dose-response relationships
in regards to patient characteristics. The tumor
histologies observed in this study included: 10
glioblastomas, 9 anaplastic astrocytomas, 10
other malignant gliomas, 4 oligodendrogliomas
(2 were anaplastic), 2 juvenile pilocytic astrocy-
tomas, and one each of gliosarcoma, fibrillary
astrocytoma, myopapillary ependymoma, gan-
glioglioma and giant cell astrocytoma. This
study revealed a standardized incidence ratio
(SIR) of 8.66 (95 % CI=6.24-11.6) of gliomas
in cancer survivors when comparing them to the
general population.

Within a population of 5,006 survivors treated
on the Berlin-Frankfurt-Munster (BFM) ALL
protocols between 1979 and 1995, and followed
by the German Childhood Cancer Registry
(GCCR), 52 second neoplasms were identified,
13 of which were in the CNS. Histologic subtypes
included glioblastoma multiforme (n=4), astro-
cytoma (n=4), PNET (n=3) and meningioma
(n=2). The median time from initiation of
primary treatment to diagnosis of a CNS tumor
was 7.9 years. By 15 years from initial treatment,
cumulative risk of a secondary CNS tumor
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Fig.12.1 Time to recurrence of subsequent glioma (open
bars) and meningioma (closed bars) in the Childhood
Cancer Survivor Study cohort (Printed with permission
from Oxford University Press (Neglia et al. 2006))

exceeded that of secondary AML. In comparison
with the general population, a 19-fold increase in
tumors of the CNS was observed among the ALL
survivors (Loning et al. 2000). The longest
follow-up reported in this analysis was only 18
years, so likely with a longer follow-up more
secondary CNS tumors will be reported.

In terms of time to development of a second
CNS neoplasm, the NA-CCSS cohort and the
BCCSS investigators found gliomas and medul-
loblastomas developed after much shorter latency
following primary tumor treatment (glial tumor,
median=11.7 years, range=6-25 years; medul-
loblastoma, median=11.6 years, range 8-14.6
years) as compared to malignant meningiomas
(median=22.9 years, range=15.8-32.7 years)
(Friedman et al. 2010). The majority of gliomas
occurred in the 5-9 years following initial cancer
diagnosis, whereas more than 70 % of meningio-
mas were diagnosed more than 15 years after
initial cancer diagnosis and there is no evidence
of decline in the number of new meningiomas
with increasing time (see Fig. 12.1) (Neglia et al.
2006). The median age at the time of new CNS
tumor diagnosis was 20.5 years; 70 % of gliomas
were diagnosed before age 20 and 70 % of menin-
giomas were diagnosed after 20 years of age.
Similar findings were observed in a cohort of
ALL survivors from St. Jude Children’s Research
Hospital (SJCRH); median latency to diagnosis
of 12.6 years was reported for all diagnoses com-
bined, with 9.1 years for high-grade gliomas and
19 years for meningiomas (Walter et al. 1998).
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There is suggestion that since some tumor
types, such as meningioma, can behave in a
relatively benign manner, they may be underre-
ported. Estimates have placed incidence as
much as one-third higher than reported figures
(Larjavaara et al. 2008). This is addressed in an
Israeli study of survivors of childhood ALL or
T-cell lymphoma in which the survivors were fol-
lowed with serial cranial imaging (either CT or
MRI), every 3—6 years. The patient population
included both children who had been treated with
cranial radiation (n=76) and children who had
not received radiation (n=74). The investigators
observed 16 meningiomas, with median time
of 21 years from initial tumor diagnosis; fifteen
of the survivors who developed meningioma
had previously received radiation therapy. Of
the sixteen meningiomas, only one had clinical
symptoms (seizures); the remaining were diag-
nosed because of screening. Of patients who had
received cranial radiation and remained available
for screening, cumulative incidence was remark-
ably high (53.8 %) at 25 years from cranial radia-
tion exposure (Goshen et al. 2007).

Therapeutic Risk Factors

Radiation therapy has been recognized as a risk
factor for development of subsequent CNS
tumors for quite some time; as a result of this and
other considerations, the proportion of children
receiving radiotherapy as part of their initial can-
cer therapy has decreased over time, with 56 % of
children receiving it in 1973-1979, to only 28 %
in 1995-2002 (Inskip and Curtis 2007). In an
analysis of 446 children treated with megavolt-
age radiation at the University of Minnesota, 37
subsequent neoplasms were identified, including
6 meningiomas and 2 astrocytomas, all of which
developed within the initial radiation field. This
represented a 4 % (95 % CI=2-8 %) cumulative
risk of developing a brain tumor at 30 years of
follow-up (Gold et al. 2003). Goshen and col-
leagues identified 16 meningiomas in their popu-
lation of 150 childhood cancer survivors and all
but one of those individuals had been previously
treated with cranial radiation (Goshen et al.
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Fig. 12.2 Cumulative incidence of CNS neoplasms by
cranial radiation therapy dose (Printed with permission
from Oxford University Press (Armstrong et al. 2009b))

2007). Similarly, in the SJCRH cohort of 1612
ALL survivors, 21 survivors developed subse-
quent CNS tumors and all had previously been
treated with radiation therapy (Walter et al.
1998). Within the CCSS cohort, second neo-
plasms were higher among those treated with
radiation therapy, with a relative risk of 2.7 (95 %
CI=2.2-3.3) (Friedman et al. 2010). Similarly,
within the GCCR cohort of ALL survivors, all
secondary CNS tumors except one survivor who
developed meningioma had received cranial radi-
ation at some point during therapy. The risk of
developing a subsequent CNS tumor was 0.1 %
for the non-radiated survivors and 1.3 % for the
radiated group and an increased risk was noted
with increased radiation dose (Loning et al.
2000).

Highly significant radiation dose-response
relationships have been observed in multiple
cohorts (see Fig. 12.2). Within the NA-CCSS
cohort, this relationship was observed when all
CNS tumors were combined and persisted when
individual tumor histologies were examined sepa-
rately; specifically, the odds of developing glioma
rose across radiation categories to a peak of 21 for
the 30—44.9 Gy category and the odds of menin-
gioma peaked at 96.3 in the 30-44.9 category
(Neglia et al. 2006). The risk of both meningiomas
and gliomas was strongly associated with dose of
radiation therapy, with an excess relative risk
(ERR) of 1.06 per Gy for meningioma and 0.33
per Gy for glioma (Neglia et al. 2006). Similar
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linear relationships were described in the BCCSS
cohort, although with different effects, both for
the development of subsequent gliomas/PNETs
(ERR=0.079 per Gy) and for meningiomas
(ERR=5.1 per Gy). At a cumulative radiation
dose of >40 Gy, the relative risk of developing a
subsequent meningioma was 479 times that of
non-radiated survivor, whereas the relative risk of
subsequent glioma/PNET was 4.4 (Taylor et al.
2010). This is the highest relative risk currently
reported for meningioma.

As the use of radiation therapy has decreased
over time, the trend has moved in the oppo-
site direction for chemotherapy (Inskip and
Curtis 2007). With the advent of improved risk-
stratification, high-risk patients are receiving
more aggressive chemotherapy regimens (Hudson
et al. 2012) and more aggressive intrathecal che-
motherapy regimens are being used in place of
prophylactic radiation in the case of ALL (Pui
et al. 1998). There has been some debate regard-
ing the association of systemic chemotherapy and
the development of subsequent neoplasms in the
CNS. Multiple cohort studies have looked at this
issue and have reported variable results.

Within the NA-CCSS cohort, when adjusting
for radiation exposure and original diagnosis,
chemotherapy exposure did not appear to signifi-
cantly increase the risk of second CNS tumor
development, even when looking at different
chemotherapy classes separately (Neglia et al.
2006; Friedman et al. 2010). Similarly, within
the GCCR cohort of ALL survivors and the
French-British cohort of non-leukemia child-
hood cancer survivors, no associations were
observed between types or doses of systemic
chemotherapy and development of a secondary
CNS tumor (Loning et al. 2000; Little et al.
1998). Although no associations were observed
between any types of systemic chemotherapy,
including methotrexate, and the development of
either glioma/PNET or meningioma within the
BCCSS, an association between intrathecal
methotrexate and subsequent CNS neoplasms
has been reported. When adjusting for radiation
exposure, a linear relationship was observed
with the risk among those exposed to >70 mg/m?
was 36 times greater than among those who were

not treated with intrathecal methotrexate (Taylor
et al. 2010). Associations between intrathecal
chemotherapy and risk of subsequent CNS neo-
plasms have previously been evaluated in the
ALL population; however, no other significant
associations have been identified to date (Fontana
et al. 1987; Walter et al. 1998).

One of the few studies to identify a link
between systemic chemotherapy and subsequent
CNS tumors was published by Relling et al.
(1999) from SJCRH. They identified an increased
rate of secondary malignant brain tumors in chil-
dren receiving therapy on one of their research
protocols which gave more intensive antimetabo-
lite therapy before and during radiation therapy.
Of the 153 children enrolled, 52 had received
cranial radiation, and of those, 6 (12.8 %) devel-
oped brain tumors within 7-10 years from the
time of radiation. Tumor histologies included:
glioblastoma multiforme (3), anaplastic astrocy-
toma (2) and PNET (1). None of the non-radiated
children developed a secondary CNS tumor.
Additionally, they determined that 4/6 patients
had elevated red blood cell concentrations of
thioguanine nucleotide compared to the rest of
the irradiated group; furthermore, among the 7
children with a genetic defect in thiopurine meth-
yltransferase (TPMT) activity, cumulative risk of
brain tumor development was 42.9 % as com-
pared to 8.3 % in the 45 children with wild-type
activity. No other therapy-related associations
were identified. These findings raised concern
about the possibility of antimetabolites contribut-
ing to tumor development when given concur-
rently with radiation; however, these findings
have not been confirmed to date.

The treatment era in which a child was initially
diagnosed and treated for their primary cancer has
also been associated with risk of second CNS
tumors in some cohorts. In the NA-CCSS cohort,
survivors treated in 1975-1979 and 1980-1986
had decreased risk of second cancers as compared
to those treated in 1970-1974, suggesting that
changes are being seen with more conservative
radiation, particularly in the ALL treatment proto-
cols, but also recognizing that shorter follow up
may be partially responsible for this finding
(Friedman et al. 2010). Interestingly, when looking
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specifically at gliomas, higher SIR was observed
for survivors treated in the most recent period of
subject accrual (for diagnosis between 1980 and
1986, SIR=12.7) (Neglia et al. 2006). Data is
not available for patients being treated on contem-
porary treatment protocols which include more
exposure to anthracyclines and cyclophospha-
mide. Long-term follow up is needed to determine
whether risk or type of second cancers has signifi-
cantly changed.

Host Risk Factors

Available cohort data suggest a role of age in
modifying risk for subsequent CNS tumors,
although findings have not been completely con-
sistent. Bhatia et al. (2002) found that age at
acute leukemia diagnosis did not impact risk of
developing subsequent CNS neoplasm; however,
Friedman et al. (2010) found that generally,
without regard to primary cancer diagnosis,
patients who were treated at a younger age (<10
years) had increased risk of developing subse-
quent CNS tumors. Within the SJCRH cohort of
ALL survivors, diagnosis and treatment at less
than 6 years of age was not associated with
increased risk of secondary brain tumors overall,
but was associated with an increased risk of
developing a high grade glioma (Walter et al.
1998). Similarly, in the Children’s Cancer Study
Group, children who were 5 years or younger at
the time of diagnosis had a significantly higher
risk of developing a secondary brain tumor as
compared to those older than 5 years at diagnosis
(Neglia et al. 1991).

Loning and colleagues observed that tumors
of the CNS were the most common second neo-
plasm among children who were less than 7 years
of age at the time of initial leukemia diagnosis.
The cumulative probability of developing a CNS
tumor was 1.5 % (95 % CI=0.2-2.7 %) for this
subgroup as compared to risk of 0.1 % (95 %
CI=0-0.3 %) in survivors who were greater than
7 years of age at the time of diagnosis (Loning
et al. 2000). Neglia et al. (2006) reported that in
the NA-CCSS cohort, when comparing to the
general population, standardized incidence ratios
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for developing glioma was highest among
children diagnosed with cancer at less than 5
years of age (SIR=14.5), and the excess relative
risk per Gy was highest for individuals exposed
to radiation therapy prior to age 5 years of age
(ERR per Gy=0.64) as compared to those
exposed at 5-9 years (ERR per Gy=0.1) or
10-20 years (ERR per Gy=0.15). Within the
BCCSS cohort, there was a statistically signifi-
cant decline in the excess relative risk of subse-
quent glioma/PNET with increasing age of first
exposure to radiation. They did not report an
effect of age of exposure on developing a subse-
quent meningioma (Taylor et al. 2010).

Genetic cancer predisposition syndromes,
such as Neurofibromatosis 1 and 2, as well as
Gorlin’s syndrome, tuberous sclerosis and Von
Hippel-Lindau syndrome are all associated with
increased risk of CNS tumor development (Little
et al. 1998). Other host characteristics, such as
gender, have not been significantly associated
with risk of CNS tumor development.

Role of Primary Cancer Diagnosis

Acute leukemias account for the highest percent
of new childhood cancer diagnoses. Acute lym-
phoblastic leukemia, specifically, is the most
common, causing 3—4 cases per 100,000 children
annually (Gurney et al. 1995). Five-year survival
rates exceed 85 % (Jemal et al. 2010), meaning
that there are approximately 2,000 long-term
survivors of childhood ALL each year (Bhatia
et al. 2002). In ALL survivors treated with cranial
irradiation, central nervous system tumors are
among the most commonly observed second neo-
plasms (Neglia et al. 1991; Bhatia et al. 2002; Pui
et al. 2003). Within the SICRH cohort of ALL
survivors, CNS leukemia at the time of diagnosis
was associated with an increased risk of a subse-
quent brain tumor and also increased the risk
of developing a high-grade tumor; these relation-
ships held, even when radiation dose was
controlled for within the analysis (Walter et al.
1998). Cumulative incidence of secondary brain
tumors after ALL therapy has been fairly consis-
tent across different cohort studies: 0.47 % at 10



12 Survivors of Childhood Cancer: Risk of New Primary Neoplasms of the CNS

years (Bhatia et al. 2002), 1 % at 15 years (Loning
et al. 2000), 1.39 % at 20 years (Walter et al.
1998). These estimates represent an approximate
tenfold increased risk of developing a brain tumor
as compared to the general population (Bhatia
et al. 2002). A variety of CNS tumor histologies
have been observed. Bhatia et al. (2002) looked at
a cohort of 8,831 children treated for ALL
between 1983 and 1995 on Children’s Cancer
Group (CCG) research protocols. Within the
cohort, 63 s malignancies were identified, 19 of
which were CNS tumors. Histologies included:
glioblastomas multiforme (9), anaplastic astrocy-
toma (4), primitive neuroectomdermal tumors
(PNET) of the brain (3), meningioma (2), and
medulloblastoma (1). A study of 856 ALL survi-
vors, treated at SJCRH between 1962—-1992, com-
pared survivors treated with radiation (n=597)
and those without (n=259) (Pui et al. 2003). Of
the 44 s neoplasms, 15 occurred in the central ner-
vous system; 10 were meningiomas and 5 were
malignant tumors of various types. Among the
CCSS cohort, Neglia et al. (2006) found that
childhood leukemia survivors were more likely to
develop subsequent gliomas as opposed to menin-
giomas; however, among the SJCRH cohort, pri-
mary diagnosis of leukemia was associated with
risk of meningioma (Hijaya et al. 2007).

Central nervous system malignancies repre-
sent approximately 17 % of all primary childhood
malignancies and, as a group, represent the sec-
ond most common diagnosis in childhood cancer
and the most commonly diagnosed solid tumor in
childhood (Ries et al. 1999). Survivors of child-
hood CNS tumors have one of the highest risks
for late mortality (Mertens et al. 2008). In the
CCSS cohort, 2888 (14 %) were survivors of pri-
mary CNS malignancies. Compared to the US
population, their risk of death is increased 13-fold,
with standardized mortality ratio (SMR) of 12.9
(95 % CI=11.8-14). Late mortality is highest
among survivors of ependymoma or embryo-
nal tumors, followed by medulloblastomas and
PNETs. Death attributable to a second neoplasm
accounts for 9 % of deaths, and by 30 years after
primary cancer diagnosis, death rate from a
second neoplasm exceeded that of primary dis-
ease recurrence. Incidence of meningioma in this
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population has steadily increased over time with
no evidence of plateau; incidence at 30 years was
3.5 % (95 % CI=0.9-6.1 %). In patients treated
with >50 Gy of radiation, cumulative incidence
of a subsequent CNS neoplasm was 7.1 % (95 %
CI=4.5-9.6 %) at 25 years. In contrast, those
treated with less than 50 Gy had an incidence of
5.2 % (95 % CI=2.1-8.3 %) and in those who had
no radiation exposure, the incidence was 1 %
(95 % CI=0-2.3 %) (Armstrong et al. 2009b).

Outcomes and Screening

One of the few studies to date to focus on survival
after secondary CNS tumors was published in
2009, from the BCCSS. Five-year relative sur-
vival after glioma was 19.5 % (95 % CI=9.8—
33.7 %) in both males and females, with much
lower relative survival in those with high-grade
tumors (4.9 %, 95 % CI=0.8-14.6 %) and higher
relative survival in those with low-grade tumors
(38.9 %, 95 % CI=22.1-55.4 %). Interestingly,
while these survival rates are similar to those
observed for gliomas in the general population,
most of the cohort patients were diagnosed prior
to 30 years of age, a time period in which better
survival would be expected. In meningiomas,
S-year relative survival was similar for males
84 %, 95 % CI=72.6-91.1 %) and females
81.7 %, 95 % CI=69.9-89.3 %). High-grade
meningiomas had decreased survival (57.3 %,
95 % CI 17.2-84 %) as compared to low-grade
meningiomas (84.3 %, 95 % CI=76.5-90 %).
Survival was decreased in those treated for their
initial childhood cancer prior to 1970 (76.1 %,
95 % CI 61.4-86 %), showed an increase for
those initially treated during the 1970s (89.3 %,
95 % CI=78.5-94.9 %) and then decreased again
for those treated between 1980 and 1991 (78.6 %,
95 % CI=52.2-91.6 %). Five-year relative sur-
vival was also significantly decreased in cohort
members with underlying genetic syndromes
who developed meningiomas (40.1 %, 95 %
CI=5.2-75.4 %) (Taylor et al. 2009). Within the
SJCRH ALL cohort, tumor type was strongly
linked to survival; all of the patients with low-
grade tumors were alive at the time of study
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publication, but 80 % of the patients with
high-grade gliomas had died (Walter et al. 1998).
In the CCG cohort of ALL survivors, mortality
was notable, with 11 of 19 patients dead at the
time of article publication; although, statistics
were not given based on tumor histology (Bhatia
et al. 2002).

No current recommendations exist for moni-
toring for subsequent tumors of the CNS in child-
hood cancer survivors. As suggested by Goshen
and colleagues in their study of childhood ALL
and T-cell lymphoma survivors who underwent
routine imaging follow-up, significantly higher
rates were observed than in non-screened popula-
tions (Goshen et al. 2007). Currently, these tumors
are identified either once they become symptom-
atic or incidentally, when imaging is performed
for another purpose. Routine MRI screening is
typical in patients with a primary CNS tumor and
this may facilitate early detection of recurrence or
secondary CNS tumors; however, routine MRIs
may not extend through the entire latent period
prior to development of a new tumor. It is not pos-
sible to know whether some of the high-grade
tumors reported in the cohort studies had under-
gone malignant transformation or whether earlier
detection may have improved survival. Since the
majority of second tumors in the CNS arise after
patients have been previously treated with radio-
therapy, treatment options are limited; there is
limited ability of the CNS to tolerate re-irradia-
tion at the same site.

Closing and Future Directions

As survival has continued to improve for child-
hood cancers, more is being understood about the
occurrence and underlying causes of second neo-
plasms and other late effects. Based on current
studies, exposure to therapeutic radiation for
treatment of a primary cancer is by far the most
important risk factor for development of a sec-
ondary CNS tumor. This is true regardless of pri-
mary cancer diagnosis or histology of the second
cancer, and the relationship behaves in a dose-
responsive fashion. Variable data exists regarding
the role of chemotherapy, suggesting the need for
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further study, particularly as treatment practices
evolve over time. Efforts are being made to
preserve current outcomes while decreasing tox-
icity, when possible. Caution must be used when
applying current knowledge about survivorship
and late effects to patients currently receiving
treatment, as treatment regimens have changed
over time (Hudson et al. 2012).

Acknowledgement This work was supported by the
Children’s Cancer Research Fund, Minneapolis, MN and
the National Institutes of Health Pediatric Cancer
Epidemiology Training Grant T32 CA099936

References

Armstrong GT, Liu Q, Yasui Y, Neglia JP, Leisenring W,
Robison LL, Mertens AC (2009a) Late mortality
among 5-year survivors of childhood cancer: a sum-
mary from the Childhood Cancer Survivor Study. J
Clin Oncol 27:2328-2338

Armstrong GT, Liu Q, Yasui Y, Huang S, Ness KK,
Leisenring W, Hudson MM, Donaldson SS, King AA,
Stovall M, Krull KR, Robison LL, Packer RJ (2009b)
Long-term outcomes among adult survivors of child-
hood central nervous system malignancies in the
Childhood Cancer Survivor Study. J Natl Cancer Inst
101:946-958

Bhatia S, Sather HN, Pabustan OB, Trigg ME, Gaynon
PS, Robison LL (2002) Low incidence of second neo-
plasms among children diagnosed with acute lympho-
blastic leukemia after 1983. Blood 99:4257-4264

Fontana M, Stanton C, Pompili A, Amadori S, Mandelli
F, Meloni G, Riccio A, Rubinstein LJ (1987) Late
multifocal gliomas in adolescents previously
treated for acute lymphoblastic leukemia. Cancer
60:1510-1518

Friedman DL, Whitton J, Leisenring W, Mertens AC,
Hammond S, Stovall M, Donaldson SS, Meadows
AT, Robison LL, Neglia JP (2010) Subsequent neo-
plasms in 5-year survivors of childhood cancer: the
Childhood Cancer Survivor Study. J Natl Cancer
Inst 102:1083-1095

Gold DG, Neglia JP, Dusenbery KE (2003) Second neo-
plasms after megavoltage radiation for pediatric
tumors. Cancer 97:2588-2596

Goshen Y, Stark B, Kornreich L, Michowiz S,
Feinmesser M, Yaniv I (2007) High incidence of
meningiomas in cranial irradiated survivors of child-
hood acute lymphoblastic leukemia. Pediatr Blood
Cancer 49:294-297

Gurney JG, Severson RK, Davis S, Robison LL (1995)
Incidence of cancer in children in the United States:
sex-, race-, and 1-year age-specific rates by histologic
type. Cancer 75:2186-2195



12 Survivors of Childhood Cancer: Risk of New Primary Neoplasms of the CNS

145

Hawkins MM, Draper GJ, Kingston JE (1987) Incidence
of second primary tumors among childhood cancer
survivors. Brit J Cancer 56:339-347

Hijaya N, Hudson MM, Lensing S, Zacher M, Oneiu M,
Behm FG, Razzouk BI, Ribiero RC, Rubnitz JE,
Sandlund JT, Rivera GK, Evans WE, Relling MV, Pui
C-H (2007) Cumulative incidence of secondary neo-
plasms as a first event after childhood acute lympho-
blastic leukemia. JAMA 297:1207-1215

Hudson MM, Neglia JP, Woods WG, Sandlund JT, Pui
C-H, Kun LE, Robison LL, Green DM (2012) Lessons
from the past: opportunities to improve childhood
cancer survivor care through outcomes investigations
of historical therapeutic approaches for pediatric
hematological malignancies. Pediatr Blood Cancer
58:334-343

Inskip PD, Curtis RE (2007) New malignancies following
childhood cancer in the United States, 1973-2002. Int
J Cancer 121:2233-2240

Jemal A, Siegel R, Xu J, Ward E (2010) Cancer statistics,
2010. CA: A Cancer J Clin 60:277-300

Jenkinson HC, Hawkins MM, Stiller CA, Winter DL,
Marsden HB, Stevens MCG (2004) Long-term
population-based risks of second malignant neo-
plasms after childhood cancer in Britain. Brit J Cancer
91:1905-1910

Larjavaara S, Haapasalo H, Sankila R, Helen P,
Auvinen A (2008) Is the incidence of meningiomas
underestimated? A regional survey. Brit J Cancer
99:182-184

Little MP, De Vathaire F, Shamsaldin A, Oberlin O,
Campbell S, Grimaud E, Chavaudra J, Haylock RGE,
Muirhead CR (1998) Risks of brain tumor following
treatment for cancer in childhood: modification by
genetic factors, radiotherapy and chemotherapy. Int J
Cancer 78:269-275

Loning L, Zimmermann M, Reiter A, Kaatsch P, Henzer
G, Riehm H, Schrappe M (2000) Secondary neo-
plasms subsequent to Berlin-Frankfurt-Munster ther-
apy of acute lymphoblastic leukemia in childhood:
significantly lower risk without cranial radiotherapy.
Blood 95:2770-2775

Mertens AC, Liu Q, Neglia JP, Wasilewski K, Leisenring
W, Armstrong GT, Robison LL, Yasui Y (2008)
Cause-specific late mortality among 5-year survivors
of childhood cancer: the Childhood Cancer Survivor
Study. J Natl Cancer Inst 100:1368-1379

Mike V, Meadows AT, D’Angio GT (1982) Incidence of
second malignant neoplasms in children: results of an
international study. Lancet 320:1326-1331

Neglia JP, Meadows AT, Robison LL, Kim TH, Newton
WA, Ruymann FB, Sather HN, Hammond GD (1991)
Second neoplasms after acute lymphoblastic leukemia
in childhood. N Engl J Med 325:1330-1336

Neglia JP, Robison LL, Stovall M, Liu Y, Packer RJ,
Hammond S, Yasui Y, Kasper CE, Mertens AC,
Donaldson SS, Meadows AT, Inskip PD (2006) New
primary neoplasms of the central nervous system in
survivors of childhood cancer: a report from the
Childhood Cancer Survivor Study. J Natl Cancer Inst
98:1528-1537

Pui C-H, Mahmoud HH, Rivera GK, Hancock ML,
Sandlund JT, Behm FG, Head DR, Relling MV,
Ribiero RC, Rubnitz JE, Kun LE, Evans WE (1998)
Early intensification of intrathecal chemotherapy vir-
tually eliminates central nervous system relapse in
children with acute lymphoblastic leukemia. Blood
92:411-415

Pui C-H, Cheng C, Leung W, Rai SN, Rivera GK,
Sandlund JT, Ribiero RC, Relling MV, Kun LE, Evans
WE, Hudson MM (2003) Extended follow-up of long-
term survivors of childhood acute lymphoblastic leu-
kemia. N Engl J Med 349:640-649

Relling MV, Rubnitz JE, Rivera GK, Boyett JM, Hancock
ML, Felix CA, Kun LE, Walter AW, Evans WE, Pui C-H
(1999) High incidence of secondary brain tumors after
radiotherapy and antimetabolites. Lancet 354:34-39

Ries LAG, Smith MA, Gurney JG, Linet M, Tamra T, Young
JL, Bunin GR (eds) (1999) Cancer Incidence and
Survival among Children and Adolescents: United States
SEER Program 1975-1995, National Cancer Institute,
SEER Program. NIH Pub. No. 99-4649. Bethesda

Taylor AJ, Frobisher C, Ellison DW, Reulen RC, Winter
DL, Taylor RE, Stiller CA, Lancashire ER, Tudor
ECG, Baggott C, May S, Hawkins MM (2009)
Survival after second primary neoplasms of the brain
or spinal cord in survivors of childhood cancer: results
from the British Childhood Cancer Survivor Study. J
Clin Oncol 34:5781-5787

Taylor AJ, Little MP, Winter DL, Sugden E, Ellison DW,
Stiller CA, Stovall M, Frobisher C, Lancashire ER,
Reulen RC, Hawkins MM (2010) Population- based
risks of CNS tumors in survivors of childhood cancer:
the British Childhood Cancer Survivor Study. J Clin
Oncol 28:5287-5293

Walter AW, Hancock ML, Pui C-H, Hudson MM, Ochs
JS, Rivera GK, Pratt CB, Boyett JM, Kun LE (1998)
Secondary brain tumors in children treated for acute
lymphoblastic leukemia at St. Jude Children’s
Research Hospital. J Clin Oncol 16:3761-3767



Part il

Treatments



Brain Tumor Typing and Therapy
Using Combined Ex Vivo Magnetic

13

Resonance Spectroscopy
and Molecular Genomics

Loukas G. Astrakas and A. Aria Tzika

Contents
ADSEFACE........coiiieiiiiiccncccececc e 149
149
150
150
151
GeNOMIUCS..........ceoiiiiiiiiiiicc 152
Gene Expression Profiling in Cancer....................... 152
Analysis of Microarray-Based
Gene Expression Data...........cccocevevenenincncncnienne 152
Combining MRS and Genomics..............c.o....... 153
Experimental Design.......ccccveerieinerenenenieieiees 153
Results.........ccooooiiiiiiiiiiiice 155
DISCUSSION........cooviiiiiicincicceccec e 156
References.............ccoooevveiiicincineiicecene 157

L.G. Astrakas (D<)

Department of Medical Physics, Medical School,
University of Ioannina, 45110 loannina, Greece
e-mail: astrakas @uoi.gr

A.A. Tzika, Ph.D

NMR Surgical Laboratory, Department of Surgery,
Massachusetts General Hospital and Shriners Burns
Institute Harvard Medical School, 02114 MA, Boston

M.A. Hayat (ed.), Tumors of the Central Nervous System, Volume 12,

Abstract

A novel approach was developed that combines
biomarkers detected with magnetic reso-
nance spectroscopy (MRS) and molecular
genomics to improve the typing and prog-
nostication of biospecimens in clinical med-
icine. Metabolite and genome wide profiles
from 55 biopsies from subjects with brain
tumors were analyzed with a classification
algorithm that produces unique tumor fin-
gerprints. We found that the fusion of 15
gene expressions and 15 MRS metabolites
were able to distinguish tumor categories
and predict survival better than when either
dataset was used alone. Our approach improves
the typing and understanding of the com-
plexity of human brain tumors, generates
testable hypotheses regarding neoplasia and
promises to guide human brain tumor ther-
apy. Our results further elucidate the biology
of brain malignancy subtypes in brain tumor
patients, and increase the overall potential
for success of future studies that combine
clinical MRI, MRS and MR imaging of gene
expression in vivo.

Introduction

According to the Central Brain Tumor Registry
of the United States (www.cbtrus.org) 24,070
malignant and 40,470 non-malignant new cases
of primary brain tumors are expected to be diag-
nosed in 2012. After leukemia, brain tumors are
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the second leading cause of cancer-related
deaths in children under age 20 and in males of
ages 20-39. Worldwide the incidence rate of
primary malignant central nervous system
(CNS) tumors is 2.6 in females and 3.7 in males
per 100,000 person-years. Generally, primary
malignant brain tumors are lethal leaving only
30 % of adult patients alive, 5 years after the
initial diagnosis. Therefore, early and accurate
diagnosis and grading are extremely important
for a successful prognosis and an optimum ther-
apeutic intervention.

Currently, the golden standard for the brain
tumor diagnosis, as described by the 2007
WHO classification scheme, is based on histo-
pathological criteria related to morphological
changes, growth pattern and molecular profiles
of tissue specimens. However, in many cases
(e.g., neuroepithelial tumors, subgroups of dif-
fuse large B-cell lymphoma), tumors often do
not follow classic histology and the diagnosis
becomes challenging and often controversial
among clinicians and neuropathologists (Zarbo
et al. 2005). New advanced techniques in the
fields of radiology, genetics and molecular biol-
ogy have been developed to provide additional
biomarkers for better tumor typing. The diag-
nostic utility of these biomarkers lies in their
biological relevance with different genetic and
metabolic pathways implicated in tumor processes,
namely differentiation, proliferation, angiogen-
esis and apoptosis.

Magnetic resonance spectroscopy (MRS) is a
powerful tool of biochemical analysis capable to
detect and quantify important metabolites impli-
cated in brain tumor pathology. Recent advents in
ex-vivo MRS allow subsequent genetic analysis
over the entire human transcriptome in the same
tissue biopsies. However, highly informative bio-
marker profiles are difficult to establish, due to
current technical limitations and since the small
sample sizes of tissue biopsies pose challenges
for producing accurate metabolic and transcrip-
tome data. In this chapter it is shown that fusing
genomics and MRS results to improved tumor
fingerprints that improve typing and prognosis of
brain tumors.
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MRS

Nuclear magnetic resonance (NMR) spectroscopy
is a analytical and diagnostic tool that detects and
quantifies multiple tissue-specific metabolites of
the tissue of interest. In vitro NMR uses bioflu-
ids, (e.g., urine, serum, tissue extracts) and pro-
vides high quality spectra with several dozen
metabolites, but it has been accused with metabo-
lite degradation and incomplete recovery in pro-
cessed samples (Duarte and Gil 2012). On the
other hand, in vivo NMR, also called magnetic
resonance spectroscopy (MRS) is totally nonin-
vasive, but compared to in vitro NMR has low
sensitivity and poor spectral resolution (Glunde
and Bhujwalla 2011). Ex vivo MRS, also called
high resolution magic angle spinning (HRMAS)
is an established solid state NMR technique that
uses intact tissue specimens, (e.g. biopsies) and
provides high resolution quality spectra without
the destruction of tissue histopathological struc-
tures (DeFeo and Cheng 2010). HRMAS com-
bines the analytical strength of in vitro NMR
with the non-destructive nature of MRS and
allows the quantitative evaluation of tumor mor-
phology, biochemistry, or genetic profile on the
same surgical specimen.

