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SOMMARIO 

Introduzione. I cordomi della base cranica sono tumori rari e a lenta crescita 
derivanti dalla notocorda. La loro morbilità è principalmente legata alla loro invasione 
locale e alla resistenza ai trattamenti. A causa del loro aspetto eterogeneo e del loro 
comportamento clinico-molecolare non completamente compreso, l'obiettivo 
principale del presente lavoro è quello di identificare marcatori clinici e bio-molecolari 
come fattori prognostici specifici che potrebbero essere utilizzati per la corretta 
gestione di tali pazienti. Il raggiungimento di una firma prognostica dettagliata dei 
cordomi del basicranio è di fondamentale importanza per poter personalizzare il 
trattamento di ciascun paziente. Inoltre, l'analisi degli sfingolipidi sta emergendo 
come un nuovo approccio in molti tumori e non è mai stata applicata nei cordomi. 
L’obiettivo principale è lo studio del comportamento biologico del cordoma e il ruolo 
della produzione di ceramidi in questo contesto di proliferazione e invasione locale. 
Pazienti e Metodi. È stata eseguita una revisione retrospettiva di tutti i pazienti 
diagnosticati e trattati per cordoma della base cranica presso la Fondazione IRCCS 
Istituto Neurologico "Carlo Besta" tra il gennaio 1992 ed il dicembre 2017. Sono stati 
raccolti dati clinici, radiologici, chirurgici e patologici. È stata eseguita una raccolta 
prospettica di campioni chirurgici congelati per analizzare le specie di ceramidi. Gli 
sfingolipidi sono stati estratti dai tessuti congelati; i ceramidi e i diidroceramidi sono 
stati valutati mediante cromatografia liquida e spettrometria di massa. L'analisi di 
sopravvivenza è stata eseguita secondo il metodo di Kaplan-Meier. I confronti 
univariati sono stati condotti usando i test di Mann-Whitney, Chi-square e il test 
esatto di Fisher. Sono state condotte analisi di regressione e correlazione lineari. 
Utilizzando un modello di regressione logistica, i predittori statisticamente 
significativi sono stati pesati sulla base dei loro odds ratio al fine di sviluppare una 
scala personalizzata - la Peri-Operative Chordoma Scale (POCS). 
Risultati. Ottantasette pazienti sono stati trattati chirurgicamente per cordoma del 
basicranio. Settantotto pazienti sono stati dichiarati eleggibili per la revisione. I 
pazienti erano 38 maschi (48.7%) e 40 femmine (51.3%). Il follow-up medio era di 
69 mesi (intervallo, 3-233). Sono stati eseguiti centoquattordici interventi chirurgici. 
La presenza di deficit motori si è rivelata essere un fattore prognostico significativo 
correlato a una PFS peggiore (p=0.0480). La presenza di calcificazioni ha mostrato 
una correlazione con risultati migliori di OS rispetto al tumore privo di calcificazioni 
(p=0.0420). Il grado di impregnazione contrastografica alla RM si è rivelato essere 
un fattore prognostico significativo in termini sia di OS che di PFS (p≤0.0001 e 
0.0010, rispettivamente). Il coinvolgimento del forame giugulare e delle cisterne 
anteriori al tronco encefalico si sono rivelati due fattori prognostici significativi 
correlati con una riduzione di PFS (p=0.0130 e p=0.0210, rispettivamente). La 
dislocazione del tronco cerebrale rappresentava un fattore prognostico significativo 
correlato a peggiore OS e PFS nella coorte di cordomi recidivi (p=0.0060 e 0.0030, 
rispettivamente). L'estensione della resezione tumorale rappresentava un forte 
fattore prognostico secondo la PFS nella coorte di cordomi primari (p=0.0200). I 
pazienti operati da un chirurgo esperto (definito come il chirurgo che ha eseguito più 
di 10 procedure chirurgiche per cordoma del basicranio nella presente serie) hanno 
avuto un outcome migliore in termini di PFS nella coorte di pazienti primari 
(p=0.0340). Lo sviluppo di complicanze post-operatorie in pazienti con cordoma 
primario rappresentava un importante fattore prognostico correlato sia ad OS che a 
PFS (p≤0.0001 e 0.0360, rispettivamente). Nella coorte di cordomi recidivi, ∆KPS 
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correlava sia a OS che a PFS (p=0.0010 e 0.0180, rispettivamente). Inoltre, il 
trattamento radioterapico postoperatorio correlava ad un aumento di OS e PFS 
(p=0.0020 e p=0.0100, rispettivamente). I seguenti fattori si sono rivelati predittori 
statisticamente significativi sia di PFS che di OS nel modello di regressione logistica: 
il grado di impregnazione contrastografica alla RM (intenso o lieve/nessuno), la 
presenza di deficit motori preoperatori (si o no) e lo sviluppo di complicanze post-
operatorie (si o no). Una scala è stata sviluppata con score compresi tra 0 e 17 
(Nagelkerke’s pseudo R2=0.656). Le specie totali di ceramidi e diidroceramidi nei 
cordomi primari erano 808.4±451.4 pmol/mg di proteine (522.5-1760.2) e 30.7±16.4 
pmol/mg (17.6-62.4), rispettivamente. Le specie totali di ceramidi e diidroceramidi 
nei cordomi recidivi erano 1488.1±763.8 pmol/mg (540.7-2787.5) e 67.2±45.5 
pmol/mg (9.0-145.6), rispettivamente. Le specie totali di ceramidi erano 
significativamente più elevate nei cordomi recidivi sottoposti a precedente resezione 
chirurgica e radioterapia rispetto ai cordomi primari (p=0.0496). Le specie totali di 
ceramidi e diidroceramidi nel gruppo "intensa impregnazione contrastografica" 
erano 1597.6±737.8 pmol/mg (592.7-2787.5) e 69.1±45.0 pmol/mg (17.8-145.6), 
rispettivamente. Le specie totali di ceramidi e diidroceramidi nel gruppo "nessuna o 
lieve impregnazione contrastografica" erano 664.7±120.4 pmol/mg (522.5-826.0) e 
31.5±13.6 pmol/mg (17.6-53.6), rispettivamente. Ceramidi e diidroceramidi totali 
erano significativamente più alti nei cordomi ad “intensa impregnazione 
contrastografica” rispetto ai cordomi "nessun o lieve impregnazione 
contrastografica" (p=0.0290 e p=0.0186, rispettivamente). Analizzando 
l'associazione tra livelli di ceramidi e MIB-1 all'interno di ciascun paziente con 
cordoma della base cranica, i livelli di ceramidi totali hanno mostrato 
un'associazione forte (r=0.7257, r2=0.5267) con la colorazione MIB-1 (p=0.0033). 
Analizzando l'associazione tra i livelli di diidroceramidi e MIB-1 all'interno di ciascun 
paziente con cordoma della base cranica, i livelli totali di diidroceramidi hanno 
mostrato anche un'associazione forte (r=0.6733, r2=0.4533) con MIB-1 (p=0.0083). 
Tra le singole specie di ceramidi, Cer C24: 1 (r=0.8814, r2=0.7769, p≤0.0001), 
DHCer C24: 1 (r=0.8429, r2=0.7104, p=0.0002) e DHCer C18:0 (r=0.9426, 
r2=0.8885, p≤0.0001) hanno mostrato una correlazione significativa con il MIB-1. 
Conclusioni. L’analisi clinica ha dimostrato che la sintomatologia preoperatoria 
(deficit motori e a carico dei nervi cranici), la posizione anatomica (forame giugulare, 
dislocazione del tronco encefalico), le caratteristiche chirurgiche (estensione della 
resezione tumorale ed esperienza del chirurgo operatore), la presenza di 
complicanze postoperatorie e il declino del KPS si sono rivelati fattori prognostici 
significativi. Inoltre, il grado d’impregnazione contrastografica alla RM è stato 
significativamente correlato sia a OS che a PFS. È stata sviluppata in via preliminare 
la Peri-Operative Chordoma Scale (POCS) per aiutare il clinico nella gestione 
personalizzata del paziente che si sottoporrà a potenziali terapie adiuvanti. L’analisi 
di sfingolipidi, invece, ha evidenziato come i ceramidi possano rappresentare un 
promettente bio-marcatore nei cordomi. In particolare, i ceramidi a catena lunga e 
molto lunga, come Cer C24:1 e DHCer C18:0, possono concorrere ad una 
prolungata sopravvivenza del tumore, aggressività e l’effettiva comprensione del 
loro ruolo biologico potrà far luce sui possibili meccanismi di radio-resistenza, 
tendenza a recidivare del cordoma e allo sviluppo di agenti che possano avere come 
target il metabolismo dei ceramidi. Tali risultati dovrebbero essere validati in futuri 
studi clinici, in vitro e in vivo più ampi per confermare questo intricato legame tra il 
comportamento aggressivo del cordoma e dei ceramidi. 
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ABSTRACT 

Introduction. Skull base chordomas are rare slow-growing neoplasms that arise 
from notochord. Their morbidity is mainly related to highly aggressive local invasion 
and resistance to treatments. Due to its heterogeneous appearance and not fully 
understood clinical and molecular behaviors, the main goal of the present work is to 
identify clinical and bio-molecular markers as specific prognostic factors that could 
be used for the management of skull base chordoma patients. Achieving a detailed 
prognostic signature of skull base chordomas is of paramount importance to 
personalize the treatment to each specific patient. Moreover, sphingolipids analysis 
is emerging as a new approach in many cancers and it has never been applied in 
chordomas. Our aim is to investigate chordoma biological behavior and the role of 
ceramides production in this context of proliferation and invasion. 
Patients and Methods. A retrospective review of all the patients diagnosed and 
treated for a skull base chordoma at the Fondazione IRCCS Istituto Neurologico 
“Carlo Besta” between January 1992 and December 2017 has been performed. 
Clinical, radiological, surgical and pathological data have been collected. A 
prospective collection of frozen surgical specimens has been performed to analyze 
ceramides species in chordomas.  Sphingolipids were extracted from frozen tissues 
and total ceramides and dihydroceramides were evaluated by liquid chromatography 
and mass spectrometry. Survival analysis was performed according to Kaplan-Meier 
method. Univariate comparisons were conducted using Mann-Whitney, Chi-square 
and exact Fisher test. Simple linear regression and correlation with computation of 
Pearson coefficients analyses were conducted. Using a logistic regression model, 
statistically significant predictors were rated based on their odds ratios in order to 
build a personalized grading scale – the Peri-Operative Chordoma Scale (POCS). 
Results. Eighty-seven consecutive patients were surgically treated for a skull base 
chordoma during the period of recruitment. Seventy-eight patients were eligible for 
the retrospective review. There were 38 males (48.7%) and 40 females (51.3%). The 
mean follow-up was 69 months (range, 3–233). One-hundred-fourteen surgical 
operations were performed in the initial recruitment or recurrent setting. The 
presence of motor deficits in skull base chordoma revealed to be a significant 
prognostic factor correlating with a worse PFS (p=0.0480). Calcification on KM 
analysis showed a correlation with better outcomes (OS) compared with tumor 
lacking any calcification on CT scan (p value=0.0402). The degree of MR contrast 
enhancement revealed to be a significant and strong prognostic factor in terms of 
OS and PFS (p≤0.0001 and 0.0010, respectively). Jugular foramen involvement 
represented a significant prognostic factor with a worse PFS in the cohort of primary 
skull base chordomas (p=0.0130). The presence of chordoma in the pre-brainstem 
cistern revealed to be a significant prognostic factor with a worse PFS in the cohort 
of recurrent skull base chordomas (p=0.0210). Brainstem dislocation represented a 
significant prognostic factor correlating with a both worse outcome in terms of OS 
and PFS in the cohort of recurrent skull base chordomas (p=0.0060 and 0.0030). 
Extent of resection represents a strong prognostic factor according to PFS in the 
cohort of primary skull base chordomas (p=0.0200). Patients operated by an 
experienced chordoma surgeon did better in terms of prolonged PFS in the cohort 
of primary patients (p=0.0340). Development of post-operative complications in 
primary skull base chordoma patients represented an important prognostic factor 
related to both OS and PFS (p≤0.0001 and 0.0360, respectively). In the cohort of 
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recurrent chordomas, ∆KPS correlated to both OS and PFS (p=0.0010 and 0.0180, 
respectively). Moreover, post-operative radiation treatment correlated with 
prolonged OS (p=0.0020) and PFS (p=0.0100). The following factors were found to 
be statistically significant predictors of both PFS and OS in the logistic regression 
model: MR contrast enhancement (intense vs mild/no), preoperative motor deficit 
(yes vs no) and the development of any post-operative complications (yes vs no). A 
grading scale was obtained with scores ranging between 0 and 17 (Nagelkerke’s 
pseudo R2=0.656). The mean total ceramides and dihydroceramides species in 
primary chordomas were 808.4±451.4 pmol/mg (522.5-1760.2) and 30.7±16.4 
pmol/mg (17.6-62.4), respectively. The mean total ceramides and dihydroceramides 
species in recurrent chordomas were 1488.1±763.8 pmol/mg (540.7-2787.5) and 
67.2±45.5 pmol/mg (9.0-145.6), respectively. Total ceramides species were 
significantly higher in recurrent chordomas that underwent previous surgical 
resection and radiation therapy in comparison to the primary chordomas (p=0.0496). 
The mean total ceramides and dihydroceramides species in “intense enhancement” 
group were 1597.6±737.8 pmol/mg (592.7-2787.5) and 69.1±45.0 pmol/mg (17.8-
145.6), respectively. The mean total ceramides and dihydroceramides species in “no 
or mild enhancement” group were 664.7±120.4 pmol/mg (522.5-826.0) and 
31.5±13.6 pmol/mg (17.6-53.6), respectively. Total ceramides and 
dihydroceramides were significantly higher in “intense enhancement” chordomas in 
comparison to the “no/mild enhancement” chordomas (p=0.0290 and p=0.0186, 
respectively). Analyzing the association between ceramides level and MIB-1 within 
each skull base chordoma patient, total ceramides level showed a strong association 
(r=0.7257, r2=0.5267) with MIB-1 staining (p=0.0033). Analyzing the association 
between DHCer level and MIB-1 within each skull base chordoma patient, total 
DHCer level showed also strong association (r=0.6733, r2= 0.4533) with MIB-1 
staining (p= 0.0083). Among the single ceramides species Cer C24:1 (r=0.8814, 
r2=0.7769, p≤0.0001), DHCer C24:1 (r=0.8429, r2=0.7104, p=0.0002) and DHCer 
C18:0 (r=0.9426, r2=0.8885, p≤0.0001) levels showed a significant correlation with 
MIB-1 staining. Final candidate predictive factors that well fitted the regression 
model were: cer24:1 (r=0.824, p≤0.001), and DHCer C18:0 (r=0.748, p=0.002). 
Conclusion. Our clinical analysis showed that pre-operative clinical symptoms 
(motor and cranial nerve deficits), anatomical location (jugular foramen, pre-
brainstem cisterns and brainstem dislocation), surgical features (extent of tumor 
resection and surgeon’s experience), development of post-operative complications 
and KPS decline represent significant prognostic factors. The degree of MR contrast 
enhancement significantly correlated to both OS and PFS. We also preliminarily 
developed the Peri-Operative Chordoma Scale (POCS) to aid the practitioner in the 
personalized management of patients undergoing potential adjuvant therapies. Our 
lipid analysis showed ceramides as promising tumoral bio-markers in skull base 
chordomas. Long and very long chain ceramides, such as Cer C24:1 and DHCer 
C24:1, may be related to a prolonged tumor survival, aggressiveness and the 
understanding of their effective biological role will hopefully shed lights on the 
mechanisms of chordoma radio-resistance, tendency to recur and use of agents 
targeting ceramide metabolism. Such results should be validated in future larger 
clinical, in-vitro and in-vivo studies to confirm such intricate link between ceramides 
and chordoma aggressive behavior. 
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SKULL BASE CHORDOMA 

 

Chordoma is a rare tumor that arises from embryonic notochordal cells 

remnants. Although it can potentially occurs at any point along the vertebral 

column, the sacro-coccygeal and the skull base areas represent the most 

common locations21,30,203. Given the growth predilection in the clivus, the 

most frequent symptoms are cranial nerve deficits, such as sixth or third 

nerve palsies. The median survival is estimated at 7 years from the time of 

diagnosis21,39,40,174. “Maximally safe surgical resection” and adjuvant high-

dose radiation therapy represents the actual gold standard treatment24,40,174. 

