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Foreword 1

The clinical history of the craniopharyngioma begins with the extraordinary French
Neurologist, Joseph Jules Francois Felix Babinski, who, in 1900, described a patient
with “dystrophic adiposity and sexual infantilism” who was found to have a cystic
lesion in the area of the pituitary. In his 1912 monograph, The Pituitary Body,
Harvey Williams Cushing described lesions that arose from the embryonic cranio-
pharyngeal duct; however, he had not at this time encountered any of these cysts and
tumors surgically. Many different names had been given to the tumors that we cur-
rently identify as craniopharyngiomas (a term coined in 1931 by the Philadelphia
Neurosurgeon, Charles H. Frazier). In his 1932 monograph on brain tumors treated
surgically, Cushing described 92 craniopharyngiomas, recording poor outcomes
with regard to morbidity and mortality. In fact, Cushing had called these tumors
“themostformidable of intracranial tumors” and also wrote that “Craniopharyngiomas
are the most baffling problem which confronts the Neurosurgeon.” Today, this
remains relatively unchanged!

Although much has been written about the management of childhood craniopha-
ryngiomas, these tumors are also problems in adults, and there are different consid-
erations, nuances, and technical aspects in considering the management of adult
craniopharyngiomas, which is the focus of this innovative and extraordinarily help-
ful volume. In fact, there are some studies that contend that in addition to presenta-
tions in childhood, the age-specific incidence of craniopharyngiomas increases as
the population ages.

This well-conceived and contemporary book includes contributions from
acknowledged experts in neurosurgery, endocrinology, pathology, epidemiology,
pediatrics, medicine, neuroradiology, neuro- and radiation-oncology, and genetic
and molecular biology. Their varying points of view emphasize the complexity
of the subject and its potential and future solutions. They emphasize the neces-
sity of a “Team Approach” and the collaboration of different specialties and sci-
entists in addressing the challenges that this disease presents. Surely, their
analysis of the pediatric experience offers us a platform from which to translate
the lessons learned to the improvement of managing craniopharyngiomas in the
adult population.
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In a concise and targeted fashion, this book is the foundation of a pathway to the
future and for further success in the management of our patients with this fascinat-
ing and multifaceted entity of the craniopharyngioma.

Edward R. Laws
Department of Neurosurgery
Harvard Medical School, Brigham and Women’s Hospital

Boston, MA, USA



Foreword 2

The ideal management of craniopharyngiomas is still unresolved and controver-
sially discussed, despite a century of studies and remarkable evolutions of imaging,
surgery, and radiation techniques. Harvey Cushing once called them the “most for-
bidding of the intracranial tumors” for their association with hypothalamic distur-
bances and for their tendency to recur. Still, to date, there are many obstacles in their
management: For individual surgeons, it is difficult to gain experience with these
lesions since they are rare disorders, with most of them treated in specialized cen-
ters. However, even these centers do not see more than a handful of such patients
every year. Some of them report excellent treatment results and a high proportion of
surgical resections.

Surgery of craniopharyngiomas is not only a matter of surgical skills and exper-
tise. The threat of hypothalamic injury with its sequelae, such as uncontrollable gain
of weight, is a much-feared effect of aggressive removal. Data from nationwide
studies reveal that the mortality and morbidity associated with treatment can be
worse than the effects that the tumor itself produces. On one side, there has been an
enormous evolution in operative procedures: The extended transsphenoidal approach
is one of the novel achievements, which allows extracting tumors that are not suit-
able for transsphenoidal surgery by conventional microscopic techniques a few
years ago. The role of transcranial approaches is thus diminished. However, in some
instances, the entire battery of craniotomies needed. Several different philosophies
of surgeons remain as how to proceed with craniopharyngiomas: Some argued for
most radical extraction in each and every patient and dwell on their microsurgical
skills. Others advised just to relieve the mass effect by the most minimally invasive
procedures available and recommend observation or adjuvant irradiation. Some
apply a more differentiated approach in their patients tailored to the individual
tumor and the patients’ specific situation, respectively, with a variable extent of
resection. To date, such an individualized strategy is preferred and referred to as
“precision” medicine. It is undoubtedly advantageous, if an individual tumor can be
completely extracted without untoward side effects.

On the other side is the threat of treatment-induced hypothalamic damage. The
concept of not damaging the hypothalamus with horrible sequelae and major impair-
ment of quality of life is based on the availability of prognostic scales, which pro-
vide us with some estimation of the likelihood of hypothalamic damage derived
from the imaging patterns of size, composition, and localization of the tumors upon

vii
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their presentation. There are meanwhile several scales available, deriving from dif-
ferent centers. At least to some degree of probability, we can predict the patients at
major risks. After all, we have radiotherapy as yet, and hopefully in the future medi-
cal treatments will become available for the different types of craniopharyngiomas.
The molecular differential diagnosis between adamantinomatous and papillary cra-
niopharyngioma is to date no more just based on microscopic morphological fea-
tures but molecular characteristics, such as the wnt-pathway is disrupted or a BRAF
V600 mutation can be detected. Consequently, there should be appropriate drugs
which interfere with signal disruptions, and in a few case reports the positive effect
of appropriate drug administrations has been documented.

The outstanding experience and expertise of specialized pathological, radiologi-
cal, surgical, medical, and irradiation issues is collected in this volume. The state-
of-the-art knowledge is well reflected and may be used for reference purposes. As
such, it is the result of a novel approach to cover all aspects of craniopharyngioma
in one book. Even to date, we have limited long-term outcome data from the adult
patient population. There are obviously major differences in the management of
adult and pediatric patients, and essentially this book is dedicated to have these
issues addressed.

This book will help in clinical decision making and finding appropriate manage-
ment for the individual patient as cooperation of specialists from many medical
fields, such as pathology, neuroradiology, medicine, pediatrics, neurosurgery, and
molecular biology, is beneficial. It clearly reveals the key to proper patient manage-
ment of this rare type of tumor, which is interdisciplinary cooperation and team-
based individualized patient care.

Michael Buchfelder
Department of Neurosurgery
University Hospital Erlangen

Erlangen, Germany
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Histopathology and Molecular
Pathology of Craniopharyngioma
in Adults

Alexandre Vasiljevic and Chiara Villa

1.1 Introduction

Craniopharyngioma (CP) is a rare epithelial tumor of the central nervous system
affecting 1.7 patients per 1,000,000 person-years [1]. This neoplasm affects the sel-
lar and parasellar region and causes significant morbidities despite having benign
histopathological features. This may be explained by its development in close rela-
tionship with critical anatomical structures, such as the optic chiasm and hypotha-
lamic—pituitary axis. CP follows a bimodal age distribution with a peak incidence in
children aged 0-19 years and adults aged 4079 years [1]. CP was first recognized
as a distinct entity by the Austrian pathologist Jakob Erdheim (1874—1937) who
used the term “hypophyseal duct tumor” (Hypophysenganggeschwiilste) [2]. At that
time, Erdheim already identified two main types of CP: adamantinomatous and
squamous papillary. He also hypothesized that these tumors originated from ecto-
dermal embryonic remnants of the primitive mouth or stomodeum. Indeed during
development, the hypophyseal duct connects the stomodeum to an evagination
called Rathke’s pouch, from which the anterior pituitary lobe is derived.
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The 2016 World Health Organization (WHO) classification of tumors of the cen-
tral nervous system distinguishes two types of CP: adamantinomatous craniopha-
ryngioma (ACP) and papillary craniopharyngioma (PCP) [3]. These are two distinct
entities that are characterized by distinct epidemiology, morphology, and molecular
pathology [4].

1.2  Adamantinomatous Craniopharyngioma

ACP is the most frequently occurring pathological subtype of CP. It predominantly
affects children but may also be observed in adults [5]. Macroscopically, ACP shows
both solid and cystic components. Cysts are filled with a lipid-rich fluid, often
referred to as “motor-oil.” White chalky areas, corresponding to calcifications, and
brownish areas, corresponding to old hemorrhages, are frequently observed macro-
scopically. ACPs generally have irregular and infiltrative borders that render safe
surgical removal challenging.

1.2.1 Histopathology

1.2.1.1 Histopathological Features

ACPs display a characteristic microscopic appearance that is usually easy to recog-
nize [3, 6-8]. ACPs are composed of complex epithelial nests with solid and cystic
areas (Fig. 1.1a). The neoplastic epithelium shows a characteristic organization
(Fig. 1.1b). A layer of palisading columnar epithelial cells surrounds the periphery
of the epithelial nests (palisading epithelium) (Fig. 1.1b, c). This is sometimes
described as “picket fence”-like. At low magnification, the cells of this basal layer
usually appear more basophilic than the upper layers. A few mitotic figures may be
observed here. A low-cellular layer, known as the stellate reticulum, lies above the
palisading epithelium (Fig. 1.1b, d). This layer is similar to the stellate reticulum
found in the developing enamel organ. Nodules of “wet keratin” are a pathogno-
monic feature of ACP. These correspond to aggregates of anuclear squamous “ghost
cells” that have lost their nuclear basophilic staining (Fig. 1.1e). Especially at the
edge of invasion, the neoplastic epithelium shows round clusters of cells also known
as “whorls” or “morules” (Fig. 1.1f). By immunohistochemistry, the nuclear expres-
sion of B-catenin is typically observed in these cellular aggregates (see molecular
pathology below) (Fig. 1.1f).

1.2.1.2 Regressive Changes and Surrounding Nervous Tissue

ACPs usually undergo extensive regressive changes that may in some cases com-
pletely obscure the epithelial component. These changes are frequently found
around aggregates of “wet keratin” (Fig. 1.2a). They include calcifications
(Fig. 1.2b), macrophagic phagocytosis of cholesterol clefts by multinucleated
foreign-body giant cells (Fig. 1.2c, d), necrotic debris, and chronic inflammatory
infiltrates. Hemosiderin deposits are common as a result of focal hemorrhages
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Fig. 1.1 Adamantinomatous craniopharyngioma (ACP): histopathological features (1). (a) ACPs
are composed of complex epithelial structures with irregular borders (arrows) (hematoxylin,
phloxine, saffron (HES) staining; original magnification (OM) x25). (b) ACPs are characterized by
an outer layer of palisading columnar cells that are arranged like a “picket fence” (arrowheads).
The inner part of the epithelial nest is composed of a loose network of star-shaped cells, the stellate
reticulum (asterisks) (HPS; OM x100). (¢) The palisading layer is composed of basophilic colum-
nar cells (arrow). Mitotic figures may be observed here (HPS; OM x400). (d) The stellate reticu-
lum is composed of stellate cells with thin processes in a loose stroma (HPS; OM x400). (e) One
typical feature of ACP is “wet keratin” (arrow). It is composed of aggregates of squamous “ghost”
cells that have lost their basophilic staining (HPS; OM x200). (f) At the edge of invasion of the
nervous tissue, ACPs frequently show round clusters of cells termed “morules” or “whorls”
(arrows) (HPS; OM x100)
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Fig. 1.2 Adamantinomatous craniopharyngioma (ACP): histopathological features (2). (a)
Aggregates of “wet keratin” are a specific feature of ACP (arrow). These are often surrounded by
inflammatory infiltrates composed of macrophages, lymphocytes, and plasma cells (hematoxylin,
phloxine, saffron (HPS) staining; original magnification (OM) x200). (b) “Wet keratin” is often
associated with calcifications (arrows) (HPS; OM x100). (¢) Cholesterol clefts with a foreign-body
giant cell reaction are a frequent finding (HPS; OM x100). (d) Other regressive changes include
fibrosis (asterisks) and deposits of hemosiderin pigment (arrows) related to chronic hemorrhage
(HPS; OM x200). (e) At the interface between ACP and nervous tissue, a florid piloid gliosis is
typically found and may be mistaken for pilocytic astrocytoma (arrow) (HPS; OM x200). (f)
Nuclear immunoexpression of 3-catenin is only seen in discrete clusters of cells that correspond to
“morules” or “whorls” (yellow circle) (anti-p-catenin immunohistochemistry; OM x200)
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Fig. 1.3 Intraoperative examination of cystic fluid in an adamantinomatous craniopharyngioma.
(a) The fresh intraoperative observation of the cystic fluid of ACP typically shows rhomboid crys-
tals that correspond to cholesterol crystals (toluidine blue, original magnification (OM) x400). (b)
These crystals are birefringent under polarized light (OM x400)

(Fig. 1.2d). Areas of fibrosis may also be observed (Fig. 1.2d). In ACP, cysts are
filled with a cholesterol-rich fluid that has been described macroscopically as
appearing like “motor-oil.” The intraoperative examination, under polarized light,
of cystic fluid from an ACP may reveal birefringent rhomboid crystals that are evoc-
ative of the diagnosis (Fig. 1.3a, b).

ACP is often characterized by irregular borders with interdigitations that invade
the adjacent nervous tissue [9]. These ill-delineated and infiltrative borders are
thought to account for the difficulty in surgical removal of these tumors (Fig. 1.1f).
At the interface between the tumor and the nervous tissue, a florid piloid gliosis is
typical and may mimic a pilocytic astrocytoma (Fig. 1.2e).

1.2.2 Molecular Pathology

Mutations of the CTNNBI gene coding for -catenin are found in 76.1-100% of
ACP cases, highlighting the role of the canonical Wnt/B-catenin pathway in the
pathogenesis of this tumor [4, 10—13]. f-catenin is a pivotal element of the Wnt
(Wingless integration site) canonical pathway, a tightly regulated signaling cascade
which is involved in various cellular processes such as development and homeosta-
sis [14, 15].

Mutations of the p-catenin gene consist mostly of missense mutations and, more
rarely, small deletions. They affect exon 3, especially at/or adjacent to serine 33
(codons 32-34), at/or adjacent to serine 37 (codons 36-37), and at threonine 41.
These serine/threonine sites mostly represent phosphorylation sites for glycogen
synthase 3 (GSK3) [4, 13, 16].

In the absence of Wnt ligands, pB-catenin is physiologically phosphorylated by
the so-called destruction complex [17]. This is an assembly of multiple proteins that
includes Axin, Adenomatous Polyposis Coli (APC), Casein Kinase 1 (CK1), and
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Fig. 1.4 Wnt/p-catenin pathway and adamantinomatous craniopharyngioma: schematic view. (a)
In the absence of Wnt ligands, -catenin is phosphorylated by two kinases of the destruction com-
plex, namely GSK3 and CK1. This phosphorylation allows the recognition of B-catenin by p-TrCP
which catalyzes its poly-ubiquitination for targeted degradation by the proteasome. In this situa-
tion, there is no translocation of f-catenin to the nucleus. TCF/LEF transcription factor and
groucho/TLE co-repressor form a repressive complex that recruits histone deacetylases. These
enzymes repress the transcription of -catenin target genes by “closing” the chromatin. (b) The
binding of Wnt ligands to Frizzled and LRP5/6 leads to the polymerization of Dvl and the recruit-
ment of Axin to the plasma membrane. The phosphorylation of LRP5/6 by GSK3 and CK1 allows
the stabilization of B-catenin by various mechanisms, including an inhibition of the catalytic site of
GSK3. In this situation, B-catenin accumulates in the cytoplasm, translocates to the nucleus, and
binds to TCF/LEF activating the transcription of target genes. In adamantinomatous craniopharyn-
gioma, mutations in the serine/threonine phosphorylation sites for GSK3 prevent the degradation
of P-catenin by the proteasome. APC Adenomatous Polyposis Coli, f-TrCP beta-transducin
repeats-containing protein E3-ubiquitin ligase, CK/ Casein Kinase 1, Dvl dishevelled, FZD
Frizzled receptor, Groucho/TLE groucho/transducin-like enhancer, GSK3 glycogen synthase
kinase 3, HDAC histone deacetylase, LRP5/6 low density lipoprotein receptor-related protein 5/6
(co-receptor), TCF/LEF T cell factor/lymphoid enhancer factor, Wnt wingless integration site

GSK3 (Fig. 1.4a). The destruction complex first phosphorylates serine 45 via CK1
(a isoform) and then threonine 41 and two serines (Ser33 and Ser37) via the action
of GSK3 (f isoform). The phosphorylation of these two serines is required for the
proper recognition of B-catenin by the E3-ubiquitin ligase f-TrCP (beta-transducin
repeats-containing protein). f-catenin is ubiquitinated by -TrCP and then targeted
to the proteasome where it is degraded. This system prevents any accumulation of
free p-catenin in the cytoplasm and nucleus, and thus target genes of p-catenin
remain inactive [14].
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The binding of Wnt ligands to Frizzled receptor and its coreceptor LRP5/6 (low
density lipoprotein receptor-related protein 5/6) leads to the polymerization of
Dishevelled (Dvl) and the recruitment of Axin to the plasma membrane (Fig. 1.4b)
[18]. Kinases GSK3 and CK1 that are bound to Axin phosphorylate LRP5/6 result-
ing in the stabilization of B-catenin by the inhibition of its phosphorylation. Multiple
mechanisms are involved in the inhibition of B-catenin phosphorylation [18]. GSK3
may be directly inhibited by the phosphorylated motif of LRP5/6. GSK may be
sequestered by endocytosis of the Wnt receptor complex into multivesicular bodies
thus preventing any interaction with cytosolic p-catenin. The phosphorylation of
LRP5/6 also creates a docking site for Axin; this then reinforces the recruitment of
Axin to the Wnt-Frizzled-LRP5/6 complex. The end result is the stabilization and
accumulation of P-catenin in the cytoplasm and its translocation to the nucleus,
where it interacts with TCF/LEF (T cell factor/lymphoid enhancer factor) transcrip-
tion factors and activates the transcription of various target genes, such as MYC and
CCNDI [16].

In ACP, mutations of the phosphorylation sites of B-catenin prevent the degrada-
tion of B-catenin and allow its cytosolic accumulation and nuclear translocation. In
this situation, the Wnt/B-catenin is activated in the absence of Wnt ligands. By
immunohistochemistry, the mutations can be shown to cause nucleocytoplasmic
accumulation of B-catenin. This accumulation is not observed in all of the tumoral
cells, only in discrete cellular clusters (“whorls”) (Fig. 1.2f).

1.2.3 ACP and Odontogenesis

ACPs share histopathologic features with odontogenic tumors, especially calcifying
odontogenic cysts [19]. This close morphological similarity highlights the relation-
ship between ACP and tooth development and is in keeping with the embryological
origin of this tumor from the primitive mouth. Furthermore, CPs containing fully
developed tooth-structures have been reported in rare cases, thus emphasizing the
link between ACP and odontogenesis [20].

How Does a Tumor Resembling the Developing Tooth Develop in the Pituitary
Region? Erdheim relied on the work of the German Martin Heinrich Rathke (1793—
1860) to propose an embryological explanation for this dilemma [2]. Formation of
the pituitary gland results from the encounter of two different structures. The neuro-
hypophysis is derived from an evagination of the floor of the diencephalon. The
adenohypophysis is derived from Rathke’s pouch, an invagination of the roof of the
stomodeum, located rostrally to the buccopharyngeal membrane. Rathke’s pouch is
thus an ectodermal structure derived from the primitive mouth [21]. The buccohy-
pophyseal duct is a transient structure that connects Rathke’s pouch to the stomo-
deum and closes in the early stages of development [22]. The formation of this canal
depends on Sonic Hedgehog signaling. The identification of squamous epithelial
nests in the pars tuberalis of pituitary specimens at autopsy led Erdheim to connect
CP development to pituitary embryology. According to Erdheim, these nests repre-
sented remnants of the buccohypophyseal canal and were candidates to be
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precursors of CP. According to others, these nests result from the squamous meta-
plasia of adenohypophyseal cells [23]. This hypothesis is notably consistent with
the absence of such nests in young patients and their observation in older patients
[24]. The development of CPs from metaplastic squamous nests (metaplastic the-
ory) was suggested as an alternative to the development of CPs from remnants of
Rathke’s pouch (embryonic theory) [5].

There is no definite proof that human ACP derives from remnants of Rathke’s
pouch. However, some studies using genetically engineered mouse models are con-
sistent with the development of pediatric ACP from undifferentiated precursor cells
of Rathke’s pouch. These studies also suggest that adult ACP could arise from
SOX2-positive stem cells of the adult pituitary gland [25, 26].

ACP development recapitulates odontogenesis (Fig. 1.5). Tooth development
results from complex epithelial-mesenchymal interactions [27]. The developing
tooth follows highly regulated morphogenetic stages: dental lamina, dental placode,

/ s ;&ellg?@i@)ﬁm ' '3

/ ' & |
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Adamantinornatous

craniopharyngioma

Fig. 1.5 Adamantinomatous craniopharyngioma and odontogenesis. (a) At the late cap-stage, the
developing dental organ is composed of a layer of odontoblasts covering the dental papilla and
secreting predentin, an inner enamel epithelium corresponding to ameloblasts, an outer enamel
epithelium, and a stellate reticulum located between the two latter layers. (b) ACPs histologically
resemble the developing enamel organ. The palisaded epithelium is reminiscent of the inner
enamel epithelium (ameloblasts) and a typical stellate reticulum is found above
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bud-stage, cap-stage, and bell-stage. At the cap-stage, the dental organ is composed
of various structures, some of which are also found in ACP (Fig. 1.5). The upper
part of the dental organ is the enamel organ. It is composed of an inner enamel
columnar epithelium and an outer enamel cuboidal epithelium, both delineating the
stellate reticulum (Fig. 1.5a). The stellate reticulum is a network of star-shaped
interconnected cells lying in a loose stroma. The condensed ectomesenchyme,
located under the enamel organ, is the dental papilla. The inner enamel epithelium
corresponds to the ameloblastic layer and overlays the stratum intermedium.
Odontoblasts differentiate from the cells of the papilla that are adjacent to the inner
enamel epithelium. These cells will produce predentin then later dentin, while ame-
loblasts will synthesize enamel. At the cap-stage, a signaling center termed the
enamel knot appears. It is a cluster of cells located in the center of the inner enamel
epithelium. These cells produce several molecular signals that promote cellular pro-
liferation and control cuspal patterning and thus the morphogenesis of the tooth
crown [27]. The signal molecules secreted by the enamel knot act on epithelial and
mesenchymal cells in the vicinity in a paracrine manner.

A transcriptomic study of different cellular compartments in ACP has reinforced
the hypothesis of a link between ACP and odontogenesis [28]. This study showed
similar molecular signatures of the ACP f-catenin-positive cell clusters and enamel
knots of the developing tooth. Similarly, the molecular signature of the palisading
epithelium was enriched with genes of the cap-stage enamel epithelium. These find-
ings led the authors to propose a model where the f-catenin-positive “whorls” and
the palisading epithelium are the pathological counterparts of the enamel knot and
the inner enamel epithelium, respectively (Fig. 1.5b). Similar to the enamel knot in
the developing tooth, the p-catenin-positive “whorls™ act through complex para-
crine signaling on neighboring cells, promoting their proliferation [25].

1.3  Papillary Craniopharyngioma

PCP occurs almost exclusively in adults, with a mean age of 44.7 years [29]. In
children, PCPs have been only rarely reported [30]. PCPs are mostly suprasellar and
macroscopically, are composed of solid and cystic areas [31]. The cysts contain a
viscous yellow fluid [29]. Contrary to ACPs, PCPs are usually well-delineated from
the surrounding nervous tissue allowing for easier surgical removal.

1.3.1 Histopathology

At low magnification, the tumor shape appears “caulifiower”-shaped. They show
large peripheral protrusions that explain the “papillary” macroscopic appearance
(Fig. 1.6a) [3, 7, 8, 29]. These protrusions are composed of fibrovascular cores
covered by a well-differentiated non-keratinizing squamous epithelium (Fig. 1.6b).
The squamous epithelium does not show a granular layer of cells filled with baso-
philic keratohyalin granules as is seen in epidermoid or dermoid cysts (Fig. 1.6c).
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Fig. 1.6 Papillary craniopharyngioma (PCP): histopathological features. Hematoxylin, phloxine,
saffron (HES) staining. (a) PCP is characterized by an architecture that is grossly papillary (origi-
nal magnification (OM) x25). (b) The papillac are covered by a bland squamous epithelium
(arrow) without a palisading layer or “wet keratin” (OM x200). (¢) The squamous neoplastic cells
are regular, without any significant atypia. They are connected by junctions (OM x400). (d)
Mutated BRAFY*’F protein can be detected by immunohistochemistry (anti-BRAFY*’E immuno-
histochemistry, OM x100)

Neither is the epithelium covered by a layer of “dry keratin” (lamellated anuclear
eosinophilic scales). The fibrous stroma of the papillae is usually infiltrated by a
small number of chronic inflammatory cells. Stromal hyalinized “whorls” may be
found and should not be mistaken for aggregates of “wet” keratin which are seen
in ACP [29].

Compared with ACP, there is no palisading epithelium, no “wet keratin,” nor
stellate reticulum. Degenerative changes such as fibrosis, necrosis, calcifications,
cholesterol, and hemosiderin deposits are also typically absent.

The mutated BRAFV%E protein may be detected in PCP by immunohistochem-
istry (Fig. 1.6d; see also molecular pathology below).

1.3.2 Molecular Pathology

The molecular pathology of PCP is characterized by an overactivation of the
mitogen-activated protein (MAP) kinase pathway as a result of BRAF V600E
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mutation. A V60OE mutation in the BRAF gene is found in 77-100% of PCP cases
[4, 12, 13, 32-34]. In normal cells, the binding of growth factors, such as EGF (epi-
dermal growth factor), to receptor tyrosine kinases activates a RAS protein (from
RAt Sarcoma) (KRAS, NRAS, and HRAS) by conversion of its inactive guanosine
diphosphate (GDP)-bound form into an active guanosine triphosphate (GTP)-bound
form [35] (Fig. 1.7a). This conversion is mediated by guanine nucleotide exchange
factors such as SOS1 (Son Of Sevenless 1). The activated RAS protein will then
initiate the sequential phosphorylation of RAF (rapidly accelerated fibrosarcoma)
(ARAF, BRAF, and CRAF), MEK1/2 (MAPKinase-ERK-kinase 1/2), and ERK1/2
(extracellular signal-regulated kinase 1/2) [36]. ERK translocates into the nucleus
and phosphorylates various transcription factors, notably resulting in cellular
proliferation.

b

Plasma membrane

Plasma membrane i
u [ B B B N NN NNENNENLNERNENNRNRRNSNDNDNH®N,]

V600E
Cytoplasm
Cytoplasm

Nucleus Nucleus
Proliferation L Tumorigenesis

Transcription | Syrvival Transcription Proliferation
Differentiation| Sgrvwgl
Migration Migration

Fig. 1.7 MAPKinase pathway in papillary craniopharyngioma. (a) Under physiological condi-
tions, growth factors or mitogens bind to receptor tyrosine kinases, leading to their dimerization
and autophosphorylation. This phosphorylation recruits GRB2 and SOS. SOS catalyzes the trans-
formation from an inactive GDP-bound RAS protein to an active GTP-bound RAS protein. RAS
then activates the RAF proteins which form dimers. RAF phosphorylates MEK which in turn
phosphorylates ERK. ERK is then translocated to the nucleus where it activates the transcription
of various genes involved in proliferation. (b) In papillary craniopharyngioma, extracellular stim-
uli are not required to activate the MAPKinase pathway. The BRAFY*F protein is constitutively
active and phosphorylates MEK, which in turn can activate the downstream signaling cascade.
ERK extracellular signal-regulated kinase, GDP guanosine diphosphate, GRB2 growth factor
receptor bound-protein 2, GTP guanosine triphosphate, MEK MAPK-ERK-kinase, RAF rapidly
accelerated fibrosarcoma, RAS rat sarcoma, SOS Son of Sevenless
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The V600E mutation is a class I BRAF mutation resulting in the substitution of
a glutamic acid (E) for a valine (V) at position 600. Monomers of BRAFY®E are
able to constitutively activate the MAPKinase pathway via the phosphorylation of
ERK1/2 (Fig. 1.7b). This activation is independent of RAS signaling [36]. In PCP,
the activation of the MAPKinase pathway in SOX2-positive cells of the basal layer
may play a role in tumoral growth and impaired differentiation towards pituitary-
cell lineages [37].

The presence of BRAFY®E mutated protein can be detected by immunohisto-
chemistry using the VE1 antibody [4]. A few case reports show a significant tumoral
response of BRAF V600E-mutated PCP under treatment with BRAF inhibitor or a
combination of BRAF/MEK inhibitors [38—40].

In order to preoperatively detect BRAF-mutated craniopharyngioma, Fujio and
colleagues have suggested three clinical factors that show a high interobserver
agreement: age (older than 18 years), absence of calcifications visible on CT scan,
and supradiaphragmatic location of the tumor [41].

1.3.3 Origin of PCP

Erdheim suggested that ACP and PCP both developed from squamous nests in the
pars tuberalis, assuming that they were remnants of the hypophyseal duct (embryonic
theory) [2]. In odontogenic tumors, ameloblastomas are characterized by frequent
BRAF V600E mutations [19]. This is a feature, in common with PCP, that may favor
an embryological view of its development, similar to ACP. However, ameloblastomas
and PCP are histologically different. The development of PCP from metaplastic squa-
mous epithelial nests of the pars tuberalis, as previously discussed for ACP, is an
alternative explanation [5]. A dual model of CP pathogenesis has also been suggested:
the embryonic theory for ACP and the metaplastic theory for PCP [5, 8].

Goblet cells and ciliated cells that are reminiscent of Rathke’s cleft cyst are occa-
sionally observed in PCP. This finding has raised the question of a link between
Rathke’s cleft cyst and PCP [42, 43].

1.4 Mixed and Collision Tumors

CPs may rarely be associated with other types of tumors such as gonadotroph ade-
noma [44], olfactory neuroblastoma [45], or silent pituitary adenoma subtype 3
(now termed plurihormonal Pitl-positive adenoma) [46].

1.5 Malignant Transformation in Craniopharyngiomas

Malignant transformation of CPs is an exceedingly rare event [47-49]. Malignant
CPs are usually secondary tumors. They typically develop in patients previously
treated by radiation therapy for recurrent ACP. Malignant CPs show histopathologi-
cal features of squamous carcinoma.
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1.6 Differential Diagnosis
1.6.1 ACP and Pilocytic Astrocytoma

ACP, being surrounded by florid piloid gliosis, may be misdiagnosed as a pilocytic
astrocytoma when tissue sampling does not include the epithelial component. This
may be the case when only a limited biopsy has been performed. In this situation,
the comparison with the imaging data is essential. If the tumor is calcified and does
not involve the optic nerves, the diagnosis of pilocytic astrocytoma should be care-
fully considered.

1.6.2 PCP and Rathke’s Cleft Cyst with Squamous Metaplasia

A Rathke’s cleft cyst may undergo extensive squamous metaplasia and be misdiag-
nosed as a PCP, especially if remnants of the cyst lining are not found. In this situa-
tion, the identification of a BRAF V600E mutation by immunohistochemistry or
sequencing is useful to confirm the diagnosis of PCP [50].

1.6.3 ACP and Sellar Xanthogranuloma

Xanthogranuloma (XG) is a clinico-pathological entity described in 1999 by Paulus
and colleagues [51]. XGs are characterized by the accumulation of cholesterol clefts
surrounded by foreign-body giant cells, infiltrates of lymphocytes, plasma cells, and
macrophages, hemosiderin deposits, necrotic debris, and, more rarely, calcifica-
tions. They differ from ACPs in several features: the cholesterol granulomatous
reaction is more diffuse; in a proportion of cases, a cyst-like squamous or cuboidal
epithelium may be observed; they affect young adults with a mean age of 27.4 years;
XGs are smaller and show a prominent intrasellar involvement with patients show-
ing severe endocrinological dysfunction. The prognosis in the case of XG is favor-
able as complete surgical removal is more frequent when compared to
ACP. Histologically, XGs do not exhibit palisading epithelium, stellate reticulum,
and “wet keratin”. The finding of ciliated cells in XG has raised the possibility of a
link with Rathke’s cleft cyst. Some authors have suggested that XGs mostly corre-
spond to the last stage of chronic inflammation in Rathke’s cleft cyst. In these cases,
the inflammatory changes are so prominent that the cyst lining is often no longer
recognizable [52, 53].

1.6.4 ACPVersus PCP

ACP and PCP are classically seen as distinct entities with non-overlapping histo-
pathological and molecular features. The distinction between ACP and PCP is usu-
ally straightforward on histology. However, BRAF V600E mutation can be rarely
found in ACP with a CTNNBI mutation [32].
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1.6.5 Cystic ACP and Rathke’s Cleft Cysts

Rathke’s cleft cyst may undergo secondary changes, especially in the case of rup-
ture/leakage/hemorrhage. These changes include cholesterol clefts. Differentiation
can be based upon nuclear accumulation of f-catenin [54]. However, the nucleocy-
toplasmic immunopositivity is focal in ACP. The recognition of “wet keratin” in a
cystic lesion confirms the diagnosis of ACP and is inconsistent with a Rathke’s cleft
cyst.

1.7 Conclusion

Histologically, craniopharyngiomas are divided into two distinct pathological sub-
types: adamantinomatous craniopharyngioma and papillary craniopharyngioma.
These two subtypes differ not only in their histopathological features but also in
their molecular pathogenesis. From a molecular point of view, ACP recapitulates
tooth development. They are characterized by CTNNBI mutations that result in
nuclear accumulation of p-catenin in discrete clusters of cells (“whorls” or “mor-
ules”). In contrast, PCP is driven by a BRAF V60OE mutation that causes activation
of the MAPKinase pathway. This molecular abnormality may be targeted by treat-
ment with MAPKinase inhibitors (BRAF inhibitor + MEK inhibitors).
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Mouse Models of Craniopharyngioma 2

John R. Apps and Juan Pedro Martinez-Barbera

2.1 Genetically Engineered Mouse Models (GEMMS)
of Craniopharyngioma

2.1.1 Adamantinomatous Craniopharyngioma

Adamantinomatous craniopharyngiomas (ACPs) harbour activating point mutations
in exon three of the CTNNBI gene, leading to a failure of ubiquitin mediated
destruction of the protein B-catenin, and as a consequence the over-activation of the
Wnt pathway [1-4] (Fig. 2.1). Despite the presence of the mutation throughout the
epithelial tumour, activation of the pathway, as evidenced by nuclear p-catenin
immunostaining (Fig. 2.2) and the expression of downstream targets such Lef! and
Axin2, are limited to a small proportion of cells, either single cells or often correlat-
ing with epithelial whorls and known as clusters [5, 6].

Genetically engineered mouse models have been generated by expressing a func-
tionally equivalent form of mutant p-catenin to that found in human ACP leading to
the activation of the Wnt pathway [7]. Cre recombinase-mediated excision of exon
3 of CTNNBI results in the deletion of the degradation domain of pf-catenin without
affecting its transcriptional activating properties. In other words, this mutant
[-catenin protein can act as a transcriptional activator and promote the expression of
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Fig. 2.1 Schematic representation of the WNT/B-catenin pathway. In the absence of WNT
ligands, p-catenin is targeted for proteosomal destruction through phosphorylation of amino acids
encoded in exon 3 by the Axin/GSK3p/APC destruction complex. Upon ligand binding, the
destruction complex is sequestered to the cell membrane, facilitating translocation of -catenin to
the nucleus and activation of transcription. Mutation of the phosphorylation domain renders
B-catenin resistant to degradation, resulting in increased half-life of the mutant protein and over-
activation of the WNT pathway

Fig.2.2 Histomorpho- a mouse tumour human tumour

logical features of mouse
and human ACP.

(a) Haematoxylin and
eosin staining of mouse
and human tumours
showing the presence of
microcystic changes
(stellate reticulum; arrows)
and whorl-like nodular
structures (cell clusters;
arrowheads). (b) Immuno-
histochemistry with a
specific anti-p-catenin
antibody showing the
presence of cell clusters
with nucleocytoplasmic
accumulation of pB-catenin
(arrows). Reproduced with
permission from [6]
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target genes but its degradation is impaired. We will refer to this form of mouse
[-catenin as well as the human f-catenin expressed in human tumours as oncogenic
f-catenin. Using specific Cre recombinase-expressing mouse lines, two main mod-
els of ACP have been developed: the embryonic and the inducible models [6, 8].
Like in human ACP, the presence of cell clusters that accumulate nucleocytoplasmic
[B-catenin has been demonstrated within the developing tumours in both mouse
models (Fig. 2.2b).

2.1.2 Embryonic Model of Human ACP

In the embryonic model (HesxI<*; Ctnnbl"*3/*) oncogenic f-catenin is acti-
vated using Cre recombinase expressed from the Hesx/ gene promoter. Hesx/ is a
developmental gene that is expressed in the embryonic precursors of the anterior
pituitary, which form Rathke’s pouch [9]. Lineage tracing has demonstrated that
these precursors give rise to all of the hormone-producing cells in the adult pituitary
gland [6, 10, 11]. These mice develop enlarged dysfunctional pituitaries during
embryonic development, characterised by enlargement and a particular deficit of
some cell types (e.g. growth hormone-producing cells, i.e. somatotrophs). A high
proportion of the mice die at birth, due to upper airway obstruction, but those that
survive are smaller (growth hormone deficient) and go on to develop cystic-solid
tumours, resulting in death at around 6 months of age [6, 12].

As in human tumours, despite the presence of the mutation in all cells, the devel-
oping pituitaries of these mice are characterised by isolated clusters showing
nucleocytoplasmic B-catenin accumulation. These clusters express markers of WNT
pathway activation, e.g. Lefl, Axin2, but lack markers of hormone-producing cell
differentiation and a proportion express the pituitary stem cell marker SOX2 [13,
14]. Highlighting a need for the tumour-initiating mutation to occur in an undiffer-
entiated cell type, activation of the WNT pathway in more committed precursors or
differentiated hormone-producing cells does not lead to the formation of clusters
and is non-tumourigenic [6].

Andoniadou et al. used a mouse line reporting WNT pathway activation to iso-
late these cluster cells by flow-activated cell sorting and perform expression analy-
sis comparing cluster versus non-cluster pituitary tissue [15]. This identified the
high expression of many secreted factors by the cluster cells, including sonic hedge-
hog (SHH) and members of the fibroblast growth factor (FGF), transforming growth
factor p (TGFp) and bone morphogenic protein (BMP) families of growth factors,
as well as many inflammatory mediators such as cytokines and chemokines. These
findings were confirmed by in situ hybridisation in human tumours and comparison
with RNA sequencing of human clusters, collected by laser capture microdissec-
tion. This confirmed shared gene signatures between murine and human clusters
[16]. Moreover, many of the genes/pathways that were identified as dysregulated in
the murine model have been later confirmed to be expressed in human ACP [17-21].
This suggests a strong homology both histologically and molecularly between mice
and human clusters.
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Late-stage tumours also have some similarities with human ACP. They are fre-
quently cystic, often haemorrhagic and have areas of microcystic change, similar
to the stellate reticulum seen in human ACP [6, 12]. Imaging of the mouse models
has also identified similar features on multi-parametric MRI to human ACP, most
notably an absence of reduction in signal intensity of cystic fluid on FLAIR imag-
ing, suggestive of similarities between the cysts contents in mouse and human
ACP [12].

Serial MRI of the embryonic model has characterised a non-linear growth pat-
tern, with tumour and cyst expansion after a long period of relative quiescence [12].
In contrast to human ACP, murine ACPs have not been observed to calcify, and the
degenerative changes of ghost cells/wet keratin have not been observed, nor the
finger-like protrusions seen in a proportion of ACP [22]. The reasons of these differ-
ences are not understood, but may reflect species-specific differences.

2.1.3 Inducible Model of Human ACP

It is now established that SOX2+ve cells in the adult pituitary represent a stem cell
population showing both self-renewal properties and capacity to differentiate into
all lineages of the anterior pituitary [8, 23]. In the inducible model of ACP
(Sox2¢reERT2/= Cnnb J¥(eom3/+)  oncogenic P-catenin was specifically expressed in
the SOX2+ve cell population using a tamoxifen inducible Cre recombinase
(CreERT?2). Similar to the embryonic model, activation of the WNT pathway in
these SOX2 positive cells from 6 weeks of age led to the development of
nucleocytoplasmic-accumulating B-catenin cell clusters and subsequent develop-
ment of undifferentiated tumours (synaptophysin and hormone negative) [8]. As
with the embryonic model, these clusters have also been shown to produce a range
of soluble factors (e.g. inflammatory mediators and other growth factors) [24, 25].
Gene expression analyses of purified cluster cells from both mouse models and
human tumours have revealed that clusters are molecularly similar [25]. These
experiments support further the validity of the mouse models and raise important
questions about the function of these secreted factors or the nature of the cluster
cells.

2.2  Stem Cell Paracrine Tumourigenesis: A Novel
Mechanism of Somatic Stem Cells Contribution
to Tumour Formation

The detailed analyses performed in the mouse models have revealed a surprising
mechanism underlying tumour formation. Lineage tracing of the SOX2+ve cells
upon expressing oncogenic (-catenin, using yellow fluorescent protein (YFP),
revealed that the tumours of the inducible model were not derived from the SOX2+ve
cells and did not carry the activating B-catenin mutation [8]. The cell clusters were
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B-Catenin accumulating cluster

mutation-sustaining cell
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inductive signals  tymour-propagating cell
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Fig. 2.3 Paracrine model of involvement of pituitary stem cells in tumourigenesis. When targeted
to express oncogenic P-catenin, SOX2+ cells (green) accumulate nucleocytoplasmic f-catenin,
proliferate transiently, stop dividing and form clusters. Clusters secrete signals to the surrounding
cells to induce cell transformation and tumour growth from a cell that is not derived from the tar-
geted SOX2+ stem cell. Reproduced with permission from [8]

derived from the targeted cells, therefore demonstrating that the origin of the clus-
ters is a SOX2+ve stem cell. However, the tumours were derived from a different
cell lineage. This was surprising because in other organs, somatic stem cells have
been shown to be the cancer-initiating cells when targeted with oncogenic insults
[26-28] (Fig. 2.3)

Subsequent lineage tracing of the embryonic model using both YFP and
TdTomato, under the Rosa26 locus, has also confirmed that HesxI¢**;
Ctnnb 1"+ tumours are not derived from the HesxI-expressing cell lineage and
that tumour cells are non-recombined and do not contain the mutated CTNNBI
gene [24]. Further investigation has shown that the cellular microenvironment is
modified by the presence of the clusters with infiltration and expansion of cell not
normally detected in the pituitary gland and drastic alteration in components of
the extracellular matrix (ECM) [24]. Because these microenvironment changes
take place weeks before the appearance of the tumour mass or the detection of
tumour cells with high-proliferative index, it is likely that they play an instructive
role in tumour initiation. Exome sequencing of late-stage tumours in the embry-
onic model has also confirmed the acquisition of somatically acquired mutations,
therefore demonstrating that the cell masses in the mouse models are tumours.
Specifically, we identified 272 mutations in 15 murine tumours (average 18.13
mutations per tumour) [24].

Therefore, the tumours form in a paracrine manner in both mouse models,
whereby the cells (e.g. SOX2+ve) targeted with the oncogenic insult (e.g. f-catenin)
are bestowed with tumour-inducing potential. We have proposed the concept of para-
crine tumourigenesis based on these observations [8], an idea that has been observed
in mouse models of other tumour/cancers such as liver, skin, brain and leukaemia
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[28-33]. This concept challenges a more traditional understanding of cancer as a cell
autonomous process and suggests that paracrine signalling may be critical in cell
transformation and tumour initiation [28, 34]. The initiation of tumours/cancer
requires not only the genetic heterogeneity in the control of gene expression, either
at the level of DNA mutations or epigenetics, but importantly a pro-tumourigenic
microenvironment that promotes and fuels the expansion of the tumour-initiating
cells. The mouse models of ACP are helping understand better the pathogenesis of
craniopharyngioma and in addition, are ideal tools to unravel the mechanisms
involved in paracrine tumourigenesis in cancer initiation.

2.3  Childhood-Onset Craniopharyngioma
is a Developmental Disorder

These mouse models have demonstrated that ACPs develop from CTNNBI muta-
tions in either embryonic or adult stem cells. Such mutations result in the formation
of cluster of stem cells which create a pro-tumourigenic cellular microenvironment
leading to tumour development several weeks later. We have estimated that there is
a latency period of around 18 weeks after birth before murine tumours are detect-
able by MRI [12], suggesting that children fated to develop craniopharyngioma may
be born harbouring cell clusters in the pituitary without a proper tumour mass. The
observation by Professor Hermann Muller’s group that childhood patients with cra-
niopharyngioma have a reduced height standard deviation score (SDS) score at one
year of age gives support to this idea that childhood-onset craniopharyngioma is a
developmental disorder [35]. In fact, somatotrophs are the most affected cell type in
the embryonic model [6]. Moreover, rare cases of congenital craniopharyngioma
tumours have been described [36]. This evidence suggests that CTNNBI mutation
may occur in pituitary progenitors during development or early life. In contrast, it is
plausible to speculate that adult-onset craniopharyngioma may result from mutation
in SOX2+ve adult pituitary stem cells, as shown in the inducible ACP murine model.
Consistent with exome sequencing approaches in human ACP, which have failed to
identify additional recurrent mutations to CTNNBI, the research from the mouse
models suggests that CTNNBI mutations alone are sufficient to induce ACP
tumourigenesis when targeting the correct cells.

Recent expression profiling of human ACP samples has begun to decipher the
histologically observed relationship between ACP pathogenesis and the develop-
ing tooth and tooth tumours such as calcifying odontogenic cysts. Analyses of gene
expression profiles and specific markers such as the ectodysplasin receptor (EDAR)
suggest that ACP clusters are molecularly similar to the enamel knot, a critical
signalling structure whose paracrine activities are required for normal tooth devel-
opment [16]. This is consistent with the idea that clusters are signalling hubs influ-
encing tumour growth and invasive behaviour [37, 38]. The histological similarities
between ACP tumourigenesis and tooth development have been known for over
100 years [39]; however, these recent gene expression data provide a molecular
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paradigm to understand those similarities. We have proposed that similar to the
paracrine role of the enamel knot during tooth development, i.e. instructing a com-
plex signalling crosstalk with surrounding enamel epithelia and dental mesen-
chyme, the ACP cell clusters’ activities may also control tumour cell behaviour and
proliferation [16]. Moreover, mouse models of normal tooth development and dis-
ease models may inform about pathways that could be tumourigenic in ACP. For
example, patients with Costello syndrome carry mutations in HRAS resulting in the
over-activation of the MAPK/ERK pathway and show abnormal tooth formation
due to increased proliferation and irregular orientation of tooth epithelial cells
[40]. Of note, inhibition of the MAPK/ERK pathway (Fig. 2.4) using specific drugs
rescues this phenotype by reducing proliferation and improving epithelial cell
dynamics. Likewise, the inhibition of the MAPK/ERK pathway has recently been
shown to reduce proliferation and induce apoptosis in mouse and human ACP
in vitro [16].