MRS Biomarkers

Proton MRS has identified several biomarkers of
tumor growth and apoptosis (Horska and Barker
2010). Studies of brain tumors using proton MRS
have demonstrated: (1) edema and necrosis are
associated withreduced or absent n-acetylaspartate
(NAA) and total creatine (tCr), (2) increased lev-
els of Cho-containing compounds, possibly due to
cell membrane disruption and altered phospho-
lipid metabolism and (3) increased lactate due to
metabolic acidosis. Reduced NAA is expected in
glial tumors, since NAA is primarily localized in
neurons. Therefore, NAA detection within glial
tumors corresponds to either partial volume aver-
aging with adjacent normal tissue or tumor infil-
tration of normal tissue. Since NAA is present in
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cell cultures of oligodendroglia progenitors, the
NAA in childhood tumors may reflect immature
oligodendroglia (Urenjak et al. 1992). A reduc-
tion in tCr resonance may indicate cell loss due to
necrosis and correspond to exhausted energy
reserves resulting from rapid cell proliferation
and ischemia. Measurement of tCr may be a valu-
able independent predictor of tumor response to
therapy (Tzika et al. 2001).

The Cho peak consists of water-soluble Cho-
containing compounds, such as phosphocholine
(PCho), glycerophosphocholine (GPC), and free
choline, but contains no membrane-bound phos-
phatidylcholine (PtdCho). In vivo MRS showed
that phosphomonoesters (PME), such as PCho and
phosphoethanolamine (PEth), are elevated in
tumors and rapidly proliferating tissues (Daly and
Cohen 1989). Furthermore, PCho and PEth eleva-
tion were correlated with increased cell growth or
degradation in tumors in humans and animal mod-
els and in cell lines. Especially PCho, which can
be measured with either phosphorous or proton
MRS, is elevated in actively proliferating cells. In
vivo proton MRS studies suggest that the Cho
peak reflects proliferative activity in gliomas. The
PCho concentration was shown to correlate with
the number of S-phase cells, and the PCho/GPC
ratio correlated with oncogenic transformation.
The PCho-produced Cho signal has also been pro-
posed to depend on local cellularity (Chang et al.
1995). Recently, using an HRMAS proton MRS
technique, we found that PCho levels correlated
with the percentage of highly cellular malignant
glioma in glioblastoma multiforme patients
(Cheng et al. 2000). PCho and GPC accumulation
reflected early stages of growth arrest or apopto-
sis (Cheng et al. 2000). In addition, GPC levels
increased in cultured mammalian cells that exhib-
ited perturbed energetic metabolism during acido-
sis. Tissues with a high proliferative potential and
tissues that were oncogenically transformed are
typically highly cellular when compensating apop-
totic mechanisms are absent and there are no limi-
tations in the vascular supply. An elevated Cho
peak, detected by in vivo MRS, may indicate that
the tissue of interest is highly cellular, has an
increased proliferative potential, or includes onco-
genically transformed cells.

Cancer cells are apoptotic, and thus typically
die upon treatment with conventional chemother-
apy, radiation antiangiogenic drugs and ganciclo-
vir. In vivo proton MRS detected a substantial
accumulation of polyunsaturated fatty acids dur-
ing gene therapy-induced apoptosis, and PCho
depletion coincides with growth arrest. Prior to
volume loss, the treatment response was associ-
ated with an increase in tissue water diffusion
and T2 relaxation time, which suggested that
water content and bulk diffusibility increased.
Gliomas undergoing apoptosis exhibited reduced
diffusion of Cho-containing compounds. These
observations imply an increased viscosity and
restriction within cells, perhaps via cell shrink-
age. Flow-cytometric studies demonstrated that
gene therapy-induced apoptosis is preceded by
an irreversible arrest in the late S or G2 phase of
the cell cycle. MRS-detected lipids not only cor-
related with necrosis or apoptosis , but also with
the proportion of cells in the S and G2 stages
(Wei et al. 1998). Finally, the ceramide resonance
region has been associated with the differential
diagnosis of brain gliomas with high or low
malignancy. This observation deserves further
investigation, since apoptotic stimuli such as
ceramide, a second messenger related to apopto-
sis, disrupts electron transport in mitochon-
dria and acts as an important site for apoptosis
initiation.

Classification and Statistical
Analysis of MRS

Many studies on classification and statistical
analysis for both in vivo, ex vivo and in vitro
NMR spectra have been reported. Variability of
the spectra even in samples of the same type is a
major difficulty in such analyses along with the
large number of detected metabolites. Another
difficulty appears in the cases of extensive het-
erogeneity of the sample where for example infil-
trative tumor tissue might coexist with normal
tissue and necrotic areas. Nonetheless, MRS
based classification according to histological
type and grade has been performed using a vari-
ety of supervised or unsupervised methods of
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statistical analysis, pattern recognition and
machine learning. Examples are the linear dis-
criminant analysis (LDA) after feature extraction
with independent components analysis (ICA) in a
Bayesian framework (Huang et al. 2003). corre-
lation analysis and stepwise LDA (Tate et al.
2003), belief networks (Reynolds et al. 2007) and
support vector machines (Andronesi et al. 2008).
For in vivo MRS multivariate analysis tech-
niques have been applied with so far limited
clinical use primarily due to the low spectral
resolution. The INTERPRET (International
Network for Pattern Recognition of Tumours
Using Magnetic Resonance) consortium pro-
vides a helpful decision support system based
on large database of single voxel spectra. For
the richer in vitro or ex vivo spectra the tumor
type or grade classification results are better
especially when they are combined with the in
vivo MR spectroscopic or imaging findings.

Genomics
Gene Expression Profiling in Cancer

Cancer is a genetic disease resulting from muta-
tion in genes regulating cell growth and prolifera-
tion. Many times histologically similar tumors
present different clinical manifestation resulting
from different upstream processes due to diverse
gene expression patterns. Therefore, understand-
ing of the genetic substrate in tumors could greatly
improve their diagnosis and treatment. Projects
like the NCI's Cancer Genome Anatomy Project
(CGAP) or the Cancer Genome Characterization
Initiative (CGCI) try to better understand the
underlying genetic changes leading to cancer,
leading eventually to improved detection, diagno-
sis, and treatment for the patient.
DNA-microarray technology allows us to to
examine the expression of thousands of genes
at once and has found great utility in tumor typ-
ing and grading. The most common microar-
ray technologies are divided, according to the
type of probe used, to oligonucleotide microar-
rays and complementary DNA (cDNA) arrays,
each one with advantages and disadvantages
(Schulze and Downward 2001). Oligonucleotide
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microarrays can be used for gene expression,
rapid mutation analysis, single nucleotide poly-
morphism and genotyping analyses. They have
also been used in the diagnosis of genetic dis-
eases and gene polymorphism studies. On the
other hand cDNA arrays provide a less specific
but easier method for large scale screening and
expression studies.

The application of photolithography techniques
in situ on glass wafers by Affymetrix® resulted to
GeneChip® containing in an area of 1.6 cm?more
than 65,000 different oligonucleotides. Non spe-
cific cross-hybridization is eliminated by pairs of
probes, one that is perfectly complementary to a
target sequence (Perfect Match, PM) and one that
is identical except for a single base mismatch in its
center (Mismatch, MM). The GeneChip Human
Genome U133 Plus® 2.0 array, contains 1.3 mil-
lion distinct oligonucleotides and can be used to
analyze the expression levels of over 47,000 tran-
scripts as well as variants, including over 30,000
well-characterized human genes. It can utilize al
low as 50 ng of total RNA, minimizing sample
extraction requirements. Small samples also avoid
contamination of the solid tumor sample from
infiltrating tissue, such as stroma, endothelial or
lymphoid cells. Other advantages of the GeneChip®
DNA microarray platform are the access to probe
sequences, probe redundancy (11 sequences per
gene) to optimize fidelity of the signal-to noise
ratio, ready commercial availability, washing,
staining and scanning processes, quality control
built into the manufacturing processes, available
technical support, and a relatively low cost per
investigated gene.

Analysis of Microarray-Based Gene
Expression Data

Organization, storage, and especially analysis of
gene expression data are challenging (Ermolaeva
et al. 1998). The use of DNA microarrays to mea-
sure genome-wide RNA expression levels has
become an established research methodology in
genomics to simultaneously measure the expres-
sion of tens of thousands of genes from a single
sample (Quackenbush 2001). Cancer research, in
particular, has benefited enormously from the use
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of high-throughput gene expression studies.
Much effort has been devoted to developing data
analysis techniques, including application of dif-
ferent pattern recognition algorithms to classify
cancers (Macgregor and Squire 2002). Many
methods have been used to identify genes that are
differentially expressed in transformed cells. To
improve the accuracy of cancer diagnosis and
prediction of patient response to different treat-
ment options, research has focused on the use of
gene expression profile databases collected from
different cancer types (Golub et al. 1999).

Unsupervised learning can be used to gather
gene expression data from a collection of tumor
samples, and cluster the samples into groups.
Clustering can be based on aggregate expression
profile similarity, or genes can be clustered that
share similar expression patterns in different bio-
logical contexts. Supervised learning techniques
based on linear Support Vector Machines (SVMs)
have also proven to be both popular and accurate;
however, this learning is dependent on accurate
sample labels, which are limited by histopathol-
ogy. An important concern for use of either learn-
ing approach is that microarray experiments
typically yield expression data for thousands of
genes from a relatively small number of samples.
Thus, gene-class correlations can arise by chance
alone. This issue can be addressed by collecting
more samples, although this is often difficult with
clinical cancer samples. Another approach is to
perform exploratory analysis on an initial data set
and apply the results to an independent data set.
Confirmed findings will be less likely to reflect
chance. Permutation testing, which involves ran-
domly permuting class labels and determining
gene-class correlations, can also be used to deter-
mine statistical significance. Observed gene-class
correlations are considered statistically signifi-
cant, if they are stronger than those seen in per-
muted data (Golub et al. 1999).

Combining MRS and Genomics

Previous studies have shown that the combination
of different techniques that provide complemen-
tary information enhance the specificity of cancer
diagnosis in clinical medicine (Garzon et al. 2011).
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Along this line PET-CT and MRI-PET scanners
have already beeen produced whereas new hybtid
schemes are currently in the developing process.
HRMAS spectroscopy is an ideal candidate for a
multiparametric approach on the tumor typing
problem, because it leaves the sample intact for
subsequent analysis with other techniques. To this
end we have combined ex vivo MRS and whole
genome expression profiling in order to produce
superior biomarkers which provide unique tumor
fingerprints (Astrakas et al. 2011).

Experimental Design

We carried out experiments on a dataset of 55 gene
expression profiles derived from normal (9 cases)
and tumor (46 cases) classes from subjects ranged
in age from 17 to 54 years. The tumor class sam-
ples belonged to three categories: high grade (H)
[20 cases: 12 glioblastoma multiforme (GBM); 8
anaplastic astrocytoma (AA)], low grade (L) (17
cases: 7 meningioma; 7 schwanoma; 7 pylocitic
astrocytoma) and metastasized (M) (11 cases: 5
adenocarcinoma; 3 breast cancer metastasis; 3
other metastasis).

Ex vivo 2D TOBSY HRMAS spectra were
acquired on a Bruker BioSpin Avance NMR spec-
trometer (600.13 MHz) using a 4-mm triple reso-
nance (1H, 13C, 2H) HRMAS probe (Bruker) at
—8 °C with 3 kHz MAS speed to minimize tissue
degradation (Fig. 13.1). Specimens were pre-
weighed and transferred to a ZrO2 rotor tube
(4 mm diameter, 50 pl), containing an external
standard [trimethylsilyl propionic-2,2,3,3-d4 acid
(TSP), Mw=172, d=0.00 ppm] that functioned
as a reference both for resonance chemical shift
and quantification. TOBSY spectra of intact
specimens were analyzed using the XWINNMR
3.5 software package (Bruker Biospin Corp,
Billerica, MA). Following the standard procedures
of fourier transformation, phasing, apodization,
baseline correction and peak fitting. Relative
quantification of the brain metabolites, we calcu-
lated by dividing the ratio of the cross peak vol-
umes of the metabolites to the TSP diagonal peak
volume by the biopsy weight. The impacts of
each the following 15 NMR features on the tumor
classification were examined: choline (Cho),
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Fig.13.1 2D ['H,'H] HRMAS spectra from controls (leff)
and GBM (right) tumor biopsies, acquired with a 600 MHz
(1H) NMR spectrometer at an MAS rate of 3 kHz and
at =8 °C. Assigned: Alanine (Ala), y-amino-butyric acid

phosphocholine (PC), glycerophosphocholine
(GPC), phosphoethanolamine (PE), ethanolamine
(Etn) y-amino-butyric acid (GABA), n-acetyl-
aspartate (NAA), aspartate (Asp), alanine (Ala),
polyunsaturated fatty acids (PUFA), glutamine
(Gnl), glutamate (Glu), lactate (Lac), taurine
(Tau) and lipids (Lip).

The microscale genome array studies were
performed with the commercially available
Affymetrix U133Plus® array (Santa Clara, CA).
Total experimental RNA were isolated using the
modified protocol of the RNeasy purification
kit (Qiagen). The Ribo-SPIA protocol (Www.
nugeninc.com) was used for mRNA labeling and
amplification. We used 20 ng total RNA for first
strand cDNA synthesis, and the entire procedure
for amplification, fragmentation and labeling was
performed in 1 day. Normalization and analysis
of the expression values was performed using
both dChip (http://biosun1.harvard.edu/complab/
dchip/) and GC-RMA. Comparison of the expres-
sion profiles between tumor biopsies and control
tissue microarrays was performed using signifi-
cant analysis of microarrays (SAMs) (http:/
www-stat.stanford.edu/~tibs/SAM/) to obtain a
list of differentially expressed genes with a false

(GABA), Choline (Cho), Glutamine (Gin), Glutamate (Glu),
Glycerophosphocholine (GPC), Lipids (Lip), Myoinositol
(Myo), Phosphocholine (PC), Phosphorylethanolamine
(PE), N-acetyl-aspartate (NAA), and Taurine (7au)

discovery rate (q-value) <0.05 and to properly
take into account the substantial multiple com-
parison problem.

The architecture of our classification system is
shown in Fig. 13.2. We first performed a feature
selection process by which the high dimensional-
ity of the feature space (consisting of 54,675
genes) was reduced by selecting only the most
relevant genes for the classification task. Then, a
Support vector machine (SVM) classifier was
constructed to these reduced feature vectors in
order to optimally partition the space according
to class. Finally, the constructed reduced feature
space from the gene expression values was
combined with the NMR features in order to
examine their impact on the classifier.

Feature selection methods typically rank
genes according to their differential expressions
among phenotypes and pick the top-ranked
genes. There are two general schemes for feature
selection: filters and wrappers (Inza et al. 2004).
We used the minimum redundancy — maximum
relevance (MRMR) method (Hanchuan et al.
2005), because it is a powerful framework for
selecting features that capture class characteris-
tics in a broad spectrum by reducing mutual
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Fig.13.2 Classification system architecture

redundancy within the feature set. Thus, it
offers greater robustness and generalization
properties to the reducing feature space of sam-
ples which can significantly improve classifica-
tion accuracy.

Support vector machine (SVM) is a very pow-
erful classification method that draws hyper-
planes in the feature vector space by maximizing
the margin between data samples of different
classes. SMV is built upon the use of kernels to
construct nonlinear decision boundaries. Here,
we used linear kernels and the LIBSVM environ-
ment for multi-class SVMs (Hsu and Lin 2002).
It should be noted that during all experiments
with the SVM, we adopted the standard leave-
one-out training/testing scheme. That is, one ele-
ment of the data was used as a training set, and
the left-out element was used for testing the
predictive performance of the resulting classifier.
The SVM soft-margin constant C was set to 10,
chosen based on the results of a few runs on one
training set. The results indicated that the value
of this parameter was not crucial for our experi-
mental dataset.

Two classification problems were studied:
Problem (I) distinguish between normal and
tumor classes. All 46 samples of the three
tumor categories belonged to the same parent-
class, tumor (two-class problem); Problem (II)
study the different tumor categories (H, L and
M) and subtypes i.e., GBM, AA, meningioma
etc. Experiments were designed for the
55-9=46 samples in an attempt to distinguish
among the different types of tumor (multiple-
class problem).
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Fig.13.3 Two genes give 100 % accuracy in normal ver-
sus tumor classification

Results

Problem I: In the two-class problem, the
performance of the SVM classifier using gene
values was perfect. In particular, we obtained
100 % accuracy using only the first two features
(genes 202126-at and 202508-s-at) that were
selected by the MRMR feature selection method
(Fig. 13.3). Their discriminative ability was
highy significant as they established a feature
space, which could be easily divided into normal
and tumor sub-regions. Adding more genes
improved further the discriminate between tumor
(either high grade or low grade) and metastasis.
Among them, gene 1552797_s_at is relevant to a
stem cell marker for malignant brain tumors.
Problem II (tumor type and subtype classifica-
tion): As expected, this classification scheme was
more difficult. The classifier had near excellent
behavior using the first 9-25 features selected
by the MRMR method. Using the first 15 genes,
the classifier reached 100 % best accuracy.
Specifically, after adding gene 209771_x_at to
the feature vectors, the classification perfor-
mance was 80.4 %; adding gene 229851_s_at
increased the performance to 91.3 %; adding
gene 225491 _at increased it to 95.6 %; adding
genes 211991_s_at, 1552797_s_at, 224209_s_
at, 206349 _at, 204131_s_at and 241938_at
increased it to 97.8 %. Finally, the addition of
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gene 204501_at increased the -classification
performance to 100 % for anaplastic astrocytoma
and menignioma. We also tested the impact of
combining selected NMR features (isolated or
combined) with the gene values. Using all 15
NMR features and selected genes (obtained from
the MRMR genes selection method) increased
the classification performance from 95.6 % to
97.8 % for the high grade typing (11 genes and
15 NMR features), from 95.6 % to 100 % for
schwanoma subtyping (1 gene 209169 _at and 15
NMR features) and from 95.6 % to 97.8 %
for metastasis subtyping (12 genes and 15 NMR
features).

Using logistic regression we have also inves-
tigated how the 15 metabolite values from
HRMAS MRS data, the 15 best genes, or their
combination predict survival using 49 available
binary clinical outcomes (33 survived vs. 16
deceased). We found that gene data alone result
to excellent predictivity sensitivity 94 %, speci-
ficity 97 %, and accuracy 96 %. HRMAS MRS
data had inferior performance with sensitiv-
ity 69 %, specificity 85 % and accuracy 80 %.
However the combination of genomics and
HRMAS MRS data achieved a perfect 100 %
classification for all indices. Due to our small
sample size we consider these promising results
not as a definite proof of the strength of the
fusion approach of MRS and genomics but
rather as an positive indication of its potential.

Discussion

Previous studies applied MRS succesfuly to
answer important clinically question related with
treatment response and survival of patients with
CNS tumors. Similarly, gene profiling studies
have shown greater accuracy than histology in
outcome and survival prediction. Here we intro-
duced a novel approach that combines MRS
and molecular genomic biomarkers in order to
develop a useful tool that allows accurate tumor
fingerprinting. This would facilitate diagnosis
and treatment course decisions, but also it would
enhance our understanding the underlying bio-
logical processes, an important step for novel
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drug development. Our approach demonstrated
the potential of HRMAS and its combination
with gene expression profiles to offer better
tumor classification and survival prediction than
each methodology alone.

It is interesting that gene 1552797_s_at is rel-
evant to a stem cell marker for malignant brain
tumors, cd133 (Sakariassen et al. 2007). This sug-
gests that our work using adult brain tumor biop-
sies has demonstrated that with appropriate
quality control, we are able to produce meaning-
ful data and introduce a novel classification
scheme that complements and substantiates the
current hypothesis of cancer stem cells as a means
of determining brain tumor classification and
treatment. We also found that certain genes were
useful to subtype brain tumors (FOXG1, UCP2,
RARRES2, LPIN1, FYN, STK38L, STX7, MSL-
1, MUCI1, SUBI, FLJ20273, NAP1L2, GDA,
FKBP5, PILRB, CLDNI11, SALLI, DOCKS,
EPPK1, GLT8D4, QKI) and certain other genes
were useful for survival classification (NFIB,
LOC100129015, SH3KBP1, ITIH2, VCAN,
FAMI155A, GBP2, MEST, GOLIM4, BBOXI1,
MEFENI1, TOMM22, CSNK2A2, AIF1, HERCI).
These genes have been reported for other cancers
or diseases but the majority of them are novel to
brain tumors. This indicates common genetic
mechanisms across different tumor types and
underlines the potential of our approach for pro-
duction of new knowledge.

Our approach requires biopsy collection
which is a risky invasive procedure not always
available. However it provides MRS and genetic
biomarkers of tumor typing which in principle
are useful in the clinical setting using in vivo
MRS and targeted molecular imaging technolo-
gies. Already, at the research level, in vivo 2D
MRS has developed as a means to type inoperable
tumors in the absence of biopsies or gene expres-
sion data. Previous studies have shown an agree-
ment between in vivo and ex vivo MRS
measurements allowing the utilization of the
results of our approach for analysis of in vivo
data. Also knowing the important genes for tumor
classification specific complimentary reporter
probes can be developed that couple to them,
accumulated at the tumor area and be detected
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noninvasively with in vivo molecular-genetic
imaging techniques.

The strength of our approach lies in the com-
bination of complementary metabolic and genetic
information. Despite the genetic substrate of
tumors, in many cases proteins and therefore
metabolites concentration does not depend on
gene expression but it is determined by their rate
of degradation, or their activity is controlled by
allosteric effects or post translational modifica-
tion. In principle MRS metabolites are more
directly related to tumor phenotype than gene
expression data and their fusion with the genomic
data is meaningful. Unfortunately, proton MRS
can detects only a tiny amount of tumor meta-
bolic profile and further studies employing phos-
phorus or carbon-13 MRS appear promising,
although not yet widely available at the clinical
setting.
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Abstract

In diagnostic neuroradiology as well as in
radiation oncology and neurosurgery, there is
an increasing demand for accurate segmenta-
tion of tumor-bearing brain images. Atlas-
based segmentation is an appealing automatic
technique thanks to its robustness and versatil-
ity. However, atlas-based segmentation of
tumor-bearing brain images is challenging due
to the confounding effects of the tumor in the
patient image. In this article, we provide a brief
background on brain tumor imaging and intro-
duce the clinical perspective, before we cate-
gorize and review the state of the art in the
current literature on atlas-based segmentation
for tumor-bearing brain images. We also present
selected methods and results from our own
research in more detail. Finally, we conclude
with a short summary and look at new devel-
opments in the field, including requirements
for future routine clinical use.

Introduction

Brain Tumors and Clinical Brain
Tumor Imaging

Although brain tumors are not frequent (with an
incidence of about 1%o in the western popula-
tion), they are among the most fatal cancers
(DeAngelis 2001). Due to their different charac-
teristics they are categorized into different
classes. The most widely used grading scheme
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was suggested by the World Health Organization
(WHO), classifying brain tumors into grades
from I to IV with increasing malignancy.
Treatment for brain tumors strongly depends on
the tumor classification and the rate of progression,
with treatment options ranging from surgical
resection to radiation therapy, chemotherapy and/
or anti-angiogenic therapy.

Brain tumors are commonly diagnosed by
neuro-imaging procedures, ideally by magnetic
resonance imaging (MRI) (DeAngelis 2001).
There is a variety of imaging sequences that
provide the possibility to vary tissue contrast, thus
highlighting different pathological or healthy
tissue compartments. The most relevant MRI
sequences in clinical practice of brain tumor
imaging incorporate T,-weighted images, T;-
weighted images with contrast enhancement
(usually Gadolinium-DTPA), T,-weighted images
and T,p,;, images (Drevelegas and Papanikolaou
2011). Although imaging is very powerful and
important in brain tumor diagnosis and treatment
planning, even advanced imaging methods may
fail in the delineation of the complete extent of the
actual tumor.

Medical Image Segmentation

Medical images must be processed and the relevant
information has to be extracted in order to provide
useful information to the neuroradiologist and
the clinician. This information contains tumor
location and size, including a precise delineation
of the tumor boundaries, but also the location of
healthy tissues and subcortical structures sur-
rounding the tumor, which is of relevance for
radiotherapy and neurosurgery. Medical image
segmentation (Pham et al. 2000) aims at dividing
an image into several different compartments.
These compartments can be chosen according to
structures of interest or tissue types. In today’s
clinical practice, the most common approach is to
perform manual segmentation by drawing the
outline of the structure or tissue of interest on the
patient image. The drawback of this approach is
that it is very time-consuming, especially for
3D images, and it also lacks in reproducibility
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(Mazzara et al. 2004). Therefore, automatic
methods to segment tumor-bearing brain images
are promising, because they can significantly
reduce segmentation time during post-processing
and also offer better reproducibility with respect
to their objectiveness.

Automatic segmentation methods for tumor-
bearing brain images usually require some pre-
processing, which may include skull-stripping
(Speier et al. 2011) and the alignment of sequen-
tial or multi-modal images in a common frame
of reference by image registration (Mang et al.
2008). The current segmentation methods for
brain tumor images can be roughly divided into
two different categories. On the one hand, there
are methods that operate on multi-modal images
and on the other hand, there are methods which
operate on preselected mono-modal sequences
only. Multi-modal approaches are commonly
based on classification methods and consider
several MRI modalities simultaneously (e.g.
Bauer et al. 2011b). They are good at outlining
the tumor including its sub-compartments, i.e.
necrotic tissue, enhancing lesions and edema.
These methods are not further discussed in this
article. On the other hand, mono-modal
approaches for segmentation of tumor-bearing
brain images often rely on atlas registration.
These methods, commonly referred to as “atlas-
based segmentation”, excel at delineating small
healthy structures surrounding the tumor.
Different approaches for atlas-based segmenta-
tion of tumor-bearing brain images will be
discussed in more detail in the following sec-
tions. We intend to provide a short review and
categorization of the state of the art of atlas-
based segmentation of tumor-bearing brain
images and also discuss some of our own
research in more detail.

Atlas-Based Segmentation
of Tumor-Bearing Brain Images
Clinical Requirements

Atlas-based segmentation has been shown to be
more suitable for delineating healthy tissues and
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structures around the tumor than for segmenting
the tumor itself. Therefore, its most important
application comes from neurosurgical or radio-
therapy planning, where manual delineation of the
tissues and structures at risk for damage is cur-
rently state of the art. To make the transition from
the current manual segmentation to a fully auto-
matic atlas-based segmentation in a clinical envi-
ronment, the methods have to fulfill certain
requirements. These include proven accuracy and
robustness of the segmentation result, but also a
limit on the maximum computation time of the
algorithm. Computation time is crucial for the pro-
ductive use of a method in daily clinical practice.
Another important aspect is the user-friendliness
of the tool provided: Physicians are unlikely to
make routine use of a new method unless it is easy
to use and well-understood, to rely on it for mak-
ing clinical decisions. Additionally, it would be
useful if the chosen segmentation method is able
to handle a large variety of different brain tumors,
including multifocal lesions, without requiring too
much user intervention.

The Basics of Atlas-Based
Segmentation

Atlas-based segmentation performs implicit seg-
mentation by registering an atlas to the patient
image and propagating the atlas labels (Cabezas
et al. 2011). In general, the method requires an
atlas and a transformation model for the registra-
tion. An atlas consists of an anatomical image and
the segmentation label map for the structures of
interest. There are a number of publicly available
single-subject atlases or average atlases derived
from multiple subjects; one recent example was
described by Rohlfing et al. (2010). The transfor-
mation model defines how the atlas is aligned with
the patient image. Most authors follow a two-step
procedure for this alignment, by first performing a
rough registration of both images with an affine
transformation model and then doing a refined
non-rigid registration for a more precise align-
ment of both images (Zitova and Flusser 2003).
Image alignment is usually performed by using an
intensity-based cost function, which is iteratively

minimized with a dedicated optimizer. Finally, the
atlas label map can be transformed and warped to
the patient image to be overlaid on it, using the
transformation parameters obtained from the
alignment of the anatomical images. This provides
an implicit segmentation of the patient image.
In the case of image analysis for brain tumor stud-
ies, atlas-based segmentation is mostly applied
on high-resolution isotropic T;-weighted or
T;-contrast-enhanced (CE) MR images.

The major challenge in atlas-based segmenta-
tion of tumor-bearing brain images is the missing
correspondence between healthy atlas image
and pathological patient image. A number of
approaches have been suggested to circumvent
this problem. They can be broadly separated into
approaches which are purely registration-based
and approaches that employ a biomechanical
tumor-growth model for establishing initial cor-
respondence between both images, before a final
non-rigid registration step performs a refined
alignment of brain structures.

Purely Registration-Based
Approaches for Atlas-Based
Segmentation

The simplest solution is to use standard registra-
tion methods without considering the fact that the
patient image has been distorted by the presence
of a tumor. Isambert et al. (2008) delineated
organs at risk in a clinical radiotherapy context
by registering a standard brain atlas to the patient
image using multi-affine  block-matching.
Figure 14.1 shows an example of their automatic
delineation in green of the optic nerves, eyes,
brain stem and cerebellum for one patient,
together with a manually defined ground truth in
red. Deeley et al. (2011) combined multi-affine
and non-rigid registration with a final level-set
refinement for the segmentation of brain struc-
tures in the presence of space-occupying lesions.

Brett et al. (2001) were among the first to
explicitly address the problem of missing cor-
respondence in registration of tumor images.
They suggested masking the cost function of a
combined affine and non-rigid registration method.
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Fig.14.1 Automatic (in green) and manual (in red) delineation of brain organs at risk in radiotherapy. The segmented
structures include optic nerves, eyes, brain stem and cerebellum (From Isambert et al. (2008))

For this, a manual pre-segmentation of the
lesion was required and could be used as a
mask for the similarity criterion during the reg-
istration. A similar approach was chosen by
Stefanescu et al. (2004). A confidence map
with zero confidence for all voxels inside the
pre-segmented tumor mask was used for the
similarity metric during the registration pro-
cess. Additionally, adaptive regularization was
allowed in different tissue regions.

Dawant et al. (2002) placed small tumor seeds
in the atlas at the patient’s approximate tumor
location. Then, a non-rigid registration was
performed, which simultaneously deformed the
seeds in the atlas to approximately match the
pre-segmented patient tumor. Commowick et al.
(2005) employed statistical measures of anatomi-
cal variability for guiding the regularization
during the registration process, where regions of
low variability were more strongly regularized
and regions of high variability, like tumor regions,
could deform more. Chitphakdithai and Duncan

(2010) used an indicator map to model different
correspondence assumptions for various tissue
classes. Registration was regarded as a maximum
a posteriori (MAP) problem and solved in an
expectation maximization (EM) framework,
whereas the probability term of the transforma-
tion could be seen as a similarity metric.

A different idea is to incorporate a lesion
model directly into the registration method,
which allows for a decoupling of the deforma-
tions due to tumor growth and inter-subject varia-
tions. In this direction, Bach-Cuadra et al. (2004)
suggested a model of lesion growth for atlas-
based segmentation of tumor-bearing brain
images. To this end, a simplistic radial lesion
growth model was incorporated into a Demons-
based non-rigid registration method. The lesion
growth model modified a healthy atlas and
adapted it to the tumor-bearing patient image.
Despite having two distinct deformation models,
this method relied on registration models only
and did not include any kind of bio-mechanical
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tumor-growth simulation. Later, Bach-Cuadra
et al. (2006) from the same group improved their
previous method by replacing the SSD-based
Demons registration algorithm with an optical
flow method employing the more robust mutual
information similarity metric, which allowed
them to drop the assumption of a linear intensity
correspondence relation between the two images.
Niethammer et al. (2011) proposed a metamor-
phosis model, which combined two distinct
deformations in order to jointly estimate a defor-
mation in space and a change in image appear-
ance. A global geometric deformation was
employed to model changes in image appearance
and local matching for considering the tumor was
based on an image composition model in an
LDDMM framework.

Methods Combining Tumor Growth
Modeling with Registration for
Atlas-Based Segmentation

Another idea to circumvent the problem of a
missing correspondence between the atlas image
of healthy individuals and the pathological
patient image is to seed the atlas with a tumor
before applying the non-rigid registration. Most
of the underlying approaches make use of a bio-
mechanical tumor-growth model that simulates
patient-specific tumor growth in the atlas image,
and they finally apply a standard non-rigid regis-
tration method to the modified atlas image.
Kyriacou et al. (1999), the first ones to suggest
this type of approach, assumed a uniform strain
of the tumor and non-linear elastic behavior of
the surrounding tissues. In a first step, they shrank
the tumor in the patient image to obtain a simu-
lated healthy patient image. Then, the tumor
shrinkage process was inverted by performing
tumor growth on the registered atlas using a
regression method. This allowed them to obtain
a patient-adapted atlas including pathology in a
final step. Mohamed et al. (2006) grew the tumor
in the atlas according to the pathological patient
image, instead of shrinking the tumor first. The
final adaptation of the modified atlas to the
patient image was achieved with a non-rigid
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registration method. To handle the significant
computational cost of the tumor growth model-
ing in 3D, they employed an approach based on a
statistical model using principal component anal-
ysis (PCA). For each available case, they esti-
mated the most likely parameters and applied the
deformation using the pre-built statistical model.
Zacharaki et al. (2008) improved this approach
by implementing a multi-resolution framework
for registration of brain tumor images. In their so-
called ORBIT method, they also used a statistical
model of tumor-induced deformation, but they
embedded it into a hierarchical framework for
parameter optimization. Local information was
incorporated into the tumor growth model and
the registration methodology was improved. In a
further step, the same group improved their tumor
growth model compared to the previous method
(Zacharaki et al. 2009). They dropped the need
for a simplified PCA-based tumor growth model
while still achieving computational efficiency. To
this end, they employed a piecewise Eulerian
tumor mass-effect simulator with a uniform
outward-pushing pressure model for the bulk
tumor. Parameter optimization was parallelized
for further speed improvements.