The management of skull base chordoma patients is really challenging due 

to the need of preserving neurological functions and overall quality of life 

while maximizing tumor resection. The lethality of skull base chordomas is 

largely related due to their tendency to recur and locally progress, although 

systemic metastases have been reported in 12.5% of cases174,203. Proximity 

to vital neurovascular structures and locally aggressive behavior, apart from 

their histological grade, characterize chordoma as a malignant 

tumor174,197,203. The clinical course of chordomas is usually featured by a slow 

growth often impacting neurological functions, which lead to worse quality of 

life and death. Their growth pattern is characterized by encasement of 

neurovascular structures, dural penetration, bone infiltration and brainstem 

adhesions which makes chordomas a very challenging tumor21,40,203. Large 

retrospective studies on skull base chordomas in the last years highlighted 

a trend toward the improvement of the survival time mainly due to 

advancement of technology and surgical techniques40,80,97. They included the 

development of endoscopic technique, refinements of microsurgical open 

skull base techniques and the use of more accurate radiation therapy 

delivery modalities. Although these great improvements, chordoma is still a 

malignant tumor that strongly impact patient’s quality of life with a 5-year 
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overall survival (OS) and 5-year progression free-survival (PFS) rates of 

78.4% and 50.8%, respectively174. Previous studies have highlighted that 

tumor morbidity and mortality seems to be affected not only by clinical 

variables, such as extent of resection, tumor location and post-operative 

radiation therapy, but also by biological features21,30,41,179. Although 

morphology and basic immunohistochemical profiling of chordoma cells 

have been well characterized in the medical literature, its underlying 

molecular and genetic mechanisms are still not well and clearly understood. 

To date, no chemotherapeutic agent showed its role as first-line therapy for 

chordomas. Precision medicine with molecular target therapies is emerging 

as a promising and innovative approach to directly inhibit specific molecules 

and their pathways known to be involved in skull base chordomas30,68,171–173. 

 

  



 4 

Historical notes 

 
The first pathological description of a “jelly-like” mass at the spheno-occipital 

synchondrosis has been made by the German pathologist Rudolf Virchow in 

1846191. Hubert von Lushka, a German anatomist, found a similar “soft, 

lobulated mass, which had grown from the inside of the bone at the lower 

limit of the back of the cuff, and with perforation of the dura mater tissue” in 

an autopsy performed in 1856110. Based on these observations, Virchow 

introduced the term “ecchondrosis physaliphora” (ancient Greek-derived 

term “phusallìs” meaning bubble and “-phore” meaning to hold), to describe 

such pathological entity characterized by vacuolated cells resembling a 

plant-like pattern and their putative cartilaginous origin from spheno-

occipitalis synchondrosis (Fig. 1).   

Two other skull base chordoma cases were described in 1857 by German 

pathologists Friedrich von Zenker and Karl Ewald Hasse63,215. In 1858, the 

Figure 1. Original drawing of skull base “ecchondrosis 
physaliphora” from Hubert von Lushka [adapted from Lushka 
H, 1857]. 
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Virchow’s doctoral advisor Johannes Peter Muller rejected the cartilaginous 

hypothesis of tumor origin and hypothesized that notochordal remnants, 

mainly located at the skull base, odontoid process and coccyx, could 

degenerate into chordoma128. Unfortunately, such theory was discarded by 

Virchow and Lushka and not validated until 1894, when the German 

pathologist Moritz Wilhelm Hugo Ribbert re-proposed Muller’s notochord 

theory. He was the first to introduce the term “chordoma”, highlighting its 

origin from the chorda dorsalis54,155. He performed several experiments on 

rabbits with repeated punctures of intervertebral pulposus nucleus that 

leaded to the development of subsequent reactive proliferative tissue 

resembling the notochordal remnants149. Ribbert also identified chordomas 

in ten patients after performing 500 consecutive autopsies148. In 1923, 

Stewart and Burrow proposed to differentiate the benign intradural small 

gelatinous mass found behind the clivus as “ecchordosis physaliphora” 

(abandoning the Virchow’s term “ecchondrosis” due to the notochordal 

origin) and the more invasive form as “chordoma”15. The first-ever clinical 

description of a spheno-occipital chordoma patient determining compression 

of the pons was given by a Swiss physician C. Klebs in 186487. The American 

neurosurgeon Harvey Cushing performed the first surgical removal through 

a transsphenoidal approach of a skull base chordoma (Fig. 2) in 190935.  

 

  Figure 2. Original pictures of the first skull base chordoma patient surgically treated by 
Dr. Harvey Cushing [adapted from Cushing H, 1912] . 
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Embryology 

 

Since the first description by Muller in 1858, many other scientists proved 

that chordoma specifically arises from vestigial remnants of notochord. 

The notochord is a flexible rod-like midline structure that features all the 

members of the Chordata phylum and plays both a structural support and 

inducer role for the right development of the embryo. It originates during the 

third week of development (namely “early gastrula stage”) from the dorsal 

organizer that soon after becomes the chordamesoderm, the dorsally-

positioned segment of mesoderm. Progenitor notochordal cells move 

forward to the pre-chordal plate reaching the endodermal layer to constitute 

the notochordal plate (Fig. 3). The notochordal plate after detaches itself 

from the endoderm giving finally rise to an elongated stack of vacuolated 

cells with a thick extracellular sheet, the definitive notochord (Fig. 3)154.  

  

Figure 3. Schematic drawings that show the notochord 
development [adapted from Sadler TW, Langman’s 
Medical Embriology, 30th edition, 2015]. 

B 

C 
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The notochord extends along the entire length of the future vertebral axis, 

from the pre-chordal plate caudal to the oropharyngeal membrane toward 

the cloacal membrane. Specifically, the rostral notochord has a hook-like 

appearance and is present for a short distance on the posterior aspect of the 

basilar cartilage, then travels forward and upward obliquely on the ventral 

surface, where it may be attached at some point to the pharyngeal 

epithelium, and extends backward to end into the dorsum sellae (Fig. 4)144.  

 

The notochord is composed by an internal layer of vacuolated cells encircled 

by an epithelial-like cells layer and an external peri-notochordal basement 

membrane. Such membrane is formed by an inner basal lamina, a medial 

layer made of collagen running parallel to the notochord and another external 

layer of a loosely-organized perpendicular matrix. The typical structural 

flexibility but solid of the notochord is created by the delicate counterbalance 

between the hydrostatic pressure derived from vacuolated cells and the rigid 

outer layer175. 

Figure 4. Graphycal illustration showing the course 
of the notochord within the osseous and 
cartilaginous structures of the developing skull base 
[adapted from Ramesh T et al., 2017]. 
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The notochord regresses during the late fetal period and its remnants 

become the nuclei pulposi of the mature intervertebral disks114. 

The notochord, apart from its important role as supporting structure of the 

developing embryo, plays a crucial role as inducer of the adjacent structures. 

Bone morphogenetic protein-4 (BMP-4), member of TGF family protein, is a 

molecule secreted from the dorsal organizer and induces the mesoderm 

ventralization154. On the other hand, chordin, noggin and follistatin are 

important repressor of BMP-4 activity and are secreted by the dorsal 

organizer and are responsible for the mesoderm dorsalization and formation 

of notochord and para-axial mesoderm154.  

Brachyury (from Ancient Greek “brakhus” meaning short and “ourà” meaning 

tail) or T gene (“T” stands for tail) is a member of T-box gene family (TBX) 

that encodes a transcription factor with a common DNA-binding domain 

involved in notochordal cell migration and formation, mesoderm 

dorsalization, cell cycle control and cell proliferation131. In 1927 Nadine 

Dobrovolskaïa-Zavadskaïa, a Russian pioneer developmental geneticist 

working in Paris at the Pasteur Laboratory, characterized for the first time a 

loss-of-function mutation affecting a gene locus by observing mice 

developing with a short tail132. Animals harboring a homozygous mutation of 

Brachyury early died because of a failed formation of the notochord and 

posterior structures such as the neural tube92. The first gene cloning of 

Brachyury has been conducted in 1990 and showed encoding a protein 

having a specific DNA-binding palindromic sequence TCACACCT, called 

TBX67. Brachyury has also been shown to be a diagnostic marker of 

chordoma and important factor in epithelial-mesenchymal transition (EMT) 

in hepatocellular carcinoma195.  

Sonic Hedgehog (Shh) is a protein encoded by the SHH gene and plays a 

key role in the embryo development and structure differentiation (Fig. 5)25. In 

the absence of Shh ligand, the Patched (PTCH) receptor inhibits the 

Smoothened (Smo) receptor, allowing suppressor of fused (SUFU) to bind 
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and inactivate GLI transcription factors. Shh binds to PTCH and activates 

Smo, thus inactivates SUFU and, in turn, causes GLI1, GLI 2 and GLI3 to be 

translocated into the nucleus where they activate target genes such as 

PTCH1 and Engrailed. Shh acts as a morphogen because it has a cell-fate 

determining activity through its diffusion gradient governing the pattern of 

development of midline structures such as the vertebral columns, brain and 

spinal cord. Shh is firstly expressed in the notochord and in the ventral plate 

and regulates the differentiation of somites into sclerotomes and motor 

neuron differentiation in the ventral neural tube, respectively (Fig. 5)25,103. 

Removal of SHH from the notochord abolished Shh expression in the floor 

plate and resulted in the loss of vertebral structures and nuclei pulposi. 

Experiments showed how de-regulation of Shh pathway signal is crucial to 

the ectopic development of motor neuron cells188.  

 

  

Figure 5. Formation of different cell types at the ventral 
portion of the neural tube (Nt). Sonic hedgehog (SHH), 
secreted from notochord (Nc) and ventral plate, is 
responsible for generating interneurons and motor neurons 
of the ventral floor plate [adapted from Lee RW et al., 2011]. 
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Epidemiology 

 
Chordoma is considered a rare tumor because its incidence is less than 6 

cases per 100.000 according to the European Commission145. Based on 

SEER (Surveillance Epidemiology and End Results) population-analysis, an 

American cancer registry maintained by National Cancer Institute, the overall 

age-adjusted incidence rate is estimated to be 0.089 per 100˙000 

persons23,115. Chordoma represents the fourth most common malignant bone 

tumor among the whole population with a rate of 8.35-8.4%, after 

osteosarcoma (28.8%), chondrosarcoma (28.3%) and Ewing’s sarcoma 

(15.5%)10,42. Skull base chordoma represents 41.1% of all chordomas, 

whereas mobile spine and sacral bone are involved in 27.4% and 31.5 % 

patients, respectively23,220. Childhood chordoma are relatively rare, 

representing around 6.3% cases of all primary chordoma cases and the skull 

base is the most affected location in 61.6% patients101,115.  The mean age at 

presentation of skull base chordomas is 47.4 years, so presenting earlier in 

life compared to the mobile spine (56.6 years) and sacrum (62.7 years) 

chordomas23,220. There is a slight predominance of males in skull base 

chordoma (54.1%)220. There is no difference between males and females in 

5 years (71.9% vs 75.4%) and 10-years survival (57.8% vs 59.3%)23. 

Regarding skull base chordoma population ethnicity, 83.4% are white, 4.8% 

black and 11.8% other220. According to the SEER study done in the period 

1973-1995, the mean OS in skull base chordoma was 6.94 years, in sacral 

and mobile spine chordomas were 6.48 and 5.88 years, respectively115. The 

predicted 5-years, 10-years and 15-years survival in cranial chordoma were 

64.7%, 46.6 % and 48.4%115. According to the most recent SEER population 

study done in the period 1973-2013, the mean OS in skull base chordoma is 

13.5 years, whereas in sacral and mobile spine chordomas are 7.25 and 7.91 

years, respectively23. The estimated 3-years, 5-years and 10-years survival 

rates are 80.9%, 73.5% and 58.7%, respectively. In another recent study, 
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the estimated disease-specific survival (DSS) at 5-years and 10-years is 

73% and 64%, respectively102. On the ground of such studies, the location is 

a significant prognostic factor and the skull base chordoma group has a 

better survival outcome (p≤0.001)23. Moreover, the more recent SEER 

population analysis studies showed a better outcomes trend in skull base 

chordomas, mainly due to advancement of minimally invasive and maximally 

effective skull base surgery techniques and better radiation delivery 

modalities220. 
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Pathology 

 

Skull base chordoma macroscopically appears as a lobulated and gelatinous 

mass with a color ranging from whitish-greyish to yellowish (Fig. 6). The 

tumor has generally a soft and friable consistency and barely presents in its 

context some calcifications or bone dystrophic sequestration.  It has an 

infiltrating pattern, extending beyond the cortical surface of the bone and 

invading surrounding structures such as mucosa, submucosa, muscle and 

dura mater. It may have a variable content of neo-formed 

vascularization12,54,174.   

 

 

 

 

 

 

 

 

 

 

 

 

 

According to the 4th Edition of WHO Classification of Tumours of Soft Tissue 

and Bone, chordomas are classified in classical chordoma or NOS (not 

otherwise specified), chondroid chordoma and de-differentiated (biphasic) 

chordoma (Fig. 7)203. Chordoma histology is characterized by the constant 

presence of vacuolated cells with eosinophilic cytoplasm and eccentric 

nuclei, the so-called physaliphorous cells, that are arranged in sheets within 

a myxoid matrix and separated by fibrous septa135,203.  

Figure 6. Intraoperative endoscopic view of chordoma 
and its delicate relations with pituitary gland and 
chiasmatic apparatus. The tumor presents itself as a 
lobulated greyish mass. Ch, chiasm; PG, pituitary gland. 
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Chondroid chordomas are characterized by the presence of physaliphorous 

cells interspersed within a matrix that resembles neoplastic hyaline cartilage. 