MAPK pathway

Growth factor

Growth factor receptor

GDP
GTP,
RAF

s
Target
| expression

Fig. 2.4 Schematic representation of the MAPK pathway. Growth factor binding to tyrosine
kinase receptor complexes results in exchange of GDP for GTP on RAS proteins and subsequent
interaction with RAF. Activated RAF triggers a cascade of phosphorylation leading to phosphory-
lation of MEK, which subsequently phosphorylates ERK. Activated ERK translocates to the
nucleus to activate the transcription of target genes involved in multiple processes including cell
proliferation and survival. In cancer, the pathway can be activated by increased ligand expression,
mutation or amplification of growth factor receptors or activating mutations in RAS or RAF
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2.4  Cluster Cells Are Molecularly Similar and Share
a Signature of Cellular Senescence

An important question derived from the research in mouse models is what are the
cluster cells and what are the underpinnings on the tumour-inducing potential?
Comprehensive molecular and immunohistochemical profiling of clusters in both
human and murine cluster cells have shown clusters to exhibit all the markers of
senescence, specifically: markers of (1) cell cycle arrest (Ki67 and phospho-histone
3 negative); (2) DNA damage and activation of a DDR (p21, pl16, p53, yH2AX,
pDNA-PKcs, PARP1, pATM); (3) increased lysosomal content (GLB1, LAMPI,
LAMP2, lysozyme C) and activation of the NF-kB pathway (pIKB, RELA/p65,
NEMO) and (4) the gene expression profile of oncogene induced senescence by
using gene-set enrichment analysis (GSEA) [24].

While senescence has traditionally been considered an anti-cancer mechanism, a
pro-tumourigenic aspect is also increasingly appreciated [34]. These result from the
paracrine activities of the senescence associated secretory phenotype (SASP), a loosely
defined range of secretory signals, including pro-inflammatory cytokines, growth fac-
tors and ECM modifiers that can be pro-tumourigenic. Specifically, senescent cells have
been shown to be capable of driving (1) growth and proliferation of tumour cells; (2)
tumour angiogenesis, invasion and metastasis; (3) cellular reprogramming and emer-
gence of tumour-initiating cells and (4) local immuno-suppressive microenvironments.
Therefore, it is plausible to hypothesise that the activities of the senescent cluster cells
may drive tumour initiation and growth of ACP in both mouse and human models.

To assess functionally this hypothesis, we have genetically modified the SASP in
the embryonic and inducible models and assessed the effects in tumour development
(Fig. 2.5). In a set of experiments, we have shown that while generation of senescent
clusters in young mice is always tumourigenic, this is not the case when clusters are
formed in aged mice. Specifically, activation of oncogenic p-catenin in 1-month-old
mice led to the formation of 48 tumours in all mice used (n = 15), but only to 5
tumours in 6-9-month-old mice (n = 17; only 3 mice affected) [24]. Analysis of the
SASP activities of the clusters revealed a lower expression of SASP factors in older
relative to younger mice. In a second set of experiments, we generated a new mouse
model where the WNT pathway is activated by deleting the Apc gene encoding adeno-
matous polyposis coli, leading to the stabilisation of wild-type -catenin rather than
the expression of oncogenic p-catenin. Stabilisation of wild-type p-catenin results in
weaker induction of senescence and SASP and failure to develop tumours [24]. These
experiments support the concept that senescence and SASP are instrumental in the
non-cell autonomous tumourigenesis observed in the mouse models of ACP.

2.5 Papillary Craniopharyngioma and Adamantinomatous
Craniopharyngioma are Distinct Tumour Entities

Papillary craniopharyngiomas (PCPs) are mostly tumours of the adults [41]. As in
ACPs, PCPs do not show any sign of endocrine differentiation, i.e. lack of expres-
sion of hormones or cell-lineage markers and are negative for neuroendocrine
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Fig. 2.5 Senescent cells through the SASP can induce tumour formation. (a) Targeting Sox2+
stem cells from young adults, or Hesx1+ embryonic precursors to express oncogenic f-catenin,
results in the formation of senescent cell clusters and a robust SASP. This leads to cell transforma-
tion and generation of the cell of origin of the paracrine tumours; thus, the tumours are not derived
from the mutation-sustaining cells. (b) In contrast, the expression of oncogenic -catenin in Sox2+
stem cells of older mice leads to a reduced tumour incidence or the failure to produce tumours. In
addition, upregulation of the WNT pathway through the deletion of Apc in young adult stem cells
or embryonic precursors also fails to induce tumours. In all cases described in B, there is attenuated
senescence and SASP activation. Reproduced with permission from [24]. This article is licensed
under a Creative Commons Attribution 4.0 International License

markers (e.g. synaptophysin). Molecularly, PCPs are associated with activating
BRAF-V600E mutation rather than CTNNBI mutations [42]. Contrary to ACP,
where the effect of the CTNNBI mutations is the accumulation of nucleocytoplas-
mic fB-catenin in specific cells (clusters and dispersed single cells), the expression
of oncogenic BRAF-V600E is observed broadly throughout the PCP tumours [42,
43]. The consequence of BRAF-V600E expression is the over-activation of the
MAPK/ERK pathway (Fig. 2.4). However, unexpectedly, despite the broad expres-
sion of BRAF V600E protein, only a small population of epithelial tumour cells
activate the MAPK/ERK pathway as assessed by expression of phospho-ERK1/2,
a read out of activated pathway [43]. These cells express SOX2 but not any pitu-
itary differentiation marker. Moreover, the vast majority of Ki-67+ cycling cells
are contained within the SOX2+ve cell compartment suggesting that activated
MAPK/ERK bestows proliferative capacity upon a small subpopulation of
SOX2+ve cells while impairing their differentiation. Supporting these data, murine
studies have shown that the activation of the MAPK/ERK pathway by the expres-
sion of Braf-V60OE in SOX2 embryonic progenitors results in a drastic increase in
the proliferation potential of these cells, elevated clonogenic potential and failure
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to differentiate into hormone-producing cells [43]. In these mouse models, markers
of senescence have not been observed (unpublished data), suggesting a more cell-
autonomous role in these tumours of the oncogenic driver (i.e. BRAF-V600E).
Unfortunately, these mice die perinatally, which precludes the assessment of
tumour formation. Together, these murine experiments suggest that SOX2 stem
cells play a critical role in the pathogenesis of both ACPs and PCPs, although by
different molecular mechanisms.

2.6 Patient-Derived Xenografts (PDXs) Models of Human
Craniopharyngioma

The first xenograft model was described in 1979, with surgical biopsies injected
subcutaneously into nude mice and tumours engrafted in most of the mice, even
after a second pass of the transplanted tumours. These tumours retained the typical
ACP architecture [44]. Further attempts at xenografting were not published until
2006 when Xu et al. injected suspensions of ACP and PCP tumour cells subcutane-
ously in nude mice with engraftment success rate of 28% for ACP and 18% for
PCP. Microvascular development and proliferation were observed [45].

More recently, orthotopic intracranial injections of ACP-dissociated tumours
have been developed by Stache et al. [46]. In this model, pieces of tumour are
directly injected using a stereotactic frame into the cerebral cortex of immunodefi-
cient mice and with careful selection of three cases up to 100% engraftment success
has been reported [46]. These patient-derived xenografts maintain their tissue archi-
tecture and histological serial analysis has shown the presence of cell clusters at the
leading edge of tumour invasion, as observed histologically and by micro-CT analy-
sis in human ACP [37]. Further analysis of these xenograft models by MRI has
revealed that xenografts recapitulate radiographic features, including calcification,
of their original tumours as well as evolution of histological features over time. MRI
assessment has revealed increased tumour volumes of the engrafted tumour over
time, suggesting slow growth of these tumours [12, 47]. Together with the GEMMS,
PDXs are helpful models to perform preclinical studies to assess treatment response
to novel therapeutic strategies (Table 2.1).

2.7 Therapeutic Lessons from Mouse Models

The availability of these models has enabled the in vivo and ex vivo testing of novel
therapeutic agents against ACP. A therapeutic trial in the embryonic GEMM ACP
model has recently been published testing the efficacy of inhibiting the sonic hedge-
hog (SHH) pathway [48]. This pathway has been suggested as a potential target by
several groups based on its activation in the tumour cells and the expression of SHH
ligand in the cell clusters, in keeping with their function as signalling hubs [15, 18,
20, 21]. Pharmacokinetic and pharmacodynamics experiments have confirmed that
the small molecular smoothened inhibitor vismodegib could effectively inhibit the
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Table 2.1 Summary of preclinical murine models of human adamantinomatous craniopha-
ryngioma

GEMMs PDXs
Tumour origin Mouse Human
Availability Easy Difficult
Tumour location Orthotopic (sellar) Orthotopic (cerebral hemispheres)
or heterotopic
Growth Fast (weeks) Slow (months)
Cystic and solid Solid only
Preserved cellular Partial Identical
architecture
BBB penetrance problems No/unlikely Yes (if transplanted in brain)
Tumour—immune cells Yes No (immunocompromised host)
interactions
Therapeutic endpoints for Survival, MRI response, | MRI response, histological
testing novel agents histological Survival curves not defined
Tissues can also be
tested ex vivo

BBB Blood-brain barrier, GEMMs genetically engineered mouse models, NA not applicable,
PDXs patient-derived xenografts

pathway in murine ACP by inhibiting the function of the protein smoothened (SMO)
[49]. Such inhibition has been shown to delay tumourigenesis in some cancer mod-
els [50, 51]. Surprisingly at first, inhibition of the pathway results in an increased
mortality among treated mice [48]. Review of MRI shows an acceleration of tumour
growth and histologically treated mice tumours exhibit higher proliferation rates as
assessed by elevated Ki-67 expression. Further studies have confirmed a similar
effect in human ACP tissue, both in a xenograft model and in tissue explants, where
treatment with vismodegib results in increased tumour proliferation. Analysis of the
embryonic model subsequently highlighted that vismodegib-mediated SHH path-
way inhibition leads to a significant increase in numbers of clonogenic tumour cells,
i.e. cells capable of expansion in vitro. Interestingly, pro-tumourigenic actions of
SHH pathway inhibition have been observed in other tumour types, e.g. pancreatic
and colorectal cancer [52-55]. The common feature between these cancers and ACP
is that the activation of the SHH pathway is achieved in a ligand-dependent manner,
i.e. by the secretion of an excess of hedgehog ligands, rather than by mutations in
the SHH receptor or transducer proteins such as PTCH1 or SMO [48]. These adverse
results of SHH pathway inhibition highlight the need for preclinical testing of novel
therapies prior to testing in patients, and suggest that SHH pathway inhibition
should be avoided in ACP patients.

A recently identified targetable pathway in both ACP and PCP is the MAPK/
ERK pathway [16, 42]. In PCPs, the use of MAPK/ERK inhibitors has shown prom-
ising results and instigated clinical trials [56-59]. In PCP, the activation of the path-
way is caused by mutations in BRAF-V600E, a component of the signalling cascade.
In human ACP, the MAPK/ERK pathway is not activated directly due to any onco-
genic mutation in the pathway components, but rather it is the result of the
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expression of several ligands, such as FGFs, epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF) in the cell clusters [15, 16]. To test the effi-
cacy of inhibition of this pathway, ex vivo cultures of murine pituitaries have been
grown with and without the presence of the MEK inhibitor trametinib. These experi-
ments have shown a significant reduction in proliferation and a drastic increase in
apoptosis in a dose-dependent manner, a finding further validated and confirmed in
ex vivo cultures of human ACP [16]. The ex vivo culture ACP tumour samples pro-
vides a faster and easily reproducible method to screen therapeutic agents provide a
basis on which to further evaluate the efficacy of MAPK pathway inhibition in ACP
in preclinical trials.

In addition to purely treating with single targeted agents, therapeutic testing of
murine models can also combine with other treatment modalities. For instance,
radiotherapy is an effective treatment against craniopharyngioma, which could be
combined with other chemical therapies such as MAPK/ERK inhibition (apps) or
inflammatory modulators (e.g. blocking interleukin 1 (IL1) or IL6 signalling) [16,
17]. Moreover, new emerging senolytic therapies may be relevant to treat human
ACP tumours, which contain senescent cluster cells, and the mouse models are ideal
tools to test these [24, 60].

2.8 Conclusion

In the last decade, the combination of molecular studies and development of murine
modes has led to a significant leap in our understanding of the pathogenesis of cranio-
pharyngioma. Discoveries in the murine models are challenging and advancing our
understanding of the developmental and cellular processes underlying tumourigene-
sis, not only in craniopharyngioma, but also more widely in other tumour types. For
the first time, targeted therapies are being evaluated across a range of models, provid-
ing hope for the successful use of such agents to treat patients with craniopharyngi-
oma. We anticipate that some of these novel treatments will be proven to reduce
tumour burden and made available to patients through clinical trials in the next 5 years.
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Epidemiology, Clinical Presentation,
and Prognosis of Adult-Onset
Craniopharyngioma
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Abbreviations

AO  Adult onset

CO  Childhood onset
CP  Craniopharyngioma
DI  Diabetes insipidus

3.1 History

“Erdheim Tumor, Hypophyseal Epidermoid Tumor, Rathke’s pouch tumor, Rathke cleft
cyst or tumor, epithelioma, adamantinoma, ameloblastoma, craniopharyngeal pouch
tumors—All craniopharyngiomas”: a long journey...

The first autopsy description comes from a German pathologist, Friedrich Albert
Von Zenker (1825-1898), in 1857 [1]. The autopsy revealed a tumor described as a
suprasellar tumor containing cholesterol and a squamous epithelial wall.
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However, to perfectly understand the origin of the tumor, five decades were
required. This elucidation of the tumor consisted of several steps: first, with the
discovery of squamous cells in the infundibulum of the pituitary gland by Hubert
Von Luschka (1820-1875), that mimic the features of the epithelium of the oral
cavity; second, with Martin Rathke (1793-1860), a German anatomist, under-
standing the role of the evagination of the oral epithelium in the development of
the anterior pituitary; thirdly, with Mott and Barret in 1899 followed by J. Erdheim
(1874-1937) in 1904, who perfectly described the pathogenesis of craniopharyn-
giomas (CP).

Photograph of Jacob Erdheim, the first to describe the histopathology of craniopharyngiomas

The publication was so impressive that, for decades after, many authors dubbed
CP “Erdheim tumors,” until CH Frazier, a US surgeon (1870-1936), coined the
term CP in 1931, a name that was popularized afterward by H. Cushing, in 1932, in
his publication describing more than 2000 cerebral tumors [1].
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Photograph of Harvey Cushing, the father of modern Neurosurgery, Peter Bent Brigham Hospital,
Boston, USA

At the same time, the correlation between the tumor and its clinical presentation
was progressively understood. Rupert Boyce and Cecil Beadles in 1893 linked the
death of a 35-year-old patient with large suprasellar partially calcified tumors. Mott
and Barret in 1893, J. Babinski (1857-1932) and A. Frohlich (1871-1953), French
and Austrian neurologists, respectively, in 1900 and 1901, described the adiposo-
genital syndrome termed the Babinski-Frohlich syndrome. At this point, it was not
completely understood which organ was responsible for the symptoms: the pituitary
or the hypothalamus. This was the subject of a famous argument between two co-
workers: H. Cushing (Neurosurgeon, 1869-1939) and P. Bailey (Neuropathologist
and Neurosurgeon, 1892-1973), the latter being opposed to the pituitary being
responsible, believing in the role of the hypothalamus. N. Dott (an Irish
Neurosurgeon, 1897-1973), and a pupil of H. Cushing, disagreed with his mentor
and showed, by his work, the fundamental role of the hypothalamus in controlling,
memory, cognition, temperature, feeding behavior as well as endocrine functions.
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Photograph of Percival Bailey, neuroanatomist, neurologist, neuropathologist, neurosurgeon, co-

worker of H. Cushing for the first human brain tumor classification

Photograph of Norman Dott, Pupil of H. Cushing, Scottish neurosurgeon in Edinburgh

In terms of surgery, the first attempt at removal of a CP (cystic lesion with visual
impairment and DI) is attributed to E. Halstead in Chicago, who took a sublabial
nasal approach in 1909. For CP, H. Cushing in his own series of 92 CP patients used
the nasal route in some, but preferred a sub-frontal approach for a better visualiza-
tion of the optic structures in most cases. With his skill, the mortality dropped to
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15%. His reports mentioned the poor retrochiasmatic exposition and a splitting
technique of the optic chiasm to improve tumor exposure. N. Dott contributed to
popularization of a two-step technique with firstly a sub-frontal approach and then
a secondary transfrontal transventricular approach to reach the ventricular part of
the tumor. His surgical description relates in detail how to improve the control of the
retrochiasmatic part, sacrificing the blind optic nerve [2]. Using the transventricular
route, he therefore perfectly understood the impact that a sharp dissection of the
attached tumor may have on the hypothalamus and already advocated for a partial
resection. However, surgical results remained poor until the development of antibi-
otics (Penicillin in 1944) and corticosteroid use (during the 1950s).

Photograph of Gerard Guiot, Pupil of Norman Dott, French neurosurgeon in Paris (Foch Suresnes
Hospital) who re-introduced the transsphenoidal route for pituitary tumors

The following decade produced technical refinements with the introduction of
the surgical microscope at the end of the 1950s and modern imaging (the CT scan
in 1974 and MRI at the beginning of the 1990s). With G. Guiot (1912-1998 [3]), a
French neurosurgeon (a pupil of N. Dott) and J. Hardy (1932- [3]), a Canadian
Neurosurgeon, a pupil of G. Guiot, the sublabial route was again used for pituitary
diseases including CP. In the three last decades, a new surgical tool, the endoscope
which allows extended endonasal approaches, has emerged improving the exposure
of the tumor especially for the ventricle and retrochiasmatic parts [4, 5]. Italian and
US groups, headed by P. Cappabianca and A. Kassam, respectively, greatly contrib-
uted to this surgical advance. Nonetheless, regardless of the efforts made during
surgery, microscopic tumor removal remains difficult and recurrences frequent.
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We are now entering into the promising era of molecular therapy, and thus expect
improvements in the management of CP since the results of surgery and radiother-
apy approaches have remained sometimes disappointing to date.

Paolo CAPPABIANCA, one of the Pioneers of Endoscopic Endonasal surgery for Pituitary
Tumors, Naples, Italy (from left to right; Emmanuel JOUANNEAU, Edward LAWS, Paolo

CAPPABIANCA, Engelbert KNOSP)
¥ " r

=\
=

Amin KASSAM, one of the Pioneers of Endoscopic Endonasal surgery for Pituitary Tumors, starting
in the same period as the Naples team, Pittsburgh, Pensylvanny, USA (from left to right: Carl
SNYDERMAN, Riccardo CARRAU, Amin KASSAM, Emmanuel JOUANNEAU, Paul GARDNER)
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After more than a century of worldwide contributions to treatment, the quote
from H. Cushing that “CP are the most formidable of intracranial tumors” still
remains perfectly true and CPs continue to challenge neurosurgeons.

3.2 Epidemiology of Adult-Onset CP

Because of the rarity of these tumors, their descriptive epidemiology has been
established on scarce studies and remains likely incomplete. Only one publica-
tion has analyzed cancer registries including adult patients, collecting exhaustive
data in a defined area [6]. In this publication, Bunin and colleagues analyzed data
from three US registries : (1) the Central Brain Tumor Registry of the United
States (CBTRUS) collected data on CP for the years 1990-1993 from ten state
cancer registries representing a total catchment area of 26.8 million US citizens;
(2) the Greater Delaware Valley Pediatric Tumor Registry (GDVPTR), a popula-
tion-based registry of pediatric cancer that covers a region in the eastern USA
representing approximately 1.8 million <15 year old children, covering a 30-year
period (1970-1989); (3) the University of Southern California/Los Angeles
County Cancer Surveillance Program (CSP) has collected data on all new intra-
cranial neoplasms diagnosed in California since 1972, which represents a popu-
lation of almost 10 million people. Overall, the incidence was 0.5-2.0 cases/
million/year. The authors reported no gender or racial difference between
Caucasians and African Americans. They noted a bimodal age distribution, clas-
sically found in the literature, with the maximum incidence rates in children aged
5-14 years and adults in the sixth decade, giving a calculated incidence of
0.2/100,000/year. In adult-onset craniopharyngioma (AO-CP), the peak inci-
dence was found at 65-74 years in CBTRUS and 50-74 years in Los Angeles
county data. The lowest incidence occurred among those aged 15-34 years. In
our meta-analysis of the literature regarding AO-CP (see below), we found an
average age of 43 years (Table 3.2).

The other published epidemiological study, based on registry data, included only
pediatric patients [7].

No environmental risk factor for the development of CP has thus far been identi-
fied. However, some studies have shown geographical variations in the incidence of
these tumors, suggesting possible involvement of environmental factors [8].

Similarly, no genetic predisposing factor has been identified. Only two reports of
siblings with craniopharyngiomas have been published [9, 10].

CP refers to a rare embryonic malformation, probably arising from residual
Rathke’s pouch cells, developing in the sellar and parasellar region. The adamanti-
nomatous type is the most frequent histological diagnosis, even in AO-CP. Squamous
papillary tumors are more commonly found in AO-CP than in childhood-onset cra-
niopharyngioma (CO-CP) [11, 12], and represent 25.9% of the AO-CP cases
(Table 3.2). Malignant transformation (MT) remains extremely rare, with a recent
review finding only 23 reported cases [13]. Squamous cell carcinoma represented
the most frequent type (80.96%). The authors reported a median time from initial
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benign diagnosis to MT was 8.5 years (range, 3—55 years). The median overall sur-
vival after MT was 6 months (range, 2 weeks to 5 years).

3.3 Clinical Presentation of Adult-Onset
Craniopharyngioma

Morbidity associated with CP is related to tumoral development along the
hypothalamo-hypophyseal tract and its proximity to important anatomical features,
in particular the opto-chiasmatic and hypothalamic structures.

3.3.1 Ourseries (Table 3.1)

We recently reviewed the last pure adult-onset CP cases that were newly diagnosed
in the department and operated on using an endonasal approach during the last
6 years. To give a clear picture of the initial clinical presentation, we have excluded
patients here that were referred or followed-up patients that had been previously
treated.

The population is composed of 22 patients (from 51 AO-CP patients in all treated
during the same period) with a majority of females (sex ratio F/M = 2.14). The mean
age was 58 years (range 18-79) (see Table 3.1).

3.3.1.1 Ophthalmology

Visual impairment was the main complaint in 65% of the population (association of
visual acuity and visual field impairment in almost all cases) and only 30% of
patients had a normal visual examination.

3.3.1.2 Endocrine Symptoms

Fifty five percent of patients had normal endocrine status, whereas 27% had
panhypopituitarism, 18.2% isolated hypogonadism, and 13.6% had diabetes
insipidus (DI).

3.3.1.3 Non-specific Symptoms

Surprisingly, headaches were reported by only 9% of our patients in this series. An
obstructive hydrocephalus occurred in 9% of patients, requiring immediate CSF
shunt.

3.3.1.4 Hypothalamic and Limbic Symptoms

Weight issues were classified as follows: normal when BMI was between 18.5 and

24.9, overweight between 25 and 29.9, obese when greater than 30 (class I: 30-34.9;

class I1: 35-39.9, and class I11: morbid obesity over 40) (World Health Classification).
Interestingly, unexplained weight issues occurring recently prior to diagnosis

were frequently reported in our population. At diagnosis, 73% of the patients were

overweight with obesity seen in 37% (class I: 23%; class II: 14%). Only 27% were
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Table 3.1 Pre-operative

Parameter Our series (n =22)
Population n %
Sex Male 7 30
Female 15 70
Age (years), median 58 (18-79)
Pre-operative characteristics
Visual status (n = 20) Normal 6 30
Visual field abnormalities 11 55
Unilateral decreased visual acuity 7 35
Bilateral decreased visual acuity 5 23
Visual impairment as main complaint 13 65
Endocrine status Normal 12 55
Panhypopituitarism 6 27
Isolated hypogonadism 2 9
Isolated hyperprolactinemy 2 9
Diabetes insipidus 4 18
Neurological status Vertigo 1 5
Signs of elevated intracranial pressure 2 9
Headaches 2 9
Cognitive status Cognitive impairment 5 23
Slow-down or signs of depression 4 18
Social status Working 11 50
Retired 8 36
Work stoppage 3 14
Weight BMI <25 6 27
BMI [25; 30] 8 36
BMI [30; 35] 5 23
BMI >35 3 14
Height Female 161+3
Male 176 £5
MRI grading Grade 0 1 4
Grade 1 7 32
Grade 2 14 64

normal weight. The recent occurrence of overweight before diagnosis represented
strong evidence of disease-related symptoms. Not surprisingly, statistics was diffi-
cult on such a small cohort, with grade 2 of the Puget MRI classification (tumor
involving the third ventricle floor) being correlated with overweight except in the
case of two grade two patients with normal body weight.

In our retrospective review, pre-operative neuropsychological tests were not per-
formed but clear cognitive dysfunction or depression was noted in, respectively, 23
and 18% of patients without any cause, except in one case who had a prior history
of depression. Among the 14 active patients, 3 had stopped work because of a cogni-
tive impact. Once again, these symptoms were related to hypothalamic
involvement.



44 R. Manet et al.

3.3.1.5 Radiology and Histology

In terms of tumor types, using the PUGET classification [14], we found 1 grade O,
7 grade 1, and 14 grade 2 tumors. Most of the adult tumors were suprasellar-
secondary intraventricular and infundibulotuberal tumors and were rarely purely
intraventricular or sellar type. We found more adamantinomatous (75%) than papil-
lary tumors (25%).

3.3.2 Literature

A recent meta-analysis of AO-CP management has been published [15]. However,
this publication included only a few series with mixed populations of AO-CP and
CO-CP patients in which individual data on AO-CP could not be extracted, as well
as papers that were quite old.

To avoid these biases, we proceeded to perform a similar literature review using
Medline and Embase databases, to analyze epidemiology and clinical presentation
of AO-CP, including recent series reporting individual data on AO-CP patients, pub-
lished in the last 20 years, and excluding all articles with undifferentiated mixed
populations of CO-CP and AO-CP or populations of CO-CP. We aggregated the
results of our series of 22 patients with data from 15 AO-CP studies, representing a
total of 709 patients, comprised of 56.1% of males, with a mean age of 42.7 years.
Details of this analysis are shown in Table 3.2.

3.3.2.1 Ophthalmology

As is the case in CO-CP, visual disorders represent the most common findings in
AO-CP. Visual field impairment is found in 60-85% and visual acuity impairment in
40-74% [30, 31]. In our meta-analysis, we found an overall rate of 68.9% of visual
defects (Table 3.2). Some authors reported higher percentages of visual impairment
in AO-CP than CO-CP (85% vs 59%) [31] while others did not [30, 32]. Blindness
remains rare (3% of AO-CP), whereas optic atrophy affects 15% of patients [30].

3.3.2.2 Endocrine

At clinical presentation of AO-CP, symptoms of pituitary failure are frequent: half
of the patients have at least one endocrine manifestation [32]. Most of the time,
patients present partial deficiencies (73%); galactorrhea was found in 8% of patients
at the time of diagnosis of AO-CP, impaired sexual function in 28%, and menstrual
disorders in 57% of female patients [30]. Complete anterior panhypopituitarism at
diagnosis has been reported in only 12% of AO-CP, complete panhypopituitarism
was found in only 3%, and ADH deficiency in 6% of AO-CP [31]. In our meta-
analysis, we found an overall rate of 29.9% of anterior pituitary failure (partial or
complete) and 17.9% of diabetes insipidus (Table 3.2). Endocrine dysfunction
appears to be more frequent in children [29].

3.3.2.3 Hypothalamic and Limbic Symptoms
In addition to the resulting pituitary dysregulation, hypothalamic impairment can
lead to dysfunction of feeding and drinking, arousal (wakefulness and attention),
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energy balance, memory, circadian rhythm, panting, sweating, and autonomic ner-
vous system regulation (blood pressure, heart rate, and gastro-intestinal tract
stimulation).

Our own series provides evidence of frequent hypothalamic signs (weight issues
in 73% and cognitive impairment in 41%). In our meta-analysis, the percentages are
clearly lower, with an overall rate of 21.7% with hypothalamic dysfunction
(Table 3.2).

Overweight and obesity represent the more common findings in hypothalamic
damage. Disruption of responses to leptin and insulin within the hypothalamic
arcuate nucleus (located in the median eminence), responsible for controlling
satiety, hunger, and regulating energy balance, results in hyperphagia, autonomic
imbalance, reduction of energy expenditure, and hyperinsulinemia [33]. In these
patients, obesity may also be influenced by behavioral disorders, mood altera-
tions, and increased anxiety-related personality traits [34]. The weight gain is
generally refractory to usual dietary or lifestyle interventions and to pharmaco-
therapy. Bariatric surgery has been proposed as a treatment alternative but its
effectiveness remains uncertain [35]. Prevalence of obesity in AO-CP is unequiv-
ocal. In a large series that differentiated CO-CP (n = 112) and AO-CP (n = 112)
[31], authors found significantly less obesity in AO-CP than in CO-CP. Only 16%
were obese at diagnosis (Class I obesity (30 < BMI < 35): 10%; Class II obesity
(35 <BMI < 40): 4%; Class III obesity (BMI > 40.0): 2%), 39% were overweight
but not obese, and 41% had normal weight. In contrast, in another large series,
overweight and obesity were more prevalent in AO-CP (52%) compared with
CO-CP patients (40%)[36]. In our series, we also found significantly more over-
weight and obese patients. Compulsive behavior seemed, however, to be less
frequent. Thus, AO-CP series are probably not large enough to draw definitive
conclusions.

The opposite situation, of anorexia/weight loss, is rarely seen affecting only
2-8% of AO-CP patients [30, 31].

Surprisingly, hypothalamic data on AO-CP are scarce in the literature, especially
regarding cognitive functions.

3.3.2.4 Other Symptoms

Headache is a common symptom at diagnosis of CP, reported in up to 56-65% of
adult-onset CP patients [30-32]. These are most of the time non-specific; intracra-
nial hypertension has been described in only 15% of AO-CP [32]. Only one study
found significantly less headaches in adult-onset CP than in childhood onset CP (56
vs 78%) [30]. In our meta-analysis, we found an overall rate of 42.3% with head-
ache at presentation (Table 3.2), while in our series, the frequency of headaches is
low and related to hydrocephalus.

Hydrocephalus is significantly less common in patients with AO-CP than CO-CP
(18% vs 40%) [31]. Tumoral resection can be sufficient to restore functional CSF
flow; however, CSF shunting is often necessary. In our meta-analysis, we found an
overall rate of hydrocephalus at diagnosis of 13.4% (Table 3.2).
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Other findings such as neurological deficits or an altered level of consciousness
remain very unusual at clinical presentation but are probably underestimated
because of a small cohort in which that aspect was not really addressed.

3.4 Long-Term Morbidity and Mortality in Treated
Adult-Onset CP

The long-term morbidity and mortality in CP is dependent on intrinsic factors
(related to the tumor characteristics) and extrinsic factors (related to treatment
modalities). Morbidity includes hypopituitarism, hypothalamic impairment,
visual, neurological, and cognitive deficits, as well as increased cardiovascular
risk and reduced bone health, resulting in a significant reduction in quality of life

(QoL) [37].

3.4.1 Morbidity

Management of CP must be directed by therapeutic outcomes rather than surgical
parameters. Optimal surgical management of AO-CP remains controversial. In par-
ticular, it is still unclear if GTR is better than STR associated with radiotherapy. In
their meta-analysis, Dandurand et al. found a recurrence rate that was slightly lower
in gross total resection (GTR) than in subtotal resection (STR) completed by radio-
therapy (RXT), though this did not reach significance (OR: 0.63, 95% CI: 0.33—
1.24, p = 0.18) [9]. Thus, the aggressiveness of surgical resection should be adapted
from case to case, taking into account the balance between risk of recurrence and
risk of post-operative sequelae. The impact of the surgical route (endonasal or cra-
nial approach) on long-term prognosis has never been precisely reported although
some authors [38] have shown better results with the ventral approach than with the
cranial route. There should be, therefore, no dogma in the field and the choice
should aim for the shortest direct route and adequate exposure of the tumor interface
and critical structures [39]. Lastly, surgery for recurrence is associated with higher
morbidity and mortality [9].

3.4.1.1 Endocrine Morbidity

The surgical management of the pituitary stalk that influences endocrine out-
come remains uncertain. Post-operative hypopituitarism is consistent and
complete when the stalk is resected during surgery. Some authors suggest that
in about 50% of cases, the stalk is not invaded by the tumor and thus recom-
mend its anatomical preservation: in a retrospective study of 122 surgical
cases (mixture of children and adult patients), Van Effenterre et al. reported a
surgically preserved stalk in 54 patients using a cranial microscopic approach;
at 1 year follow-up, 30% of them had a panhypopituitarism, 33% had a partial
deficiency, and 37% had intact pituitary function (30% had total tumor removal
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and 7% had partial tumor removal) [40]. However, other authors have sug-
gested that preserving the pituitary stalk does not guarantee intact endocrino-
logical functions post-operatively, and the surgical strategy should focus on
the quality of the resection (GTR) in order to avoid a tumor remnant [41].
Thus in another study, stalk preservation was achieved in 24 patients out of 39
(61.5%); post-operatively 14 (58.3%) had a persistent complete pituitary
insufficiency, 2 (8.3%) had incomplete pituitary insufficiency, and 8 (33.3%)
had preserved pituitary function [13]. In this series, the rate of recurrence was
similar in patients who had stalk preservation (25%) and in patients who
underwent stalk section (26.7%). Finally, the possibility of preserving the
pituitary is related to the origin of the tumor (sellar, suprasellar secondary
intraventricular, intraventricular tumors where preservation can be tried, and
infundibulotuberal tumors where is no possibility of preservation) and to the
experience of the surgeon as well. In a more simple way, preserving the stalk
does not override tumor treatment, even if we know the endocrine outcome is
likely worse.

Long-term endocrine morbidity remains definitely high. In recent publications,
the prevalence of complete anterior pituitary insufficiency was reported to be as
high as 89 % [10], with specific TSH, GH, ACTH, gonadotropin insufficiencies, and
DI in 86%, 91%, 92% 93.5%, and 81% of cases, respectively [42]. Hypopituitarism,
by itself, has been reported to impact QoL [43] and is associated with an overall
excess mortality, with a standardized mortality ratio (SMR) of 1.55 [44]. This excess
mortality particularly affects women and young patients.

3.4.1.2 Ophthalmologic Morbidity

Visual impairment in AO-CP was reported to be as high as 40-47% at 10 years fol-
low-up [30, 45], and visual field impairment up to 63% [46]. However, endonasal
surgery may have a better visual outcome than cranial surgery and, in our own
experience, the visual results were good in more than 90% of patients, who were
able to resume normal activities.

3.4.1.3 Hypothalamic Morbidity

Overall, the high morbidity and poor prognosis associated with CP significantly
reduce the quality of life (QoL) of patients. As previously mentioned, the primary
sequelae affecting patients’ QoL are visual impairment and endocrine deficits but
hypothalamic lesions also caused overweight issues, neuropsychological deficits, and
emotional instability [37]. Quite surprisingly, few data have been reported showing
hypothalamic outcomes in AO-CP to date. This reduction in QoL has been found to
be more pronounced in AO-CP than in CO-CP, with no gender difference [36]. In the
AO-CP group, authors reported a strong correlation between BMI and QoL reduction.
Our own data has shown, however, that almost all patients, with the exception of 2,
resumed normal daily activities or work at the same level despite overweight issues
after surgery. Cognitive functions have been significantly improved as well. This high-
lights that further studies are warranted for AO-CP in large prospective series.
Post-operative hypothalamic morbidity is also correlated with the severity of adhe-
sions which can be evaluated pre-operatively on MRI [47]. Readers should refer to
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the specific chapter in this book by Prieto et al. Adamantinomatous subtypes would
be more infiltrative, limiting the possibility of achieving GTR, whereas papillary
subtypes may have a better outcome and fewer cases of recurrence [48].

3.4.2 Mortality

Craniopharyngioma accounts for the highest mortality of all tumors arising from the
sellar region, with women more affected than men [49, 50]. The standardized mor-
bidity ratio (SMR) was reported to be as high as 19.4 [50].

The overall survival rates in recent publications are reported as between 89 and
94% at 5 years, 85 and 90% at 10 years, and 62 and 76% at 20 years [30, 40, 42, 51].

Female sex, hydrocephalus, hypothalamic damage, incomplete tumor resection,
tumor recurrence, repeated surgery, radiotherapy, panhypopituitarism, and obesity
were found to be risk factors for excess mortality [30, 31, 42, 45, 49].

This mortality is highly dependent on the age at diagnosis: survival being better
among children than AO-CP patients. In the US national cancer database analysis,
5-year survival rates were reported to be 99%, 80%, and 38% when diagnosis was
made in patients who were aged <20 years, 20—-64 years, and >65, respectively [6].
In a large national population-based study [52] the reported 5-, 10-, and 15-year
survival rates were lower for AO-CP (86%, 82%, and 64%, respectively) in com-
parison to CO-CP (100%, 96%, and 89%). In this study, authors found an average
of 9.6 years of life lost in patients with AO-CP.

Endocrine impairments have a negative impact on mortality: patients without
hormonal deficiency have only 2.3 years of life lost compared with patients with
hypopituitarism and/or DI who lost 18.5 years of life [52].

Several studies showed higher mortality for women compared to men [30, 31,
42, 45, 49], possibly resulting from the fact that women with hypopituitarism not
only have unsubstituted hypogonadism but may also have an unfortunate exposure
to the combinations of estrogens and progestogens.

Long-term overall vascular morbidity has been found to be significantly higher in
CP patients in comparison with the general population (22% vs 4.8-8%), with 16%
incidence of cerebrovascular accidents and 6% of myocardial infarctions, compared
with 1-3.2% and 3.8-4.8%, respectively, in the general population [45]. Patients
with CP have a 3—19-fold higher cardiovascular mortality in comparison to the gen-
eral population [45, 49, 50]. Female gender, in particular premenopausal estrogen-
deficient patients, appears to be significantly more affected than men by cardiovascular
morbidity and mortality (SMR is twofold higher in females) [45, 49].

The literature does not provide robust data to determine the potential contribu-
tion of tumor size, tumor site, or surgical approach on mortality in patients with
CP [53].

Post-operative mortality ranges from 0 to 16.9% [40] in cases of primary surgery
and up to 10.5-40.6% in procedures on recurrent tumors [54, 55]. Our own experi-
ence demonstrated that in older patients with severe pre-operative morbidity factors
(mainly cardiovascular morbidity associated with severe obesity), the rate of mortal-
ity is very high bringing into question a palliative approach rather than a curative one.
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3.5 Modern Management of CP Improves Prognosis?

The introduction of MRI in the 1990s has undoubtedly transformed the manage-
ment of CP. Precise evaluation of tumor size, location, and extent allows for a good
evaluation of the expected difficulties and probability of successful radical surgical
excision. In particular, MRI evaluation of the potential tumoral adhesions (in par-
ticular, invasion of the hypothalamus and anatomical situation of the optic chiasm)
could help to confirm the most feasible surgical route and anticipate the individual
surgical risks [47].

Progress in diagnosis and management of CP has resulted in a significant
improvement of prognosis. In a population-based study (period 1951-1982,
Finland), the analysis of 5-year survival rate after diagnosis for patients diagnosed
in the 1970s, 1980s, and 1990s was reported as 73%, 91%, and 98%, respectively
[56]. However, interpretation of these findings must be nuanced. For example, in a
comparison of patients treated before or after 1987 for CP, Olsson et al. found no
difference in prevalence of myocardial or cerebral infarctions among CP patients.

3.6 Conclusion

In summary, AO-CP are rare sellar/suprasellar tumors (accounting for 4% of our
adult pituitary cases per year). Their management and prognosis slightly differ from
CO-CP with more sellar-suprasellar tumors, accessible by endonasal extended
transtubercular approaches. At the time of diagnosis, endocrine, visual, and/or cog-
nitive morbidity is present in more than two thirds of cases. The literature provides
only poor data on hypothalamic dysfunction and alteration of quality of life in
AO-CP patients, pre- and post-operatively, and further studies are therefore war-
ranted. The long-term morbidity remains high, depending on the tumor characteris-
tics and treatment modalities. However, our own data seems to indicate that despite
hypothalamic issues, social integration of patients may be better than that of chil-
dren. The mortality related to AO-CP is higher than in CO-CP, in particular in young
patients and women, and remains a concern for surgery in obese patients with nega-
tive prognostic factors and repeat surgery.
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Abbreviations

3V Third ventricle

CP Craniopharyngioma

MBA  Mammillary body angle
MRI  Magnetic resonance imaging
PG Pituitary gland

PS Pituitary stalk

TVF  Third ventricle floor

Gentlemen, I have a confession to make. Half of what we have taught you is in error, and
furthermore we cannot tell you which half is it.
William Osler (1849-1919)

4.1 Introduction. MRI Assessment of Craniopharyngiomas:
What Essential Information Should a Neurosurgeon
Obtain from It?

The considerable morphological heterogeneity of craniopharyngiomas (CPs) led
Harvey Cushing to consider them as the most baffling problem in neurosurgery [1].
Almost a century later, and despite the great progress in neuroradiological tech-
niques in the last few decades, CP treatment remains a challenge even for the most
experienced and skilled neurosurgeons [2-5]. A major source of difficulty lies in the
exceedingly variable topography and adhesion patterns to the hypothalamus
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observed among these lesions. Hypothalamic dysfunction is the major cause of
death and serious morbidity associated with CP surgery, including long-term neuro-
psychological deficits which severely impair patients’ quality of life. Accordingly, a
correct preoperative definition of the CP location and the CP-hypothalamus rela-
tionships is essential for choosing the most appropriate surgical strategy in each
case, one capable of minimizing the risks of hypothalamic injury.

CPs are still considered the model of a “pituitary or suprasellar” lesion in many
neurosurgical and neuroradiological texts, even in those published in the MRI era
[6, 7]. The widespread and unfortunate use of the term “suprasellar” for CPs dates
back to the early twentieth century when the identification of suprasellar shadows
represented the fundamental sign for a correct preoperative diagnosis [1, 8]. This
imprecise term points to the suprasellar cistern as the anatomical compartment
where CPs develop as a general rule. The main concern for neurosurgeons is, how-
ever, the hypothalamic deformation caused by the tumor, and even more impor-
tantly, the extension and degree of the CP attachment to the hypothalamus.
Consequently, the term “suprasellar” should be abandoned and replaced by an accu-
rate definition of CP topography, based on the anatomical position of the hypothala-
mus relative to the tumor and the morphological/functional status of this vital
structure [9, 10]. In this chapter we will discuss the rationale for an accurate preop-
erative definition of CP topography and the type of CP-hypothalamus adhesion,
based on several fundamental radiological signs that can be easily assessed on con-
ventional preoperative MRI studies. This rationale has proven useful to predict the
risks of hypothalamic injury associated with the surgical procedure and can help
neurosurgeons to anticipate the difficulties that will be encountered during the pro-
cedure, facilitating accordingly the proper surgical strategy to be employed in each
patient.

4.2 Radiological Diagnosis of Craniopharyngiomas:
Historical Development

CPs were identified as a new tumor entity by the Viennese pathologist Jakob
Erdheim (1874-1937) in 1904 [11, 12]. These epithelial lesions were found to
develop at any point along the hypothalamus—pituitary axis, from the pituitary gland
up to the third ventricle (3V). From the outset of CP surgery, a correct preoperative
diagnosis of these heterogeneous tumors has been a challenge and the evolution of
surgical strategies has been intimately linked to the progressive refinement of neu-
roradiological methods. The first significant milestone in CP diagnosis was reached
in 1905 with the introduction of X-rays in clinical practice by the leading figure of
American neurosurgery, Harvey Cushing (1869-1939) [13, 14]. The observation of
hyperdense “shadows” above the sella turcica on skull radiographs, a very specific
sign of CPs related to the presence of calcifications within the tumor, significantly
improved the accuracy of preoperative diagnosis for these tumors [15, 16]. As a
result, the number of failed exploratory craniotomies, a relatively common event at
the early stage of CP surgery, markedly decreased afterwards [17, 18].



4 Craniopharyngioma Diagnosis: A Rationale for Accurate MRI Assessment of Tumor... 57

Nevertheless, X-rays did not enable CP diagnosis in all cases, as intracranial cal-
cifications could only be detected in about two-thirds of the patients [15]. In addition,
a major limitation of cranial radiographs was the fact that they did not provide pre-
cise information about the extension and anatomical relationships of the tumor, data
of paramount importance for proper surgical planning [16, 17]. In 1918, the neuro-
surgeon Walter Dandy (1886-1946) developed at Johns Hopkins the technique of
air-ventriculography, a revolutionary diagnostic tool which allowed the clear picture
of the cerebral ventricles and their anatomical deformations caused by intracranial
lesions [19]. Preoperative definition of the 3V occupation by the tumor decisively
influenced the choice of surgical approach to attempt CP removal. Thanks to this
technique, Walter Dandy and Harvey Cushing pioneered the use of frontal trans-
ventricular and/or transcallosal surgical routes for the excision of CPs developed at
or extending into the 3V [8, 18, 20]. Air-ventriculography, however, also had signifi-
cant limitations, primarily the impossibility of defining the tumors’ relative position
in relation to the third ventricle floor (TVF) and walls, the neural structures including
the hypothalamic nuclei. A 3V filling defect could be either due to CPs pushing the
TVF upwards or to lesions that truly occupy the 3V cavity [21-23].