Recently, researchers from the same group
built upon the previous methods by making
improvements to the tumor growth model.
Instead of considering only bio-mechanical mass
effects with a simplified pressure model, they
proposed a more sophisticated coupled physio-
mechanical model. In GLISTR, Gooya et al.
(2011a), employed a diffusion—reaction model
for tumor growth, which was coupled with an
Eulerian finite element method (FEM) for simu-
lating the mass effect. They operated on multi-
sequence images to obtain a probability map of
the different tissue classes using classification
techniques. In the atlas, a patient-specific tumor
was grown and a Demons-like algorithm was
finally used for the atlas-to-patient transforma-
tion. For this, the tissue probability map output
from the classifier was used in the cost function.
The process was formulated as an EM problem,
which jointly estimated tumor growth parameters
and the spatial transformations to adapt the atlas
to the patient image. This resulted in a large
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optimization problem, which had to be solved. In
a next step, Gooya et al. (2011b) dropped the
requirement for pre-classification and proposed a
joint segmentation and registration model, which
also included tumor growth. This was again for-
mulated in an EM framework for joint estimation
of tumor growth parameters and the deformation
field for registration. The posterior tissue proba-
bilities, which had been derived from the
deformed atlas, yielded the segmentation of
the patient image.

Our own research was inspired by methods
which suggested combining tumor-growth mod-
eling for the tumor mass effect and the establish-
ment of initial correspondence between atlas and
patient image with advanced non-rigid registra-
tion. In our method for atlas-based segmentation
of tumor-bearing brain images, we explored two
different lines of research: On the one hand, we
worked on a simplistic but fast method for atlas-
based segmentation, and on the other hand, we
explored a more sophisticated but computationally
more demanding approach.

For the simplistic but fast approach, in Bauer
et al. (2011a), we developed a method, that
segmented the healthy tissues surrounding the
tumor in a brain image by atlas-based segmenta-
tion. These tissues included cerebrospinal fluid
(CSF), gray matter (GM) and white matter (WM).
The method used a simplistic but computation-
ally fast bio-mechanical tumor growth method to
first grow a patient-specific tumor in the atlas and
then deform the modified atlas to match the
patient image using a non-rigid Demons registra-
tion method. We relied on a pre-segmentation of
the tumor as an input and performed automatic
skull-stripping in a pre-processing step. Then, we
aligned the atlas to the patient image using an
affine transformation model. From there, we
defined a tumor seed in the atlas which was
located in the center of mass of the patient tumor.
Subsequently, a mesh-free method based on
Markov Random Fields (MRF) was used for
modeling the tumor-mass effect. We chose a
radial expansion model which was propagated by
an MRF on the deformation field and which was
bio-mechanically justified because it considered
the Young’s modulus of different brain tissues
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during tumor expansion. Tumor expansion was
formulated as an energy minimization problem in
an MRF context which was solved using the iter-
ated conditional modes (ICM) algorithm. The
ICM algorithm had the advantage that it could be
parallelized very easily and it was implemented
on a massively parallel graphics processing unit
(GPU); this led to significant speed improve-
ments. After tumor growth modeling, the final
adaptation of the modified atlas to the patient
image was done using an ITK implementation
(Ibanez et al. 2005) of the Diffeomorphic Demons
non-rigid registration method (Vercauteren et al.
2009). Figure 14.2 illustrates the pipeline. A
tumor seed was automatically selected in the cen-
ter of mass of the patient tumor and the tumor
was grown in the atlas, deforming the surround-
ing tissues, before the final non-rigid registration
was applied. The results were analyzed on four
T,-weighted images from the ContraCancrum
database (Marias et al. 2011) and four syntheti-
cally generated brain tumor images with a
well-defined ground truth (Prastawa et al. 2009).
Quantitative evaluation was performed using
the Dice similarity coefficient, which measures
the overlap with the ground-truth segmentation.
The Dice coefficient can range from O to 1, with
0 indicating no overlap and 1 indicating perfect
overlap. The algorithm achieved Dice coeffi-
cients between 0.7 and 0.82 for the relevant tissue
CSF, GM and WM within a total computation
time of less than 30 min on a GPU.

For the biophysically more realistic approach,
in Bauer et al. (2012), we explored a computa-
tionally more demanding method for multi-scale
tumor growth modeling in atlas-based segmenta-
tion of tumor-bearing brain images. We chose the
same pipeline as in the previous method that
included automatic skull-stripping of the patient
image, affine registration of the atlas, seeding the
atlas with a physically realistic tumor seed in the
center of mass of the patient tumor, tumor growth
simulation to model the tumor mass effect, and
final non-rigid registration. The difference was
that, in this case, we replaced the simplified
purely bio-mechanical tumor growth model with
a more sophisticated tumor growth model which
considered multiple scales ranging from the
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Fig. 14.2 Results of atlas-based tissue segmentation
illustrated on one axial slice of a patient image. Top row
left to right: patient image, seeded atlas after affine regis-
tration, deformed atlas after tumor growth. Bottom row

microscopic cellular level up to the macroscopic
bio-mechanical level. To this end, a discrete-
entity, discrete-event cellular-level based onco-
simulator (Stamatakos et al. 2010) focusing on
biological phenomena like cell-cycling and apop-
tosis was coupled with a bio-mechanical stress/
strain simulation (May et al. 2011) which could
provide pressure gradient information. Since the
limit of applicability of the standard Lagrangian
formulation of structural mechanics was reached
under large tumor-induced deformations, the
linear-elastic model was solved in an Eulerian
implementation of FEM. Thus, the calculation
was performed on a fixed geometrical mesh and
material properties were advected to neighboring
elements upon deformation. Furthermore, this
allowed for operating directly on the voxel mesh
obtained from the image, eliminating the need for
complex mesh generation procedures. The cell
simulator required information on the direction

left to right: modified atlas after final non-rigid registra-
tion, tissue checkerboard of final result and the magnitude
of the displacement field resulting from the tumor mass
effect simulation (From Bauer et al. (2011a))

into which new tumor cells would spread. This
direction could be decided based on the pressure
of the surrounding tissues. The pressure was
obtained from the mechanical simulator which in
turn required information about the expansion of
each geometrical cell. This was calculated from
the cellular proliferation model. The direction of
least pressure d was calculated based on the neg-
ative gradient

d=- VP

[vel

whereas the pressure p was given in terms of the
trace of the stress tensor o . A linear elastic model
with Young’s modulus E and Poisson ratio v
served as the governing physical law for the non-
uniform stress distribution. With this approach, the
tumor was grown in the atlas until the approximate
volume of the patient tumor was reached, and the
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Fig. 14.3 Results of atlas-based segmentation on one
slice of a patient image. Top row: deformed atlas label
map (CSE, GM, WM, tumor) after the final tumor growth
modeling step. Center row: magnitude of the displace-
ment field in the final tumor growth simulation step. Last

final non-rigid Diffeomorphic Demons registration
(Vercauteren et al. 2009) was applied subse-
quently. Due to the enormous computational
requirements of the multi-scale tumor growth
model, simulation was performed on a coarse ver-
sion of the atlas only. Figure 14.3 shows results for
this approach on one patient image, including the
magnitude of the displacement field. It can be

row: atlas label image after tumor growth and non-rigid
registration. This label map forms the segmentation of the
patient image. All images are shown in axial, coronal and
sagittal view (From Bauer et al. (2012))

inferred from the displacement field that this
approach was able to account for the effect of necro-
sis which occurred in the tumor center. This was
achieved thanks to the coupling of a cellular prolif-
eration model with a bio-mechanical mass effect
model. The method was evaluated on four synthetic
datasets (Prastawa et al. 2009) and four real patient
T,-weighted datasets (Marias et al. 2011) with Dice
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similarity coefficients ranging from 0.56 to 0.8
for the relevant tissues. Computation time was
between 10 and 36 h depending on the size of the
patient tumor.

Currently, we are exploring ways to inte-
grate all the information available from clini-
cal multimodal image acquisition protocols
for further improving and automatizing atlas-
based segmentation of tumor-bearing brain
images Bauer et al. (2013). To this end, we are
first performing a fully automatic segmentation
of the tumor and its different layers based on
the multimodal classification method presented
in Bauer et al. (2011b). This serves as prior
information for an atlas-based segmentation
approach similar to the one presented in Bauer
et al. (2012). The method allows us to segment
not only tissues, but also subcortical structures.
This could have important implications for
planning in radiotherapy or neurosurgery.

Discussion and Outlook

Atlas-based methods for segmentation of tumor-
bearing brain images usually operate on mono-
modal high-resolution isotropic T;-weighted
magnetic resonance images. They can be broadly
classified into methods employing standard reg-
istration models and methods which combine stan-
dard registration with patient specific tumor-growth
modeling. Both approaches have their advantages
and disadvantages: While pure registration methods
are in general faster and more versatile, inte-
grated simulation and registration methods are
generally more realistic and accurate. After hav-
ing moved from purely bio-mechanical tumor-
growth simulation models for establishing initial
correspondence between atlas and patient image
to more sophisticated coupled diffusion-bio-
mechanics or coupled cellular-bio-mechanics
models, an obvious next step would be to inte-
grate all three levels of complexity to model
tumor behavior. These levels would include the
microscopic level for modeling cell proliferation,
the macroscopic level for modeling the diffusion
of cancer cells along the fiber directions in
the brain and finally the bio-mechanical level
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modeling the tumor mass-effect, as initially
proposed in Marias et al. (2011). Additionally, it
would be interesting to see if additional prior
knowledge from multimodal structural images
could be incorporated in a meaningful way in
order to allow for better segmentations and more
accurate predictions. Another option would be to
rely on crisp multi-channel atlases similar to
(Prastawa et al. 2009) to increase the amount of
prior information obtained from the atlas.

However, from the clinical perspective, a
major problem of most current approaches is still
the tremendous computational requirements,
which are mostly due to the multi-scale tumor
growth models employed in atlas-based segmen-
tation. This is also the main reason why most of
the current methods are in favor of pure research
explorations so far and will not reach routine
clinical use before significant improvements in
computational speed are being made. In daily
practice, computation times on the order of a few
minutes at most are required.

Validation is another critical issue. It is doubt-
ful whether the currently used global evaluation
schemes that mostly measure volumetric overlap
of individual structures, are the best choice.
Especially in neurosurgery and radiotherapy, it is
of utmost importance to accurately delineate
healthy tissues and subcortical structures in
close proximity of the tumor tissue instead of
more distant tissues and structures; but so far
there exists no well-accepted evaluation method
to make this distinction.
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ablated area in a voltage-dependent manner
with implications for enhanced delivery of
cytotoxic agents to regions with infiltrative
tumor cells. Finally, we present representative
case examples demonstrating therapeutic
planning aspects, clinical applications, and
results of IRE ablation of spontaneous malig-
nant intracranial gliomas in canine patients.
Our group has demonstrated that IRE ablation
can be performed safely, and is effective at
reducing the tumor volume and associated
intracranial hypertension, and allows for
improvement in tumor-associated neurologic
dysfunction. Our work illustrates the potential
benefits of IRE for in vivo ablation of neoplas-
tic brain tissue, especially when traditional
methods of cytoreductive surgery are not
possible or ideal.

Introduction

High-grade gliomas, most notably glioblastoma
multiforme (GBM), are among the most aggres-
sive of all malignancies in humans and dogs.
High-grade variants of gliomas are difficult to
treat and generally considered incurable with sin-
gular or multimodal therapies (Stupp et al. 2005;
La Rocca and Mehdorn 2009). Many patients
with GBM die within 1 year of diagnosis, and the
5-year survival rate in people is approximately
10 % (Stupp et al. 2005). Despite extensive
research and advancement in diagnostic and ther-
apeutic technologies, very few therapeutic devel-
opments have emerged that have significantly
improved survival for humans with GBM over
the last seven decades (Stupp et al. 2005).
Considering the therapeutic challenge that neu-
rosurgeons are faced with when managing patients
with malignant glioma (MG), many recent efforts
have been directed into the development of mini-
mally invasive techniques that can be used for
focal neoplastic tissue ablation as alternatives to
traditional surgical approaches. Thermal-dependent
tissue ablation techniques, such as cryoablation
(Tacke 2001), laser interstitial thermotherapy
(Atsumi et al. 2001), and radiofrequency lesioning
(Cosman et al. 1983) have been developed, but
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with limited success or applicability in the brain
primarily due to the heat sink effect associated with
the vascular brain parenchyma.

Irreversible electroporation (IRE) is a new
technique for the focal ablation of undesirable
tissue with pulsed electric fields (Al-Sakere et al.
2007). One of the main advantages of IRE over
other focal ablation techniques is that the therapy
does not rely on temperature changes to kill the
cells (Garcia et al. 2011b), a process which is
also referred to as non-thermal irreversible elec-
troporation (N-TIRE). The thermal sparing effect
of IRE is advantageous compared to previously
described methods of tissue destruction that are
dependent on local tissue temperature changes
and results in sparing of major blood vessels,
extracellular matrix, and other critical structures
within the treated tissue (Al-Sakere et al. 2007).

An IRE treatment involves placing minimally
invasive electrodes within the region of interest
and delivering a series of electric pulses that are
microseconds in duration (Lee et al. 2007). The
pulses create an electric field that induces an
increase in the resting transmembrane potential
(TMP) of the cells in the tissue (Davalos et al.
2005). The induced increase in the TMP is
dependent on the electric pulse (e.g. strength,
duration, repetition rate, shape, and number),
impedance distribution of the tissue as well as the
tissue type, and physical configuration of the elec-
trodes used to deliver the pulses. Depending on
the magnitude of the induced TMP, as well as its
duration and repetition rate for induction, the
electric pulses can have no effect, transiently
increase membrane permeability, or cause cell
death. Spatially, for a given set of conditions, the
TMP and therefore the degree of electroporation
is dependent on the local electric field and the tis-
sue type to which the cells are exposed. Because
the transitions in cellular response to the electric
pulses are sudden, the treated regions are sharply
delineated. Consequently, numerical models that
simulate the electric field distributions in tissue
can be used to predict the treated region (Miklavcic
et al. 2000; Edd and Davalos 2007).

Recently, IRE has shown promise as a therapy
for soft-tissue neoplasms, using minimally inva-
sive instrumentation and allowing for treatment
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monitoring with routine clinical procedures
(Ball et al. 2010; Neal et al. 2011; Thomson
et al. 2011). Studies of focal IRE ablations in
mammalian liver and prostate have shown that
therapeutic protocols are safe and can be imple-
mented to preserve the integrity of sensitive tis-
sues, such as the major vasculature and ductal
frameworks within treated parenchymal volumes
(Lee et al. 2007; Onik et al. 2007; Rubinsky
et al. 2007; Appelbaum et al. 2012; Ben-David
et al. 2012). We believe that the IRE technology
possesses other inherent properties that make it
well suited for the treatment of brain lesions in
which the therapeutic intent is focal and highly
controlled tissue destruction.

This chapter presents results on the first in
vivo experimental use of IRE to ablate normal
brain (Ellis et al. 2011) demonstrating the safety,
vascular sparing, and other focal ablative charac-
teristics of intracranial IRE procedures. We also
present preliminary data on the duration and
extent of blood-brain-barrier (BBB) disruption
surrounding an IRE-induced zone of ablation in
rodents (Garcia et al. 2012). Finally, we describe
applications of IRE for the in vivo treatment of
inoperable spontaneous canine intracranial MGs,
highlighting its potential for more widespread
clinical usage for the ablation of neoplastic brain
tissue (Garcia et al. 2011a). Our studies have
demonstrated the ability of IRE to safely ablate
pathologically heterogeneous brain tissue while
preserving vascular integrity and patient neuro-
logical functions. We illustrate the minimally
invasive nature of IRE and the ability to plan and
execute IRE therapy using procedures routinely
used in clinical evaluation of neurosurgical
patients.

173

Safety Study
Treatment Parameters

The safety study was approved by the Virginia
Tech Institutional Animal Care and Use Committee
(IACUC). The dogs were systemically healthy and
neurologically intact prior to the study, based on
normal physical and neurologic examinations,
results of complete blood counts, and serum bio-
chemistry profiles. No abnormalities were detected
on scalp-recorded electroencephalograms (EEG)
and baseline magnetic resonance imaging (MRI)
examinations of the brain. After administration
of general anesthesia, neuromuscular blockade,
and an anti-convulsant (phenobarbital 6 mg/kg
IV), routine craniectomies were performed to
expose the right parietotemporal region of the
brain of each dog. Focal ablative IRE lesions
were created in the ectosylvian gyrus using a
NanoKnife™ pulse generator and blunt tip elec-
trodes (AngioDynamics®, Queensbury, NY USA).

For dog 1, a single probe (1.65 mm diameter)
with both an energized and ground contact was
used at a depth of 2 mm below the gyral surface.
For the remaining test dogs smaller dual probes
(1.0 mm diameter) were used at a depth of 7 mm
below the cortex, where one probe was energized
and the other grounded. IRE lesions were created
by administering nine sets of ten 50-ps pulses at a
rate of 4 pulses per second. The pulses were con-
figured with alternating polarity between each set
to minimize total charge delivered to the brain.
The strength of the electric field is dependent on
the applied voltage and electrode configuration
which are given in Table 15.1. The voltage and

Table 15.1 Pulse parameters used in safety study of intracranial IRE in normal canine brain (Adapted from Ellis

etal. (2011))

Dog Blunt tip electrodes Electrode exposure [mm] Separation distance [mm] Voltage [V] Total pulses
1 Single 7 and 5.3 8 1,600 9% 10
2 Dual 5 5 1,000 9% 10
3 Dual 5 5 500 9% 10
4 — Control Dual 5 5 1,000 9% 10
Dual 5 10 2,000 9% 10
5 - Control Dual 5 5 0 0
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pulse parameters were determined from the
literature and from ex vivo experiments on canine
brain (Al-Sakere et al. 2007; Lee et al. 2007,
Onik et al. 2007). The animals were treated with
1,600, 1,000, and 500 V, respectively in order to
assess whether lower voltages could still produce
ablations.

One control animal (Dog 4) was treated at a
higher voltage to evaluate the upper safety limit
of the procedure by delivering ~4.5x more energy
than in Dog 2 (Ellis et al. 2011). In this animal,
two lesions were created using the dual electrode
configuration at applied voltages of 1,000 and
2,000 V. The last animal was used as a sham con-
trol to examine the physical effects of electrode
insertion without pulse delivery. Non-energized
electrodes were advanced into the brain and
maintained in place for approximately 30 s, the
time required to deliver the IRE pulses in the
other animals.

Neurologic, Imaging,
and Histopathological Evaluation

After the IRE procedure, the animals were evalu-
ated and treated in the standard fashion for
post-craniectomy canine patients. There was no
significant deterioration in neurologic ability or
coma scale scores from baseline evaluations.
The animals were able to ambulate and eat within
10 h of the procedure. No seizures were observed.
Analysis of the intra-operative ultrasound obtained
for each animal revealed a clearly demarcated
hypoechoic zone with hyperechoic rim within the
targeted brain parenchyma which was consistent
with results in other organs (Lee et al. 2007;
Appelbaum et al. 2012; Schmidt et al. 2012).

MRI examinations performed immediately post-
operatively revealed fluid accumulation within the
ablation sites and a focal disruption of the BBB
(Fig. 15.1). These images also show that the IRE
ablation zones were sharply demarcated and iso-
to hypointense on T1-weighted sequences, hyper-
intense on T2-weigthed sequences, and markedly
and contrast enhancing following intravenous
administration of gadolinium.

The IRE lesion in the brain of Dog 1 was
more superficial than the lesions in the other
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animals, due to the depth of insertion of the
electrodes. In this animal, a single probe was
inserted parallel to the surface of the brain at a
depth of 2 mm. Grossly visible brain edema and
surface blanching of the gyrus overlying the
inserted electrode were observed within 2 min
of completion of the IRE procedure. This edema
resolved completely following intravenous
administration of 1.0 g/kg of 20 % mannitol.
Because of these effects, the subsequent animals
were treated with a smaller dual probe configu-
ration with electrodes inserted perpendicular to
the brain surface at a 7-mm depth. Brain edema
and surface blanching were not observed during
treatment of the remaining dogs.

The microscopic lesions from the histopathol-
ogy correlated well with the gross appearance
and MRI sequences in dogs 1-3. A histological
comparison between the sham control and dog 3
revealed that the isolated effect of electrode
insertion was limited when compared to the IRE
lesion. Histopathologic sections also demon-
strated that the IRE lesions have a sub-millimeter
line of demarcation between areas of necrosis
and normal brain. The areas of treatment were
represented by foci of malacia and dissociation
of white and grey matter. Small perivascular
hemorrhages were present although there was
sparing of major blood vessels. High-voltage
pulses in dog 4 were associated with non-
selective coagulative necrosis of all tissues within
the treatment field, resulting in lacunar infarction
secondary to arterial thrombosis. Moderate dif-
fuse perivascular and intraglial edema, reactive
gliosis, as well as death of neuronal and glial
cells were also observed. The treatment area
was moderately infiltrated with mixed inflamma-
tory cells, including neutrophils, macrophages,
plasma cells, and small lymphocytes. Smaller
lesions were observed when decreasing the
voltage between dogs. As a result, customizing
the pulse parameters should allow the ablation of
volumes with varying sizes and shapes.

The ablations were confirmed with histopath-
ological analysis, revealing a sub-millimeter
boundary between the necrotic and normal
brain. Reconstructed lesion volumes of 1.655,
0.599, and 0.258 cm? were calculated from the post-
operative T2W MRIs using open source image
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Fig. 15.1 MRI characteristics of focal brain ablations
induced by IRE. Lesions (green shading) are well demar-
cated from surrounding brain parenchyma, homogenously

analysis software (OsiriX, Geneva, Switzerland).
The accuracy of the computed lesion volumes
was limited to the interval between the MRI
scans (2.5-3.0 mm). It is important to note that
the volumes of the lesions were reconstructed
from MRIs taken within 60 min after pulse
administration, so the observed ablation volume
is likely to be that resulting from immediate
IRE induced cellular necrosis (Garcia et al.
2011b). This means that any additional cellular
death resulting from late-onset apoptosis may
not be taken into account in the electric field
correlation (Garcia et al. 2011b). Our results sup-
port the hypothesis that IRE can be used safely

T2W -3D

(08 A -

T2 hyperintense, and markedly enhanced on TIW post-
contrast images. There is a positive correlation between
lesion size and the applied voltages

in the brain and that lesion volume can be
correlated with applied voltage. In this canine
study, as in other studies of soft-tissue organs,
IRE associated edema developed following treat-
ment. Although the vasogenic edema observed
on the MRI of dogs in this study was not associ-
ated with any clinical deterioration, it is a
cause of concern. Brain edema after IRE should
be anticipated and treated with perioperative
corticosteroids.

IRE may offer advantages over surgical resec-
tion for selected brain tumors. The small electrode
size makes the procedure minimally invasive and
adaptable to virtually any neuroanatomic location
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with existing stereotactic guidance systems. IRE
creates a sharply delineated volume of ablated
tissue with sub-millimeter resolution that may
make it suitable for treating deep-seated, well-
circumscribed brain tumors. The minimal heat
generation during treatment and sparing of major
blood vessels may also make it appropriate for
tumors adjacent to, or enveloping critical vascular
structures. The following two sections in the chapter
describe representative treatment planning proce-
dures and clinical applications of IRE for the
treatment of canine patients with spontaneous
brain cancer.

Treatment Planning

Some of the advantages of IRE over other focal
ablation techniques are that the treated regions
are highly predictable and the technique does
not depend on thermal changes to achieve
tissue death (Al-Sakere et al. 2007; Ahmed
etal. 2011). The extent of IRE is determined by
the impedance distribution of the tissue as well
as the tissue type, electrode-tissue geometry,
and pulse parameters including strength, duration,
number, shape, and repetition rate. However,
for a given set of pulse conditions, the primary
parameters affecting the degree of electropora-
tion are the tissue type and the local electric
field distribution (Edd and Davalos 2007).
Therefore, the electric field distribution must be
determined in order to design effective proto-
cols for IRE procedures. Furthermore, to verify
that specific protocols do not induce thermal
damage due to excessive Joule heating, the tem-
perature distribution can also be calculated
from the electric field distribution and the
thermal properties of the tissue. Knowledge of
the electric field and temperature distribution
enables researchers and physicians to reliably
predict the results of an IRE procedure and
minimize damage to surrounding healthy tis-
sue. This insight enables surgeons to plan and
optimize the electrode configuration and pulse
parameters to:

1. Perform IRE treatment planning using medi-

cal images
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2. Minimize applied voltages in order to reduce
charge delivered

3. Avoid inducing thermal damage due to exces-
sive Joule heating

4. Reduce treatment time, invasiveness, and
number of procedures

5. Ensure coverage of the entire tumor, espe-
cially when multiple applications are needed
In this section we outline the IRE treatment

planning procedures for canine patients with

brain cancer. Specifically we describe the tissue

segmentation, volumetric meshing, and finite

element modeling used for therapeutic planning

prior to surgical procedures.

Segmentation and Meshing
of Tissue Components

Mimics 14.1 image analysis software
(Materialise, Leuven, BG) is used to segment the
brain tumor geometry from normal brain tissue
components including the ventricles and the
white and gray matter. The tumor is traced in
each of the two-dimensional (2-D) diagnostic
MRI, CT, or any other DICOM format imaging
modalities according to intensity values. A three-
dimensional (3-D) solid representation of the
tumor volume, the ventricles, and the brain tissue
is then refined and exported to 3-matic version
6.1 (Materialise, Leuven, BG) in order to gener-
ate a volumetric mesh for the computational
models. The refined volumetric meshes are then
imported into a finite element modeling (Comsol
Multiphysics, v.4.2a, Stockholm, Sweden) soft-
ware in order to simulate the physical effects of
the electric pulses in the tumor and surrounding
normal brain tissue.

Finite Element Modeling
of Electric Field Distribution

The methods used to generate the electric field
distributions in tissue are similar to the ones
described by Edd and Davalos (2007). The electric
field distribution associated with the electric
pulse is given by solving the Laplace equation:
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V- (6Ve)=0 (15.1)
where o is the electrical conductivity of the tissue
and ¢ is the electrical potential (Edd and Davalos
2007). Boundary conditions most often include
surfaces where electric potential is specified,
as in the case of a source or sink electrode, or
surfaces that are electrically insulating, as on the
free surfaces of the tissue, for example. The elec-
trical boundary condition along the tissue that is
in contact with the energized electrode is ¢ =V, .
The electrical boundary condition at the interface
of the other electrode is set to ground. The
remaining boundaries are treated as electrically
insulating:

% _,
on

The models are fully defined and readily
solvable using numerical methods once an
appropriate set of boundary conditions, initial
conditions, and physical properties of the tissue
are defined. The computations are performed
with a commercial finite element package
(Comsol Multiphysics 4.2a, Stockholm, Sweden).
The analyzed domain extends far enough from the
area of interest (i.e. the area near the electrodes)
that the electrically insulating boundaries at the
edges of the domain do not significantly influence
the results in the treatment zone.

The numerical models have been adapted to
account for a dynamic non-linear tissue conduc-
tivity that occurs as a result of electroporation
and redistributes the electric field during the
treatment (Garcia et al. 2010, 2011a, b; Neal
et al. 2012). The significant non-linear changes in
the electrical conductivity of treated tissues occur
because of cell membrane defects that facilitate
the flow of ions and current through cells and are
necessary in order to accurately represent IRE
treatments. The dynamic conductivity, o(E,T),
is a function of the electric field (E) and tempera-
ture (7) of the tissue during the IRE treatment. In
tissue and tumors, this increase in conductivity is
approximately 3x—6x the baseline conductivity
when fully electroporated (Ivorra et al. 2009;
Neal et al. 2012) and needs to be determined for
normal and pathologic brain tissue components.

(15.2)
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Fig. 15.2 Imaging-based computational models for
treatment planning and optimization of IRE procedures in
canine patients with brain cancer with (fop) 3D recon-
structed tissue components and the (botfom) simulated
electric field distribution [V/cm]

Based on the tumor dimensions and computa-
tional simulations, IRE pulse parameters are
determined to ensure coverage of the entire
tumors and minimize damage to the surrounding
healthy tissue. The resulting electric field distri-
butions from these parameters can be visualized
in Fig. 15.2. We are currently evaluating the
electric field threshold in a clinical IRE study
of canine patients with MG and are using the
method proposed by Neal et al. (2012) to deter-
mine the non-linear conductivity function used in
the finite element simulations. The promising
clinical results that we have achieved in these
patients suggest that our simulations are correct
and that the electric field threshold used is capable
of killing the tumor tissue.
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Therapeutic Application

Dogs with spontaneous brain tumors have been
shown to be excellent translational models of
human disease. Canine malignant gliomas
exhibit similar clinical, biologic, pathologic,
molecular, and genetic properties as their human
counterparts (Stoica et al. 2004; Dickinson et al.
2006; Rossmeisl et al. 2007). Here we illustrate
the therapeutic application of IRE for treatment
of MG using canines with spontaneous supra-
tentorial gliomas. These canine patients are typ-
ically referred to our academic veterinary
neurosurgical service for evaluation of tumor
associated-seizures and interictal motor, sen-
sory, and/or behavioral dysfunction referable to
a focal intracranial neuroanatomic lesion
following documentation of solitary intra-axial
mass lesions with MR imaging characteris-
tics consistent with gliomas (Fig. 15.3a-top
panels); (Garcia et al. 201 1a; Young et al. 2011).
Prior to IRE therapy, peritumoral edema is
treated with diuretics and corticosteroids, and
anticonvulsants are administered as indicated.

Irreversible Electroporation Therapy

We use two general techniques to deliver IRE to
canine MG, with the technique selection based on
patient specific factors such as the volume and
neuroanatomic location of the tumor, and the type
and severity of any tumor-related complications
(peritumoral edema, intratumoral hemorrhage,
brain herniation, etc.). The first technique uses
routine craniectomy approaches, similar to that
described in our safety study (Fig. 15.3a-middle
panels). The second is a minimally invasive, ste-
reotactic approach in which a customized poly-
meric array is fabricated to accommodate the
optimal electrode trajectory and configuration to a
patient’s specific tumor. The polymeric array is
then implanted into the skull and the electrodes
passed through the array into the tumor target
during treatment (Fig. 15.3b-top panels). The
polymeric array also provides a readily accessible
and minimally invasive means for objective
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pathological evaluation of the tumor response
through serial biopsy (Fig. 15.3b-bottom panels).

Total intravenous general anesthesia is
induced and maintained with propofol and fen-
tanyl constant rate infusions. Following biopsy
of the tumor, neuromuscular blocking agents
are administered to effect. The tumor is then
ablated according to patient-specific treatment
planning protocols (Table 15.2) using the
NanoKnife™ (AngioDynamics®, Queensbury,
NY USA), and blunt tip electrodes (1.0 mm
diameter). Pulse delivery is synchronized with
the electrocardiogram (ECG) signal to prevent
ventricular fibrillation or other cardiac arrhyth-
mias (Ivy Cardiac Trigger Monitor 3000,
Branford, CT, USA). Pulse sets are delivered
with alternating polarity between the sets to
reduce charge build-up on the surface of
individual electrodes. In addition, shorter
pulse durations than those used in IRE studies
(Al-Sakere et al. 2007; Onik et al. 2007;
Rubinsky et al. 2007) outside the central ner-
vous system (CNS) are used in order to reduce
the charge delivered to the tissue and decrease
resistive heating during the procedure. Our cal-
culations and temperature measurements from
previous intracranial IRE procedures ensure
that no thermal damage is induced (Garcia
et al. 2011b).

Post-IRE Evaluations

Objective tumor responses are evaluated using
serial clinical neurologic examinations, brain
MRI, and neuropathological studies. As illus-
trated in the acute post-treatment MR images
(Fig. 15.3a-middle panels and Fig. 15.3b-bottom
left panel), IRE therapy results in rapid reduction
in contrast-enhancing tumor volumes and intra-
cranial pressure without causing or exacerbating
intratumoral hemorrhage or peritumoral edema.
Neuropathological examinations of IRE treated
MG (Fig. 15.3b-right panels) reveal near uni-
form neoplastic cell death and obliteration of
tumor architecture. The scarce neoplastic cells
with identifiable individual features within IRE
ablated regions demonstrate apoptotic features
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Fig. 15.3 MRI (a) and histologic (b) characteristics of focal tumor ablation before and after IRE treatment in canine

patients with spontaneous malignant gliomas

(Fig. 15.3b, bottom right panel), and caspase-3 neurological functions and overall clinical perfor-

immunoreactivity (Fig. 15.3b, bottom right panel
inset). These objective tumor responses are asso-

mance scores. The initial canine patient with MG
treated with IRE and adjunctive radiation therapy

ciated with acute post-operative improvements in  at our institution experienced complete remission
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Table 15.2 Representative IRE treatment protocol for canine patients with malignant glioma patient (Adapted from

Garcia et al. (2011a))

Electrode Volt-to-dist Pulse Number
Voltage (V) Electrode gap (cm) exposure (cm) ratio (V/cm) duration (pus) of pulses  Frequency
500 0.5 0.5 1,000 50 2x20 ECG synchronized
625 0.5 0.5 1,250 50 4%20 ECG synchronized

(Fig. 15.3a-bottom panels), but did ultimately
succumb to complications associated with radia-
tion encephalopathy (Garcia et al. 2011a).

Discussion

Despite advances in cancer treatment, MG
remains highly resistant to therapy. By nature of
their neuroinvasiveness, MG are often not ame-
nable to curative surgery and recur with high
frequency (Stoica et al. 2004; Stupp et al. 2005;
LaRocca and Mehdorn 2009). Even with aggressive
multimodal treatment most patients succumb to
the disease within 1 year. The 5-year survival rate
for human patients with GBM is 10 % and this
statistic has remained nearly unchanged over the
last 70 years (Stupp et al. 2005). Although much
less is known regarding the effects of single or
multimodal therapies on the survival of dogs with
gliomas, the prognosis is considered poor for
dogs with MG, with one study reporting a median
survival of 9 days for all dogs with non-meningeal
origin neoplasms (Heidner et al. 1991).

IRE is a new minimally invasive technique to
focally ablate undesired tissue using low energy
electric pulses (Al-Sakere et al. 2007). These pulses
permanently destabilize the membranes of the
tumor cells, achieving death without inducing
thermal damage in a precise and controllable man-
ner with sub-millimeter resolution (Al-Sakere et al.
2007; Garcia et al. 201 1a). The application of IRE
requires minimal time and can be performed at the
time of surgery or using stereotactic image (i.e. CT
or MRI) guidance (Garcia et al. 2011b). This is an
ideal treatment strategy for brain cancer patients
where either tumor volumes are often sufficiently
large to preclude safe traditional surgical excision
without associated significant perioperative

morbidity; or excision is not possible due to the
neuroanatomic location of the tumor. We believe
that, in addition to the ability to effectively ablate
tissue in a non-thermal manner, a major advan-
tage of IRE treatment is the very sharp transition
between treated and non-treated tissue, which allows
for sparing of sensitive neuroanatomic structures
in proximity to the treatment field.