They represent around 20% of all skull base chordomas. The differential 

diagnosis is with chondrosarcoma135,203. A de-differentiated chordoma is 

characterized by a biphasic presentation of a classical chordoma next to a 

region characterized by spindle-shaped cells, thus, an undifferentiated 

pleomorphic sarcoma or osteosarcoma. It may occur in association or at the 

location of a previously resected conventional chordomas64,119,136  

 

 

Two other histopathological variants of chordomas, apart from the WHO 

classification, have been described: cellular and poorly-differentiated 

variants69,199. The “cellular variant” is featured by abundant tumor cells with 

scarce myxoid stroma whereas the “poorly-differentiated” chordoma is, on 

Figure 7. A) Photomicrograph showing conventional chordoma (40x) 
[adapted from Wasserman JK, 2018]; B) Photomicrograph showing 
chondroid chordoma (40x); C) Photomicrograph showing de-differentiated 
chordoma (20x); D) Photomicrograph showing chordoma strongly 
expressing nuclear immmunoreactivity for Brachyury (anti-Bry, 40x). 
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the other hand, composed of tightly packed and small atypical epithelioid 

cells arranged to form nests and sheets, with absence of any physaliphorous 

cells and with a fibrous background69. Chordomas with rhabdoid cells have 

been also described and may represent a continuum spectrum between 

poorly-differentiated and de-differentiated chordoma69,136. Although some 

authors described in the past medical literature the “atypical variant” as a 

mixed highly-cellular and poor-differentiated chordoma there are not well and 

shareable established criteria and its term use is not recommended 

anymore69. Its description relies on the presence of atypical cellular features 

such as hyperchromatic nuclei, nuclear pleomorphism and prominent 

nucleoli, extensive necrosis, epithelioid cells and high mitotic index181,199.  

Chordomas, apart from its peculiar histology, are identified by the expression 

of featuring immune-markers such as S-100, Epithelial Membrane Antigen 

(EMA) and cytokeratin. Recently, Brachyury has been routinely employed as 

a useful diagnostic marker to help into the differential diagnosis (Fig. 7) (i.e. 

chondrosarcoma, clear cell renal carcinoma and signet ring cell carcinoma 

metastasis)178,195,199. 
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Radiology 
 

The two current and more commonly employed radiological techniques to 

diagnose skull base chordomas are computed tomography (CT) and 

magnetic resonance (MR).   

CT is useful to evaluate the tumor involvement of the surrounding skull base 

bone and to disclose the presence of any calcification and/or bone 

sequestration. Chordoma presents itself as isodense/hypodense lesion in 

comparison to the surrounding brain parenchyma. In the pre-operative 

planning, volumetric CT scans with 3D reconstructions are vital to evaluate 

the CVJ and, therefore, to predict any post-operative instability and to 

evaluate the rhinosinusal structures in chordomas amenable to an anterior 

midline approach. CT angiography is required if the tumor has intimate 

relations with the major brain vessel of Willis circle (such as internal carotid 

artery and vertebral artery) and to plan the potential vessel sacrifice 

with/without a flow replacement bypass.  

MR is the radiological modality of choice to deeply study the nature and exact 

location of the tumor and its intricate relationships (Fig. 8). On T1-weighted 

images, chordomas generally present as hypointense lesion and there are 

rarely hyperintensities related to recent intratumoral hemorrhages; on T2-

weighted images chordomas are generally hyperintense, but some tumor 

may present itself as hypointense/isointense and such radiological feature 

seems to correlate to a lesser myxoid matrix and a worse prognosis. The 

significance of the degree of contrast enhancement is still debated in the 

current literature and there is no current agreement of its prognostic role. 

Pamir et al. proposed to classify chordomas in different categories according 

to the intensity of contrast enhancement (no, mild, intense) and pattern 

(heterogeneous and homogenous) to better differentiate them from 

chondrosarcomas138. Diffusion-weighted MR is an advanced technique that 

can be used to assess tumor cellular density and could be useful to 
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differentiate chordomas from chondrosarcomas56,129,211. Dynamic Contrast-

Enhanced MR Perfusion Imaging represents another advanced MR 

technique that can estimate tumor plasma volume and vascular permeability 

and it can be useful to monitor chordoma growth, response to radiation 

therapy and distinguishing it from other spinal lesions157.  

Although there is, to our knowledge, no studies evaluating the role of nuclear 

imaging in skull base chordomas, 18F-FDG-PET could be useful in the 

staging and diagnosis of systemic involvement/metastases and may become 

an important tool in the follow-up of chordoma patients173. 

 

  
Figure 8. Different radiological MR features of skull base chordomas [adapted 
from Pamir M et al., 2006]  
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Surgical anatomy and treatment 

 

The clivus of Blumenbach represents the central portion of the skull base 

extending from the sella turcica to the foramen magnum (Fig. 9)98,147. It is 

derived from the fusion of the synchondrosis between the body of the 

sphenoid bone and the basilar portion of the occipital bone at around 25 

years. The endocranial surface is smooth and concave in a lateral-to-lateral 

direction and is continuous to the petrosal portions of temporal bones 

through the petro-clival fissures. Petro-clival fissure extends from anterior 

lacerum foramen and petrous apex anteriorly and superiorly to the jugular 

foramen (posterior lacerum foramen). The extracranial surface is rough and 

presents the median pharyngeal tubercle, where pharyngo-basilar fascia 

attaches. Clivus takes anterior relations with vomer bone and sphenoid body 

and laterally with the petrous temporal bones through petro-clival fissures.  

 

 

Figure 9. Extracranial (left) and intracranial (right) osseous structures and anatomical 
subdivision of the clivus. Co, occipital condyle; DS, dorsum sellae; FL, foramen lacerum; 
FM, foramen magnum; JF, jugular foramen; PA, petrous apex; PT, pharyngeal tubercle; 
Vo, vomer [adapted from La Corte et al., 2018]. 
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Skull base chordomas could be approached by different corridors and the 

choice of the right corridor depends on the primary location and extension of 

the tumor (Fig. 10)6. Our surgical philosophy has been summarized in a 

recent publication99. Chordomas poses intrinsic challenges due to their 

anatomical location that are also dominated by different surgical specialties 

(neurosurgery, ENT, maxillofacial); therefore, a multidisciplinary skull base 

team is crucial to better address a such complex tumor. Surgical approaches 

are chosen by the need of maximally and safely resect the tumor with a 

limited morbidity.  

 

In the present dissertation, we will mainly present the key steps of the most 

commonly employed surgical technique in our series of skull base 

chordomas: the endoscopic endonasal approach (Video 1-4). For a detailed 

and technical description of craniotomical and endoscopic approaches to the 

skull base, please refer to the major neurosurgical textbooks147,164,204. 

The main approach to the clivus and anterior cranio-vertebral junction (CVJ) 

has been the microscopic transoral-transpharyngeal33,75,116. This approach 

could be linked to the mandible (mandibulotomy), tongue (glossotomy), hard 

and soft palate (palatotomy) and maxillae splitting (maxillotomy). Such 

extensions may increase the surgical complexity and exposure but also 

Figure 10. Surgical approaches to the clivus and craniovertebral junction [adapted from 
Bambakidis et al., 2012]. 
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concomitantly increase morbidity and the rate of cosmetic 

complications82,116,213. Minimally invasive techniques such as the endoscopic 

endonasal approach (EEA) to the clivus and cervical spine contributed to 

advance surgical outcomes of such challenging region, such as a reduction 

of morbidities, a faster patient recovery and a wider, closer and brighter view 

of the surgical area53,192–194. The main limit of EEA is its caudal exposure due 

to the presence of nasal and palate bony and soft structures superiorly and 

inferiorly, respectively. Thus, pre-operative planning of the feasibility of the 

EEA is fundamental to select the best approach to address a particular 

pathology. The nasopalatine line (NPL) has been described as a good 

predictor of the inferior limit of the EEA. Several studies affirmed that it 

overestimated the inferior limit of EEA by an average of 13mm1,10. In 

response, we proposed a second line as a more accurate predictor of the 

inferior limits of the EEA, namely the nasoaxial line (NAxL), whose starting 

point is the mid-distance of nasal aperture. However, NAxL has been defined 

in cadaver dissections and it was unclear if it accurately predicted the lower 

limits of the EEA to the CVJ in practice. Therefore, we proposed a new line, 

the rhinopalatine line (RPL) that appears to correlate most accurately with 

our previous described surgical results (Fig. 11)96. RPL is defined as the line, 

in the midsagittal plane, that crosses the 2/3 point of the distance from the 

rhinion to the anterior nasal spine of the maxillary bone and the the posterior 

nasal spine of palatine bone. It is then extended posteriorly and inferiorly to 

end at the cervical spine. The use of the RPL may assist surgeons in 

choosing suitable candidates for the skull base chordomas amenable to an 

EEA and in selecting those who are better approached trough the transoral 

approach (Fig. 12).  
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Figure 11. Illustration depicting the surgical exposures of EEA and ETA to the skull 
base [adapted from La Corte et al, 2018].  

Figure 12. Neuro-navigator snapshot showing the surgical trajectories to a cranio-
vertebral junction chordoma.  The light blue line represents the trajectory predicted by 
the rhinopalatine line (RPL); the pink line represents the trajectory predicted by the 
nasopalatine line (NPL), the green lines represent the actual surgical inferior limit, 
corresponding exactly to the RPL. 

The yellow arrow denotes the rhinopalatine line (RPL), which estimates the lower limit of the 
EEA and the area shaded in yellow depicting the portions of the skull base exposed by this 
approach. The blue arrow denotes the upper limit of the ETA, with the area shaded in blue 
depicting the portions of the skull base and cervical spine exposed by this approach. The area 
in green represents the overlapping area of the skull base that can be accessed by both 
endoscopic approaches. These rostro-caudal limits of each approach should be considered in 
choice of endoscopic approach to pathology of the lower skull base. 
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Figure 13. Surgical anatomy of the transclival corridor. Anatomical dissections have been 
performed at the Weill Cornell Medicine Lab, New York. The transclival represents the 
superior corridor that leads to the sphenoidal portion of the clivus and posterior fossa. 
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The surgical key steps of the transclival corridor (Fig. 13) are described as 

follows: A) After getting access to the sphenoid sinus, the inferior wall of the 

sphenoid body is drilled down towards the clivus and clivectomy performed. 

The lateral limits of this surgical window are represented by the two paraclival 

internal carotid artery. B) The vidian nerve represents one of the main 

anatomical landmarks in the endoscopic skull base surgery of 

chordomas83,143,189. It is identified to safely localize the anterior genu of ICAs. 

C) Drilling around the vidian canal to leave a bony surrounding it to leave the 

vidian nerve intact. D) and E) An extensive drilling of the clivus has been 

carried out to bilaterally expose the ICAs. The vidian nerve points towards 

the anterior genu of right ICA. F) Exposure of the space between the 

periosteal and actual clival dura mater. The lateral clival arteries are, 

therefore, identified. G) Removal of the clivus dura mater and exposure of 

posterior fossa contents such as mesencephalon, pons with related vascular 

arteries such as basilar, anterior inferior cerebellar artery and vertebral 

arteries. H) Angled and focused view of mesencephalon, posterior 

perforated substance, basilar artery apex with P1 segments, superior 

cerebellar artery SCA and III cranial nerves. I) Angled and focused view of 

pre-pontine cistern and the course of the sixth cranial nerve. The abducens 

nerve represents the most affected cranial nerve in skull base chordoma 

patients. 

Abbreviations: agICA, anterior genu of internal carotid artery; BA, basilar 

artery; dCl, dura mater of clivus; dS, dura mater of sella; Hy, pituitary gland; 

ICA, internal carotid artery; LCA, lateral clival artery; mdCl, inner meningeal 

dura layer of clivus; P, pons, pcICA, paraclival segment of internal carotid 

artery; PPS, posterior perforated substance; P1, first segment of posterior 

cerebral artery; pdCl, periosteal dura mater layer of clivus; SCA, superior-

cerebellar artery, VN, vidian nerve; IIICN, oculomotor nerve; VICN, 

abducens nerve. 
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Figure 14. Surgical anatomy of the trans-rhinopharyngeal corridor. Anatomical dissections 
have been performed at the Weill Cornell Medicine Lab, New York. The trans-
rhinopharyngeal represents the inferior corridor that leads to the foramen magnum and 
cranio-vertebral junction area. 
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The surgical key steps of the trans-rhinopharyngeal corridor (Fig. 14) are 

described as follows: A) The rhinopharynx mucosa is exposed, the two 

Eustachian tubes and torus tubarius represent the most lateral approach of 

this module, but they can be resected to laterally extent the surgical 

window125,189; B) The mucosa is removed and the underlying pharyngobasilar 

fascia is exposed; C) and D) The pharyngobasilar fascia is removed and the 

underlying pre-vertebral muscle layers is revealed. Pre-vertebral muscles 

are the medial longus colli and the lateral longus capitis muscles. A median 

strong fibrous band, the pharyngeal raphe, is visible right posteriorly to the 

pharyngobasilar fascia. E) The atlo-occipital membrane is exposed and then 

F) removed to expose the bony complex of cranio-vertebral junction. The 

anterior arch of C1 is visible together with its ligamentous structures.  G) The 

drilling of the anterior arch of C1 has been carried out, together with the 

inferior segment of the clivus and C2 dens and removal of cervico-medullary 

junction dura mater. H) The posterior fossa content has been exposed, such 

as the pons, medulla and cervical portion of the spinal cord. The vasculature 

of the pons and cervico-medullary is exposed. I) Angled and focused view of 

the medulla showing the intimate relations of the vertebral arteries and their 

perforators. The left lower cranial nerve complex is also visible laterally to 

the left vertebral artery.  

Abbreviations: BA, basilar artery; C1, atlas; Cl3, inferior third of clivus; CMJ, 

cervico-medullary junction; ET, Eustachian tube; LCa, longus capitis muscle; 

LCo, longus colli muscle; LCN, lower cranial nerves; PBF, pharyngobasilar 

fascia; PF, prevertebral fascia; PR, pharyngeal raphe; Rhy, rhynopharynx; 

VA, vertebral artery; VBJ, vertebro-basilar junction.  
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Video 1. Surgical video of an upper third clivus chordoma. 

Video 2. Surgical video of a middle third clivus chordoma. 

Video 3. Surgical video of a lower third clivus chordoma. 

Video 4. Surgical video of a pontine recurrent chordoma. 
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Radiation therapy 
 

There are no clear guidelines and high-level of evidence on the best 

available treatment of skull base chordomas. The current gold-standard 

therapeutical strategy includes a maximally safe resection followed by 

adjuvant radiation treatment30,41,174. Skull base chordomas are really 

challenging tumors because of their proximity of dose-limiting organs such 

as the optic tract and brainstem and their radioresistance54,55,165. However, 

the use of modern technologies, such as heavy-particles therapy also called 

as hadron therapy, led to deliver a more precise dose distribution than the 

past radiation modalities. Hadron therapy uses nuclear particles such as 

proton, neutrons or carbon ions to deliver the dose to the tumor. Such 

therapy appears to be more effective than photon-based therapy, due to its 

ability to deliver higher doses of radiation with a discrete sparing of 

surrounding vital and dose-limiting regions2,55,77,130,135,201. The physical 

properties of heavy-particles and their clinical usefulness are explained by 

the phenomenon of “Bragg peak”; the majority of the dose is delivered at a 

predictable depth and less dose is delivered outside the target volume (Fig. 