In the early 1960s, the French neurosurgeon Bernard Pertuiset (1920-2000) dis-
cussed the impossibility of achieving a reliable preoperative definition of CP topog-
raphy with the existing neuroradiological methods (angiography and
air-ventriculography) and introduced the important topographical concept of a pseu-
dointraventricular location for CPs [21]. This topography corresponded to those
tumors apparently growing within the 3V but which in fact originated beneath the
ventricle, from suprasellar structures, and caused an upward displacement and pro-
gressive inward folding of the TVF during the tumors’ growth [21, 24]. The presence
of an intact TVF capping the tumor dome would suppose a high risk of hypothalamic
injury in cases where a trans-ventricular approach was attempted through this delicate
and vital neural structure. These tumors mimicking the occupation of the 3V should
be differentiated from those CPs which had invaded the 3V, after breaking through the
TVF, as well as from true intraventricular tumors [22]. The introduction of computed
tomography (CT) in the late 1970s markedly improved the diagnostic accuracy of CPs
and their differentiation from other pituitary and parapituitary lesions, especially due
to its high sensitivity to detect minute calcifications [25]. Unfortunately, CT scans did
not provide an accurate depiction of the anatomical CP-brain relationships, as this
diagnostic tool usually only obtained images through axial sections of the cranium. A
clear definition of the position and anatomical disruption of the thin neural layer that
forms the 3V boundaries was not possible with CT for most CP cases encroaching
upon the 3V at the time of diagnosis [22]. CP topographical classifications based on
the relative position of the lesion regarding the optic chiasm, the neural structure of
reference in transcranial approaches, persisted in the CT era, with the differentiation
of three major categories: prechiasmatic, subchiasmatic, and retrochiasmatic lesions
[26-28]. The anatomical position and distortion of the hypothalamus and 3V regard-
ing the tumor was not ascertained preoperatively with CT. This shortcoming com-
monly led to erroneous topographical diagnosis and inappropriate surgical approaches
to CPs in the decades prior to the MRI era.
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Since the introduction of MRI in the late 1980s, this diagnostic technique has
represented the gold standard for the diagnosis of CPs, particularly because the
anatomical relationships of the mass could be observed in the three spatial dimen-
sions [6, 29, 30]. CP classifications employing as fundamental criterium the exten-
sion of the mass through the vertical axis and the degree of invasion into the 3V
rapidly replaced the prior schemes focused on the chiasm-tumor position [31, 32].
The first topographical CP classification system based on preoperative MRI studies
was designed by the French neuroradiologist Charles Raybaud, from The Timone
University Hospital in Marseille, who differentiated four basic anatomic regions
that could be occupied by the tumor: sellar, suprasellar, infundibulo-tuberal, and 3V
[29]. His MRI-based scheme was the first to highlight, as had been previously dem-
onstrated in the seminal necropsy study by Juraj Steno, that a majority of CPs pri-
marily develop and occupy the infundibulo-tuberal region of the TVF [23, 29, 33].

4.3  Origin of Craniopharyngiomas: The Major Determinant
of CP-3V Relationships

For a proper MRI assessment of CPs, it is necessary to have a clear knowledge
about the precise origin of these lesions because it will determine the specific tumor-
3V relationships in each case. The embryogenetic theory proposed originally by
Jakob Erdheim at the beginning of twentieth century considered that CPs originated
from epithelial remnants of either the Rathke’s pouch (the embryonic primordium
of the pituitary gland) or an incompletely involuted craniopharyngeal duct (Rathke’s
pouch’s path of migration during the embryo’s development) [11, 12]. Recent ana-
tomical and molecular evidence has provided substantial support for this theory [34,
35]. Therefore, CPs may develop at any point along the vertical pituitary—hypotha-
lamic axis, showing a wide range of locations from the sella to the 3V, each with a
different CP-hypothalamus relationship [24, 36]. The predominant accumulation of
Rathke’s pouch remnants at the upper and lower areas of the pars tuberalis, a tongue
of adenohypophysial tissue enveloping the pituitary stalk (PS) and infundibulum,
supports that the frequency of the different possible tumor locations varies [37]. CPs
most commonly originate either at the junction between the pituitary gland (PG)
and the PS or at the upper edge of the PS, in close contact with the infundibulum.
The midline origin of CPs along the pituitary—hypothalamic axis makes the midsag-
ittal and coronal MR images through the infundibular region the two basic sections
to accurately elucidate CP topography [38].

Less than 20% of CPs show minimal or absent adhesions to the hypothalamus,
these cases originating either at the dorsal surface of the PG, within the sella turcica,
or exclusively within the 3V, from the ependymal layer lining of the 3V cavity [39].
In the former group, the TVF (and the hypothalamic nuclei included within it) is
situated above the tumor and separated from its dome by the leptomeningeal layers
(arachnoid and pia mater), a fact that noticeably reduces the surgical risk of hypo-
thalamic injury [39]. Conversely, in the subgroup of strictly 3V CPs, the TVF is
situated below the tumor and separated from it by the ependymal layer of the
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3V. This unusual topography is characterized by a small, patch-like or pedicle-like
attachment to the inner surface of the TVF or 3V walls that can be straightforwardly
dissected with a relatively low risk of hypothalamic injury [39].

The remaining CP topographies, which represent about 80% of cases overall,
have a more intimate relation with the hypothalamus. Half of them corresponds to
CPs originated at the infundibulum itself, or within the neural layer of the adjacent
region of the tuber cinereum, the two structures that form the TVF [40]. This sub-
group of infundibulo-tuberal CPs usually has a subpial development, a fact that
eventually triggers a strong reactive gliosis in the nervous tissue around the tumor.
This reaction is responsible for the extensive and strong adhesion between the TVF
remnants (and hypothalamus) and the tumor. In the other cases (approximately
30%), a tumor originated from the PG or the PS, within the suprasellar cistern, may
either displace the TVF upwards, mimicking an intraventricular position, or break
through the TVF and invade the 3V. This latter subgroup grossly encroaches upon
the hypothalamus, causing the most severe damage to this vital region [41]. The
highest risk of hypothalamic injury will therefore occur when the tumor is either
originated within the TVF itself or has secondarily invaded the 3V. In both cases, the
hypothalamic nuclei are situated around the bulk of the tumor, and there is no inter-
vening meningeal layer that can be used as a safe dissection plane [39].

4.4 Craniopharyngioma Topography: Usefulness of Current
Classification Schemes

Numerous classification schemes for CP topography have been proposed since the
definition of this pathological entity [42]. Only a few of them provide valuable
information regarding the accurate anatomical relationships between the tumor and
the hypothalamus. The first topographical scheme based on anatomopathological
CP features was presented by Juraj Steno in 1985 after the thorough study of 30
brain specimens of non-operated CPs from the Burdenko Institute, in Moscow [33].
He noticed that a majority of CPs grew in both the suprasellar cistern and the 3V
cavity (extraventricular—intraventricular CPs, 46%). Contrary to the purely extra-
ventricular or purely intraventricular CPs, these extra-intraventricular lesions were
found to associate the highest surgical risk due to their strong attachments to the
surrounding TVF remnants, usually located around the mid-third or central portion
of the tumor [23, 33]. More recently, in 2008, Amin K. Kassam presented a topo-
graphical scheme based on the relative position of the tumor regarding the
PS-infundibulum complex, the anatomical structures of reference initially found
when using the transsphenoidal approach [43]. Four major groups were considered:
(1) preinfundibular CPs; (2) transinfundibular CPs or tumors extending into the PS;
(3) retroinfundibular CPs; and (4) intraventricular CPs which were situated above
an intact PS.

Only a few years ago, the neurosurgical team headed by Songtao Qi at the
Nanfang Hospital (Guangzhou, China) presented a topographical scheme based on
a thorough analysis of the relationships between the tumor capsule and the
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meningeal layers of the pituitary—hypothalamic axis, in a series of 195 surgically
treated CPs [10]. Four major topographical patterns were identified: (1) infra-
diaphragmatic, characterized by the presence of the diaphragma sellae between the
tumor and the brain undersurface; (2) extra-arachnoidal, originated in the suprasel-
lar cistern above the diaphragma sellae and separated from the TVF by an arachnoi-
dal layer; (3) intra-arachnoidal; and (4) subarachnoidal-subpial, originated within
the nervous tissue of the TVF itself. The subarachnoidal-subpial group was found
by the authors to represent as much as 30% of cases in children and 50% in adults,
and it was characterized by the lack of any membranous layers between the tumor
and the pituitary—hypothalamic axis [5, 10].

The most widely used MRI-based topographic classification for CPs is the one
proposed by Christian Sainte-Rose and Stephanie Puget at the Hopital Necker
Enfants Malades in Paris [44, 45]. This scheme is based on the degree of hypotha-
lamic distortion caused by the tumor, as observed with conventional MRI. Three
major types of hypothalamic involvement by the tumor were considered: (1) grade
0, in which the hypothalamus had a normal appearance on preoperative MRI scans;
(2) grade 1 for cases with a recognizable but displaced hypothalamus; and (3) grade
2, encompassing all tumors which were encroaching upon the region of the hypo-
thalamus, whose anatomical boundaries were not identifiable. Saint-Rose and
Puget’s scheme assumes that the 3V involvement depends on the progressive expan-
sion of a tumor theoretically originated at the suprasellar region, without taking into
consideration that CPs may originate at any point along the pituitary—hypothalamic
axis. In fact, the appearance of the TVF on preoperative MRIs is misleading to reli-
ably ascertain the anatomical integrity of this structure. An unidentifiable TVF does
not necessarily mean it has been breached or invaded by the tumor. For example, in
a series of 17 intraventricular CPs operated on by Songtao Qi et al. at Nanfang hos-
pital, the authors found that 15% of cases in which the TVF was not identified on
preoperative MRIs corresponded to purely intraventricular CPs presenting a small
pedicle attachment to the intact TVF that allowed a safe and straightforward total
removal. On the contrary, a quarter of cases with an identifiable TVF had an undis-
sectible, wide, and dense type of CP adhesion [10].

4.5 CPTopography: A Comprehensive Scheme for Accurate
MRI Assessment of Tumor-3V Relationships

In 2004, our group presented a CP topography classification based on the true ana-
tomical relationships between the tumor and the 3V after analyzing a cohort of
lesions originally described as “intraventricular” [22]. For this purpose, we corre-
lated the anatomical relationships observed in whole CP specimens from non-oper-
ated patients with the pre- and postoperative MRI of operated lesions as well as with
the intraoperative findings observed in 105 cases involving the 3V. We were able to
identify four major CP topographies depending on the specific type of CP-3V rela-
tionship (Fig. 4.1): (1) suprasellar-pseudointraventricular CPs (Fig. 4.1B), a cate-
gory of lesions originated at the pars tuberalis that envelops the PS; these lesions



4 Craniopharyngioma Diagnosis: A Rationale for Accurate MRI Assessment of Tumor... 61

Sellar-Suprasellar S-SS-Pseudo 3V S-SS-Secondary 3V Not-Strictly 3V Strictly 3V
(Infundibulo-Tuberal)

A B1 C1

Y

A@
Fig. 4.1 Craniopharyngioma topographical classification based on the tumor origin along the
hypophyseal-hypothalamic axis and the tumor-third ventricle relationships [22, 24]. Coronal tran-
sinfundibular (upper panel) and midsagittal (lower panel) drawings are shown for the five major
categories considered. (A1-A2) Sellar-suprasellar category, formed by tumors developed below an
intact third ventricle floor. Note that the optic chiasm (yellow) and the mammillary body angle
(MBA, blue angle) have a normal appearance and value, respectively. The hypothalamus (in red)
is situated above the lesion. (B1-B2) Sellar-suprasellar-pseudointraventricular type, which mimics
an intraventricular position. Note that the optic chiasm is stretched upward and the MBA has an
obtuse value (>90°). The hypothalamus is above the upper pole of the tumor. (C1-C2) Sellar-
suprasellar-secondary intraventricular category. It includes the CPs which invade the cavity of the
third ventricle after breaking through the third ventricle floor. Note that the optic chiasm is stretched
forward in front of the tumor and the hypothalamus is positioned around the mid-third or central
portion of the lesion. (D1-D2) Not-strictly intraventricular or infundibulo-tuberal type, formed by
lesions originated within the TVF (infundibulum-tuber cinereum) which predominantly expand
into the 3V. Note that the optic chiasm is compressed forward against the tuberculum sellae, the
hypothalamus is around the mid-third portion of the tumor and the MBA is hyperacute (<30°).
(E1-E2) Strictly intraventricular category, which includes the CPs wholly developed within the

3V, above an anatomically intact TVF. Note that the optic chiasm is slightly compressed downward
and the hypothalamus is situated below the lower pole of the tumor

c2

grow in the suprasellar cistern and cause an upward displacement of the TVF, mim-
icking an intraventricular position; (2) sellar/suprasellar-secondary intraventricu-
lar CPs (Fig. 4.1C), lesions usually originated at the junction between the PG and
the PS that initially develop under the 3V but eventually invade the 3V cavity after
breaking through the TVF; (3) infundibulo-tuberal or not-strictly intraventricular
CPs (Fig. 4.1D), tumors developed within the neural layer of the infundibulum/
tuber cinereum, in close contact with the hypothalamic nuclei, which predominantly
expand within the 3V at later stages; and (4) strictly intraventricular CPs (Fig. 4.1E),
tumors primarily developed within the 3V, above an intact TVF. An additional topo-
graphical category of CPs without involvement of the 3V must be considered, the
sellar-suprasellar group (Fig. 4.1A), which includes those tumors originated at the
dorsal surface of the PG that exclusively occupy the sellar and/or suprasellar com-
partments beneath an intact TVF [38].
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In contrast to other topographical classifications, ours scheme takes into consid-
eration the type of hypothalamic-CP relationship, which is the critical factor to pre-
dict the feasibility of a safe radical removal. Besides being a relatively simple
scheme, the importance of this classification lies in the fact that it has proven useful
to predict the position and anatomic status of the hypothalamus, as well as the type
of tumor adhesion to it.

4.6 The Mammillary Body Angle: A Useful MRI Sign
to Ascertain CP Topography

Identification of the TVF can hardly be achieved preoperatively on conventional
MRI sequences (T1- and T2-weighted MRI) at the time of diagnosis, because the
infundibulum and the tuber cinereum are very thin structures that are usually
severely distorted by the tumor once it reaches a size larger than 2-3 cm in diameter.
In contrast, the solid consistency of the mammillary bodies makes possible the rec-
ognition of these structures on midsagittal MRI scans despite their usually gross
displacement and deformation caused by the tumor. Based on this concept, our
group defined the mammillary body angle (MBA) as a simple, useful radiological
tool to predict the CP topography and the type of 3V distortion caused by the tumor
[46]. The MBA is defined as the angle formed by the intersection of a plane tangen-
tial to the base of one of the mammillary bodies with the plane tangential to the
fourth ventricle floor. This angle can easily be measured on midsagittal MRI scans
(Fig. 4.2). In healthy humans without intracranial pathology, the normal MBA value
ranges between 50° and 70°. CP growth usually leads to substantial modifications
in the MBA, whose specific changes depend on the original site of tumor develop-
ment. Sellar/suprasellar CPs originated below the TVF cause an upward displace-
ment of the mammillary bodies, shifting the MBA towards an obtuse value (>90°).
An obtuse MBA is a strong predictor of the pseudointraventricular CP topography,
which mimics an intraventricular position. In contrast, a downward displacement of
the mammillary bodies and thus an MBA change towards an acute angle (<90°) is
usually observed among CPs with a primarily intraventricular growth. The MBA
value becomes even more reduced or hyperacute (<30°) in the case of CPs origi-
nated within the TVF itself (infundibulo-tuberal CPs) [46].

4.7 CP Adherence to the Hypothalamus: A Stratification
Model to Predict Surgical Risk

Patient outcome following CP removal is related, above all, to the extension and
strength of tumor adhesion to the hypothalamus [47]. Preoperative distinction
between CPs that can be radically removed from those whose removal would inevi-
tably lead to irreversible hypothalamic injury is one of the most critical aspects of
CP surgery. The methodical examination of 500 CPs, including brain autopsy speci-
mens and surgically treated cases, has allowed our group to define the first



4 Craniopharyngioma Diagnosis: A Rationale for Accurate MRI Assessment of Tumor... 63

¥
L=

"G

Fig.4.2 Preoperative assessment of MRI signs which help to define the CP topography according
to the CP-3V anatomical relationship. Midsagittal (a) scheme, (b) T1 weighted MRI scan and
coronal-transinfundibular (¢) MRI scans corresponding to a healthy adult. The seven fundamental
radiological variables to define CP topography are: (1) Occupation of the chiasmatic cistern (ChC)
by the tumor; (2) Occupation of the third ventricle (3V) by the tumor; (3) Anatomical distortion of
the pituitary stalk (PS); (4) Mammillary body angle (MBA) which is the angle formed by the inter-
section of a plane tangential to the base of the mammillary bodies (MB) with the plane tangential
to the fourth ventricle floor; (5) Anatomical distortion of the optic chiasm (Ch); (6) Relative posi-
tion of the hypothalamus (red arrows) regarding the tumor, better assessed on coronal-
transinfundibular MRI sections; (7) Tumor shape (d) the five major morphologies displayed by the
tumor are shown

comprehensive model to categorize CP adherence [39]. Furthermore, this model can
be assessed with conventional MRI studies. The pattern of CP adhesion is deter-
mined for each case by three components of the attachment: (1) the anatomical
structures attached to the tumor; (2) the morphologic pattern or extent of the attach-
ment; and (3) the adhesion strength. Taking into consideration these three compo-
nents, CP adhesion can be classified into five increasing levels of severity—mild,
moderate, serious, severe, and critical—each obviously associating a higher risk of
hypothalamic injury, postoperative morbidity and mortality (Fig. 4.3).

The least severe type of adhesion (level I or mild adhesion) is observed for
wholly intrasellar or sellar-suprasellar CPs which are separated from the TVF by a
meningeal layer, either the dura mater of the diaphragma sellae or the arachnoid
membranes of the chiasm cistern [39]. A slightly higher risk (level II) occurs for
strictly intraventricular CPs showing a pedicle (fibrovascular stem) or a sessile
(rectangular patch of tumor capsule) attachment to the ependymal lining of the
3V. These small attachments can usually be released. The next level of adherence
severity (level III) is found in suprasellar CPs tightly adhered or fused to the pial
surface of the infundibulum and/or tuber cinereum, without any intervening arach-
noid layer. Attempts to release the tumor from the median eminence/basal
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I - Mild Il - Moderate Il - Serious IV - Severe V - Critical

CP Adherence | I - Mild Il - Moderate Il - Serious IV - Severe V - Critical

1. Structures Sella-PG-PS 3V (inner lining) PS-infund (outer) TVF/TVF-3V/3V Global (sella to 3V)
2. Morphology Sessile / Cirumferential Pedicle / Sessile Sessile / Cap-like Bowl-like / Ring-like / Circumferential Ring-like

3. Strength Loose / Tight Loose / Tight Loose / Tight / Fusion Tight / Fusion / Replacement Replacement

Fig. 4.3 Craniopharyngioma (CP) adherence severity levels. Upper row shows autopsy speci-
mens of CPs (t) and lower row presents surgical images of the corresponding levels of CP adher-
ence severity as observed in the surgical procedure of cases with the same topography. Mild CP
adherence (Severity Level I): (al) Midsagittal brain section showing the gross specimen of a sellar-
suprasellar CP (t). Red arrow points the upwardly displaced hypothalamus, over the upper pole of
the tumor. MB: mammillary body; 3V: third ventricle. (a2) Right pterional view showing the
arachnoid layer (yellow arrow) between the tumor capsule (t) and the right optic nerve (rON). ICA:
internal carotid artery. Moderate CP adherence (Severity level II): (b1) Coronal section from an
autopsy brain specimen showing a strictly intraventricular papillary CP (t) with a small basal
attachment (yellow arrow) to the ependymal layer of the intact third ventricle floor (red arrows).
(b2) Surgical view of a strictly intraventricular CP (t) through a right pterional approach showing
the pedicle attachment (arrow) to the TVE. Serious CP adherence (Severity level III): (c1)
Midsagittal section of a brain specimen showing a suprasellar-pseudointraventricular CP (t) whose
upper pole has displaced the third ventricle floor upward (red arrow). The optic chiasm is stretched
upward over the tumor. (¢2) Right pterional view showing the tight attachment (arrow) between the
tumor and the upwardly displaced chiasm and third ventricle floor. Severe CP adherence (Severity
level IV): (d1) Not-strictly intraventricular or infundibulo-tuberal CP (t). Notice how the MB is the
only visible structure of the third ventricle floor, the chiasm (Ch) is compressed forward in front of
the tumor, the pituitary stalk (PS) is amputated, and the pituitary gland (PG) is intact below the
tumor. Red arrows point to the hypothalamus, fused around the central, mid-portion of the tumor.
(d2) Intraoperative view through a right pterional approach showing a tumor (t) fused (arrows) to
the inner surface of the infundibulum (If). Critical CP adherence (Severity level V): (el) Sagittal
section showing a suprasellar-secondary intraventricular CP (t) which has broken into the third
ventricle. The position of the hypothalamus relative to the tumor is around its mid-third portion
(red arrows). (e2) Intraoperative view through the lamina terminalis after radical removal of a CP
which had invaded the 3V. Notice the breached TVF allowing a direct view of the basilar artery (B)
and the right posterior cerebral artery (P1). Ch chiasm

hypothalamus associate a poor outcome in about one-tenth of the cases. Level IV of
adherence severity corresponds to CPs with tenacious and extensive adhesions
between the TVF/3V walls and the tumor. Release of these adhesions may lead to a
poor outcome in about a quarter of cases due to long-term disabling hypothalamic
damage. These tumors are either fused to or have replaced the TVF/3V walls, and
the area of tumor-brain contact may have a bowl-like morphology (the adhesion
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covers the tumor’s bottom portion), a ring-like shape (the adhesion encircles the
tumor’s middle portion like a band), or a circumferential morphology (the adhesion
entirely covers the tumor surface like wrapping paper). The most severe, critical
level of adherence (level V) occurs in aggressive CPs extending from the sella to the
3V roof that encroach upon all the structures that form the vertical pituitary—hypo-
thalamic axis. The invasion or replacement of the TVF may lead to a rate of poor
outcome/death as high as 40% in this group [39]. A breached TVF can typically be
seen on postoperative MRI scans following radical removal of CPs presenting each
of the two latter adherence levels [40, 48]. CP topography has been identified as the
variable showing the strongest relation with the level of adherence severity [39]: the
mild level adherence severity is typically associated with the sellar-suprasellar
topography; the moderate level with the strictly intraventricular topography; the
serious level with the suprasellar-pseudointraventricular group; the severe level of
adherence severity is usually observed in the infundibulo-tuberal topography; lastly,
the critical level is generally associated with the secondary intraventricular cate-
gory. CP topography, however, only explains by itself the surgical risk derived from
the degree of tumor-brain adherence in 73% of cases, as many other variables such
as tumor size, presence of hydrocephalus, and clinical symptoms caused by hypo-
thalamic dysfunction also contribute significantly to the surgical risk.

4.8 MRI Assessment of the Anatomical Compartments
and Neural Structures Involved by the Tumor

The preoperative MRI evaluation of a CP should consider first the tumor’s occupa-
tion of three different compartments: the sella turcica, the chiasmatic or suprasellar
cistern, and the 3V. In a second step, the position and morphological appearance of
the anatomical structures making up the pituitary—hypothalamic axis (PG, PS, TVF,
and 3V walls) is assessed (Fig. 4.2). The systematic definition of the status of these
compartments and anatomical structures on conventional T1 and T2 images has
proven sufficient to establish the accurate CP topography and the relationships
between the tumor and the surrounding neurovascular structures in most cases [38,
47]. The compartments whose occupation provide the most reliable information to
define the CP-hypothalamus relationship are the 3V and the chiasmatic cistern.
Lack of occupation of the 3V is only observed in the sellar-suprasellar topography,
which comprises those CPs with a more favorable surgical outcome.
Differentiating among the four remaining topographical categories with 3V
involvement is the most difficult task. One of the most valuable signs is the lack of
occupation of the chiasmatic cistern, a sign which strongly indicates a strictly intra-
ventricular position. In contrast, partial occupation of the chiasmatic cistern points to
the infundibulo-tuberal topography. Finally, a cistern wholly obliterated by the tumor
may occur in any of the three topographic categories that originate below the TVF (the
sellar-suprasellar, pseudointraventricular, and secondary intraventricular varieties).
Regarding the anatomical distortions of the pituitary—hypothalamic axis caused
by the tumor, the appearance of the PS and the relative anatomical position between
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the hypothalamus and the CP are the two most useful signs to accurately define the
type of tumor-hypothalamus relationship [38, 47]. The appearance of the PS, best
defined on midsagittal MRI sections, is the radiological sign showing the strongest
correlation with CP topography. Four major patterns can be considered: (1) intact or
wholly visible PS; (2) thickened PS due to macroscopic tumor infiltration; (3)
amputated PS, whose upper portion is not visible due to tumor growth; and (4) not
visible or unrecognizable PS due to tumor encroachment. Amputation of the PS’s
upper infundibular edge by the tumor and PS infiltration are two signs that strongly
point to a not-strictly intraventricular or infundibulo-tuberal CP associating a severe
(level IV) hypothalamic adhesion. On the contrary, a normal PS appearance points
to a strictly intraventricular CPs with a moderate (level II) adherence to the 3V.
Lastly, the lack of identification of the PS on preoperative MRI is a less specific
sign, as it can occur in any of the three topographic categories that originate beneath
the TVF and occupy the chiasmatic cistern.

Another fundamental MRI variable is the level of the hypothalamus relative to
the tumor, a sign best assessed on transinfundibular-coronal MRI sections [47]. The
hypothalamus may be found adjacent to the lower tumor pole, around its mid-third
portion or above the top pole of the tumor. The position of the hypothalamus in rela-
tion to the tumor is the most informative MRI sign to estimate the severity of CP
adherence. A position of the hypothalamus around the mid-third or central portion
of the tumor strongly points to the presence of the most extensive and tenacious
adhesions to the hypothalamus (severity levels IV and V). On the contrary, a posi-
tion of the hypothalamus around the lower third of the tumor is typical of strictly
intraventricular lesions, whereas its position above the upper third of the tumor is
observed for the sellar-suprasellar and pseudointraventricular CP topographies,
both associating a lower risk of hypothalamic injury [47].

Finally, some macroscopic CP features such as the tumor size, consistency,
shape, or presence of calcifications should be defined. Among these features, the
tumor’s shape has proven particularly useful to predict the severity of
CP-hypothalamus adhesion. A round or pear-like tumor shape points to the presence
of loose, mild attachment to the TVF that associates the lowest risk of hypothalamic
injury. A pear-like outline on midsagittal MRI scans is usually observed for intrasel-
lar CPs that push the diaphragma sellae upward against the optic chiasm and are
thus covered with a layer of dura mater which separates the tumor from the vital
hypothalamic nuclei. Conversely, elliptical shapes are often observed for
infundibulo-tuberal and secondarily intraventricular CPs showing severe degrees of
hypothalamic attachment (levels IV and V).

4.9 Optic Chiasm Distortions Caused by
Craniopharyngiomas: Their Relation to Visual
Function and Postoperative Visual Outcome

A precise MRI definition of the anatomical distortion caused by CPs on the optic
chiasm represents valuable information to predict not only the accurate CP topogra-
phy, but more importantly, the reversibility of visual impairment and the long-term
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visual outcome [49]. The position and shape of the optic chiasm are best assessed
on midsagittal MRI sections (Fig. 4.4). The close proximity of the optic chiasm to
CPs makes their growth usually grossly distort this structure. A wholly normal chi-
asm is only observed in approximately 10% of CP cases, either in those which
exclusively occupy the sella turcica or in small tumors within the 3V cavity. Two
major types of pathological distortion of the optic chiasm may occur, compression
and stretching; typically, the former occurs in CPs originated within the TVF, behind
the chiasm, whereas the latter is often observed in tumors growing below the chiasm

a. Normal chiasm b. Compressed chiasm C. Stretched chiasm

C2. Stretched upward

S—p

Fig. 4.4 MRI assessment of optic chiasm distortions caused by craniopharyngiomas and their
relation with tumor topography. Yellow arrows point to the position of the optic chiasm in MRI
midsagittal sections. (a) Illustrative scheme showing a chiasm with a normal position and shape.
(al) Normal or non-distorted chiasm as observed on T1-weighted MRI midsagittal scan from a
patient with a strictly intraventricular CP (t). (a2) Normal or non-distorted chiasm in another case
of a small sellar-suprasellar tumor CP (t). (b) Compressed distortions caused by intraventricular-
retrochiasmatic CPs pushing on the chiasm and displacing it towards the tuberculum sellae. (b1)
Compressed downward chiasm, placed beneath the anteroinferior margin of a pure intraventricular
tumor (t) and flattened by its downward compressive force. (b2) Chiasm compressed forward
against the bone of the planum sphenoidale by a not-strictly intraventricular CP (t). (¢): Stretched
distortions of the optic chiasm caused by suprasellar-subchiasmatic lesions pushing upwards on
this structure, which becomes progressively elongated. (c1) Stretched forward chiasm along the
anterior margin of a secondary intraventricular CP (t). (¢2) Stretched upward chiasm along the
superior surface of a sellar-suprasellar CP (t)
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plane. Additional chiasm deformation subtypes can be defined depending on the
direction the chiasm is displaced. A chiasm stretched upward strongly points to the
suprasellar-pseudointraventricular topography; whereas a chiasm stretched and dis-
placed forward, that is elongated along the anterior margin of the tumor, suggests a
secondary intraventricular position. Among the compressed chiasms, those dis-
placed forward and flattened against the tuberculum sellae (compressed forward)
are typically associated with the not-strictly intraventricular topography, whereas
the compressed chiasms downwardly displaced at the anteroinferior margin of the
tumor point to the strictly intraventricular topography.

The type of chiasm distortion is related to the presence of visual disturbances and
especially to the degree of visual impairment. Vision is usually spared in CP cases with
either normal or downwardly compressed chiasms, whereas visual deficits occur in
more than 80% of tumors associated with forward compression or forward/upward
chiasm stretching [49]. The upward stretched pattern is the one associating the most
severe visual disturbances, present in 75% of the cases. This is the result of irreversible
axonal degeneration caused by stretching forces, indicated by the long-term thinned
appearance of the chiasm on postoperative MRI midsagittal scans [49]. Accordingly,
visual outcome after CP removal is significantly related to both the type of preoperative
and postoperative chiasm distortion. The best visual outcome is found among CP
patients whose optic chiasms show either a normal or downward compressed morphol-
ogy on preoperative MRI. In contrast, the worst visual outcome is observed among
patients with stretched chiasms. About one-third of the patients in these latter cases will
not experience any improvement in their visual deficits following surgery, in particular
when the postoperative MRI shows a chiasm with a thinned appearance [49].

4.10 Clinical-MRI Correlation for a Proper Assessment
of Surgical Risks

Functional impairment of the hypothalamus represents one of the most feared com-
plications of CP surgery, as Harvey Cushing wisely recognized towards the end of
his career [1, 50]. The flood of information provided by current neuroradiological
studies should not underestimate the value of preoperative clinical symptoms in
predicting the type of hypothalamic involvement. For this reason, and despite this
chapter being focused on MRI signs, we would like to briefly emphasize the impor-
tance of a proper preoperative assessment of clinical symptoms, in particular of
those related to the impairment of hypothalamic functions. The infundibulo-tuberal
syndrome is especially worth noting. It includes the symptoms of sexual infantilism,
obesity, diabetes insipidus, and/or abnormal somnolence [40, 51]. The presence of
this syndrome is highly predictive of a primary involvement of the basal hypothala-
mus (the region of the TVF, including the infundibulum and tuber cinereum) by the
tumor. The arcuate, lower ventromedial, periventricular, and tubero-mammillary
nuclei, as well as the supra-optic-hypophyseal and tubero-hypophyseal tracts
included within this thin layer of neural tissue, are involved in the regulation of
sexual functions, feeding behavior, water metabolism, and control of sleep cycles
[51, 52]. Despite the surgeon’s experience and skills, attempts to perform a radical
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CP removal in patients with symptoms typical of the infundibulo-tuberal syndrome
associate a high risk of hypothalamic injury and severe postoperative morbidity,
even patient death [40, 51].

In addition, patients with CPs involving the 3V may present a wide set of altera-
tions related to the loss of hypothalamic regulation of mental and/or vital bodily
functions, caused by the damage of those hypothalamic nuclei and pathways situ-
ated above the TVF, within the 3V walls, as well as of the mammillary bodies. This
hypothalamic syndrome, in contrast to the more restricted infundibulo-tuberal syn-
drome, includes psychiatric, behavioral and/or emotional alterations, severe impair-
ment of memory and cognitive functions, abnormal changes in body temperature,
loss of hemodynamic homeostasis, gait disturbances, and/or sphincter incontinence
[51]. The presence of these alterations, usually associated with CPs developed
within the 3V, should be thoroughly evaluated before surgery in order to avoid
undue surgical maneuvers for the release of the CP-hypothalamic adhesions.

4.11 Accuracy of Conventional MRI to Predict CP Topography
and the Severity of Hypothalamic Adherence

Accurate preoperative definition of CP topography and severity of CP adhesions
to the hypothalamus can be achieved in 85-90% of cases with the use of conven-
tional MRI sequences (T1- and T2-weighted) [38, 47]. For a proper assessment
of CP topography, a multivariate analysis of MRI data investigated in a cohort of
200 surgically treated CPs selected seven fundamental radiological variables: (1)
tumor occupation of the sella; (2) tumor occupation of the chiasmatic cistern; (3)
PS appearance; (4) level of the hypothalamus relative to the CP; (5) value of the
MBA; (6) CP shape; and (7) type of chiasm distortion [38] (Figs. 4.5, 4.6, 4.7,

Sellar-Suprasellar

MRI variable Definition

3V Tumor free
Chiasmatic cistern Occupied by tumor
Pituitary stalk Not visible
Hypothalamus level Upper third
Mamillary body angle ~ 60-89°

Optic chiasm Stretched upward
Tumor shape Eg;:ﬁkgumbbell,

Fig. 4.5 Sellar-suprasellar topography: MRI signs suggesting this category. (a) Illustrative
scheme showing the origin of these CPs, at the junction between the pituitary stalk and the pitu-
itary gland (purple circle). Midsagittal (b) and coronal-transinfundibular (¢) MRI sections of a
sellar-suprasellar craniopharyngioma (t). Red arrows point to the position of the hypothalamus,
over the top of the tumor. Ch chiasm, 3V third ventricle. MB mammillary body. The table sum-
marizes the MRI signs typically observed in this group
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Pseudointraventricular

3V

Chiasmatic cistern

MRI variable Definition

Occupied by tumor
Occupied by tumor

Pituitary stalk Not visible
Hypothalamus level Upper third
Mamillary body angle ~ >90°

Optic chiasm Stretched upward
Tumor shape Multiobulated

Fig.4.6 Pseudointraventricular topography: MRI signs suggesting this category. (a) The origin of
these CPs usually takes place at the pars tuberalis enveloping the anterior surface of the pituitary
stalk (purple circle). Midsagittal (b) and coronal-transinfundibular (¢) MRI sections of a cranio-
pharyngioma (t) mimicking an intraventricular position. Red arrows point to the position of the
hypothalamus, around the upper pole of the tumor. Ch chiasm. The table summarizes the MRI
signs typically seen in this group

Secondary
intraventricular

MRI variable Definition

3V Occupied by tumor
Chiasmatic cistern Occupied by tumor
Pituitary stalk Not visible

Hypothalamus level Mid third
Mamillary body angle ~ 30-59°
Optic chiasm Stretched forward

Multilobulated,

Tumor shape
. P Elliptical

Fig. 4.7 MRI predictors of the suprasellar-secondary intraventricular topographical category. (a)
Illustrative scheme of the hypophyseal-hypothalamic region showing the origin of this group of
CPs, at the suprasellar portion of the pituitary stalk (purple circle). Midsagittal (b) and coronal-
transinfundibular (¢) MRI sections of a craniopharyngioma (t) originated below the third ventricle
floor which has broken through it into the third ventricle cavity. Red arrows point to the position of
the hypothalamus, around the central portion of the tumor. Ch chiasm, MB mammillary body, PG
pituitary gland. The table summarizes the MRI signs typically observed in this group

4.8, and 4.9). However, it should be noted that the accuracy of this model to pre-
dict CP topography is not homogeneous among the different categories. The best
discrimination occurred for the sellar-suprasellar, pseudointraventricular, and
strictly intraventricular topographies in which a correct diagnosis was made in up
to 90% of the cases. On the contrary, the secondary intraventricular topography
proved to be the most difficult to identify, being correctly predicted in less than
70% of cases. The difficulties in obtaining a correct preoperative diagnosis of the



4 Craniopharyngioma Diagnosis: A Rationale for Accurate MRI Assessment of Tumor... 71

Infundibulo-tuberal or
Not-Strictly intraventricular £

MRI variable Definition

3V Occupied by tumor
Chiasmatic cistern Partially occupied
Pituitary stalk Amputated, Infiltrated

Hypothalamus level Mid third
Mamillary body angle ~ <30°
Optic chiasm Compressed forward

Tumor shape Elliptical, Round

Fig. 4.8 MRI signs pointing to the infundibulo-tuberal or not-strictly intraventricular topographi-
cal category. (a) Hypothalamic-pituitary scheme showing the area of origin of this group of CPs,
at a subpial position within the neural tissue of the third ventricle floor (purple circle). Midsagittal
(b) and coronal-transinfundibular (¢) MRI sections of a craniopharyngioma (t) largely growing
within the third ventricle. Red arrows point to the position of the hypothalamus, around the central
portion of the tumor. Ch chiasm, Ch cs chiasmatic cistern, PS pituitary stalk. The table summarizes
the MRI signs typically found in this group

MRI variable Definition

Strictly intraventricular

3V Occupied by tumor
Chiasmatic cistern Tumor free
Pituitary stalk Not visible
Hypothalamus level Lower third

Mamillary body angle ~ 30-59°

Optic chiasm Compressed downward,
Normal
Tumor shape Round

Fig. 4.9 MRI signs suggestive of the strictly intraventricular topographical category. (a)
Tllustrative scheme showing the origin of this group of CPs, from the ependymal (inner) layer of
the third ventricle floor (purple circle). Midsagittal (b) and coronal-transinfundibular (¢) MRI sec-
tions of a craniopharyngioma (t) purely located in the third ventricle. Red arrows point to the posi-
tion of the hypothalamus. Ch chiasm, Ch ¢s chiasmatic cistern, MB mammillary body, PS pituitary
stalk. The table summarizes the MRI signs typically found in this group

secondary intraventricular category (which invades the 3V from a suprasellar
position) can be explained by the heterogenous anatomic distortions of the sur-
rounding structures that this subtype of CPs may cause. Nevertheless, a high
suspicion of the secondary intraventricular topography should be considered
when the sella turcica, the chiasmatic cistern, and the 3V are occupied by the
tumor and the PS is not visible, particularly if the hypothalamus is positioned
around the mid-third portion of a multilobulated-shaped lesion [38, 46].

With regard to the severity of CP adherence, the multivariate model selected
three basic MRI signs: (1) hypothalamus position relative to the tumor; (2) PS
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: > 5 J PS
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T TR T seee  [vooriea |
Hypothalamus level Upper third Lower third Upper third Middle third Middle third
Pituitary stalk Not visible Visible Not visible Amputated, Infiltrated Not visible
Eliptical Elliptical
Tumor shape Round, Pear-like  Round Multilobulated,  Elliptical S
Multilobulated
Dumbbell

Fig.4.10 MRI predictors of the craniopharyngioma adherence severity level. The table below the
row of MR images summarizes the specific signs associated with each level of CP adhesion sever-
ity. (a) Preoperative midsagittal MRI scan showing a pear-like craniopharyngioma (t) growing in
the sellar and suprasellar compartments beneath the intact hypothalamus (red arrow). The tumor
has encroached upon the pituitary stalk, no longer visible. (b) Midsagittal MRI showing a round
papillary tumor (t) purely located within the third ventricle. The hypothalamus in located below the
tumor (red arrow). Note the intact pituitary stalk (PS) and tumor-free chiasmatic cistern. (c)
Midsagittal MRI scan showing a dumbbell craniopharyngioma (t) displacing upward the third
ventricle floor (red arrow) (d) Coronal MRI scan showing an infundibulo-tuberal CP developed at
the TVFE. The hypothalamus is situated around the mid-third level. The PS is amputated. (e)
Coronal MRI scan showing a large multilobulated CP growing in the sellar, suprasellar, and third
ventricle compartments (secondary intraventricular tumor). The PS is not visible and the hypo-
thalamus can be identified around the mid-third portion of the tumor (red arrows)

appearance; and (3) CP shape (Fig. 4.10). Distinction between high-risk adherence
levels (IV-severe or V-critical) and low-risk adherence levels (I-mild, II-moderate,
and III-serious) was correctly predicted in almost 90% of the cases by assessing
only these three variables [47]. An incomplete tumor removal is strongly advocated
when the position of the hypothalamus is around the mid-third of the lesion, the PS
is amputated or infiltrated by the tumor, and the CP has an elliptical shape, as CPs
showing severe or critical adhesions to the hypothalamus will be found in most
cases with these MRI signs [16, 38, 40, 46, 47].

4,12 CPTopographical Diagnosis with New High-Resolution
MRI Techniques: Future Perspectives

Recent MRI studies on sellar/parasellar lesions have demonstrated that high-
resolution sequences such as the heavily T2-weighted and the fast-imaging employ-
ing steady state acquisition (FIESTA) MR imaging sequences offer a better
definition of the tumor boundaries and the CP-brain relationships [53-56]. The
3D-FIESTA sequence has proven an invaluable tool to picture the exact position and
status of the TVF in relation to the tumor [54], being particularly useful to measure
the MBA [56]. These new methods are particularly promising to improve the
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topographical diagnosis of CPs of a large size and/or a secondary intraventricular
position, which are currently the most difficult categories to define. In approxi-
mately 15% of cases, the MBA and the optic chiasm are unrecognizable with con-
ventional T1- and T2-weighted MRI scans, a figure that very probably will be
reduced with these new high-resolution sequences. We highly recommend includ-
ing these new sequences in further studies on CPs.

4.13 MRI Assessment of Craniopharyngiomas: How It Can
Guide the Optimal Surgical Approach and Degree
of Tumor Resection

The optimal treatment of CPs remains controversial even today. A wide range of
surgical approaches can be employed, such as the transcallosal, frontal-trans-
ventricular, pterional, subfrontal, interhemispheric, or transsphenoidal, and the use
of one or another has been mostly based on the surgeon’s preference. Regarding the
degree of removal, some authors advocate a radical removal with the aim of pre-
venting recurrences and the riskier procedures for recurrent tumors, whereas others
propose limited resections followed by radiotherapy to avoid permanent invalidat-
ing sequelae. The heterogeneity of CPs in size, topography, and adherence, in addi-
tion to the high variability of patient age, makes it easy to understand that there is
no generalized optimal treatment scheme for this complex type of tumor. Surgical
planning for each individual case should take into consideration two aspects: where
to begin; when to stop. The first question concerns the surgical route to be chosen,
and the second the degree of removal to be attempted. Both matters should seriously
take into account that the anatomical and functional preservation of the hypothala-
mus is paramount. With this premise in mind, the optimal surgical route would be
the one that provides the best direct view of the lesion boundaries and the cleavage
plane between the CP and the hypothalamus [39]. Moreover, CP surgery should
pursue the maximum safe resection on the first attempt, to reduce the likelihood of
CP recurrence, as recurrent lesions usually present the most severe adhesions to the
hypothalamus [57].

As previously discussed, the detailed assessment of preoperative MRI studies pro-
vides enough clues to predict the accurate CP topography and the adherence level
that will be found in the surgical procedure. The upper trans-ventricular routes can
only be safely used in strictly intraventricular CPs in which the hypothalamus is situ-
ated below the tumor. These lesions usually present small attachments to the inner
side of the TVF that can usually be released straightforwardly by employing an intra-
ventricular approach. On the contrary, these routes associate a high risk of hypotha-
lamic damage when used to remove any of the remaining topographical CP categories
involving the 3V. The upper trans-ventricular routes do not offer a direct view of the
wide and strong attachments to the hypothalamus shown by most not-strictly intra-
ventricular and secondary intraventricular CPs. The presence of TVF remnants encir-
cling the mid-third of the tumor makes it advisable to use the trans-lamina terminalis
approach, either through a pterional, subfrontal, or interhemispheric route, in order
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to have a direct view of these delicate ring-like adhesions. The endoscopic transsphe-
noidal routes provide an even better view of the whole area of attachment of the not-
strictly and secondary intraventricular categories, but at the expense of a high risk of
cerebrospinal fluid fistula due to the direct connection left behind between the 3V
and the nose.

4,14 Conclusions

A precise knowledge of the CP-hypothalamus relationships is essential to guide a
proper, judicious decision regarding the optimal approach to the tumor and the
degree of removal suitable for each case. The systematic assessment of a limited set
of neuroradiological findings that can be easily identified on conventional MRI
scans has proven highly reliable to accurately predict both CP topography and the
level of CP adherence to the hypothalamus that will be found in surgery. Specifically,
the position of the hypothalamus relative to the tumor, the appearance of the pitu-
itary stalk, the occupation of the chiasmatic cistern and the 3V by the tumor, the
MBA, the type of chiasm distortion, and the tumor shape are the most useful MRI
signs to accurately define CP topography and adherence. An obtuse MBA strongly
points to a pseudointraventricular topography, whereas a tumor-free chiasm cistern
strongly indicates a strictly intraventricular tumor. The lowest risk of hypothalamic
injury occurs in cases whose MRI shows a tumor-free 3V as they correspond to CPs
developed below the TVE, in the sellar-suprasellar compartments. Radical tumor
removal should be avoided in CPs presenting extensive and strong hypothalamic
adhesions. CP adhesions to the hypothalamus associating high surgical risk should
be suspected when the hypothalamus is positioned around the mid-third portion of
the tumor, the upper infundibular portion of the PS is amputated and the tumor is
elliptical.

References

1. Cushing H. Congenital tumors: the craniopharyngiomas. In: Intracranial tumors. Notes upon
a series of two thousand verified cases with surgical-mortality percentages pertaining thereto.
Springfield: Charles C Thomas; 1932. p. 93-104.

2. Prieto R, Pascual JM, Castro-Dufourny I, Carrasco R, Barrios L. Craniopharyngioma: sur-
gical outcome as related to the degree of hypothalamic involvement. World Neurosurg.
2017;104:1006-10.

3. Fahlbusch R, Honegger J, Paulus W, Huk W, Buchfeledr M. Surgical treatment of craniopha-
ryngiomas: experience with 168 patients. ] Neurosurg. 1999;90:237-50.

4. Shi XE, Wu B, Fan T, Zhou ZQ, Zhang YL. Craniopharyngioma: surgical experience of 309
cases in China. Clin Neurol Neurosurg. 2008;110:151-9.

5.PanJ, Qi S, LuY, Fan J, Zhang X, Zhou J, Peng J. Intraventricular craniopharyngioma: mor-
phological analysis and outcome evaluation of 17 cases. Acta Neurochir. 2011;153:773-84.

6. Rossi A, Cama A, Consales A, Gandolfo C, Garre ML, Milanaccio C, Pavanello M, Piatelli
G, Ravegnani M, Tortori-Donati P. Neuroimaging of pediatric craniopharyngiomas: a pictorial
essay. J Ped. Endocrinol Metab. 2006;19:299-319.



Craniopharyngioma Diagnosis: A Rationale for Accurate MRI Assessment of Tumor... 75

10.

11.
12.
13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Buslei R, Paulus W, Rushing EJ, Burger C, Giangaspero F, Santagata S. Craniopharyngioma.