This chapter described the first systematic in
vivo study of IRE for intracranial surgery (Ellis
et al. 2011). We also presented the therapeutic
planning aspect and implementation of IRE for
treating canine patients with spontaneous brain
tumors (Garcia et al. 2011a). Our results support
the hypothesis that IRE can be used safely in the
brain and that lesion volume can be correlated
with applied voltage (Garcia et al. 2010; Ellis et al.
2011). IRE is a non-thermal ablation technique
that kills tissue in a focal manner depicted by MR
imaging and transiently disrupts the BBB adjacent
to the ablated area in a voltage-dependent manner.
In a rodent study in the brain we have also
determined the extent and duration of the BBB
disruption (Garcia et al. 2012) which will be
critical for enhanced delivery of cytotoxic agents
to regions with infiltrative tumor cells, especially
high grade gliomas.

In conclusion, we have successfully shown
that IRE is safe for use within the sensitive intra-
cranial environment. The advantages of IRE over
other focal ablation techniques lay within its ability
to ablate tissue through a non-thermal mecha-
nism. This method preserves the extracellular
matrix, major blood vessels, and other sensitive
tissues, enhancing treatment outcome. The IRE
treatment is rapid, minimally invasive, and can
be monitored using ultrasound, CT, and MRI.
In addition, the lesions are sharply delineated
between treated and non-treated tissue and are
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sub-millimeter in resolution. Using a canine
spontaneous model of MG, our group has developed
and continues to refine IRE treatment planning
and delivery methods that are effective for focal
ablation of normal and neoplastic brain tissue.
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The Role of Whole Brain Radiation

Therapy for Metastatic Brain
Tumors
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Whole brain radiation therapy (WBRT) has
long served as an important treatment
modality for patients diagnosed with meta-
static brain tumors, both alone and in combi-
nation with other therapies including surgical
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Introduction
Approximately 1.4 million people in the US are
diagnosed with cancer every year according to the
American Cancer Society. About 2040 % of can-
cer patients will go on to develop brain metastases.
The incidence of these secondary brain tumors is
about four to five times that of primary brain tumors
(American Cancer Society 2006; Gavrilovic and
Posner 2005; Linskey and Kalkanis 2010). The
mode of spread is primarily hematogenous with
local extension also possible. In 11 % of patients
with no known cancer history, cerebral metastasis
was the presenting symptom (Voorhies et al. 1980).
M. Omodon « S. Kalkanis (<) The most common primary sites for brain metasta-
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Typically the signs and symptoms of brain
metastasis are usually slowly progressive. These
include headache, focal weakness, mental distur-
bances, gait ataxia, seizures, speech difficulty,
visual disturbance, sensory disturbance and limb
ataxia.

Whole brain radiation therapy (WBRT) typi-
cally had been the mainstay for treatment for
metastatic brain tumor until the 1990s when sur-
gical resection and stereotactic radiosurgery
(SRS) became more popular. WBRT has been
shown to prolong survival to about 3—6 months
compared to the 1-2 months in patients who did
not receive any treatment (Patchell et al. 1998;
Kondziolka et al. 1999). In 1954, Chao et al.
(1954) showed that WBRT increased the median
survival of patients with metastatic brain tumors
by up to 3—6 months. Other studies (Posner 1977;
Zimm et al. 1981) have shown similar improve-
ment in overall survival in these patients.
Response rate to WBRT ranges from 50 % to
85 % (Katz 1981).

Tumors that are more sensitive to WBRT are
small cell lung ca, germ cell tumors, lymphoma,
leukemia, multiple myeloma (Patchell et al.
1990). Highly resistant tumors are thyroid, renal
cell, malignant melanoma, sarcoma, adenocarci-
noma (Nieder et al. 1997). Patients with meta-
static brain tumors who are candidates for
WBRT usually receive steroids to decrease the
peritumoral edema and WBRT over the course
of 2 weeks. Mortality from metastatic brain
tumors is mostly due to complications of extra-
cranial tumor activity.

The Role of Surgery Combined
with WBRT

Guidelines pertaining to the role of surgery com-
bined with WBRT have been published (Gaspar
et al. 2010). Class I evidence supports combined
treatment with surgical resection plus post-
operative WBRT, compared to WBRT alone or
surgical resection alone, in patients who are func-
tionally independent, who spend less than 50 %
of time in bed and who have limited extra-cranial
disease. There is no unified recommendation for
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patients with poor performance scores, advanced
systemic disease, or multiple brain metastases.

The randomized control trial by Patchell et al.
(1998) involved 48 patients with systemic can-
cer, evidence of single metastasis to the brain
and Karnofsky performance scores (KPS) of 70
or greater who had received either needle biopsy
and WBRT (radiation group), or complete surgi-
cal resection and WBRT (surgical group). Both
groups received the same total radiation dose of
36 Gy given in 12 daily fractions of 3 Gy each.
Patients with acute neurologic deterioration and
radiosensitive tumors (SCLC, germ-cell, lym-
phoma, leukemia and multiple myeloma) were
excluded. Patients in the surgical group were
reported to have had complete resection verified
by postoperative computerized tomography (CT)
scanning. Compared to the radiation group, the
surgical group had an increase in the overall
length of survival (median 40 weeks vs. 15
weeks; P<0.01), increased duration of func-
tional independence and quality of life, and
decreased frequency of recurrence of the origi-
nal tumor. There was no extra mortality noted in
the surgical group.

A multi-centered trial in the Netherlands of
patients who had a single brain metastasis ran-
domized 63 patients into surgical resection and
WBRT versus WBRT alone (Vecht et al. 1993).
Patients in this study were generally ambula-
tory and did not require continuous nursing
care. Patients who received the combined treat-
ment had significantly longer median survivals
(10 vs. 6 months) and longer functional inde-
pendent survival (7.5 vs. 3.5 months). There
was no difference in the median survival (5
months) between treatment regimens in patients
with poorly controlled systemic disease. The
study showed that this benefit was only seen in
patients less than 60 years old and without
progressive systemic disease who were within 3
months of diagnosis. Three patients were
excluded from analysis. Two patients were lost
to follow up.

A RCT by Mintz and Cairncross (1998) on 84
patients with a single brain metastasis was pub-
lished in 1996. Forty-three patients were allocated
to undergo radiation alone and 41 patients received
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surgery plus radiation. The authors concluded that
combined surgery and WBRT is as efficacious as
WBRT alone in terms of overall survival, or qual-
ity of life. Patients were excluded if they had leu-
kemia, lymphoma, or SCLC.

There have been possible explanations put
forth to suggest why the data from this study is
different from the other two studies. Most of
the patients in this study had either uncon-
trolled primary or extracranial metastasis
which is a relative contraindication to surgery.
Also since most of the neurosurgically treated
patients died of progression of systemic dis-
ease it is likely that there will be difference in
outcomes because progressive disease has the
same median survival (5 months) irrespective
of combined surgery and WBRT versus WBRT
alone. Also of note, this trial included patients
less than 80 years old and with Karnofsky
scores (KPS) of at least 50. This differs from
the previous trials in that these patients could
spend greater than 50 % of their day in bed.
Another reason for this difference could be the
lack of mandatory MRI scans in patients
included in the study giving rise to the possi-
bility that additional lesions were not seen in
pre operative CT scans.

Ampil et al. (1996) retrospectively studied 45
patients at a single institution who had cerebellar
metastasis and who received either surgery plus
WBRT (11 patients) or WBRT alone (34
patients). Most of the patients who received
WBRT alone had additional supratentorial brain
metastases. The authors found that patients who
received combined treatment had a median sur-
vival of 15 months compared to 3 months for
patients who received WBRT alone. They con-
cluded that the outcome of patients with metasta-
sis to the cerebellum was significantly improved
when the metastatic lesion was resected and
when its origin was not from the lung.

WBRT Dosing

Radiation dosages are expressed as tumor
response biologically effective dose (BED) to
account for total dose of radiation, fraction
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size, overall time to deliver the radiation, and
presumed repair of irradiated tissue. This is cal-
culated withequation: BED = nd [1 +d/(alp )]
where n=number of treatments, d=dose per
fraction; and o/f=10 Gy for tumor effects of
each schedule. The standard WBRT dose is
30 Gy in 10 fractions given over 2 weeks
(Gaspar et al. 2010).

In an effort to increase the duration of overall
survival and to improve the morbidity from
WBRT several randomized controlled trials
(RCTs) were conducted to identify the optimal
dose of radiation. There is no additional benefit
in overall survival, neurologic function or
symptom control with altered dose-fractionation
schedules compared to the standard (Gaspar
et al. 2010; Kalkanis et al. 2010).

In two RCTs by Borgelt et al. (1980),
patients were randomly selected to receive one
of five WBRT schedules that ranged from
40 Gy for a 4 week duration to 20 Gy for a 1
week duration. The following year, Borgelt
et al. (1981) conducted two RCTs where
patients were treated with 10 Gy in 1 fraction
versus 30-40 Gy in 10-20 fractions, and also
12 Gy in 2 fractions versus 20 Gy in 5 fractions.
The authors concluded that there was no statis-
tically significant difference in the overall
median survival of patients who received dif-
ferent radiation schedules.

Other RCTs (Harwood and Simson 1977,
Chatani et al. 1994) and a Cochrane review
(Tsao et al. 2012) did not find any statistically
significant difference in the outcomes of
patients who received varying WBRT sched-
ules. Also, no difference in symptom control, or
improvement in neurological function was
observed in patients who received doses higher
than 30 Gy over 10 fractions (Gaspar et al.
2010). Patients who received lower than that
dose fared worse (p=0.03) (Tsao et al. 2012).
A RCT study conducted in the UK compared
30 Gy in 10 fractions over 2 weeks versus
12 Gy in 2 fractions on 2 days showed that
patients who received 30 Gy in 10 fractions had
an improved median survival of 84 days com-
pared to 77 days (p=0.04) (Priestman et al.
1996) with fewer adverse effects.



186

Whole Brain Radiation Therapy
Combined with Other Therapies

Role of WBRT and SRS

A multi-centered RCT (Andrews et al. 2004) by
the Radiation Therapy Oncology Group (RTOG)
compared patients with one to three solid brain
metastases, less than 4 cm in maximum diameter,
and KPS >70 who received WBRT (133 patients)
and those who received both WBRT and SRS
(139 patients). This study found that patients who
received both WBRT and SRS had statistically
significant longer survival (6.5 vs. 5.7 months,
p=0.04), decreased progression of disease (71 %
vs. 82 %), and a higher rate of improved KPS
(43 % vs. 27 %, p=0.03) compared to patients
who received only WBRT.

Another RCT (Kondziolka et al. 1999) ran-
domized patients with two to four brain metasta-
ses no more than 25 mm diameter and KPS scores
less than 70 to WBRT alone (14 patients) versus
WBRT and SRS (13 patients) evaluating for
radiological evidence of local tumor control.
They found that patients who received both radi-
ation therapies had longer median time to local
failure (36 vs. 6 months, p=0.0005), and longer
survival (11 vs. 7.5 months) compared to patients
with WBRT alone. This study did not report any
neurologic or systemic morbidity related to addi-
tional stereotactic radiosurgery. Retrospective
studies have also shown improved outcomes in
patients who received both single dose SRS and
WBRT compared to WBRT alone (Li et al. 2000;
Sanghavi et al. 2001; Wang et al. 2002).

WBRT Plus SRS Versus SRS Alone

Aoyama et al. (2006) conducted a multicentered
RCT of patients in Japan with no more than
four metastastic brain lesions each smaller than
3 cm in diameter and KPS>70 to compare
especially for overall survival, and also brain
tumor recurrence. 65 randomly selected patients
received both WBRT and single dose SRS and
67 patients received SRS alone. The SRS dose
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in the combined group arm was reduced by
30 % compared to the SRS only group. It was
noted that there was no statistically significant
difference in the median survival time between
patients who received WBRT and SRS com-
pared to SRS alone. The combined treatment
group had a median survival time of 7.5 months
compared to 8.0 months for SRS alone. The 1
year distant brain site recurrence rate was sig-
nificantly higher in the SRS alone group
(76.4 % for SRS vs. 46.8 % in the combined
group; p<0.001). Also the SRS only group was
more likely to require salvage brain therapy of
either WBRT or SRS (43.3 % vs. 15.4 %).

Chang et al. (2009) found that patients who
received combined SRS and WBRT had a more
severe decline in learning and memory function
compared to the SRS only group. This trial ran-
domized 30 patients with one to three brain
metastases to receive SRS alone, and 28 to
receive combined SRS and WBRT but was
stopped early because it was noted that the com-
bined group were significantly more likely to
show a decline in learning and memory func-
tion. It was also noted that the combined group
patients had more patients free of recurrence of
distant brain metastasis (73 % compared to
27 %, p=0.0003).

Li et al. (2000) conducted a study to compare
WBRT, SRS, and WBRT + SRS in terms of local
response, survival, and quality of life in patients
with squamous cell and non squamous cell lung
cancer with single brain metastases<4.5 cm in
diameter and KPS>60. This study found that
both SRS alone and SRS+ WBRT were statisti-
cally better in terms of prolonging life and
improving quality of life than WBRT alone.
When the combined treatment arm was compared
with the SRS only arm, there was no statistically
significant advantage in survival, tumor control,
or enhance quality of life except for improved
freedom from new brain metastasis in the com-
bined arm.

A European trial (Kocher et al. 2011) was con-
ducted to evaluate if patients with brain metasta-
sis who were post-surgery or post-SRS had
increased length of functional independence after
adjuvant WBRT. The patients included in this
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study had one to three brain metastases and WHO
performance status (PS) of zero to two. Patients
who had prior treatment with surgery or SRS
were randomized to receive adjuvant WBRT or
placebo. There was no difference observed in the
overall survival between both groups. WBRT
reduced the 2-year relapse rate both at initial
metastasis site (surgery: 59-27 %, P<.001;
radiosurgery: 31-19 %, P=.040) and at new sites
(surgery: 42-23 %, P=.008; radiosurgery:
48-33 %, P=.023). The adjuvant WBRT had
reduced relapse rate and less salvage therapies.

Role of Sensitizers

Sensitizers are agents that in conjunction with
radiotherapy increase the cytotoxic effects and
improve the therapeutic ratio. Motexafin gado-
linium is a metallotexaphrin that accumulates
within tumors in significantly higher concen-
tration than in normal tissue. Efaproxiral is
thought to cause a modification of the 3D
structure of hemoglobin decreasing its oxygen
binding capacity hence allowing more free
oxygen to be available to tumor cells. Increased
oxygen is thought to be destructive to the
tumors. Several RCTs (Eyre et al. 1984;
DeAngelis et al. 1989; Komarnicky et al. 1991;
Phillips et al. 1995; Mehta et al. 2003; Suh
et al. 2006) investigated outcomes in terms of
overall survival, KPS and neurologic function
involving the use of radiosensitizers such as
motexafin, RSR13 (efaproxiral), lonidamide,
metronidazole, misonidazole, gadolinium, and
bromodeoxyuridine (BrdU). When used in
conjunction with WBRT, these radiosensitiz-
ersdid not provide any added survival benefits
andin fact, there were increased side effects.

WBRT and Chemotherapy

There have been studies (Eyre et al. 1984;
DeAngelis et al. 1989; Komarnicky et al. 1991;
Phillips et al. 1995; Postmus et al. 2000; Mehta
et al. 2003; Suh et al. 2006) that evaluated out-
comes of patients with brain metastasis who
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had WBRT and chemotherapeutic agents for
changes in survival. These studies failed to
demonstrate any improvement in median sur-
vival duration when chemotherapy was given in
addition to WBRT.

WBRT Treatment Outcome
by Histopathology

A retrospective study (Sundstrom et al. 1998)
evaluated 75 patients with brain metastases from
solid tumors, who received 25 Gy WBRT, for dif-
ferences in outcomes based on histopathology.
The primary cancers included 35 cases of lung
cancer, 19 cases of breast cancer, 9 cases of renal-
cell cancer, 6 cases of melanoma and 6 cases of
other primary sites. In general, patients with
breast cancer had better survival than patients
with other primary cancers. There are however
no formal recommendations concerning the
effectiveness of WBRT for one histopathological
type versus another (Kalkanis et al. 2010) due to
the low number of studies addressing this topic.

Discussion

Surgical resection plus post-operative WBRT has
been shown to produce better outcomes com-
pared to WBRT alone in patients with limited
extra-cranial disease and with good functional
status. Surgical resection and WBRT also pro-
duces better local and distant brain control when
compared to surgical resection alone. This rec-
ommendation however does not apply to rela-
tively radiosensitive tumors histologies such as
small cell lung cancer, leukemia, lymphoma,
germ cell tumors and multiple myeloma (Gaspar
et al. 2010; Kalkanis et al. 2010). The standard
dose/fractionation scheme for WBRT is 30 Gy in
10 fractions. Other doses and fractionation sched-
ules have not shown improved local control, neu-
rocognitive outcomes or median survival.
WBRT combined with single dose SRS results
in improved local tumor control, functional status,
and longer survival, compared with WBRT alone
for patients with one to four metastatic lesions
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who have KPS scores greater than 70. Single dose
SRS with WBRT may be just as efficacious as
single dose SRS alone as long as there is regular
surveillance for local and distant recurrence so sal-
vage therapy could be initiated promptly. Adjuvant
chemotherapy after WBRT has not been shown to
increase survival. Radiation sensitizers have not
been shown to improve outcomes in patients
receiving WBRT. Also due to the relative paucity
of data there are no recommendations to be made
regarding the efficacy of WBRT for different
tumor histology. Further investigation is required
for future recommendations.
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non—malignant tumors and 7.3 per 100,000 per-
son—years for malignant tumors) (CTBRUS
2008). The prevalence rate for all primary brain
and central nervous system tumors was estimated
to be 130.8 per 100,000 inhabitants (CTBRUS
2008). Metastatic brain tumors are thought to
have a higher incidence than primary brain
tumors (Percy et al. 1972).

The cornerstone of brain tumor treatment is
surgery. The objective of surgery is not only to
provide symptom relief, improved quality of life,
smaller tumor burden for other treatment modali-
ties and improved survival, but also to establish
an exact tissue diagnosis (Claus et al. 2005; Hart
et al. 2005; Keles et al. 2006; McGirt et al. 2009;
Mirimanoff et al. 1985; Nitta and Sato 1995;
Vecht et al. 1990).

However, craniotomies are not without
inherent risks, be it surgical mortality (Barker
2004; Fadul et al. 1988; Lassen et al. 2011),
postoperative hematomas (Gerlach et al. 2004;
Kalfas and Little 1988; Lassen et al. 2011) or
infection (Lassen et al. 2011; Mahaley et al.
1989). With respect to surgical mortality, the
reported series are often of limited size (Sawaya
et al. 1998) and based on a selected patient
group (Paek et al. 2005). Furthermore, to ascer-
tain surgical deaths, either death before dis-
charge (in-hospital mortality) or within 30 days
of surgery is used, with the former missing
more than 25 % of surgery-related deaths and
creates potential for bias across institutions
(John D. Birkmeyer, personal communication).
With respect to intracranial hematomas, the
consequences are often devastating, with a
mortality rate of 30 % and a significant morbid-
ity rate (Palmer et al. 1994).

The Oslo University Hospital
Experience

A recent study by Lassen et al. (2011) of 2,630
consecutive craniotomies is the largest prospec-
tive series with regard to postoperative hemato-
mas after craniotomies for brain tumors. All adult
patients who underwent craniotomy for an intra-
cranial tumor at Oslo University Hospital in the

T.R. Meling et al.

time period 2003-2008 were reported and the
strengths of this study lie in the setting, design
and follow-up. The data were restricted to one
health centre, thereby reducing the possible con-
founding effect of differences in the access to
health care services between health centers and
avoiding the selection bias inherently present in
large multi-center studies. Furthermore, the data
were prospectively registered and included all
craniotomies performed for a histologically veri-
fiable brain tumor, leaving no selection bias. The
study is contemporary, thereby reflecting current
neurosurgical practice and was performed within
a relatively short time span, thereby reducing
confounding factors as changes in antibiotic pro-
phylaxis regimen or operating theatres. With
respect to data, only easily verifiable end points
(i.e., mortality, reoperation for hematomas) were
used. Lastly, follow-up was 100 %.

Clinical Setting

The defined neurosurgical catchment area for
Oslo University Hospital (OUH) is the south
and eastern health region of Norway. It has 2.7
million inhabitants (56 % of the Norwegian
population) and OUH treat approximately 99 %
of the neurosurgical tumor patients within this
region (The Norwegian Cancer Registry, unpub-
lished data). A total of 2,630 consecutive crani-
otomies at the Oslo University Hospital in the
time period 2003-2008 were included in this
study (Table 17.1). The mean age at surgery was
56 years (range 18-89 years), with a male-to-
female ratio of 1:1.06. Follow-up was 100 %.

Perioperative Craniotomy Routines

A consultant anesthetist should see all craniot-
omy patients preoperatively. Elderly patients
(>70 years) and patients on multiple medications
should routinely also seen by consultant internist,
to optimize the general medical condition and
medications. At our institution, patients with a
known heart condition are referred to cardiolo-
gist for cardiac ultrasound and ECG stress test.
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Table 17.1 Patients’ characteristics (n=2630)

N %
Patients 2,630 100
Sex
Male 1,275 48.5
Female 1,355 51.5
Age (years)
18-29.9 141 5.4
30-39.9 300 114
40-49.9 437 16.6
50-59.9 604 23.0
60-69.9 649 24.7
70-79.9 411 15.6
>80 88 33
Type of surgery
Primary 2,141 81.4
Second 489 18.6
Craniotomy
Resection 2,556 97.2
Open biopsy 74 2.8
Main histology
High-grade glioma (HGG) 830 31.6
Meningioma 693 26.3
Metastases 449 17.1
Low-grade glioma (LGG) 289 11.0
Schwannoma 73 2.8
Primary CNS-lymphoma 51 1.9
CNS hemangioblastoma 39 1.5
Cavernous hemangioma 38 1.4
Pituitary adenoma 8 0.3
Others 160 6.1

Patients with a past hematological history are
referred to a consultant hematologist. Aspirin,
dipyridamole and clopidogrel are stopped at least
10 days prior to surgery and when on anticoagu-
lation, the INR should be below 1.5. All patients
receive compressive stockings the day before sur-
gery and keep them until fully mobilized.
Postoperatively, the patients are observed in the
recovery for 3-6 h, whereafter they are trans-
ferred to a level 2 bed. After a craniotomy for a
supratentorial tumor, the patients are generally
observed for 24 h. For infratentorial tumors, the
length of observation is minimum 48 h Low-
molecularweight heparin is given the first postop-
erative day. The patients are mobilized either in
the afternoon at the day of surgery or on the first
postoperative day.

193

Incidence of Craniotomies

First-time craniotomies with primary resection
were performed in 2,073 cases, 483 cases were
reoperations with repeated resection, and 74
cases were open biopsies. Thus, the incidence of
first-time craniotomy for a brain tumor was
12.8/100,000 inhabitants per year and for a repeat
resection 3.0/100,000 inhabitants per year.

Surgical Mortality

The surgical mortality, defined as death within
30 days of surgery, was 2.3 % (n=60). In 21
cases, the cause of death was postoperative
hematomas (35.0 %). In the remaining patients,
the cause of death was either tumor progression
(35.0 %), infectious diseases (13.3 %), postop-
erative edema and subsequent herniation (6.7 %),
and other causes in 10 % (Table 17.2). Using
multivariate Cox regression analyses, age>60
(Odds ratio (OR) 1.84, 95 % CI (1.05, 3.22),
p<0.05) and biopsy compared to resection (OR
4.67,95 % CI (1.80, 12.14) p<0.01) were shown
to be significantly associated with increased sur-
gical mortality (Table 17.3).

Postoperative Hematomas
Requiring Recraniotomy

A postoperative hematoma was surgically evac-
uated in 54 patients (2.1 %) (Table 17.4). Of
these, 23 (42.6 %) were intra-cerebral (ICH), 13
(24.1 %) were acute epidural (EDH), 2 (3.7 %)
were acute subdural (aSDH), 4 (7.4 %) were
intracerebellar, 1 (1.9 %) was in the brain stem,
8 (14.8 %) were chronic subdural hematomas
(cSDH), and 3 (5.6 %) were subcutaneous (SC)
(Table 17.4).

Risk Factors for Reoperation

for Postoperative Hematomas

Using multivariate Cox regression analyses,
age>60 was shown to be significantly associated
with increased risk of developing postoperative
hematoma (OR 2.43 95 % CI (1.35,4.39),
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Table 17.2 Surgical mortality: patients who died within 30 days of tumor surgery (n=60)

Age
43
29
41
41
48
49
54
56
60
64
64
65
66
67
67
69
74
75
75
76
76
77
81
82
84
32
48
68
62
75
78
31
55
73
77
79
83
83
35
40
45
46
49
49
52
53

Sex

e R-diesRicc Rie Ries M- QK- AE-dE-dic Il Mies BE-die B -d - ie- e Bi-qiies Ries Rie -l Dl Ries Rie s Rie s RI-Gl-qlies Ries R HE-dlie - lie o RIS

Histology®
Hemangioblastoma
HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

LGG

LGG

LGG
Lymphoma
Lymphoma
Lymphoma
Melanocytoma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis

Op.type®

ARAIMARAIAARAIAAIARRAARI AR ARSI AR AARIAIAIAIOWAIAIARI AR AR AIAR AR

Time*

3
17
13

3
10
11

2

8
30
17

4
22
24

5
19
29
30
11
22
15

4

8
28
21
14
17
18
24
12
13
26
11

6
11

4
12
15
29
12
27

4

9
25
26

6

5

Comments
Postop. hematoma
Tumor progression

Postop. brain edema/herniation

Postop. hematoma
Pneumonia

Tumor progression
Tumor progression
Postop. hematoma
Postop. hematoma
Tumor progression

Postop. brain edema/herniation

Postop. hematoma
Tumor progression
Tumor progression
Tumor progression
Tumor progression
Tumor progression
Postop. hematoma
Tumor progression
Postop. hematoma
Postop. hematoma
Postop. hematoma
Tumor progression

Pulmonary embolism

Postop. brain edema/herniation

Shunt failure
Pneumonia
Postop. hematoma
Tumor progression
Tumor progression
Tumor progression
Tumor progression

Postop. brain edema/herniation

Postop. hematoma
Postop. hematoma
Postop. hematoma
Pneumonia
Cardiac arrest
Tumor progression
Pneumonia
Postop. hematoma
Hydrocephalus
Postop. hematoma
Postop. hematoma
Postop. hematoma
Tumor progression

(continued)
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Table 17.2 (continued)

Age Sex
56
60
61
61
62
62
65
71
73
77
78
81
48
69

M male, F female

EEMEMEAMMZLETERER

Histology®
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Pituitary adenoma
Pituitary adenoma

o
o
-
<
=)
a

-

ARAIMAAIMAARIAIARIARIAA

“Histology: HGG high-grade glioma, LGG low-grade glioma
®Op. type =resection (R) or biopsy (B)
‘Time =time to death in days after primary surgery

Table 17.3 Univariate and multivariate analysis of factors possibly associated with surgical mortality and surgery for
postoperative hematoma

Age>60

No/Yes

Sex
Male/Female
Primary Op
Primary/secondary
Operation
Resection/Biopsy
Observations
Pseudo-R?

H-L test

30 day mortality
Univariate

QOdds ratio (95 % CI)
227
[1.34,3.86]
0.94
[0.56,1.57]
0.77
[0.38,1.57]
4,93
[2.16,11.26]

Multivariate

0dds ratio (95 % CI)
1.84°
[1.05,3.22]
1.09
[0.64,1.84]
1.01
[0.48,2.13]
467"
[1.80,12.14]
2,557

0,064
p=0.66

Time*

30
12
19
29
22
25
24
19
29
25
16

Comments
Cardiac arrest
Postop. hematoma
Postop. hematoma
Pneumonia

Tumor progression
Postop. hematoma
Sepsis

Tumor progression
Sepsis

Tumor progression
Subdural empyema
Tumor progression
Cerebral infarction
Postop. hematoma

Postop hematoma

Univariate

0dds ratio (95 % CI)

2427
[1.38,4.26]
0.94
[0.55,1.61]
0.99
[0.50,1.99]

a

HGG high grade glioma, LGG low grade glioma, H-L hosmer-lemeshow
"p<0.05; “p<0.01; *"p<0.001
“Insufficient events in one of the contrasting categories to calculate odds ratio

p<0.001) (Table 17.3). Neither sex, resection
versus biopsy, primary versus secondary crani-
otomy, nor tumor type were significantly asso-
ciated with risk of developing postoperative

hematoma.

Multivariate

243"
[1.35,4.39]
0.94
[0.54,1.64]
1.14
[0.56,2.31]

a

2,523
0,025
p=0.78

Time to Reoperation
for Postoperative Hematomas

QOdds ratio (95 % CI)

The surgically evacuated hematomas were
reoperated within 6 h. in 11 cases (20.4 %),

within 12 h in 14 cases (25.9 %), within 24 h in
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Table 17.4 Patients reoperated for postoperative hematoma (n=>54)

Age
63
65
43
77
31
33
34
46
48
55
57
58
65
70
72
75
76
76
76
77
81
51
60
52
51
52
54
60
67
69
69
69
70
70
71
75
76
78
78
80
45
49
52
54
61
63
68

Sex

Histology?
Carcinoma
Carcinoma
Hemangioblastoma
Hemangioblastoma
HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

HGG

LGG

LGG
Melanocytoma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis
Metastasis

Location®
SC

EDH
Brain stem
Cerebellum
ICH

cSDH
Cerebellum
EDH

ICH

ICH

cSDH

ICH

ICH

EDH

EDH

ICH

SC

ICH

ICH

EDH

EDH

EDH

ICH

EDH

EDH
aSDH

ICH

ICH

ICH

ICH

cSDH

ICH

SC

cSDH
Cerebellum
ICH

ICH

ICH

cSDH
cSDH

ICH

ICH

EDH

EDH
Cerebellum
ICH

ICH

Time to reop. (hh:mm)*
19:45
69:53
28:35
47:04
14:15
107 days
152:57
26:22
01:36
06:20
43 days
44:10
16:58
74:25
02:50
01:35
03:15
30:38
04:12
07:57
30:17
46:06
27:35
42:45
48:50
10 days
93:35
02:20
14:20
01:45
47 days
22:00
06:20
73 days
22:20
167:45
03:27
03:40
383 days
13 days
45:20
26 days
17:41
53:07
38:05
32:40
03:40

Outcome!
NAD
Minor
Death
NAD
NAD
NAD
Minor
NAD
Minor
Minor
NAD
NA
Death
NAD
Minor
Death
NAD
Minor
Death
Death
Minor
Minor
NAD
NAD
NAD
NAD
Major
Minor
Minor
NAD
NAD
Minor
NAD
NAD
Major
NA
Major
Minor
Death
Minor
Death
Death
Death
NAD
Death
Minor
Minor
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Time to death (days)®

22

11

390

26

30

(continued)
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Table 17.4 (continued)

Age  Sex  Histology® Location® Time to reop. (hh:mm)°  Outcome!  Time to death (days)®
72 F Metastasis EDH 04:15 NAD

73 F Metastasis cSDH 68 days NAD

73 M Metastasis ICH 47:17 Death 54

62 M Pituitary adenoma ICH 58:10 Major

69 M Pituitary adenoma aSDH 45:15 Death 9

69 M Pituitary adenoma c¢SDH 107 days Minor

46 M Schwannoma EDH 61:08 NAD

M male, F female

“Histology: HGG high-grade glioma, LGG low-grade glioma
®Location of hematoma: SC subcutaneous hematoma, EDH epidural hematoma, aSDH acute subdural hematoma, cSDH

chronic subdural hematoma, /CH intracerebral hematoma

“Time =time of reoperation in hours and minutes after primary surgery
dOutcome =hematoma-inflicted disability: NAD no additional disability, Minor minor additional disability, Major major

additional disability, NA no information available

*Time to death=time from tumor surgery to death, when caused by the hematoma

21 cases (38.9 %), within 48 h in 35 cases
(64.8 %), and within 72 h in 40 cases (74.1 %)
(Table 17.4). Four patients were operated
between day 3 and day 7 after surgery, three
patients were operated between day 7 and day
30, and seven patients after 30 days of surgery.
All seven in the latter group were cSDH.
Excluding the ¢cSDHs, the median time from
tumor surgery to reoperation for hematoma was
1 day (mean 2.2 days, range 0-26).

Consequences of Postoperative
Hematoma

Twenty patients (37.0 %) had no additional dis-
ability, 16 (29.6 %) had minor additional disabil-
ity, 4 (7.4 %) had major additional disability, and
12 (22.2 %) died due to their hematoma. Long-
term data are inconclusive for two patients
(3.7 %). Six out of twenty-three (26.1 %) patients
with ICH died, while 2/13 (15.4 %) patients with
EDH died (p>0.05) (Table 17.4).

Discussion

The incidence of surgical mortality after craniot-
omy for tumors is reported to be between 0 % and
9.6 %, varying with the diagnosis (Barker 2004;
Barker et al. 2005; Boviatsis et al. 2007; Brell et al.
2000; Chang et al. 2003; Cowan et al. 2003; Curry

et al. 2005; Lassen et al. 2011; Long et al. 2003;
Morokoff et al. 2008; Sawaya et al. 1998; Stark
et al. 2005). Long et al. (2003) reported a mortality
rate at high-volume hospitals (>50 craniotomies/
year) of 2.5 % after craniotomy for various intra-
cranial tumors, both benign and malignant. Barker
et al. (2005) reported in their series of primary
supratentorial brain tumors a mortality rate of 2.9 %.
However, both these studies were in-hospital mor-
tality rates, whereas Lassen et al. (2011) reported a
30-day mortality rate of 2.3 %.