15)47.  

 
 
 
  

Figure 15. Graph showing the Bragg peak of proton beam 
compared to the dose produced by photon beam [adapted 
from Dr. Miller A, Wikipedia]. 
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Carbon ion therapy has a greater relative biological effectiveness than 

photons or protons and shows a less degree of sensitivity to oxygen and 

other radioresistance features, making them a potentially attractive choice 

for the treatment of chordomas but further studies are needed to understand 

its implications and applications (Fig. 16)41,130,133,137. Although many studies 

on protons and charged particles therapy showed promising results, there is 

no high-level scientific evidence on its clinical efficacy and therefore particle 

therapy should be currently considered experimental, until further 

randomized controlled studies will be conducted41,80. Other radiation 

modalities use photons to deliver the dose to the tumor and include 

stereotactic radiosurgery (Gamma-knife or Cyber-knife) and Three-

Dimensional Conformal Radiation Therapy (3D-CRT) and may have a role 

in treating small residual post-operative chordomas174. 

 

Figure 16. Picture of the synchrotron, where the heavy particles are accelerated, installed 
at CNAO, Pavia, Italy. 
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Medical treatment 

 

There is no current approved medical treatment for advanced 

chordoma30,174. Classical cytotoxic chemotherapy is generally inactive for 

such tumors and may have a dismal role in the de-differentiated subtype and 

pediatrics. Irinotecan represents the only drug that has been tested in a 

phase-2 trial, which resulted in 1/15 patients having an objective response27. 

Small retrospective series and case reports showed responses to 

anthracyclines, cisplatin, alkylating agents and etoposide38,49. Brachyury, 

PDGFRB, PI3K/mTOR, EGFR, and MET represent some relevant 

therapeutic targets that have been discovered in chordoma41,179,180,202.  There 

is also somewhat preclinical evidence that their inhibition can have a slight 

activity in the tumor control74,167,179,180,207. The first described target-therapy 

has been with imatinib mesylate in a patient with an advanced chordoma20. 

Afterwards, a multi-institutional, non-randomized, phase-2 study of imatinib 

in patients with advanced chordoma presented an objective partial response 

in only one case out of 50 patients173. Additionally, a retrospective study 

showed that the combined mTOR and PDGFRB inhibitor therapy (sirolimus+ 

imatinib) could work more than the single imatinib alone171. A phase-2 study 

(imatinib+everolimus) in advanced chordomas is still in progress 

(EUDRACT-2010–021755–34). Some case reports reported a somewhat 

activity of EGFR inhibitors (such as cetuximab, erlotinib, and gefitinib), and 

a phase-2 study of lapatinib has been conducted in EGFR-positive advanced 

chordoma160,172. 

Despite some innovations put forward in the last ten years in deciphering 

chordoma biology, therapies still offer a limited value to the patient and there 

is a common need to develop new therapeutic strategies (Tab. 1)30,39,41,207. 
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Mechanism Therapy Type Sites & Trial ID 

Therapeutic 
vaccine targeting 
Brachyury plus 
radiation 

GI-6301 Phase 2 National Cancer Institute 
 
NCT02383498 

CDK4/6 inhibitor Palbociclib Phase 2 University of Heidelberg 
(DE) 
 
NCT03110744  

PD-1 inhibitor plus 
radiation 

Nivolumab Phase 1 Memorial Sloan 
Kettering, Johns Hopkins 
 
NCT02989636  

EGFR inhibitor Afatinib Phase 2 University of Leiden (NL), 
Istituto dei Tumori (IT), 
University College 
London (UK) 
 
NCT03083678  

EZH2 inhibitor  Tazemetostat  Phase 2 Multi-center 
 
NCT02601950  

 
 

  

Table 1. Overview of the current clinical trials on chordomas patient [adapted from 
Chordoma Foundation website29]. 
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Cytogenetics, transcriptomics and functional studies 

 
The pathological mechanisms driving chordomagenesis are still far way to 

be completely understood207. 

The majority of chordomas are diploid, whereas tumors presenting with an 

abnormal karyotype present with a survival reduction1. Common chordoma 

cytogenetics abnormalities are loss of heterozygosity (LOH) of 

chromosomes 1p36, 9p, 10q and 17p36,71,109,120,207. Specifically, loss or 

rearrangement of 1p36 represents the most frequent chromosomal 

aberration in sporadic chordomas and it also has a prognostic significance 

and it has been linked to hereditary familiar chordomas109,150. Moreover, 

CDKN2A gene is located the locus 9p21, and it is mainly involved in the 

regulation the cell cycle arresting the cells in G1 phase57. 

A recent study provided a genomic and transcriptomics characterization of 

skull base chordomas and showed chromosomal abnormality in 1p, 7, 10, 

13, and 17 regions and recurrent somatic variants including MUC4, NBPF1, 

NPIPB15 single nucleotide variations and SAMD5-SASH1 gene fusion153. 

Furthermore, the presence of the germline functional SNP rs2305089 in the 

T gene is associated with chordomas and may help in not-skull base 

chordoma prognostication30,84. 

Several gene expression studies have been conducted in chordomas and 

they generally showed a clustering with cartilaginous neoplasms including 

chondrosarcomas65,163. Chordoma tumours showed higher expression levels 

of extracellular matrix such as collagen II, SOX9, podoplanin, fibronectin, 

metalloproteinase MMP-9 and MMP-19, CD24 antigen, insulin growth factor 

binding protein 2 (IGFB2), retinoic acid receptor responder 2 (RARRES2), 

cytokeratins than chondroid tumors65,163. Expression of tyrosine kinases 

receptors (TRKR) has been analyzed using IHC, western-blotting and RT-

PCR techniques showing that platelet-derived growth factor receptor beta 

(PDGFR-β) was expressed in mostly every chordomas43,180. Such finding 
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provided the rationale for the development of the first phase II clinical trial of 

imatinib mesylate in chordomas21,46. In a study of 21 chordomas, EGFR has 

been reported to be over-expressed in 67% and in a bigger study of 284 

chordomas in 86.1% by immunohistochemistry43,181. c-MET and c-KIT 

(CD117) were detected in 66% and 33% of specimens43. In the latter study 

c-KIT was highly expressed in in 31 tumors (20.9%) and expressed in 61/80 

primary chordomas (76.2%) and in 127/148 chordomas (85.8%)181. The 

active phosphorylated forms of ERK, AKT and STAT3, indicative of tyrosine 

kinase activity, were detected in 86%, 76% and 67% of cases43. PSTAT3 

was expressed in 79 primary chordomas (71.2%) and in 227/287 (79.1%) of 

all chordomas in another study181. The expression of nerve growth factor 

receptor (TrkA) and nerve growth factor (NGF) was significantly higher in 

chordomas than in notochordal cells140. Several studies have reported a high 

protein expression (90-100%) of the transcription factor Brachyury. This 

gene is normally expressed in undifferentiated embryonic notochord and it 

regulates stem cell genes and EMT process74,132. The overexpression is due 

mostly by an amplification at locus 6q27 where is located the Brachyury 

gene132,195,210. β-catenin and other cell–matrix adhesion molecules such as 

N-cadherin are intensely expressed in clival chordomas and may act as 

responsible for their tumor aggressiveness and local invasion185. Impaired 

expression of tumor suppressor gene PTEN, involved in the negative 

regulation of PI3K/Akt/mTOR pathway, has also been found in chordomas 

and may suppresses apoptosis, promotes cell growth and drives cellular 

proliferation142,162. Sonic hedgehog pathway (SHH) represents an important 

developmental pathway and it is directly involved in the correct embryonic 

development of notochord and central nervous system structures25,103. Only 

one brief letter showed the potential activation of such pathway in 

chordomas22. Moreover, SHH is located at the chromosome 7p12 and copy 

number variation studies showed gains and partial polysomies of 

chromosome 7 in chordomas13,159.   
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CERAMIDES 

Structure and metabolism 

 
Ceramide (Cer) represents the structural core of every sphingolipid, a family 

of complex lipids that are involved in the architecture and fluidity of cellular 

membranes8,58,59. Sphingolipids have been discovered in brain extracts and 

named by J.L.W. Thudichum in 1884 recalling the myth of the Sphynx due 

to their unknown and enigmatic biological role. Cer is composed of a 

sphingosine base and a fatty acid varying in length from C14 to C26; the 

most common is behenic acid (Fig. 17)48. Cer, then, serves as the metabolic 

and structural precursor for complex sphingolipids, such as sphingomyelin 

(SM), Cer-1-phosphate and glucosylceramides (GlcCer)8.   

 

 

 

 

  

Figure 17. Sphingolipids basic structures [adapted from 
LHcheM, Wikipedia]. 
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Endogenous Cer could be generated through two main pathways (Fig. 18): 

 

• De novo biosynthesis pathway that occurs on the cytoplasmic face of 

the endoplasmic reticulum and begins with the condensation of 

serine and palmitoyl-CoA by serine-palmitoyl transferase (SPT) to 

generate 3-Ketosphinganine which is, then, transformed to 

dihydrosphingosine by 3-Ketosphinganine reductase. The acylation 

of dihydrosphingosine to dihydroceramide is carried out in humans 

by six different ceramides synthases (CerS). CerS introduce fatty 

acids with varying lengths and degrees of unsaturation. Specifically, 

CerS1/4 produce Cer C18 and to a lesser extent Cer C20, whereas 

CerS5/6 selectively produce Cer C16 and to a lesser extent Cer C12 

and Cer C14. In turn, ceramide is formed by the desaturation of 

dihydroceramide; 

 

• Salvage pathway that occurs on the acidic subcellular compartments, 

lysosomes and endosomes, and it is derived by the catabolism of 

complex sphingolipids through different specialized hydrolases that 

finally form glucosylceramide and galactosylceramide. In turn, they 

are hydrolyzed by specific β-glucosidases and galactosidases to 

regenerate ceramide. Sphingomyelin (SM) can be hydrolyzed by one 

of several sphingomyelinases (SMases), such as acid, neutral and 

alkaline SMases. 

 

In sphingolipid biosynthesis pathways, Cer can be also phosphorylated by 

ceramide kinase, glycosylated by glucosyl or galactosylceramide synthases, 

or receive a phosphocholine group from phosphatidylcholine (PC) to 

synthetize SM through the action of SM synthases8,59. 
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Ceramides may be catabolized by many ceramidases to generate 

sphingosine, which may be recycled into sphingolipid pathways or 

phosphorylated by sphingosine kinases (specifically SK1 or SK2). The 

product sphingosine-1-phosopate (S1P) can be dephosphorylated to 

regenerate sphingosine through the action of intracellular S1P phosphatases 

or acting as second messenger or extracellular ligand8. 

 

 

 

 

 

 
 
 
 
  

Figure 18. Ceramide metabolism pathways [adapted from Xu et al., 2005]. 
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Ceramides and programmed cell death 

 
Ceramides and other metabolites, such as DHCer and S1P, act as 

fundamental bioactive signaling lipids regulating cell growth, differentiation, 

senescence, apoptosis and autophagy8,9,59. Recent knowledge shows an 

intricate and balanced connection between sphingolipids species and cell 

fate determination, particularly in the response to stress and stimuli such as 

pro-inflammatory cytokines, oxidative stress, UV and g-radiation and 

chemotherapeutic agents. Cer species are found to be critical for the 

induction of distinct autophagy pathways: protective autophagy and 

autophagy-associated cell death, with completely opposing functions in the 

cellular fate (Fig. 19)9,81,146,217.  

 

 

 

 

Figure 19. Signaling pathways of cytoprotective and lethal autophagy that are regulated 
by ceramides [adapted from Jiang W et all, 2014]. 
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Autophagy and apoptosis have been depicted as the two-main programmed 

cell death biological mechanisms. There is an enigmatic and complex 

balance between survival  and autophagy-related cell death depending on 

various biological situations104. For example, autophagy may function as a 

stress response to promote cell survival and to suppress apoptosis95,122. 

However, in other examples, autophagy may serve as a mechanism for 

caspase-dependent or independent cell death168,214.  

Cer is an apoptosis inducer through the activation of the mitochondrial 

pathway. In some cell types, increased Cer levels arrest cell growth and 

promote cell apoptosis90,161 On the other hand, S1P promote cell survival and 

blocks cell apoptosis170. Moreover, dhCer also shows anti-apoptotic effects 

to promote cell survival during hypoxia through the induction of autophagy 

and controlling the ‘switch’ between Cer-mediated apoptosis and 

cytoprotective autophagy in response to stress37,176.  

Many studies also showed that Cer are autophagosome membrane essential 

components169,208. De novo biosynthesis occurs in the ER and might be a 

driving force for the formation of the autophagosome62. A recent paper noted 

that Cer directly interacts with microtubule associated protein light-chain3 

(LC3) on mitochondrial membranes to induce deadly autophagy via an 

increase of intracellular mitophagy166. Moreover, Cer with different fatty acid 

chain lengths produced by CerS1-6 might have distinct biological functions 

in the regulation of cell death in various different stress conditions and tissue 

types. For example, changes between Cer C18 and C16 may play distinct 

roles in inducing autophagy versus cell death in cardiomyocytes152. 
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AIM OF THE WORK 

Precision medicine is an emerging approach for disease treatment and 

prevention that takes into account individual variability in genes, environment 

and lifestyle for each patient32. This approach includes the use of targeted 

therapy to each patient starting from a detailed phenotypical and genotypic 

assessment. Such a rationale appears particularly promising in the modern 

era of oncology, where some tumors may express a defined molecular 

signature that could be potentially targeted by new therapeutic options. In 

the present project, we propose to delineate a precision approach to better 

characterize such rare intracranial tumor.  

The main goal of the present work is to identify clinical and molecular bio-

markers as specific prognostic factors that could be used for the proper 

management of skull base chordoma patients. Achieving a detailed clinical 

and molecular signature of skull base chordomas is of paramount 

importance to personalize the treatment to each specific patient. The chance 

to recognize specific pathways involved in chordoma biology will allow us to 

identify potential candidates for new molecular targeted-therapies and 

improving the disease clinical history. The implementation of biomarkers to 

routine laboratory is therefore required. Moreover, an innovative lipid 

approach will be employed to better characterize skull base chordomas and 

elucidate new pathways that can be related to specific tumoral radio-

resistance features. The present work has been divided in two different 

phases to better assess and validate the biomarkers: 

1. A retrospective review gathering clinical, radiological, surgical and 

pathological data by querying Institutional tumor registries; 

2. A prospective phase based on the collection of clinical-radiological 

features and frozen surgical specimens to perform a bio-molecular analysis 

with LC-MS/MS to evaluate and quantify ceramides and dihydroceramides 

species in skull base chordoma. 