In: Louis DN, Ohgaki H, Wiestier OD, Cavenee WK, editors. WHO classification of tumors of
the central nervous system. 4th ed. Lyon: IARC Press; 2016. p. 324-9.

. Pascual JM, Prieto R. Harvey Cushing’s craniopharyngioma treatment. Part 1: identification

and clinicopathological characterization of this challenging pituitary tumor. J Neurosurg.
2018;131:949-63.

. Pascual JM, Prieto R, Carrasco R, Castro-Dufourny I, Barrios L. Craniopharyngioma adher-

ence to the hypothalamus. Neurosurg Focus. 2014;37:1-7.

Qi S, Lu Y, Pan J, Zhang X, Long H, Fan J. Anatomic relations of the arachnoidea around
the pituitary stalk: relevance for surgical removal of craniopharyngiomas. Acta Neurochir.
2011;153:785-96.

Erdheim J. Uber Hypophysengangsgeschwiilste und Hirncholesteatome. Sitzungsb Kais Akad
Wissen Math Naturw Klin. 1904;113:537-726.

Pascual JM, Rosdolsky M, Prieto R, Strau S, Winter E, Ulrich W. Jakob Erdheim (1874-1937):
father of hypophyseal-duct tumors (craniopharyngiomas). Virchows Arch. 2015;467:459-69.

Cushing H. The pituitary body and its disorders. Philadelphia: JB Lippincott; 1912.

Fulton JF. Harvey Cushing. A biography. Springfield: Charles C. Thomas; 1946.

McKenzie KG, Sosman MC. The roentgenological diagnosis of craniopharyngeal pouch
tumors. Am J Roentgenol. 1924;11:171-6.

Pascual JM, Prieto R, Castro-Dufourny I, Carrasco R, Strasuss S, Barrios L. Development of
intracranial approaches for craniopharyngiomas: an analysis of the first 160 historical proce-
dures. Neurosurg Focus. 2014;36:E13.

Pascual JM, Prieto R. Harvey Cushing and pituitary case number 3 (Mary D.): the origin of this
most baffling problem in neurosurgery. Neurosurg Focus. 2016;41:E6.

Prieto R, Pascual JM. Harvey Cushing’s craniopharyngioma treatment. Part 2: surgical strate-
gies and results of his pioneering series. ] Neurosurg. 2018;131:964-78.

Dandy WE. Ventriculography following the injection of air into the cerebral ventricles. Ann
Surg. 1918;68:5-11.

Dandy WE. Benign tumors in the third ventricle of the brain: diagnosis and treatment.
Springfield: Charles C. Thomas; 1933.

Pertuiset B, Janny P, Allegre G, Olivier L. Craniopharyngiomes simulant une tumeur antéri-
eure du III ventricule. Presse Med. 1962;26:1846-8.

Pascual JM, Gonzélez-Llanos F, Barrios L, Roda JM. Intraventricular craniopharyngiomas:
topographical classification and surgical approach selection based on an extensive overview.
Acta Neurochir. 2004;146:785-802.

Steno J, Maldcek M, Bizik I. Tumor-third ventricular relationships in supradiaphragmatic cra-
niopharyngiomas: correlation of morphological, magnetic resonance imaging, and operative
findings. Neurosurgery. 2004;54:1051-60.

Pascual JM, Carrasco R, Prieto R, Gonzalez-Llanos F, Alvarez F, Roda JM. Craniopharyngioma
classification. J Neurosurg. 2008;109:1180-3.

Banna M. Craniopharyngioma: based on 160 cases. Br J Radiol. 1976;49:206-23.

Pertuiset B. Craniopharyngiomas. In: Vinken PJ, Bruin GW, editors. Handbook of clinical neu-
rology, vol. 19, Part II: tumors of the brain and skull. Amsterdam: North Holland Publishing
Company; 1975. p. 531-72.

Rougerie J. What can be expected from surgical treatment of craniopharyngiomas in children.
Childs Brain. 1979;5:433-49.

Hoffman JH, Hendrick EB, Humphreys RP, Buncic JR, Armstrong DL, Jenkin RD. Management
of craniopharyngioma in children. J Neurosurg. 1977;47:218-27.

Raybaud C, Rabehanta P, Girard N. Aspects radiologiques des craniopharyngiomes.
Neurochirurgie. 1991;37(Suppl 1):44-58.

Sartoretti-Schefer S, Wichmann W, Aguzzi A, Valavanis A. MR differentiation of ada-
mantinomatous and squamous-papillary craniopharyngiomas. AJNR Am J Neuroradiol.
1997;18:77-87.



76

R. Prieto and J. M. Pascual

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

Adamson TE, Wiestler OD, Kleihues P, Yasargil MG. Correlation of clinical and pathological
features in surgically treated craniopharyngiomas. J Neurosurg. 1990;73:12-7.

Samii M, Tatagiba M. Surgical management of craniopharyngiomas: a review. Neurol Med
Chir (Tokyo). 1997;37:141-9.

Steno J. Microsurgical topography of craniopharyngiomas. Acta Neurochir Suppl (Wien).
1985;35:94-100.

Apps JR, Martinez-Barbera JP. Molecular pathology of adamantinomatous craniopharyngi-
oma: review and opportunities for practice. Neurosurg Focus. 2016;41:E4.

Prieto R, Pascual JM. Can tissue biomarkers reliably predict the biological behavior of cranio-
pharyngiomas? A comprehensive overview. Pituitary. 2018;21:431-42.

Qi S, Pan J, Lu Y. Frontiers in neurosurgery, vol 4, craniopharyngiomas — classification and
surgical treatment. Sharjah: Bentham Science Publishers; 2017.

Prieto R, Pascual JM. Craniopharyngiomas with a mixed histological pattern: the missing
link to the intriguing pathogenesis of adamantinomatous and squamous-papillary varieties.
Neuropathology. 2013;33:682-6.

Prieto R, Pascual JM, Barrios L. Topographic diagnosis of craniopharyngiomas: the accu-
racy of MRI findings observed on conventional T1 and T2 images. AJNR Am J Neuroradiol.
2017;38:2073-80.

Prieto R, Pascual JM, Rosdolsky M, Castro-Dufourny I, Carrasco R, Strauss S, Barrios
L. Craniopharyngioma adherence: a comprehensive topographical categorization and out-
come related risk stratification model based on the methodical examination of 500 tumors.
Neurosurg Focus. 2016;41:E13.

Pascual JM, Prieto R, Carrasco R. Infundibulo-tuberal or not strictly intraventricular craniopha-
ryngioma: evidence for a major topographical category. Acta Neurochir. 2011;153:2403-26.
Pascual JM, Prieto R, Carrasco R, Barrios L. Response to Craniopharyngiomas and the hypo-
thalamus. J Neurosurg. 2013;119:1650-3.

Lubuulwa J, Lei T. Pathological and topographical classification of craniopharyngiomas: a
literature review. J Neurol Surg Rep. 2016;77:e121-7.

Kassam AB, Gardner PA, Snyderman CH, Carrau RL, Mintz AH, Prevedello DM. Expanded
endonasal approach, a fully endoscopic transnasal approach for the resection of midline supra-
sellar craniopharyngiomas: a new classification based on the infundibulum. J Neurosurg.
2008;108:715-28.

Sainte-Rose C, Puget S, Wray A, Zerah M, Grill J, Brauner R, Boddaert N, Pierre-
Kahn A. Craniopharyngioma: the pendulum of surgical management. Childs Nerv Syst.
2005;21:691-5.

Puget S, Garnett M, Wray A, Grill J, Habrand JL, Bodaert N, Zerah M, Bezerra M, Renier D,
Pierre-Kahn A, Sainte-Rose C. Pediatric classification and treatment according to the degree
of hypothalamic involvement. J Neurosurg. 2007;106:3—12.

Pascual JM, Prieto R, Carrasco R, Barrios L. Displacement of mammillary bodies by cranio-
pharyngiomas involving the third ventricle: surgical-MRI correlation and use in topographical
diagnosis. J Neurosurg. 2013;119:381-405.

Prieto R, Pascual JM, Rosdolsky M, Barrios L. Preoperative assessment of craniopharyngioma
adherence: magnetic resonance imaging findings correlated with the severity of tumor attach-
ment to the hypothalamus. World Neurosurg. 2018;110:e404-26.

De Vile CJ, Grant DB, Hayward RD, Kendall BE, Neville BG, Stanhope R. Obesity in child-
hood craniopharyngioma: relation to post-operative hypothalamic damage shown by magnetic
resonance imaging. J Clin Endocrinol Metab. 1996;81:2734-7.

Prieto R, Pascual JM, Barrios L. Optic chiasm distortions caused by craniopharyngiomas:
clinical and magnetic resonance imaging correlation and influence on visual outcome. World
Neurosurg. 2015;83:500-29.

Cushing H. Papers relating to the pituitary body, hypothalamus and parasympathetic nervous
system. Springfield: Charles C. Thomas; 1932. p. 43-56.

Castro-Dufourny I, Carrasco R, Prieto R, Pascual JM. Infundibulo-tuberal syndrome: the ori-
gins of clinical neuroendocrinology in France. Pituitary. 2015;18:838—43.



Craniopharyngioma Diagnosis: A Rationale for Accurate MRI Assessment of Tumor... 77

52.

53.

54.

55.

56.
57.

Dudéds B. The human hypothalamus: anatomy, functions and disorders. New York: Nova
Science Publishers; 2013.

Saeki N, Murai H, Kubota M, Fujimoto N, Luichi T, Yamaura A, Sunami K. Heavily T2
weighted MR images of the anterior optic pathways in patients with sellar and parasellar
tumors: prediction of surgical anatomy. Acta Neurochir. 2002;144:25-35.

Xie T, Zhang XB, Yun H, et al. 3D-FIESTA MR images are useful in the evaluation of
endoscopic expanded endonasal approach for midline skull-base lesions. Acta Neurochir.
2011;153:12-8.

Watanabe K, Kakeda S, Yamamoto J, Watanabe R, Nishimura J, Ohnari N, Nishizawa S,
Korogi Y. Delineation of optic nerves and chiasm in close proximity to large suprasellar
tumors with contrast-enhanced FIESTA MR imaging. Radiology. 2012;264:852-8.

Gu Y, Zhang X. Mammillary body and craniopharyngioma. J Neurosurg. 2014;120:1243-5.
Prieto R, Pascual JM, Subhi-Issa I, Jorquera M, Yus M, Martinez R. Predictive factors for cra-
niopharyngioma recurrence: a systematic review and illustrative case report of a rapid recur-
rence. World Neurosurg. 2013;79:733-49.



Check for
updates

How Far with Surgery in the Modern 5
Era of Endoscopy: Nasal Route

Matteo Zoli, Federica Guaraldi, Ernesto Pasquini,
Marco Faustini-Fustini, and Diego Mazzatenta

5.1 Introduction

The hypothesis of resecting a craniopharyngioma (CP) through the transsphenoidal
(TS) route has a long history [1-3]. Indeed, it was firstly proposed by Harvey Cushing
at the beginning of the twentieth century, at the beginning of the neurosurgical era,
but then progressively abandoned because of technical difficulties, mainly consistent
in visualization issues [1-3]. The renaissance of TS surgery occurred in the 1960s,
thanks to the experience of Guiot and Hardy, who suggested that such route could be
suitable with good results for intrasellar subdiaphragmatic lesions [1-3]. Based on
these results, in 1987 Weiss proposed a microscopic extended TS approach, enlarg-
ing the osteo-dural opening from the sella to the tuberculum sellae and planum
region, to manage also selected cases of CP with supradiaphragmatic extensions
[1-3]. This approach had the advantage to adopt a complete extra cranial corridor,
therefore avoiding brain retraction or vasculo-nervous structures manipulation.
However, due to the limitations given by the microscopic technique, for a long time
this approach has been considered a route for “virtuosos,” meaning for few highly
trained surgeons, and was limited by the potential dramatic risk of CSF leak [4].
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A fundamental step forward in the routinely adoption of the TS approach for the
treatment of CP was made with the introduction of the endoscope [5], firstly pro-
posed for the treatment of pituitary adenomas by Jho and Carrau [5]. The authors
suggested that the endoscope could improve the visualization of the surgical field,
giving a more detailed and focused view, as well as a panoramic vision of the ana-
tomical structures [5]. Moreover, for its versatility and maneuverability, it allows to
tailor the surgical approach according to the lesion extension by combining differ-
ent surgical corridors, and giving access to the vast majority of median and parame-
dian skull base regions [6, 7]. Therefore, thanks to the combination of the improved
feasibility of extended approaches given by the endoscope and the advantages of the
transsphenoidal route, the endoscopic endonasal approach (EEA) has progressively
become the first choice approach for a large number of CPs [8—12]. In line with the
trend reported by international literature, the number of procedures performed by
EEA has continuously increased also at our center in the last 20 years (Fig. 5.1) [8].
Interestingly, the surgical outcome is similar among the different centers, demon-
strating the reproducibility and standardization of this technique that can be, there-
fore, considered to be not for virtuosos only [8].

Although CSF leak still remains an important issue, requiring a meticulous plas-
tic repair and a dedicate care and nursing in the post-operative time, the advantages
of EEA in properly selected cases have been reported by many papers in the last
years [8—12]. Indeed, EEA allows to resect the tumor following its own pattern of
growth without trespassing the arachnoid plane and, therefore, avoid the manipula-
tion of the optic nerves and chiasm, or of its vasculature. This is reflected by the
good results in terms of visual outcome reported by many authors that represent one
of the most relevant advantages for the patients [8—12].
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Fig.5.1 The graph represents the increasing trend in adopting the endoscopic endonasal approach
together with the concomitant reduction of transcranial approaches after the introduction of the
endoscopic technique in 1998 at our center
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However, despite the abovementioned advantages and positive outcome, it
should be reminded that craniotomy still has some specific indications that should
be well kept in mind by the surgeon while planning every treatment [13—16]. Indeed,
a surgeon facing challenging tumors like CPs should master all the different types
of approaches, including transcranial routes and endoscopic endoventricular tech-
nique, in order to choose the most appropriate one for every single case, sometimes
also combining them, to improve the final outcome [13-16]. The recent advances in
the knowledge of CP biology, pathology, and molecular patterns have led to the
development of complementary treatments, i.e., radiotherapy—eventually with
heavy particles—and medications [17-19]. Therefore, the surgeon should be able to
tailor not only the surgical approach, but also to combine surgery with other treat-
ments, in order to offer the most effective treatment strategy possible with the aim
of controlling disease and preserving patient quality of life.

5.2 Endoscopic Endonasal Approach: Surgical Technique

Based on our experience, we prefer to place the patient in a semi-sitting position,
with the thorax slightly elevated on the operating table [20], that helps in keeping
the surgical field clean from blood. A supine position has also been proposed and is
currently adopted by other groups.

Surgery is performed under general anesthesia with oro-tracheal intubation. The
laryngopharynx is packed with gauzes to prevent blood and fluid passage in the
upper airways rod lens endoscopes (model Hopkins II; @ 4 mm, length 18 cm; 0°
and 30° scopes; Karl Storz Endoscopy-America, Inc., Culver City, CA) with a high
definition camera are adopted. The 4 mm endoscope is adopted also to treat pedi-
atric patients because even if the diameter of the instrument reduces the working
space—especially during the nasal phase—it allows a much better visualization,
particularly during the more delicate phase of the intradural tumor resection.
Neuronavigation (StealthStation S7 MEDTRONIC, Louisville, CO) is routinely
adopted for extended approaches. It is mandatory in case of conchal or pre-sellar
variant of the sphenoid sinus, typical of children. A CT-angiogram (CTA) merged
with the pre-operative MRI of the patient, processed through StealthMerge
Software (MEDTRONIC, Louisville, CO) is used as reference image. High-speed
diamond drill is adopted in case of incomplete pneumatization, or to complete
bony opening of the tuberculum/planum region. We recommend to use the drill
under continuous irrigation, particularly when working close to the optic canal, to
avoid heat-related damages to these structures. In general, it is difficult to adopt
CUSA® (Integra LifeSciences Corporation, Plainsboro, NJ) in the transsphenoidal
corridor, so it is of limited utility. Conversely, other non-coaxial but side-cutting
instruments, such as NICO Myriad® (NICO Corporation Indianapolis, IN) can be
useful for tumor debulking [21]. Intraoperative Eco-Doppler with a dedicated
mini-probe for TS surgery (Mizuho America, Union City, CA) is routinely adopted
to localize the carotid artery, after the bone drilling, or other major intradural
vessels.
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If the tumor is completely intrasellar, a simple midline TS approach, similar to the
routine technique used for pituitary adenomas, is generally sufficient. This approach
requires a posterior septostomy, followed by an anterior sphenoidotomy. After the
identification of the common landmarks of the posterior wall of the sphenoidal
sinus—represented by the sellar bulge, the clivus indentation, the optic nerves, the
carotid arteries impressions, and by the medial and lateral optic-carotid recess
between these structures, the sella is opened by a Kerrison rongeur. After dura inci-
sion, the tumor is removed, trying to avoid intraoperative CSF-leak due to the dam-
age of the diaphragm. Otherwise, a plastic repair with abdominal fat, and a graft or
flap of mucoperiosteum from the middle turbinate, or from the septum, is necessary
to prevent post-operative leak potentially complicated by meningitis.

When the tumor extends suprasellar in the supradiaphragmatic region, as for the
majority of CPs, an extended transplanum/transtuberculum approach is needed to
gain access to the intradural space. The landmarks of the nasal phase are the same
adopted for the standard approach, mainly constituted by the middle and superior
turbinate, which points with its tail to the sphenoid ostium. Normally, we prefer to
resect the middle turbinate of the narrowest nasal fossa, while the contralateral is
displaced laterally. Recently, for selected cases with a good pneumatization of para-
nasal sinuses, and a wide working room in the nasal fossae and in the sphenoid
sinus, we have avoided turbinectomy. Then, a posterior septostomy is performed to
work through both nostrils. When necessary, unilateral (anterior and/or posterior)
ethmoidectomy is performed to expose the posterior wall of the sphenoid, followed
by wide anterior sphenoidotomy. Indeed, in selected cases with wide sphenoid
pneumatization, the ethmoidectomy can be avoided with a drastic reduction of the
risk of post-operative anosmia. Based on intraoperative anatomical landmarks (i.e.,
optic-carotid recess) the bony floor of the sella is identified and progressively
removed with a high-speed diamond drill or a Kerrison rongeur (Fig. 5.2). Bone
removal is extended superiorly to the tuberculum sellae and planum sphenoidalis.
The intercavernous sinus is coagulated and then the dura is opened superiorly to
expose the suprasellar cistern (Fig. 5.3). For the intradural phase of the surgery, we
prefer to fix the endoscope with a holder, so to proceed with a “four hands-two sur-
geons” technique.

The tumor removal is performed according to the principles of the microsurgical
technique. Briefly, the tumor is initially debulked centrally, then it is dissected fol-
lowing the surrounding arachnoidal layer (Fig. 5.4), that allows to preserve the
arachnoid covering the optic nerves and their tiny feeding vessels, and the superior
hypophyseal artery. Then the tumor is progressively dissected by the hypothalamus.
In case of intrapial infiltration, this maneuver is arrested to avoid permanent neuro-
logical sequelae (Fig. 5.4). Once the tumor removal has been completed, an explo-
ration of the surgical cavity is usually performed through angled scopes (Fig. 5.4).

A watertight plastic repair is performed with free-flaps multilayer technique,
in which three layers are usually adopted for closure (Fig. 5.5). The first layer is
placed intracranially and intradurally and is made with fascia lata or heterolo-
gous dural substitute, such as Biodesign® (Cook Medical, Bloomington, IN). It is
fundamental that the covering tissue is larger than the osteo-dural defect to be
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Fig. 5.2 Intraoperative images obtained using a 0° scope during endoscopic endonasal approach
(EEA). Approach phase. (a) The anatomical landmarks in the posterior wall of the sphenoidal
sinus are visible. (b) After the identification of the sellar bulge and of the medial optic-carotid
recess, it is possible to open the bone from the sella toward the tuberculum region. (¢) The bone is
progressively removed by high speed diamond drill and Kerrison rongeur in a trapezoidal shape.
(d) The dura covering the sella and the tuberculum region is exposed after bone removal. Lateral
limits of this opening are represented by the medial border of the medial optic-carotid recess to
avoid vascular injury

TB Dura

Fig. 5.3 Intraoperative images obtained using a 0° scope during endoscopic endonasal approach
(EEA). Approach phase. (a) Dura is cut in an inverted H shape. (b) After the first cut, the dura is
dissected from the other surgical planes, such as arachnoid. (¢, d) Superior intercavernous sinus is
coagulated and then cut to gain access to the suprasellar space
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Fig. 5.4 Intraoperative images obtained using the endoscopic endonasal approach (EEA). Tumor
removal phase. (a) The suprasellar anatomical structures, such as optic nerves and chiasm and pitu-
itary stalk, are visible after dura opening. (b) Tumor is removed with bimanual microsurgical tech-
nique. Initially, it is centrally debulked to reduce the mass volume. (¢) Afterwards, it can be dissected
by the surrounding structures with optimal visualization of the tumor—hypothalamus interface. (d)
At the end of the tumor removal, the third ventricle is visible, demonstrating the complete tumor
removal. Images (a—c) are obtained using a 0° scope, while (d) is obtained by a 30° scope
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Fig. 5.5 Intraoperative images obtained using a 0° and a 30° scope during endoscopic endonasal
approach (EEA). Closure phase. (a) The osteo-dural opening, representing the working window
toward the suprasellar space, can be detected. (b) A first layer of fascia lata (or of other heterolo-
gous substitutes) is placed intracranially intradurally

Mucoperiostium

Fig. 5.6 Intraoperative images obtained using a 0° and a 30° scope during endoscopic endonasal
approach (EEA). Closure phase. (a) After a second layer placed intracranially extradurally, a piece
of abdominal fat is added to fill the space between the layers. (b) A rigid bony scaffold is placed to
sustain the closure. (¢) An outer layer of graft or flap of mucoperiosteum covers the closure

sure to cover it entirely and properly. Then, a further intracranial extradural layer
of the same materials is placed to sustain the previous closure. Whenever possi-
ble, a rigid scaffold, such as a bony or a cartilage fragment, can be applied to
increase the mechanic support to the closure (Fig. 5.6). Afterwards, an extracra-
nial layer of mucoperiosteum, usually with a naso-septal flap or with a turbinate
or septal graft, is applied to cover the osteo-dural defect (Fig. 5.6). A single 8-cm
Merocel® (Merocel Corp., Mystic, CT) swab is placed in both nostrils for the
following 72 h to prevent epistaxis.
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5.3 Endoscopic Endonasal Approach: Indications
and Contraindication

Tumor location and its relationship with the most relevant suprasellar structures
(i.e., the optic chiasm, the pituitary stalk, and the hypothalamus) have to be ana-
lyzed to define the indication to EEA. As suggested by Ciric, CPs may arise from
different locations, from the nasopharynx to the third ventricle [22, 23], since they
take origin from the ectodermal remnants of Rathke’s pouch or of the craniopharyn-
geal duct that have remained entrapped during their migration from the embryonic
stomodeum toward the infundibulum [4]. Intracranial tumors can be classified,
depending on their origin, into subdiaphragmatic, supradiaphragmatic extrapial,
and supradiaphragmatic intrapial [3]. This classification has a relevant prognostic
value, since the chances of radical resection and, therefore, the risk of recurrence
vary according to the anatomic site of origin.

Conversely, as proposed by Hoffman, CPs may be classified, according to their
location in relation with the optic chiasm, into intrasellar or pre-chiasmatic, and
post-chiasmatic [24]. Although this scheme was initially proposed to help the sur-
geon in choosing between an anterior (i.e., sub-frontal) or lateral (i.e., pterional)
approach for craniotomy, it keeps a determinant role also for endoscopic surgery.
Indeed, as showed in Fig. 5.11, in case of a suprasellar CP, EEA can be chosen only
in the absence of relevant structures along the surgical corridor given by the extended
approach. In case the chiasm is pushed anteriorly and inferiorly by the tumor at the
level of the tuberculum, the EEA could be hampered by this structure, that is, at
major risk of damage, and could significantly reduce the chance to achieve a satis-
factory tumor resection [25]. On the other hand, a postero-superior displacement of
the chiasm by the tumor represents the more favorable condition for EEA [25].

In 2008, Kassam et al. have proposed a further classification of CPs based on
their relationship with the pituitary stalk [26]. Five grades were considered: intrasel-
lar, pre-infundibular, trans-infundibular, retro-infundibular, and intraventricular
[26] (Figs. 5.7, 5.8, 5.9, and 5.10). The authors strongly advised to adopt the EEA
for the first three categories and in selected cases of retro-infundibular CPs [26], but
not for intraventricular forms [26]. In the last decade, several studies have investi-
gated the outcome of EEA for the treatment of CPs to optimize the criteria applied
for case selection [27-33]. In 2016, Marisako et al. proposed a management algo-
rithm and suggested the EEA for intrasellar, pre-infundibular, and trans-infundibular
CPs [34]. Conversely, they suggested the transcranial approach for retro-peduncular
tumor larger than 30 mm and with calcifications [34]. Indubitably, tumor size and
location, as well as the presence of calcifications are very important features to be
considered while planning surgical approach, especially if the lesion is close to
major vessels, for the consistent risk of a direct damage of these structures. Based
on our experience, we consider the most appropriate surgical approach the one that
allows the largest working room and the most direct angle possible to reach the
tumor [20]. The extended EEA gives both these advantages for most retropeduncu-
lar forms [20]. Furthermore, if needed, additional space can be obtained by partially



5 How Far with Surgery in the Modern Era of Endoscopy: Nasal Route 87

Fig.5.7 Sagittal and coronal MRI T1 weighted images obtained after gadolinium injection. (a, ¢)
A pre-peduncular craniopharyngioma is presented in the pre-operative MRI. (b, d) The radical
tumor removal obtained by endoscopic endonasal approach (EEA) can be appreciated at the post-
operative MRI

resecting the dorsum sellae to gain access to the interpeduncular cistern [35]. In our
opinion, the most relevant features to be considered in the pre-surgical planning are
the tumor location in relation with the chiasm that determines the possibility of hav-
ing a satisfactory surgical corridor from the planum/tuberculum region to the tumor,
and the lateral extension [25]. Indeed, the ventral route does not represent the best
option in case of insufficient working space to resect the tumor, as for the cases in
which the chiasm is displaced toward the tuberculum, or if the CP has a relevant
lateral extension and, therefore, the angle for surgical approach is not coaxial to the
tumor (Fig. 5.11). An issue associated with the ventral approach in retrochiasmatic
CPs is represented by the anterior displacement of the stalk [33]. If this structure is
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Fig. 5.8 Sagittal and coronal MRI T1 weighted images obtained after gadolinium injection. (a, ¢)
Transpeduncular craniopharyngioma. (b, d) The radical tumor resection obtained by endoscopic
endonasal approach (EEA) can be appreciated at the follow-up MRI

Fig.5.9 Sagittal and coronal MRI T1-weighted images obtained after gadolinium injection. (a, ¢)
A retropeduncular craniopharyngioma compressing and superiorly displacing the third ventricle
floor. (b, d) Complete tumor removal with preservation of hypothalamic structures was obtained
by endoscopic endonasal approach (EEA) and can be appreciated at the follow-up MRI
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Fig. 5.10 Sagittal and coronal T1-weighted images obtained after gadolinium injection. (a, ¢) A
third ventricle craniopharyngioma is presented. Considering the favorable mammillary body angle
and the superior displacement of the chiasm, an endoscopic endonasal approach (EEA) was cho-
sen. (b, d) Post-operative MRI demonstrating the radical resection of this tubers-infundibular cra-
niopharyngioma together with hypothalamic anatomical sparing
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Fig.5.11 Schematic drawing representing the relevancy of the optic chiasm displacement in the
choice of endoscopic endonasal approach (EEA) for the treatment of retropeduncular or tubero-
infundibular craniopharyngiomas. (a) The chiasm is displaced superiorly, giving a straight angle to
approach the lesion, and sufficient working room using the ventral approach. (b) On the contrary,
the antero-inferior displacement of the chiasm represents an obstacle along the surgical trajectory
that impairs the endoscopic endonasal approach (EEA)

Fig. 5.12 Intraoperative images obtained using a 0° during endoscopic endonasal approach
(EEA). (a, b) Tumor removal through a progressive dissection lateral to the pituitary stalk that
allows its transection. Unfortunately, anatomical stalk preservation does not correspond to its func-
tional integrity and could increase the risk of tumor recurrence

recognizable, the surgeon should try to spare it by working on both sides (Fig. 5.12).
However, in the vast majority of published CP series, the endocrinological outcome
is usually poor independently from stalk sparing [27-33] and some authors suggest
that its preservation may only increase the risk of tumor recurrence without leading
to real advantages [27-33]. Therefore, to date, the best management of the pituitary
stalk in these cases remains debated.
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The EEA for the treatment of endoventricular CPs remains controversial and
some points have to be considered to give an updated and honest evaluation about
the chances of success associated with this technique. According to Pascual, these
tumors may be divided into infundibulo-tuberal or not strictly intraventricular, aris-
ing from the pituitary stalk at its upper part, and thus extending suprasellar primary
and involving the third ventricle floor during their growth; and purely endoventricu-
lar, characterized by a complete intraventricular extension [36, 37]. According to
Steno et al., in the first case the hypothalamus is circumferentially displaced around
the tumor, which creates a straight and direct corridor to get access from the supra-
sellar region into the third ventricle, favorable for the endoscopic endonasal
approach [38]. Conversely, in the second case the floor of the third ventricle is dis-
placed inferiorly by the tumor toward the suprasellar region, thus preventing a ven-
tral approach to spare the intact hypothalamus [38]. Therefore, for these cases the
precise pre-operative consideration about the relationship between the tumor and
the hypothalamus is relevant. Some authors have recently proposed a method based
on the measurement of the so-called mammillary body angle, comprised between a
plane tangential to the base of the mammillary bodies and a plane parallel to the
floor of the fourth ventricle in midsagittal plane [39]. If the angle is <60°, it is highly
probable that the tumor is intraventricular, so it cannot be resected through the EEA
[39]. Conversely, if the angle is >90°, it could be a tubero-infundibular or a suprasel-
lar CP with intraventricular expansion, thus suitable for ventral approach [3]. In
conclusion, EEA can be chosen to treat CPs of the third ventricle when the tumor
has already displaced laterally the hypothalamus, creating a straight corridor that
reaches the ventricle following the mass (Fig. 5.13). Other approaches, such as
transcallosal or trans-lamina terminalis, should be preferred in the other cases.

.:

Fig. 5.13 Sagittal and coronal MRI T1-weighted images with gadolinium. Two cases of third
ventricle craniopharyngioma are presented. (a, b) The tumor is completely endoventricular, dis-
placing the floor of the ventricle and the chiasm inferiorly. For this purely ventricular case, a
transcranial approach is preferable. (b) The tubero-infundibular craniopharyngioma displaces cir-
cumferentially the hypothalamus, creating a direct path to reach the ventricle from the ventral route
that can be suitable for such cases
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Fig.5.13 (continued)

Finally, in adults, the nasal and paranasal sinuses anatomy does not represent an
absolute contraindication to the EEA [40], since the lack of pneumatization or the
conchal variant of the sphenoidal sinus, can be managed thanks to advanced opera-
tive technologies, i.e., the neuronavigation, and the collaboration with an expert
ENT surgeon [40].

A further limit given by suprasellar CPs is their adherence to the hypothalamus
[41]. As originally observed by Ciric, prognosis of supradiaphragmatic forms in
terms of tumor removal, risk of hypothalamic damages, and recurrence or tumor
progression is very different between intra- and extrapial tumors [4]. In the latter
case, despite tumor adhesion, a cleavage plane given by the arachnoid is usually
present, allowing a complete tumor resection with no brain damage. If absent, tumor
removal should be arrested to avoid hypothalamic injury. This crucial limit in the
therapeutic role of surgery for CPs does not dependent on the selected approach, but
is associated with intrinsic tumor features [31].

5.4 Outcome of Endoscopic Endonasal Approach

Traditionally, the outcome of CP surgery has always been considered not fully sat-
isfactory since tumor removal is often limited by the adherence to the surrounding
structures, the endocrinological function is hampered, and complications leading to
the reduction of patients quality of life are not rare [1-3]. In his historical paper
published at the beginning of the 1990s, Yasargil et al. reported a mortality rate of
8.6%, a poor outcome in 5.3%, and a moderate worsening in patient quality of life
in 17% of cases after radical tumor resection [42].

Considering these results, the pendulum of the goal of treatment for CPs has
moved from the widest possible resection to a less extensive resection characterized
by a reduced rate of complications and post-operative sequelae and, therefore, the
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preservation of patient quality of life [43]. This concept has led surgeons to prefer
minimally invasive surgical approaches and subtotal resection, when the radical was
not possible or very risky, combined with complementary treatments, mainly radio-
therapy [43]. The advent of innovative complementary therapeutic strategies allow-
ing satisfactory outcomes for both the surgeons and the patients has further
encouraged the adoption of extracranial, minimally invasive approaches, like
EEA. In their meta-analysis, Komotar et al. have observed that radical resection was
achieved in a significantly higher percentage of the cases by EEA with respect to the
trans-cranial approach (66.9 vs. 48.3%, respectively) [44]. Although a selection bias
may be present in this analysis, the results support the validity of EEA in the treat-
ment of CPs. In our experience, based on 111 adults with CPs, the rate of gross total
resection was similar between the craniotomic and the EEA (94 cases, 80%). The
main advantage associated with EEA was the better visual outcome [44], in agree-
ment with Komotar et al. who had reported an improvement of visual function in
56.2% of the cases after a ventral approach vs. 33.1% after a transcranial surgery
[44]. With the limits of the possible selection bias, the better visual outcome associ-
ated with the EEA could be absence of traction or manipulation of the nerve, par-
ticularly during the early surgical stages, when the optic pathways are stretched and
distorted by the tumor and may be more susceptible to a direct damage [45].
Moreover, the tumor may be cleaved by the surrounding arachnoid plane that pro-
tects the arterial feeders of the chiasm coming from the carotid [45], thus reducing
the risk of vascular indirect damage of the nerves [45].

On the other hand, the ventral approach is characterized by a significantly higher
risk of CSF leak [27-33], whose prevalence is approximately 18% in major series,
although only few cases were complicated by meningitis [44]. In our experience,
CSF leak led to meningitis only in 2.6% of the patients treated for CP via EEA [46].
Therefore, if properly treated, CSF leak does not usually have any significant con-
sequences on patient quality of life and functional outcome [46]. Conversely, the
morbidity rate associated with trans-cranial approaches is certainly lower, but surgi-
cal complications, such as seizures or hydrocephalus, reported by Komotar et al. in
8.5 and 10.1% of cases, respectively, may have a permanent negative impact on
patient quality of life, requiring long-life medications or the placement of devices,
such as a ventriculo-peritoneal shunt, with a nonnegligible rate of malfunctions or
infections [44]. In our experience, the key point to properly manage the CSF leak is
represented by the collaboration with a trained ENT surgeon [47]. Indeed, the intra-
operative closure phase is a crucial step, like tumor approach and removal, consider-
ing that its failure may compromise the entire surgery. Moreover, the post-operative
care and nursing with bed rest for 72 h, gradual awakening from anesthesia, and the
avoidance of coughing, sneezing, or violent Valsalva maneuvers are crucial to
reduce the risk of post-operative CSF leak [47]. However, whenever it occurs, a
quick and proper management is needed. In our experience, we prefer to avoid lum-
bar drainage, for the potential associated tensive pneumocephalus, limiting its adop-
tion in selected cases with uncertain CSF leak and irrelevant presence of intracranial
air demonstrated by the CT-scan [47]. In these cases, we prefer to control the drain-
age output by keeping a constant outflow of 20 cc every 6 h. For all the other cases,
an urgent endoscopic endonasal plastic revision is performed to arrest the CSF leak.
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Unfortunately, the endocrinological outcome is usually very poor, with the
development of panhypopituitarism in almost all patients, independently from the
type of surgical approach [44]. It should be reminded that CP arises from the pitu-
itary stalk; therefore, its functional preservation is difficult, even in case of anatomi-
cal preservation of this structure. Such complication has a stronger impact in
children for the associated arrest of statuary growth and pubertal maturation due to
GH and gonadotropins deficiency [48]. Like for other cases of iatrogenic hypopitu-
itarism, replacement treatment for anterior and/or posterior pituitary deficiency is
mandatory in both children and adults, and is primarily aimed at replacing adrenal
and thyroid function and diabetes insipidus (in case of posterior pituitary damage),
followed by estradiol and progesterone replacement in women of fertile age, and
testosterone replacement in all men with suggestive symptoms of testosterone defi-
ciency, independently from age [49, 50]. Several large studies have demonstrated
the need and safety of GH replacement in children affected by CP, whereas replace-
ment therapy in adults, especially in those with residual tumor, is still debated [50,
51]. Treatment type, timing, and follow-up controls have to be performed according
to international guidelines [49].

An often neglected aspect of CP, particularly for suprasellar and intraventricular
forms, is presented by the hypothalamic function damages [49-51]. These distur-
bances, often misinterpreted by physician and sometimes by the patient him/herself,
may significantly affect patient quality of life [52—53]. The most scaring hypotha-
lamic disorder induced by the disease itself and/or surgery is the rapid and massive
weight gain that can lead to morbid obesity. Other hypothalamic functions that can
be potentially impaired are sleep-wake rhythm, body temperature homeostasis,
memory, and behavior [55-59]. Therefore, special care should be paid during tumor
removal in identifying the brain—tumor interface, thus avoiding hypothalamic dam-
age, but also in instructing patients and care givers adequately to recognize and
manage these disorders. As previously mentioned, the EEA provides an excellent
view of the crucial relationship between the tumor and the surrounding structures,
thus allowing to stop tumor removal if they appear infiltrated, and, therefore, sur-
gery becomes risky. Anyhow, pre- and post-operative dietary counseling is highly
suggested to control weight gain; in selected cases of iatrogenic morbid obesity
bariatric surgery becomes necessary [54-59]. At the same time, particular attention
has to be given to patient neurocognitive assessment since hypothalamic injuries
may lead to mild to severe behavioral and neurocognitive alterations that may
strongly reduce patient quality of life [60].

5.5 Conclusions

Indications to endoscopic endonasal approach (EEA) for craniopharyngioma (CP)
treatment have progressively increased, thanks to technological innovation and
advancement in the endoscopic technique skills. To date, EEA is considered the first
choice for a large number of midline CPs in different centers worldwide, for the
advantages associated with the wide view, and ability in detection of anatomical
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reference points and vulnerable structures, thus avoiding their damage. At the same
time, tumor and patient anatomy have to be carefully evaluated before choosing the
approach. Despite the surgeon’s abilities and technical advantages, EEA, as all sur-
gical approaches, is still burdened by high rates of post-operative hypopituitarism
and, to a lesser extent, hypothalamic dysfunction and CSF leak that require prompt
and multidisciplinary management.
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LT Lamina terminalis
MBA Mammillary body angle
MF Foramen of Monro

ON Optic nerve

PG Pituitary gland

PS Pituitary stalk

RXT Radiotherapy

SF Sylvian fissure

STR Subtotal removal

TC Trans-callosal approach
TF Trans-frontal approach
Th Thalamus

TL Temporal lobe

TLT Trans-lamina terminalis approach

6.1 Indications and Principles of the Surgery

Surgical excision remains the accepted first-line treatment for the large majority of
AO-CP and should be systematically considered in the absence of major
co-morbidities.

However, the optimal surgical modalities used for AO-CPs remain uncertain. The
extension of resection remains controversial and it is still unclear if GTR leads to a
better prognosis than STR associated with RXT in AO-CPs even though the rates of
recurrence are clearly lower for the first of these options [1]. AO-CPs cohorts are too
small for a definitive conclusion to be drawn. Pituitary stalk conservation, whenever
possible, can be recommended but not at the expense of a GTR. Indeed, hormonal
substitution is quite easy to manage (see chapter by G Raverot in this book). The
challenge is at the level of the infundibulum and the hypothalamus. Recent data has
shown that the hypothalamic part of the tumor can be removed whenever possible
with an acceptable morbidity [2]. However, the authors would not recommend a
GTR for all cases and a universal approach. Surgeons need to study all pre-operative
parameters, especially the MRI results (outlined in the chapter by R Prieto). Pre-
operative hypothalamic syndrome indicates a lesion from the tumor but does not
mean that a pseudo-gliosis cleavage plane cannot be found. It is therefore of para-
mount importance to have the best vision of such a plane.

The surgical approach is therefore designed to expose the tumor, in the best pos-
sible way, with minimal morbidity.

Endoscopic transnasal techniques have benefited from an impressive develop-
ment over the last two decades [3-5] and have become the best option, especially
in AO-CP. Indeed, sellar-suprasellar spaces are in the axis of the endonasal route
and the endoscopic approach offers a great benefit for controlling the retrochias-
matic part of the tumor and the third ventricle floor exposure (Fig. 6.1) [2, 6].
Moreover, a posterior extension toward the posterior perforating space or behind
the clivus can be managed through an extended trans-clival approach [7].
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Fig. 6.1 Better exposure
of the third ventricle floor
using the extended
endonasal endoscopic
technique. (a) Operative
view of a suprasellar
craniopharyngioma
operated on using a
sub-fronto-pterional
approach. The sub- and
retrochiasmatic spaces are
difficult or impossible to
expose without pushing on
the optic nerve. The
surgeon is gently pushing
away the optic nerve to
work in between the
internal carotid and the
optic nerve (arrow). The
third ventricle floor, behind
and below the chiasm,
cannot be directly exposed
and the tumor will be
removed by a piece-meal
technique without being
able to see the
hypothalamus floor. (b, ¢)
Operative views of the
same type of
craniopharyngioma. Using
an extended trans-
tubercular route, the
surgeon has good exposure
of third ventricle floor after
tumoral debulking when
approaching the
endoscope. The dissection,
under direct visualization,
can be softer and safer to
preserve, as much as
possible, the hypothalamus
while doing radical
removal of the tumor. ON
optic nerve, /CA internal
carotid artery, Ch Chiasm,
PS pituitary stalk, PG
pituitary gland, HW
hypothalamic walls, 111 V
third ventricle
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6.2  Trans-Cranial Approaches

Cranial routes are therefore less frequently used in adults. This approach is consid-
ered when the tumor extends towards the anterior skull base or the Sylvian fissure
(Fig. 6.2) [6].

When using pterional subfrontal approaches, microsurgical techniques must be
used without any specificity for the cisternal part of the tumor: debulking, and after
extracapsular dissection, working through the usual inter-optic, inter-opticocarotid,
and retro-carotid spaces, and paying close attention to the small perforating arteries
[8]. The surgical steps are described in Fig. 6.3.

The specificity comes from the management of the ventricular extension of the
tumor, where this is present, especially in case of a pre-fixed chiasma. Conversely
to a nasal approach (see Fig. 6.1), the exposure of the third ventricle floor from a
transcranial approach is far more complicated and can lead to unsatisfactory con-
trol of the intraventricular portion of the tumor (and thus to an incomplete
removal).

A trans-lamina terminalis route can be used in two ways: the first is to use a cot-
tonoid to push down the third ventricle and the tumor and thus expose it in the infra-
chiasmatic space; the second is to actually remove the tumor through the small
window. More detail of this approach is given below.

Fig. 6.2 A typical indication for cranial surgery in an AO-CP because of multiples cysts that
extend anteriorly and laterally
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Fig. 6.3 Surgical steps for a pterional sub-frontal approach. (a) The patient is supine, the head
slightly extended and turned, depending on the tumor extension. To work in the inter-optic space,
15° lateral tilt is required but for retro-carotid space, the head should be tilted around 30-40°. (b)
The suprasellar cistern and Sylvian fissure are opened up largely for CSF drainage and to expose
all of the crucial landmarks, the optic Nerve (ON), internal carotid (ICA), and the inter-optico-
carotid space (*). Working behind the ICA is dangerous because of the perforating arteries (ante-
rior choroidian artery, AChA, and other small hypothalamic vessels coming from the posterior
communicating artery).
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Fig. 6.3 (continued) (c¢) The surgical technique is similar to that used for other extra-cerebral
tumors, piece-meal first followed by dissection. The particularity in this case is the hypothalamus
dissection. The lamina terminalis (LT) can be opened up to expose the ventricular part of the tumor
or left alone in case of a pure intraventricular CP. In that case, after an intratumoral debulking, the
pituitary stalk (PS) has been located and kept intact. Unfortunately, the patient’s condition wors-
ened, with a pan-hypopituitarism post-surgery. FL frontal lobe, 7L temporal lobe, SF sylvian fis-
sure, LT lamina terminalis, /CA internal carotid, AChA anterior choroidal artery, PS pituitary stalk

6.3  Specific Situations
6.3.1 Combined Approaches for Giant CPs

Combined approaches form part of the history of surgery for CPs. From a sub-frontal
route, in the 1930s, Dott proposed to intentionally cut and sacrifice the blind optic
nerve to control the retrochiasmatic extension, with a second surgical step using a
trans-frontal trans-ventricular approach for the ventricular extension (see the chapter
on Epidemiology in this book [9]). Using this ventricular approach, he was the first
to recognize the role of the hypothalamus, observing that in the case of a sharp dis-
section, the patient’s state worsened with an increased hypothalamic syndrome.

In our era, combined approaches can be considered for management of huge
CPs. The transcranial route allows the management of anterior and lateral exten-
sions and the transnasal route allows the management of the retrochiasmatic and
ventricular extensions. In these cases of giant tumors, achieving a GTR without
major neurological damage is illusory. Thus, the goal of this strategy must be to
achieve STR combined with RXT. The goal is to decompress the brain and optic
pathway, reducing the size of the tumor so that it can be efficiently treated by
RXT. The optimal sequence—transcranial approach followed by transnasal versus
transnasal followed by transcranial—is dictated as for giant pituitary adenomas by
the question: which route is best for decompression of the optic apparatus? This



6 Cranial Surgery for Adult Craniopharyngiomas: Techniques and Indications 105

strategy is easier to use in CPs. Indeed, contrary to giant pituitary adenomas, the risk
of apoplexia of the residual tumoral portion that is left is far lower in CPs.

This strategy was used in the case illustrated in Fig. 6.7. This patient was referred
to our center after sub-frontal surgery where a simple biopsy was done. The patient
was almost blind and had total pituitary insufficiency. Surprisingly, no hypothalamic
syndrome was present. The tumor was then approached using a trans-frontal trans-
ventricular approach to remove the upper part. We left in place a piece of tumor that
was too strongly adhered to the optic chiasm and the ventricle. The proposal was
thereafter for upfront radiotherapy. Unfortunately, the patient postponed treatment
and returned 9 months later with a recurrence, which was treated using a nasal
approach. The small piece of remaining tumor was treated using conformal radio-
therapy and the patient was free of recurrence after 4 years. The clinical status of the
patient was unchanged with an optic atrophy, as was observed pre-operatively, and
with no hypothalamic syndrome.