The causes of surgical mortality include com-
plications to surgery and factors not directly
related to surgery, as well as other factors, like
tumor progression or other morbidity. Several
risk factors are associated with increased hazard
of death, e.g. advanced age (Barker 2004; Barker
et al. 2005; Cowan et al. 2003; Lassen et al. 2011;
Sawaya et al. 1998), a low preoperative KPS
score (Sawaya et al. 1998), and comorbidity
(Barker 2004; Barker et al. 2005). Several of the
complications are avoidable, and should be paid
close attention to.

Postoperative hematomas carry a high mortal-
ity rate (Palmer et al. 1994). Lassen et al. (2011)
suspected hematomas to be the cause of, or
significant contributor to, 35 % of the deaths
within 30 days of surgery. Consequently, avoid-
ing hematomas is the single most important fac-
tor to reduce surgical mortality.
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Pulmonary embolism (PE) has an incidence
rate of between 1.5 % and 3 %, and a mortality rate
between 9 % and 50 %, and is a frequent cause of
death among neurosurgical patients (Danish et al.
2004). In our study, one patient died from a PE
postoperatively. The prevention of PE in neurosur-
gical patients is contentious, as the commonly
used medical prophylaxis, i.e., unfractioned or
low-molecular-weight heparin, may increase the
rate of intracranial bleeding, with its deleterious
effects (Danish et al. 2005). Danish et al. showed
that mechanical prophylaxis yields outcomes in
craniotomy patients superior of those of heparin
(Danish et al. 2005), but the field remains contro-
versial. Patients with a past hematological history
should be referred to a consultant hematologist for
a preoperative assessment. All patients should
have compressive stockings the day before sur-
gery and keep them until fully mobilized. Low-
molecular-weight heparin can be administered the
first postoperative day. Importantly, the patients
should be mobilized very early, either the same
afternoon or on the first postoperative day (Lassen
et al. 2011). Age is an independent risk factor for
surgical mortality. Still, age should not be used as
a selection criterion for surgery for intracranial
tumors alone (Rogne et al. 2009). A careful selec-
tion among patients with a low preoperative KPS
score and with comorbidity should be carried out
to lower operative mortality rates.

Postoperative Hematomas Requiring
Reoperation

In our series, we found a rate of postoperative
hematomas of 2.1 % (Lassen et al. 2011). This
includes three subcutaneous hematomas and
eight cSDH. Other studies have reported a hema-
toma rate of 0.6-4.0 % (Barker et al. 2005;
Boviatsis et al. 2007; Brell et al. 2000; Chang
et al. 2003; Curry et al. 2005; Morokoff et al.
2008; Rabadan et al. 2007; Rogne et al. 2009;
Sawaya et al. 1998; Stark et al. 2005).

Risk Factors
Advanced age is significantly associated with
development of postoperative hematoma, in both
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uni- and multivariate analyses (Lassen et al.
2011). This finding is supported by other studies
(Boviatsis et al. 2007; Gerlach et al. 2004; Palmer
et al. 1994) and has been attributed to tissue fra-
gility observed in the elderly (Danish et al. 2005).
Palmer et al. (1994) showed in their series of
6,668 intracranial procedures an increased risk of
postoperative hematoma for meningiomas com-
pared with intrinsic tumors.

In the aforementioned series, Palmer et al.
(1994) identified several risk factors associated
with postoperative hematoma, including throm-
bocytopenia, anticoagulants, a history of heavy
alcohol intake, coagulopathy, malignancy outside
the central nervous system, and the administra-
tion of antiplatelet agents during the 2 weeks pre-
ceding surgery. Administration of antiplatelet
agents was the most frequent risk factor, being
used by 43 % of those reoperated for hematoma
(Palmer et al. 1994).

Mortality Rate of Postoperative
Hematomas

The reported mortality rate of postoperative
hematomas is 18-32 % (Basali et al. 2000; Palmer
et al. 1994; Taylor et al. 1995). In our prospective
study, we found a mortality rate of 22 %, with an
additional 2 % being severely disabled due to the
hematoma (Lassen et al. 2011). Consequently,
postoperative hematomas may have deleterious
consequences and it is utmost important to reduce
or eliminate as many risk factors as possible, and
thereby reducing the incidence of postopera-
tive hematomas. Vassilouthis et al. (1999) indi-
cated in their series of 526 patients undergoing
craniotomy, that the incidence of postoperative
intracranial hematoma should become negligible,
provided that necessary modifications regarding
anesthesia are adopted. Their strict anesthesio-
logical protocol included a deep opioid analgesia
to eliminate any acute elevations of the arterial
pressure during and immediately after craniot-
omy. Furthermore, emergence from anaesthesia
was delayed for an average of 1 1/2-2 h following
the neurosurgical procedure. Even though postop-
erative hematomas occur rarely, more studies on
how to avoid them are needed, as the conse-
quences of them are often devastating.
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Timing of Postoperative Intracranial
Hematoma Development

Taylor et al. (1995) reported a 2.2 % rate of post-
operative hematomas in their series of 2,305
patients undergoing intracranial surgery of mis-
cellaneous reasons. Clinical deterioration as a
result of postoperative hematoma occurred within
6 h. of surgery in 88 % of the cases and<24 h
after surgery in the remaining 12 % hematoma
cases. They concluded that a 6-h observation
period in the recovery area/intensive care unit
after craniotomy before transfer to further nurs-
ing on a neurosurgical ward should be sufficient
for most patients, but they recommended longer
observation times after emergency craniotomies
and posterior fossa surgery. In our series, only 11
patients (25 %) were reoperated within 6 h, indi-
cating that a 6 h. observation period in recovery
may be insufficient to sift out the majority of the
patients in need of emergency surgery for a post-
operative hematoma. However, close observation
on a specialized neurosurgical ward may over-
come this problem. Furthermore, our results indi-
cate that a patient undergoing a craniotomy
should be observed closely for a total of at least
48 h postoperatively, as 80 % of our patients that
needed a recraniotomy for postoperative hema-
toma are operated within 2 days.

In conclusion, the mortality rate, rate of post-
operative hematomas and infections were low.
Although advanced age was significantly associ-
ated with a higher 30-day surgical mortality and
risk of postoperative hematomas, surgery in
selected elderly patients is worthwhile and not
futile. The single most important way to reduce
surgical mortality is avoidance of postoperative
hematomas.
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Abstract

Pituitary adenomas are the most common
sellar pathology. They can be classified
according to size (micro vs. macroadenomas)
and according to endocrine function (active
vs. inactive). Indications for surgical removal
include macroadenomas causing compression
of neighboring structures and endocrine-active
adenomas that cause detrimental systemic
effects, as seen in acromegaly and Cushing’s
disease. The majority of pituitary tumors can
be safely and effectively removed through an
endonasal, transsphenoidal route. Historically,
this procedure has been performed under
microscopic visualization; however, the recent
emergence and evolution of endoscopic tech-
niques have gained acceptance among skull
base surgeons managing these lesions. The
endoscope may be used as the sole source
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of visualization or as an adjunct in the micro-
scopic approach. Its increased luminosity and
angled profile grants the surgeon the possibility
of visualization of lateral and posterior com-
ponents of the sellar compartment, a feature
particularly useful in macroadenomas invad-
ing the cavernous sinuses. In this chapter we
describe the surgical technique, indications
and complication avoidance strategies of the
microscopic, endoscope-assisted transsphe-
noidal removal of pituitary adenomas.

Introduction

Pituitary adenomas are among the most common
intracranial neoplasms. Their surgical resection
is reserved for those cases in which the tumor is
endocrine active and not responsive to primary
drug therapy, as seen in acromegaly (Hardy and
Somma 1979; Jane et al. 2001) and Cushing’s
Disease (Cushing 1912; Laws et al. 2002; Kelly
2007); as well as endocrine inactive tumors that
have reached significant size (macroadenomas,
larger than 10 mm in diameter) and are causing
compression of neighboring structures, espe-
cially the optic chiasm.

The most common surgical route utilized in
the resection of pituitary tumors, regardless of
their size, is the transsphenoidal approach
(Wilson and Dempsey 1978; McDonald and
Laws 1982; Liu et al. 2001; Jane et al. 2002;
Prevedello et al. 2007). Through the nasal cor-
ridor and the sphenoid sinus, the surgeon has
ample access to the sella turcica, the suprasellar
region, the parasellar cavernous sinuses and the
infrasellar clivus. This approach can be per-
formed under microscopic (Fatemi et al. 2008a)
or endoscopic visualization (Jho and Carrau
1997), or even a combination of both (Kawamata
et al. 2002a, b; Powell 2009). Although most
neurosurgeons are more familiar with the micro-
scope, recent technology advances have popu-
larized the use of the endoscope in endonasal
skull base surgery (Kassam et al. 2004, 2005a, b),
particularly in pituitary surgery. As a technical
adjunct to the microscope, the endoscope’s
angled view is particularly useful in following
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extensions of tumor into the parasellar cavern-
ous sinuses (Frank and Pasquini 2002, 2006)
and the suprasellar space; its increased luminos-
ity is also superb during sellar inspection and to
confirm total removal of the pituitary tumor
(Spencer et al. 1999; Catapano et al. 2006;
Frank et al. 2006; Dehdashti et al. 2008;
Rotenberg et al. 2010). Although the use of the
microscopic endonasal approach for pituitary
adenomas clearly appears to be on the decline
given the increased success and popularity of
the fully endoscopic approach, it remains a via-
ble approach for pituitary tumors with a long
track record of safety and success. Based on our
recent experience, the microscopic approach is
greatly enhanced with the use of endoscopic
visualization (McLaughlin et al. 2012). In this
chapter, we describe the surgical technique for
the microscopic, endoscope-assisted transsphe-
noidal resection of pituitary adenomas.

Patient Selection

Virtually every pituitary adenoma can be surgi-
cally treated through the transsphenoidal route;
transcranial approaches are reserved for removal
of extra-sellar masses in giant multi-compartment
adenomas.

Surgical Technique
Patient Positioning and Preparation

The patient is positioned supine after general
anesthesia, with the head resting on a horseshoe
head-holder. The surgeon takes position along
the patient’s right side; hence, the endotracheal
tube is secured towards the left side of the mouth
S0 as to prevent any obstacle to the insertion of
instruments in the patient’s nostrils. The head is
tilted slightly to the left with no neck extension.
The patient receives preoperative intravenous
prophylactic antibiotics, typically a first genera-
tion cephalosporin, during anesthetic induction.
Glucocorticoids are only used in patients with
adrenal insufficiency. The patient’s face and abdo-
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men (in case a fat graft is required) are prepped
and covered with sterile fields; only the nasal
aperture is exposed. Although the face receives
a topical antibiotic, no solutions are used in the
nasal cavity.

The entire procedure takes place under
frameless stereotactic navigation, with merged
Computed Tomography (CT) and Magnetic
Ressonance Imaging (MRI) studies. This tool is
particularly useful in patients with previous
transnasal operations (Lasio et al. 2002) and in
tumors with extensive cavernous sinus invasion
and internal carotid artery (ICA) involvement.

Microscopic Transsphenoidal
Approach

The initial transnasal approach to the sphenoid
sinus takes place under direct microscopic visu-
alization. Given the surgeon’s position along the
patient’s right side, typically the right nostril is
utilized for the approach. However, either nostril
can be used; the patient’s nasal anatomy (presence
of a hypertrophic turbinate, septum deviation)
and tumor features (size, cavernous sinus inva-
sion) will ultimately dictate this choice. Pituitary
adenomas that project towards a specific side of
the sella and ipsilateral cavernous sinus may be
more easily accessed through the contralateral
nostril, across the midline.

During the initial approach, the surgeon inserts
a hand-held speculum into the nostril; the inferior
and middle turbinates are visualized, as well as the
choana and the floor of the nasal cavity. Although
the local anatomy may vary greatly among patients,
the relation between the head of the middle turbi-
nate and the apex of the choana as landmarks to the
rostrum of the sphenoid sinus is particularly con-
stant. The middle turbinate is out-fractured and lat-
erally displaced. The blades of the speculum are
moved posteriorly until the junction of the septum
and the rostrum of the sphenoid sinus is reached;
the mucosa along this junction is cauterized and the
keel of the sphenoid is exposed. A Cottle dissector
is used to elevate the mucosa from the keel and
separate the posterior septum from it; the tips of the
speculum blades are then pushed toward the con-
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tralateral nasal cavity to displace the proximal sep-
tum off the midline, thus exposing the contralateral
sphenoid keel. The speculum is reopened provid-
ing a view of the entire sphenoid keel and ostia,
which should be seen at approximately the 10 and
2 o’clock positions.

At this point, the hand-held speculum is
replaced by a self-retaining short trapezoidal
speculum (Fatemi et al. 2008b) and the angle of
the trajectory to the sella is confirmed by naviga-
tion. Next, an ample bilateral sphenoidotomy is
performed with Kerrison roungers until the sella,
tuberculum sellae, bilateral carotid impressions
and clivus can be visualized. We recommend that
bone removal of the sphenoid rostrum be extended
superiorly to the ethmoid cells and inferiorly to
the floor of the sphenoid sinus to ensure adequate
exposure and to facilitate instrument placement
and movement throughout the procedure.
Furthermore, Mattozo et al. (2006) have found
that insufficient sphenoid removal and sellar
exposure are directly related to incomplete tumor
removal and should, therefore, be avoided
(Mattozo et al. 2006). Finally, sphenoid septa-
tions must be removed to complete the sellar
exposure. As Fernandez-Miranda et al. (2009)
demonstrated, the majority of these septations are
inserted into the bony prominences of the para-
clival and parasellar portions of the ICA
(Fernandez-Miranda et al. 2009); for this reason
we find that drilling is safer than their blunt
removal with Kerrison roungers.

The mucosa overlying the sellar anterior
surface is removed; the remaining mucosa along
the sphenoid sinus walls can be spared to prevent
excessive crusting in the postoperative period.
The sellar bone is then carefully drilled down to
egg-shell thickness and removed until the dark
colored dura of both cavernous sinuses and of
the superior and inferior circular sinuses can be
seen. In patients with macroadenomas with
suprasellar extension the tuberculum sellae is
also removed. Any drilling performed close to
the optic nerves and chiasm impressions is accom-
panied by copious irrigation to prevent heat
damage to these structures.

Once the dura is fully exposed, Doppler probes
are utilized to safely recognize the position and
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course of both ICAs (Dusick et al. 2007). Typically,
the point of greater risk of injury to the ICAs is
located at their medial course from the parasellar
cavernous portion into the intracranial compart-
ment, at the height of the tuberculum sellae. If the
Doppler probe does not satisfactorily detect the
ICAs, further bone removal is performed until so.

The dura is opened in “U” shape, with special
care not to transgress the tumor’s pseudo-capsule
or the normal pituitary tissue. The dura is then
detached from the sellar contents with micro-
dissectors and the opening enlarged in any direc-
tion that may facilitate tumor removal, avoiding
transgression of the cavernous sinuses and of the
superiorly located sellar diaphragm.

Tumor Removal

Initial tumor removal is also performed under
microscopic visualization. Whenever possible
and especially in microadenomas, an attempt is
made to locate and dissect the plane between the
tumor’s pseudo-capsule and the surrounding
healthy pituitary tissue (Oldfield and Vortmeyer
2006); this will help ensure gross total tumor
removal; an essential goal in endocrine active
tumors (Jagannathan et al. 2009).

In large macroadenomas this technique may
not be feasible; the tumor is subsequently incised
and debulked inferiorly initially. By removing
the inferior pole of tumor first, the superior-
lateral gland-tumor interface can often be better
preserved. If invasion of the cavernous sinus is
present, debulking of the sellar component is per-
formed before the endoscope-assisted portion of
the procedure begins and the lateral segment of
the tumor is pursued. If the tumor presents with
significant suprasellar extension, further opening
of the dura cranially across the region of the
tuberculum sellae may be necessary, especially if
the tumor is of fibrous consistency. On occasion,
excessive venous bleeding from the superior cir-
cular sinus may be present, requiring coagulation
or hemostasis with Surgifoam. Soft tumors, how-
ever, will usually deliver themselves, pushed by
the brain’s pulsation, into the sellar compartment
once their caudal segment has been resected.
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Nevertheless, care must be taken not to address
the most cranial segment of the lesion early dur-
ing tumor removal, as this will cause the sellar
diaphragm to collapse over the surgical field,
increasing the difficulty of the dissection and the
likelihood of a cerebrospinal fluid (CSF) leak.

Endoscope Assistance

Once a thorough tumor removal has been accom-
plished with the microscope, the endoscope is
introduced to help visualize residual tumor not
seen with the microscope. Although the endo-
scope is generally more useful for larger mac-
roadenomas, our experience suggests that in up
to 20 % of microadenomas, residual tumor that
can be removed may be seen (McLaughlin et al.
2012). To take full advantage of endoscopic
visualization and allow two-hand microscopic
dissection, an assistant should control the endo-
scope. Although a fixed endoscope holder can
be used, it does not allow rapid and dynamic
alterations in view to be accomplished and can be
quite limiting. The speculum may be kept in place
or removed to facilitate endoscope and instrument
maneuverability; if a bi-nostril approach is desired,
however, the laterally displaced mucosa that once
covered the sphenoid rostrum must be incised to
allow passage into the sinus.

Initially, the 0° endoscope is introduced and
the sellar cavity is inspected for tumor remnants.
The 30° and 45° endoscopes are then used and
rotated laterally to allow direct visualization of
the medial cavernous sinus wall and of the area
directly posterior to it, a common site of invasion
and where residual tumor can often be found.
Tumor invading the cavernous sinus wall can be
removed; the ensuing venous bleeding will signal
that the majority of tumor tissue has been res-
sected and can be controlled by direct application
of Surgifoam. Furthermore, one must be cautious
while entering the cavernous sinus since com-
plete removal in the setting of extensive cavern-
ous invasion is unlikely while posing significant
risk of injury to the cranial nerves that are lateral
to the cavernous carotid. The endoscope is also
rotated upward to examine the sellar diaphragm
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and the suprasellar cistern; when the diaphragm
is collapsing into the sella a simple g-tip or
cottonoid can be used as a retractor to suspend
the arachnoid layer and allow inspection (Prevedello
et al. 2010). Resection of residual tumor is accom-
plished by a combination of suction and dedicated
endonasal instruments, including angled dissectors
and micro-forceps.

Hemostasis

After tumor removal is achieved to satisfaction,
the endoscope is removed and the microscope is
reintroduced. The nasal cavity is irrigated with
copious amounts of warm saline to clear any
debris and to stimulate local coagulation factors.
The cavernous sinuses are inspected for bleeding
and the sellar diaphragm is checked for CSF
leakage. Venous bleeding from the sinus and sel-
lar cavity can be controlled through direct
Surgifoam application or use of other similar
hemostatic agents. Full-strength hydrogen perox-
ide can also be irrigated into the sella 30-60 s for
hemostasis provided there is not a large diaphrag-
matic defect. We have found this to be effective
and safe in terms of pituitary gland function
(Fatemi et al. 2008c). Persistent bleeding from
sources other than the sinuses may indicate resid-
ual tumor and must be carefully evaluated
(Kassam et al. 2005a, b).

Skull Base Closure and CSF Leak
Repair

As recently described (Esposito et al. 2007), skull
base reconstruction and CSF leak repair can be
tailored to the size of the CSF leak and bony and
dural defects. Prior to reconstruction, an assess-
ment of the size of the diaphragmatic defect is
performed. If no obvious defect is seen, a Valsalva
maneuver is induced to help visualize an occult
or small (Grade 1) CSF leak emanating through a
small diaphragmatic defect.

All repairs involve use of collagen sponge
(Duragen, Integra Corp., Plainsboro, NJ; Helistat,
Integra Corp., Plainsboro, NJ or Instat, Ethicon
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Inc., Somerville, NJ), as part of the repair, which
acts as a scaffolding for fibroblast in-growth, and
a vascularized dural replacement(Kleinman et al.
1981; Narotam et al. 1993, 1995; Kelly et al.
2001). In patients with no CSF leak (Grade 0), a
single layer of minimally moistened collagen
sponge placed over the exposed diaphragma sel-
lae, pituitary gland and sellar dura, is typically
used as the only repair material. For most small
(Grade 1) CSF leaks, the repair includes intrasel-
lar collagen sponge with a second outer layer of
collagen sponge that extends out along the para-
sellar bone. In some cases, an intrasellar, extradu-
ral buttress of septal bone, titanium mesh or
synthetic plate (Lactosorb, Biomet, Jacksonville,
FL, or Medpor TSI Implant, Porex Corp.,
Fairburn, GA) is also used. The repair is typically
held in position with a small amount of tissue
glue. For medium (Grade 2) CSF leaks or Grade
1 leaks with a large intrasellar dead space, the
repair includes an intrasellar abdominal fat graft
and a layer of collagen sponge typically followed
by a buttress as described above, placed in the
intrasellar extradural space. Additional fat is typi-
cally placed over the sella followed by another
layer of collagen; the construct is held in position
with tissue glue. In some recent cases of Grade 1
and 2 leaks, no buttress has been used and instead
the repair with collagen sponge with or without a
fat graft has been reinforced only with tissue
glue. Such patients are also placed on Diamox
(acetazolamide) 250 mg, every 8 h for 48 h after
surgery to diminish CSF production. Although
this is anecdotal, to date, this simplified repair
method without a rigid buttress appears to have a
high success rate in select cases. To further assess
the adequacy of the repair, prior to placing tissue
glue, the anesthesiologist is asked to perform a
Valsalva maneuver to raise the patient’s intracra-
nial pressure; should there be CSF streaming
around the repair or movement of the buttress,
the repair should be revised.

For the large (Grade 3) defects, typically
seen with extended suprasellar or trans-clival
approaches, the repair construct is similar to
the Grade 2 repair, and a lumbar drain for CSF
diversion is often also placed for 48 h. Grade 3
leaks, however, are uncommon after adenoma
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lllustrative Cases
Case 1

A 51 year-old man presented with headaches, low energy and visual loss. Upon examination he
was noted to have a mild bitemporal hemianopsia. Sellar MRI revealed a 3 x4 cm invasive mac-
roadenoma with extension into the sphenoid sinus and chiasmal compression (Fig. 18.1a, b, c).
Hormonal testing revealed mild hyperprolactinemia (25.7 ng/mL, reference 3—19 ng/mL), hypo-
thyroidism and low testosterone (30 ng/dL, reference 47—244 ng/dL). He underwent endonasal
microscopic adenoma resection with endoscopic assistance (Fig. 18.2). After maximal tumor
removal under microscopic visualization, the endonasal speculum was removed and using a 0°
and then a 45° endoscope, additional small remnants of tumor along the undersurface of the
compressed pituitary gland were removed. His post-operative MRI confirmed a gross total tumor
resection. Post-operatively, his headaches resolved, vision normalized and his hypogonadism and
hypothyroidism resolved (Fig. 18.1d, e, f).

Fig. 18.1 Case 1 (a—f): Preoperative axial (a), coro-  sinus. Postoperative day #1 axial (d), coronal (e) and
nal (b) and sagittal (¢) T1 weighted contrast MRI  sagittal (f) T1 weighted post-contrast MRI shows
showing a giant adenoma with moderate suprasellar  gross total tumor removal and pituitary gland
extension and almost complete filling of the sphenoid  re-expansion
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Fig. 18.2 (a-h): Intraoperative images of the endo-  sinus wall as seen with microscopic view (f). A 0°
nasal tumor removal described in case 1. Microscopic  endoscopic view after further tumor removal (g) and a
(a) and endoscopic (b) views of the sellar dura, with  45° endoscopic view of postero-superior sellar cavity
superior tumor eroding through dura (*). Navigational ~ (h), where tumor remnants were removed from below
images (c, d and e) with pointer along right cavernous  compressed gland (*)
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Case 2

A 19 year-old woman with infrequent menses since adolescence was found to have an elevated
prolactin of 171 ng/ml (normal range 5-23 ng/ml). Pituitary MRI revealed a 15 mm predomi-
nantly cystic sellar mass with severe gland compression and evidence of subacute and chronic
hemorrhagic changes (Fig. 18.3a, b). Given the hemorrhagic nature of this presumed macrop-
rolactinoma, she underwent endonasal tumor removal (Fig. 18.4). After maximal tumor
removal with the microscope, the endoscope revealed no obvious residual adenoma. Her pro-
lactin level decreased to 21 ng/ml on post-operative day #1 and no residual tumor was seen on
postoperative MRI. At 13 months after surgery, her menstrual periods were normal, she had no
galactorrhea and her MRI showed no obvious adenoma (Fig. 18.3c, d). However, her prolactin
level had gradually increased to 43 ng/ml. She was consequently started on a low dose of cab-
ergoline (0.25 mg twice weekly) and continues to do well.

Fig.18.3 Case 2 (a—d): Preoperative coronal (a) and pushed superiorly and posteriorly. Postoperative
sagittal (b) T1 weighted post-contrast MRI showing  coronal (c¢) and sagittal (d) T1 weighted contrast
a hemorrhagic pituitary adenoma with leftward pitu-  MRI showing gross total tumor removal with midline
itary stalk deviation and the normal pituitary gland pituitary stalk
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Fig.18.4 (a—e): Intraoperative images of the endona-
sal removal or hemorrhagic prolactinoma described in
case 2. Microscopic (a) and endoscopic (b) views of
the bone window and sellar dura on the posterior sur-
face of the sphenoid sinus. Observe the panoramic
view afforded by the 0° endoscope (b). Once the dura
is incised under microscopic visualization (c), tumor

removal unless they are extensively invasive
above the diaphragma sellae. It is important to
note that use of tissue glue in this repair para-
digm is not for stopping egress of CSF per se
but more to prevent migration of the construct
materials (fat and collagen) away from the
sella.

After skull base reconstruction, the self-
retaining speculum is removed and the hand-
held speculum is brought back into place. The
middle turbinate is medialized and the septum is
returned to the midline. Both nostrils are
inspected for mucosal bleeding, which is easily
cauterized. No nasal packing is used. Care is
taking during extubation to prevent coughing
and gagging, which can displace the sellar clo-
sure and cause mucosal bleeding.

tissue (*) is removed. The dural opening is then wid-
ened to facilitate complete tumor removal (d). The 30°
endoscope is brought in at the end of the procedure (e)
to inspect the sellar cavity and the areas posterior to
the ICAs and lateral sellar compartments, towards the
cavernous sinuses. No residual tumor was seen with
endoscopic inspection
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This is especially the case of 3rd ventricle
colloid cysts, for which endoscopy has become
the first choice treatment in a lot of neurosurgical
units. Finally, most CSF-cysts (arachnoid,
choroid, ependymal, post-surgical, post-
hemorrhagic) may be endoscopically treated
thus avoiding open surgery or cysto-peritoneal
shunting.

Introduction

The modern armamentarium to manage cerebral
tumors cannot prescind from Neuroendoscopy.
Following the pioneer attempts of the first
decades of the past century, neuroendoscopy
received a new boost in 1978 thanks to the paper
by Fukushima (1978) who first reported biopsy
of intraventricular tumors under direct endo-
scopic visualization. In the meantime, the endo-
scopic third ventriculostomy (ETV) progressively
became the method of choice to face with
obstructive hydrocephalus. Precedent manage-
ment of intraventricular tumors with hydrocepha-
lus included CSF diversion, stereotactical biopsy
and/or microsurgical excision often followed by
ventriculoperitoneal shunting. However, this
approach resulted often problematic because
multiple procedures were needed, the risks of
infection and shunt malfunction were not negli-
gible, and there was the possibility of extra-
cranial tumor dissemination through the shunt.
Therefore, neuroendoscopy became very popular
since it allows tumor biopsy and hydrocephalus
management during the same procedure with vir-
tually no risk of infection. The availability of fra-
meless image-guided techniques to be interfaced
with the neuroendoscope further refined the tech-
nique. The recent technological improvements are
providing via via thinner endoscopes with better
quality of visualization (the 3D endoscope is
already reality); sophisticated endoscopic tools
and instruments (such as dedicated laser beam
and ultrasonic aspirators) are now available to
handle any type of tumors; more precise, versa-
tile and friendly neuronavigators permit multiple
safe trajectories and easy instant-by-instant
localization.
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Accordingly, today indications to neuroen-
doscopy go beyond the simple biopsy of
intraventricular tumors and ETV: small endo-
ventricular tumors may be now even com-
pletely excised, colloid cysts may be emptied
or even removed, intraventricular and para-
ventricular cysts (regardless they are tumor
or not) may be fenestrated, emptied, stented,
and so on; moreover, endoscope may be used
also to manage space occupying lesions
which are located or emerge into the sub-
arachnoid spaces; finally, endoscopy may
enhance the common microsurgical tech-
niques by providing different angles of view
(the socalled “endoscopic assisted microsur-
gery”), and, in a lot clinical contests, endo-
scopic surgery is going to completely replace
microsurgery in the trans-nasal approach to
sellar and parasellar tumors. Since the endo-
scopic assisted microsurgery and the trans-nasal
endoscopy represent quite different items, they
will be not discussed in this chapter.

Endoscopic Biopsy
of Intraventricular Tumors

Intraventricular tumors represent about 2 % of
cerebral tumors, and neuroendoscopy is now
widely used to obtain biopsy material of tumors
within the ventricular system. There is even a
subset of tumors which either do not require
aggressive surgical removal or this is contraindi-
cated. In these cases, endoscopy may remain the
only tumor surgery needed (Depreitere et al.
2007). Depending on tumor location and local
anatomical situation, most endoscopic biopsies
may be performed without any image guided sys-
tem, basing just on anatomical landmarks.
However, modern neuronavigators are easy to
use and are not time consuming. Furthermore, in
our experience, they increase the biopsy success
rate. Accordingly, since the routine combination
of neuronavigator/neuroendoscope, we usually
prefer rigid lens-endoscopes rather than flexible
or steerable fibroscopes.

The biopsy procedure is usually performed
trough a single burr hole, preferentially on the
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non-dominant side. The trajectory is chosen to
enter the ventricular cavity in front of the tumor,
so that the biopsy can be performed at the
interface CSF-tumor under direct visual control.
The modern operative neuroendoscopes, in
spite of external diameters of 4-5 mm to mini-
mize cerebral trauma, have large working chan-
nels to obtain adequate tissue sampling. In case
of hydrocephalus, an attempt is made to obtain
biopsy and to perform ETV or septostomy
through the same burr hole just changing the
endoscope angulations. Sometimes, particular
tumor locations preclude the use of the same
burr hole. For instance, in case of pineal tumors
causing obstructive hydrocephalus, it is quite
difficult to perform both biopsy and ETV using
a rigid endoscope through a single access. In
these cases, the ETV can be made through the
classical precoronal burr hole and the biopsy
through a second more anterior hole; otherwise,
a flexible fibroscope may be used to perform
the ETV through the classic approach, then the
endoscope may be angled backward to obtain
the biopsy. Each time a double procedure is
needed, we prefer to perform first the procedure
with minor bleeding risk. This means the ETV
is usually performed before the biopsy so that, if
the procedure has to be interrupted due to hem-
orrhage, at least the hydrocephalus has been
already treated (Depreitere et al. 2007). The
biopsy starts with the inspection of the tumor
bulging looking for a relatively avascular zone.
Then, the selected point for biopsy is usually
coagulated using monopolar, bipolar, or laser
beam. In our experience, this seems to decrease
the hemorrhagic risk without interfering with
sample adequacy. Subsequently, the biopsy is
performed at different depths using apposite
forceps. Each sampling is often followed by
more or less bleeding. In the vast majority of
cases, such hemorrhage results not conspicuous
and self limited. Sometimes, more important
bleeding may be arrested by delicate compres-
sion using a fogarty balloon into the biopsy
groove. In these circumstances, we do not like
blindly coagulation which probably would
result not effective and even dangerous.
Unfortunately, in neuroendoscopy, in general,
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when bleeding occurs, the surgeon cannot do a
lot except remaining patient, keeping on washing
and...hoping! Sometimes, in case of bleeding,
an external ventricular drain may be useful
(Oppido et al. 2011).

The main problems of endoscopic biopsy are
the risk of bleeding and the sampling adequacy
in comparison with traditional stereotactic
biopsy. Stereotaxis offers 91 % of diagnostic
accuracy which decreases in midline lesions
that are also the more dangerous to biopsy
with overall mortality and morbidity rates of
0.7 % and 3.5 % (Oppido et al. 2011). On the
other hand, endoscopic biopsy has low or no
mortality, in spite of 2—-3 % of significant hem-
orrhage (Luther et al. 2005; Oppido et al. 2011;
Macarthur et al. 2002). The rate of effective and
reliable tissue diagnosis with endoscopic
biopsy has been variously reported, but may
arrive up to 100 % particularly using frame-
less guidance tools (Depreitere et al. 2007,
Macarthur et al. 2002; Pople et al. 2001;
Souweidane 2005; Yamini et al. 2004). Also the
efficacy of endoscopy for the treatment of
hydrocephalus when combined with endo-
scopic biopsy has been variously reported but it
may arrive up to 96 % (Depreitere et al. 2007,
Souweidane 2005; Yamini et al. 2004).

Our series is reported in Table 19.1. A total
of 51 patients underwent endoscopic biopsy
for newly diagnosed tumors. There was no
mortality and 1 case of permanent morbidity
(1.9 %). Complications with transitory mor-
bidities were observed in 4 patients (7.8 %).
Significant hemorrhages occurred in 6 patients
(11.7 %): in 1 case (1.9 %) the procedure had
to be abandoned and the diagnosis remained
not conclusive; in the remaining 5 cases the
hemorrhage was uneventful. In 1 case of pineal
germinoma, the endoscopy was followed by
dissemination into the lateral ventricles and
along the endoscope passage. In 38 cases,
obstructive hydrocephalus was managed dur-
ing the same procedure. This resulted effective
in 36 cases (94.7 %) while 2 patients required
ventriculoperitoneal shunts. The series con-
sists of 9 tumors of the lateral ventricles, 41
tumors of the 3rd ventricle and 1 of the 4th
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Table 19.1 Biopsy of newly diagnosed intraventricular tumors (1997-2012)

Significant
No hemorrhage

High grades gliomas VL 1 1

3ldV 4 1
Low grades gliomas VL 2

3dV. 5

4th V 1
Germinomas VL -

3ldV. 6
Pineocytoma VL -

3ldV 7 1
Malignant pineal tumors VL

3dV. 4
Metastases VL 1

3ldV 4
Lymphomas VL 2

3ldV. 2 1
Craniopharyngiomas VL -

3rdV. 6
PNETs VL 2 1

3rd V
Meningiomas VL 1

3dV 1
Sarcoidosis VL -

3rd V 1
Not conclusive VL -

3rdV 1 1
Total 51 6 (11.7 %)

“Permanent complication

ventricle. Moreover, 6 of 9 patients with lateral
ventricle tumors underwent subsequent micr-
osurgical excision, while this occurred just in 14
of 41 (34.1 %) tumors of the 3rd ventricle
(the vast majority of the operated tumors
were pineocytomas and craniopharyngiomas).
These figures undoubtedly reflect our policy
which tendentially indicated direct surgical
excision for lateral ventricle tumors and pre-
liminary biopsy for 3rd ventricle lesions. It is
our opinion that the endoscopic era provoked a
few changes in the global management of lat-
eral ventricle tumors, while it radically changed
the strategies in 3rd ventricle tumors where
endoscopic biopsy often remains the only sur-
gical procedure.