 38 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PATIENTS AND METHODS 
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Study design and population 
 

A retrospective review of all the patients diagnosed and treated for a skull 

base chordoma at the Fondazione IRCCS Istituto Neurologico “Carlo Besta” 

between January 1992 and December 2017 has been performed. The two 

queried sources used for the present study were the prospectively collected 

Institutional Tumor Registry and Neuropathological Tumor Database. All 

patients of any ages harboring a histopathology-confirmed skull base 

chordoma have been included in the study. The exclusion criteria were the 

following: incomplete clinical data and impossibility to determine the surgical 

outcome, insufficient and not adequately representative tissue specimen to 

confirm the diagnosis of chordoma, the non-primarily skull base location of 

the tumor. Institutional review board approval was obtained for the present 

study and consent obtained from the patients. Eighty-seven consecutive 

patients were surgically treated for a skull base chordoma during the period 

of recruitment. Seventy-eight patients were eligible for the retrospective 

review. Nine patients were excluded from the analysis due to incomplete 

clinical data (n=8) and different location (n=1). Data were reported according 

to the STROBE guidelines for observational studies. 

The gathered clinical variables were the following: gender, age at the time of 

surgery, tumor location and extension, type (primary/recurrent), radiological 

features, pre- and post-operative symptoms, previous treatments, surgical 

approach, intra-operative findings, extent of resection, surgical 

complications, pre- and post-operative patient functional status, histological 

subtype, type of adjuvant treatment, progression free-survival (PFS) and 

overall survival (OS).  
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Surgical anatomy 

 

The location of chordomas was reported as skull base and non-skull base, 

according to previous papers14,54,55. Skull base chordomas included tumors 

localized in the clivus and/or in the first two cervical vertebras, whereas non-

skull base chordomas included tumors localized in the region extending from 

the third cervical vertebra to the sacro-coccygeal region and these were not 

the focus of the present project. The recruited skull base chordomas were 

further classified accordingly to their primary anatomical location in upper, 

middle and inferior clival location (Cl1, Cl2, Cl3) and cranio-vertebral junction 

types40,54,164. The secondary extensions of skull base chordomas to the 

surrounding anatomical structures were the following: supra-sellar space 

and/or 3rd ventricle, optic-carotid cistern and/or Sylvian fissure, sphenoidal 

sinus and/or other paranasal sinuses, cavernous sinus, middle cranial fossa, 

petrous apex, cerebello-pontine angle cistern, jugular foramen, occipital 

condyle, rhynopharynx and/or para-pharyngeal space, pre-brainstem cistern 

with/without brainstem dislocation.  

 

Radiological assessment 

 

The diameters of tumor were drawn from the three anatomical planes and 

the volume was then calculated using an ellipsoid model “(ABC)/2” equation 

in the available computerized digital images. The signal intensity of the lesion 

on T1-weighted and T2-weighted images were collected by using the 

intensity of the brain as reference, and determined as “hypo-”, “iso-” or 

“hyper-” when the intensity of the lesion was lower, equal or higher than that 

of the central nervous system structures. The degree (absent, mild, intense) 

and pattern (homogenous, heterogeneous) of contrast enhancement on MR 

images were also evaluated138.  The presence of bone erosion and/or 

calcifications was evaluated on the available CT scans. In cases where 
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imaging was not available, the dimensions and radiological features were 

gathered from the clinical and radiological chart notes. The extent of 

resection (EOR) was confirmed by comparison of pre-operative and 3 

months post-operative contrast-enhanced MR images. EOR was 

categorized as 100% (GTR), ≥ 85% and < 100% (STR), and < 85% (PR). 

The radiological features were evaluated by an independent reviewer 

blinded to the patient clinical outcomes.  

 

Clinical assessment 

 

The pre-operative clinical symptoms were divided in the following categories: 

cranial nerve deficits, endocrinopathy, headache and/or cervical pain, motor, 

sensory and cerebellar deficits. The disease history was defined as the 

period from the starting clinical presentation to the surgical intervention.  The 

type of chordoma was defined as primary or recurrent tumor in relation to the 

previous treatments (surgery and or radiation therapy) and 

radiological/clinical evidence of disease progression. A stable tumor was 

defined as residual tumor. An intentional diagnostic biopsy was not 

considered as a previous treatment, thus patients with a biopsy and absence 

of a disease progression were considered primary tumors.  

 

Surgical technique 

 

Since the present case series involved many surgeons from the same 

Institution, surgical approaches have been chosen in relation to each 

surgeon’s personal experience. The EEA has been introduced at our 

Institution in 1993, but a routinely use has been started from 2005. The 

philosophy of our contemporary surgical technique is to achieve maximally 

safe resection and it is summarized in our recent publication99. 
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Surgical outcomes 

 

Patients were assessed by clinical, laboratory, and radiological evaluation 

throughout the hospital stay, and at 3 months, 6 months, 1 year, and every 

1 year subsequently, for any new clinical features, tumor regrowth and 

adjuvant treatments. The medical and surgical complications were graded 

according to the Clavien-Dindo grading classification system (CDG)28. The 

functional status was assessed by KPS score. Clinical outcomes were 

assessed at discharge and at the last follow-up through office visits and/or 

telephone interviews. Progression-free (PFS) and overall survival (OS) were 

calculated from the date of treatment. OS was defined as the period from the 

first surgical treatment to all-causes death or at the end of observation. PFS 

was defined as the period from the surgical treatment until the clinical and/or 

radiological evidence of any tumor re-growth. 

 

Pathology 

 

Chordomas were classified accordingly to the 4th Edition of WHO 

Classification of Tumours of Soft Tissue and Bone in: chordoma NOS (not 

otherwise specified), chondroid chordoma and “de-differentiated” 

chordoma203. Tumor specimens collected from the operating room were fixed 

in Carnoy’s solution, de-hydrated in absolute ethanol and paraffin-

embedded, then sectioned at 2 μm. For the histological analysis, slides were 

re-hydrated and stained with hematoxylin-eosin (H&E) according to the 

standard method. Since October 2015, apart from the routinely collection for 

histological analysis purposes, part of the surgical tissues, chosen by the 

pathologist, was also directly snap-frozen in liquid nitrogen at the time of 

surgery and stored at -80°C until use for other purposes. 
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Immunohistochemistry 

 

The chordoma tissue samples were investigated by immunohistochemistry 

(IHC) for the expression of markers routinely employed for diagnostic 

purposes, such as cytokeratin (AE1-AE3), vimentin, EMA, S-100. 

Additionally, we investigated the following markers: Brachyury (mouse 

monoclonal anti-Brachyury, dilution 1:100, Abcam, UK), p53 (mouse 

monoclonal anti-p53, 1:50, DAKO, Denmark), beta-catenin (mouse 

monoclonal anti-beta-catenin, 1:100, BD Biosciences, USA), filamin-A 

(mouse monoclonal anti-filamin, 1:200, Fitzgerald Industries, USA), GAB-1 

(mouse monoclonal anti-GAB-1, 1:50, Abcam, UK), EGFR (mouse 

monoclonal anti-EGFR, 1:100, ThermoFisher Scientific, USA), PDGFR-beta 

(rabbit polyclonal anti-PDGFR-beta, 1:200, Santa Cruz Biotechnology, 

USA), c-MET (rabbit polyclonal anti-c-MET, 1:50, Santa Cruz Biotechnology, 

USA), c-kit/CD117 (rabbit polyclonal anti-CD117, 1:200, DAKO, Denmark), 

PTEN (mouse monoclonal anti-PTEN, 1:100, Santa Cruz Biotechnology, 

USA), YKL-40/GP-39 (goat polyclonal anti-YKL-40/GP-39, 1:250, Santa 

Cruz Biotechnology, USA), TERT (mouse monoclonal anti-h-TERT, 1:200, 

Merck Millipore, Germany), MIB1/ki67 (mouse monoclonal anti-Ki67 clone 

MIB1 1:100, DAKO, Denmark), BCL2 (mouse monoclonal anti-BCL2 1:50, 

DAKO, Denmark), p62 (mouse monoclonal anti-p62 1:200, BD Biosciences, 

USA). Antigen retrieval was performed in a EDTA buffer solution (pH 9.0) 

and 98°C in PT Link pre-treatment module (DAKO, Denmark) or in citrate-

buffer solution (pH 6.0) in the microwave. Endogenous peroxidase activity 

was blocked using 3% H2O2 (Sigma-Aldrich, USA) for 20 min. Nonspecific 

binding was blocked in normal goat serum (1:20, Dako, Denmark) or in 

bovine serum albumin (BSA, 1:20, Santa Cruz Biotechnology, USA). 

Sections were then incubated with primary antibodies according to the 

reference working concentration and were subsequently incubated with anti-

mouse or anti-rabbit Envision® HRP-peroxidase conjugated or anti-goat 
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biotin (1:300) and streptavidin system (1:300) as secondary antibodies 

(DAKO, Denmark) for 1 hour at room temperature. Detection was performed 

using the 3’-3’-diaminobenzidine substrate system (DAB Substrate 

Chromogen System, DAKO, Denmark). Sections were finally counterstained 

with hematoxylin. Staining was evaluated by two observers blinded to clinical 

outcome of patients and it was considered as positive when they exhibited a 

moderate to strong staining in at least 20% of tumor cells.  The degree of 

staining was also semi-quantitatively graded according to the percentage of 

stained cells. In skull base chordoma, expression of the employed markers 

was scored as follows: “-” (<5%), “+/-” (5-20%), “+” (20-50%) and “++” 

(>50%). For statistical analysis, “-” and “+/-” were grouped together as 

“negative” and “+” and “++” were grouped together as “positive”. 

 

TERT promoter sequencing 

 
DNA for TERT promoter sequencing was extracted form paraffin-embedded 

tumors using phenol-chloroform method. Paraffin tumor blocks were cored, 

choosing an area rich of tumor cells from H&E slides, and de-waxed in xylene 

and absolute ethanol. Then, tissues were digested over-night in proteinase-

K (20mg/ml) at 55°C. DNA was extracted from digested tissues by phenol-

chloroform and absolute ethanol, and then measured by Nanodrop® 

spectrophotometer (ThermoFisher Scientific, USA). PCR sequencing 

analysis was performed using customized primers for TERT promoter, 

including the C250 and C228 hotspots, according to the following thermal 

profile: denaturation (5’, 95°C), annealing (62°C, 30’’), elongation (72°C, 30’’) 

for 35 cycles and final elongation (7’, 72°C) using Taq Fast as polymerization 

enzyme (Roche, Switzerland). PCR products were then sequenced using 

Sanger method on a capillary sequencer (ABI3130 Life Technologies, USA) 

and analyzed by Sequencing Analyzer (Life Technologies, USA) and 

Chromas Lite programs (Technelysium, Australia).   
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Sphingolipids analysis with LC-MS/MS  

 

Ceramides and dihydroceramides species were extracted from frozen 

samples and assessed using liquid chromatography–mass spectrometry 

(LC-MS/MS)117. Tumor samples were added with 100 µL of PBS + 0.1% 

protease inhibitor and homogenized in TissueLyser (Qiagen, Hilden, 

Germany) for 3 min at 50 oscillations/s. Total protein concentration was 

measured by Bradford dye-binding method. Samples were added with 10 µL 

of IS (Cer C12 20 mM) and 850 µL of a methanol/chloroform mixture (2:1, 

v/v), then sonicated for 30 min. Afterwards, there were incubated overnight 

in an oscillator bath at 48 °C. Once at room temperature, samples were 

added with 75 µl of KOH 1 M in methanol and incubated at 37 °C for 2 hours. 

To bring the pH at a neutral level, 75 µl of acetic acid 1 M was added in 

methanol. The phase was evaporated under a stream of nitrogen. The 

residuals were dissolved in 150 µl of methanol and then centrifuged for 10 

min at 13000 rpm. 10 µL were directly injected in LC-MS/MS. The analytical 

system consisted of a HPLC coupled to a tandem mass spectrometer. The 

LC system was a Dionex 3000 UltiMate instrument with autosampler, binary 

pump and column oven (Thermo Fisher Scientific, USA). Separation was 

attained on a reversed-phase BEH C-18 10 x2.1 x1.7 µm analytical column 

preceded by a security guard cartridge. Linear gradients were obtained 

between eluent A (water + 2 mM ammonium formate + 0.2% formic acid) 

and eluent B (methanol + 1 mM ammonium formate + 0.2% formic acid). The 

column was equilibrated with 80% (B), increased to 90% (B) in 3 min, held 

for 3 min, increased to 99% (B) in 9 min, held for 3 min, back to the initial 

conditions in 2 min and kept for 2 min at 80% (B). The flow rate was 0.3 

mL/min, the autosampler and the column oven were kept at 15°C and 30°C, 

respectively. The tandem mass spectrometer was an AB Sciex 3200 QTRAP 

instrument with electrospray ionization TurboIonSpray™ source (AB Sciex 

S.r.l., Milano, Italy). Instruments were managed with the proprietary 
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manufacturer's software and according to the manufacturer's instructions. 

The analytical data were processed using Analyst software (version 1.2). 

The ion spray voltage was set at 5.5 kV and the source temperature was set 

at 300 °C. Nitrogen was used as a nebulizing gas (GS 1, 45 psi), turbo spray 

gas (GS 2, 50 psi) and curtain gas (25 psi). The collision-activated 

dissociation (CAD) was set to a low level. The dwell time was set at 0.1 s, 

and the MS scan was performed in positive ion modes (ESI+). MS/MS 

experiment were conducted using nitrogen as collision gas. Compound-

dependent parameters (CE, DP) were optimized via direct infusion. Multiple 

reaction monitoring (MRM) mode was used. Quantitative analysis was 

performed interpolating each peak area of analyte/area IS with calibration 

curve of each sphingolipids. The sphingolipids amount was normalized by 

total protein content, expressed in milligram, in each sample. Six-point 

calibration curve was evaluated by spiking increasing amounts of the 

analytes in water in the concentration range of 0-40 pmol/vial. Linearity was 

observed for each analyte in the whole range (R2>0.99). 

 
Statistical analysis  

 
Descriptive statistics was used to analyze the pre-, peri- and post-operative 

clinical data. Categorical values were described with percentages and 

continuous variables were described with means, standard deviations and 

ranges. Statistical analysis between different groups was performed to 

determine if significant differences existed between means of clinical and 

radiological outcome data. Survival analysis was performed according to 

Kaplan-Meier method. Univariate comparisons were conducted using Mann-

Whitney, Chi-square and exact Fisher tests. Simple linear regression and 

correlation with computation of Pearson coefficients analyses were 

conducted. The level of significance was set according to GP style as follows: 

*, p≤0.05; **, p≤0.01; ***, p≤0.001, ****, p≤0.0001. 
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Clinical prognostic factors with p values ≤ 0.05 on univariate analysis were 

subject to multivariate analysis using a Spearman’s rank model correlating 

with OS and PFS. Ceramides and dihydroceramides total and single species 

were subjected to multiple linear regression analysis using a Pearson 

correlation model with MIB-1 as regression model target. To evaluate the 

ceramides and dihydroceramides also as independent prognostic factors, a 

set of linear regression analyses were conducted with OS and PFS as 

regression model targets. The following statistical analyses were performed 

to preliminarily build a personalized outcome grading scale, the Peri-

Operative Chordoma Scale (POCS). Firstly, a logistic regression model was 

built to investigate the strength of the relationship between the putative 

clinical predictors and surgical outcomes (OS and PFS). The peri-operative 

factors that resulted statistically significant at the preliminary clinical analysis 

were as follows: jugular foramen involvement, MR contrast enhancement, 

presence of preoperative motor deficits and CN deficits, tumor involvement 

of pre-brainstem cisterns, pre-operative brainstem dislocation, personal 

surgical expertise, development of postoperative complications, entity of 

tumor resection and ∆KPS. We used the Cox&Snell and Nagelkerke pseudo-

R2 to evaluate the goodness of fit of the model. Secondly, we rated the 

significant predictors after rounding their ORs to the closest even number. 