Lastly, considering the issue of CSF leak when two surgical steps (nasal and cra-
nial) are scheduled, the two approaches should be performed as separate surgeries.

6.3.2 Management of Intraventricular Tumor

It is sometimes very difficult to determine if the CP is located inside the 3rd ven-
tricle or if it is a suprasellar tumor that has secondarily extended to the ventricle.
This is a key point in selecting the best approach. Using the wrong route, in particu-
lar reaching the tumor through the third ventricle floor by a transnasal approach may
lead to dramatic damage to the hypothalamus.

In our experience, MRI T2 sequences, especially the mid-sagittal view, are the best
option to determine this anatomical situation. The position of the mammillary bodies
and the mammillary body angle (MBA) must be carefully studied. An MBA inferior
to 50° indicates an intraventricular CP (Fig. 6.4). This rule is, however, not absolute as
can be seen in Fig. 6.5, where despite an MA inferior to 50°, the tumor appeared to
pass through the third ventricle, therefore, being accessible using an endonasal
approach. Readers can also refer to the chapter by Prieto in this book for more details.

The 3rd ventricle can be accessed by a number of routes: a trans-lamina termi-
nalis approach (TLT), a trans-frontal approach (TF), or a trans-callosal (TC)
approach.

The choice should be made by considering the following parameters:

— the size of the tumor and its height: small- or medium-sized tumors that do not
extend too greatly superiorly or inferiorly are good candidates for a TLT
approach;

— The presence of hydrocephalus: For a large tumor with ventricle dilatation, a TF
route may be adequate; while for a large tumor without ventricle dilatation, a TC
route may be more appropriate including its variants (inter-forniceal; inter
thalamo-trigonal);

— The surgeon’s own previous experience.
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MB: Mamillary Bodies Normal range= 50-70°
MBA: mamillary bodies angle Intraventricular < to 50°

Suprasellar secondary intraventricular > 70°

Fig. 6.4 Mamillary bodies angle (MBA) for intra- or extra-ventricular CPs (modified from R
Prieto)

Fig. 6.5 One example of CP with an MA < 50° that was, however, approached using an endonasal
route. The CP passing through the 3rd ventricle floor can be approached from below with few
additional morbidity than the tumor already creates. (a) MA < 50° suggesting an intraventricular
CP and a transventricular approach. (b) In the coronal view the tumor passes through the ventricle
floor to point into the suprasellar space (ventricle walls with the optic pathway on both sides
[arrowed]). (¢) An endonasal endoscopic extended approach has been employed therefore to com-
pletely remove the tumor. The visual outcome was good, but the patient’s endocrine state wors-
ened, which was expected as the tumor originated from the infundibulum. Pre-operatively, the
patient was overweight, and this increased slightly after surgery and was controlled by diet and
exercise
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6.3.2.1 Trans-Lamina Terminalis Route (Fig. 6.6)
Considering the role of the extended endonasal approach, the trans-lamina termina-
lis window may be considered useful in two different situations:

— As a complement during a sub-frontal approach to reach the retrochiasmatic or
intraventricular part of a CPs
— For a pure intraventricular CPs, as in the case presented in Fig. 6.6

This technique, which has been used for many years, is outlined in numerous
publications [10-14].

For a pure TLT approach, an interhemispheric approach may be preferable to a
pterional sub-frontal in order to obtain a perfect exposure of the ventricle walls on
both sides. Though, as shown in Fig. 6.6, with a sub-frontal approach, the hypotha-
lamic wall on the same side as the approach can be difficult to expose. A trans-sinus
approach (or a midline bi-frontal craniotomy in case of small sinuses) can therefore
be performed with the patient placed supine, the head neutral and strictly midline in
a three-pin head holder.

Once the lamina terminalis has been exposed, it can be opened up to directly
access the tumor. This strategy is therefore a piece-meal technique and as usual, the
critical point is the dissection of the tumor from the hypothalamic walls where the

Fig. 6.6 A case of a pure intraventricular CPs removed through a pterional sub-frontal TLT
approach. (a) Operative view showing a sub-frontal TLT approach. The ipsilateral hypothalamic
wall may be difficult to expose without pushing on the optic nerve. (b, ¢) The mammillary body
angle (MBA) is inferior to 50° indicating an intraventricular tumor. (d) Post-operative MRI at 3
months. The result was classified as a GTR without endocrine and visual symptoms. (e) At 6
months, a small cystic recurrence at the level of the pituitary stalk appeared, which was treated by
conformational radiotherapy. The patient is disease free at 4 years. ON optic nerve, /CA internal
carotid, Ch chiasm, CA/ anterior cerebral artery first segment



108 E. Jouanneau et al.

surgeon must decide between a pseudo-gliosis plan, where a GTR can be attempted,
and an invasion where a STR would be advised. The same formula can be used
whichever approach is used: when the tumor can be easily and gently mobilized
(soft dissection), it can be removed. In other situations, in case of a sharp dissection,
the tumor should be kept in place.

Pros:

— Direct ventricle vision is obtained without crossing any neurological structures,
allowing tumor removal without causing endocrine deficit, as in the case pre-
sented in Fig. 6.6 and as has been reported in the literature [14]

— Such an approach is independent of the length of the optic nerves

Cons:

— Provides a narrow window, especially in case of short ACA1 or fenestrated
ACo0A, and sometimes difficult to mobilize. Splicing the ACoA can be used
when the artery length is sufficient with, however, the sacrifice of an anastomosis
that may be useful in where there are stroke issues with age

— Vascular risks for the ACoA and the perforating arteries of the anterior
complex

— Limited exposure of the upper part and the third ventricle floor that can lead to
STR, as illustrated in the Fig. 6.6. An endoscopic-assisted technique can be used,
however, this requires caution as the window is quite narrow and there can be
issues with warming if approaching too close to the endoscope tip.

6.3.2.2 Trans-Frontal Trans-ventricular Route (Fig. 6.7)
When the tumor is located in the 3rd ventricle and results in an hydrocephalus, the
surgeon can choose a transcortical trans-frontal approach.

The craniotomy is performed one-third behind the coronal suture, two-thirds in
front, without crossing the midline. A 3 cm antero-posterior cortical incision is
made and the frontal horn of the ventricle reached at a depth of about 4 cm. Usually,
the tumor is approached through the dilated Monro foramen which can be enlarged
posteriorly using a interthalamic forniceal approach through the choroidal fissure
and the superior tela after coagulation and section of the septal vein. Great care
should be taken for the fornix and of the other veins.

Pros:

— An easy approach with less complicated structures involved than the trans-
callosal approach

Cons

— Only possible when there is hydrocephalus
— Transcortical approach can result in sequelae seizure
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Fig. 6.7 A case of a huge CP which was first operated in another center using a sub-frontal
approach without satisfactory removal. A second step using a trans-frontal approach was possible
to performed because of the hydrocephalus. After a linear incision, a frontal craniotomy is carried
out one-third behind the coronal suture—two-thirds in front. Cadaveric study: The foramen of
Monro (MF) is exposed after entering the frontal horn. Tumor exposure can be improved using a
transchoroidal approach, separating the fornix (dotted line) and the thalamus medially to the cho-
roid plexus (ChP) to get inside the third ventricle. MF foramen of Monro, AC V anterior choroidal
vein, ThS V thalamostriate vein, Th thalamus, ChP choroid plexus, /C V internal cerebral vein, 71/
V third ventricle. The different surgical steps for the patient:
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Fig.6.7 (continued) (a) Pre-operative MRI; (b) After the trans-frontal approach with a deep tumor
remnant at the level of the ventricle floor. (¢) Radiotherapy was delayed due to the patient and 9
months later a recurrence in the ventricle was observed. The patient was operated on using an
endonasal approach. (d) Post-operative result with a piece of tumor left in place because of strong
adhesions. Radiotherapy was performed at 4 months. (e) At last follow-up, after 3 years, there was
still perfect control of the tumor
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— Not a midline approach
— Deepest part of the tumor is difficult to expose at the level of the posterior perfo-
rating space

6.3.2.3 Trans-Callosal Route (Fig. 6.8)

In the absence of hydrocephalus (or when a shunt has been placed before), an inter-
hemispheric trans-callosal approach can be used, including its three variants: inter-
forniceal (between the fornix bodies), and the inter thalamo-trigonal approaches
with its trans- and subchoroidal variants (opening the choroidal fissure on the fornix
and on the thalamic side, respectively) [15, 16].

The patient positioning is the same as that used for a transcortical trans-frontal
approach, with a craniotomy crossing the midline in order to achieve an interhemi-
spheric approach.

The dura mater is opened in a U shape and great care is taken of the afferent veins
to the sagittal longitudinal sinus.

Once the corpus callosum is reached, a short 2 cm antero-posterior incision is
made in between the pericallosal arteries.

A strictly midline approach can also be used, separating the fornix bodies to
reach the third ventricle through the superior tela in between the internal cerebral
veins.

Another option is to enter the frontal horn of the lateral ventricle. The third ven-
tricle is therefore reached using the same approach as using the trans-frontal one,
using a transchoroidal or a subchoroidal variant. The difference between the two
latter approaches is minor, with perhaps a more direct and larger view obtained with
the transchoroidal approach. To increase the antero-posterior exposure, the septal
vein can be cut at the level of the Monro foramen. From that point, exactly the same
principles as with the trans-frontal approach are followed.

Pros:

— Avoids the transcortical route and any brain lesion
Cons:

— Difficult management of veins

— Involves manipulation of the Fornix with possible sequelac memory
impairments

— The deepest part of the tumor is difficult to expose at the level of the posterior
perforating space
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6.3.3 Management of Cystic Craniopharyngiomas (CCPs)

There is a considerable number of publications regarding pediatric-onset Cystic
Craniopharyngiomas (cCP). In huge cCP in children, where total excision may be
impossible and when radiotherapy may have to be postponed for developmental
reasons, drainage and local therapies may be the best options. Intracystic therapies
are based on the inflammatory theory of the tumoral walls at the origin of the cyst,
recently validated by molecular studies (see chapter by Martinez-Barbera in this
book [17]).

To date, Bleomycin and IFN-a have been the most tried therapies, either at initial
diagnosis or after recurrence.

The first step is to insert a catheter inside the cyst, connected to a sub-cutaneous
Ommaya reservoir. A few days after confirming that the system is “watertight”
(especially for Bleomycin), the treatment can be started.

Bleomycin has been generally used three times per week with a median dose of
0.43 mg/kg/week for a total dose of between 8 and 75 mg (mean 36 mg). The treat-
ment duration is several weeks [18].

For IFN-a, 3 MIU/day is injected inside the cyst, after withdrawing as much of
the liquid as possible, on occasion up to a total of 36 MIU over several courses in
cases where the cyst did not respond well [19].

Bleomycin treatment appeared to be effective (with close to 100% of cyst
response and a shrinkage superior to 90% in one quarter of cases), but the severe
side effects observed have led to a loss of interest in Bleomycin. In addition, the
shrinkage was also found to be transitory: less than 1 year for half of the population
and with sustained benefit seen in the other half of the population, with a mean
follow-up of 34 months [20].

Since the pioneering work of Cavalheiro in 2005, IFN-a has proven to be effec-
tive with less side effects than Bleomycin. A recent multicenter assessment con-
cluded that IFN-a therapy was useful in delaying more invasive treatment in children
[21, 22].

For adult onset cCP, data are scarce due to pure or predominantly cystic CP being
uncommon. We recently reviewed our own data (11 cases) focusing on a single
point: is drainage sufficient to manage cystic CP? Interestingly, with a mean follow-
up of 40 months, only 27% of patients had recurrence, 2 in a cystic manner, one

<
<

Fig. 6.8 Trans-callosal approach. Huge intraventricular CPs without hydrocephalus. A trans-
callosal approach was chosen. (a) A trans-callosal approach was chosen to remove this intraven-
tricular CP, revealed by an ICP, with hydrocephalus. The patient has been firstly operated on to
insert a shunt and was then referred to our center. (b) The variant used here was an inter-forniceal
route because the CP had itself created the route. On the T2 coronal view, we can clearly see a cyst
pointing in between the two fornix (arrows) and the internal cerebral veins. (c—f) Anatomical stud-
ies: the different steps for the interhemispheric trans-callosal approach are shown. A craniotomy
crossing the midline is performed to prepare the interhemispheric approach (c). A U-shaped open-
ing is made in the Dura-mater (d). A 2 cm incision of the corpus callosum (CC) is made between
the peri-callosal arteries (Cal A) (f). (g and h) Post-operative contrast CT showing a sub-total
removal. The inferior infiltration at the level of the third ventricle floor has been left in place. The
outcome was uneventful with a total recovery of the patient’s mnesic issues, without any endocrine
or visual deficits
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Fig. 6.9 Unpredictable evolution of a cystic CP after drainage. (a) Cystic CP diagnosed in a
68-year-old woman with pseudo-dementia syndrome which was completely resolved after drain-
age. (b) The cyst disappeared after 1 year and the solid part of the tumor started growing 3 years
later. An endonasal approach has been performed. (¢) Post-operative MRI after a STR via the nose

from a solid part of the tumor (Fig. 6.9). Only one patient required secondary drain-
age (using the Ommaya) and one patient in whom the catheter had been removed
due to infection showed no recurrence after 5 years (Fig. 6.10). The high rate of
tumor control produced by a simple drainage has been confirmed by other authors,
as well as the low rate of repeated aspiration [23]. This observation can be explained
by the continuous drainage of the cyst following the insertion of the catheter in the
ventricle or CSF spaces. Thus, some authors advocate a large opening of the cyst in
the ventricle, rather than a simple insertion of a catheter using the endoscopic tech-
nique [24, 25].

The role of IFN-a instillation in adult CCP remains unclear, and perhaps it may
preferably be used in recurrence.

There is also very little data available on immediate post-drainage management,
meaning a wait and see approach or upfront radiotherapy both need to be
considered.

Considering the low recurrence rate after a simple drainage the unpredictable
evolution of the tumor (recurrence may arise from the solid part rather than the
cystic part of the tumor (Fig. 6.9) or the cyst disappearing after a single drainage
(Fig. 6.10)), the possible enlargement of the cyst after radiotherapy, and similar
recurrence after upfront radiotherapy versus a wait and see approach, palliative
management of cCP only by drainage, may represent an interesting option ([23, 24],
personal data). This allows not only good tumor control but also good clinical out-
comes, including preservation of pituitary function, and preservation of good visual
and cognitive function.
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Fig.6.10 One example of spontaneous regression of a cyst after a single drainage. (a) At diagno-
sis a predominant cystic CP was observed. A catheter was inserted using a stereotactic technique
which was then removed at 3 months because of an infection. (b) The cyst remained stable at 1
year and the patient was free of symptoms. (¢) Two years later, the cyst disappeared and the solid
tumoral part remains stable 4 years after the initial diagnosis

Fig.6.11 Surgical choices according to CP anatomy. —— Sellar-suprasellar, retrochias-
matic CPs: nasal route; —— > Anterior and lateral extensions: cranial route; ——>
Intraventricular small CPS: trans-lamina terminalis route; Intraventricular huge
CPS: trans-frontal (if hydrocephalus present) or trans-callosal (without hydrocephalus) route

6.3.4 Key Points for Beginners: Fig. 6.11

e There are two routes to operate AO-CPs: the nasal route through the skull base
and the historical cranial approach.

e There is no randomized study comparing the outcome of both routes, but all
experts currently consider that the third ventricle floor is better exposed in the
endoscopic endonasal approach with an expected improvement of the GTR.

e Therefore, AO-CPs which are mainly sellar-suprasellar tumors are operated on
using the endoscopic endonasal techniques despite the issue of a higher rate of
CSF leak not being completely solved.



116

E.Jouanneau et al.

Table 6.1 Respective indications and drawbacks

Surgical approach

Indications

Pros

Cons

Transnasal Sellar-Suprasellar- * Direct access to * Cannot control lateral
retrochiasmatic- the tumor extensions
retroclival tumors * Better exposure of | Not adequate for pure
the hypothalamus intraventricular tumor
and pituitary stalk | ¢ CSF Leaks
e Better GTR rate e Meningitis
* Avoids optic * Rhino-sinusitis
nerve and chiasm
mobilization
Transcranial Tumors with anterior | Less issue of CSF * Worse exposure of the
and lateral extensions | leaks ventricle, the third

ventricle floor and
retrochiasmatic space
Mobilization of nerves
and vessels

Issue of seizures
Worse visual outcome

Combined nasal

Huge tumors with

and cranial intraventricular
extensions
Specific TLT | Medium- and Easy access without | ¢ Narrow window
3rd small-sized nerve mobilization | e Vascular risks
ventricle intraventricular * Poor exposure of the
approaches tumors third ventricle floor
TF | Intraventricular * Vein and fornix risks
tumor with  Seizure issues
hydrocephalus * Poor exposure of the
deepest part of the tumor
TC | Intraventricular * Vein and fornix risks
tumor without * Poor exposure of the
hydrocephalus deepest part of the tumor

TC trans-callosal, TF trans-frontal approach, 7LT trans-lamina terminalis approach

» Rare indications for cranial approaches still remain for AO-CPs, in particular

when the CPs has developed away from the midline with lateral or anterior
extension(s). When the tumors are located inside the third ventricle, the surgeon
has three choices: reaching the tumor through the lamina terminalis just above
the optic chiasm (small or middle size tumor), through the frontal cortex (possi-
ble when there is hydrocephalus), or through the corpus callosum (in the absence
of a ventricle dilatation) (Fig. 6.11).

Evolution of Cystic CPs is unpredictable and minimally invasive management
with a simple drainage through a catheter and then a wait and see policy may be
advisable. Around two-thirds of cystic CPs are controlled by a simple drainage
after more than 3 years of follow-up. Continuous drainage of the cyst in the ven-
tricle may contribute to better control. Thus, an endoscopic fenestration should
be preferred rather than a simple catheter stereotactic insertion.
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The role of intracystic therapies, mainly using IFN-a, remains unclear for
AO-CPs.

The surgical treatment of these rare tumors is difficult and impacts directly on
the outcomes, in particular the management of the ventricular portion of the
tumor, requiring highly specific skills. Thus, these patients should preferably be
managed in dedicated referral centers (Table 6.1).
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Definitive Radiotherapy in Adult
Population Craniopharyngiomas

Loic Feuvret, Julian Jacob, Francois Georges Riet,
Kevin Cristina, Marguerite Cuttat, and Valentin Calugaru

7.1 Introduction

The craniopharyngioma (CP) is a rare, slow growing benign tumor, making up
between 2% to 5% of all primary intracranial tumors [1]. The incidence is bimodal
with peaks occurring from 5 to 15 and from 45 to 60 years old. About half of cases
occur in adults according to data from a Danish study [2, 3]. Despite high propor-
tion of CP in adult population, data are scarce and limited compared to those of
childhood patients in literature. Consequently, main therapeutic strategies have
mimicked those of pediatrics approaches in terms of surgery and radiation therapy
to establish recommendations in adulthood patients.

Radical resection has been recommended for several decades as the gold stan-
dard of treatment. As a consequence of their infiltrative growth behavior and their
high trend to relapse as a malignant disease, the treatment appears as a major neu-
rosurgical challenge. Indeed, CP infiltrates adjacent organs like the neuroendocrine
structures as pituitary gland, hypothalamus, optic pathways, blood vessels, and the
3rd ventricle causing significant morbidity and mortality due to a lack of clear line
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of cleavage between tumor and normal tissue. Hence, all of these make complete
resection challenging. Currently that is why subtotal resection (STR) and comple-
mentary treatment hold a main role, although the optimal therapeutic approach
remains controversial.

In 2018, two meta-analyses with more than 700 adult patients analyzed the role
of two competing paradigms, either gross total resection (GTR) with minimal mor-
bidity or safe STR associated with complementary radiation therapy (STR+RT).
Both of them drew the same conclusions that safe STR and RT may have similar
outcomes as GTR in pediatrics and in adult population. The rates of recurrence were
17% in the GTR group and 27% in the STR+RT group [4, 5]. Unfortunately, the
incidence of relapse remains high for a benign disease. However, in the Dandurand’s
study, some limitations should be mentioned: 7 studies with only 22 patients treated
from 1946 to 2016; subjectivity of variables (histological grade, extent of resection,
appropriateness of RT); lack of analyze treatment-related morbidity and mortality.
From the Surveillance, Epidemiology, and End Results (SEER) database from 2004
to 2012, multivariable analysis demonstrated that age (>65 years old) was consid-
ered as a negative prognostic factor of overall survival (p < 0.001), whereas treat-
ment modality (RT/GTR/STR+RT) was not (p = 0.2) [2]. To understand the
therapeutic potential of radiation therapy, it is worth mentioning two studies high-
lighting the potential efficacy of RT. Elowe-Gruau et al. published the results of a
single institution study showing that a hypothalamus-sparing surgical strategy com-
bined with adjuvant radiotherapy decreased the rate of serious long-term obesity in
childhood patients without increasing their risk for local relapses [6]. In a prognos-
tic univariate analysis of 122 patients, Schoenfeld et al. showed similarly that there
was no significant difference in progression-free survival and overall survival
between patients treated with GTR or STR+RT. Moreover, the authors reported the
combination of STR and RT demonstrated a significantly lower risk of developing
diabetes insipidus and panhypopituitarism in an adult and child population [7].

An interesting issue is which results could be expected by immediate post-
operative RT to avoid relapse. The tumor relapse is considered as a surgical
challenge worse than the first treatment. Morbidity and mortality rates of this
surgery are higher than those observed after primary surgery. Furthermore, the
rate of total removal is significantly limited. Moreover, Bishop ef al. showed
irradiation performed in childhood patients as salvage therapy rather than
immediate post-operative treatment exposed to higher rates of visual and endo-
crine dysfunctions [8].

Thus, currently the main treatment option consists of surgical resection followed
by radiation therapy in case of residual tumor in adult and pediatric patients [9]. In
the literature, prospective studies assessing different treatment strategies and role of
different RT techniques in adult patients are missing. Because this disease is quite
rare, many studies combine adult and childhood onset. There are no evidence-based
guidelines for the optimal RT of primary or recurrent CP in adults. In this chapter,
first, we propose to define some concepts of radiation techniques used to treat CP
patients, and second to report clinical results in terms of tumor control and side
effects for different RT techniques applied to adult population.
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7.2  Radiation Techniques
7.2.1 Generalities

New radiation technologies have the potential to transform how tumor is treated
through precise tumor targeting and adaptive treatment at the delivery time. They
are currently under investigation to reach an optimal balance between local control
and the long-term effects for surrounding eloquent structures at risk such as a pitu-
itary gland, hypothalamus, optic apparatus, arteries at the base to the skull, normal
brain tissues. Technologic improvements in imaging, radiation planning, and dose
delivery have improved the accuracy of radiation doses to target volumes and
reduced the doses to nearby normal tissues to shallow the aforementioned concept.
In clinical practice, the dose per fraction, the total dose, the radiation technique, the
volume of normal structures irradiated, and the dose delivered to the healthy tissues
define a course of radiation and influence the effectiveness and tolerance in CP
treatment. In order to understand, we propose to define the fundamental principles
governing the radiation therapy.

7.2.2 Dose Delivery

7.2.2.1 Fractionation
The multi-fraction radiotherapy was based on experiments performed in Paris in the
1920s. The radiation delivered in daily fractions over a period of time made antitu-
moral effect possible with minimal normal tissue damage compared to a single
X-rays dose. Hence, classical radiation schedules using once daily (five per week)
fractionation of 1.8-2 Gy over a period of 5-7 weeks and a total dose of 50.4—
59.4 Gy for CPs have become the most applied ones.

Mono- and hypo-fractionation schedules use reduced number of fractions of
larger size (1-5 fractions to a marginal dose of 13-25 Gy) in small target volumes
over a period of 1-5 days.

7.2.2.2 Applications

Photon Beams

Most types of tumor radiotherapy use ionizing photon (X-rays or gamma rays)
beams for the local or regional treatment of disease. Apart from conventional three-
dimensional conformal radiation therapy, several modalities have been developed
for radiotherapy delivery. The most advanced method for the delivery of high radia-
tion doses with photon beams is intensity modulated radiation therapy (IMRT).

Three-Dimensional Conformal Radiation Therapy

Three-dimensional conformal radiation therapy (3DCRT) is a cancer treatment
that refers to the radiation beams to match the shape of the tumor. 3DCRT has
been the standard of practice for many decades in CP radiation therapy.
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Treatment plans use several radiation beams, shaped to conform to the target
volume and to optimize the conformality of the dose distribution. In the litera-
ture focused on CP, the most frequently used systems for delivering a conven-
tional 3DCRT are linear accelerators. Consequently, the main presented results
are extracted from 3DCRT series. It is worth mentioning that new RT techniques
such as intensity modulated radiation therapy and stereotactic radiation therapy
should over time replace 3DCRT.

Intensity Modulated Radiation Therapy

Intensity modulated radiation therapy (IMRT) is a form of 3DCRT, using multiple
intensity modulated beams, and a computer-assisted iterative optimization. It deliv-
ers conformal radiation to the target tumor, by “crossing” multiple shaped beams of
various intensities through ways that spare radiosensitive and critical adjacent tis-
sues, as shown in Fig. 7.1. IMRT utilizes ionizing radiation in the form of X-rays
generated by linear accelerators.

Stereotactic Radiation Therapy
Stereotactic radiation therapy (SRT) is a modality combining the precise focal
delivery of total high dose with the radiobiological advantages of high dose per
fraction. This technique applies the fact that the radiation tolerance of normal tis-
sue is volume dependent. Thus, SRT reduces side effects in minimizing normal
tissue margins. The term stereotactic radiosurgery (SRS) is used when all of the
irradiation is done in one session, whereas the term hypofractionated stereotactic
radiotherapy (HFSRT) is appropriate with 2 or more radiation fractions. SRT refers
to using an accurate three-dimensional mapping technique to guide a procedure
and requires a sophisticated treatment planning system and stereotactic mobiliza-
tion devices. There are two basic kinds of equipment, each of which uses different
tools and radiation sources: the Gamma Knife® (gamma rays) and Linear accelera-
tor (LINAC) (X-rays) machines. Multiple manufacturers as Varian®, Elekta®, and
Accuray® make LINAC, which have brand names such as Novalis Tx™, Elekta
Synergy™, and CyberKnife®. In the literature focused on CP, the most frequently
used device to deliver a single dose is the Gamma Knife®. This machine was made
to administrate a single, large dose of highly conformal radiation (y-rays) precisely
to a number of intracranial sites using multiple fixed 60 Co sources aimed at a
center point using a stereotactic fixed invasive frame (Fig. 7.2). The CyberKnife®
is a dedicated frameless system used for SRT. It uses non-invasive image-guided
localization, a lightweight photon-beam accelerator, and a robotic delivery system
to deliver stereotactic radiation therapy. For treatment tracking, the 6D skull track-
ing mode allows to correct any residual offset between the patient’s simulation
position and that at the time of treatment. Hence, frameless technology as
CyberKnife® and classical LINACs offer the opportunity to perform SRS or
HESRT (usually 1-5 fractions over 1-5 days).

Patients treated with SRT get a small tumor size, mainly solid tumors well cir-
cumscribed and located several millimeters away from organs at risk (optic path-
ways, brainstem).
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POSTRT

Fig. 7.1 Sample images (top) of the intensity modulated radiation therapy, helical tomotherapy
treatment plan for a recurrent adult craniopharyngioma (54 Gy in 30 fractions, five per week). It
demonstrates an optimal target coverage (Clinical Target Volume: orange line; red wash color:
prescribed dose) with a sharp dose fall-off, but owing to helical tomotherapy arrangement with
both entry and exit dose, a low dose is deposited diffusely in the region of the normal brain sur-
rounding the central tumor (Yellow wash color: V25 Gy; Green wash color: V8 Gy; Rose wash
color: V1 Gy). Follow-up MRI (bottom) showing a remarkable shrinkage of the cystic tumor



124 L. Feuvret et al.

Fig.7.2 An example of the dose distribution for Gamma Knife radiosurgery (15 Gy on 50% iso-
dose—yellow line). Thanks a sharp dose fall-off, a low dose is deposited in the region of the nor-
mal brain surrounding the tumor (Green lines: V2 Gy and V8 Gy). The optic chiasma maximal
dose is 2 Gy (Blue structure on sagittal MRI view)

Proton Beams

An alternative treatment modality is charged particle radiotherapy, which uses beams
of protons. American physicist Robert R. Wilson was the first to suggest using pro-
tons for radiation therapy in a paper published in 1946. The first people to receive
proton beam therapy were treated with pituitary irradiation to control metastatic
breast cancer in 1954. Nowadays, proton radiation has been used to treat more than
160,000 people worldwide. Even with the rapid growth of proton treatment centers,
proton therapy has been relatively inaccessible for most patients. Proton therapy has
become the most accurate and advanced form of radiation treatment. It has been used
to improve local control rates by increasing the dose delivered to the tumor, while
sparing OARs. Indeed, this technique is an efficient way to improve the dose gradient
between the gross tumor and surrounding structures due to the unique distribution in
matter by the narrow lateral penumbra and the Bragg peak (point where all of the
energy of the incident beam is delivered very sharply before dropping to zero). The
Bragg peak must be modulated in proton beam therapy using an energy degrader and
also shaped to deliver high conformal irradiation. As physic characteristics, protons
offer dose distribution resulting in a significantly reduced integral dose of radiation
to the surrounding normal tissues as compared to 3DCRT, as shown in Fig. 7.3. The
experimental in vivo and clinical data indicate that continued employment of a
generic relative biological effectiveness (RBE) value of 1.1 is reasonable for proton
beams. Thus, proton therapy is considered as the best radiation technique for pediat-
ric patients but its role should be assessed in adult population.

7.2.3 Organs at Risk

Most craniopharyngiomas are located in the sellar/parasellar region with suprasellar
tumor mass extension. Its location places the temporal lobes, hippocampi,
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Fig. 7.3 An example of the dose distribution for passive-scatter proton therapy in a patient with
craniopharyngioma demonstrates a homogenous target dose plan. Three-dimensional conformal
proton therapy offers a sharp dose fall-off and, with a five-beam arrangement with no exit dose,
offers less dose deposition in the normal brain tissue. This plan offers an optimal sparing of the
supratentorial brain, cochleas, and orbits

hypothalamus, brainstem, cochleae, optic chiasm, and optic nerves at risk for radia-
tion injury. About CP RT, late complications of RT could include visual defect,
endocrine dysfunction, and cognitive impairment. New RT innovations aim at main-
taining or increasing the tumor control rate while maintaining or reducing the nor-
mal tissue complications. Recently, publications reported the set of intracranial
organs at risk delineation and dose constraints to the organs at risk in order to pro-
vide assistance in the difficult task of reaching the optimal plan for each patient.
These guidelines might be a tool for daily practice and to decrease the risk of long-
term side effects after RT in patients treated for CPs [10—12].

7.3 Clinical Results
7.3.1 Efficacy
7.3.1.1 Classical Fractionation

Photons

Satisfying long-term results of photon beams conventional conformal radiotherapy
were reported in many retrospective series representing the most important data of
CP radiation therapy in the literature. In 2018, a large systematic review focusing on
adult population reported local recurrence rates recurrence of 27% in a group after
STR+RT and 45% in a group after STR [5]. The mean times to recurrence for
STR+RT and STR only were 81.3 and 23 months, respectively. In a mixed popula-
tion, the 10- and 20-year, the actuarial local control rates were 89.1% and 54 %,
respectively (Fig. 7.1). The median follow-up was 12.1 years [13].

Protons
In adult population, proton beam series are very limited. The single series reporting
results for adult patients was published by the Massachusetts General Hospital,
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Harvard Medical School, Boston in 2006 [14]. The median dose delivered was
62.7 GyE (equivalent dose) in 10 adults of a pediatric and adult population. Actuarial
5- and 10-year local control rates were 93% and 85% without distinction between
children and adults. The functional status of the living adult patients is unaltered
from their baseline status; all of them continued leading normal or near normal
working lives. Globally, classical fractionation radiotherapy, radiation total dose,
and clinical tumor results were identical to these reported in photon radiation ther-
apy series. As data are very scarce, studies combined adult and childhood onset. A
final conclusion on the impact of proton therapy in adult patients can therefore not
be clearly assessed particularly in terms of long-term side effects. Boehling et al.
reported a dosimetric comparison of three-dimensional conformal proton radiother-
apy, intensity modulated proton therapy, and intensity modulated radiotherapy for
treatment of pediatric CP [15]. They showed that proton therapy was able to avoid
excess integral radiation dose to a variety of normal structures at all dose levels
while maintaining equal target volume coverage. Recently, a dosimetric comparison
between proton radiation therapy and different photon techniques [16] concluded
the effectiveness and safety of proton beam dose compared to photon radiation ther-
apy depending on the intracranial tumor features, i.e., the size, the lateralization.
These data should refine selection of radiation techniques and assess cost-
effectiveness and clinical toxicity in adult population. Only prospective trials should
examine the clinical benefits of these dosimetric advantages in adult patients.
Currently, the website “clinicaltrials.gov” reports only two studies about proton
therapy in pediatric patients treated for CP.

7.3.1.2 Hypo- and Monofractionation Stereotactic Radiation Therapy
Stereotactic radiation therapy (SRT) is an option at initial post-operative treatment
or relapse for tumors selected according to the criteria mentioned below. Because it
allows the accurate delivery of very high-dose radiation to the tumor, while mini-
mizing irradiation of critical structures, SRT should reduce the risks of long-term
side effects. Treatment using Gamma Khnife is considered as an efficient strategy
with low side effect risks [17]. However, although the targeting accuracy and dose
fall-off of SRS treatment are great, it appears as not relevant for tumors closed to
optic pathways or large (diameter >3 cm) due to the dose limitation to normal struc-
tures in a single session. The sparing of normal tissues, especially late-responding
tissues such as the optic structures, should be more optimal by using lower daily
doses with stereotactic fractionated radiation than with SRS.

Radiosurgery

SRS is the most frequently used technique as SRT and is considered as an alterna-
tive to fractionated radiotherapy in patients with small size CP. Series reported local
control rates between 67 and 86% with a median follow-up of 64 months [62-75]
[17-20]. One out of four series reported results for only adult patients. No signifi-
cant difference appeared between adult and child patients. Despite promising out-
comes, further prospective studies are needed to precise the role of SRS in terms of
local control and potential long-term adverse effects.
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Hypofractionated Stereotactic Radiation Therapy

Data about HFSRT are very poor. Only two series reported clinical results in a lim-
ited population (1643 patients) with a short follow-up (15-40 months) [21, 22].
Different radiation delivery schedules were used: (18.0-38.0 Gy/3-10 fractions) in
the Lee et al.’s series; 16.0 Gy/2 fractions, 21.0 Gy/3 fractions, and 25.0 Gy/5 frac-
tions according to Iwata er al. Two-, 3-year local control rates were 85 and 91%,
respectively. No comparison between SRS and HFSRT has been published.

7.3.2 Toxicity

Pituitary impairments are common at the time of diagnosis and after surgery due to
the tumor proximity or involvement of the endocrine system. It is worth mentioning
that there is no significant difference in terms of incidence of endocrine injury between
GTR and STR+RT [6]. In a 1990s series, Regine et al. reported 46% of radiation
complications in 39 adults [23]. The mean delivered dose was 62.43 Gy (43.2-70)
with 2D RT. Radiation-related endocrine, neurologic, vascular, and/or visual sequelae
appeared in all patients exposed to maximum doses upper to 61 Gy. It is worth men-
tioning RT was applied with ancient techniques and a delivered total dose was consid-
ered as very high compared to current guidelines. Thus, no conclusion could be drawn
from this paper. Using pediatrics series to describe late side effects in adult population
should be confounding and not relevant because data are scarce and normal tissues
radiation sensitivity to radiation seems different between both populations. However,
one series reported no significant difference in the probabilities of major visual field
defects, hyperphagia/obesity, hemi/monoparesis, or epilepsy between childhood- and
adult-onset disease [24]. In 2002, in one of the most illustrative series of adult patients
(n = 22) treated by conventional RT (classical fractionation median dose 59.75 Gy)
with long-term follow-up (12 years), Varlotto et al. reported complication-free sur-
vival rates at 10 and 20 years of 80.1% and 69.5%, respectively. The complications
and interval after RT for the patients were as follows: infarction of the left side of the
pons (12 years 1 month), optic neuropathy (2 years) and left-sided hemiparesis (3
years 4 months), visual field defect (3 years 2 months), mental status changes and
thalamic infarct (4 years 9 months), memory loss (2 years 5 months), and left-sided
visual field defect (5 years). Despite a variety of different treatment techniques, no
complications occurred at a dose of 55 Gy (equivalent dose in 2-Gy fractions) [13]. In
a recent series of patients treated with Gamma Knife, only one case (2%) of worsen-
ing of a preexistent visual defect 12 months after RT was reported. Long-term follow-
up is recommended to assess long-term side effects rates, misjudged due to a
retrospective design of studies and a low statistical power.

7.4 Conclusion

Currently standard radiation therapy for adult CP is fractionated radiotherapy.
Numerous publications have clearly showed that RT after STR is associated with
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decreased risk of relapse as demonstrated in pediatric series. Long-term side effects
are described in patients irradiated for CP. Thanks to RT innovations, adverse effects
incidences are expected to decrease while maintaining a high local control rate.
Although the integral dose in normal tissues decreases drastically, the benefit of
IMRT, proton therapy, and SRT remains uncertain in adult patients. Currently,
IMRT should appear, at least, as the optimal RT technique, which is highly spread
throughout the world. Due to the rarity and cost of proton therapy, prospective stud-
ies are mandatory before declaring proton as the optimal RT method. SRT remains
a standard option for suitable tumors. Finally, despite adjuvant RT efficacy, local
control rate seems relatively low for a benign tumor (27% of recurrence), meaning
the relative weakness of global therapeutic strategy. Only prospective trials in adult
population should define the role of RT in terms of techniques, prescribed doses,
fractionation, sparing organs at risk. In clinicaltrial.gov website, only one study is
reported out of 26 occurrences (keywords: craniopharyngioma, adult) about radia-
tion therapy of CP. It assesses the role of proton therapy. Notwithstanding these
trials, progress towards guidelines publications would be slow.
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8.1 Introduction

Craniopharyngiomas are benign disembryogenetic tumors [1, 2] accounting for the
2-5% of all intracranial tumors in a bimodal fashion, most frequently involving the
childhood (mean age 5—14 years) and the late adulthood (mean age 50-74 years) [3,
4]. The consistency could be cystic, solid, or a combination of both; intralesional
calcifications represent a quite common finding (about 60 to 80% of cases).
Histologically two major variants have been identified: the adamantinomatous type,
which results the most frequent in childhood and the papillary, more common in
adults. Thus far, according to such unpredictable features of aspects and biological
behaviors, the surgical management of such disease is still a challenging matter [5].

Considering the above, the complete removal at primary surgery has been
claimed as the most effective treatment [6—13], albeit this goal remains troublesome
due the several tumor inner features, i.e., deep location and involvement of vital
neurovascular structures—this is especially true in pediatric cases [14].

However, it should be underlined that craniopharyngiomas present high rates of
recurrence even after radical resection and surgical treatment of these latter cases is
more challenging with possibility of total removal decreases, ranging between 21
and 68% (mean 44.8%) [6—12, 15-17], being burdened by higher risk of incomplete
resections and greater mortality and morbidity rates (0 to 41%; mean 18.8%) [6-8,
11,12, 15, 16, 18].

The difficulties related with the surgical treatment of these tumors, particularly
after recurrences, have lead surgeons to consider several alternative therapeutic
modalities to achieve the long-term control of such pathology, namely radiation
therapy [17, 19-32], stereotactic placement of a catheter [33, 34], intracystic radio-
therapy [35-38], or chemotherapy [39].
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Historically, several transcranial approaches have been described as possible sur-
gical options for the treatment of craniopharyngiomas, with the use of transsphenoi-
dal approach being reserved for those lesions, preferably with a cystic component,
with a minimal supradiaphragmatic extension; besides, normal pituitary function
was a contraindication for endonasal route. Recently, thanks to the evolution of sur-
gical techniques and technology—above all to the widespread use of the endo-
scope—providing higher effectiveness and decreased morbidity [40-47], the
endonasal corridor has been adopted to achieve the exposure of suprasellar area and
though as a viable route for the removal of extrasellar craniopharyngiomas [48—62].

The endonasal technique offers a direct approach that permits access to the
suprasellar, retrosellar, and retroclival space, obviating brain retraction and consid-
ering that the majority of craniopharyngiomas are midline tumors, the endonasal
route provides the advantage of accessing the tumor immediately after suprasellar
dural opening without optic nerve manipulation and/or retraction, through a straight
surgical route [63]. This corridor is more valuable in cases of recurrent tumors after
primary craniotomies, where it represents a naive route, providing the possibility to
bypass the adherences and to avoid further brain manipulation [8, 64].

Based on our experience with this surgical technique, we herein details varia-
tions required to treat recurrent lesions, depending on the original surgical treat-
ment: transcranial, transsphenoidal (standard microscopic or endoscopic) expanded
endonasal approach [64], and the eventual alternative treatments.

8.2 Endoscopic Endonasal Surgical Management

The endonasal approach for the removal of craniopharyngiomas is performed using
arigid 0-degree endoscope, 18 cm in length 4 mm in diameter (Karl Storz), as the
sole visualizing instrument of the surgical field; angled scope are used to further
explore the suprasellar area and properly manage the lateral aspects of the lesion
attached to the neurovascular structures. Dedicated surgical instruments with differ-
ent angled tips are needed in order to permit movements in all the visible corners of
the surgical field.

The endoscopic endonasal approach is a 2-surgeon, 3- or 4-handed technique proce-
dure that requires a surgical team, experienced in endoscopic surgery [40, 62, 65, 66].

As any skull base procedure, the EEA for removal of craniopharyngiomas is
formed of three portions: exposure, tumor resection, and reconstruction.

The patient, under general anesthesia, is placed supine (or in slight
Trendelenburg position), turned 5-10° toward the surgeons (the patient’s right).
Before entering the endoscope, the nose is decongested with cotton pledgets
soaked in a solution of 2 ml of adrenaline, 5 ml of 20% diluted lidocaine, and
4 ml of saline solution. The mid-face and the periumbilical area are prepped and
draped and a third or fourth-generation cephalosporin antibiotic is administered
for perioperative prophylaxis.

The procedure starts in the right nostril, where the middle turbinate is displaced
laterally while in the left naris it is removed, whether the first surgeon is right
handed; whether he/she is left handed the wider lateral corridor will be in the left
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nostril. Thereafter, a wide anterior sphenoidotomy and the posterior ethmoid air
cells (bilaterally posterior ethmoidectomy) are performed to create a large single
work cavity.

The harvesting of Hadad-Bassagasteguy naso-septal flap (HBF) (HBF) [67]
should be performed at this point. However, we changed our attitudes and the flap is
only drawn at this time: two parallel incisions are performed following the sagittal
plane of the septum and joined anteriorly by a vertical cut. Elevation of the flap is
realized at the end of the procedure, in order to reduce the nasal bleeding during
surgery and avoid the twisting of the pedicle causing an ischemia [67].

Once the sphenoid sinus has been opened, the “3-4 hands technique” is manda-
tory to perform a bimanual dissection under dynamic visual control between close-
up and panoramic views, provided by the in-and-out endoscope movements.

The bone removal starts with the drilling of the upper half of the sella and a com-
plete removal of the tuberculum sellae—we named it suprasellar notch [68] accord-
ing to its aspect as seen from endonasal perspective, including bilateral mOCRs is
mandatory to expose the subarachnoid opticocarotid cistern in order to allow ade-
quate suprasellar exposure for tumor resection and the identification of the subchi-
asmatic perforating vessels that eventually have been displaced, thus preventing
devascularization of the optic nerves, chiasm, and infundibulum.

Finally, before the dura can be opened, the SIS should be coagulated with the
bipolar and transected [50, 69].

The dissection and removal maneuvers in the endoscopic transsphenoidal
approach for craniopharyngiomas are tailored to each lesion following the same
principles and goals of transcranial microsurgery: internal debulking of the solid
part and/or cystic evacuation followed by dissection from the main surrounding
neurovascular structure. Nevertheless as compared to transcranial route, approach-
ing the tumor from its ventral aspect, offers the great advantage to face the critical
neurovascular structures on its dorsum and perimeter, providing direct visualization
of the inferior aspect of the chiasm, the infundibulum, the third ventricle, and/or the
retro and parasellar spaces.

Since craniopharyngiomas often adhere or invade the chiasm and/or hypothala-
mus, particularly in cases of recurrence [64], it is essential “not to force” the resec-
tion in order to preserve vital tissue integrity and function.

In case of infradiaphragmatic recurrent cystic lesion, this latter component is
drained, while the solid component is to be sharply dissected from the sellar
walls and/or from the suprasellar cistern trying to not damage it. Whether cyst
wall dissection was not easy to obtain, due to thigh adherences and/or the even-
tual close relationships with the surrounding neurovascular structures, we
adopted the so-called cystosphenoidostomy technique: after realizing maximum-
allowed tumor removal, an “X” or “T” shaped silastic catheter was placed inside
the tumor cavity, in order to create a direct communication between such cavity
and the sphenoid sinus [34].

If a previous transcranial approach had been performed, the endonasal approach
represents a naive corridor. The suprasellar prechiasmatic portion of the lesion
could result more troublesome to manage, due to the arachnoidal adherences,
whereas the primary transcranial route did not allow reaching the most inferior and
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posterior portion of the tumor. This corridor provides a direct access to these por-
tions of the lesions through the subchiasmatic and intraventricular corridors, which
are along the same axis of the approach [70].

In cases in which a previous standard transsphenoidal approach has been per-
formed, the nasal and sphenoidal steps need further refinement, and the bone open-
ing starts at the level of the previous defect being enlarged as described previously.
Concerning the tumor management, it should be considered that it is easier in case
of intra-suprasellar prechiasmatic lesions because the cisternal spaces and the
arachnoidal plane are intact, whereas in case of retrosellar or intraventricular cra-
niopharyngioma it might be not, due to the presence of scar tissue. Finally, in recur-
rent craniopharyngiomas already operated on by the extended endonasal approach,
the procedure is faster since a binostril corridor has been already created; the
removal of the reconstruction material from the osteo-dural defect is the first step.
Tumor removal is affected by the presence of a high concentration of arachnoidal
scars but the endonasal corridor still allows the most direct route as it proceeds
along to the same axis of the tumor.