Subsequent Subsequent
microsurgical adjunctive
Other complications excision therapies
1
3
2
Diabetes insipidus® 1 3
1
Dissemination 6
Parinaud 7
Parinaud 1 3
1 1
4
2
2
3rd nerve palsy 5 3
2 2
1
1
1
5(9.8 %) 20 (39.2 %) 32 (62.7 %)

Endoscopic Aspiration
of Cystic Brain Tumors

Several brain tumors may present cystic aspect.
Cystic components are relatively typical for cra-
niopahryngiomas, hemangioblastomas, and pilo-
cytic astrocytomas, but may be present also in
malignant gliomas, metastases and so on.
Attempts at cyst aspiration belong to the history
of neurosurgery, but simple aspiration repre-
sented just palliation and remained not popular
till recently when modern adjunctive therapies
became available. In particular, the advent of fra-
meless stereotaxis, endoscopy and radiosurgery
offers new tools to face with selected cases of
cystic brain tumor. In fact, now the cyst aspiration
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has the purpose to decrease the cyst volume and
improve the patient’s suitability for radiosurgery,
by transforming the remaining cystic mass is an
adequately small solid mass (Park et al. 2011).
The cyst aspiration with or without subsequent
radiosurgical treatment have been reported for
various types of cerebral tumors (Hadjipanayis
et al. 2002; Miki et al. 2008; Pan et al. 1998;
Reda et al. 2002) but this treatment seems more
properly suitable for craniopharyngiomas
(Barajas et al. 2002; Joki et al. 2002; Nicolato
et al. 2004; Park et al. 2011). In these particular
tumors, the cystic component often represents
even 80-90 % of the total mass (Nicolato et al.
2004). It is well known that the best treatment
option for craniopharyngioma is radical micro-
surgical removal. However, in many cases, radi-
cal excision may be problematic and dangerous
owing to the very tight adhesions to the optic
pathways, the hypothalamus and the pituitary
stalk. In fact, visual deterioration, endocrine dis-
turbance, and hypothalamic dysfunction are not
unusual following radical surgery. Furthermore,
the rate of 5-year recurrences following radical
resection has been reported in the order of 50 %
(Puget et al. 2007). An alternative treatment strat-
egy may be the subtotal resection followed by
radiation therapy or radiosurgery on the residual
tumor, integrated in selected cases by endoscopic
cyst aspiration, cyst marsupialisation. A perma-
nent catheter with an Ommaya reservoir may be
also placed to repeat cyst aspiration and/or to
deliver intracystic chemotherapy or radioactive
drugs. A further less invasive management may
consist of direct neuroendoscopy combined with
stereotactic radiosurgery used as primary treat-
ment in a multimodal strategy (Barajas et al.
2002; Joki et al. 2002; Reda et al. 2002). Of
course, less invasive is the management, lower is
the rate of complications but higher is the rate of
recurrences and shorter is the disease-free inter-
val (Park et al. 2011). However, since their
mini-invasivity, endoscopic procedures may be
repeated without major problems (Fig. 19.1).

In our clinical practice, the first treatment
option for craniopharyngioma usually consists of
an attempt at gross total removal. In this regard,
endoscopic assisted microsurgery may be very

217

useful; sometimes a transventricular endoscopic
approach may provide the view from above,
while the tumor is resected through the pterional
or the inter-emispheric/subfrontal approaches.
Depending on tumor size and local anatomical
conditions, the planned gross total removal often
has to be converted in subtotal excision. The
tumor parts which are more tightly joined to the
hypothalamus or the cranial nerves are usually
deliberately left in place. We think, the present
availability of powerful alternative therapies
should prevent the neurosurgeon from feeling
forced to pursue radical solutions at any cost.
Therefore, postsurgery, the solid tumor rests are
treated by gamma-knife, while the cystic residual
lesions are endoscopically managed. Endoscopic
treatment usually consists of an image-guided
procedure with trans-ventricular trajectories that
are selected to approach the cysts from above. We
think intracystic bleomicine has no role owing to
the high risk of toxicity in case of intraventricular
diffusion. Accordingly, we try to create the wid-
est possible communications between the ventri-
cles and the cysts and between the cysts and the
subarachnoid spaces. Suprasellar cysts are fenes-
trated both on the superior and inferior walls so
that the ventricles can communicate with the sub-
arachnoid space through the cyst itself. Therefore,
a sort 3rd ventriculostomy is created through
the cyst (Fig. 19.1). This would maintain washed
the cyst in the hope that the risk of cyst recur-
rence could be decreased or at least delayed. In
our experience there was no case of chemical
ventriculitis due to the diffusion of the cyst con-
tent. Theoretically, cyst aspiration and fenestra-
tion could be also obtained by stereotaxis (Park
et al. 2011). However, the wall of these cysts is
often calcified and thick, and the endoscope has
the undoubted advantage that the wall may be
handled under direct visual control and using
the various endoscopic instruments. Usually, a
ventricular catheter is placed through the fenes-
trations as a sort of stent, and anchored to a sub-
cutaneous Ommaya reservoir. This may be useful
for subsequent cyst aspiration.

At our Institution, during the last 15 years, a
total of 11 patients with recurrent or residual
craniopharyngioma underwent endoscopic cyst
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Fig. 19.1 Cystic craniopharyngioma recurring 2 years
after subtotal microsurgical excision. (a) CT-scan show-
ing a cystic mass inside the 3rd ventricle. (b) Postoperative
CT-scan following transventricular endoscopic access
with cyst aspiration and placement of an intracystic cath-
eter with an Ommaya reservoir. Note the typical calcifica-
tion inside the 3rd ventricle close to the catheter tip. (c)
RMN obtained 1 year later showing a new cyst completely
filling the 3rd ventricle. (d) Snapshot of the neuronaviga-
tor screen showing the endoscopic view of the cyst wall at

fenestration and subsequent radiotherapy (6 patients
before 2008) or radiosurgery (the last 5 patients).
Multiple repeated endoscopic procedures were
needed in 8 of 11 patients owing to cyst recur-
rence. Two patients required subsequent adjunc-
tive microsurgical removal. Endoscopy associated

level of the Monro Foramen; the planned trajectory is also
shown: the tumor cyst is being to be fenestrated on the
superior dome towards the lateral ventricles and on the
inferior floor toward the brainstem cisterns. A sort of ETV
is being created through the cyst in order to maintain it
washed away. Three months after surgery, the patient will
undergo gamma-knife. (e) Follow-up CT scan obtained 2
years later: no cyst is evident: note the new catheter com-
ing from the Ommaya reservoir cruising through the right
Monro Foramen towards the cisterns

with conventional radiotherapy represented just a
palliation and had scarce efficacy on the global
disease control. Conversely, the preliminary expe-
rience with endoscopy plus radiosurgery seems
more satisfactory but the follow-up period is too
short to draw any definitive conclusion.
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Recently, a small number of large cystic
metastatic lesions, which were initially deemed
not amenable for radiosurgery, have been treated
by endoscopic cyst aspiration and subsequent
gamma-knife on the shrunk rest. These results
seem encouraging.

Endoscopic Resection of Brain
Tumors

Since the beginning of neuroendoscopy, endo-
scopic tumor resection was one of the main ambi-
tions. Indeed, cases of endoscopically removed
brain tumors remain sporadic (Sood et al. 2011;
Souweidane et al. 2006). Bi-portal approaches,
single large port using multiple instruments by
two hands, dedicated ultrasonic aspirators, laser,
and myriad tumor resection devices have been
developed, but, to date, the only tumor which is
currently endoscopically resected is the colloid
cyst. This is a benign tumor, which accounts for
less than 1 % of brain tumors and typically origi-
nates from the roof of the 3rd ventricle being
closely associated with the velum interpositum
and the choroid plexus near the foramen of
Monro (Boogaarts et al. 2011; Levine et al.
2007). It may be occasionally found and may
even remain asymptomatic, but obliteration of
the Monro foramina and acute hydrocephalus are
possible with severe clinical manifestations and
even sudden death. While there are few doubts
about the surgical treatment of symptomatic
cases, indications of occasionally found cysts are
sometimes debated (Boogaarts et al. 2011;
Greenlee et al. 2008; Levine et al. 2007). Surgical
treatment ranges from simple ventricular drain-
age to radical cyst resection. During the past
decades, microsurgical excision through the
transcortical/transventricular or the transcallosal
approaches became the treatment of choice.
However, despite morbidity and mortality pro-
gressively declined, their rates remained not
negligible (Boogaarts et al. 2011; Mathiesen
et al. 1997). Postoperative epilepsy, venous
infarction, and damage to the fornices were not
uncommon. Therefore, neuroendoscopy progres-
sively gained wide acceptance for the treatment
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of colloid cysts (Boogaarts et al. 2011; Greenlee
et al. 2008; Hellwig et al. 2003; Levine et al.
2007; Longatti et al. 2006a). The mini-invasivity
of endoscopy would warrant lower complication
rates above all for what concerns postoperative
seizures and fornices damage (Boogaarts et al.
2011; Greenlee et al. 2008). Indeed, memory dis-
turbances are not uncommon even following
endoscopy, but they would be more often transi-
tory than following microsurgery (Greenlee et al.
2008). The better neurological results would be
counterbalanced by higher rates of cyst recur-
rence due to the endoscopic difficulty to achieve
complete cyst wall removal (Levine et al. 2007).
However, the question about the real importance
of complete cyst removal still remains unsettled
(Levine et al. 2007). Very long disease-free peri-
ods have been reported following partial excision
while cyst recurrence is possible even following
apparently total cyst removal (Boogaarts et al.
2011). Of course, in these cases, owing to the
peculiar pathology of the colloid cysts, it is rea-
sonable to think that the removal is just appar-
ently total, and cyst recurs originating from small
remnants which are seen neither during surgery
nor on postoperative MRI. The MRI features
have been analyzed to predict the cyst behaviour:
hyperintensity on T2-weighted images would
indicate higher probability of cyst growing, while
hypointensity on the same images would predict
difficulty in endoscopic cyst aspiration and
proper removal (Boogaarts et al. 2011). Anyway,
over the last few years, the rates of endoscopic
total or nearly total removal improved from 65 %
to 90 % (Boogaarts et al. 2011; Hellwig et al.
2003; Longatti et al. 2006a), but probably less
radicality remains justified by lower complica-
tion rates. Moreover, in case of cyst recurrence,
a new endoscopic treatment is not only possi-
ble but it may result even easier (Boogaarts
et al. 2011).

In our experience, the endoscopic manage-
ment of the colloid cysts may be performed with-
out the neuronavigator owing to the constant cyst
location and the local anatomy. The procedure
starts with the placement of the endoscope into
the lateral ventricle where the cyst almost always
overlooks at the Monro Foramen (Fig. 19.2). The
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Table 19.2 Endoscopic management of newly diagnosed colloid cysts (2001-2011)

No visible
Intraoperative Trans- remnants on Final outcome:
surgeons’ choroidal ~ postoperative  Clinical neurologically
impression approach MRI complications Recurrence/reoperation  intact
Total removal 9 4 7 28 1/1 9
Cyst wall 6 - 4 1° 1/~ 6
remnants
Total 15 4 11 3 2/1 15
*Transitory memory impairment
°CSF leak

S .
A
B

Fig. 19.2 Colloid cyst of the 3rd ventricle. (a)
Preoperative CT-scan showing an hyperdense mass at
the level of the Monro Foramina. (b) Initial endoscopic
view from the right lateral ventricle: the tumoral bulg-
ing is occupying the whole right Monro Foramen and
the choroid plexus is displaced backward. (¢) The cyst

access to the contralateral ventricle can be draped
in all cases, but, we found out that the biportal
access is rarely indispensable. Wide pellucidos-
tomy is usually performed to gain the access to
the contralateral foramen for simple inspection or
adjunctive removal. Then, the cyst wall is taped
and the cyst content aspirated. Sometimes, par-
ticularly dense and gelatinous contents prevent
from complete aspiration. In these cases, the cyst
wall is widely incised and the content is either
piecemeal removed or washed away. In our expe-
rience, the CSF dissemination of this material
never represented a problem as described by oth-
ers (Levine et al. 2007). In most cases, the cyst
may be completely emptied through the Monro
Foramen without any adjunctive neural incision,
but large cysts with posterior extension may also
require more extended approaches. When this
occurs, we prefer to enter the 3rd ventricle
through the choroidal fissure by a small incision
along the tenia fornicis, while we never used the
transforniceal or the interforniceal approaches.

(.
C D . E J

wall has been completely excised. (d) Final endoscopic
view from the right lateral ventricle: the patency of the
Monro Foramina has been restored and pellucidostomy
is evident. (e) Follow-up CT-scan obtained 3 years
later: neither residual tumor nor hydrocephalus are
evident.

Following the cyst emptying, the cyst attachment
on the roof of 3rd ventricle is carefully inspected.
Flexible or rigid endoscopes with angled views
may result particular useful for bilateral Monro
inspection. A gentle attempt at cyst wall dissec-
tion and total removal is usually attempted. Cases
of thick adhesions or tight relationships with vas-
cular structures may often advise against radical
excision. In these cases, the cyst wall remnant
is extensively coagulated and shrunk. Cases of
endoscopic surgery which had to be converted
into open surgery (Greenlee et al. 2008; Levine
et al. 2007) were never encountered.

Our recent series is summarized in Table 19.2.
It consists of 15 newly diagnosed colloid cysts
which were endoscopically managed during the
last 10 years. Monoportal access through the
non-dominant site was adequate in 13 cases
(Fig. 19.2), while 2 patients (early in the series)
required a biportal approach. In 14 cases, the
ventricles were more or less enlarged and the
endoscope could be easily inserted and manoeuvred.
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In one case, both lateral ventricles were small:
therefore, a ventricular catheter was placed on
the right site and the ventricles were gently, pro-
gressively and very slowly filled by lactated ring-
er’s solution under continuous intracranial
pressure monitoring. Eventually, adequate work-
ing room was gained in this case too. Eleven
patients could be managed just through the
Monro foramina, while 4 patients required a
trans-choroidal approach too. Intraoperatively,
the excision was considered radical in 9 of 15
cases (Fig. 19.2): postoperative MRI showed
small remnants in 2 of these cases. It’s interesting
that no remnants were visible in the postoperative
MRI of 4 out of 6 patients in whom the excision
had been considered incomplete at surgery. Three
patients with partial cyst removal also underwent
ETV during the same procedure. There was
neither mortality nor permanent morbidity.
Complications consisted of 2 cases of transient
memory disturbances with subsequent complete
recovery, 1 case of CSF leak which could be con-
servatively managed, 2 cases of mild ventricular
hemorrhages which remained completely
uneventful. During a mean follow-up was 4.2
years, there were 2 cases of asymptomatic cyst
re-growing: one patient was successfully managed
by redo endoscopy, whereas the other patient
refused the reoperation but remained asymptom-
atic with stable cyst during the following 2 years.

In conclusion, it’s our opinion that neuroen-
doscopy now represents the treatment of choice
for colloid cysts. It warrants good disease control
with low invasivity, no mortality and minimal
morbidity.

Endoscopic Management of Brain
Abscesses

Brain abscesses usually behave like tumors and
are often difficult to differentiate despite modern
neuroimaging. The most common clinical pre-
sentation consists of neurological focality with or
without intracranial hypertension, whereas local
or general infective signs are often mild or even
absent (Longatti et al. 2006b). Common treat-
ment strategies contemplate surgery only in case

of lesions with marked mass effect, great size, or
antibiotic inefficacy. Surgical treatment ranges
from simple cyst aspiration to radical abscess and
capsule removal (Yadav et al. 2008). On the one
hand, image guided aspiration is really mini-
invasive and has proved effective and safe in a lot
of cases; on the other hand, abscess excision is
undoubtedly more invasive but provides higher
and faster rates of cure (Yadav et al. 2008). In
fact, following aspiration, the residual shrunk
capsule needs to be followed for relatively long
period. Conversely, following radical capsule
excision, the healing times are usually those of a
common craniotomy. However, these differences
in healing times have been not confirmed by oth-
ers (Longatti et al. 2006a).

In our clinical practice, patients whose
abscesses are located in easily and safely acces-
sible areas usually undergo open surgery. Patients
with lesions in eloquent or deep areas and those
with multiple lesions are endoscopically man-
aged. In ours and others’ opinion (Longatti et al.
2006a), endoscope provides some advantages in
comparison with stereotactic aspiration: the
manoeuvre is not blind; sometimes the capsule is
hard and thick and may be perforate only using
the endoscopic instruments; following aspiration
the capsule may collapse and a stereotactically
placed catheter may slip out of the abscess cavity;
the abscess can be septated and residual purulent
cavities may be avoided only using an endoscope.
Moreover, the endoscope can manage also intra-
ventricular and subdural collections. Finally,
postoperative bleeding is quite more frequent in
blind aspiration (Yadav et al. 2008).

Our recent series consists of 7 patients during
the last 10 years: in 2 cases, the abscesses were
multiple, and in other 2 cases the lesions were
intraventricular; multiloculated abscesses were seen
in 2 cases. In all cases, the procedure was image
guided, the capsule was perforated, the purulent
collection was aspirated, the residual cavity
abundantly irrigated. Real time CT or ultrasound-
guided operative procedures may be sometimes
useful, but in our experience the direct endo-
scopic visualization of the abscessual cavity
makes these techniques of limited utility. Of
course, multiple lesions required multiple accesses
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while multiloculated lesions could be handled
through a single access by selecting the proper
trajectory on the neuronavigator. Pyogenic infection
was documented in all cases. We never encoun-
tered parasitic or yeast abscesses. A catheter was
always left in place and local antibiotic therapy
was administered for about 1 week. All patients
eventually healed despite times for complete cure
were longer than 4 weeks in 4 cases.

Endoscopic Management
of Cerebrospinal Fluid-Cysts

Intracranial cysts containing CSF-like fluid may
be acquired or developmental. The former may
originate when CSF compartments remain iso-
lated owing to adhesions and scar following hem-
orrhage, injury, or surgery; the latter evolve from
developmental aberrations such as splitting of the
arachnoid membrane, sequestration of primitive
ependymal layer, aberrant growing of the choroid
plexus (Talamonti et al. 2011). Both acquired and
developmental CSF-cysts represent sequestration
of CSF lakes, both have the potential for mass
effect, and both may be treated by cyst drainage
or cyst fenestration thus normalizing the CSF
dynamics between cyst and ventricle/cisterns
(Talamonti et al. 2011). Above all, both cysts
have the tendency to remain benign and asymp-
tomatic throughout the life, thus usually requir-
ing no treatment. Nevertheless, some cysts
may behave aggressively: CSF may accumulate
inside the cyst because of active secretion or
valve mechanism; the intracystic pressure may
increase and the cyst may enlarge and/or com-
press the surrounding brain; otherwise, the cyst
may rupture or bleed either spontaneously or
following even trivial head injuries. The inability
to predict the natural history of a given CSF-cyst
accounts for the constellation of different indica-
tions and different treatment modalities which
have been proposed (Talamonti et al. 2011).
There is vast consensus that symptomatic cysts
deserve some type of treatment, but some debate
exists about the definition of symptomatic cysts:
for instance, simple headache is not a good
indicator for treatment. The doubts markedly
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increase in asymptomatic cysts: while adults are
generally non-operatively treated, some Authors
think that infants with progressively enlarging
cysts or babies with huge cysts (>50 cm®) can
have chances of cyst reduction following surgical
treatment (Talamonti et al. 2011).

The modality of surgical treatment is another
discussed item (Gangemi et al. 2011; Oertel et al.
2010; Talamonti et al. 2011): surgery ranges from
cysto-peritoneal shunting to cyst fenestration
which aims to create wide communications
towards the ventricles and/or the cisterns. Such
fenestration may be performed either by open
microsurgery or by endoscopic techniques
(Gangemi et al. 2011; Oertel et al. 2010;
Talamonti et al. 2011). The cyst location may
influence the choice of the surgical modality:
while endoscopy now warrants highest success
rates in ventricular and paraventricular cysts,
indeed the results in temporal cysts are a little bit
less satisfactory (Gangemi et al. 2011; Oertel
et al. 2010). Nothwithstanding that, papers with
endoscopy as the first treatment option for any
type of CSF-cysts are progressively increasing
(Oertel et al. 2010; Talamonti et al. 2011).

The endoscopic fenestration is usually con-
ducted under the neuronavigator control by
selecting trajectories which trespass the lees pos-
sible brain and allow multiple and wide fenestra-
tions towards the CSF pathways. The use of the
neuronavigator is sometimes questioned since,
during the procedure, CSF leakage may lead to
cyst collapse with alteration of the spatial param-
eters (the socalled shift effect). Indeed, this prob-
lem should not be overemphasized: first, the
neuronavigator is used to drive close to the target
but undoubtedly the final step is not to be trav-
elled with “instrumental navigation” but rather
with “sailing by sight”; second, the shift effect
can be obviated by selecting deep landmarks with
fixed position such as the main arterial trunks or
bone structures so that the space anatomical ori-
entation may be maintained; third, the shift effect
can be limited by entering the cyst through a very
small access, just the diameter of the endoscope,
that prevents from excessive CSF leakage and by
maintaining adequate perfusion throughout the
procedure thus preventing cyst collapse. Indeed,
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Fig.19.3 CSF cyst of the 4th ventricle. (a-b) Preoperative
MRI (sagittal and axial views) showing a CSF cyst inside
the 4th ventricle with obstructive hydrocephalus. (c)
Endoscopic view of the posterior part of the 3rd ventricle.
(d) Close-up view of the aqueduct access with the cyst wall

in our experience, most cyst walls were transparent
so the neuronavigator resulted useful but not
indispensable.

The cyst wall fenestration is fashioned using
the common endoscopic instruments: fogarty bal-
loons, coagulators, forceps, scissors and so on.
Recently, there are laser beams which can be used
in immersion, such as the thulium-laser. Anyway,
the widest possible fenestration should be created.
The ideal fenestration should be at least 8—15 mm
of diameter and should allow free and abundant
CSF flow through the cyst: for instance, in a
suprasellar cyst which is fenestrated towards both
the 3rd ventricle (ventriculo-cystostomy) and the
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becoming visible. (e) Endoscopic view of the 4th ventricle
following aqueduct cannulation. The cyst wall is going to
be fenestrated. (f-g) Follow-up MRI (sagittal and axial
views), obtained 1 year later, showing the CSF cyst col-
lapsed. Note the flow artifacts inside the aqueduct

basal cisterns (cysto-cisternostomy). However,
cases may exist in which the wall is very thick and
hard; otherwise, the ideal area to perform the fen-
estration (that is where the cyst wall faces the CSF
pathways) is narrow or crowded by delicate
neuro-vascular structures. In these cases, the fen-
estration diameter may be less than desired and a
stent cruising through the cyst wall may be left in
place to maintain the communication.

Our series of CSF-cysts consists of 16 patients
with acquired cysts and 55 with developmental
cysts. There were patients of any age and cysts of
any locations (Fig. 19.3). Treatment consisted of
endoscopic cyst-wall fenestration in all cases.
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Significant intraoperative bleeding was reported
in one case but it was uneventful. In 2 patients, a
very thick and hard cyst wall prevented from the
planned endoscopic cyst fenestration. In both
these cases, the burr hole of the endoscope was
converted in a key-hole craniotomy and the
patients underwent traditional microsurgery. A
total of 11 patients required a ventriculoperitoneal
shunt to manage not the cyst but the associated
hydrocephalus, while 5 cases of hydrocephalus
could be resolved during the same endoscopic
procedure for the cyst. Six patients experienced
transitory morbidity which always completely
resolved in a few months. Clinical improvement
and cyst reduction were achieved in all cases of
acquired cysts. As to the developmental cysts,
there was no case of postoperative clinical wors-
ening or cyst increase, 90 % of patients clinically
improved, and 75 % obtained cyst reduction on
follow-up neuroimaging (Fig. 19.3). Accordingly,
about 15 % of patients clinically improved but
their cysts remained unchanged. This is a well
known phenomenon: it is possible that cyst fenes-
tration was able to remove the tension on the cyst
wall, but the surrounding brain was unable to re-
expand because of structural transformation from
elasticity to plasticity (Talamonti et al. 2011).
Three patients experienced cyst recurrence during
the follow-up: two were successfully treated by
redo endoscopy, one underwent microsurgery.

Although the results were undoubtedly better
in very young patients and in paraventricular
cysts, our series demonstrates that endoscopic
treatment may be a valid option in all cases of
cysts regardless age and location.

Conclusion

In conclusion, presently, Neuroendoscopy repre-
sents a powerful tool which cannot lack in the
neurosurgical armamentarium. The vast majority
of recent papers report no mortality and very low
morbidity. The possibility to manage associated
hydrocephalus and intracranial mass during the
same procedure cannot be overemphasized.

To date, Neuroendoscopy represents the first
line of treatment for endoventricular tumors,
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colloid cysts, and intra- and paraventricular
CSF cysts, and the second line of treatment
for cystic craniopharyngiomas. This treatment
may be particularly suitable for cystic tumors in
general, for abscesses and for most CSF cysts.

The continuous technical improvement of the
present days will probably enlarge the future
endoscopic indications also to lesions which are
now classically managed.
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Introduction

Primary brain and central nervous system (CNS)
tumors occur with an incidence of about 16.5
cases per 100,000 person—years (9.2 per 100,000
person—years for non—malignant tumors and 7.3
per 100,000 person—years for malignant tumors),
whereas the prevalence rate for all primary brain
and central nervous system tumors is estimated to
be 130.8 per 100,000 inhabitants (CTBRUS
2008). Metastatic brain tumors are thought to
have a higher incidence than primary brain
tumors (Percy et al. 1972).

The cornerstone of brain tumor treatment is
surgery. The objective of surgery is to remove as
much tumor as possible, as well as to establish an
exact tissue diagnosis. The possible benefits of
tumor removal include symptom relief, improved
quality of life, smaller tumor burden for other
treatment modalities and improved survival
(Claus et al. 2005; Hart et al. 2005; Keles et al.
2006; McGirt et al. 2009; Mirimanoff et al. 1985;
Nitta and Sato 1995; Vecht et al. 1990). However,
craniotomies are not without inherent risks, be it
surgical mortality (Barker 2004; Fadul et al.
1988), postoperative hematomas (Gerlach et al.
2004; Kalfas and Little 1988) or infection
(Mahaley et al. 1989). Infections after neurosur-
gical procedures often present as meningitis, sub-
dural empyema, or cerebral abscess. Although
meningitis can often be treated with intravenous
antibiotics, cases that involve a bone flap infec-
tion, subdural empyema, or cerebral abscess usu-
ally require a repeated operation.

The Oslo University Hospital
Experience

A recent prospective study by Lassen et al.
(2011), is the largest published series with regard
to postoperative infections within 30 days of cra-
niotomy for brain tumors. All patients >18 years
who underwent craniotomy for an intracranial
tumor at Oslo University Hospital in the time
period 2003-2008 were reported and the
strengths of this study lie in the setting, design

T.R. Meling et al.

and follow-up. The data were restricted to one
health centre, thereby reducing the possible con-
founding effect of differences in the access to
health care services between health centers and
avoiding the selection bias inherently present in
large multi-center studies. Furthermore, the data
were prospectively registered and included all
craniotomies performed for a histologically veri-
fiable brain tumor, leaving no selection bias. The
study is contemporary, thereby reflecting current
neurosurgical practice and was performed within
a relatively short time span, thereby reducing
confounding factors as changes in antibiotic pro-
phylaxis regimen or operating theatres. With
respect to data, only easily verifiable end points
(i.e. reoperations for infections) were used.
Lastly, follow-up was 100 %.

Clinical Setting

The defined neurosurgical catchment area for
Oslo University Hospital (OUH) is the south and
eastern health region of Norway. It has 2.7 mil-
lion inhabitants (56 % of the Norwegian popula-
tion) and OUH treat approximately 99 % of the
neurosurgical tumor patients within this region
(The Norwegian Cancer Registry, unpublished
data). A total of 2,630 consecutive craniotomies
at the Oslo University Hospital in the time period
2003-2008 were included in this study
(Table 20.1). The mean age at surgery was 56
years (range 18—89 years), with a male-to-female
ratio of 1:1.06. Follow-up was 100 %.

Perioperative Craniotomy Routines

A consultant anesthetist should see all craniot-
omy patients preoperatively. Elderly patients
(>70 years) and patients on multiple medications
should routinely also seen by consultant inter-
nist, to optimize the general medical condition
and medications. At our institution, a second-
generation cephalosporin is administered intra-
venously at initiation of surgery and continued
every 90 min until the case is completed or the
maximum daily dose of 8 g is reached. For long
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Table 20.1 Patients’ characteristics (n=2,630)

N Yo
Patients 2,630 100
Sex
Male 1,275 48.5
Female 1,355 51.5
Age (years)
18-29.9 141 5.4
30-39.9 300 11.4
40-49.9 437 16.6
50-59.9 604 23.0
60-69.9 649 24.7
70-79.9 411 15.6
>80 88 3.3
Type of surgery
Primary 2,141 81.4
Second 489 18.6
Craniotomy
Resection 2,556 97.2
Open biopsy 74 2.8
Main histology
High-grade glioma (HGG) 830 31.6
Meningioma 693 26.3
Metastases 449 17.1
Low-grade glioma (LGG) 289 11.0
Schwannoma 73 2.8
Primary CNS-lymphoma 51 1.9
CNS hemangioblastoma 39 1.5
Cavernous hemangioma 38 1.4
Pituitary adenoma 8 0.3
Others 160 6.1

cases, erythromycin or a third-generation cepha-
losporin is started after the maximum daily dose
of a second-generation cephalosporin is reached
and continued until completion of the case.
Antibiotics are not routinely used in the postop-
erative phase.

Incidence of Craniotomies

First-time craniotomies with primary resection
were performed in 2,073 cases, 483 cases were
reoperations with repeated resection, and 74
cases were open biopsies. Thus, the incidence of
first-time craniotomy for a brain tumor was
12.8/100,000 inhabitants per year and for a repeat
resection 3.0/100,000 inhabitants per year.
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Postoperative Infection Requiring
Recraniotomy

A total of 39 patients (1.5 %) were reoperated for
deep postoperative infection (Table 20.2). Of
these infections, 23 (59.0 %) were extradural
(ED), 6 (15.4 %) intradural (ID), and 10 (25.6 %)
were both intra- and extradural.

Risk Factors of Reoperation

for Postoperative Infection

Multivariate Cox regression analysis demon-
strated that meningiomas had an increased risk
of infection compared to gliomas (odds ratio
588, 95 % CI (247, 13.87), p<0.001)
(Table 20.3). Men also had an increased risk of
infections (p<0.01). Neither resection vs.
biopsy, nor primary vs. secondary craniotomy
were significantly associated with risk of
developing postoperative deep infection. The
postoperative infection rate was 1.0 % (n=38)
for HGG, 0.0 % (n=0) for LGG, 3.2 % (n=22)
for meningiomas, and 1.1 % (n=5) for
metastases.

Time to Reoperation for Postoperative
Infection

The median time from tumor surgery to reopera-
tion for infection was 42 days (mean 95.7 days,
range 16-667 days). The number of patients who
were reoperated within 1, 2, 3, 6 and 12 months,
were 11 (28.2 %), 27 (69.2 %), 29 (74.4 %), 32
(82.1 %) and 37 (94.9 %), respectively.

Consequences of Postoperative

Infection

Of the 39 patients with deep infection, 29
(74.4 %) had no additional disability, 5 (12.8 %)
had minor additional disability, 3 (7.7 %) had
major additional disability, 2 (5.1 %) died due to
the infection.