All the independent variables were entered into the equation first and each 

one was deleted, one at time, if they did not contribute to the regression 

equation by the backward elimination method. Final candidate predictive 

factors that well fitted the model were: MR contrast enhancement, presence 

of preoperative motor deficits and development of postoperative 

complications. The presence or absence of these factors were initially 

considered in a simplified version of POCS, namely POCS-beta. Therefore, 

for each patient, a corresponding total score was calculated based on the 

sum of all predictors’ scores. The ANOVA test was performed to compare 

the mean scale scores between the changes in surgical outcomes measure. 
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Finally, we attempted to validate the ability of POCS in determining surgical 

outcomes by using chi-square analysis. Statistical analyses were run on 

SPSS v.18 (IBM Inc., Armonk, NY) and GraphPad (GraphPad Software, 

Inc.).  
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CLINICAL ANALYSIS 

 

Demographics 

 

Seventy-eight patients were included in the present study for the clinical 

retrospective analysis. There were 38 males (48.7%) and 40 females 

(51.3%). The female/male ratio was 1:1.1. The mean age at the time of 

surgery was 49.7±18.8 years (range, 10-85). One-hundred-fourteen surgical 

operations were performed in the initial recruitment or recurrent setting. 

Staged-operations were performed in eleven patients (14.1%), in 2-stages in 

ten and in 3-stages in one patient. The mean follow-up period calculated 

from the first treatment performed at our Institution of the present cohort 

series was 69 months (3-233). Sixty (76.9%) patients presented with primary 

tumors and eighteen (23.1%) patients were recurrent tumors which showed 

a clear evidence of disease progression. The patients which have already 

undergone previous treatments in other Institutions were the follows: ten 

patients only surgical treatment, two only radiation therapy, five surgery and 

radiation and one patient surgery, radiation and chemotherapy with tyrosine 

kinase inhibitors (Imatinib). Of the recurrent chordomas, eleven patients 

(61.1%) had only one recurrence after previous treatments, four patients 

(22.2%) had 2 previous recurrences and three patients (16.7%) had three 

previous recurrences. 

 

Pre-operative signs and symptoms 

 

The most common pre-operative symptom was cranial nerve deficit, 

presenting mostly with diplopia caused by any oculomotor nerve deficit. 

Cranial nerve deficits were specifically present in 65 cases (83.3%) with the 

general following frequencies: CN 1=0 (0%), CN 2=14 (21.5%), CN 3=14 
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(21.5%), CN IV=6 (9.2%), CN V=12 (18.5%), CN VI=46 (70.8%), CN VII= 7 

(10.8%), CN VIII=4 (6.1%), CN IX-X-XI=17 (26.1%), CN X11=10 (15.3%). 

Patients presented with headache and/or cervicalgia in 28 cases (35.9%), 

cerebellar signs in 16 cases (20.5%), long tracts motor deficits in 15 cases 

(19.2%), body sensory deficits in 5 cases (6.4%), trigeminal neuralgia in 3 

cases (3.8%), endocrinopathy in 2 cases (2.6%) and only one (1.3%) patient 

with obstructive hydrocephalus and raised ICP symptoms. In primary tumors 

group, 49 cases (81.7%) presented with cranial nerve deficit, 24 (40%) with 

headache and/or cervicalgia, 13 (21.7%) with cerebellar deficit, 11 (18.3%) 

with motor deficit, 4 (6.7%) with sensory deficit, 1 (1.7%) with 

endocrinopathy. In recurrent tumor patients, 16 cases (88.9%) presented 

with cranial nerve deficit, 4 (22.2%) with headache and/or cervicalgia, 3 

(16.7%) with cerebellar deficit sign, 4 (22.2%) with motor deficit, 1 (5.5%) 

with sensory deficit, 1 (5.5%) with endocrinopathy. There was no statistically 

significant difference in terms of clinical presentation between primary and 

recurrent tumors. The presence of motor deficits (Fig. 20) in the cohort of 

primary skull base chordomas revealed to be a significant prognostic factor 

correlating with a worse PFS (p=0.0480). 

 

 

 

 

 

 

 

 

 

 

  
Figure 20. Kaplan-Meier survival curve for PFS according 
to preoperative motor deficits in primary skull base 
chordomas (p=0.0480). 
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Significantly, the presence of motor deficits (Fig. 21) represented an 

important prognostic factor with a worse PFS also in the cohort of recurrent 

skull base chordomas (p=0.0160). 

Moreover, the presence of any pre-operative cranial nerve deficits (Fig. 22) 

represented a significant prognostic factor with a worse PFS in the cohort of 

recurrent patients (p=0.0260). 

 

 

The mean diagnostic delay time (DDT), defined from the onset of symptoms 

or evidence of radiological/clinical disease progression to surgical 

intervention, was 10.3 ± 13.5 months (1-97). The mean DDT for primary 

tumors was 10.4 ± 10.9 months (1-66) and for recurrent tumors was 13.2 ± 

21.9 (1-97). The mean pre-operative KPS at our institutional admission was 

84.5 ± 9.8 (50-100).  The mean pre-operative KPS in primary tumors was 

85.8 ± 8.3 (60-100) and in recurrent tumors was 80 ± 12.8 (50-100) and was 

not significantly different (p=0.0523).  

Figure 22. Kaplan-Meier survival curve 
for PFS according to preoperative 
motor deficits in recurrent skull base 
chordomas (p=0.0160). 

Figure 21. Kaplan-Meier survival curve 
for PFS according to preoperative cranial 
nerve deficits in recurrent skull base 
chordomas (p=0.0260). 
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Radiological features 

 

The mean tumor volume was 20.8 (1.6-126.0) cm3 and the mean maximum 

diameter was 3.1 (0.7-7.2) cm. The mean tumor volume for first operations 

was 17.7 (1.6-78.7) cm3 compared with 31.3 (4.4-126.6) cm3 for recurrent 

tumors (p=0.0548). The mean maximum diameter for first operations was 

3.0 (0.7-6.3) cm compared with 3.6 (1.7-7.2) cm for recurrent tumors 

(p≤0.05). 

The typical imaging features (based on >50% volume) of skull base 

chordomas were the following: intermediate to low signal intensity on T1-

weighted MRI, high signals on T2-weighted MRI and a heterogeneous 

enhancement on post-contrast administration T1-weighted MRI.  

The presence of any calcification on appropriate imaging (CT and/or SWI-

MR were available in sixty-two cases) was investigated and twenty-eight 

patients (45%) presented intra-tumoral calcification. Calcification on KM 

analysis (Fig. 23) showed a correlation with better outcomes (OS) compared 

with tumor lacking any calcification on CT scan in primary skull base 

chordomas (p=0.0420).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Kaplan-Meier survival curve for OS according 
to presence of calcification in primary skull base 
chordomas (p=0.0420). 
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The degree of contrast enhancement in chordoma is scarcely described in 

the existing literature and it is not considered in the modern clinical and 

radiological patient management as prognostic factor in skull base 

chordomas138,156. In our series (MR imaging post-gadolinium T1-weighted 

features were available and retrieved from 67 cases), thirty-nine patients 

(58.2%) presented with an intense contrast enhancement, twenty-two 

(32.8%) with mild enhancement and six (9%) with no enhancement. The 

degree of MR enhancement revealed to be a significant prognostic factor in 

terms of OS and PFS in the cohort of primary skull base chordoma patients 

(Fig. 24). 

 

Tumor location 

 

Fifty-seven (73.1%) skull base chordomas involved the upper third of the 

clivus, fifty-nine (75.6%) involved the middle third, thirty-one (39.7%) 

involved the lower third and eighteen (23.1%) involved the first two cervical 

vertebra. In a pluri-recurrent case the tumor arose primarily in the ponto-

cerebellar angle, presumably due to surgical trajectory seeding. The 

secondary extensions of skull base chordomas to the surrounding 

Figure 24. Kaplan-Meier survival curves for OS (left) and PFS (right) according to the 
degree of MR enhancement in primary skull base chordomas (p≤0.0001 and 0.0010, 
respectively). 
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anatomical structures were the following: supra-sellar space and/or 3rd 

ventricle (19 cases, 24.3%), optic-carotid cistern and/or Sylvian fissure (3, 

3.8%), sphenoidal sinus and/or other paranasal sinuses (18, 23.1%), 

cavernous sinus (34, 43.6%), orbit (1, 1.3%), middle cranial fossa (7, 8.9%), 

petrous apex (23, 29.4%), cerebello-pontine angle cistern (8, 10.2%), jugular 

foramen (11, 14.1%), occipital condyle (12, 15.4%), rhynopharynx and/or 

para-pharyngeal space (11, 14.1%), pre-brainstem cistern (42, 53.8%), 

brainstem dislocation (24, 30.8%), extension toward the lower cervical 

vertebral column (2, 2.6%%). In two cases (2.6%) the tumor was completely 

intradural, in fourteen cases (18%) completely extradural and in 62 cases 

(79.4%) were extradural extending into the intradural space. 

Jugular foramen involvement (Fig. 25) represented a significant prognostic 

factor with a worse PFS in the cohort of primary skull base chordomas 

(p=0.0130). The presence of chordoma in the pre-brainstem cistern (Fig. 26) 

revealed to be a significant prognostic factor with a worse PFS in the cohort 

of recurrent skull base chordomas (p=0.0210). Brainstem dislocation (Fig. 

27) represented a significant prognostic factor correlating with a both worse 

Figure 25. Kaplan-Meier survival curve for PFS according to 
jugular foramen involvement in primary skull base chordomas 
(p=0.0130). 
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outcome in terms of OS and PFS in the cohort of recurrent skull base 

chordomas (p=0.0060 and 0.0030). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 27. Kaplan-Meier survival curves for OS (left) and PFS (right) according to 
preoperative radiological brainstem dislocation in recurrent skull base chordomas (p value: 
0.0060 and 0.0030, respectively). 

Figure 26. Kaplan-Meier survival curve for PFS according to 
preoperative radiological involvement of any pre-brainstem cistern 
in recurrent skull base chordomas (p=0.0210). 
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Surgical features 

 

One-hundred-fourteen surgical operations were performed in the initial 

recruitment or recurrent setting (Fig. 28). Staged operations were performed 

in eleven patients (14.1%), in 2-stages in ten and in 3-stages in one patient. 

An anterior skull base approach was performed in 76 patients (66.7%), 

specifically the most common approach was endoscopic endonasal 

approach performed in 41 patients (54%), followed by extended sub-frontal 

approach performed in 13 patients (17.1%), a microsurgical transsphenoidal 

approach in 9 patients (11.8%), a microsurgical transsphenoidal approach 

with a trans-facial/maxillary extension in 9 patients (11.8%), a microsurgical 

endoscopic-assisted transsphenoidal approach in 3 patients (3.9%), and a 

combined EEA-extended sub-frontal approach in one patient (1.4%). An 

anterolateral skull base approach was performed in 17 patients (14.9%), 

specifically the most common approach was frontotemporal orbitozygomatic 

approach in 9 patients (52.9%), sub-temporal trans-zygomatic approach with 

anterior petrosectomy in 5 patients (29.4%), lateral supraorbital approach in 

one patient (5.9%), subtemporal trans-tentorial in one patient (5.9%), a 

combined subtemporal transtentorial with far lateral approach in one patient 

(5.9%). A lateral/posterolateral skull base approach was performed in 19 

patients (16.7%), specifically the most common approach was far-lateral 

approach performed in 12 patients (63.3%), a petro-occipital trans-sigmoid 

approach was performed in 3 patients (15.9%), a posterior petrosal approach 

in one patient (5.2%), a combined transpetrosal-far lateral approach in one 

patient (5.2%), an extreme-lateral supracerebellar infratentorial approach in 

one patient (5.2%) and a two-stage combined petro-occipital transsigmoid 

with an anterior skull base endoscopic endonasal approach was performed 

in one patient (5.2%). In two CVJ chordomas extending into lower cervical 

vertebrae bodies an anterolateral transcervical approach was performed. 
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Figure 28. Histograms showing the type of employed surgical approach (above, EEA 
vs craniotomy; below, details of the craniotomical approach). 
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Gross total chordoma resection was achieved in 15 patients (19.2%), 

subtotal in 38 (48.8%) and partial in 25 (32%). GTR was achieved in 12 

patients (20%) and STR in 27 patients (45%) and PR in 21 (35%) among the 

primary and in 3 (16.7%), 11 (61.1%) and 4 (22.2%), respectively, in 

recurrent patients who had undergone prior treatments. Analyzing the EOR 

in relation to the first period (1991-2004), GTR was achieved in 0 patients 

(0%) and STR in 11 patients (45.8%) and PR in 13 (54.2%) and in the second 

period (2005-2017) GTR was achieved in 15 (27.8%), 27 (50%) and 12 

(22.2%), respectively (p≤0.05). Extent of resection (Fig. 29) represented a 

strong prognostic factor according to PFS in the cohort of primary skull base 

chordomas (p=0.0200). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. Kaplan-Meier survival curve for PFS according to extent of 
surgical resection in primary skull base chordomas (p=0.0200). 
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Interestingly, patients operated by an experienced surgeon (defined as the 

surgeon who performed more than 10 skull base chordoma surgical 

procedures in the present series) did better in terms of prolonged PFS in the 

cohort of primary patients (p=0.0340). Surgeon’s experience represents, 

therefore, a significant clinical predictor of better outcomes (Fig. 30). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Post-operative complications 

 

There were 4 peri-operative deaths (3.5%). The medical and surgical 

complications were graded according to the Clavien-Dindo Grading 

classification system (CDG)28. Complications (Fig. 31) were defined as any 

deviation from the normal peri-operative course (CDG≥1). The rate of 

complications requiring a surgical procedure and/or a Neuro-Intensive Care 

Unit (NICU) transfer (CDG 3 and 4) was 24.6% (28). The majority of 

complications (21.9%) were treated without any invasive treatment (CDG 1 

and CDG2). CDG 1 (17, 14.9%) included patients with a worsening or new 

Figure 30. Kaplan-Meier survival curve for PFS according to the individual 
surgeon’s experience in primary skull base chordomas (p=0.0340). 
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neurological deficit (mainly CN and motor deficits), CDG 2 (8, 7.0%) included 

patients with panhypopituitarism treated with hormonal replacement therapy 

and meningitis and urinary tract infection treated with antibiotics. CDG 3a (6, 

5.2%) included patients with CSF leaks treated with external spinal drainage, 

whereas, CDG 3b (8, 7.0%) included patients with CSF leaks treated with 

revision surgery and/or lumbar peritoneal drainage. CDG 4a (1, 0.9%) 

included a patient with post-operative hematoma surgically evacuated with 

no need of respiratory aid, whereas, CDG 4b (9, 7.8%) included patients with 

hematomas surgically evacuated 

and/or hydrocephalus treated with 

external ventricular drainage and 

ventricular peritoneal shunt and/or 

tracheostomy requiring mechanical 

ventilation. CDG 5 (4, 3.5%) included 

patients died from peri-operative 

brain strokes derived from 

intraoperative MCA rupture, brain 

hematomas determining midline shift 

and arousal disorders, 

hydrocephalus and post-operative 

ICA rupture.  