After removal of the lesion, the osteo-dural defect must be accurately repaired.
Reconstruction is properly achieved addressing the following principles: protec-
tion of the suprasellar cistern, filling of the “dead space,” and closure of the osteo-
dural defect.

In case of infradiaphragmatic lesions,, namely when the suprasellar cistern is
intact collagen sponge or dural substitute foils along with fibrin glue are adopted to
fill the dead space and protect it [71]. On the other hand craniopharyngiomas involv-
ing the subarachnoid space and/or third ventricle [72] require a meticulous repair of
the defect after tumor removal: it starts with arachnoid sealing, continues with the
closure of the osteo-dural defect, and thereafter covering of the breach and filling of
the sphenoid cavity are accomplished. Different materials can be used either alone
or in combination, as defined per proper techniques [73-75] and once a watertight
barrier has been achieved, the pedicled naso-septal flap is placed over to enforce the
reconstruction [67, 76, 77]; a further support is provided by filling the sphenoid
sinus with oxidized cellulose and hemostatic sponges.

Differently from the transcranial route, the EEA provides a direct visualization
of the neurovascular structures of the suprasellar region from below, avoiding any
brain manipulation; this route seems to minimize the risk of postoperative visual
loss, which is related to the integrity of the vascularization of the optic chiasm,
especially when running a naive surgical route [64]. This different point of view
gave a new understanding of tumor’s position as related to the stalk and other main
vital surrounding structures, nonetheless, it is not always possible to determine pre-
operatively these relationships, especially when dealing with large eccentric tumors.

Most of the benefits are gained when dealing with lesions whose original surgery
was a transcranial approach [64], namely the surgeon will manage a “primary”
tumor with a preserved arachnoidal plane and gliotic reaction and it will be possible
to reach some areas like the subchiasmatic, the retrosellar, or the intraventricular in
a direct way [70].

Beside these advantages, we nevertheless observed some factors, which, some-
how, could affect the lesion dissection and removal, either related to the lesion and
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to the anatomy [40, 78, 79]. A more limited access to the suprachiasmatic areas is
provided if the chiasm is anteriorly displaced, while concerning lesion-related con-
ditions, it has to be said that encasement and adherence of neurovascular structures
as one or both ICAs and/or the AcomA complex and/or optic apparatus and/or
hypothalamus, could represent major concerns.

8.3  Alternative Treatment Strategies

Several other surgical techniques and/or combination of surgery with other thera-
peutic approaches can be taken into account for the management of recurrent cra-
niopharyngiomas in order to achieve long-term control of the disease [24, 28, 29,
32, 34-38, 80-82]. Furthermore, the possibility of achieving a less risky subtotal
resection (STR), followed by adjuvant radiation treatments has been advocated as a
valid strategy [81, 83-90] backing upon the concept of safe “maximum-allowed”
resection,, in accordance to patient’s age, endocrine status, and preoperative goals.

Indeed, cyst drainage can be realized via a transcranial burr-hole approach with
catheterization of the cyst connected to an Ommaya reservoir or with transsphenoi-
dal insertion of the catheter into the cyst for the cyst content drainage [34] as well
as wide marsupialization of the cysts into CSF spaces [91] with neuroendoscopic
technique (Figs. 8.1, 8.2, and 8.3).

These techniques could be implemented with other therapeutic modalities, such
as radiotherapy or, more recently, radiosurgery: the fractionated technique revealed
to be the most suitable treatment [85, 86, 92-98], while stereotactic radiosurgery
seems to provide favorable control rates at 5 years post-treatment [96, 99—-103].

In these regards, it should be bear in mind that radiation therapy carries the
risk—mostly dose-related—of secondary tumor development as well as eventual
late impairment of neurological, vascular and endocrinological functions.

Therefore, a watchful waiting strategy can be adopted whether small residual
tumors, adherent to neurovascular vital structures, eventually with calcified frag-
ments, not growing, are observed at close neuroradiological follow-up;

Fig. 8.1 Image showing the preoperative sagittal (a) and coronal (b) MRI scans of a recurrent
retrosellar craniopharyngioma. Primary tumor was predominantly cystic, so that patient already
underwent surgery via a transcranial burr-hole approach: cyst drainage was achieved and a catheter
piercing the cyst and the third ventricle floor—the tip reaches the interpeduncular cistern (arrow)-
connected to a Rickham reservoir was placed (c)
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Fig. 8.2 Intraoperative
endoscopic pictures
showing the surgical
cavity exploration after
tumor removal. A
close-up view of the
retrosellar space discloses
the tip of the catheter—
placed at primary
surgery—next to the
basilar artery trunk and
covered by the same
arachnoidal bundles
inside the interpeduncular
cistern. A small residual
tumor is observed within
the floor of the third
ventricle (asterisk)

Fig. 8.3 Image showing the postoperative sagittal (a) and coronal (b) MRI scans of the recurrent
retrosellar craniopharyngioma treated via endoscopic endonasal transplanum approach. A small
remnant of the lesion can be identified infiltrating the third ventricle floor

contrariwise, in case of rapidly growing residual tumors an early second surgical
procedure can be preferred prior than radiotherapy to achieve relief from mass
effect symptoms [88, 90, 104, 105].

Several groups adopted the use of intralesional therapies, especially in pediatric
patients, administered in the attempt of postponing or sparing the adverse effects of
surgery—above all for the hypophyseal and hypothalamic functions—and/or avoid
radiotherapy. The management of recurrent craniopharyngiomas via stereotactic
aspiration of the cystic component with the instillation of antibiotics, radionucleo-
tides, and/or cell-cycle inhibitors resulted in successful and effective minimally
invasive strategies of treatment [106—112] (Fig. 8.4).
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Nowadays, upon the identification of exclusive clonal driver mutations in
CTNNBI [113-115] and BRAF genes [116] in the vast majority of ACPs and PCPs,
targeted therapy—combined BRAF and MEK-targeted—have found effective in
case of recurrent papillary craniopharyngioma with genetically confirmed
BRAFV600E mutation [117].

It stands clear that treatment of recurrent craniopharyngiomas should back upon
a multidisciplinary management; many adjuvant therapies have been found viable
and effective: single treatment should not be considered definitive, and each of them
has to be intended as a proper asset of a tailored management strategy.
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Craniopharyngioma: Endocrinological 9
Aspects After Surgery

Mirela Diana llie and Gérald Raverot

Craniopharyngioma (CP), a midline epithelial tumor arising on the path of the cra-
niopharyngeal duct (most commonly in the sellar and parasellar region), often has
an infiltrative tendency and an aggressive behavior that is responsible for significant
mortality and morbidity [1, 2]. Amongst the complications of CP, hypopituitarism,
defined as complete or partial deficiency of at least one pituitary hormone, is in
itself associated with significant morbidity and excess mortality. The risk factors for
increased mortality in hypopituitary patients include: a diagnosis of CP, transcranial
surgery, radiation therapy, hypogonadism, and diabetes insipidus (DI) [3].

Given the origin of CP and its localization and infiltrative nature, it would be
expected that hypopituitarism would be frequently encountered preoperatively and
be aggravated by the surgical treatment. Indeed, preoperatively more than 75% of
these patients have at least one hormonal deficiency, with the most frequent defi-
ciencies being growth hormone deficiency (GHD) and central hypogonadism [4].
Direct surgical insults during the surgical treatment, or rarer, postoperative hemor-
rhage or ischemia, may either exacerbate existing hypothalamic-pituitary dysfunc-
tion or create new endocrine deficiencies, with notably DI being a common
complication of CP surgery [4, 5]. The recovery of preoperative pituitary deficien-
cies is relatively rare in CP [4], but generally speaking, in regard to pituitary surgery,
the recovery rate of hypopituitarism is higher at 1 year compared with 3 months
after surgery [5].

M. D. Ilie - G. Raverot (><)
Fédération d’Endocrinologie, Groupement Hospitalier Est,
Centre de Référence Maladies Rares Hypophysaires (HYPO), Bron Cedex, France

Université Lyon 1, Lyon, France
e-mail: gerald.raverot@chu-lyon.fr

© Springer Nature Switzerland AG 2020 145
E. Jouanneau, G. Raverot (eds.), Adult Craniopharyngiomas,
https://doi.org/10.1007/978-3-030-41176-3_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-41176-3_9&domain=pdf
mailto:gerald.raverot@chu-lyon.fr

146 M. D. llie and G. Raverot

In this chapter, we will focus on the diagnosis and treatment of new-onset
deficiencies appearing after the surgical treatment of adult CP and give key advice
on how to improve the endocrinological management of these patients.

9.1 Central DIl and SIADH

In major surgical series of CP, the reported incidence of postoperative DI varies
from 4% to 100%, with authors reporting either higher or similar rates of postopera-
tive DI when using the transcranial approach compared to the transsphenoidal
approach [4]. In any case, DI remains the most frequent surgical complication, with
a transient course in more than half of the patients [6].

DI usually occurs in the first 2 days postoperatively and it can sometimes evolve
in a triphasic pattern: an initial polyuric phase, a second phase corresponding to the
syndrome of inappropriate antidiuretic hormone secretion (SIADH) that usually
develops between days 4—10 postoperatively and lasts for 2-5 days, and a final, and
usually chronic, polyuric phase that returns in a matter of weeks [5, 7]. Conversely,
the STADH phase may not be present and DI may evolve in a single phase [7].

Diagnosis and monitoring include measurement of daily fluid intake and urinary
output (polyuria being when >50 mL per kg of body weight per day), measurements
of serum sodium and serum osmolarity (high or normal in DI) and of urine specific
gravity (typically <1.005) or urine osmolality (<300 mOsm/kg) [4, 5, 7, 8].

For the treatment of the initial phase of DI, replacement therapy should be on an
as-needed basis in order to avoid iatrogenic hyponatremia, especially that DI may
revert to SIADH [4, 5, 8]. Some authors advise administering short acting subcuta-
neous vasopressin rather than desmopressin for this initial phase [5, 8], while others
advise against administering antidiuretic hormone substitutes too early, because
treating overhydration may be more difficult than managing established DI [6].
Many patients may not require any therapy as long as they are able to drink to their
thirst and are normonatremic [7].

SIADH, characterized by euvolemic hyponatremia due to excess ADH release,
can either be part of the triphasic phase of the DI or it can appear isolated, in the
absence of DI, and it may be heightened by concomitant hypocortisolism [5]. The
serum sodium level should be checked around days 5-8 postoperatively [7]. Mild
hyponatremia (134—125 mmol/L) can be treated, in an outpatient setting, by stop-
ping the vasopressin/desmopressin and with fluid restriction and subsequently mon-
itored by performing frequent sodium checks [5]. Severe or symptomatic
hyponatremia (usually <125 mmol/L) requires hospitalization for more aggressive
management, which includes fluid restriction, hypertonic saline, or even vasopres-
sin receptor antagonist drugs [5, 7].

The chronic phase of DI is treated with desmopressin orally, sublingually, or
intranasally [5], (the intranasal form not generally being used until after the nose
has healed and nasal congestion has improved [7]). The adaptation of the treatment
is done depending on clinical evolution and individualized to the patient’s needs:
some patients who have only partial DI may even choose not to take any treatment



9 Craniopharyngioma: Endocrinological Aspects After Surgery 147

if polyuria does not bother them, while for the rest of the patients, one should use
the lowest dose of desmopressin that allows a good night’s sleep and minimal dis-
ruption of activities during the daytime [8]. Patients should be advised to only drink
to their thirst [5] and be educated on the signs and symptoms suggestive of reduced
effectiveness of the treatment, such as increased thirst and increased urinary output,
as well as the signs and symptoms suggestive of overdose such as headache, fatigue,
and low urinary output [9]. Biochemical monitoring consists of measurement of
serum sodium and urea levels [9]. If DI does occur postoperatively, patients should
also be advised that during the first months after surgery they should periodically
(every couple of weeks), or at least once, interrupt desmopressin treatment in order
to check whether it is still required [5, 8].

9.1.1 The Particular Case of Adipsic DI

Adipsic DI is a very rare condition, consisting of the coexistence of DI and of adip-
sia (loss of the thirst perception) and has been described to occur, both preopera-
tively and postoperatively in CP cases [10]. There have also been both pediatric and
adult cases of adipsic DI reported following surgery for CP, where patients regained
their thirst perception, despite persistence of DI, within months (in the pediatric
cases) or years (in the adult cases) after surgery [11, 12].

Compared to isolated DI where the thirst perception is preserved preventing
hypernatremic dehydration, in the case of adipsic DI, there is a risk of significant
hypernatremia if the patient is undertreated or during acute medical illnesses such
as infection or vomiting. Conversely, there is also a risk of hyponatremia if the
patient drinks excessively and/or is overtreated [10, 13, 14]. Both hyponatremia and
hypernatremia can result in lethargy, weakness, irritability, nausea, vomiting, sei-
zures, coma, and even death [13]. Moreover, a high rate of venous thromboembo-
lism occurs as a complication of hypernatremic dehydration [10, 14]. Therefore, the
management of adipsic DI represents a major clinical challenge [10].

Being a very rare disease, no established guidelines are available. The recom-
mendations made by several experienced teams [10, 13, 14] are congruent and con-
sist of:

1. Advise patients to have about 1.5-2 liters of fluid intake daily and start desmo-
pressin at least twice daily, titrating the fluid intake/desmopressin to achieve
eunatremia on an inpatient basis.

2. Determine the weight of the patient while euvolemic and normonatremic.

3. Advise patients to carry out daily weight measurements and that the patient adjusts
their daily fluid intake in order to maintain his/her normonatremic weight. For exam-
ple, if he/she is 1 kg below the normonatremic weight, to replace the deficit with an
equivalent volume of fluid, i.e., to drink an additional 1 liter of fluid. However, Cuesta
et al. [10] warn that patients show poor compliance with the daily weighing regimen
and we personally fear that, especially in obese patients, the daily weight measure-
ments may not be accurate enough to correctly detect small variations.
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4. Plasma sodium level be regularly measured.

5. Educate the patient and his/her family on principles of water balance and man-
agement, for example, increasing fluid intake in times of increased exercise or
increased ambient temperature.

Prophylactic anticoagulation therapy during episodes of hypernatremic dehydra-
tion has also been recommended by various authors [10, 14].

9.2  Central Adrenal Insufficiency

Patients with adrenal insufficiency (Al) already diagnosed before surgery should
receive stress-dose glucocorticoids (GCs) both peri- and postoperatively [7]. As the
chances of Al recovery after surgery are very low, a single postoperative morning
cortisol can be enough to confirm persistent Al [5]. Interpretation depends on the
authors and on the cortisol assays employed, but a cortisol level >14.5 to 15 pg/dL
makes Al improbable [8, 15]. Newer assays will most probably modify this cut-off
value in the future. It is important to bear in mind that for patients already on GCs,
biochemical testing should be performed after waiting at least 18-24 h following
the last dose of hydrocortisone (HC) or after an even longer period of time depend-
ing on the synthetic GCs used for substitution [8].

For patients without central Al before surgery and whose surgery involved stalk
transection or hypophysectomy, stress-dose GCs should begin intraoperatively and
then be tapered to reach maintenance replacement [4]. For the rest of the patients,
protocols vary, ranging from administering empirical GC coverage to steroid spar-
ing management [7]. In case of preventive GC coverage, GCs are administered until
normal adrenal function is found postoperatively [5]. If a steroid sparing manage-
ment is applied, treatment is started only if postoperative Al develops and this is
tested usually with measurement of morning serum cortisol level on day 1-3 post-
operatively [5, 15], and then interpretation is as above. The suspected Al is usually
assessed further by dynamic testing, using either an insulin tolerance test (ITT)
(preferred) or a corticotropin stimulation test, with peak cortisol levels <18.1 to
20 pg/dL depending on the assay, considered to be indicative of Al [8, 16]. However,
Raverot et al. showed that when the new Elecsys Cortisol II assay (Roche
Diagnostics, Meylan, France) is used, the cut-off for stimulation tests should be
374 nmol/L (13.55 pg/dL) [17]. If the ITT is used, adequate hypoglycemia (blood
glucose <2.2 mmol/L or 40 mg/dL) must be obtained in order to validate the test [8,
15, 16]. If the corticotropin stimulation test is used, one should bear in mind that it
can give false negative results for 4-6 weeks after surgery and in cases of partial Al
[15, 16]. Other tests including a CRH stimulation test, a glucagon stimulation test,
or a metyrapone stimulation test may also be used [15, 16, 18].

Where available, oral HC is the recommended treatment, administered either in
a multidose (two-dose or three-dose) regimen or as a single dose [8]. Currently, the
estimated dose of HC needed is 5.7-7.4 mg/m?%day, so a theoretical daily dose is
usually between 10 and 25 mg [19]. If HC is not available or in selected cases,
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equivalent doses of other GCs may also be used [8]. If Al is only partial or the
results of the dynamic testing are borderline normal/abnormal, only stress-dose
GCs during intercurrent illness may be administered [15]. Alternatively, lower than
conventional doses for replacement (5—10 mg HC daily) can be used in case of par-
tial Al [9], but all cases should be treated since even mild Al may manifest as clini-
cally important adrenal crisis (AC) in patients undergoing stress [8]. Patients should
also be educated on stress-dose GCs administration, including the self-administration
of injectable high-dose GCs and to always carry with them an emergency steroid
card [9, 20]. Concerning the route for self-administering the high-dose GCs, it has
been demonstrated that subcutaneous HC is absorbed with only a short delay
(11 min) compared to intramuscular HC, and patients also prefer subcutaneous over
intramuscular injection [20].

Adjusting the dose and its eventual repartition is done depending on clinical
signs and symptoms and considering the clinical status, comorbidities, and patient
preferences [5, 8]. The main risk of undertreatment is AC, while overtreatment
increases the risks of metabolic, cardiovascular, and bone disease [8].

9.2.1 Impact of Other Hormones on Al Testing and Treatment

— Because conversion of cortisone to cortisol is suppressed by GH, commencing
GH treatment may unmask an incipient Al, thus the presence of Al should be
assessed before and then after starting GH treatment [8, 21]; additionally,
depending on the replacement therapy, patients may need higher doses of GCs
once GH treatment is initiated [8].

— Thyroid hormones accelerate cortisol clearance, so starting thyroid replace-
ment therapy could unmask Al and precipitate an adrenal crisis (AC). Therefore,
if exclusion of an Al cannot be made before starting thyroid replacement ther-
apy, empirical GCs should also be administered until definitive testing is
possible [8, 22].

— Oral (but not transdermal) estrogen therapy increases circulating cortisol binding
globulin levels, leading to elevated total serum cortisol levels [8, 23]. Free corti-
sol levels do not appear to be affected by oral estrogen therapy, but given the
difficulties in measuring free cortisol, it is standard practice to discontinue oral
estrogens, for up to 6 weeks, in order to assess for Al [23].

9.2.2 The Particular Case of DHEA Deficiency in Women

DHEA supplementation is not part of standard care, however, a hormone supple-
mentation therapy may be proposed to selected patients and maintained if clinical
improvement is achieved [18]. Using a dose of 20-30 mg of DHEA in women with
hypopituitarism who had severe androgen deficiency, Johannsson et al. noted effects
mainly on the skin and on pubic and axillary hair, and improved stamina, initiative,
and alertness, as reported by the partners of the patients. The authors suggested



150 M. D. llie and G. Raverot

initiating treatment at a lower dose than that used in women with peripheral Al and
to titrate this dose so that morning levels of DHEAS normalize and additionally by
clinically monitoring the effects on skin and hair [24].

9.3  Central Hypothyroidism

If preoperative central hypothyroidism (CH) is present, replacement therapy should
continue throughout the perioperative period; if CH is not present preoperatively,
new-onset CH should be assessed at least 6 weeks postoperatively [7, 8].

A low free T4 (fT4) in combination with a low, normal, or only mildly elevated
TSH confirms a CH diagnosis in the absence of non-thyroidal illness [8, 9]. A low-
normal fT4 in combination with an inappropriately low serum TSH may also indi-
cate CH, with suggested approaches including commencing trial replacement
therapy if the patient is symptomatic (i.e., shows fatigue, cold intolerance, hair loss,
constipation, etc.), or monitoring the evolution of fT4 and starting substitution if
fT4 decreases by 20% [8, 25].

Replacement therapy should be with levothyroxine, at an average dose in CH of
around 1.6 pg/kg/day. In order to avoid the cardiovascular risks of overtreatment or
undertreatment and the fracture risk in the case of overtreatment, it is important to
further adapt the levothyroxine dose so that the fT4 is in the mid to the upper half of
the normal range [8].

9.3.1 Impact of Other Hormones on CH Testing and Treatment

— CH can be masked by GHD, so if a GHD patient is started on GH therapy, he/she
can either develop CH if they were considered euthyroid before, or require an
increase in their levothyroxine dose if already on levothyroxine. Therefore, thy-
roid function should be checked about 6 weeks after the patient has started or
adjusted the GH therapy [5, 8].

— The required levothyroxine dose is increased by increased estrogen levels as the
production of the thyroid-binding globulin is estrogen-dependent; therefore, in
CH patients that have a change in their estrogen therapy, the levothyroxine dose
should be also rechecked and adjusted [8].

9.4 Central Hypogonadism in Males

In males, central hypogonadism manifests with a low testosterone level with low or
normal gonadotropins and with symptoms and signs of testosterone deficiency and/
or with impaired spermatogenesis [8, 16].

Given the long duration of treatment that may be required to achieve an adequate
sperm count for fertility, for men interested in future fertility, it would be prudent to
perform a spermogram at the time the CP is diagnosed and to collect and freeze the
sperm if there is an adequate sperm count [26]. After surgery, assessment for
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hypogonadism should start at least 6 weeks postoperatively [7]. Testing implies
measuring FSH, LH and fasting morning serum testosterone [8]. Measurement of
not only total testosterone, but also of free testosterone concentration (i.e., non-
SHBG-non-albumin-bound testosterone) is recommended, using equilibrium dialy-
sis or an estimation of it by using an accurate formula when testosterone values are
borderline low or when free testosterone level is not expected to correlate with the
total testosterone level [27]. Conditions or medications that interfere with the levels
of testosterone by affecting SHBG and albumin levels include, amongst others,
hypothyroidism/hyperthyroidism, obesity, GCs, and anticonvulsants [8]. Results
should be confirmed by repeating fasting morning total and free testosterone [27].

Since hyperprolactinemia, in itself, can be responsible for functional central
hypogonadism, before deciding there is a need for replacement therapy, hyperprolac-
tinemia must be corrected using dopamine agonists that may restore gonadotropic
function [8, 16]. There are also other possible causes of functional central hypogo-
nadism and in patients with CP one of the most notable of these is severe obesity.
However, these causes are less readily correctable than hyperprolactinemia thus
waiting to treat them prior to starting the replacement therapy is not really an option.

In the absence of short-term paternity project, the replacement therapy is carried
out with testosterone. Various formulations are available, including intramuscular
injections, transdermal gels or patches, pellets, buccal and oral formulations; adap-
tation of the dose differs from one form to another, but the general rule is that ther-
apy should raise testosterone to the middle of the normal range [27]. When fertility
is desired, and, in the absence of available frozen sperm, spermatogenesis can be
induced using equivalents of LH—human chorionic gonadotropin (hCG) or recom-
binant human LH (rhLH), alone when there is residual FSH secretion, or in combi-
nation with FSH-containing preparations such as human menopausal gonadotropin
(hMG) or recombinant human FSH (thFSH) [28]. However, this will take months
and in some cases 2-3 years [9].

9.4.1 Impact of Other Hormones on Central Hypogonadism
Testing and Treatment in Males

In men with hypopituitarism, concomitant testosterone and GH therapy is needed to
achieve optimal effects on body composition, muscle function, and protein anabo-
lism, but side effects such as edema, myalgia, and arthralgia are also more frequent
when co-administered. For this reason, testosterone and GH treatment should be
introduced stepwise and gradually adjusted [29].

9.5 Central Hypogonadism in Females

In premenopausal women, diagnosis should be suspected in the presence of men-
strual cycle abnormalities (oligomenorrhea or amenorrhea); additionally signs of
estrogen deprivation such as vaginal dryness and dyspareunia might also be present.
Plasma estradiol concentrations are usually low-normal, similar to the beginning of
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the follicular phase, or sometimes undetectable, and those of gonadotropins, in par-
ticular of FSH, are not high [16]. In postmenopausal women not on hormonal
replacement therapy, the absence of high FSH and LH concentrations is diagnostic
for central hypogonadism [8].

As in the case of central hypogonadism in males, hyperprolactinemia can be
responsible for functional central hypogonadism and correction of hyperprolac-
tinemia by using dopamine agonists may restore gonadotropic function [8, 16].
Alternatively, if a woman with hypopituitarism does give birth to a child and she
also has a prolactin deficiency, this could prevent lactation [28]. To date, there is no
hormonal replacement therapy for the prolactin deficiency.

In premenopausal women, in the absence of short-term maternity project, the
replacement therapy is with estrogens, with added progestins if the patient has an
intact uterus [5]. Various formulations of estrogens with different potency are avail-
able, including oral, transdermal patches, topical lotions and gels, vaginal rings and
intravaginal creams and tablets [8, 28]. There are no studies comparing the effects
of the combined estrogen-progestin contraceptive pill and that of hormone replace-
ment therapy (HRT) in premenopausal patients with central hypogonadism [8]. Oral
estrogens (either natural or synthetic, with the natural estrogens carrying a lesser
risk of thromboembolism and arterial hypertension) with cyclic addition of proges-
tin remains the most common replacement regimen [9, 28]. However, especially in
cases of combined pituitary deficiencies, as is usually the case in CP, transdermal
estrogen formulations should be privileged [5]. If transdermal patches are used,
approximately 100 pg estradiol daily for 3 weeks then 1 week off (which is similar
to 2 mg oral 17B-estradiol and with 1.25 mg oral conjugated estrogens) was sug-
gested to be preferable in hypogonadal women [30]. Follow-up is done by evaluat-
ing symptoms and monitoring for side effects [8], with younger women usually
needing higher doses than women approaching the normal age of menopause and
then, after the age of 50, estrogens are usually withdrawn [9].

When fertility is desired, this may be achieved, similar to the case of males, via
the administration of hCG and hMG or rhLLH and rhFSH [31]. There is insufficient
data to know the outcome in general, but rare cases have been reported of pregnancy
and successful births in women with hypopituitarism secondary to CP. In addition,
although there is limited available data on the outcome of pregnancy, there is no
evidence to suggest that correctly substituted hypopituitarism would be associated
with decreased frequency of livebirths, variation in birthweight or in the gestational
week of delivery, nor with an increased risk of malformation [9].

9.6 GH Deficiency

Assessment of GH axis is performed at variable points starting at least 6 weeks after
surgery [7] and is of real interest only in the perspective of getting GH replacement
therapy started [16].

Strategies for GH replacement therapy in adults differ between countries with,
in the UK, the treatment being offered to adults with severe GHD based solely on
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impairment of quality of life (QoL), while in the USA and in other European coun-
tries, GH replacement is proposed to severely GHD adults on holistic grounds [32].
Benefits attributed to the GH replacement therapy in adults include an improve-
ment in body composition, lipid profile, bone mineral density, muscle mass and
strength, exercise capacity, QoL, and a reduction in the increased standardized
mortality ratio and fracture rate reported in hypopituitary adults [8, 32, 33].
Moreover, GHD impacts ovarian function and fertility and several studies have
shown the potential benefit of GH therapy in women with GHD who are trying to
fall pregnant [34].

Regarding the possible increased risk of neoplasia, a large study including 956
GH-treated and 102 GH-untreated patients with a history of CP found neither an
increased risk of recurrence in the GH-treated group nor an increased risk for breast,
prostate, or colorectal primary cancers in 8418 GH-treated versus 1268 GH-untreated
hypopituitary patients [35]. However, speculation remains that GH treatment may
confer an increased risk of neoplasia [35] and some authors have raised concerns
about the potential role GH may have in CP recurrence, reporting that high expres-
sion of GH receptor in CP was associated with a shorter duration of stable disease
postoperatively [36] or that GH and insulin-like growth factor (IGF)-1 could signifi-
cantly promote CP cell growth in vitro [37].

The GH axis may be initially tested by measuring only serum IGF-1 levels, but
unless IGF-1 is low in a patient with three other documented pituitary hormone
deficiencies, the diagnosis of GHD requires failure of one or more GH stimulation
tests [5, 8]. Dynamic tests generally recommended in adults are the insulin toler-
ance, glucagon, and GHRH-arginine tests [8, 16]. The ITT has the best sensitivity
(100%), specificity (97%), positive (99%) and negative (100%) predictive values
and provided that blood glucose falls below 2.2 mmol/L (0.40 g/L), a severe GHD
is defined as a GH peak <3.3 pg/L (10UI/L) during the ITT [16]. However, obesity
may blunt the GH response to stimulation, thus the cut-off values for the GH peak
should be correlated to BMI [8].

Recombinant human GH (rthGH) is used for replacement therapy. The recom-
mended starting dose is 0.2-0.4 mg/day in patients under 60 years and 0.1-0.2 mg/
day in patients over 60 years, followed by dose titration: increasing the daily dose
by 0.1-0.2 mg at 6-week intervals so that IGF-1 levels remain below the upper limit
of normal or reducing the dose if side effects manifest. Women usually require
higher doses than men, even in the absence of oral estrogens, and patients with
morbid obesity may also require higher doses [8].

9.6.1 Impact of Other Hormones on GHD Testing and Treatment

— Untreated hypothyroidism may result in reduced IGF-1 levels and in a blunted
response of GH to dynamic testing, leading to an over-diagnosis of GHD, thus
CH should be treated before testing for GHD [5, 8].

— Oral estrogen treatment leads to decreased circulating IGF-1 levels in GHD
women, so for untreated women with GHD, oral estrogen will worsen the
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GH-deficient state, while for those being treated, the effectiveness of the
treatment will be reduced, requiring a significant increase in the thGH dose.
This effect may be avoided by administration of estrogens via a non-oral
route [8, 29].

9.7 Conclusions

Hypopituitarism is a common finding in adult patients with CP, occurring both pre-
and postoperatively. Testing and treatment may not always be straightforward given
the multiple pituitary deficiencies that may be present and the complex clinical situ-
ation. It is important not to underdiagnose and undertreat, but at the same time it is
important to not overtreat. A schematized suggested approach for endocrinological
management is presented in Table 9.1. It should be kept in mind that the clinical
situation of the patient may change over time, as may the scientific evidence, avail-
able tests, and treatments, thus management of the patient needs to be adapted
accordingly.

Table 9.1 Suggested approach for the endocrinological management of adult craniopharyngioma
patients

Before surgery

Assess for hypopituitarism®

Start treatment for central AI, CH, and DI if necessary or even consider preventive GCs
In males, consider sperm count and freezing

In the immediate postoperative period
Monitor for central Al, DI, and SITADH
Start treatment if necessary or even consider preventive GCs

>6 weeks after surgery

Reassess for hypopituitarism®

Stop preventive GCs if administered and are no longer needed

Start treatment for central Al, CH, DI, and hyperprolactinemia if necessary

3-6 months after surgery

Reassess for hypopituitarism®
Start treatment for central hypogonadism if necessary
1 year after surgery

Reassess for hypopituitarism® + dynamic testing for the GHD

Start treatment for GHD if necessary

When all treatments are adapted

Monitor once or twice annually

“Testing for hypopituitarism: Cortisol 8 am + dynamic testing; TSH, free T4; FSH, LH, estrogen in
premenopausal females in presence of amenorrhea, +/— Prolactin; FSH, LH, morning total
testosterone (+ free testosterone/SHBG) in males +/— Prolactin; IGF1; Symptoms of DI =+
biochemical testing

Al adrenal insufficiency, DI diabetes insipidus, SIADH syndrome of inappropriate antidiuretic
hormone secretion, GCs glucocorticoids, CH central hypothyroidism, GHD growth hormone
deficiency
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10.1 Introduction

Disease and/or treatment-related alterations of hypothalamic structures have
major impact on prognosis after childhood-onset craniopharyngioma (CP) [1-4]
(Fig. 10.1).

10.2 Neuroendocrine Deficiencies

Neuroendocrine pituitary and hypothalamic hormonal deficiencies are frequently
observed in CP. At diagnosis, 40-87% of pediatric patients [5—8] are presenting
with at least a single endocrine deficit and 17-27% [6, 7, 9, 10] are initially diag-
nosed with insipidus neurohormonalis. Due to tumor involvement of hypothalamic—
pituitary axes, the rate of postsurgical endocrine deficiencies is significantly higher
[5, 7, 9, 11-15]. Transient diabetes insipidus neurohormonalis is observed in
80-100% of all CP cases after surgery [5, 16], whereas the incidence of permanent
diabetes insipidus neurohormonalis ranges between 40 and 93% after surgery [5, 7,
9,13, 14, 16-19].

Deficiencies of the anterior pituitary lobe and diabetes insipidus neurohormona-
lis are most frequently observed as initial presentations in adult-onset CP patients
and the majority of CP patients are primarily diagnosed with hypopituitarism [8,
20-22]. Mortini et al. [23] observed that 82%, 76%, 73%, and 67% of adult-onset
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Fig. 10.1 Degree of obesity with regard to location of childhood-onset craniopharyngioma (CP).
In both patients, CP (as indicated by arrow on MRI before surgery) could be completely resected.
Both patients had complete hypopituitarism after surgery, requiring endocrine substitution of all
hypothalamic—pituitary axes. The patient depicted in (c) developed severe obesity due to hypotha-
lamic lesions of suprasellar parts of CP (d). The patient depicted in (a) presented with a small
tumor confined to the sellar region (b). After complete resection she kept normal weight without
any eating disorders. (Modified and reproduced from Miiller et al., Monatsschr Kinderhlkd,
2003;151:1056—1063 with the kind permission of Springer)

CP patients with normal baseline findings for growth hormone (GH), adrenocorti-
cotropin hormone (ACTH), thyroid-stimulating hormone (TSH), and gonadotropins
developed new neuroendocrine deficiencies of the hypothalamic—pituitary axes
postsurgically. In 70% of their patients, the authors diagnosed diabetes insipidus
neurohormonalis after surgery. The rate of new endocrine deficiencies seems to be
lower in CP patients operated via transsphenoidal surgical approach [8, 23].
Postsurgical recovery of preexisting endocrine deficiencies is rare. Most adult-onset
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CP patients develop partial or complete hypopituitarism as well as diabetes insipi-
dus neurohormonalis. Substitution of more than two pituitary hormones is required
in approximately 80% of these CP patients [21, 24].

GH deficiency is observed in 26—75% of childhood-onset CP at the time of diag-
nosis [6, 18]. Impaired growth velocity—a primary manifestation of CP—often
occurs during early infancy several years before CP diagnosis [15]. GH deficiency
after treatment for childhood-onset CP is observed in 70-92% of CP patients [15, 19,
25, 26]. Positive responses to GH treatment with regard to growth velocity and QoL
are found in most cases [27-29]. Normal growth rates in childhood-onset CP patients
with proven GH deficiency are reported [30]. CP patients with hypothalamic syn-
drome were shown to reach normal adult height more often than those without hypo-
thalamus involvement of CP [15]. This phenomenon of “growth without GH” was
first reported in childhood-onset CP five decades ago [31]. However, the pathophysi-
ology of growth in these CP cases is still not fully understood, although leptin and/or
insulin are hypothesized to play a compensating major role in this phenomenon.
Both hormones are supposed to support growth in obese children [32—34]. Leptin has
been reported to function as a bone growth factor acting directly and independently
of GH [32]. It is well known that insulin is stimulating growth by its anabolic effects.
At high serum levels, insulin is hypothesized to bind to the type 1 insulin-like growth
factor (IGF) receptor thereby inducing growth, mediated by a decrease of IGF-
binding protein 1 levels and an increase of free IGF-1 concentrations [32]. In support
of this concept, obese childhood-onset CP patients were observed to present with
increased height SDS at the time of CP diagnosis and at last follow-up visit with no
difference in terms of hormonal substitution, including GH substitution therapy [35].
In contrast, Srinivasan et al. reported that childhood-onset CP patients with normal
growth despite GH deficiency had similar body composition, auxiological measures,
and metabolic parameters as those under GH substitution therapy [30].

10.3 Hypothalamic Dysfunction

Approximately 35% of childhood-onset CP patients initially present with symp-
toms related to hypothalamic dysfunction, such as daytime sleepiness, disturbed
circadian rhythm, obesity, behavioral changes, and imbalances with regard to tem-
perature regulation, thirst, blood pressure, and/or heart rate [9]. The incidence of
hypothalamic syndrome dramatically increases after radical surgical treatment—in
some series up to 65-80% [9, 11, 16]. Obstructive hydrocephalus and CP involve-
ment of the third ventricle are suggestive findings for hypothalamic syndrome [5].
Several clinical and neuroradiological grading systems for hypothalamic dysfunc-
tion have been reported [11, 14, 19, 36-46] (Table 10.1). These grading systems
frequently represent algorithms for decision on treatment strategies based on hypo-
thalamic involvement and the degree of obesity.

Surgical removal of suprasellar CP parts involving mammillary bodies (i.e., the
posterior hypothalamic areas) frequently results in lesions of posterior hypothala-
mus structures and severe hypothalamic obesity [19, 47]. Incidence and degree of
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Fig. 10.2 BMI SDS [51] and MRI imaging at diagnosis and 36 months after surgery in three
cases of childhood craniopharyngiomas (CP) with different grade of hypothalamic involvement/
lesion. (a, b) Patient with CP confined to the intrasellar space (0° no hypothalamic involvement
(a)/surgical lesion (b)). BMI at diagnosis: —1.96 S.D.; BMI 36 months after complete resection:
—1.62 S.D. (¢, d) Patient with CP involving the anterior hypothalamus (I" hypothalamic involve-
ment (c¢)/surgical lesion of the anterior hypothalamic area (d)). BMI at diagnosis: +1.01 S.D.;
BMI 36 months after complete resection: +0.59 S.D. (e, f) Patient with CP involving the anterior
and posterior hypothalamus (IT" hypothalamic involvement (e)/surgical lesion of the anterior and
posterior hypothalamic area (f)). BMI at diagnosis: +6.08 S.D.; BMI 36 months after complete
resection: +6.79 S.D. Mammillary bodies are defining the border between anterior and posterior
involvement/lesion. Modified and reproduced from Miiller et al. [19] with kind permission of
Bioscientifica

long-term hypothalamic obesity after CP are positively correlated with the extent of
hypothalamic lesions [19, 48-50] (Fig. 10.2). Fjalldal et al. [39] analyzed cognitive
performance and psychosocial health in 42 childhood-onset CP patients at a median
follow-up of 20 years (140 years) after CP diagnosis. The authors found impaired
processing speed and disturbed attention. The observed deficits were most pro-
nounced in CP patients presenting with hypothalamic tumor involvement [39, 52].
Based on these findings, a novel MRI-based grading of presurgical hypothalamic
involvement and postsurgical hypothalamic damage has been published [46].
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This classification of Flitsch et al. is intended to help establish risk-appropriate neu-
rosurgical strategies based on a grading of pre- and postsurgical hypothalamic
alterations.

10.4 Obesity and Eating Disorders

Rapid and severe weight gain, starting during the first year after surgery, and severe
long-term obesity are frequently observed sequelae caused by involvement of hypotha-
lamic structures and/or treatment-related hypothalamic lesions in CP patients.
Frequently, clinical significant weight occurs years before CP diagnosis [15]. Twelve to
nineteen percentage of CP patients are reported to present with obesity at the time of
diagnosis [6, 7, 16, 18]. Weight gain occurs despite adequate hormonal replacement
therapy. The development of morbid obesity is exacerbated by comorbidities limiting
physical activity such as disturbances of circadian rhythms, marked daytime sleepiness,
and neurological deficits [18, 35, 49, 53]. Following treatment, a 55% prevalence rate of
severe obesity is reported [7, 16, 17, 30, 35, 54-56]. Eating disorders and severe obesity
result in increased risks of metabolic syndrome [30] and cardiovascular morbidities
[50], including increased multisystem morbidity [22] and mortality [16, 57-65].

The pathogenic mechanisms responsible for cardiometabolic complications in
CP patients are still not fully understood [49, 50, 66, 67]. Adipose tissue shows a
rich innervation by sympathetic nerve fibers controlling lipolysis. Furthermore,
lipogenesis is regulated via parasympathetic innervation of adipose tissue originat-
ing from distinct neurons in the suprachiasmatic and periventricular nucleus [68].
Accordingly, the suprachiasmatic nucleus plays a major role in balancing circadian
activity of both branches of the autonomous nervous system. It is most likely that in
CPs with disease and/or treatment-related hypothalamus alterations the functional-
ity of the suprachiasmatic hypothalamic nucleus is frequently impaired. This might
affect central clock mechanisms, which predisposes to metabolic alterations.
Accordingly, surgical treatment strategies aiming at hypothalamic integrity are rec-
ommended for prevention of sequelae such as severe hypothalamic obesity.

In CP with a suprasellar tumor extension, increased serum leptin concentrations
relative to body mass index (BMI) were observed [69]. Roth et al. postulated that
normal satiety sensation failed to occur in these patients due to dysfunction of hypo-
thalamic receptors that regulate the negative feedback loop in which leptin of adipo-
cyte origin binds to hypothalamic leptin receptors. However, Harz et al. analyzed
self-assessment of caloric intake by nutritional diaries and found that hypothalamic
obesity was observed after CP even when caloric intake was comparable to BMI-
matched controls [70].

10.5 Physical Activity and Energy Expenditure

Studies on physical activity using accelerometric assessments found that physical
activity was significantly lower in childhood-onset CP patients when compared with
healthy controls matched for BMI [70]. Concomitant visual and/or neurological
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compromise should also be taken into account for the observed reduction of physi-
cal activity in CP patients. Additionally, disturbances of circadian rhythms and
increased daytime sleepiness have been observed in childhood-onset CP patients
suffering from hypothalamic obesity [53]. These findings were significantly associ-
ated with decreased nocturnal and early morning melatonin concentrations in saliva.
The suspected pathogenic mechanism of impaired hypothalamic regulation of cir-
cadian melatonin secretion was supported by experiences with oral melatonin sub-
stitution in CP patients: daytime sleepiness improved and melatonin levels
normalized [71]. However, reports on a long-term effect of melatonin medication on
daytime sleepiness and weight development have not been published.

Typical polysomnographic patterns for secondary narcolepsy, i.e., high fre-
quency of sleep-onset REM phases (SOREM) have been found in childhood-onset
CP patients suffering from severe daytime sleepiness [54, 72, 73]. Daytime sleepi-
ness was significantly improved under medication with central stimulating agents
(modafinil, methylphenidate) [72]. Mason et al. [74] treated five CP patients with
severe hypothalamic obesity with dextroamphetamine and reached a stabilization of
BMI and improvement in physical activity.

A reduced metabolic rate, in terms of total and resting energy expenditure, has
been suggested to contribute to the development of severe obesity in CP patients.
When compared to controls, lower resting—energy expenditure (REE) was observed
in adult and childhood-onset CP [49, 75, 76] and these differences were not associ-
ated with body composition. The energy intake/REE ratio was lower in patients
with CPs involving the third ventricle [49]. Impaired physical activity is also likely
to contribute to lowering of total energy expenditure [49, 50, 70, 75].

10.6 Autonomous Nervous System

Lustig et al. [77, 78] suggested that hypothalamic disinhibition of vagal output is a
major cause of f-cell stimulation in childhood-onset CP patients leading to hyper-
insulinism and severe obesity. The authors studied treatment with the somatostatin
analogue octreotide, which suppresses p-cell activity [77]. Several reports [79, 80]
hypothesized that impaired central sympathetic output exerts significant patho-
genic impact on physical activity and the development of obesity in patients with
childhood-onset CP. Roth et al. reported on reduced catecholamine metabolite
urine concentrations, correlating with the level of physical activity and the degree
of obesity [81].

10.7 Appetite Regulation

Roth et al. analyzed peptide Y'Y, ghrelin, and brain-derived neurotrophic factor and
their effects on satiety regulation in CP patients with hypothalamic obesity [82, 83].
The authors observed that reduced ghrelin secretion and impaired postprandial sup-
pression of ghrelin in severely obese CP patients result in dysregulation of satiety
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and appetite. Differences with regard to peptide YY serum concentrations between
normal weight, obese, and severely obese CP patients were not found. A pathogenic
role of peripheral a-melanocyte-stimulating hormone in childhood-onset CP obe-
sity has also been reported [84].

Hoffmann et al. [85] studied eating behavior and eating disorders in childhood-
onset CP patients and BMI-matched healthy controls. Severely obese CP patients
showed pathological eating behavior and more eating disorders when compared
with obese and normal or overweight CP patients. However, CP patients with differ-
ent degree of obesity showed similar or even less pathological findings for eating
behavior when compared with BMI-matched healthy controls. Associations between
eating behavior and oxytocin concentrations have been recently reported in CP
patients [86].

Pre-and post-meal responses to visual food cues were analyzed by Roth et al.
[87] in CP patients using functional magnetic resonance imaging (fMRI). In BMI-
matched healthy controls, suppression of activation due to high calorie food cues
was demonstrated, whereas CP patients presented with higher activation. The
authors conclude that perception of food cues after food intake is disturbed in CP
patients with hypothalamic obesity.

Although hypothalamic obesity is the most common sequelae after childhood-
onset CP [82], also diencephalic syndrome leading to severe weight loss and
cachexia has been reported as a rare hypothalamic disturbance of body composition
[88, 89]. Hoffmann et al. [89] studied the incidence, clinical manifestations of dien-
cephalic syndrome, and outcome in 485 CP patients. 4.3% of CP patients presented
with clinical signs of diencephalic syndrome at the time of CP diagnosis. Significant
differences between CP patients with diencephalic syndrome at diagnosis and nor-
mal weight CP patients at diagnosis were initially observed at 5 years of age. Within
the first 2 years after CP diagnosis, the BMI of diencephalic syndrome patients and
normal weight patients converged to a similar level. Hoffmann et al. concluded that
diencephalic syndrome clinically present at the time of CP diagnosis does not pre-
clude subsequent weight gain caused by hypothalamic involvement.