Discussion
The rate of postoperative infections after a cra-

niotomy for an intracranial tumor requiring
surgical treatment was 1.5 % in our series, thus
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Table 20.2 Patients reoperated for postoperative infection (n=39)

Time

Immune to reop.
Age Sex ASA ECOG compromise Histology* Location® (days)® Outcome!
18 M 2 2 - HGG ED 16 NAD
40 M 2 3 - HGG ED 46 NAD
57 M NA 1 - HGG ED 20 NAD
59 M 3 3 - HGG ED 307 NAD
64 M 3 3 - HGG ED 49 Death
69 M 3 3 Diabetes HGG ED 80 Major
70 M 2 1 - HGG ED 20 NAD
70 F 2 1 - HGG ID 25 NAD
34 M 2 2 HIV Lymfoma ED 667 NAD
26 F 1 1 - Meningioma ED 71 NAD
33 F 2 1 - Meningioma ED 119 NAD
38 M 2 1 - Meningioma ED 248 NAD
40 F 1 1 - Meningioma ED 270 NAD
42 F 1 1 - Meningioma ED/ID 25 Minor
49 M 2 1 - Meningioma ED/ID 29 NAD
51 M 3 1 - Meningioma 1D 31 NAD
53 F 2 1 - Meningioma ED 42 NAD
55 M 2 1 - Meningioma ED 18 NAD
56 M 3 1 Diabetes Meningioma D 45 NAD
56 F NA 1 - Meningioma ED/ID 38 Minor
56 M 2 1 - Meningioma ED 35 NAD
58 M 3 1 - Meningioma ED 59 NAD
64 M 2 1 - Meningioma 1D 59 NAD
66 M 2 1 Diabetes Meningioma ED/ID 40 NAD
71 M 3 2 - Meningioma ED/ID 37 NAD
72 M 3 1 Cortison Meningioma ED 37 NAD
74 F 2 3 - Meningioma ED 190 Minor
74 M 3 1 - Meningioma ID 36 NA
75 M 2 3 - Meningioma ED/ID 38 NAD
76 M 2 1 - Meningioma ED/ID 56 NAD
78 F 3 3 - Meningioma ED 17 Minor
45 M 2 0 - Metastasis ED/ID 25 NAD
59 F 3 3 - Metastasis ED/ID 116 Minor
63 M 2 1 - Metastasis ED 25 NAD
71 M 2 1 - Metastasis ED/ID 109 Major
78 M 4 2 Diabetes Metastasis ID 20 Death
66 F 1 1 - Other ED 393 NAD
62 M 1 1 Cortisone Pituitary adenoma ED 232 Major
40 F 2 1 - Schwannoma ED 43 NAD

M male, F female, ASA American Society of Anesthesiologists’ classification of physical status, ECOG Eastern
cooperative oncology group’s classification of physical status

“Histology: HGG high-grade glioma, LGG low-grade glioma

"Location=location of infection: ED extradural infection, ID intradural infection, ED/ID both intradural and extradural
infection

“Time =time of reoperation in days after primary surgery

dOutcome =clinical outcome after postoperative infection: NAD no additional disability, Minor minor additional
disability, Major major additional disability
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Table 20.3 Univariate and multivariate analysis of fac-
tors possibly associated with surgery for postoperative
infection using Cox regression

Infection
Univariate Multivariate
Odds ratio Odds ratio
(95 % CI) (95 % CI)
Age>60 1.11 0.97
Nolyes [0.59, 2.09] [0.50, 1.86]
Sex 0.47* 0.33%%*
Male/female [0.24,0.91] [0.16, 0.66]
Primary Op 1.74 2.01
Primary/secondary [0.86, 3.51] [0.97, 4.17]
Operation a a
Resection/biopsy
Histology
HGG 1 1
LGG a a
Meningioma 3.70%*%* 4.61%%*
[1.95,7.02] [1.98, 10.73]
Metastasis 0.71 1.34
[0.28, 1.83] [0.43,4.21]
Lymphoma 1.34 343
[0.18,9.94] [0.41, 28.80]
Capillary a a
hemangioblastoma
Schwannoma 0.43 0.75
[0.10, 1.79] [0.16, 3.56]
Others 0.92 1.61
[0.12, 6.80] [0.20, 13.19]
Observations 2,286
Pseudo-R? 0.069
H-L test p=0.85
HGG High grade glioma
LGG Low grade glioma

H-L Hosmer-Lemeshow

'p<0.05; “p<0.01; "p<0.001

Insufficient events in one of the contrasting categories to
calculate odds ratio

being in the lower end of the scale as contem-
porary neurosurgical series have reported an
incidence of postoperative infections after cra-
niotomy of 0.6-6.6 % (Chang et al. 2003;
Dashti et al. 2008; Korinek et al. 2005;
McClelland and Hall 2007; Morokoff et al.
2008; Rabadan et al. 2007), although some of
these series have included non-operative cases
as well.

231

Risk Factors for Postoperative
Infections

We observed a statistically significant association
between male gender and postoperative infec-
tions. This has not been noted in other large neu-
rosurgical series (Korinek 1997; Lietard et al.
2008; Mollman and Haines 1986), but Korinek
et al. (2006) observed an increased risk of noso-
comial meningitis after craniotomy in males. At
present, we have no explanation for our finding.

Meningioma surgery was significantly associ-
ated with development of postoperative infection
in both uni- and multivariate analyses. This was
also shown by Korinek et al. (2005), although
only in univariate analysis. They attributed this to
hemostasis and closure difficulties in meningi-
oma surgery. They also showed an association
between infection and surgery duration over 4 h,
a finding that also has been demonstrated by oth-
ers (Idali et al. 2004; Korinek 1997). As menin-
gioma operations are often time-consuming
procedures, this might be a contributing factor to
the higher incidence of infections after meningi-
oma surgery.

Korinek et al. (2005) studied the effect of
antibiotic prophylaxis (ABP) on neurosurgical
site infections after craniotomy for various rea-
sons, e.g. tumor surgery, vascular surgery, and
trauma surgery. Among the 4,578 patients stud-
ied, 77 (1.7 %) developed bone flap osteitis, and
126 (2.7 %) developed brain abscess or subdural
empyema, for a total of 4.4 %. As patients with
both osteitis and abscess/empyema were
counted once in each group, the number of
patients with infections was a bit lower. ABP
significantly reduced the incidence of bone flap
osteitis (3.1 % in patients with no ABP and
1.3 % in patients with ABP, p<0.0002) and
abscess/empyema (5.6 % vs. 2.0 %, p<0.0001).
In our practice, we use a second-generation
cephalosporin i.v. at initiation of surgery and
continued every 90 min until the case is com-
pleted or the maximum daily dose of 8 g is
reached, whereafter erythromycin or a third-
generation cephalosporin is started and contin-
ued until completion of the case.
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Timing of Postoperative Infection
Development

In our series, almost 75 % of the patients with
infection were reoperated within 3 months of
tumor surgery. Korinek et al. (2005) showed a
mean time between surgery and onset of infec-
tion of 118+ 157 days for bone flap osteitis, and
25+27 days for brain abscesses or subdural
empyema. Dashti et al. (2008) reported a median
duration between craniotomy and presentation of
postoperative infection of 1.5 months (range 4
days—5 years). In our series, most postoperative
infections requiring reoperation occur within 3
months of surgery, but some infections, in par-
ticular bone flap osteitis, may occur later than 1
year after surgery, reportedly as late as 5 years
later (Blomstedt 1985; Korinek 1997).

Consequences of Postoperative
Infection

The consequences of postoperative infection are
not at all as severe as the consequences of postop-
erative hematoma. In our series, 2 patients (5 %)
died due to the infection, while 33 (85 %) had a
good outcome, with no or only a mild disability.
It is important to point out that we did not include
patients with meningitis.

In conclusion, the rate of postoperative infec-
tions was low as only 1.5 % of the patients were
reoperated for postoperative infection. Of these
infections, 59.0 % were extradural. Independent
risk factors were male sex and meningioma histopa-
thology. The vast majority of reoperations occurred
within 3 months of tumor surgery. The conse-
quences of postoperative infections were generally
minor, as 85 % had a good outcome with no or only
a mild disability, but within the group of patients
reoperated for infection, the mortality rate was 5 %.
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Abstract

Pituitary adenomas are the most common
intrasellar tumor. However, a wide variety of
non-adenomatous lesions also arises in the
sellar and parasellar region and can impact
pituitary gland function. The lesions most
commonly associated with pituitary hormonal
disturbance include craniopharyngiomas,
Rathke’s cleft cysts, arachnoid cysts and sel-
lar metastases while meningiomas and clival
chordomas less commonly affect gland func-
tion. Depending on the specific lesion and
location, surgical resection can result in
improvement or worsening of endocrinopa-
thy. Thorough pre-operative hormonal evalu-
ation, sellar imaging with attention to gland
and infundibulum location as well as intra-
operative dissection techniques aimed at
preserving the hypothalamic-pituitary axis
are essential to minimize the risk of new
hormonal dysfunction. This chapter discusses
the surgical management of these lesions
and characterizes the presenting and post-
operative pituitary hormonal outcomes
related to the specific lesion pathology.

Introduction

The transsphenoidal approach to the sella for
removal of pituitary adenomas has been in practice
for a century. Since the late 1960s, the operating
microscope has allowed selective removal of ade-
nomas with a goal of preserving gland function as
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originally described by Hardy. The extended
transsphenoidal microscopic approach for non-
adenomatous lesions such as craniopharyngiomas
was first described by Weiss in 1987 and then
others. Since then, the concept of minimally inva-
sive endonasal removal of anterior skull base
pathology has evolved dramatically in large part
due to increasing use of the endoscope and a tran-
sition away from the microscope (Cappabianca
and de Divitiis 2004; Jho et al. 1997; Prevedello
et al. 2007). The enhanced panoramic high-defini-
tion endoscopic view has become an essential
feature of this approach. Still, whether using the
microscope or endoscope, paramount among the
surgical objectives is preservation of the parasel-
lar neurovascular and when possible, preservation
of the pituitary gland and infundibulum. The aim
of this chapter is to review the neuroendocrine
presentation and outcomes for surgical removal of
non-adenomatous lesions of the sellar and para-
sellar region, as well as the surgical techniques to
maximize chances of pituitary hormonal func-
tional preservation.

Pituitary Imaging and Hormonal
Testing for Non-Adenomatous
Lesions

The most common sellar and parasellar lesion is
the pituitary adenoma. Depending on the clinical
presentation, anatomic location and imaging char-
acteristics, a wide range of pathology can exist in
this region. Modern imaging techniques utilize
high-resolution CT imaging and MR imaging with
various sequences to differentiate between these
pathologies. The ideal imaging sequence is a
“Pituitary Protocol” MRI of the brain that, in addi-
tion to whole brain sequences, includes magnified
pre- and post-contrast sequences acquired in the
sagittal and coronal planes centered around the
parasellar region. Adjunct imaging modalities can
include thin-cut CT to evaluate for intralesional
calcifications and bony changes. Cerebral angiog-
raphy is helpful to rule out a parasellar aneurysm
and can help identify critical vascular structures in
more complex lesions. PET imaging may be help-
ful in the overall staging of metastatic disease with
possible parasellar dissemination. It is important
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to note that pituitary adenomas and other
hypermetabolic lesions can have high signal on
PET imaging as well. It is essential to identify the
possible location of the normal gland on imaging
to help prevent post-operative pituitary dysfunc-
tion. Identification of the infundibulum, posterior
pituitary gland (via the T1 “bright spot”), and cav-
ernous sinuses can be helpful aids to pituitary
gland localization.

A thorough pre-operative endocrinological
work-up is necessary for all parasellar lesions
that impinge upon or otherwise distort the
hypothalamic-pituitary axis and sella. All ante-
rior gland axes should be evaluated to diagnose
possible pituitary dysfunction, including: TSH, T4,
free T4, ACTH, cortisol, LH, FSH, prolactin, total
and free testosterone in men, estrogen in women,
GH and IGF-1. Should the lesion potentially be
a pituitary adenoma, screening for functional
adenomas (acromegaly, Cushing’s disease, pro-
lactinoma, thyrotropinoma) should be pursued
in collaboration with an endocrinologist. If there
is a suspicion of diabetes insipidus (DI) either
clinically or due to suspected pathology (e.g.,
craniopharyngioma or RCC), urine specific gravity,
serum and urine osmolarity should be assessed. A
water deprivation trial may be necessary to fully
elucidate the diagnosis of DI.

Hormonal Dysfunction Associated
with Non-Adenomatous Parasellar
Lesions

Anterior and posterior pituitary dysfunction is
frequently seen with non-adenomatous lesions
and can sometimes be the presenting finding
leading to their diagnosis. The most common
lesions affecting gland function are craniopha-
ryngiomas, Rathke’s cleft cysts, arachnoid cysts,
and sellar metastases while chordomas and para-
sellar meningiomas infrequently affect gland
function (Table 21.1). Other relatively rare enti-
ties such as epidermoid cysts, dermoid cysts and
germ cell tumors can also occasionally impact
gland function. Lymphocytic hypophysitis also
frequently impacts pituitary gland function
but is rarely treated surgically and will not be
discussed.
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Table 21.1 Presenting pituitary dysfunction

Lesion
Craniopharyngioma
Rathke’s cleft cyst
Arachnoid cyst

Tuberculum sella meningioma

Chordoma
Metastases/Lymphoma
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Overall endocrinopathy Diabetes insipidus Panhypopituitarism
56-83 % 4-37 % 24-42 %
66-70 % 0-13 % 0-11 %
50-60 % Case reports Case reports
2-39 % 4.5 % 4.5 %
Case reports Insufficient data Insufficient data
23-100 % 45-100 % 23-25 %

Table 21.2 Post-operative pituitary outcome

New anterior pituitary

Lesion dysfunction
Craniopharyngioma 17-80 %
Rathke’s cleft cyst 1.7-6 %
Arachnoid cyst 0 %
Tuberculum sella meningioma 0-23 %

Chordoma Case reports
Metastases/Lymphoma Insufficient data
Following surgical resection of non-

adenomatous sellar lesions, anterior pituitary
gland function can improve, as is commonly seen
with Rathke’s cleft cysts and sellar arachnoid
cysts. However, it is extremely uncommon for
diabetes insipidus to resolve post-operatively
(Table 21.2). New post-operative anterior and/or
posterior gland dysfunction is most commonly
seen with craniopharyngiomas and occasionally
with Rathke’s cleft cysts (particularly supraglan-
dular cysts adherent to the infundibulum), but
rarely with parasellar meningiomas and clival
chordomas. The relevant surgical anatomy and
imaging, surgical nuances for preserving gland
function and hormonal outcomes for each of
these lesion types is discussed below.

Endonasal Transsphenoidal
Approach with Attention to Gland
Identification and Preservation

The endonasal transsphenoidal approach, enhanced
with neuroendoscopy, offers a safe surgical tra-
jectory for the great majority of parasellar lesions.
In terms of preserving gland function, a careful

Improvement of
pre-operative pituitary

New diabetes insipidus dysfunction
23-69 % 0-35 %
2-19 % 22-41 %
0% 25-100 %
0% 0 %

Case reports Insufficient data

Insufficient data Insufficient data

review of the preoperative sellar MRI allows one
to anticipate gland location and the course of the
infundibulum relative to the tumor. While most
pituitary adenomas distort the gland by pushing
it laterally, posteriorly and or superiorly, non-
adenomatous lesions can push the gland anteri-
orly (as is often the case with Rathke’s cleft cysts
and sellar arachnoid cysts) or inferiorly (as is often
the case with craniopharyngiomas and tuberculum
sella and dorsum sellae meningiomas). While
craniopharyngiomas are the most variable in their
location, they are the tumor that most commonly
engulfs the infundibulum and extends into the
retro-chiasmal space.

In patients with fully or partially intact pitu-
itary gland function, in whom functional preser-
vation is a goal, the gland should be gently
manipulated. To access a tumor or cyst behind
the gland, it is generally safe to make a low verti-
cal gland incision and even to remove a small
window of attenuated gland as a working corri-
dor (Dusick et al. 2008, Table). This approach is
preferred over putting excessive traction on the
gland which can compromise gland and infundib-
ulum neurovasculature. An alternative and tech-
nically more demanding approach for working in
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the retro-glandular space is pituitary gland trans-
position as described by Kassam et al. (2008) for
some lesions such as craniopharyngiomas, chor-
domas and meningiomas. For lesions that extend
into the suprasellar and supra-diaphragmatic
space, particularly for retrochisamal craniopha-
ryngiomas and tuberculum sellae meningiomas,
it is also critical to visualize and preserve the
superior hypophyseal arteries which typically
course from laterally to medially to the infundib-
ulum in 2 or 3 branches and then bifurcate supe-
riorly to the undersurface of the chiasm and
inferiorly to the gland . Injury to these delicate
arteries can contribute to gland dysfunction as
well as visual field loss from chiasmal ischemia
(Kassam et al. 2008).

Specific Sellar Lesions: Approach
and Hormonal Outcomes

Craniopharyngioma

Relevant Anatomy and Imaging: Craniopha-
ryngiomas typically have their epicenter around
the infundibulum but can extend into various
locations including intrasellar, suprasellar, intra-
ventricular, or a combination of these areas as
well as into the frontal and middle fossas.
However, the most common location for cranio-
pharyngiomas is in the sellar, suprasellar and
retrochiasmal space.

Clinical Presentation and Hormonal Outcomes: In
addition to the common presentation of visual
loss and headaches, craniopharyngiomas lead to
pituitary hormonal dysfunction in 56-83 % of
patients. The most common hypothalamic pitu-
itary axes affected are the gonadotrope and
somatotrope systems. The incidence of panhypo-
pituitarism is approximately 24-42 %. Diabetes
insipidus is a less common presenting finding
(4-37 %) (Honegger et al. 1999, Table; Shin et al.
1999, Table). Following surgery, the incidence of
new panhypopituitarism is 17-80 %. This is
dependent on the tumor location, the surgical
approach, the degree of tumor resection, and the
preservation of the normal pituitary gland and
infundibulum. The incidence of post-operative
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prolonged diabetes insipidus is 23-69 %
(Honegger et al. 1999; Shin et al. 1999). With
more extensive tumors involving the hypothala-
mus, the incidence of adipsic DI, temperature
dysregulation and hypothalamic obesity can
occur. These syndromes are very difficult to man-
age as the thirst and satiety nuclei of the hypo-
thalamus are affected and hormone replacement
alone does not suffice (Crowley et al. 2010). With
tumors that significantly involve the infundibu-
lum, deliberate pituitary stalk sectioning may be
necessary, resulting in DI and pan-hypopituitarism.
In tumors where there is apparent anatomic pres-
ervation of the pituitary gland, the incidence of
pituitary dysfunction remains elevated regardless
of surgical approach (Honegger et al. 1999).
Even with stalk preservation, post-operative DI
still occurs in 52—-64 % of patients. Post-operative
hypocortisolism occurs in up to 40 % of patients.

Surgical Nuances for Maximizing Gland
Preservation: Given that the majority of cranio-
pharyngiomas are in the sellar, suprasellar and
retrochiasmal space, an endonasal transsphenoi-
dal approach with endoscopy or endoscopic
assistance is recommended for the majority of
such tumors. In some tumors with predominantly
pre-chiasmal or lateral suprasellar extensions,
the supraorbital or pterional approach may be
preferred (Fatemi et al. 2009). For lesions
predominantly within the third ventricle, a trans-
ventricular approach may be utilized.

If preoperative pituitary gland function is
largely intact, an attempt is made to identify the
pituitary stalk and its site of insertion to the pitu-
itary gland early in the dissection and to avoid
traction on the stalk during tumor removal.
However, when pre-operative diabetes insipidus
or multiple anterior gland deficiencies are present
and/or the pituitary stalk is engulfed by tumor on
the pre-operative MRI, persevering gland func-
tion is less likely and thus less of a priority
although an effort should be made in every case
to identify and preserve the infundibulum. While
total resection of craniopharyngiomas has been
advocated by some, it is associated with a higher
morbidity and mortality (Zhou and Shi 2004).
Consequently, the goal should be safe maximal
resection and settling for subtotal removal if
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dense adhesions to neurovascular structures are
present (Puget et al. 2007; Van Effenterre and
Boch 2002). In recent reports, total removal rates
have ranged from 7 % to 89 % in transsphenoidal
series with the microscope and/or endoscope
(Chakrabarti et al. 2005; Czirjak and Szeifert
2006; Laws et al. 2005), 40—74 % in supra-orbital
series (Czirjak and Szeifert 2006; Jallo et al.
2005) and 6-100 % by the subfrontal or pterional
routes (Fahlbusch and Schott 2002, Table; Puget
et al. 2007; Van Effenterre and Boch 2002).

Rathke’s Cleft Cyst

Relevant Anatomy and Imaging: Rathke’s cleft
cysts are the most common non-adenomatous
symptomatic lesions affecting the pituitary gland
(Dusick et al. 2005, Table). They most commonly
are intrasellar with or without suprasellar exten-
sion causing anterior displacement of the anterior
gland and posterior displacement of the posterior
lobe. Less commonly they can be entirely suprag-
landular in location often adherent to infundibu-
lum and extending into the suprasellar space
(Potts et al. 2011) (Fig. 21.1).

Clinical Presentation and Hormonal Outcomes:
These lesions are most commonly associated
with headaches (70-85 %), typically frontal or
retro-orbital in location. Hypopituitarism can also
occur, though more frequent in children (Aho
et al. 2005, Table; Madhok et al. 2010, Table;
Potts et al. 2011, Table). In a large series of symp-
tomatic patients with RCC, pituitary dysfunction
was present in 66—70 % of patients, with 0-13 %
presenting with DI (Aho et al. 2005). Pre-
operative anterior hormonal deficits frequently
improve as shown in our recent report with a 41 %
rate of resolved anterior axis deficiencies and a
67 % rate of resolved stalk hyperprolactinemia
(Dusick et al. 2008). Resolution of diabetes insip-
idus however is extremely rare (Frank et al. 2005).

Surgical Nuances for Maximizing Gland
Preservation: For intrasellar RCCs, since such
cysts are typically located behind the anterior
lobe, their removal involves an approach through
the anterior gland via a low midline vertical glan-
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dular incision or as described by Madhok et al.
(2010) using an infrasellar approach to the cyst
contents with minimal gland incision. Through
this small low anterior or inferior corridor, the
cyst contents are removed with suction, curettes
and irrigation. Given that the resection cavity is
generally formed by the anterior and posterior
pituitary lobes and the cyst lining is generally
adherent to these normal structures no attempt
should be made to vigorously strip the cyst wall
off of the normal gland, since this approach has
been associated with a higher rate of post-
operative pituitary gland dysfunction including
diabetes insipidus (Aho et al. 2005). However,
this less aggressive approach is also associated
with a higher rate of cyst recurrence (Kim et al.
2004). A detailed endoscopic visualization of
the cyst wall and normal pituitary structures
may improve surgical outcomes and decrease the
incidence of DI. Although occasionally utilized,
instilling caustic agents such as ethanol or
hydrogen peroxide does not appear to decrease
the recurrence rate of these cysts, and may
increase pituitary gland dysfunction (Benveniste
et al. 2004).

Sellar Arachnoid Cysts

Relevant Anatomy and Imaging: Arachnoid cysts
of the sellar and parasellar region are generally
thought to be congenital and/or developmental in
origin. Pre-operative imaging demonstrates a
cyst with signal characteristics similar to CSF
(hyperintense on T2, hypointense on T1, no dif-
fusion restriction on DWI). Unlike sellar Rathke’s
cleft cysts which consistently reside between the
anterior and posterior lobes of the pituitary, sellar
arachnoid cysts have a much more variable
relationship to the gland and infundibulum.
The gland may be pushed anteriorly or splayed
bilaterally, superiorly or posteriorly by the cyst
(McLaughlin et al. 2012, Table).

Clinical Presentation and Hormonal Outcomes:
Pre-operative anterior pituitary dysfunction can
be seen with sellar arachnoid cysts ranging from
50-60 % (Shin et al. 1999), while DI is rarely



G. Barkhoudarian et al.

Fig.21.1 Coronal and Sagittal MRI post-contrast images of Intrasellar (a, b) and supraglandular (¢, d) Rathke’s Cleft Cyst

seen (McLaughlin et al. 2012). Following surgical
fenestration and cyst obliteration occlusion,
pituitary dysfunction can improve in 0—100 % of
patients, being rare to improve in those presenting
with panhypopituitarism and common to improve
in those with partial deficiencies (Table 21.2).

Surgical Nuances for Maximizing Gland
Preservation: As we recently described, our
technique for sellar arachnoid cyst obliteration
involves a relatively small dural opening and cyst
cavity obliteration with an abdominal fat graft
and sellar floor reconstruction (McLaughlin et al.
2012). The dural opening should be large enough
to pass a4 mm rigid endoscope but not so large as

to increase the complexity of the skull base
closure. The anterior arachnoid cyst membrane is
opened sharply with a microblade with return of
clear cerebrospinal fluid. An inspection of the AC
cavity is performed making sure the lesion is
not a cystic tumor, and looking for potential
diaphragmatic defects or arachnoid diverticula.
Widening or dissection through the diaphrag-
matic defect in order to establish a larger com-
munication to the suprasellar SAS is specifically
avoided. Additionally, the cyst wall is not dis-
sected off of the pituitary gland which is typically
thinned and attenuated, given the risk of worsening
pituitary dysfunction. Subsequently, the defect is
obliterated with a fat graft that has enough volume
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to fill the cavity without excess pressure on
the surrounding normal pituitary gland which is
typically thinned. The fat graft is supported with
a buttress, collagen sponges, and tissue glue.

Meningioma

Relevant Anatomy and Imaging: Meningiomas
involving the sella and pituitary gland can arise
from the diaphragm sella, the tuberculum sella,
the cavernous sinus or the sphenoid wing. When
indicated, the extended transsphenoidal approach
can offer a safe alternative for tumor resection as
well as pituitary gland preservation especially for
tumors under 3-3.5 cms in maximal diameter
without large lateral extensions (Fatemi et al.
2009; Laws and Thapar 2000).

Clinical Presentation and Hormonal Outcomes:
As these tumors originate from the skull-base
dura, the frequency of pituitary gland involvement
is much lower than other parasellar lesions. The
incidence of pre-operative pituitary dysfunction
is 2-39 % (Dusick et al. 2005; Fahlbusch and
Schott 2002). Meningioma locations that can
affect pituitary function include tuberculum sella
and cavernous sinus lesions that extend into the
sella itself (Fig. 21.2). The risk of new pituitary
dysfunction following surgery for these lesions
has been reported to be 0-23 % (Dusick et al.
2008; Fahlbusch and Schott 2002). Conversely,
some patients demonstrate improvement of their
pre-operative endocrinopathies (Fahlbusch and
Schott 2002). Additionally, tumors that involve the
posterior clinoid processes or the mesencephalon,
necessitating pituitary transposition can affect
pituitary function. Following this maneuver, pitu-
itary dysfunction has been reported to be 13 % in
a small cohort study (Kassam et al. 2008).

Surgical Nuances for Maximizing Gland
Preservation: For tuberculum sellae meningio-
mas, the tumors arise from the tuberculum sella
and often extend onto the diaphragma sella caus-
ing downward compression of the normal gland
and stretching the infundibulum posteriorly.
In these cases, the infundibulum and its insertion

site to the gland should be identified after the ini-
tial debulking of the more anteriorly located
tumor with preservation of these structures and
the overlying arachnoid plane as a major goal of
the surgery. Careful attention to the superior
hypophyseal arteries is also essential to preserve
pituitary gland and chiasmal function.

Chordoma and Chondrosarcoma

Relevant Anatomy and Imaging: Clival chordo-
mas are malignant tumors that originate from
notochord remnants along the skull base.
Chordomas can behave quite aggressively and
are often extensively invasive into surrounding
skull base structures. A small subset of patients
(up to 10 %) may develop metastases to distant
sites beyond their site of origin. One of the more
common sites from which these originate is at the
occipito-sphenoidal suture of the clivus (Colli
and Al-Mefty 2001; Henderson et al. 2009).
Histological evaluation with special stains identi-
fies some of these lesions as low-grade
chondrosarcomas; others have been sub-classi-
fied as the chondroid variant of chordoma.

Clinical Presentation and Hormonal Outcomes:
Frequently, chordomas may indent or erode the
sella and at times may cause some degree of
pituitary gland distortion. However, preoperative
pituitary hormonal dysfunction is relatively
uncommon; the incidence is low and rarely
reported. Post-operative pituitary dysfunction
after chordoma resection is also low. Sporadic
case reports have demonstrated chordomas invad-
ing the sella and causing pre-operative pituitary
dysfunction complicated by post-operative DI
(Galesanu et al. 2007, Table; Wang et al. 2012,
Table). Small case series have shown intrasellar
chordomas mimicking pituitary adenomas with
occasional hyperprolactinemia and pituitary
dysfunction (Thodou et al. 2000).

Surgical Nuances for Maximizing Gland
Preservation: At surgery, clival chordomas that
erode the sella and distort the gland and infun-
dibulum may be found to extend through the
sellar dura but more often they only compress
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Fig. 21.2 Coronal (a) and sagittal (b) post-contrast
MRI of a large tuberculum sella meningioma causing
compression of the brain, optic apparatus, and the

sellar dura. Tumor resection in this area must be
done cautiously so as not to devascularize the
gland or otherwise overly manipulate it.

Metastases and Lymphoma

Relevant Anatomy and Imaging: The pituitary
gland is a relatively frequent site of distant metas-
tases for numerous carcinomas. This is likely due
to its rich vascular supply and its double capillary
bed incorporated into the pituitary portal system.
Common cancers metastatic to the pituitary
region include: breast, lung, prostate, and renal
cell carcinoma (Morita et al. 1998). It is impor-
tant to note that pituitary adenomas may occur in
10-20 % of the general population and can also
be hypermetabolic on PET imaging and can thus
mimic metastatic disease (Campeau et al. 2003;
Komori et al. 2002; Koo et al. 2006). Hence, iso-
lated pituitary lesions in the setting of a primary
carcinoma should warrant a surgical biopsy prior
to more aggressive chemotherapy and radiation
therapy regimens.

Clinical Presentation and Hormonal Outcomes:
The most common finding for symptomatic

pituitary gland. A distinct border can be seen between
the tumor and pituitary gland (arrows)

pituitary metastases is pituitary dysfunction,
particularly diabetes insipidus (70-100 %).
Anterior pituitary dysfunction is often seen, but to
a lesser extent. Other presenting symptoms are
those of tumor mass effect, such as headaches,
visual field deficits and cranial nerve dysfunction.
Although surgical debulking of the tumor offers
improvement in quality of life factors such as
visual loss and pituitary dysfunction, the overall
survival of patients with sellar metastases is poor,
averaging 6—7 months. This poor prognosis is pri-
marily due to the systemic tumor burden from the
primary carcinoma and the late stage of the disease
process (Morita et al. 1998; Sioutos et al. 1996).
Lymphoma of the pituitary gland is a rare but
reported entity. Pituitary involvement has been
noted in both hematogenous spread of lymphoma
and primary CNS lymphoma (PCNSL). In an
autopsy review, 23 % of 165 patients with hema-
tological malignancies had hypophyseal lym-
phoma. Approximately 25 % of a series of 22
patients with PCNSL also had pituitary involve-
ment (Giustina et al. 2001, Table). In patients
with pituitary involvement, up to 50 % presented
with deficiency in at least one pituitary axis
(Giustina et al. 2001; Mathiasen et al. 2000).
Systemic lymphoma can also metastasize to the
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Fig.21.3 Axial post-contrast (a), sagittal pre-contrast (b), coronal post-contrast (¢) and sagittal post-contrast (d) MRI
of a patient with non-Hodgkin’s Lymphoma metastasis to the pituitary gland. Note posterior location of metastasis

pituitary gland, typically associated with anterior
and posterior gland dysfunction (Megan et al.
2005; Soussan et al. 2008). Surgical biopsy of
these lesions has been reported in selected cases
(Landman et al. 2001; Mathiasen et al. 2000).
Biopsy secured the initial diagnosis of pituitary
lymphoma, allowing for systemic treatment of
the disease (Fig. 21.3).

Surgical Nuances for Maximizing Gland
Preservation: The primary surgical goal for sellar

metastases is to decrease mass effect and obtain
diagnostic tissue for tumor staging (when neces-
sary). Metastatic tumors to the pituitary region
are often highly invasive and vascular, warranting
added caution on the part of the surgeon.

Miscellaneous Lesions

Numerous less common lesions can also be seen
in the parasellar region. Some examples include
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germ cell tumors, dermoid cysts, epidermoid
cysts, lymphocytic hypophysitis and sarcoidosis.
A subset of these lesions can present or affect
pituitary hormonal function. Germ cell tumors
are uncommon lesions that can involve midline
intracranial structures, most commonly in the
suprasellar and pineal regions. There are various
subtypes, germinomas being the most common.
Typically, suprasellar germinomas present first
with diabetes insipidus (50-86 % in one series),
and subsequently may produce visual loss and
hypopituitarism (Matsutani et al. 1997). It is
important to note that surgical resection of germ
cell tumors is not often curative, whereas effec-
tive radiation and/or chemotherapy treatment for
germinomatous germ-cell tumors may be more
effective in achieving disease control (Pashtan
and Loeffler 2011).

Although rare entities in the parasellar
region, dermoid and epidermoid cysts have been
reported (Mamata et al. 1998). Epidermoid
tumors can be grossly debulked using mechani-
cal curettage and suction, yet it is often neces-
sary to leave the tumor capsule behind to avoid
traction on critical structures. Dermoid cysts,
which are often affecting midline structures, can
be more intimately involved with the surround-
ing structures. These tumors rarely present with
endocrine dysfunction, although sporadic case
reports suggest a syndrome mimicking pituitary
apoplexy (Sani et al. 2005; Tuna et al. 2008).
The incidence of pituitary dysfunction follow-
ing surgical removal of these lesions is poorly
understood.

In conclusion, the transsphenoidal approach is
increasingly used for removal of non-adenomatous
sellar and parasellar tumors and its safety and
effectiveness appears to have improved with greater
use of endoscopy. Many of these lesions are asso-
ciated with pre-operative pituitary dysfunction.
Depending on the lesion, surgical approach and
post-operative therapy, pituitary dysfunction can
either improve or worsen. Thorough pre-operative
evaluation regarding gland function and location,
gentle surgical manipulation of the infundibulum,
gland and associated vasculature, as well as careful
post-operative monitoring are necessary to maxi-
mize chances of pituitary hormonal functional
preservation and recovery.

G. Barkhoudarian et al.
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Abstract

There is an increasing clinical challenge in the
treatment of primary and secondary brain
tumors, mostly because of a rise in the number
of patients with brain metastases and the
limited treatment results with the standard
treatments available today. A novel and prom-
ising treatment modality, electrochemother-
apy, which is a combination of the technique
of electroporation and the chemotherapeutic
drug bleomycin, could be a new treatment
option for these patients. This chapter eluci-
dates the background and experience with
electrochemotherapy and looks into the pos-
sibilities for use in the treatment of primary
and secondary brain tumors.

Introduction

In this chapter we will outline the clinical chal-
lenges regarding brain metastases, and introduce
a novel and upcoming treatment in this field:
electrochemotherapy.

Brain Metastases

Metastasis to the brain is an increasing problem for
cancer patients today, and in Sweden a doubling of
hospital admissions for brain metastases was found
from 1987 to 2006 (Smedby et al. 2009). One obvi-
ous reason is the generally growing proportion of
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elderly people in the population leading to an
increase in the cancer incidence overall, as the risk
of cancer increases with age. Another reason is the
overall improvement in cancer treatments today,
resulting in longer survival. This leads to an
increased risk of patients developing brain metasta-
ses during the course of the disease. Also, there are
more sensitive diagnostic methods available today,
such as MRI that detect multiple brain metastases
in 75 % versus 50 % of the cases diagnosed
with a CT scan (Kuhn et al. 1994), leading to
increased detection of the presence of brain
metastases. Finally, there is the blood brain
barrier, which may limit penetration of anti-cancer
drugs, leading to a limited effect in the treatment
of brain metastases in both the adjuvant and the
palliative setting.