The mean length of stay (LOS) was 15.8 ± 22.2 days (3-139). The mean 

LOS was 12.8 ± 15.0 days (3-103) for first operations and 20.4 ± 29.6 days 

(3-139) for recurrent tumors (p≤0.05).  

Development of post-operative complications (Fig. 32) in primary skull base 

chordoma patients represented an important prognostic factor related to both 

OS and PFS (p≤0.0001 and p=0.0360, respectively). 

 

 

 

Figure 31. Histogram showing post-
operative complications according to CDG 
scale. 
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The KPS score was used to assess functional status pre-operatively and at 

the discharge; the DKPS (KPSOUT – KPSIN) represented a significant clinical 

prognostic factor (Fig. 33) related to OS in primary skull base chordomas 

(p=0.0170). In the cohort of recurrent chordomas, DKPS correlated to both 

OS and PFS (p=0.0010 and 0.0180, respectively). 

 

  

Figure 33. Kaplan-Meier survival curves for OS (left) in primary chordomas and PFS 
(right) in recurrent chordomas according to DKPS (p=0.0170 and 0.0180, respectively). 

Figure 32. Kaplan-Meier survival curves for OS (left) and PFS (right) according to 
development of post-operative complications in primary skull base chordomas (p≤0.0001 
and 0.0360, respectively). 
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Surgical outcomes 

 

Thirty-four patients (43.6%) died because of tumor progression and 4 (5.1%) 

from peri-operative complications. At the time of the last follow-up 

examination, 40 patients (51.2%) were still alive, of which 26 patients were 

alive and free of tumor or with stable tumor, whereas 3 patients were alive 

with noticeable tumor progression. Tumor relapse locally occurred in 14 

patients (17.9%). The mean OS time after surgery was 69 months (3-233), 

whereas the mean PFS time was 54.1 months (4-247). The mean OS after 

tumor relapse was 42.6 months (3-132) whereas the mean OS for primary 

tumor was 42.9 months (1-139).  

 

Adjuvant treatments  

 

Radiation therapy data were available for 69 patients in our cohort. Fifty-five 

patients received post-operative radiation therapy. Ten patients did not 

receive any post-operative radiation therapy. Four recurrent patients 

presented at our Institution with a previous radiation treatment. Re-radiation 

treatment with carbon ions was performed in 7 pluri-recurrent patients. Three 

pluri-recurrent patients received post-operative chemotherapy with tyrosine 

kinase inhibitor (imatinib mesilate) with negligible beneficial effects on 

controlling local disease. The radiation treatment employed photon particles 

in 15 patients and hadron particles in 38 patients, whereas two were 

unknown. The radiation therapy modality included 3D-conformal radiation 

therapy (CRT) in 6 patients, stereotactic radiosurgery (CK) in 4 patients, CRT 

with a CK boost in 5 patients and 38 patients with heavy particles therapy. In 

the patients that have undergone hadron therapy, 18 patients received only 

protons, 19 patients received carbon ion and mixed proton-carbon ions in 

one patient.  
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Since 2011, every skull base chordoma patient undergoes a multi-specialist 

meeting with radiation oncologist for evaluation of the best treatment and the 

referral to the Italian Center of Hadron Particles therapy (CNAO). Regarding 

the patients treated at CNAO (28), the total administered dose for protons 

was 74 Gy (RBE, Relative Biological Effectiveness), 2 Gy(RBE) per 37 

fractions, the total administered dose for carbon ions was 70.4 Gy(RBE), 4.4 

Gy(RBE) per 16 fractions. For the survival statistical analysis, any post-

operative radiation treatment (Fig. 34) correlated with prolonged OS 

(p=0.0020) and PFS (p=0.0100). Analyzing the radiation type there were 

non-significant difference between patients undergoing photon, proton or 

carbon ions in terms of OS (p=0.4750) and PFS (p=0.5960). Analyzing the 

radiation modality delivery, the hadron therapy conferred to patients a 

prolonged OS (p=0.0290) compared to non-hadron, but no difference was 

revealed in terms of PFS (p=0.7660). 

 

 
  

Figure 34. Kaplan-Meier survival curves for OS (left) and PFS (right) in primary 
chordomas according to the adjuvant radiation treatment (p=0.0020 and 0.0100, 
respectively). 
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Preliminary development of Peri-Operative Chordoma Scale (POCS) 

 
Based on the clinical results obtained in the first section, our aim was to 

preliminarily construct a grading scale for each individualized patient that 

could be useful for practitioners to determine outcome and, thus, the better 

management of patients undergoing potential adjuvant therapies. The Peri-

Operative Chordoma Scale (POCS) incorporates both pre-operative and 

peri-operative factors that can aid the surgeon to better manage the skull 

base chordoma patient immediately at the discharge or at first months after 

surgery. 

The results of logistic regression analysis between the putative predictors 

and outcomes measures are shown in Table 2. The variable “jugular foramen 

tumor involvement” was excluded from the analysis because it was present 

in every case of the recurred patients, thus, it was a constant. Applying the 

backward method in the logistic regression model, it was possible to 

eliminate the variables that did not reach a statistically significance.  

 

Factor B Value (SE) OR (95%CI) p-value 

    
Constant -2.96 (1.09) - 0.007 
MR contrast enhancement    

No/Mild Reference - - 
Intense 3.99 (1.15) 54.2 (5.7-514.4) 0.001 

Pre-op motor deficit    
No Reference - - 
Yes 3.16 (1.60) 23.5 (1.0-541.6) 0.049 

Post-op complications    
No Reference - - 
Yes 2.47 (1.13) 11.8 (1.3-108.5) 0.030 
    

 

*Cox&Snell pseudo R2=0.484; Nagelkerke’s pseudo R2=0.656. 
 

 

Table 2. Logistic regression predicting shorter surgical outcome measure and associations 
between peri-operative clinical factors in skull base chordoma patients*. 
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The statistically significant variables in the regression model were: MR 

contrast enhancement (intense vs no/mild), preoperative motor deficits (yes 

vs no) and the development of any post-operative complications (yes vs no) 

according to CDG. The OR of each significant predictor are shown in Table 

2. Taken together, these entered variables into the model indicated a good 

fit (Cox & Snell pseudo R2=0.484 and Nagelkerke’s pseudo R2=0.656). We, 

therefore, built our chordoma grading scale, namely the Peri-Operative 

Chordoma Scale (POCS) that is shown in Table 3.  

 

Variable Score 

  
MR contrast enhancement  

No/Mild 0 
Intense 9 

Pre-op motor deficits  
No 0 
Yes 6 

Post-op complications  
No 0 
Yes 2 

  
 
The presence or absence of these factors were initially considered in a 

simplified version of POCS, namely POCS-beta (Tables 4 and 5). 

Afterwards, to rate each significant clinical predictor on the basis of their 

respective OR, that were divided by a value of six to create the following 

grade of POCS: MR contrast enhancement (value=9), preoperative motor 

deficits (value=6) and the development of any post-operative complications 

(value=2). A grading scale was obtained, with scores ranging between 0 and 

17. Higher scores indicate the higher likelihood of patients to deteriorate in 

terms of shorter OS and PFS (P≤0.001) (Tables 6 and 7).  

 
  

Table 3. Peri-Operative Chordoma Scale (POCS). 
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POCS-beta Survival 
(n=29) 

No survival 
(n=29) % of patients of no survival 

0 12 1 7.7% 
1 16 7 30.4% 
2 0 18 100% 
3 1 3 75% 

*Chi-Squared: 31.8, P≤0.001 

POCS-beta No recurrence 
(n=21) 

Recurrence 
(n=37) % of patients of recurrence 

0 10 3 23.1% 
1 11 12 52.2% 
2 0 18 100% 
3 0 4 100% 

*Chi-Squared: 23.2, P≤0.001 
 

POCS Survival 
(n=29) 

No survival 
(n=29) % of patients of no survival 

0 12 1 7.7% 
2 7 3 30% 
6 2 0 0% 
8 0 2 100% 
9 7 4 36.4% 
11 0 14 100% 
15 0 2 100% 
17 1 3 75% 

*Chi-Squared: 32.7, P≤0.001 

POCS No recurrence 
(n=21) 

Recurrence 
(n=37) % of patients of recurrence 

0 10 3 23.1% 
2 7 3 30% 
6 1 1 50% 
8 0 2 100% 
9 3 8 72.7% 
11 0 14 100% 
15 0 2 100% 
17 0 4 100% 

*Chi-Squared: 27.3, P≤0.001 
  

Table 4. POCS-beta and distribution of patients in relation to OS*. 

Table 5. POCS-beta and distribution of patients in relation to PFS*. 

Table 6. POCS and distribution of patients in relation to OS*. 

Table 7. POCS and distribution of patients in relation to PFS*. 
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POCS was furtherly evaluated for testing its strength and performance in a 

restricted subgroup of chordoma patients of our series having a longer 

follow-up. We have decided to include the following patients according to the 

most recent and larger epidemiological study on chordomas: patients with a 

F-UP≥45 months when evaluating PFS (n=45) and patients with F-UP≥100 

months when evaluating OS (n=31). 

The preliminary analysis of POCS-beta revealed to be statistically significant 

to both OS (P≤0.001) and PFS (P=0.004) (Tables 8 and 9). Higher POCS 

scores, also in the group of patients having a larger follow-up, confirmed the 

higher likelihood of patients to deteriorate in terms of both OS (P≤0.001) and 

PFS (P=0.003) (Tables 10 and 11). 
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*Chi-Squared: 20.8, P≤0.001 

POCS Survival 
(n=11) 

No survival 
(n=20) % of patients of no survival 

0 5 1 16.7% 
2 3 1 25% 
6 1 0 0% 
8 0 2 100% 
9 2 1 33.3% 
11 0 10 100% 
15 0 2 100% 
17 0 3 100% 

*Chi-Squared: 21.2, P=0.004 
 

POCS-beta No recurrence 
(n=13) 

Recurrence 
(n=32) % of patients of recurrence 

0 7 3 30% 
1 6 8 57.1% 
2 0 17 100% 
3 0 4 100% 

*Chi-Squared: 18.1, P≤0.001 

POCS No recurrence 
(n=13) 

Recurrence 
(n=32) % of patients of recurrence 

0 7 3 30% 
2 4 2 33.3% 
6 1 1 50% 
8 0 2 100% 
9 1 5 83.3% 
11 0 13 100% 
15 0 2 100% 
17 0 4 100% 

*Chi-Squared: 21.8, P=0.003 
 
 
  

Table 8. POCS-beta and distribution of patients with a F-UP≥100 months in relation to 
OS*. 

POCS-beta Survival 
(n=11) 

No survival 
(n=20) % of patients of no survival 

0 5 1 16.7% 
1 6 2 25% 
2 0 14 100% 
3 0 3 100% 

Table 9. POCS and distribution of patients with a F-UP≥100 months in relation to OS*. 

Table 10. POCS-beta and distribution of patients with a F-UP≥45 months in relation to 
PFS*. 

Table 11. POCS and distribution of patients with a F-UP≥45 months in relation to PFS*. 
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PATHOLOGICAL ANALYSIS 

Pathology  

 

Seventy-three cases (93.6%) were typical chordomas, 2 cases (2.6%) were 

chondroid chordoma and 3 de-differentiated (3.8%). Two typical chordomas 

at their recurrence after proton beam radiotherapy transformed into a high-

grade chordoma with conventional features with foci of de-differentiated 

chordoma. A complete pathological examination has been performed on 17 

specimens. All the detailed features are presented in Table 2. 

Among all the analyzed features, the presence of high tumor infiltrating 

lymphocytes (TILs) correlated with a better OS outcome (Fig. 35) and 

represented, therefore, a significant pathological prognostic factor 

(p=0.0170). 

  

Figure 35. Left) Kaplan-Meier survival curves for OS (mo) in primary skull base chordomas 
according to the quantity of TILs (p=0.0170). Right) Immunohistochemical slice showing 
TILs within chordoma. BCL-2 selectively stains all the lymphocyte (20X). 
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Mitoses  
0 7 (41.2%) 
<2 4 (23.5%) 
>3 6 (35.3%) 

Necrosis  
Yes 5 (29.4%) 
No 12 (70.6%)  

Hemorrhage  
Yes 8 (47.1%) 
No 9 (52.9%) 

Apoptosis  
Yes 4 (23.5%) 
No 13 (76.5%) 

Nuclear pleomorphism  
Yes 5 (29.4%) 
No 12 (70.6%) 

Hyperchromatic nuclei  
Yes 4 (23.5%) 
No 13 (76.5%) 

Prominent nuclei  
Yes 4 (23.5%) 
No 13 (76.5%) 

Intra-lesional Fibrous Septa  
Yes 13 (76.5%) 
No 4 (23.5%) 

Abundant Myxoid Matrix  
Yes 14 (82.3%) 
No 3 (17.7%) 

Physaliphorous cells  
High 16 (94.1%) 
Low 1 (5.9%) 

TIL *  
High 12 (70.6%) 
Low 5 (29.4%) 

Bone Infiltration  
Yes 14 (82.3%) 
No 3 (17.7%) 

Mucosa, Submucosa, Muscle Infiltration  
Yes 7 (41.2%) 
No 10 (58.8%) 

Calcifications  
Yes 3 (17.7%) 
No 14 (82.3%) 

* significant prognostic factor  

 
Table 12. Morpho-pathological features. 
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Immunohistochemical findings 

 

Forty-three tumors were considered eligible, after quality and quantity 

assessment by the pathologist, to perform further bio-molecular analysis 

apart from the classical diagnostic panel (Tab. 3). Brachyury is considered a 

diagnostic marker of chordoma and it is routinely applied in the diagnostic 

process. Such marker presented a very strong nuclear expression in the 

physaliphorous cells in 96% of samples and absent in two (4%) de-

differentiated chordoma patients (Fig. 36). The expression of other markers 

has been evaluated according to the main related pathways involved in 

chordomagenesis. Beta-catenin is exclusively expressed with a membrane 

and cytoplasmic pattern in every analyzed sample (100%). Filamin A has 

never been employed in chordomas and, interestingly, presents a strong and 

mild expression in 90.7% and 9.3%, respectively. GAB-1 is markedly 

expressed in 12.9%, slightly expressed 51.6% and absent in 35.5% of 

chordoma samples. Regarding of the expression of some TRKs commonly 

involved in chordomas, c-Met, c-Kit, PDGFRß, EGFR have been studied. 

Specifically, c-Met was slightly expressed in 51.2%, markedly expressed in 

13.9% and absent in 34.9% of cases. c-Kit was slightly expressed in 62.8%, 

markedly expressed in 11.6% and absent in 25.6%. PDGFRß was slightly 

expressed in 48.8%, markedly expressed in 9.3% and absent in 41.9%. 