10.8 Pharmacological Treatment of Hypothalamic Obesity

Due to impairments in satiety regulation, central sympathetic output, and energy
expenditure CP patients suffering from hypothalamic syndrome typically develop
morbid obesity, which is unresponsive to conventional treatment such as lifestyle
modifications. Based on the observed impairment of sympathetic activation leading
to reduced hormonal response to hypoglycemia, treating this disorder with amphet-
amine derivatives has been supposed [90, 91]. Dextroamphetamine medication was
shown to diminish continuous weight gain, to stabilize BMI [74], and to increase
physical activity. Even short-term dextroamphetamine treatment resulted in subjec-
tive improvement of daytime sleepiness [92]. Elfers et al. observed beneficial effects
of a medication with central stimulating agents (particularly methylphenidate) on
weight development in CP patients [93].
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CP patients suffering from hypothalamic obesity present with a so-called para-
sympathetic predominance due to vagal activation and manifesting with lowering of
heart rate, reduced body temperature, and increased daytime sleepiness [94].
Parasympathetic stimulation results in insulin hypersecretion by direct activation of
f cells. The somatostatin analogue octreotide is a somatostatin analogue reducing
insulin secretion. In a double-blind randomized controlled study in children with
hypothalamic obesity, Lustig et al. demonstrated that octreotide medication resulted
in moderate reductions in weight gain [77]. Insulin levels during a proof-of-concept
oral glucose tolerance test decreased without leading to major changes in glucose
tolerance. A larger trial performed using octreotide LAR in 60 patients with hypo-
thalamic obesity (http://clinicaltrials.gov/ct2/show/NCT00076362) showed no
changes in BMI. Due to increased risk of gallstone formation, the open label seg-
ment of the trial was terminated.

Dual therapy with diazoxide and metformin was hypothesized to lower insulin
secretion and the risk for hyperglycemia [95]. Diazoxide decreases insulin secretion
via binding to the KATP channel of the -cell. Metformin decreases hepatic gluco-
neogenesis and improves insulin sensitivity. A combination therapy of diazoxide
and metformin was studied in 9 pediatric patients with hypothalamic obesity fol-
lowing CP. The synergy of enhanced insulin action and lower insulin levels resulted
in improved weight gain of +1.2 + 5.9 kg compared to +9.5 + 2.7 kg in the 6 months
prior to therapy. Of the seven CP patients who completed the study, the two with the
highest pretreatment insulin levels responded best with the most robust weight loss
[95]. The study was limited by its small size and adverse events with one patient
withdrawing due to development of peripheral edema, and another due to emesis
and elevated liver enzymes.

Zoicas et al. [96] treated 8 adult patients (6 CP) with hypothalamic obesity with
GLP-1 analogues and observed a sustained weight loss associated with improve-
ments in metabolic and cardiovascular risk profiles.

Triiodothyronine (T3) increases energy expenditure through induction of ther-
mogenesis. In a case series, three patients (one adult, two children) exhibited weight
loss and improved daytime lethargy with T3 supplementation for up to 2 years [97].
These patients had suprasellar tumors but not CPs. It is unclear if they had signifi-
cant hypothalamic damage. Van Santen et al. measured metabolic brown adipose
tissue activity in a patient with hypothalamic obesity following CP treated with T3
[98]. Perhaps because the hypothalamic pathways were damaged, no changes in
energy expenditure or brown adipose tissue activity were seen, suggesting that this
adjunct therapy is not beneficial.

Methionine aminopeptidase 2 (MetAP2) inhibitors were initially developed as
oncological agents for anti-angiogenesis therapy. MetAP2 inhibitors were subse-
quently found to cause weight loss with decreased leptin and increased adiponectin
concentrations, resulting in increased lipolysis, decreased lipogenesis, and increased
fat oxidation. Changes in extracellular signal regulated kinase hypophosphorylation
are suggested as pathogenic mechanisms. A study analyzing 14 adult patients with
hypothalamic obesity, treated for 8 weeks with the MetAP2 inhibitor beloranib
observed an average decrease in body weight of 3.2 kg in the first 4 weeks, and 6.2 kg
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at 8 weeks of treatment [99]. Additionally, patients were observed to have signifi-
cantly decreased leptin levels after 4 weeks of therapy. Unfortunately, although con-
sistent weight loss was seen in all patients treated, further development of the
pharmaceutical agent was stopped due to venous thromboembolic events seen in
clinical studies on patients with hypothalamic obesity different from CP origin
treated with the MetAP2 inhibitor beloranib [100].

The serotonin and noradrenaline uptake inhibitor sibutramine is known to
decrease appetite and prevent reduced energy expenditure after weight loss [101,
102]. However, sibutramine induced weight loss in children with hypothalamic obe-
sity was less efficient when compared with non-hypothalamic obesity [90]. Further
studies with sibutramine as a pharmaceutical agent are not expected as sibutramine
was withdrawn from major markets in 2010 due to concerns over increased cardio-
vascular risk [103].

Dexamphetamine has been used to decrease appetite and improve concentration
in patients with hypothalamic obesity. In a series of 12 patients treated for an aver-
age of 13 months, dexamphetamine improved daytime wakefulness and resulted in
weight loss or weight stabilization [92]. Similarly, dextroamphetamine resulted in
weight stabilization in five patients treated for 24 months [74].

A combination therapy with fenofibrate and metformin was studied in 22 CP
children [104]. Fenofibrate is a peroxisome proliferator activated receptor alpha
(PPARa) agonist. PPARa is expressed throughout the body and has been hypothe-
sized to improve insulin sensitivity [105] and decrease triglycerides concentrations.
Treated patients did not present with significant weight or BMI improvement; how-
ever, improved lipid profiles and insulin resistance were observed.

Daubenbiichel et al. [106] recently reported that CP patients with specific hypo-
thalamic damage limited to anterior hypothalamic areas presented with lower fast-
ing oxytocin levels. Changes in oxytocin saliva concentrations before and after
standardized breakfast correlated with BMI, indicating that CP patients with hypo-
thalamic obesity show impaired variation in oxytocin secretion due to nutrition. The
authors speculated that oxytocin medication might have beneficial effects on hypo-
thalamic obesity and/or neurobehavioral deficits due to specific anterior hypothala-
mus damage. In a small pilot study on 11 CP patients, Hoffmann et al. tested this
hypothesis by single nasal oxytocin application [107]. All patients presented with
detectable oxytocin levels before nasal oxytocin administration. Nasal oxytocin
administration was well tolerated and led to increased oxytocin saliva and urine
concentrations. After oxytocin administration, CP patients with surgical hypotha-
lamic lesions limited to anterior hypothalamic areas presented improvements with
regard to emotional identification compared to CP patients with anterior and poste-
rior hypothalamic lesions. Focusing on correct assignments to positive and negative
emotion categories, CP patients improved assignment to negative emotions.

Reports on long-term effects of oxytocin treatment in CP are rare. Parental
observed neurobehavioral and pro-social behavior improved after 22 months of
oxytocin treatment in a case [108]. In a second case, weight loss and improvement
of hyperphagia was observed under oxytocin therapy (10 weeks) followed by a
combined 38 weeks therapy with oxytocin and naltrexone [109].
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A controlled randomized trial (ClinicalTrials.gov Identifier: NCT 02849743) is
currently testing if nasal administration of oxytocin promotes weight loss in chil-
dren, adolescents, and adults with hypothalamic obesity.

10.9 Bariatric Treatment of Hypothalamic Obesity

Early studies on bariatric surgery in childhood-onset CP patients with hypothalamic
obesity demonstrated sufficient tolerability and short-term BMI reduction [110-
112]. An instant improvement of binge-eating behavior immediately after laparo-
scopic adjustable gastric banding (LAGB) was observed in CP patients. However,
long-term weight reduction was not achieved [113].

Bretault et al. [114] reported on the 12-month outcome after bariatric surgery for
hypothalamic obesity due to CP based on a meta-analysis of the literature. At 1 year,
6 of 18 cases presented with a 20% loss of initial body weight; all had undergone
either Roux Y gastric bypass (n = 3), biliopancreatic diversion (n = 1), or sleeve
gastrectomy (n = 2). All CP patients presenting with a loss of less than 5% of their
initial body weight were treated by LAGB, except one Roux Y gastric bypass case.
The authors could show that Roux Y gastric bypass, sleeve gastrectomy, and bilio-
pancreatic diversion are the most efficient bariatric treatment options for weight
reduction in hypothalamic obesity due to childhood-onset CP. However, treatment
with non-reversible bariatric methods is controversial in the pediatric age cohort
because of legal, medical, and ethical considerations [113, 115, 116].

It should be emphasized that currently no bariatric or pharmacological therapy
for hypothalamic obesity in CP has been proven to be effective in randomized con-
trolled studies [117].

10.10 Quality of Life, Neurocognitive Outcome,
and Psychosocial Functioning

Studies assessing physical and psychosocial function after CP report on variable
results, ranging from excellent in a majority of subjects to impaired function in
almost half of CP patients [7, 16, 118—121]. The most frequently observed impair-
ments include emotional and social functioning, with patients rating their psychoso-
cial status to be lower than their physical health [16]. Other reported complaints
include somatic symptoms such as pain, reduced mobility, and self-care [13, 16].
Behavioral studies found a high rate of psychopathological symptoms, including
withdrawal, depression, and anxiety. Difficulties in learning, emotional control,
unsatisfactory peer relationships, and concerns regarding body image and physical
appearance are frequent problems in children’s everyday functioning [26, 122].
Younger age at time of diagnosis and preoperative functional impairments are
known factors associated with impaired QoL as well as psychosocial and neurocog-
nitive functioning. Larger tumor volume, hypothalamic and third ventricle involve-
ment are known risk factors for survival and QoL after CP [14, 38, 47, 123].
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Endocrine, neurological, and ophthalmological sequelae adversely affect QoL [7, 9,
11, 13, 16, 118, 119]. Hypothalamic dysfunction has been found to have the most
important negative impact on social functioning, physical ability, and body image
[16, 35, 119].

Long-term neurocognitive complications after CP include cognitive problems,
particularly those affecting executive function, attention, episodic memory, and
working memory [16, 26, 122, 124-129]. Ozyurt et al. [130] reported on reduced
performance scores for memory and executive functioning in childhood CP patients
when compared with normal controls. The degree of hypothalamic involvement
and damage had negative impact on executive functions and functional
capabilities.

Psychological and educational deficits were also observed in long-term CP sur-
vivors after primary subtotal surgical resection followed by radiation therapy [26].
Reported neurocognitive impairments include memory disturbances, slower cogni-
tive speed, attention problems, and behavioral instability [26, 122, 124, 126, 127,
131]. Intact intellectual functioning has been reported in up to 82% of patients [26,
122].

Studies analyzing intervention efforts with regard to neurocognitive deficits are
rare. Efficacy of cognitive rehabilitation for dysexecutive problems and behavioral
lability have been analyzed in recent case studies [132, 133]. These case studies
demonstrate that goal management therapy and functional behavioral analysis seem
to be useful diagnostic and therapeutic options for cognitive rehabilitation, compen-
sating for psychosocial and cognitive impairments [134].

10.11 Survival and Late Morbidity

Overall mortality rates in CP are reported to be three to five times higher than those
observed in general population [22, 135]. The overall survival rates described in
pediatric series range from 83 to 96% at 5 years [6, 35, 59, 60, 136-138] and
65-100% at 10 years [6, 7, 14, 16, 58, 59, 62-65, 136, 137, 139, 140] and average
62% at 20 years [141]. In cohorts with mixed-age range (adults and children), the
overall survival rates range from 54 to 96% at 5 years [20, 22, 118, 137, 142-147],
from 40 to 93% at 10 years [9, 20, 22, 118, 135, 137, 143-147], and from 66 to 85%
at 20 years [22, 146, 147]. It is still a matter of debate, whether age at CP diagnosis
is a prognostic factor for survival. Several studies found that the youngest patients
have better survival rates [135, 137, 142, 145]; others report on better outcome in
older CP patients [123, 147], or similar survival rates in pediatric and adult cohorts
[20, 143, 146, 148, 149]. Some authors found higher mortality rates among females
[22, 135], whereas others did not observe any gender differences in terms of sur-
vival [20, 59, 143, 149].

Causes of late mortality include those directly related to the tumor or its treat-
ment such as progressive disease with multiple recurrences, chronic neuroendocrine
deficiencies, cerebrovascular disease [9, 11, 14, 16, 58], and non-alcoholic steato-
hepatitis leading to liver cirrhosis [5, 16, 55, 58, 150—154]. The standardized overall
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mortality rate varied from 2.88 to 9.28 in cohort studies performed by Erfurth et al.
The authors report that, CP patients have a 3 to 19-fold increased cardiovascular
mortality rate when compared with general population, and female CP patients have
an even higher risk [21].

The histological tumor type as a prognostic factor is also a matter of debate.
Better 5-year overall survival has been observed in the papillary type vs. the ada-
mantinomatous and combined histological types [155]. Higher perioperative mor-
tality has been reported in adult adamantinomatous tumors [156], but other authors
have not found prognostic differences between both histological subtypes [157,
158]. In adult-onset CP patients, a more favorable prognosis has been described in
CPs lacking calcification [148, 156], although no specific pathological feature pre-
dicted survival in childhood-onset CP patients [60]. The prognostic impact of an
initial hydrocephalus is also still a matter of debate. Increased mortality due to pri-
mary hydrocephalus has been reported [123] as well as a lack of association between
hydrocephalus and mortality [20, 59, 60, 143, 159].

Sterkenburg et al. [3] observed that 20-year overall survival was significantly
reduced in CP with hypothalamic involvement. On the other hand, the authors found
that 20-year progression-free survival rate was not associated with the degree of
surgical resection, supporting their conclusion that radical resection had no advan-
tage in terms of tumor recurrence (Fig. 10.3).

10.12 Neuropsychological Deficiencies

Animal studies have demonstrated that electrical stimulation of the amygdala, sep-
tal nuclei, and posterior hypothalamus causes aggression attacks and intermittent,
explosive behavior. Cat models showed that electrical stimulation of the posterior
lateral hypothalamus can lead to hyperphagia in addition to the abovementioned
aggressive behavior attacks. It turned out that several cases where the ventromedial
nucleus was affected resulted in both hyperphagia and disinhibited aggressive
behavior [160, 161].

In humans, hypothalamic lesions can bring about emotional lability, fury attacks,
abnormal sexual behavior, and deficits in memory and intellectual capacities [162].
Flynn et al. [160] report a neurobehavioral syndrome with the four main symptoms: (1)
episodic tantrums, (2) emotional instability, (3) hyperphagia with attendant obesity,
and (4) intellectual impairment. According to Flynn, this syndrome is especially ger-
mane to lesions of the ventromedial nucleus. Flynn also states that thus far, attempted
treatments of this neurobehavioral syndrome such as high doses of an antipsychotic
neuroleptic and/or psychotherapeutic behavior interventions are ineffective.

Related to this work, Cohen has documented observed problems in the area of atten-
tion spans and deficits in impulse control and motivation [163]. Children with tumors of
the third ventricle display symptoms of amnesia, confusion, and consciousness impair-
ment [164]. Lesions of the ventromedial prefrontal cortex whose victims display symp-
toms of poor impulse control and attention deficits have also been documented [165].
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Fig. 10.3 Twenty-years overall survival in regard to hypothalamic involvement (a) and 20-years
progression-free survival (PES) in regard to the degree of surgical resection (b) of patients with
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Tonkonogy et al. [166] attribute the posterior hypothalamus and its relationship
to components of the limbic system as having significant importance as it is from
there that socialized inhibition of aggressive behavior occurs. In the opinion of these
authors, aggressive behavior attacks are due to tumor size and/or scar tissue-
disrupted connections between the posterior hypothalamus and limbic system from
surgical intervention.

The literature on neuropsychological conditions of CP patients appears to be
controversial based on a small investigative collective and a variety of study meth-
odologies [167]. Data on preoperative neuropsychological conditions are rare and
studies on postoperative, neuropsychological outcomes are frequently extremely
difficult to interpret in the absence of preoperative baseline investigations.
Comparative evaluations of pre- and postoperative neuropsychological deficits are
key to planning surgical strategies (gross total resection vs. partial resection plus
immediate irradiation) with regard to long-term QoL effects.

The predominant indicator found in the literature is postoperative normal intel-
ligence quotients for adult-onset CP patients [7, 168], yet only anecdotal reports
have been published on diminished postoperative intelligence results [169, 170].
Honegger and colleagues prospectively studied a small collective (n = 13) of adult-
onset CP patients following mostly transsphenoidal resections and found no impair-
ments regarding their neuropsychological status [171]. However, several studies of
children with CP yielded disturbances of memory, attention, impulse control, moti-
vation, and socialization [124, 131, 172-175]. The correlation between cognitive
interferences and radical resection remains controversial [174, 176]. It is generally
agreed that neuropsychological consequences following irradiation are dependent
upon the child’s age, irradiation volume, individual dosages, fractionated method,
and the total dosage, as well as illness-contingent and other therapy-associated vari-
ables. Neuropsychological deficits appear more serious in patients following
relapses and/or relapse surgery [177]. As of yet there are no published prospective
investigations regarding neuropsychological prognoses of children and adolescents
with CP.

In a first review on cognitive performance in patients with childhood-onset CP,
Ozyurt et al. [129] recently summarized and systemized findings obtained with for-
malized neuropsychological testing. Notably, detailed neuroradiological assess-
ment of the tumor or lesion site with respect to the hypothalamus was only performed
in few of the studies [39, 130, 178]. A systematic assignment of test results to sub-
components of cognition contributed to a comprehensive picture of spared and
impaired cognitive functions associated with CPs or their removal. With few excep-
tions [179, 180], IQ scores were shown to be in the normal range [7, 122, 130, 167,
168, 178, 181-183], albeit [182] found significantly lower IQ scores when com-
pared to a healthy control group. Despite well-preserved overall cognitive abilities,
several studies obtained significant deficits in tests assessing memory, attention,
processing speed, and executive functioning.

In accordance with frequent complaints of children and their caregivers [184],
memory is the most investigated cognitive domain in childhood-onset CP. Typically,
deficits were shown for episodic memory, which is a consciously accessible
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memory system that allows to re-experience past events or episodes in life including
their spatial and temporal context [185]. Tests used to assess episodic memory most
frequently include list-learning tasks, story memory tasks, or complex geometric
designs [186]. In several studies, encoding in long-term memory and/or episodic
long-term retention were shown to be impaired, including verbal as well as visual/
visuo-spatial information [39, 122, 130, 178], (but see [182, 187]). Waber et al.
[181] reported on severe impairments in a narrative task (story memory) but not in
a word list or visual memory task. In one of the studies [39], additional analyses
indicated that patients with hypothalamic involvement were mainly responsible for
the deficits reported for the whole patient group. Noteworthy, in the two studies that
tested delayed recognition memory, performance was found to be preserved, despite
findings of deficient episodic memory recall [130, 178]. Where tested, verbal and
visuo-spatial short-term memory were also found to be in the normal range [167,
178, 181] or not different from controls [130].

Only few studies tested executive functions with formalized questionnaires or
tests. In a study that used a standardized questionnaire to assess everyday problems
with executive functions, Laffond et al. [188] reported a high proportion of children
to suffer from deficits. In studies using neuropsychological testing, cognitive flexi-
bility, which is of vital importance for the ability to adapt to changing situations and
goals, was often shown to be impaired [124, 130, 167]. However, Bawden et al.
[182] did not find any deficits in tasks assessing executive performance (cognitive
flexibility, verbal and figural fluency, and concept formation). Results on sustained
attention are inconsistent, with findings of both, impaired [39, 130] and unimpaired
performance [181, 182]. Studies that tested cognitive processing speed found abnor-
mal slow performance in the patient groups [39, 181]. The inconsistent results, for
attentional control in particular, may be partly due to the small and heterogeneous
patient samples in the currently available studies on cognitive performance in
childhood-onset CP.

10.13 Social-Emotional Performance

Aside from cognitive deficits, CP patients often suffer from emotional dysregula-
tion and social impairments, severely affecting health-related quality of life. Those
impairments significantly challenge families, friends, and the patients’ ability to
perform in school and working environments [16, 122, 189]. Frequently reported
abnormalities include depression, anxiety, mood swings, emotional outburst and
irritability in the emotional domain, and hostility and aggressiveness in the social
domain [190]. In a systematic literature review, emotional dysfunctions were
reported for 40% of the childhood-onset CP patients. Social withdrawal was
reported for 35% of the patients [191]. The relevance of acquiring both, self- and
other-reports, is nicely illustrated in a study by Poretti et al. [16]. By using the Child
Behavior Checklist (CBCL) and the Youth Self Report [192], they found that 33%
of the pediatric patients reported social problems in their everyday interactions.
Interestingly, parents’ ratings of children’s social problems were much higher
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(58%), a discrepancy which they also reported for other dimensions, such as exter-
nalizing behavior. It should be noted, however, that studies on social-emotional
functioning are all based on questionnaires. Hence, objective data based on experi-
mental tasks or neuropsychological testing are not available yet.

Disease-related changes such as severe obesity and loss of functional abilities
may trigger significant social-emotional reactions, including anxiety, depression,
and social withdrawal. At the same time, neuropathological changes in the hypo-
thalamus and associated limbic networks clearly increase the likelihood of adverse
outcomes in mood and behavior [193]. However, most of the studies investigating
social-emotional abnormalities in CP patients did not report tumor or lesion loca-
tion with respect to the hypothalamus and some of them not even considered the
relevance of these factors (e.g., [122, 181]). This is remarkable, as some of the
patients’ deficits are similar to or at least reminiscent of abnormalities reported for
hypothalamic lesions in single-case studies of humans, and in animals [194, 195].
In studies, which explicitly considered the role of the hypothalamus for neurobe-
havioral performance, deficits in emotion and interpersonal relationships were
shown to be worse in patients with hypothalamic involvement, compared to those
without hypothalamic involvement [16, 188, 189]. A further shortcoming of the cur-
rent literature is the virtual lack of a detailed assessment of specific social and emo-
tional domains. Almost all studies in the field used quality of life questionnaires and
the Child Behavior Checklist, which both provide a first valuable assessment, but
are not suitable for providing detailed information on specific subdomains of social-
emotional functions. Moreover, several functional domains, which may be impaired
due to the location of the tumor and potential damage in associated limbic networks,
have not been considered yet (e.g., emotion regulation strategies and social
cognition).

10.14 Quality of Life (QolL)

CP and treatment of affected children and adolescents means long-term somatic and
psychosocial consequences continually affecting their QoL. Additional factors are
social reintegration and rehabilitation back into school and occupation, as they
impact patients’ long-term life planning. Systematic detection of health-related
QoL and long-term consequences has not yet been established. Existing reports are
on single-center, cross-sectional investigations of small collectives that provide
rough estimates regarding somatic and neuropsychiatric long-term consequences
based on the QoL conclusions drawn from the respective studies [196]. Systematic
analysis of long-term health-related QoL has not yet been established. Eveslage
et al. [197] recently reported on short-term QoL during the first 3 years after CP
diagnosis in patients recruited in the multinational trial KRANIOPHARYNGEOM
2007 [198]. CP patients treated with radical surgical strategies such as GTR result-
ing in surgical lesions of posterior hypothalamic areas presented with significant
lower self- and parental-assessed QoL during short-term follow-up of 3 years after
CP diagnosis.
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10.15 Brain Abnormalities in Childhood-Onset CP

CPs bear a significant risk for the integrity of fronto-limbic networks, even beyond
the damage directly resulting from tumor growth. First, as in other brain tumors,
a number of treatment-related factors such as surgical approaches, radiation ther-
apy, and complications may worsen tumor-related damage and may also result in
damage to other areas [199]. Second, hypothalamic lesions may trigger proximal
and distal changes in connected brain areas (through diaschisis or transneuronal
degeneration), which then add to impairments in cognitive, social, and emotional
performance often observable in patients [200]. Such secondary processes are
likely to be spread along hypothalamic connections with fronto-limbic subsys-
tems: a posterior subsystem that constitutes a neural system supporting episodic
memory and an anterior subsystem supporting emotional, motivational, and social
functioning [201, 202]. Notably, neurobehavioral deficiencies frequently observed
in CP patients strikingly correspond with the functional range of these two
subsystems.

Brain abnormalities associated with CP surgery have only been investigated
recently. In a PET-study with childhood-onset CP patients, several tumor- and
treatment-related metabolic abnormalities were found after surgery and before pro-
ton therapy. A hypometabolism was observed in parts of the frontal lobe, medial/
inferior temporal lobe, limbic areas, caudate nucleus, and cingulate gyrus, together
with a hypermetabolism in parts of the contralateral temporal and parietal lobes
[199]. Main predictors for the hypometabolism were hydrocephalus, sex, and the
number of surgical interventions. Interestingly, the authors also reported results of a
patient with transsphenoidal surgery only, i.e., without operative trauma to limbic or
frontal areas. For this patient, hypometabolism was observed in fronto-limbic areas,
indicating the potential consequences of hypothalamic lesions for the integrity of
connected brain areas. This result is well in line with findings of an fMRI study,
which focused on childhood-onset CP patients with hypothalamic involvement and
was the first to provide evidence for distal effects of hypothalamic injury in humans
[130]. As patients in this study were highly selected due to our exclusion criteria,
they had a very low rate of complications and additional surgeries compared to
those in the PET study. Nevertheless, when compared to age- and intelligence-
matched healthy controls, patients with hypothalamic involvement had a failure of
task-related deactivation in orbital and adjacent medial frontal cortex during mem-
ory recognition. This failure of deactivation was assumed to be functionally related
to the altered functional coupling, which was observed between CP patients’ rostral
medial prefrontal cortex and the thalamus [203]. Findings of these two imaging
studies motivated a retrospective analysis with voxel-based morphometry (VBM) to
investigate whether hypothalamic lesions also impact brain structure in areas
strongly connected to the hypothalamus. Patients compared to healthy controls
revealed significantly reduced gray and white matter volumes in anterior and poste-
rior limbic networks. Within the CP patient group, worse long-term memory
retrieval was correlated with smaller gray matter volumes in the posterior cingulate
cortex. The volumetric differences between patients and controls were also observed
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when lesions caused by surgical pathways and complications were accounted for as
far as possible. Thus, these results provided the first evidence for gray and white
matter volume reductions outside the area of tumor growth in patients with
childhood-onset CP and hypothalamic involvement.

10.16 Conclusions

Hypothalamic involvement and/or treatment-related hypothalamic lesions have
major negative impact on long-term prognosis after childhood-onset CP. As long as
proven therapeutic options for hypothalamic syndrome are not available,
hypothalamus-sparing treatment approaches with special regard to avoid lesions of
posterior hypothalamic structures are currently the treatment of choice to prevent
further hypothalamic damage and adverse sequelae [204].
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Craniopharyngiomas: Which
Differences?

K. J. Sweeney, C. Mottolese, C. Villanueva, P. A. Beuriat,
A. Szathmari, and F. Di Rocco

11.1 Introduction

Craniopharyngioma is a rare benign epithelial tumour. The WHO classification of
CNS tumours has designated this tumour as grade I [1]. The incidence of craniopha-
ryngioma displays a bimodal age distribution, paediatric and adult. They share a
putative common embryology and are thought to occur anywhere along remnants of
the primitive craniopharyngeal duct. There are two distinct histological subtypes,
adamantinomatous (aCP) and papillary (pCP) form. The adamantinomatous form is
distinct from the papillary form, in all respects, histologically, macroscopically,
molecularly/genetics, age profile of the patient, natural history, location etc. (see
Table 11.1).

Although the WHO classification of CNS tumours has designated these tumours
as gradel and potentially curable with surgery, craniopharyngiomas by virtue of
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Table 11.1 Synopsis of the differences between adult and paediatric craniopharyngiomas

Paediatric Adult
Almost exclusively 50-80%

Histology adamantinomatous adamantinomatous | 20-50% papillary

Origin Infra-diaphragmatic Intraventricular Extraventricular

Macroscopic Cystic with solid Predominately solid
components

Microscopic

Genetic Wnt/B-catenin, Ep-CAM, ‘Wnt/B-catenin, BRAF V600E
PTTG-1 Ep-CAM, PTTG-1

Adhesions Forms strong adhesions in Unlikely to form
the form of interdigitations adhesions

Plane of cleavage | Depends on origin and Depends on origin
intervening lepto-meninges and intervening

lepto-meninges

Endoscopy Yes in ages >3 Yes
possible

Recurrence rate Higher Lower
Hypothalamic Higher Lower
obesity

Neurobehavioural

Emotional control

Memory disturbance

Endocrinopathy Higher Lower
Presenting Various systemic Usually visual
symptom symptoms, typically

headache, raised ICP or

endocrinopathy
Mortality Higher Lower

their location behave in a “malignant” fashion and are plagued by recurrence. There
are a little over 20 case reports of malignant transformation [2]. In this chapter we
will focus on the relevant differences between adult and paediatric CPs.

11.2 Same Tumour (Location, Extension, Histology)

In this section we will discuss the differences between the two histological subtypes
of craniopharyngioma based on epidemiology, location, radiological appearance,
histology, genetics/pathogenesis (role of inflammation/calcifications), and adher-
ence/infiltration and growth patterns.

Two recent epidemiological studies put standardised incidence rate for all age
ranges from 1.7 to 1.86 per 100,000 [3, 4]. Although craniopharyngiomas can be
diagnosed at any age, both studies describe a bimodal age distribution 0-19 and
40-79 years. There appears to be a slightly higher incidence among African and
Asian populations [4—6]. The incidence rate for the sexes is almost identical with
one study indicating the peak incidence rate in adults is marginally earlier, by 1
year, for females than in males [3]. CPs are the most common non-neuroepithelial
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tumour in children accounting for 5-11% of paediatric intracranial tumours and
2-5% of adult intracranial tumours. The total distribution of CPs is 76-90% aCPs
and 9.7-24% pCPs.

Craniopharyngiomas can occur in the sellar, parasellar, or suprasellar regions.
Several studies have identified significant associations between the location of the
tumour, age group, and histological subtype [7, 8]. To understand this relationship
we would need to understand the embryogenesis of the sellar region, pituitary
gland, and oral cavity and the proposed cell of origin of craniopharyngiomas.
Briefly, at approximately 4.5 weeks of development (Carnegie stage 11) when the
neural tube has divided into five secondary vesicles there are several outpouchings
from the diencephalic vesicle one of which gives rise to the neurohypophysis. The
other outpouchings give rise to such structures as the optic stalks and the pineal
gland. At the same time there is an outpouching from the oral ectoderm (also known
as stomodeum). This outpouching, which is anterior to but in continuity with the
buccopharyngeal membrane, is induced by BMP4 and FGF8, inhibited by SHH and
is known as Rathke’s pouch [9, 10]. The neurohypophysis and Rathke’s pouch grow
towards each other and come in contact by the fourth week and fuse by the eighth
week forming a tubular structure called the hypophyseal-pharyngeal, craniopharyn-
geal or craniostomadeal duct. The anterior portion of Rathke’s pouch forms the pars
distalis and pars tuberalis of the anterior pituitary gland. The posterior portion of
Rathke’s pouch forms the pars intermedia. The oral ectoderm, from which Rathke’s
pouch is derived, also gives rise to cells that are involved in tooth formation such as
ameloblasts and oral mucosa which is a stratified squamous epithelium.

11.2.1 Location/Origin

Several studies have demonstrated a strong relationship between site of origin,
histology, and age group and in turn site of origin and attachment to surrounding
neurovascular structures. As previously mentioned, CPs can develop along any
remnants of Rathke’s pouch. The main sites can be classified as (1) infra-diaphrag-
matic, (2) extra-arachnoid/supra-diaphragmatic/lower pituitary stalk, (3) intra-
arachnoid/upper pituitary stalk, and (4) sub-arachnoid/tubero-infundibulum. The
site of origin predicts the tumour growth pattern and which layers of the lepto-
meninges, if any, will interpose between the tumour and surrounding neurovascu-
lar structures. The histology of the tumour and the presence or absence of
intervening lepto-meningeal membranes contribute to the tumours adherence to
surrounding neurovascular structures and the degree of surgical difficultly in
removal (see Fig. 11.1) [8, 11, 12]. Two notable studies describe CPs origin in
relationship to the lepto-meninges [8, 13]. Qi et al. showed that location and growth
pattern differed significantly between adults and children. They developed a growth
pattern classification based on the tumours’ likely origin and its relationship with
the lepto-meninges. To understand this classification they refer to studies detailing
the layers of arachnoid around the pituitary stalk. Essentially, the distal third of the
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Fig. 11.1 Anatomic relations of the arachnoidea around the pituitary stalk: relevance for surgical
removal of craniopharyngiomas: This is from a Springer publication

pituitary stalk is extra-arachnoidien. Both studies identify two layers to the arach-
noid membrane: a basal or fibrous layer and a trabecular layer. Both studies
describe the fibrous or basal layer forming a tight sleeve around the proximal 2/3
of the pituitary stalk and a circumferential trabecular layer that is attached to inner
arachnoid membranes. Qi et al. found that the infra-diaphragmatic tumours pre-
dominated in the paediatric group and extra-ventricular tumours predominated in
adults. Pascual et al. also confirmed the infra-diaphragmatic location was predomi-
nately in the paediatric group and the suprasellar-infundibular topography predom-
inated in the adult group [12, 14]. However, there was no significant difference in
the distribution of extra- and intraventricular tumours or trans-infundibular
tumours. Tumours with an infra-diaphragmatic origin tend to have all layers of the
lepto-meninges between the tumour and neurovascular structures such the optic
nerves/chiasm and the floor of the third ventricle/tubero-infundibulum and there-
fore a plane of cleavage. Tumours originating in the extra-arachnoid zone of distal
third of the pituitary stay will grow in an extra-arachnoid fashion and will have
both layers of arachnoid between the tumour and neurovascular structures. Tumours
originating from the proximal two-thirds or intra-arachnoid layer can be divided
into tumours growing in the fibrous layer or the trabecular layer. Tumours originat-
ing in the fibrous sleeve of the pituitary stalk will have no significant plane of
cleavage between the tumour and the PS but should have intact trabecular arach-
noid at the interface with the carotid and chiasm. Tumours originating from within
the trabecular arachnoid of the medial carotid membrane will have a plane of
cleavage with the pituitary stalk but not the carotid. Conversely, tumours originat-
ing in the trabecular layer of Liliequist membrane will have a good plane of cleav-
age with all neurovascular structures. Tumours originating from the
tubero-infundibular area or sub-arachnoid area will grow within the ventricle and
form adhesions to the hypothalamus where no plane of dissection will be evident
[8, 13]. It should be noted that induction of a significant inflammatory or fibrotic
reaction can have an impact on delicate arachnoid planes.



11 Adult Versus Paediatric Craniopharyngiomas: Which Differences? 191

11.2.2 Extension

Obstructive hydrocephalus is common in case of craniopharyngiomas filling the
anterior part of the third ventricle. Children are more likely to present with hydro-
cephalus than adults. Hydrocephalus is present in approximately 50-63% of paedi-
atric craniopharyngiomas compared to approximately 20% of adults [15, 16].

Giant craniopharyngiomas are defined as greater than 5 cm and can grow in any
direction. They can grow anteriorly into the subfrontal area, superiorly into the third
ventricle causing obstructive hydrocephalus, laterally into the middle cranial fossa,
or posteriorly into the posterior cranial fossa [17]. These tend to be more common
in the paediatric population. Despite an infra-diaphragmatic location, the larger size
in the paediatric population which could extend superiorly to cause obstructive
hydrocephalus can be explained by the fact that the ACP tend to form large cystic
areas due to an active inflammatory process secreting a viscous oily substance into
the cystic cavity.

11.2.3 Histology

It should be reminded that the adamantinomatous subtypes (aCPs) can occur in any
age group but the papillary subtype (pCPs) occurs almost exclusively in the adult
age range, with only case reports of pCPs in children [18, 19].

Macroscopically, aCPs are described as lobulated mixed solid and cystic mass.
The cysts may contain dark greenish-brown turbid liquid resembling machinery oil
which is a cholesterol-rich fluid. There may be macroscopic evidence of calcifica-
tions, ossification, fibrotic reaction with or invasion/adherence to neighbouring
structures. On a microscopic level the histology of aCP has a complex tissue archi-
tecture with many different cell types such as epithelial, reactive glial, and inflam-
matory cells [20]. The squamous epithelium is disposed in cords, nodules, and
irregular trabeculae bordered by palisaded columnar epithelium which forms whorls
of small tissue islands. These whorls merge with loosely cohesive aggregates of
squamous cells known as stellate reticulum. Nodules of “wet keratin” representing
remnants of pale nuclei embedded within an eosinophilic keratinous mass are found
in either the compact or looser areas. The cystic cavities are lined by flattened epi-
thelium and can contain squamous debris. Non-caseating granulomatous inflamma-
tion associated with cholesterol clefts and giant cells may be found [1, 21]. aCP
shares morphological and genetic features with ameloblastoma or calcifying cystic
odontogenic tumour of the jaw suggesting a shared developmental origin with these
tumours [21].

pCPs, on the other hand, resemble a Rathke’s cleft cyst with squamous metapla-
sia [22, 23]. pCPs are solid, homogenous, well-circumscribed masses that rarely are
cystic or contain calcifications. Microscopically, they are composed of well-
differentiated squamous epithelium which covers a fibrovascular core. pCPs lack
the three main characteristics that define the aCP, notably, wet keratin nodules, sur-
face maturation, the picket-fence-like palisades. On small biopsies, some pCPs can
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be difficult to distinguish from other suprasellar and infundibulotuberal masses such
as non-neoplastic Rathke’s cleft cysts. These cysts are often lined by ciliated cuboi-
dal or columnar epithelium, but prominent squamous metaplasia can also occur,
resembling the epithelium of pCP and therefore it is recommended to analyse the
sample for the BRAF V60OE mutation [18, 23, 24].

There is increasing evidence that the two subtypes of craniopharyngiomas repre-
sent two separate biological entities. Not only do they differ macroscopically,
microscopically, and with respect to their natural history, recent studies have dem-
onstrated that each subtype has virtually mutually exclusive genetic alterations.
Mutations in the gene CTNNB1 which codes for beta-catenin have been demon-
strated via immunohistochemistry and gene sequencing techniques to occur in up to
96% aCPs, whereas mutations in BRAFV600E can occur in up to 100% of pCPs.
Not only can these mutations support the accurate diagnosis, they can also be used
in targeted treatment [22, 25-28].

The canonical or beta-catenin/Wnt signalling pathway is a regulator or modula-
tor of gene transcription involved with progenitor cell proliferation and differentia-
tion [29]. The pathway is activated when Wnt proteins bind to the extracellular
domain of G-protein coupled transmembrane receptor. Wnt proteins are molecules
involved in cell-to-cell signalling and play a major role in embryonic development
and tissue homeostasis [30]. Normally, when the canonical Wnt pathway is not acti-
vated, cytosolic beta-catenin is phosphorylated by GSK 3B and destroyed by the
ubiquitin-proteasome system. Once the Wnt protein bind to its receptor, several
intracellular processes occur and via activation of the PI3K/MAPK pathway, GSK
3B is phosphorylated. This prevents the destruction of beta-catenin, which in turn
leads to cytosolic accumulation and nuclear translocation where it regulates down-
stream gene expression by binding to Lef/Tcf factors [29, 30]. Beta-catenin is a
cytoplasmic protein encoded by CTNNB1 gene located at 3p21. The gene is com-
posed of 16 exons. Exon 3 encodes for the phosphorylation site of GSK3B. A mis-
sense mutation at this site leads to the constitutive activation of this pathway. A
recent study has demonstrated pathway activation of inflammatory and odontogenic
pathways which can explain the earlier ascertain that these tumours can macro-
scopically resemble ameloblastoma, and microscopically why we find evidence of
inflammation, calcification, and reactive gliosis [31]. It must be noted that there was
no significant difference in the methylation and genetic expression of paediatric and
adult aCPs [26]. Another feature that is almost unique to aCPs is its ability to adhere
to or invade surrounding structures. This has been reported by many studies. On a
microscopic level, this adhesion is explained by interdigitations formed at the
advancing edge of the brain—tumour interface. Within these interdigitations are spe-
cific cell niches that form clusters in a whorl like pattern that is not found in pCPS
or other non-neuroepithelial tumours of the CNS [32-34].

Moreover, some studies have analysed the cystic content of the CPs by pro-
teomics. Massami et al. identified proteins involved in inflammation, cytoskeletal
organisation, and migration of tumour cells. This underlies the hypothesis that the
generation of the cystic component of the aCPs is inflammatory driven. This hypoth-
esis underpins the rationale for the use of intracystic interferon o, which has both
anti-proliferative and anti-inflammatory properties [35-37].
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BRAF protein is a serine/threonine-protein kinase and is encoded by the proto-
oncogene BRAF which is located at 7q34. This protein is involved in the RAS-
RAF-MEK-ERK pathway. This pathway acts as a signal transducer between the
extracellular environment and the nucleus. Extracellular signals such as hormones,
cytokines, and various growth factors interact with their membrane receptors to
activate the small G-proteins of the RAS family. This leads to recruitment and acti-
vation of RAF proteins to the cell membrane. Active BRAF signals through a
kinases cascade of MEK and ERK to activate downstream transcription which influ-
ences cell differentiation, proliferation, growth, and apoptosis. BRAF V600E is a
point mutation where a valine is substituted by a glutamic acid at position 600. This
causes constitutive activation of the RAS-RAF-MEK-ERK signalling pathway,
independent of extracellular signals [38]. To date there have only been 2 case
reports of targeted therapy using BRAF inhibitors in BRAF V600E mutated pCPS
[39, 40].

In summary, the differences in biology between paediatric and adult craniopha-
ryngiomas can be best explained by the histological mix that is found in these two
age groups: in the paediatric group which contains virtually all aCPs and the adult
group which can contain up to 50% aCPs and pCPs with no evidence of genetic or
epigenetic difference between paediatric or adult-onset aCPs.

11.3 Tumour Resection vs Endocrine Development

Pre-operative endocrinopathy is present in to up 52—-87% of paediatric patients
and 26% of adult patients as either a presenting complaint or found on pre-oper-
ative investigations [41]. In children the symptoms may be polydipsia/polyuria,
delayed or precocious puberty, and short stature. In adults the symptoms may be
more subtle and only discovered on pre-operative investigations. The vast major-
ity of long-term survivors will have pituitary dysfunction and polyendocrinopa-
thy and this is the most common long-term morbidity. In children, this can have
particular consequences for growth, development, and fertility. There are also
secondary consequences such as obesity and a poor lipid profile and features of
the metabolic syndrome are frequently seen after childhood craniopharyngioma.
There is considerable overlap between the metabolic syndrome due to endocri-
nopathy and hypothalamic syndrome which causes obesity from hyperphagia
and lethargy.

Of special interest to the paediatric neurosurgeon is the handling of the pituitary
gland and stalk during surgery. The maintenance of the pituitary stalk could reduce
the risk of anterior and posterior pituitary dysfunction after surgery; however, this
would depend on whether pre-operative loss of function is permanent due to the
invasion by craniopharyngioma or reversible due to compression by the craniopha-
ryngioma. On the other hand, attempted preservation of the pituitary stalk for a
possible unknown benefit may increase the risk of recurrence. Several studies have
attempted to answer this question [41-44]. In order to begin to answer this question
one must understand the relationship of the CP to the pituitary stalk, its origin,
likely histology, and the potential intervening lepto-meningeal membranes between
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the CP and the PS. In essence, CPs arising from within the fibrous sleeve of arach-
noid surrounding the pituitary stalk are unlikely to have a plane of cleavage.

A meta-analysis by Li et al. reported that the maintenance of the pituitary stalk
may reduce the alterations in endocrine function and the occurrence of diabetes
insipidus. However, it is not likely to enhance the recurrence rate of craniopharyn-
gioma. This meta-analysis contains mostly adult series and only one paediatric
study was included [43]. The paediatric study in this meta-analysis was by Jung
et al. They concluded that paediatric craniopharyngiomas had high recurrence rates
and low pituitary functional preservation despite anatomical stalk preservation. This
might be due to pre-operative invasion of the pituitary. Therefore, maximal tumour
resection might be more important than anatomical stalk preservation in paediatric
craniopharyngiomas [44]. Since then, one further study was published by Jing Chen
et al. In this study they report a series of 82 CPs from a pituitary stalk origin from a
total of 103 paediatric CPs. They concluded for children with craniopharyngioma of
pituitary stalk origin, preserving the pituitary stalk has a significant effect on the
early and persistent diabetes insipidus rates. When intraoperative exploration
showed excessive adhesion between the tumour and pituitary stalk, they opted to
preserve the pituitary stalk, which reportedly reduced the early and persistent post-
operative diabetes insipidus rates, without significantly increasing the relapse or
mortality rate [42]. However, it has to be noted in that study an astonish rate of
conservation of the pituitary stalk for a tumour arising from.

It has been demonstrated that surgical intervention, either transcranial or endo-
scopic trans-sphenoidal routes, has a higher rate of post-operative endocrinological
dysfunction than minimally invasive approaches such as Ommaya reservoir place-
ment for repeated aspiration and/or intracystic treatment [45]. Within the surgical
group a recent meta-analysis by Qiao demonstrated no significant difference in
endocrinology outcomes between endoscopic and transcranial approaches [46].
Irreversible central diabetes insipidus follows after 80-93% of all complete resec-
tions, and GH deficiency occurs in 75% of cases. There was a clinical concern that
growth hormone replacement in patients with craniopharyngiomas may lead to
increased recurrence. Several meta-analyses have demonstrated no significant
increase in the rate of recurrence of craniopharyngioma in the paediatric population
with growth hormone replacement at physiological levels; however, long-term fol-
low-up is always recommended [47-49].

To try and reduce the impact on the endocrine development in children, several
techniques have been developed to reduce the volume of cystic craniopharyngio-
mas, thereby decompressing surrounding structures such as the visual apparatus, the
endocrine system and freeing up the CSF pathways. These temporary measures can
delay surgery and avoid any damage to the remaining pituitary gland and stalk as
well as other possible complications associated with treatment. These strategies
include endoscopic fenestration into the ventricle, stereotactic or endoscopic cyst
drainage, endoscopic or stereotactic placement of a catheter into the cystic compo-
nent of the CP. This catheter is then connected to a subcutaneous reservoir which
allows repeated aspiration of the cyst contents to reduce the size of the tumour.
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Within the last 20 years, simultaneous instillation of agents to reduce the growth
rate of the tumour has been used as intracystic therapies. Such agents include inter-
feron alpha, bleomycin, and radioisotopes like phosphorous 32. Recently, the effi-
cacy of interferon has been proposed over other agents due to its low toxicity profile.
This strategy can delay the definitive surgical removal of the tumour or treatment
with radiotherapy by up to 6 years thus postponing the risks of endocrinological
defects as well or other possible complications [50]. This is especially important in
children who have many cyclical growth spurts before the significant endocrino-
logical event of puberty where an intact and functioning neuroendocrine axis is
critical in the child’s physical and neurocognitive development [51, 52].