Electrochemotherapy

Patients with brain metastases have an unfavor-
able prognosis, and there is need for more
efficient treatment options. Electrochemotherapy
could be a new option in this setting.
Electrochemotherapy is a treatment based on the
method of electroporation (Fig. 22.1a).
Electroporation is a technique that permeabilizes
the cell membrane using electric pulses (see sec-
tion “Electroporation”). The permeabilized state
of the membrane can be exploited for various
purposes, for example to gain access to the cyto-
sol for a chemotherapeutic drug or even DNA
(Fig. 22.1b, c). Electrochemotherapy is a treat-
ment that until now primarily has been used in
the treatment of cutaneous metastases in the pal-
liative treatment setting. Treatment response for
smaller cutaneous metastases is reported to be
consistently high, with complete response rates
(CR) after only one treatment of for example
73 % (Marty et al. 2006) and 91 % of the cases
(Heller et al. 1998) (Fig. 22.2). So even if electro-
chemotherapy is only used in the clinic as a
palliative treatment, it is in fact eliminating most
of the smaller tumors locally (Fig. 22.3a—c).
Experience with larger tumors is underway, and
a clinical study of electrochemotherapy as a

M. Linnert et al.

palliative treatment of large chest wall recurrences
from breast cancer has shown promising results
(Matthiessen et al. 2012).

To perform electrochemotherapy, it is neces-
sary to apply electric pulses to the tissue via
electrodes. The electrodes available up until now
have primarily been designed to be used on
skin (Fig. 22.2a, b). Different groups are now
working at developing electrodes for use in inter-
nal organs, and we have in corporation with a
medical device company developed an electrode
suitable for brain tissue. Indeed, for the initial
definition of treatment parameters, important
data has been obtained by treating cutaneous
metastases. This chapter reviews the basis for
electrochemotherapy as well as preliminary
results on its use in the brain and lists perspec-
tives for the technology.

Clinical Challenges of Brain
Metastases

It is a paradox that general improvement of can-
cer treatment today is both leading to prolonged
survival of cancer patients and to an increased
number of patients who live long enough to
develop brain metastases. The risk of developing
brain metastases increases in breast cancer
patients, when there are metastases to the liver,
lungs and lymph nodes (Ryberg et al. 2005), i.e.
with the advancing stage of the cancer. The treat-
ment of brain metastases are, for single or a lim-
ited number of metastases, surgery or stereotactic
radiosurgery. For multiple brain metastases the
evidence based treatment is whole brain radiation
therapy (WBRT) and in some cases systemic che-
motherapy or other anti-cancer drugs. Still, the
overall prognosis is poor with a reported median
survival of 10—12 months after treatment with
surgery or stereotactic radiosurgery and a
reported median survival of 4-6 months after
WBRT (Videtic et al. 2009).

The patient’s quality of life is related to their
neurocognitive function, which is the ability to
do daily activities (ADL), such as recognizing
safe and wunsafe behavior, memory, and
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Fig. 22.1 Electroporation (a) By application of brief
electric pulses it is possible to transiently permeabilise the
cell membrane (electroporation). This allows free passage
of molecules to the cell cytosol over a matter of minutes.
Bleomycin cytotoxicity is augmented over 300-fold when
administration is combined with delivery of electric pulses.
(b) As the electric pulses are subsequently applied, cells

compliance with medical treatments. It has been
established, that tumor regression of brain metas-
tases after whole brain radiation therapy (WBRT)
is correlated with an increased survival and
preservation of neurocognitive function (Li et al.
2007). Another study concluded that the tumor

are permeabilised and the drug enters. After a few minutes,
cells reseal and the extracellular drug is washed out while
the internalized molecules remain trapped intracellularly.
(¢) Bleomycin is cytotoxic once in the cytosol and it works
by cleaving DNA strands, quantified as 10—15 DNA strand
breaks per DNA molecule. Bleomycin induces single-
strand and double-strand DNA breaks with a ratio of 10:1

volume before treatment was the only predictor
of decreased neurocognitive function (Meyers
et al. 2004). Some patients have a better progno-
sis than others, and several positive prognostic
factors have been found, including good perfor-
mance status, age > 60 years; less than three brain



250

M. Linnert et al.

Fig.22.2 The electrochemotherapy procedure. (a) The cliniporator equipment allows monitoring of voltage and current
during the pulse. (b) The application of pulses to skin tumors must be preceded by local or general anesthesia

metastases and no extracranial metastases
(Sperduto et al. 2008). Some cancer histologies
also have a better prognosis, for example, in a
study of 43 patients with metastatic breast cancer
the median survival was 23 months after the diag-
nosis of brain metastases (Gori et al. 2007). Still,
the effect of the available treatments is limited,
and when the brain metastases progresses after
whole brain radiation therapy, there are no addi-
tional standard treatments left to offer for a large
number of the patients.

The role of re-irradiation of the whole brain
for recurrent/progressive brain metastases is con-
troversial, mainly due to the data on the subject
being retrospective and published over a large
number of years while the oncological treatments
have evolved. These studies of re-irradiation of
the brain may therefore have underestimated the
toxicity of the treatment and treated different
types of patients, with respect to disease status
and performance status, which is known to influ-
ence patient survival. Response to treatment and
median survival differ among the studies, proba-
bly reflecting both the difference in radiation
doses, patient characteristics and period of time,

respectively (AbdelWahab et al. 1997; Cooper
et al. 1990; Hazuka and Kinzie 1988; Kurup et al.
1980; Sadikov et al. 2007; Shehata et al. 1974,
Wong et al. 1996). The most recent studies indi-
cate that a majority of the patients may benefit
from re-irradiation of the brain in the form of
complete or partial resolution of symptoms
(Cooper et al. 1990; Sadikov et al. 2007; Wong
et al. 1996). Opposed to these results is Hazuka
et al.’s cohort treated from 1975-1986, where
over half the patients failed to respond or deterio-
rated and 2 patients died from brain necrosis,
possibly as a direct consequence of the re-treatment
(Hazuka and Kinzie 1988).

Previously, cancer patients died of general
disease progression, but today it is not uncom-
mon that the only site of progression is the brain,
while the cancer elsewhere in the body is con-
trolled. For example, in the previously men-
tioned study of 43 breast cancer patients, 60 %
of the patients only had disease progression in
the brain (Gori et al. 2007). It is therefore
increasingly important to prevent brain metasta-
ses and explore better treatment options for these
patients.
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Fig.22.3 Treatment result of electrochemotherapy in the
skin. Course of treatment for patient with malignant mela-
noma metastases, one of eight treated is shown. The patient
was treated with electrochemotherapy in general anaesthe-
sia and intravenous injection of bleomycin. Pictures shows
(a) Before treatment the metastases was ulcerated and
caused haemorrhage, pain and discomfort, (b) 1 month

Electroporation

Electroporation (sometimes referred to as elec-
tropermeabilization) is basically a technique used
to transfer exogenous molecules into cells, by
applying a voltage difference across the target
tissue. The technique stems from observations
made in the 1960s and 1970s showing that cell
membranes are made transiently more permeable
by the action of voltage pulses thus allowing dif-
fusion of hydrophilic molecules and ions from
the extracellular space to the cell cytosol and

after treatment the lesion is covered with a crust, needle
marks in normal tis- sue are visible due to treatment of the
tumor margin as well. Note that there is no necrosis of nor-
mal skin, and (¢) 6 months after treatment the treated
metastases is in CR (complete response) showing normal
skin that had healed underneath the nodule (From Gehl,
Ugeskrift for laeger, 2005, with permission)

eventually to the cell nucleus (Gehl 2003). With
electroporation a substantial enhancement of
transport across cellular membranes can be
achieved for certain molecules.

Electroporation and the
Transmembrane Potential

The biophysical basis of electroporation is
often introduced in terms of the evoked change
in the electrical potential across the membrane
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(transmembrane potential). The resting trans-
membrane potential of the cell is mostly between —90
and —70 mV. However, if the cell is exposed to an
external voltage difference (electric field), the
transmembrane potential is altered. The exact
relation between the external electric field and
the change in the transmembrane potential is
complicated, and for simple practical calculations,
approximations are applied.

Two important features need to be empha-
sized: (1) the transmembrane potential of the cell
responds linearly to the electric field strength,
e.g. a doubling of the electric field strength dou-
bles the induced change of the transmembrane
potential. (2) the change in the transmembrane
potential for a given electric field strength,
increases linearly with the diameter of (spheri-
cal) the cell, implying that it is generally easier
to electroporate large cells compared to small
cells. Electroporation occurs when the trans-
membrane potential of the cells in the treated
tissue exceeds about 200 mV (Teissie and Rols
1993). If the applied electric field is very strong,
producing a transmembrane potential above
approximately 1,000 mV, the changes in the
membrane phospho-lipid bilayer will be very
pronounced, causing what is known as irrevers-
ible electroporation, which results in cell death
due to prolonged adverse ion concentrations
(Hojman et al. 2008). Transient or reversible
electroporation is found to last for minutes at
physiological temperature, depending on the
voltage pulse parameters and tissue type, after
which the cells regain their molecular homeosta-
sis (Saulis et al. 1991).

Electroporation Affecting Parameters

The electrode device: To deliver the electric field
to the target tissue a mechanical electrode
arrangement (electrode device) is used. The size
and shape of the electrodes have a large impact
on the distribution of the electric field. Two types
of electrode devices, the parallel plate electrode
device and the needle electrode device, should be
mentioned since they are common in clinical
applications and commercially available. The
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parallel plate electrode device consists of two
plates (electrodes), typically 1-2 cm? each, and
delivers the most uniform electric field, however,
is applicable only in non-invasive procedures, for
example treatment of small prominating tumors.
The needle electrode device is available with dif-
ferent numbers of needles (electrodes) arranged
in different formations. The needle electrode
device, producing a less homogeneous electric
field, is typically used to treat subcutaneous
tumors because of its ability to penetrate up till
about 3 cm tissue at a time.

The pulse parameters: The voltage generator
charges the electrodes according to pulse param-
eters suitable for the particular clinical situation
(Fig. 22.2a). The pulse protocols are specified by
(1) the number of pulses (in a single treatment),
(2) the amplitude of the pulse (voltage), (3) the
duration of the pulse and (4) the frequency of the
pulses (number of pulses per second). In clinical
application only rectangular pulses are consid-
ered. In electrochemotherapy a complete treat-
ment session typically consists of 8 pulses
delivered as 1 pulse per second (1 Hz), and with
pulse duration of 100 milliseconds.

Tissue parameters: Besides the cell diameter,
other tissue related parameters may influence
electroporation of the target tissue, for example
the cellular density of the tissue, the shape of the
cells and the general condition of the cells.
For example necrotic cells within the treated
tissue may distort the electric field distribution,
because of local differences in the electric prop-
erties (e.g. conductivity) of the tissue. In aniso-
tropic tissue, the efficiency of electroporation
may depend on the orientation of the electrodes,
since the direction of the electric field is affected
by it.

The advantage of electroporation based drug
and gene delivery is that by applying the optimal
parameters for a given tissue, it is possible to cus-
tomize delivery of a given drug or gene to a par-
ticular region encompassed by the electrodes. In
neurological disease, the obvious targets are can-
cer in the brain (delivery of chemotherapy) and
non-viral gene delivery for e.g. Parkinson’s dis-
ease. Electrodes for use in the brain are described
in a subsequent section.
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Choice of Chemotherapy

The chemotherapeutic drug of choice in the
performance of electrochemotherapy is in our
opinion bleomycin. Other chemotherapeutic
drugs have been tested regarding the magnitude of
enhancement of the cytotoxicity when using elec-
troporation. When testing drugs commonly used
in the clinical setting, results show an increase of
cytotoxicity by a factor 300-700 for bleomycin
(Gehl et al. 1998; Orlowski et al. 1988), a factor 3
and 2.3 for carboplatin and cisplatin, and for the
drugs daunorubicin, doxorubicin, etoposide, and
paclitaxel no effect of electroporation was found
(Gehl et al. 1998). In concordance with this, other
results show an enhancement of the cytotoxicity
of bleomycin by a factor 5,000, and confirmed a
much more limited effect of electroporation when
using the drugs carboplatin and cisplatin
(Jaroszeski et al. 2000). The next paragraph will
clarify the nature of bleomycin, and explain addi-
tional reasons why we prefer this drug to others
for electrochemotherapy.

Bleomycin

Bleomycin is an antibiotic produced from the
fungus Streptomyces verticillus and was discov-
ered by Umezawa et al. in 1966 (Umezawa et al.
1966). It is formed by a mixture of peptides and
contains a unique structural component, the bleo-
mycinic acid, and a terminal alkylamine group
(Lazo and Chabner 1996). Bleomycin is a hydro-
philic and charged molecule with a molecular
weight of 1500 Da, and it passes the intact plasma
membrane poorly (Poddevin et al. 1991).
Bleomycin is a good chelator of metals and in
the presence of oxygen it can bind to ions of iron,
cobalt, zinc, and copper. The bleomycin-Fe2+
complex is the most active complex (Gothelf
et al. 2003). When bleomycin chelates with iron
in the presence of oxygen, a production of free
radicals induce DNA breaks and mediate lipid
peroxidation (Bokemeyer 2008; Lazo and
Chabner 1996). Bleomycin induces single-strand
and double-strand DNA breaks with a ratio of
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10:1 (Lazo and Chabner 1996). In particular, the
double strand breaks and resulting loss of
chromosome fragments have a cytotoxic effect.
Bleomycin has to be internalized in the cell cyto-
sol to have an effect and the outer cell membrane
is the limiting factor (Gothelf et al. 2003). Once
in the cell cytosol it will effectuate its toxicity
although its way to the cell nucleus is relatively
unknown. There are two scenarios depending on
how many molecules of bleomycin enter the cell:
(1) the cells are arrested in the G2—M phase of the
cell cycle and die in approximately three dou-
bling times with low concentration of bleomycin,
and (ii) pseudoapoptosis is induced and kills the
cell within minutes with high concentrations of
bleomycin (Tounekti et al. 2001).

Bleomycin’s mechanism of action is effective
in all steps of the cell cycle, though cells in G2/M
phase are considered more sensitive because the
DNA is more accessible in this phase (Mir et al.
1996). Bleomycin is mostly used in the treatment
of lymphoma (Hodgkin and non-Hodgkin) and
testicular cancer in combination with other
antineoplastic drugs (Bokemeyer 2008; Lazo and
Chabner 1996). It is also the preferred drug
in treating tumors with electrochemotherapy
(Gothelf et al. 2003; Heller et al. 1998; Marty
et al. 2006). Bleomycin is eliminated from the
blood by renal excretion (Mir et al. 1996). The
most important toxic reactions affect the lungs
and skin, causing pulmonary fibrosis in about
10 %, with a mortality rate of 1 %, and erythema,
induration, hyperkeratosis, and peeling of the
skin (Lazo and Chabner 1996). The toxicity of
bleomycin increases with and is directly related
to the cumulative dose received. It should be
noted that normally fever occurs 48 h after
intravenous drug administration in 25 % of the
patients (Lazo and Chabner 1996).

Because electrochemotherapy is a once-only
treatment, the doses necessary are not even near
the cumulative doses that are reported to cause
serious adverse effects. Therefore, the anticipated
adverse effects related to bleomycin should be of
a mild nature, such as flu-like symptoms and a
slight fever. In the treatment of electrochemo-
therapy bleomycin can be administered both
intravenously and intratumorally, and the adverse
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effects of course depends on the route of admin-
istration. The mentioned adverse effects are seen
when bleomycin is administered intravenously.
In the next paragraph we will get into the adverse
effects seen with intratumoral administration of
bleomycin in the brain.

To summarize, bleomycin is the ideal drug for
electrochemotherapy as it is very effective once
inside the cell, probably because of the ability to
induce DNA strand breaks. At the same time
bleomycin is a large molecule with less effect on
the healthy, non- electroporated cells, where the
cell membrane is intact. Bleomycin usually has
only few and mild adverse effects in the doses
that we use for electrochemotherapy. These facts
make bleomycin the drug of choice, when per-
forming a specific and localized cancer treatment
with electrochemotherapy.

Clinical Experience with Bleomycin
in the Brain

In the preparation for introducing electrochemo-
therapy to the human brain we have looked in the
literature for reported adverse effects of treat-
ment with bleomycin in the brain. Bleomycin has
been used in the treatment of brain tumors for
more than 30 years. A review of adverse effects
of bleomycin as a direct injection into a solid
tumor or cyst showed, that only 5 out of 189
patients (3 %) had serious adverse effects and 6
patients (3 %) had moderate adverse effects
(Linnert and Gehl 2009). In general, treatment
with bleomycin for brain tumors was well toler-
ated. The most common adverse effects was
transient fever in 19 %, headache in 16 %, nausea
and vomiting in 10 % and peritumoral edema
(swelling and fluid around the tumor) in 4 % of
the patients. Fatigue was reported in 5 % of
the patients and 3 % (5 patients) had epileptic
seizures, out of which two patients already had
epilepsy. Five patients had serious adverse
effects: 2 patients developed vision loss on one
and both eyes respectively; 2 patients had hearing
loss and one patient developed generalized brain
edema and died. The patient who developed brain
edema received an unusually large dose of bleo-
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mycin (56 mg) in daily doses over only 8 days.
All cases with severe and moderate adverse
effects except one were patients with craniopha-
ryngiomas and the adverse effects were probably
caused by the tumor localization in the deep
brain. In conclusion, bleomycin injection into the
brain has been fairly well tolerated at doses much
higher than those used for electrochemotherapy.

Concept of Electrochemotherapy

Electrochemotherapy is the electroporation-
mediated transfer of antineoplastic drugs to
tumors. Electrochemotherapy was invented in the
early 1990s proving the potentiation of anti-
tumor effect of chemotherapeutics by applying
local electrical pulses. This is a very useful
method for delivery of molecules to the cytosol
(such as bleomycin) that would otherwise not be
able to pass the outer cell membrane. Bleomycin
is as mentioned a large, hydrophilic molecule,
that passes the cell membrane poorly and there
are no cellular uptake mechanisms for bleomy-
cin. Normally the uptake of bleomycin has to
depend on diffusion, which limits the efficacy of
the drug. However, once inside the cell, bleomy-
cin is a highly effective chemotherapeutic drug
that works by inducing DNA strand breakage,
quantified as 10-15 DNA strand breaks per DNA
molecule (Tounekti et al. 2001). So when bleo-
mycin and electroporation are combined (electro-
chemotherapy), bleomycin can enter the cell
easily, and the cytotoxicity increases over 300-
fold (Gehl et al. 1998; Jaroszeski et al. 2000;
Orlowski et al. 1988). Because the increase of
cytotoxicity is so pronounced, the treatment is
successful even in cancer diseases, such as
malignant melanoma, where chemotherapy has
been abandoned because of a poor response.
Electrochemotherapy can also be applied to areas
that are previously irradiated (Marty et al. 2006).

Bleomycin can be administered either
intravenously or directly into tumor as an injec-
tion. The drug enters the cells in sufficient quan-
tities only where the electric pulses are applied
and cells are electroporated, hence treatment with
electrochemotherapy is always a local treatment
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regardless of the method of administration. It has
been shown, that electrochemotherapy is very
effective in the treatment of cutaneous metasta-
ses, where 73-91 % of the tumors show a com-
plete response (CR) after only one treatment
(Heller et al. 1998; Marty et al. 2006).

Preclinical Experience with
Electrochemotherapy in the Brain

In the early 1990s the first reported initiative was
made to explore electrochemotherapy as a treat-
ment modality for brain tumors in a rat model
(Salford et al. 1993). Acupuncture needles were
used as electrodes to treat rats inoculated with
tumor cells with electrochemotherapy, intrave-
nously injected bleomycin being the chemothera-
peutic drug. Salford et al. reported an almost
double survival time for the electrochemotherapy
treated rats than for the bleomycin only treated
rats. However, most of the rats given electroche-
motherapy (n=17) had only on average 3—4 days
delayed sign of symptoms for late stage tumor
growth, and were terminated (n=15), whereas
only a few (n=2) were without symptoms when
terminated, eventually.

Recently electrochemotherapy of primary
brain tumors have successfully been performed
in an animal model (Agerholm-Larsen et al.
2011). The experimental setup was basically to
inoculate rat brains with glial derived tumor cells
to obtain primary tumor growth for later once-
only electrochemotherapy. The tumor cell line
inoculated (Siesjo et al. 1993) was rather potent,
and once the tumor appeared at MRI, it would, if
untreated, progressively grow for only 2-3 weeks
before termination had to be initiated due to
tumor size. The tumors, however, in spite of their
relative short life time before termination, did
show several pathological features similar to
human glioblastomas such as palisades and
pseudo-palisades.

From the time of initial growth of the primary
tumor to the termination of the animal, the tumor
size was estimated and/or treatment effects evalu-
ated from in vivo magnetic resonance imaging
(MRI). This way, the regression of the tumor

Fig. 22.4 Electrochemotherapy in the human brain.
Schematic drawing of the proposed electroporation proce-
dure in the human brain

could be followed in vivo once the treatment
effects (edema and diffuse contrast upload in the
target area) had declined within the first week
after treatment. The electrochemotherapy was
performed with bleomycin, intracranially
injected targeting the tumor, and with a newly
developed electrode device for electrochemo-
therapy in soft tissue like the brain, the electrode
device being a minor scale of a newly developed
electrode device for electrochemotherapy in
human brain tissue (Agerholm-Larsen et al.
2011).

The results so far have been promising in
terms of treatment effect, survival, tolerability of
electrochemotherapy and safety issues. For the
treatment effect to be 100 % successful the
targeted area with the tumor must be permanently
eliminated. The preclinical results, however,
showed a wide range of steps on the ladder of
success, reaching all the way from 50 % to 100 %
success of covering the whole tumor leading to
either partial or total elimination of the tumor.
The data are based on MRI that was used to
follow the stages of deterioration of the brain
tissue in the targeted area in vivo, and immuno-
and histochemical stainings performed in vitro to
provide information of necrotic tissue, remains of
tumor cells, and effect on neurons and glial cells
in the targeted area (Fig. 22.4).

The data in summary were, that necrotic tissue
was obtained in brain areas targeted with nce-only
electrochemotherapy and clearly distinguishable
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Fig. 22.5 Preclinical treatment results. Rat brain tissue
(coronal slices) stained with H&E. All treatment modalities
took place 2 weeks after inoculation of tumor cells, and all

from the controls, where almost no effects were
observed in brain areas targeted with bleomycin
or electroporation only (Fig. 22.5a—c). These data
suggest that bleomycin may be taken up by the
tumor cells due to the transient permeabilization
of the cell membrane caused by electroporation,
and that neither bleomycin nor electroporation
alone can cause elimination of a tumor in this
animal model. These preclinical data reflect
promising preliminary results with the potentials
of improvements of success. That is in the animal

rats were terminated 1 week after treatment. (a) Rat brain
treated with electroporation, (b) Rat brain treated with
bleomycin, (¢) Rat brain treated with electrochemotherapy

model the tumor is accessed by electrodes
deployed through the burr hole already made for
inoculation of the tumor cells. In the clinic brain
scans exposing the tumor position will be
matched to stereotaxic coordinates to ensure that
a burr hole or craniotomy is positioned optimally
for treatment. Rats undergoing electrochemo-
therapy have successfully been followed up until
8 weeks after treatment before termination,
showing no obvious sign of basic malfunction
either physically or mentally.
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Electrochemotherapy in the Human
Brain

Electrochemotherapy has been performed in a
variety of different tissues, but mostly skin
and other easily accessible tissue. Because of
advances in electrode technology, it is now pos-
sible to pursue this treatment modality in other
types of tissue. We have developed an electrode
especially suited for use in the brain, which we
find to be a suitable target organ for several
reasons. Electrochemotherapy is known to be a
treatment that is quick, effective, localized and
relatively lenient to adjacent healthy tissue. These
qualities make electrochemotherapy a new and
interesting treatment modality in the brain, where
it is very important, that the malignant cells are
killed effectively at the same time as the healthy
neurons are spared to the greatest extent possible.
In our research group we have run a clinical
trial, where brain metastases were treated as a pal-
liative treatment with electrochemotherapy using
bleomycin and the novel brain electrode (www.
clinicaltrials.gov NTC 01322100). The treatment
was performed with the patient in general anes-
thesia as a once-only procedure (Fig. 22.4). A
neurosurgeon was planning the treatment from an
MRI of the brain and use stereotactic equipment
to guide the brain electrode into the tumor through
a burr hole. Endpoints of the study were safety
and efficacy evaluated by MRI. The first patient in
the study has been treated successfully, and no
related adverse events have been observed in the 6
weeks of follow up. Follow up was shortened due
to disease progression, so evaluation of response
was not possible according to protocol, but we are
able to conclude that treatment in the brain with
electrochemotherapy is technically feasible. The
clinical trial was open for more than 2 years and
was closed due to slow patient accrual, so this
patient was the only one treated in this protocol.

The Blood-Brain Barrier

The blood brain barrier (BBB) is made of non-
fenestrated endothelial cells, which makes it
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highly impermeable, only allowing passage of
small, hydrophobic and uncharged molecules
such as water. The endothelial cells are held
together by tight junctions in the blood vasculature
throughout the brain. Therefore, the BBB often
keep anti-cancer drugs from penetrating into the
brain tissue. The BBB is disrupted in different
degrees by pathological processes, for instance
after a stroke, a malignant brain tumor, infection
or trauma. After whole brain radiation therapy
(WBRT) the BBB is also under continuous
break down for weeks to months (De Angelis and
Yahalom 1993). The patients in the current trial will
have both a pathological process in the form of
brain metastases and will have received WBRT as
first line treatment, so both factors will influence
the BBB integrity. Additionally, deployment of
electrodes and electroporation of the brain tissue
may lead to increased permeability.

Another perspective of using electrochemo-
therapy in the brain could be to treat the margins
of a primary brain tumor after surgical removal of
the bulk of the tumor. Previous studies have
pointed out, that it is very important to treat the
well-vascularized, actively proliferating, infiltrat-
ing edge of the tumor with anti-cancer drugs, but
problematic due to the intact BBB. In contrast, it
is easier to treat the central, leaky and hypoxic
part with anti-cancer drugs. This problem is
termed the sink effect and can be the reason for
chemotherapy failure in the brain (Neuwelt
2004). Thus, in electrochemotherapy, drug deliv-
ery and precision of the expansion of the electric
field are key elements. Using electrochemo-
therapy for treatment of the margins could be
suitable for infiltrating tumors such as glioblas-
toma multiforme and is an important priority in
our future research. Lastly, a new perspective of
shifting the chemotherapeutic drug for calcium
could be a possibility. Recent preclinical research
has shown effective tumor kill in mice using
intratumoral calcium and electroporation, possibly
by triggering apoptotic signals as well as depleting
ATP in the tumor cells (Frandsen et al. 2012).

In conclusion, because patients with brain
cancer generally have an unfavorable prognosis,
there is a need for better treatment options.
Electrochemotherapy is a good candidate because
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it is a quick, once-only and effective treatment
that may also be applied to previously irradiated
tissue. Preclinical studies show, that electro-
chemotherapy can be effective and tolerable in
rat brain. Additionally, this treatment modality
is relatively lenient to adjacent healthy tissue and
should be able to overcome the problems of the
blood-brain barrier. Results from our clinical
trial showed that the treatment procedure was
tehcnically feasible and the patient had no related
serious adverse events. Unfortunately, the clinical
trial was closed due to slow patient accrual, but
more clinical studies may be underway, revealing
future implications of electrochemotherapy in the
treatment of brain cancer.
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stimulation of the brain during surgery. All
relevant studies comparing TMS to DES for
mapping of the motor cortex are summarized
and commented in this chapter.

Introduction

When a patient has a brain tumor in or near the
motor cortex, the neurosurgeon’s goal is to maxi-
mize the extent of tumor resection, without caus-
ing any new functional deficits. Achieving both
of these goals simultaneously can be challenging,
especially if the tumor is close to essential func-
tional areas of the motor cortex. To achieve both
these goals, the surgeon needs precise knowledge
of which areas of the brain are functionally essen-
tial versus which areas are not essential and can
be safely resected. Unfortunately, the functional
relevance of tissue in an individual case cannot
be predicted from standard anatomical land-
marks, not only because of natural anatomical
variation between all people, but even more
importantly because the tumor mass can displace
and/or obscure the familiar anatomical land-
marks, and also because the tumor can induce
plastic reorganization of the brain’s functional
areas, especially in the case of slow-growing
tumors. So in order to achieve maximal tumor
removal without causing functional deficits, it is
essential to have case-specific knowledge of the
location of functionally essential areas.
Intraoperative functional testing of the brain tis-
sue surrounding the tumor is the most accurate
and reliable way to obtain this knowledge, but
there are many advantages to obtaining such
functional maps also before the surgery starts.

In the past, intraoperative direct electrical stim-
ulation (DES) of brain tissue was the only modal-
ity available for brain mapping. In recent decades,
much effort has been spent on developing various
technologies for non-invasive pre-operative brain
mapping (Picht and Atalay 2012). One of the more
promising modalities that has been developed is
transcranial ~magnetic  stimulation  (TMS).
Compared to all other modalities of pre-operative
cortical mapping, TMS has the unique advantage
that like DES it stimulates the brain and then
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records the motor output, rather than asking the
patient to move, recording the brain activation, and
then trying to interpret which cortical areas were
essential for that movement. TMS works by hold-
ing a wire coil just above the patient’s head near
the motor cortex and then sending a brief electric
current through that wire coil. The electric current
generates a corresponding magnetic field, as elec-
tricity always does, and this magnetic field passes
through the patient’s skull. Inside the skull, this
magnetic field then again creates an electric flow
of ions which can depolarize the patient’s neurons
and lead to nerve signals in that part of the brain.
TMS has been available for more than 20 years
already. In the early years of TMS, it was not really
possible to accurately know the anatomical loca-
tion of the stimulus, because the wire stimulation
coil was held freehand according to anatomical
landmarks, which vary between individuals
(Krings et al. 1997). To overcome this problem,
TMS has been refined by combining it with neuro-
navigation systems: “navigated TMS”, (nTMS)
(Krings et al. 1997; Picht et al. 2009). This has
made it possible to electrically stimulate precise
areas of the brain with navigational targeting, thus
achieving spatially accurate brain mapping pre-
operatively (Picht et al. 2011a).

The main purpose of the present book chapter
is to review previous reports assessing the spatial
accuracy of nTMS by comparing it to the gold
standard of DES, and also to summarize the
advantages and disadvantages of nTMS. We
begin with a general overview of the basic prin-
ciples of DES and TMS. Next we summarize the
literature on the safety and risks of TMS. Then
we review the literature on the spatial accuracy of
nTMS compared to DES, and we also discuss the
limitations of such comparisons. Finally, we will
discuss the role of nTMS in pre-operative map-
ping of motor areas.

Direct Electrical Stimulation: The
Gold Standard of Cortical Mapping

For almost a century, applying an electrical cur-
rent directly to the brain either by means of hand-
held electrodes or by implanted grids of electrodes
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has been the only reliable method for identification
of brain areas carrying essential motor function.
Clinically, direct electrical stimulation (DES) is
still considered to be the “gold standard” for
functional mapping of the primary motor cortex
(Picht et al. 2011a), since it enables more exten-
sive tumor resection at a lower rate of severe neu-
rological sequela (De Witt Hamer et al. 2012).
Current understanding of functional brain topog-
raphy and connectivity is based on DES findings.
And DES is still the only modality that enables
cortical and subcortical localization of motor
function intra-operatively with absolute spatial
accuracy.

The basic principle of DES is to apply an
electrical impulse to the brain cortex and record
the muscle output. Technically, there are two
different ways to do this: monopolar DES
and bipolar DES (Kombos and Suss 2009).
Comparing bipolar DES to monopolar DES
neurophysiologically, it has been demonstrated
that stimulation with a bipolar probe was very
effective in producing localized current flows;
whereas, a monopolar probe at the same stimu-
lation level produced higher current densities
and stimulated a larger region of the cortex. The
stimulation parameters also differ significantly
between the two methods. For monopolar stim-
ulation, the frequency typically varies between
250 and 500 Hz, the pulse width is 0.2-0.7 ms,
and the number of pulses in a stimulation train
between two and seven, which leads to a stimu-
lation time of 4-28 ms. For bipolar stimulation,
the frequency is typically 50 Hz or 60 Hz, the
pulse width is 0.2-0.7 ms, and the number of
pulses in a train varies between 50 and 200,
which leads to a total stimulation time of 1-4 s
(Penfield and Boldrey 1937; Taniguchi et al.
1993). These variations lead to marked differ-
ences in the net amount of charge applied to
the cortex. In addition to these differences of
charge applied per time and net amount of
charge, several other factors influence the
results of the stimulation: the shape of the elec-
trode tips, the type of stimulator used, and the
way the electrodes are handled (e.g., pressured
onto the cortex/light touch; lots of irrigation/
dry field).
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In the clinical setting of neurosurgery today,
intraoperative DES in patients with brain lesions
in or near the motor cortex enables neurosurgeons
to identify both cortical and subcortical motor
pathways during surgeries (Sanai and Berger
2010). Although many neurosurgeons are aware
that DES improves surgeries of brain lesions such
as gliomas in or near the motor cortex, there are
only a few studies that actually provide scientific
evidence of this (De Witt Hamer et al. 2012;
Duffau et al. 2005). In 2012, De Witt Hamer et al.
reported a meta-analysis of observational studies
with 8091 adults patients in an attempt to elucidate
the usefulness of intraoperative DES for rolandic
infiltrative glioma surgeries (De Witt Hamer et al.
2012). The percentage of gross total resections
was higher with intraoperative DES (75 %) than
without it (58 %). And the rate of severe neuro-
logic deficits was lower with DES (3.4 %) than
without it (8.2 %). That study provides level-one
evidence that intraoperative DES make a subst