11.4 Residual and Recurrence Management

Residual tumour is either intentional or unintentional. The neurosurgical edict of
“maximal safe surgical resection” applies especially to CPs. Preservation of the
hypothalamic/pituitary, visual, and vascular structures is of utmost importance. For
the last 20 years, awareness of hypothalamic involvement, damage, and hypotha-
lamic syndrome has been an increasing predominant factor in surgical decision-
making. It is widely accepted that when pre-operative hypothalamic involvement is
identified, hypothalamic sparing surgery should be performed. Likewise, adhesion
to important neurovascular structures such as the optic nerves and chiasm or the
circle of Willis where a plane of cleavage is not possible will necessitate residual
CP. Biological factors that influence CP recurrence include histology (more com-
mon in aCPs), molecular profile, and macroscopic appearance. Beta-catenin,
Ep-CAM, PTTG-1, cystic tumours with calcifications and whorl like structures all
demonstrated a higher incidence of recurrence. These are also the features of the
adamantinomatous tumours [53, 54].

Recurrence rates are usually reported as three groups for analysis: Gross total
resection (GTR), subtotal resection (STR) and radiotherapy (XRT), and STR. A
meta-analysis from Danuard et al. reports the rate of recurrence of adult CPs as
GTR =17%, STR + XRT =27%, and STR = 45% [55]. This compares sharply with
the meta-analysis on paediatric onset CPs by Clark et al. which found the rate of
recurrence was significantly increased across all treatment groups at GTR = 35%,
STR + XRT = 50%, STR = 65% [56]. This difference is probably explained by the
histological mixed of the adult CPs cohort which contains both aCPs and pCPs and
where pCPs have favourable features for GTR and recurrence.

Surgery for recurrence is plagued in both age groups by loss of arachnoid planes,
fibrosis and gliosis, impaired wound healing which can lead to an increase in com-
plications such as infections and CSF leaks.

The vast majority of recurrent craniopharyngiomas is at the local site; however,
there are approximately 60 reports of ectopic sites of recurrence described in the
literature to date. The recurrences have occurred either along the surgical tract or
hypothesised to have occurred by dissemination through the CSF pathways [57].
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Conventional treatment strategies such as surgery and radiotherapy are similar in
both age groups. Surgical issues in children are discussed below and there is obvi-
ous restriction on cranial irradiation on the developing neural axis.

There are numerous molecular targets or antagonists for the Wnt/beta-catenin
pathway none of which have been tried in craniopharyngioma [29]. In the pCPs
both inhibitors of BRAF V600E (dabrafenib) and MAP kinase (trametinib) have
been used with considerable success by both an adult and a child [19, 40].

Future studies on recurrence need to standardise the reporting of the variables
that influence recurrence such as histology/molecular profile, location, growth pat-
tern, and adherence to surrounding neurovascular structures.

11.5 Surgical Issues in Children

Numerous metaphors have always been used to help highlight the need for the pae-
diatric specialty such as “children are not small adults.” [58]. However, there is no
other paediatric brain tumour that exemplifies the need for a paediatric multi-
disciplinary team approach than the craniopharyngioma. This team must have high-
throughput experience and members should include a paediatric neurosurgeon,
neurologist, general paediatrician, endocrinologist, ophthalmologist, oncologist,
radiation oncologist, neuro-psychologist, and dietician.

Surgical issues in children with respect to craniopharyngioma can be split into
two categories. The first issue is the general surgical, anaesthetic, and post-operative
issues that are common to all paediatric surgical specialities. There obvious physi-
ological difference between the paediatric and adults including total body water/
blood volume/ventilation air spaces and age-related variation in physiological
parameters such heart rate, rate of respiration, arterial blood pressure that have
always necessitated paediatrics as a speciality.

The second issue is the neurosurgical corridor for access to the CP and the age of
the child. The numerous transcranial approaches are the same in both age groups
such as subfrontal (midline or fronto-lateral) or the pterional approaches. Large or
giant forms of CP may identify one approach as preferable over the others by open-
ing up a corridor. One must consider that it is usually the cyst that opens up the
corridor and that cysts can be easily decompressed. One must also consider origin,
growth pattern, and possible adherence to critical neurovascular structures when
selecting a surgical approach. The obvious difference of smaller age-related ana-
tomical spaces in the child and perhaps more generous arachnoid or cisternal spaces
in the adult are also important factors. It is with respect to the endoscopic endonasal
trans-sphenoidal route that these two age groups differ. The endoscopic endonasal
trans-sphenoidal route is the most recent addition to the neurosurgeons armamen-
tarium. Due to the small anatomical space of the nostril, nose, and age-related pneu-
matisation of the sphenoidal air sinus, it was previously thought that this method
was not suitable in children. There have been increasingly recent publications of
case series demonstrating the efficacy of the endoscopic endonasal trans-sphenoidal
route in children as young as 3 years [59-61]. This corresponds to the imaging study
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by Jang et al. who demonstrated that pneumatisation of the sphenoid air sinus was
noted as young as 2 months on axial imaging and pneumatised air sinuses were
identified in 100% of 3 years olds [62].

Because of these surgical issues, the initial management on cystic CPs by intra-
cystic interferon may allow disease control while waiting for further growth and
development in the child before subjecting them to a surgical procedure.

11.6 Weight Control Issues in Children

Hypothalamic involvement represents the most important risk factor for a restricted
long-term prognosis in patients with CP. The hypothalamic region of the diencepha-
lon contains various nuclei that link the central nervous system to the endocrino-
logical system which in turn controls a wide range of physiological homeostatic
functions such temperature, sleep/circadian cycle, thirst/water balance, and satiety/
energy stores.

Patients with CP are at a higher risk from co-morbid conditions such as type 2
diabetes mellitus, cerebrovascular and cardiovascular disease, severe infections,
fractures, and respiratory disease which all influence mortality. Female sex,
childhood-onset craniopharyngioma, hydrocephalus, and tumour recurrence are
important risk factors. Children with CP are at a substantially higher risk of mortal-
ity than adult-onset CP. Death due to cerebrovascular diseases was increased five-
fold. Hypopituitarism and diabetes insipidus were negative prognostic factors for
mortality and morbidity [63, 64].

Obesity in patients with CP is due to a combination of hypothalamic dysfunc-
tion, leading to hyperphagia, decreased resting energy expenditure/basal metabolic
rate, insulin resistance, and a distorted day—night rhythm, resulting in daytime som-
nolence and decreased activity/energy expenditure and obesity related to anterior
pituitary dysfunction, for which adequate timing and dosing of growth hormone,
thyroxine, glucocorticoids, and sex steroid treatment is essential for bodily
homeostasis.

Obesity rates in children with craniopharyngiomas vary from 6 to 30% at diag-
nosis and increase to 40-60% after surgery [65]. It is therefore imperative to iden-
tify hypothalamic involvement pre-operatively both clinically and radiologically.
Van Leserel et al. demonstrated that hypothalamic obesity is more prevalent in chil-
dren as well as anterior pituitary dysfunction. These two factors, when combined,
help explain why children with CP have a higher risk of mortality than adults [66].
Clinical pre-operative hypothalamic involvement is a poor prognostic indication of
long-term outcomes [67]. This can be compounded by treatment related hypotha-
lamic damage [65]. Currently, as hypothalamic obesity is difficult to treat, preven-
tion remains the best strategy to date. This necessitates accurate pre-operative and
intraoperative assessment.

Several pre-operative analysis of location and attachment to the hypothalamus
have been described. One of the earliest grading systems to grade hypothalamic
involvement was described by Puget et al. They proposed three grades, 0-2.
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Grade 0 has no hypothalamic involvement, grade 1 the hypothalamus is displaced
or compressed, and in grade 2 the hypothalamus is involved or unidentifiable. Using
this grading scheme they recommended modifying the extent of resection by a
hypothalamic sparing surgical strategy [68]. Since then, several other radiological
classification schemes have been proposed. Van Gompel proposed to extend this
grading system by including T2 changes in the hypothalamus and enhancement
without a smooth interface as surrogate radiological markers of invasion [69]. There
are two systems based on the mammillary bodies. The KRANIOPHARYNGEOM
multi-centre research group who propose anatomical system based on the mammil-
lary bodies providing a radiological landmark for the boundary between the anterior
and posterior hypothalamus. Grade 1 involves anterior hypothalamic damage,
whereas grade 2 involves damage to both the anterior and posterior hypothalamus
[70, 71]. The other is based on mammillary body displacement as measured by the
mammillary body angle [72].

A recent study by Prieto et al. attempts to predict the degree of adherence by the
CP to the hypothalamus by analysing 3 components, the first component are the
specific structures attached to the tumour, the second is the morphologic pattern or
extent of the attachment, and the third is the adhesion strength which was reported
intra-operatively. Combination of these 3 components determines 5 hierarchical
levels of adherence severity with gradually increasing surgical risk of hypothalamic
injury. They conclude that the position of the hypothalamus around the middle por-
tion of the tumour, an amputated or infiltrated appearance of the pituitary stalk, and
the elliptical shape of the tumour are reliable predictors of strong and extensive CP
adhesions to the hypothalamus [73].

Tumours originating from the tubero-infundibular area or sub-arachnoid area
will grow within the ventricle and form adhesions to the hypothalamus where no
plane of dissection will be evident and can present with pre-operative hypotha-
lamic findings [65]. ACPs have been described as more adhesive to surrounding
neural structures based on the higher incidence of interdigitations that form at the
brain—tumour interface. Other factors that may lead to ACPs being more strongly
adherent are molecular derangements in the Wnt/p-catenin and claudin-1 pathways
[12]. CPs arising from other origins may grow upwards distorting the floor of the
third ventricle and there may be some layers of lepto-meninges at the brain/tumour
interface.

Treatment of hypothalamic related obesity remains difficult. Prevention of hypo-
thalamic damage remains the best strategy to date. However considering a signifi-
cant number of patients present with pre-operative hypothalamic dysfunction
treatment of hypothalamic obesity is required. Treatment options can include any or
all the strategies employed in the treatment of conventional obesity such as life style
modification, pharmacologic and surgical strategies.

However, in the hypothalamic obesity group these methods do not have the same
outcomes as the successful management options in conventional obesity [74]. This
is especially true of paediatric craniopharyngiomas. Studies involving life style
modifications alone in craniopharyngioma-related hypothalamic obesity have con-
sistently provided disappointing results [75]. To understand the possible reasons for
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this, one needs to understand how the hypothalamus regulates energy stores/metab-
olism/satiety and hunger and the complex interconnections and feedback systems
involved with each mechanism and interplay with the circadian rhythm.
Hypothalamic control of energy and energy stores in liver and adipose tissue is the
result of a balance between lipolysis/lipogenesis and glycaemic control. This is
mediated by the autonomic nervous system with both parasympathetic(PNS) and
sympathetic(SNS) control originating from the paraventricular nucleus in the hypo-
thalamus and projecting to the dorsal motor nucleus of the vagus (PNS) and lateral
medulla and pre-locus coeruleus (SNS) [76, 77]. The peripheral signals from leptin,
ghrelin, insulin, and nutrients are sensed in arcuate nucleus and have a feedback and
feedforward control over two groups of neurones, known as orexigenic and anorexi-
genic neurones. These groups of neurones have inhibitory or excitatory effects on
the paraventricular nucleus [77]. The suprachiasmatic nucleus is the main regulator
of the circadian rhythm, via melatonin, and also has a balancing influence on auto-
nomic nervous system. This coupled with reduced energy expenditure leads to
hypothalamic obesity [78, 79]. This complex network provides the rationale of
some of the attempts to pharmacologically treat hypothalamic obesity such as
octreotide, diazoxide, metformin, glucagon like peptide 1, and beloranib [80-82].
Patients with hypothalamic obesity tend to have more risk and less benefit from
surgical intervention for their obesity than patients with conventional or exogenous
obesity. As the numbers for bariatric surgery for patient with CP are small, the first
large meta-analysis to date was performed by Breault et al. in 2013. This is an indi-
vidual level meta-analysis of 21 cases (6 Roux-en-Y gastric bypass, 8 sleeve gas-
trectomy, 6 adjustable banding, and 1 with biliopancreatic diversion). They
demonstrated important weight loss after 1 year of follow-up. Since then, and a
recent meta-analysis by Ni et al. in 2018 which include other more recent small
series confirmed the benefit of bariatric surgery and that gastric bypass in the form
of Roux-en-Y is the preferred treatment option [82].

11.7 Visual Outcomes

Visual loss is present in both age groups due to the close relationship of the tumour
to the anterior visual pathway. Visual dysfunction is a cause of significant morbidity
that has a profound impact on overall survival and quality of life. It has been dem-
onstrated in adults with just mild visual impairment, mortality is increased twofold
[83]. Visual symptoms can include blurring of vision and visual field defects.
Ophthalmological findings include papilledema, optic nerve atrophy, reduction in
visual acuity, and visual field defects [84]. Approximately 30% of paediatric CPs
have visual complaints as the presenting symptom compared to approximately 95%
of adults [55]. In the paediatric cohort, approximately 42% had optic nerve oedema,
41% with pallor compared to 6% and 14%, respectively, in adults. Up to 71.5% of
children will have visual field defects compared to 60-84% of adults [55, 85-87].
Pre-operative factors that predict a good visual outcome are early surgery (within
a week of presentation) and papilledema without optic nerve atrophy (OA).
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Papilledema is a reversible process, whereas optic nerve atrophy is not [84]. Age at
diagnosis has also been shown to influence visual outcome. Abrams et al. found the
age less than 6 and visual symptoms on presentation were associated with a signifi-
cantly poorer visual outcome [88], while Wan et al. found that age less than 10 at
presentation was associated with visual decline [86]. Pre-operative factors that pre-
dict a poor outcome are OA, initial visual field defect, and tumour recurrence [84,
89]. Prieto et al. found that type of pre-operative and post-operative optic chiasmatic
distortions on MRI can predict visual outcome. They defined 6 separate pre-
operative and post-operative morphological categories. They found that a pre-
operative compressed forward and stretched chiasms accounted for >80% of patients
with visual loss. Post-operative finding of a thinned and displaced chiasm predicted
no post-operative improvement [90].

As mentioned above, age at diagnosis is a predictor of visual outcome. This may
be related to the child’s ability to communicate or even appreciate the visual symp-
toms. Also, the younger the child the more difficult it can be for visual assessment
of patient, as this requires a communicative and co-operative patient. Optical coher-
ence tomography (OCT) is a relatively new technique whereby the thickness of the
retinal nerve fibre layer (RNFL) can be measured with sub-micrometre precision.
This is achieved by measuring the echo time delay of back-scattered infrared light
using an interferometer and a low-coherence light source. This method provides an
objective measure of optic nerve atrophy. Danesh-Meyer et al. established that
patients with measurable reduction in RNFL pre-operatively from compressive chi-
asmatic lesions were less likely to have return of VA and VF post-operatively. In
patients with significant pre-operative VA and VF deficits and normal RNFL thick-
ness, post-operative visual function showed large improvements following decom-
pression. Whereas patients with thin RNFL and advanced VF defect demonstrate
significantly less improvement [91]. Both Mediero et al. and Bialer et al. have dem-
onstrated the utility of OCT specifically in the use of paediatric craniopharyngiomas
[92, 93].

11.8 Neurocognitive and Quality of Life Outcomes

When one considers that patients with craniopharyngioma may have morbidity
associated with any or all of the vital structures such as hypothalamic, pituitary,
visual and CSF pathways, it is invariable that the combination of these morbidities
will have a significant impact on neurocognitive and quality of life for patients with
craniopharyngioma. Morbidity can result from the tumour invading critical struc-
tures directly or from collateral damage to the same structures from intervention
such as surgery or radiotherapy.

When one considers the dynamic nature of the developing child and the need for
intact neuroendocrine, hypothalamic and visual systems in their development and
the complex interplay and dependence of each system needed to achieve develop-
mental milestones, both physical and cognitive, one can understand that the timing
of intervention is critical to maximise the impact on the natural history of the dis-
ease while minimising the impact of said intervention.
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Distortion or damage to the floor of the third ventricle can also cause neurocog-
nitive issues. Structures in this area that influence cognition include the hypothala-
mus and its mammillary bodies.

The hypothalamus is a bilateral cluster of nuclei in the basal diencephalon occu-
pying the walls and floor of the third ventricle. It acts as a complex nexus between
the endocrine, autonomic nervous system, and limbic systems. The hypothalamus
can regulate thermal and water homeostasis, sexual behaviour, integration of neuro-
endocrine and autonomic responses to stress, circadian rhythms, neurohypophyseal
hormones, food/calorie intake and adipose homeostasis, cardiovascular and respira-
tory regulation, defensive and aggressive behaviours, wakefulness, motivated
behaviours, and episodic memory encoding [94]. Damage to the hypothalamus can
lead to both neurocognitive and neurobehavioural issues. Neurocognitive deficits
can take on the form as reduced intelligent quotient (IQ). Even in patients with
reduce IQ there can be impairment of memory, higher executive functioning, atten-
tion and processing speed [95, 96]. Neurobehavioural deficits can manifest as psy-
chosocial issues such as depression, anxiety, mood disorders, and in children can
limit independence [97, 98]. Pascual et al. performed a systemic review and meta-
analysis psychiatric disorders caused by CPs and the hypothalamic alterations. They
classified six main psychiatric disturbances (1) Korsakoff-like memory deficits (2)
behavioural/personality changes (3) impaired emotional expression, (4) cognitive
impairment, (5) mood alterations, and (6) psychotic symptoms. They found that
coexistence of other hypothalamic symptoms favoured the emergence of psychotic
disorders. They also found that there was a difference between children and adults.
All types of alterations involving the emotional expression/control were signifi-
cantly higher in children, whereas memory impairments predominated in adults
[99]. Recently, it has been shown that there may be a role for oxytocin supplementa-
tion in children with hypothalamic obesity and behavioural problems [100, 101].

The mammillary bodies have an important role in memory formation. It functions
as hippocampal relay projecting to the anterior thalamus via the unidirectional mamil-
lothalamic tract. In turn, the anterior thalamic nuclei project to the cingulate. The
mammillary bodies receive input from hippocampal formation via the descending
component of the postcommissural fornix, this is referred to as the circuit of Papez.
The mammillary bodies also receive input from the tegmental nuclei of Gudden via
the mammillary peduncle [102, 103]. It is well established that damage to the mam-
millary bodies is present in such syndromes as Wernicke—Korsakoff and case reports
establish that surgical lesions including craniopharyngiomas can cause damage to the
mammillary bodies can also cause this or similar syndromes [104—106].

Regarding educational attainment, patients with childhood onset for the most
part attended mainstream school both primary and secondary schools; however,
they were noted to have more difficulties. Fewer graduated from secondary school/
high school and fewer again attended third level education [107].

Memmesheimer et al. surveyed 59 adult patients with childhood-onset CP cra-
niopharyngioma and found a relationship with age and social integration/indepen-
dence. Using housing as a marker for social integration/independence they found
the majority of young adults lived with their parents, whereas older adults tended
to be independent. Although there is a natural growth in independence with age,
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this is less in patients with CP when compared to the general population [97].
Crom et al. noted that 19.6% of patients with childhood-onset CP required a spe-
cial educational plan, 3.9% had a special education certificate of attendance, 25.4%
received a high school diploma, 3.9% were college graduates, and only 1.9%
achieved a postgraduate degree [107].

Several studies have shown that patients with craniopharyngioma rated their
health-related quality of life as considerably lower than healthy controls. Parents’
ratings were considerably lower than those of the patients. Poor functional outcome
was associated with large tumours infiltrating or displacing the hypothalamus, the
occurrence of hydrocephalus, and young age at diagnosis, but also with multiple
operations due to tumour recurrence [95, 108-111].

11.9 Conclusion

The term craniopharyngioma comprises almost two distinct biological entities, aCP
and pCP. Although they can arise from the same cell lineage they are different in
almost every respect (see Table 11.1). The adamantinomatous variety is the most
challenging of the two. It is only this type that is found in children compared to the
mixture of the two found in adults. In adult-onset craniopharyngioma the aCP vari-
ety is more common than the pCP.

What should be clear is that the same insult, be it tumour or intervention, can
have very different outcomes on the patients depending what stage of neurodevelop-
ment they are at. This is due to the location of the tumour and the associated systems
involved in the neurodevelopment process. As adult-onset CP cohort contains pCP
with its favourable characteristics for resection and recurrence and this cohort by its
nature will have completed neurodevelopment, outcome measures may naturally be
better than childhood onset CP. It is for this reason that temporising measures of
cyst drainage and intracystic therapies are being developed in childhood-onset CP
to allow as much neurodevelopment to occur before a definitive surgical approach
is taken.
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12.1 Introduction

Harvey Cushing described craniopharyngiomas (CP) as “the most baffling problem
which confronts the neurosurgeon” [1]. The current standard treatment for these his-
tologically benign, but clinically aggressive tumours is surgery followed by adjuvant
radiation therapy. However, there is a high recurrence rate [2], with additional mor-
bidity. The histological distinction between the adamantinomatous (ACP) and papil-
lary (PCP) subtype of craniopharyngioma has been known for decades. However,
recent developments in molecular and genetic analysis have identified specific muta-
tions in each, B-catenin in ACP and BRAF mutation in PCP [3, 4] and also a distinct
methylation pattern [S]. This has also shed more light on the heterogeneity and
pathology of this tumour and opened a new field of treatment opportunities [6].
Furthermore, findings indicating connection between stem cells and ACP have pos-
tulated the paracrine model in which pituitary stem cells drive neoplastic prolifera-
tion of nearby epithelial cells through growth factor signalling [7, 8]. The increased
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interest in molecular and genetic alterations in CPs has identified several biomarkers
that have paved the way for new possibility to predict the biological behaviour of this
tumour as well as early diagnosis of recurrence and new treatment options.

12.2 Adamantinomatous Craniopharyngioma
12.2.1 Histopathology

ACP is a cystic tumour composed of cords and lobules of squamous, frequently
whorled epithelium bordered by palisading columnar basal cells. The epithelium
has a looser structure in the areas designated as stellate reticulum. Islands of the so-
called wet keratin representing anucleate degenerative remnants of tumour epithe-
lial cells are easily recognized in the majority of cases. The tumour epithelium
protrudes into surrounding brain tissue that usually demonstrates gliosis, Rosenthal
fibres and lymphocytic inflammatory reaction. Less frequently, granulomatous
reaction and cholesterol clefts may be seen. Occasionally, groups of adenohypophy-
seal cells can be identified in the inflammatory infiltrates.

12.2.2 CTNNB1

Two-thirds of human ACP shows a mutation in the regulatory gene encoding
B-catenin CTNNBI [3, 4, 9]. B-catenin is a cytoplasmic protein that regulates gene
transcription in Wingless—Int (Wnt) signalling and plays an important role in stem
cell renewal and organ regeneration [10]. Levels of cytoplasmic p-catenin are kept
low by a protein inhibitory complex comprising of adenomatous polyposis
coli/glycogen synthase kinase-3 (GSK-3f)/axin that induces proteasomal degrada-
tion. The mutant form of B-catenin that is expressed following mutation in CTNNB1
results in enhanced degradation resistance and accumulation of p-catenin [11].

Abnormal expression of p-catenin induces neoplastic transformation of normal
cells. Immunohistochemical analysis with anti-f-catenin antibody reveals membrane
expression of the protein in the epithelial cells with nucleocytoplasmic accumulation
in the cell clusters forming whorled structures. The nucleocytoplasmic accumulation
of P-catenin is a hallmark of ACP [12]. It has been shown that stronger p-catenin
immunostaining is positively associated with tumour progression and recurrence [13].

When Whnt signalling is activated, the GSK-3 is phosphorylated leading to dis-
sociation of the inhibitory complex. This inhibits the degradation of p-catenin and
levels of P-catenin increase in the cytoplasm. This, in turn, induces transcription
factor, T-cell factor/lymphoid enhancer-binding factor, and mutations along this
pathway are associated with several diseases and cancer types [11]. This wide range
involvement of Wnt/B-catenin signalling pathway provides alternative points for
therapeutic interventions and has made this pathway a prime target for
pharmacological research and development [14].

Histological, immunohistochemical and molecular features of ACP are illus-
trated in Fig. 12.1.
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Fig. 12.1 Histopathological and molecular genetic features of adamantinomatous and papillary
craniopharyngioma. Haematoxylin-eosin staining demonstrates epithelial cords with “stellate
reticulum” and “wet keratin” in ACP and papillary epithelial protrusions in PCP (x100). Beta-
catenin shows nucleocytoplasmic accumulation in whorled tumour cell clusters in ACP and mem-
branous expression in epithelial tumour cells of PCP (x200). Immunohistochemistry for
BRAFV600E shows no immunolabeling in ACP and usually weak intracytoplasmic immunolabel-
ing in epithelial tumour cells in PCP (x100). Pyrogram generated from the BRAF wild-type ACP
specimen and from the PCP specimen demonstrating ¢.1799 T > A mutation resulting in the
V600E mutant BRAF protein
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12.2.3 Growth Factors

Disruption of several growth factor pathways has been demonstrated in ACP.
Overexpression of epidermal growth factor receptor (EGFR) has been shown both
on mRNA and protein level. EGFR plays a role in Wnt signalling activation through
direct interaction with p-catenin. Fascin, a B-catenin target gene, is involved in cel-
lular motility upon activation and is also increased in ACP. Activated EGFR has
shown to significantly promote tumour cell migration in vitro and nuclear coex-
pression of activated EGFR, B-catenin, and fascin has been detected in infiltrating
cell aggregates [15]. Both EGFR activation and fascin expression was significantly
decreased by gefitinib, an EGFR inhibitor. This indicates that EGFR signalling
may play a role in cell migration and brain parenchyma infiltration often seen in
ACP [15].

Vascular endothelial growth factor (VEGF) is important in angiogenesis and
tumour growth and Wnt/p-catenin signalling regulates its transcription. In APC with
constitutively active B-catenin and Wnt signalling there is an overexpression of
VEGF. VEGF overexpression has also been associated with recurrence of ACP [16].
Thus, there is a potential for VEGF-inhibitors such as bevacizumab that is in use as
first-line therapy in a variety of cancers to be tested in ACP.

Additional growth factors that have shown increased expression in ACP are
fibroblast growth factor (FGF), growth hormone receptor (GHR) and insulin-like
growth factor 1 receptor (IGF-1R).

12.3 Papillary Craniopharyngioma
12.3.1 Histopathology

PCP is characterized by a papillary growth pattern with mature nonkeratinizing
squamous epithelium lining fibrovascular cores. This histological subtype typically
lacks “wet keratin” and whorled epithelial cell clusters. -catenin is expressed in the
cell membrane without nucleocytoplasmic aggregates characteristic for ACP.

12.3.2 BRAFV600E

The BRAF gene is coding for a cytosolic serine/threonine kinase that is part of the
mitogen-activated protein kinase (MAPK) pathway. It is activated by a somatic
point mutation in human cancer and upregulates MAPK pathway [17]. This pro-
motes transcription of prosurvival and growth genes. This hyperactivity disrupts
hormone-producing cells development and encourages the proliferation of pituitary
stem cells. BRAFV600E mutation is present in more than 95% of PCP cases [3, 18]
and no other recurrent mutations or genomic aberrations have been reported so far.

Immunohistochemical analysis with antibody towards mutated BRAFV600E
shows cytoplasmic immunolabeling of the epithelial tumour cells in PCPs. As
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immunolabeling with antibody toward BrafV600E mutated BRAF can be observed
even without the presence of the mutation [19, 20], molecular genetic analysis is
highly recommended to confirm the mutation and should be obligatory when phar-
macological therapy targeted the mutant BRAF is considered. Craniopharyngioma
cases with uncertain histological pattern can be subcategorised into specific variants
following targeted sequencing for BRAFV600E and immunohistochemical analysis
for B-catenin [21]. Rarely, BRAFV600E mutation can coexist with CTNNB1 muta-
tions in adamantinomatous craniopharyngioma [22], which motivates at least
immunohistochemical analysis of BRAFV600E even in ACPs. Pathologists should
be aware of strong BRAFV600E immunolabeling not related to the BRAF mutation
in a subset of adenohypophyseal cells in the surgical specimens containing the
islands of anterior pituitary tissue [20].

Histological, immunohistochemical and molecular features of PCP are illus-
trated in Fig. 12.1.

12.4 Transitional and Mixed CP

Although craniopharyngiomas are divided into adamantinomatous and papillary
type based on their histological features, cases with combined and transitional type
have been reported [21, 23-26]. Reports on the coexistence of CTNNB1 and BRAF
mutations in CPs further support the true existence of mixed CPs [22, 27].

The proposed hypotheses are that either the tumour may have developed from
two different sources at the same time, or a cystic area of ACP may have undergone
squamous metaplasia with the development of PCP. The first hypothesis and the
embryological origin are supported by the histological and genetic overlapping [22]
and also described in a foetal autopsy case of embryonal craniopharyngioma [28].
There is also a suggestion that the combined features in ACP are the result of squa-
mous metaplasia mediated by inflammation [25]; however, the evidence for this is
currently very weak. The resemblance of Rathke’s cleft cyst (RCC) and PCP has
been suggested to support the hypothesis that PCP is a histopathological continuum
with RCC [23]. The mixed cases tend to have a higher recurrence rate [21, 24].

Although there are evidence of mixed CP in the literature, the origin and clinical
course of these rare CPs remains unclear.

12.5 Postnatal Pituitary Progenitor/Stem Cells

Recently, there has been a high interest in the connection between stem cells and
CP. Embryonic stem cells express specific genes and molecular markers, and sev-
eral of these have been detected in the marginal zone of human pituitary [29].
Furthermore, several molecular markers shared by pluripotent embryonic stem
cells and adult pituitary stem cells, such as SOX2, SOX9, CD44, DLL4, OCT4
have been found in f-catenin accumulating cells in human ACPs [30, 31].
Immunohistochemical and molecular genetic profile of stem cell markers with a
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predominance of SOX9 and CD44 in ACP in comparison to pituitary adenomas
suggest that ACP may originate from a more undifferentiated cell cluster. Wingless
(Wnt)/B-catenin is a critical regulator of stem cells and mutant f-catenin expres-
sion in undifferentiated Rathke’s pouch progenitors has shown to lead to tumours
resembling human ACPs; however, this does not seem to happen in already differ-
entiated cells [7]. Moreover, SOX9 overexpression seems to be correlated with
recurrent growth of ACP [32]. Studies in PCP have also shown that SOX2 plays an
important role in the pathogenesis of PCP [33]. Hyperactivation of the MAPK
pathway resulted in expression of the gain-of-function alleles BRAFV600E and
KrasG12D in the developing mouse pituitary, consequently leading to severe
hyperplasia and abnormal morphogenesis of the gland by the end of gestation [33].
These markers could help to understand and predict the biological behaviour of
CPs and hopefully be targets for chemotherapy.

12.6 CP Recurrence and Molecular Markers

The recurrence of CP is a challenging task for most neurosurgeons due to adherence
and difficulty of resection is associated with significant morbidity. There is a high
interest to predict the recurrence of these tumours and several biomarkers have been
identified as presented in Table 12.1. Variation in miRNAs expression have been
observed in cell proliferation and apoptosis, but also involved in neoplastic transfor-
mation. It is believed that for ACP, a number of miRNAs also participate in its recur-
rence via regulating several target genes [34, 35].

Rapid recurrence has been observed in CPs with high expression of Ki-67 and
p53 reflecting high proliferative and apoptotic activity in tumour cells [36, 37] but
there are also reports that failed to detect this correlation [38]. Markers contributing
to higher local invasion of tumour and increased recurrence rate have been

Table 12.1 Biomarkers Biomarker Expression profile

asso.ciated with recurrence of miRNA Increased in ACP

craniopharyngiomas Ki-67 Increased in CP
pS3 Increased in CP
CD166 Increased in CP
[B-catenin Increased in CP
Retinoic acid receptor Increased in CP
MMP-9 Increased in ACP
Cathepsins Increased in ACP
VEGF Increased in ACP
Collagen IV Increased in ACP
CXCL12/CXCR4 Increased in ACP
SHH-pathway Increased in ACP
SOX9 Increased in ACP
BRAF/CTNNB1 BRAF mutation lower recurrence

rate
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identified in ACP such as collagen IV, MMP-9 [39], SHH [40] and Cathepsins,
while RAR and p-catenin was detected in both ACP and PCP [41-43].

Moreover, increased expression of chemokines has been associated with a high
recurrence rate. Chemokines CXCR4 and CXCL12 are believed to increase the risk
of recurrence through the increased potential for local invasion and angiogenesis
[44, 45]. VGEFVGEEF is an additional marker that may affect angiogenesis and
recurrence rate, but the results are not yet conclusive [46, 47].

There are also reports on higher recurrence rate in mixed cases of CP [21, 24].

One of the drawbacks of these results and the limitation in the application of
them is the fact that most of them do not report on tumour remnants, which is cur-
rently the most important factor contributing to recurrent tumour growth.

12.7 Inflammation and Immune Response

The brain parenchyma surrounding CP is often infiltrated by inflammatory cells and
rich in cytokines produced by tumour cells [48]. Chemokines are a family of small
pro-inflammatory chemoattractant cytokines that bind to specific G- protein-coupled
transmembrane receptors and play an important role in tumour growth, angiogene-
sis and metastasis.

They may also play a key role in tissue reaction and adherence of tumour to the
surrounding tissue. Craniopharyngiomas usually consist of a cystic and solid
component. The cyst is filled with secreted fluid, cholesterol crystals, and epithe-
lial cells and is associated with a major risk of recurrence. Furthermore, it has
pro-inflammatory properties as the cyst rupture may lead to chemical meningitis
detected also in the CSF [49]. Analysis of the cystic fluid has shown a ten-fold
increase in IL-1, TNF-a and a >5000 fold increase in IL-6 [50] and intracystic
injection of INF-a has the highest benefit to risk ratio compared to bleomycin or
radioisotopes [51]. Microarray analysis of the cyst fluid revealed significantly
increased expression of both pro-inflammatory mediators I1L-6, CXCLS8 (IL-8),
and CXCL1 (GRO) as well as immunosuppressive IL-10 [48]. Analysis of the
solid tumour component of ACP has also shown increased expression of cyto- and
chemokines such as CXCL12 and its receptor CXCR4, pro-inflammatory media-
tors IL-6, CXCLS8 (IL-8) and CXCL1 (GRO) as well as immunosuppressive IL-10
and IDO-1.

Majority of the studies have been performed on ACP with little information on
the inflammatory processes in PCP. However, preoperative inflammatory markers
from peripheral blood samples have been measured in both and it was shown that
WBC and lymphocyte are increased in both ACP and PCP compared to other sellar
region tumours [52]. The PCP group had higher neutrophil count and neutrophil-
lymphocyte ratio than the ACP and healthy control groups. What has been recently
seen in both types of CPs is the expression of programmed cell death protein 1/
programmed death-ligand 1 (PD-1/PD-L1) immune checkpoint pathway [53]. In
this study, both ACP and PCP contained significant numbers of PD-L1 expressing
immune cells. Available PD-1/PD-L1 inhibitors such as Nivolumab and
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Atezolizumab, may be a new avenue for the systemic treatment of recurrent
craniopharyngioma.

Current studies indicate the importance of the immune response in CP. This
together with the successful utilization of directed therapies against inflammatory
mediators in other tumour types and other diseases such as monoclonal antibodies
directed against human IL-6R (tocilizumab) and IL-6 (siltuximab) opens a new field
of treatment possibilities for craniopharyngiomas.

12.8 Pharmaceutical Agents and Molecular Targets

The deepened insight into the pathology of CPs has identified pathways of impor-
tance and possible molecular targets for treatment (Table 12.2). Several of these
targets have previously been identified in other cancer and disease types and could
thereby readily be applied to CPs. The importance of Wnt/p-catenin signalling path-
way has generated more than 40 different substances where several of them are in
clinical trials for other types of cancer treatment [14]. Currently, the CTNNBI1
mutation in ACP is not readily targetable but further understanding of its role in
tumorigenesis could make therapeutic implications possible [55].

Disturbed growth factor signalling has shown to be a hallmark of ACPs and sev-
eral inhibitors are available and have successfully been used in cancer treatment
such as treatment of lung- and breast cancer with Bevacizumab [56]. However, it
failed to show any benefit in overall survival of patients with newly diagnosed glio-
blastoma [57]. Thus, its effect in ACPs remains to be elucidated.

The V600E point mutation in BRAF found in PCPs leads to a direct therapeutic
potential with Dabrafenib since this was already used in melanoma [58]. This has
been successfully tested as dual therapy with MEK-inhibitors (Trametinib) due to
the development of acquired resistance and fewer side effects [59]. First encourag-
ing case report was published by Brastianos et al. [60] where they used this treat-
ment in a 39-year-old male with PCP and BRAFV600E mutation. The tumour had
decreased by 85% after 35 days of treatment. Interestingly, the authors could detect

Table 12.2 Pharmaceutical

Molecular target Drug

agents and molecular targets Wnt/p-catenin signalling <40 substances
PD-1 inhibitors Nivolumab
PD-L1 inhibitors Atezolizumab
SHH-inhibitors Vismodegib
EGFR-inhibitors Gefitinib
VEGF-inhibitors Bevacizumab
BRAF-inhibitor Dabrafenib
MEK-inhibitor Trametinib
IL-6 Siltuximab
IL-6R Tocilizumab

The table presents one drug in each category but there
are currently several drugs for each molecular target
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Month 0-diagnosis Month 5-Preoperative  Month 5-Postoperative ~ Month 7-tumor recur Month 12- 15w treatment

Fig. 12.2 A 65-year-old male diagnosed with CP (a) that progressed (b) and the patients under-
went surgery (c¢), the histopathology showed a PCP with BRAFV600E mutation. The tumour
recurred at 2 months postoperatively (d). At this time treatment with Dabrafenib (Tafinlar) 150 mg
twice daily was initiated. After 3 weeks, Trametinib (Mekinist) 2 mg once daily was added, and the
treatment lasted for a total of 7 weeks. MRI during the last week of treatment (15 weeks) showed
a 91% reduction of the tumour (e) [54]. Reprinted with permission from Rostami et al. Acta
Neurochir (Wien) 2017;159:2217-21 [54]

BRAFVG600E in peripheral blood, but since the patient had been operated several
times it was unclear if the surgery related tissue trauma caused DNA release into the
peripheral blood.

We have so far treated one recurrent PCP with this dual therapy with significantly
reduced tumour volume, but the treatment had to be halted after 15 weeks due to
pyrexia [54] (Fig. 12.2). There are currently three additional case reports on achiev-
ing good response when using BRAF-targeted therapy for patients with PCP [61—
63]. Although these reports are promising, many issues remain to be elucidated such
as agents used, timing and duration of use, the response durability and potential use
as neoadjuvant therapy to improve resection outcome. Hopefully, these questions
canbe addressed in ongoing clinical Phase II Alliance AO71601 trial (NCT03224767).

Interestingly, in a recent study using explant cultures of both human and mouse
ACP, MAPK/ERK pathway inhibitor trametinib, reduced proliferation and increased
apoptosis [64]. Further studies are though needed to evaluate the clinic though
needed to evaluate the clinical role of MEK-inhibitors in ACP.

Currently, the CTNNB1 mutation in ACP is not readily targetable and there are
no ongoing clinical trials evaluating existing or new pharmaceutical agents.

12.8.1 Future Perspective

During recent years, the advancement of molecular biology and genetics have
enabled a deeper insight into the underlying pathology of craniopharyngiomas and
the more detailed characterization of ACP, PCP and mixed craniopharyngiomas.
Several pathways, genes and proteins have been identified to play an important role
in the pathogenesis and tumour behaviour of CPs and are being investigated as
targets of treatment. Several markers have also been proposed for diagnosis of the
recurrence of CP. Although the new biomarkers open a new avenue of studies on
early diagnosis and prediction of recurrence none of them can currently be reliably
used. One of the pitfalls is the inconsistency in reporting on important surgical
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variables when genetic and molecular profiling is correlated to outcome and
recurrence. Future studies should take this into consideration, in particular the vari-
ables such as tumour remnants, which is currently the most important risk factor
for recurrence. Emerging treatments may be applied to reduce the tumour size and
facilitate total surgical removal of the tumours potentially improving the
outcome.

Currently, the most successful adjuvant treatment is offered by dual therapy with
BRAF and MEK inhibitors in PCPs expressing BRAFV600E mutation. However,
these are case studies and ongoing and coming larger clinical trials will provide
more information on this treatment option and its long-term efficacy. New findings
on the role of inflammatory mediators and immune checkpoint pathways in ACPs
may initiate new treatment options with already available pharmaceutical agents.

It might be possible that in the future, analysis of tumour markers in serum and/
or cerebrospinal fluid in combination with MR imaging would provide sufficient
information on diagnosis and available targeted therapy could be applied precluding
any surgical intervention.
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Emmanuel Jouanneau and Gérald Raverot

It has been a long journey from the first description of a craniopharyngioma, by
Friedrich Von Zenker in 1857, and the identification of the adiposo-genital syndrome
by Frolich and Babinski in 1900.

More than a century later, this tumor continues to challenge physicians and the
quote from H Cushing, “Craniopharyngiomas are the most baffling problem which
confronts the Neurosurgeon,” recalled by Professor Ed Laws in his preface, remains
perfectly true today.

Some advances are however encouraging for the future.

It is well established that there are two peaks of incidence of craniopharyngio-
mas; under 15 years of age and in patients in their sixties.

The two types of craniopharyngiomas are now well characterized: An adamanti-
nomatous form (ACP), existing both in children and in adults, and the papillary
form (PCP) found only in adults. The old concept of CP arising from embryonic
ectodermal remnants of the primitive mouth or stomodeum is now questionable if
not obsolete. This concept fails to explain the two potent forms of CP and why CP
may develop after decades.

Recent molecular and experimental data showed that ACP is driven by the
CTNNBI1 mutation/f catenin in adult SOX2 pituitary stem cell forming clusters.
Those clusters promote tumor development thereafter in a paracrine manner. The
location where mutations take place (infundibulum, pars tuberalis, pituitary)
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explains the different forms of CP: sellar, suprasellar, infundibular, and
intraventricular.

PCPs clearly represent a different tumor, only encountered in the adult even if
ACPs are the most frequent form in adults. These are driven by BRAF-V600E
mutations expressed by cells throughout the tumor, a mutation that promotes the
proliferation of a subpopulation of SOX2 cells.

SOX2 stem cells are therefore key cells in the development of CPs with distinct
mutations.

Adult-onset CPs (AO-CP) are rare tumors which explain the very few pure adult
series. Consequently, therapeutic strategies have been extrapolated from mixed or
pediatric series.

However, pediatric CP and AO-CP are quite different in terms of their clinical
presentation, the location of the tumor (mainly sellar-suprasellar in adults), and the
therapeutic strategies employed, these being perhaps more conservative in children
as the consequences of lesions in the immature hypothalamus may be more
dramatic.

For AO-CP, important concepts are:

— Firstly, the data from the literature joined to our own experience showed that
hypothalamic syndrome is frequent at diagnosis with the classical overweight
issues. Further studies are warranted to obtain more precise data on cognitive
function.

— Secondly, regarding surgery, the surgical innovation is clearly the development
of the endoscopic endonasal extended approach over the last two decades.
Surgically, approaching from below clearly allows a better exposure of the hypo-
thalamus. Even though we have no randomized studies, pituitary surgeons agree
that such an approach results in either an improvement in surgical outcomes or a
diminution in morbidity.

After the publication of the results of pediatric neurosurgery, the rule was to
avoid GTR in MRI grade II CP. In adults, this does not appear to be as true, but we
still do not understand why some patients get better while some do not, while the
post-operative MRI results seem to show very similar appearance of a hole in the
third ventricle. As has been nicely described by R Prieto, a thorough study of the
MR criteria helps surgeons to plan the surgical route and predict likely difficulties
of surgery. In the end, it is the surgeon in theater who will decide how far he/she can
go without endangering the patient. The key point for us is the degree of adhesion
to the hypothalamus or optic chiasma as well as the location of invasion. As soon as
a sharp dissection is obligatory, we must take the decision to end surgery especially
when it is extended posteriorly. Indeed, damage to mammillary bodies has been
implicated in behavioral, memory, and obesity issues. Cystic walls also have to be
frequently kept in place. Interestingly, for cystic AO-CP, recent data supports con-
servative treatment with large opening of the cyst alone (i.e., without upfront radio-
therapy) in the ventricle that may control the tumor for years with minimal
morbidity.
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All decisions need experience, training and perhaps even more so in the case of
pituitary adenomas, particularly considering the rarity of such tumors, meaning
dedicated surgeons and referral centers are of paramount importance.

The place of radiotherapy remains open to debate. When a gross total removal is
performed, a wait-and-see attitude could be the recommended approach. In the case
of subtotal removal the key point is whether to treat upfront or not. In the absence
of randomized studies, this point remains open to debate. In the case of a significant
tumor residue, the progression free survival PES has improved in pediatric series
after STR and radiotherapy. Therefore, it would be recommended in the young or
middle-aged population, whereas a wait-and-see approach would be used in the old-
est patients. Regarding the technique to be employed, the standard technique is
IRMT. Evidence is missing for an additional benefit for proton-therapy and radio-
surgery. Once again, clinical trials are ongoing but will probably take time.

Overweight issues remain the major side effect for patients, altering their quality
of life. The underlying mechanisms for this are numerous and not perfectly under-
stood. Medical therapies have been disappointing although GLP-1 and oxytocin
trials are ongoing. Bariatric surgery can be proposed in the adult with fewer ethical
issues than for children. Non-reversible methods (sleeve or other techniques) may
be more efficient. The key point is to deal with this metabolic risk at the very begin-
ning with dietary measures, exercise programs, and strict follow-up. Both patients
and physicians need to be alert to this issue as, in many situations, ignorance or
negligence can lead to dramatic and irreversible outcomes. In addition to metabolic
consequences, hypopituitarism is a common finding in adult patients with CP,
occurring both pre- and post-operatively. In the case of hypopituitarism, it is impor-
tant not to underdiagnose and undertreat, but at the same time not to overtreat. Key
advice is presented, in this book, to help clinicians to optimize pre-and post-
operative endocrinological management.

Despite surgery and radiotherapy, in almost 30% of cases, recurrence can be
observed. The most interesting recent advance in therapy is the use of targeted ther-
apies that are based on molecular data. Promising results have been reported with a
combination of BRAF and MEK-inhibitors, but data on the long-term control are
lacking. A phase II study (NCT03224767) is ongoing. CTNNB1 inhibitors are cur-
rently unavailable but immunotherapy drugs, such as PD-L1 inhibitors, present
another innovative option.

Finally, CPs have a very bad reputation for being benign but recurrent tumors.
We have all experienced dramatic cases; however, this is not the usual profile.
Indeed, we were pleasantly surprised when we considered the outcomes of our adult
patients (more than 50 treated in the modern era). Certainly, we have cases of recur-
rence, overweight issues (mostly starting before treatment), but very few difficult
situations and most of them resume normal life after diagnosis and treatment. This
point remains to be confirmed in large multicenter studies.

As we conclude this book, focused on adult CP, many questions remain unre-
solved. In view of the rarity of such tumors, international multicenter trials will be
required. To this end a European Task Force is now emerging to address this
challenging topic.
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