EGFR was not expressed in 100% of the analyzed samples.  

YKL-40 was slightly expressed in 11.7%, markedly expressed in 2.2% and 

absent in 86.1% of cases. p53 was expressed in 15% and absent in 85% of 

cases. TERT was slightly expressed in 37.2%, markedly expressed in 34.9% 

and absent in 27.9% of cases. Therefore, ATRX has been investigated and 

all the samples expressed it (9/9, 100%). TERT promoter target sequencing 

was wild-type with no mutation at the analyzed sequence. p62 was slightly 

expressed in 30%, markedly expressed in 60% and absent in 10% of cases. 

bcl-2 was expressed in 9.1% and absent in 90.9% of cases. 
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Multiple comparison tests have been performed and no immuno-

histochemical markers seems to be peculiar and exclusively associated 

neither with the type (primary/recurrent) and within the recurrence neither 

recurrence with or without radiation therapy. 

  

Figure 36. Immunohistochemical findings of chordomas. (A) Photomicrograph 
showing strong nuclear immunoreactivity for Brachyury of chordoma cells (anti-Bry, 
40×). Photomicrographs showing immunoreactivity for PDGFR-beta (B), TERT (C) 
and beta-catenin (D). Beta-catenin’s staining has a prevalent cytoplasmic membrane 
pattern. (anti- PDGFR-beta, anti-TERT, anti- beta-catenin, 40×). 
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Table 13. Immunohistochemical findings. 

 
Brachyury (tot. 50)  

- 2 (4%) 
+ 48 (96%) 

Beta-catenin (39)  
Membrane/Cytoplasmic 39 (100%) 
Nuclear 0 (0%)  

Filamin A (43)  
+ 4 (9.3%) 
++ 39 (90.7%) 

GAB-1 (31)  
- 11 (35.5%) 
+ 16 (51.6%) 
++ 4 (12.9%) 

C-MET (43)  
- 15 (34.9%) 
+ 22 (51.2%) 
++ 6 (13.9%) 

C-KIT (43)  
- 11 (25.6%) 
+ 27 (62.8%) 
++ 5 (11.6%) 

PDGFR-b (43)  
- 18 (41.9%) 
+ 21 (48.8%) 
++ 4 (9.3%) 

YKL-40 (43)  
- 37 (86.1%) 
+ 5 (11.7%) 
++ 1 (2.2%) 

TERT (43)  
- 12 (27.9%) 
+ 16 (37.2%) 
++ 15 (34.9%) 

ARTX (9)  
- 0 (0%) 
+ 9 (100%) 

P53 (20)  
- 17 (85%) 
+ 3 (15%) 

EGFR (20)  
- 100 (100%) 
+ 0 (0%) 

p62 (10)  
- 1 (10%) 
+ 3 (30%) 
++ 6 (60%) 

BCL-2 (11)  
- 10 (90.9%) 
+ 1 (9.1%) 
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SPHINGOLIPIDS ANALYSIS 

Clinical features  

 

Thirteen patients underwent sixteen surgeries and have been included in the 

present study for prospectively collection of sixteen chordoma samples for 

lipid analysis. There were 7 males (53.8%) and 6 females (46.2%). Six 

tumors were primary (37.5%), eight were recurrent after radiation therapy 

(50%), two were recurrent without radiation therapy (12.5%). These last two 

samples were gathered from the same patient who underwent a 2-stages 

surgery; to avoid any misinterpretation of biochemical values due to surgery-

induced cellular stress, only the first specimen has been included in the 

analysis. The mean age at the time of surgery was 53.3 ± 14.4 years (36–

82). The mean follow-up period calculated from the first treatment performed 

at our Institution of the present patient series was 13.7 months (1-51). Of the 

recurrent chordomas, five (50%) had only one recurrence before, three 

(30%) had 2 previous recurrences and two (20%) had three previous 

recurrences. The recurrent patients already treated with post-operative 

radiation therapy were as follows: five with carbon ions (62.5%) and three 

with proton beam therapy (37.5%). 
 

Sphingolipids characterization and tumor type   

 

Total and single ceramides and dihydroceramides species production have 

been evaluated on 15 chordomas, six primary chordomas, one recurrent 

without radiotherapy and eight recurrences after radiotherapy. The mean 

total ceramides and dihydroceramides species in chordomas were 1216.2 ± 

730.7 pmol/mg protein (522.5-2787.5) and 52.6 ± 40.6 pmol/mg protein (9.0-

145.6), respectively. The mean total ceramides and dihydroceramides 

species in primary chordomas were 808.4 ± 451.4 pmol/mg (522.5-1760.2) 
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and 30.7±16.4 pmol/mg (17.6-62.4), respectively. The mean total ceramides 

and dihydroceramides species in recurrent chordomas were 1488.1 ± 763.8 

pmol/mg (540.7-2787.5) and 67.2 ± 45.5 pmol/mg (9.0-145.6), respectively. 

Eight ceramides subspecies were analyzed and Cer C16:0 (60.8%), Cer 

C24:1 (17.5%), Cer C24:0 (10.0%) were the most abundant single 

ceramides in skull base chordomas (Fig. 37).  

 

In the primary chordoma group (Fig. 38), the most abundant were Cer C16:0 

(66.1%), Cer C24:1 (13.8%) and Cer C24:0 (10.1%). In the recurrent 

chordoma group (Fig. 38), the most abundant were Cer C16:0 (58.9%), Cer 

C24:1 (18.8%) and Cer C24:0 (9.9%).  
 

  

Figure 37. Graphs showing the percentages of ceramides (left) and dihydroceramides 
(right) single species in skull base chordomas. 

Figure 38. Graphs showing the percentages of ceramides single species in primary (left) 
and recurrent (right) skull base chordomas. 
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Five dihydroceramides (DHCer) were analyzed and DHCer C16:0 (60.5%), 

DHCer C24:1 (24.8%) and DHCer C24:0 (11.4%) were the most abundant 

single ceramides in skull base chordomas. In the primary chordoma group, 

the most abundant were DHCer C16:0 (70.4%), DHCer C24:1 (17.7%), 

DHCer C24:0 (9.5%). In the recurrent chordoma group, the most abundant 

were DHCer C16:0 (57.5%), DHCer C24:1 (27.0%), DHCer C24:0 (11.4%). 

 

 

Total ceramides species (Fig. 40) were significantly higher in recurrent 

chordomas that underwent previous surgical resection and radiation therapy 

in comparison to the primary chordomas (p=0.0496). When analyzing the 

effect of radiation therapy, the ceramides in the group of chordomas with 

previous radiation therapy were not significantly different from the ceramides 

in the group of chordomas with no previous radiation therapy (p=0.0541). 

DHCer levels (Fig. 40) were not significantly different between primary and 

recurrent chordomas (p=0.0663), and between chordoma with previous 

radiation therapy and chordoma without radiation therapy (p=0.1520). 

 

Figure 39. Graphs showing the percentages of dihydroceramides single species in 
primary (left) and recurrent (right) skull base chordomas. 
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Among the single ceramides species (Fig. 41), Cer C18:0 (p=0.0120), Cer 

C20:0 (p=0.0176), Cer C22:0 (p=0.0256) and Cer C24:1 (p=0.0076) were 

significantly different between primary and recurrent skull base chordomas, 

whereas Cer C14:0 (p=0.5287), Cer C16:0 (p=0.3884), Cer C18:1 

(p=0.0663) and Cer C24:0 (p=0.0663) did not reach any statistical 

significance. 

Among the single DHCer species (Fig. 42), DHCer C24:1 (p=0,0120) were 

the only one significantly different between primary and recurrent skull base 

chordomas, whereas DHCer C16:0 (p=0.1135), DHCer C18:1 (p=0.8913), 

DHCer C18:0 (p=0.0709), DHCer C24:0 (p=0.0663) did not reach any 

statistical significance.  

 

 

 

 

 

 

 

 

Figure 40. Bar graphs, with standard error mean (SEM), showing the content of total 
ceramides (left) and dihydroceramides (right) species in primary and recurrent 
chordomas.  
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Figure 41. Bar graphs, with SEM, showing the content of single ceramides species in 
primary and recurrent chordomas. *, p≤0.05; **, p≤0.01; ***, p≤0.001, ****, p≤0.0001 
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Figure 42. Bar graphs, with SEM, showing the content of single dihydroceramides 
species in primary and recurrent chordomas. *, p≤0.05; **, p≤0.01; ***, p≤0.001, ****, 
p≤0.0001 
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Sphingolipids characterization and MR contrast enhancement pattern 

 

Preoperative radiological information was available in 14/15 of patients. One 

patient did not undergo contrast administration due to high serum creatinine. 

For statistical purposes, we have identified and selected two groups: 

chordoma exhibiting an intense post-gadolinium enhancement and 

chordoma with no or mild post-gadolinium enhancement.  

The mean total ceramides and dihydroceramides species in “intense 

enhancement” group were 1597.6 ± 737.8 pmol/mg (592.7-2787.5) and 69.1 

± 45.0 pmol/mg (17.8-145.6), respectively. The mean total ceramides and 

dihydroceramides species in “no or mild enhancement” group were 664.7 ± 

120.4pmol/mg (522.5-826.0) and 31.5 ± 13.6 pmol/mg (17.6-53.6), 

respectively.  

Total ceramides and DHCer levels (Fig. 43) were significantly higher in 

“intense enhancement” chordomas in comparison to the “no/mild 

enhancement” chordomas (p=0.0290 and p=0.0186, respectively). 

 

  

Figure 43. Bar graphs, with SEM, showing the content of total ceramides (left) and 
dihydroceramides (right) species in chordomas with no/mild contrast and intense contrast 
enhancement.  
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Among the single ceramides species (Fig. 44), Cer C16:0 (p=0.0120), Cer 

C20:0 (p=0.0290), Cer C22:0 (p=0.0120), Cer C24:1 (p=0.0120) and Cer 

C24:0 (p=0.0120) were significantly different between “intense 

enhancement” chordomas and “no/mild enhancement” chordomas, whereas 

Cer C14:0 (p=0.6064) and Cer C18:1 (p=0.3636), Cer C18:0 (p=0.0829) did 

not reach any statistical significance. 

Among the single DHCer species (Fig. 45), DHCer C18:0 (p=0.0385) were 

the only one significantly different between “intense enhancement” 

chordomas and “no/mild enhancement” chordomas, whereas DHCer C16:0 

(p=0.1469), DHCer C18:1 (p=0.6703), DHCer C24:1 (p=0.0829), DHCer 

C24:0 (p=0.0829) did not reach any statistical significance.  
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Figure 44. Bar graphs, with SEM, showing the content of single ceramides species in 
chordomas with no/mild contrast and intense contrast enhancement. *, p≤0.05; **, p≤0.01; 
***, p≤0.001, ****, p≤0.0001 
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Figure 45. Bar graphs, with SEM, showing the content of single dihydroceramides species 
in chordomas with no/mild contrast and intense contrast enhancement. *, p≤0.05; **, 
p≤0.01; ***, p≤0.001, ****, p≤0.0001 
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Sphingolipids characterization and proliferative index  

 

Following the hypothesis of ceramides as aggressive behaviors bio-markers 

of skull base chordomas we, therefore, investigated the relationships 

between ceramides and DHCer levels with tumor proliferation rate, 

evaluated by MIB-1 staining on IHC slices (Fig. 46). MIB-1 staining 

information was available in 14/15 of patients (Fig. 47). Analyzing the 

association between ceramides levels and MIB-1 within each skull base 

chordoma patient, total ceramides levels showed a strong association 

(r=0.7257, r2=0.5267) with MIB-1 staining (p=0.0033). Analyzing the 

association between DHCer levels and MIB-1 within each skull base 

chordoma patient, total DHCer levels showed also a strong association 

(r=0.6733, r2= 0.4533) with MIB-1 staining (p=0.0083). 

 

 

Figure 46. Linear regression graphs showing the correlation between the MIB-1 staining 
and total ceramide (left) and total dihydroceramides (right). 
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In particular, we have analyzed any possible association between every 

single ceramides species and MIB-1 (Fig. 48) and found that Cer C16:0 

(r=0.6338, r2=0.4016, p=0.0149), Cer C18:1 (r=0.5386, r2=0.2901, 

p=0.0469), Cer C18:0 (r=0.6949, r2=0.4829, p=0.0058), Cer C20:0 

(r=0.5665, r2=0.3209, p=0.0347), Cer C22:0 (r=0.5645, r2=0.3186, 

p=0.0355), Cer C24:1 (r=0.8814, r2=0.7769, p≤0.0001) and Cer C24:0 

(r=0.6125, r2=0.375, p=0.0199), levels showed a significant correlation with 

MIB-1 staining. 

Moreover, we have also analyzed an association between every single 

dihydroceramides species and MIB-1 (Fig. 49) and found that DHCer C18:0 

(r=0.9426, r2=0.8885, p≤0.0001), DHCer C24:1 (r=0.8429, r2=0.7104, 

p=0.0002) and DHCer C24:0 (r=0.649, r2=0.4212, p=0.0120) levels showed 

a significant correlation with MIB-1 staining.  

The results of correlation analysis are shown in Table 14.  

Figure 47. Photomicrographs showing chordoma having a low MIB-1 (left) staining and a 
high MIB-1 (right) staining (40x). 
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Figure 48. Linear regression graphs showing the correlation between the MIB-1 staining 
and single ceramides species. *, p≤0.05; **, p≤0.01; ***, p≤0.001, ****, p≤0.0001 
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Figure 49. Linear regression graphs showing the correlation between the MIB-1 staining 
and single dihydroceramides species. *, p≤0.05; **, p≤0.01; ***, p≤0.001, ****, p≤0.0001 
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Variable r p-value  

Cer14:0 0,3349 0,2419 ns 

Cer16:0 0,6338 0,0149 * 

Cer18:1 0,5386 0,0469 * 

Cer18:0 0,6949 0,0058 ** 

Cer20:0 0,5665 0,0347 * 

Cer22:0 0,5645 0,0355 * 

Cer24:1 0,8814 ≤0,0001 **** 

Cer24:0 0,6125 0,0199 * 

DHCer16:0 0,3503 0,2194 ns 

DHCer18:1 - 0,1617 0,5807 ns 

DHCer18:0 0,9426 ≤0,0001 **** 

DHCer24:1 0,8429 0,0002 *** 

DHCer24:0 0,6490 0.0120 * 
 
A regression model has been developed to evaluate the role of ceramides 

and dihydroceramides as independent predictors of MIB-1. The level of 

significance was set to 0.05/15=0.0033, according to Bonferroni’s correction. 

All the independent variables were entered into the equation first and each 

one was deleted one at a time if they did not contribute to the regression 

equation by the backward elimination method. A multi-collinearity test has 

been used to assess the Variance Inflation Factor (VIF) and tolerance. Final 

candidate predictive factors that well fitted the model were: Cer C24:1 

(r=0.824, P≤0.001), and DHCer C18:0 (r=0.748, P=0.002). 

Variable B (SE) Beta p-value Tolerance VIF 

Constant 2.97 (0.73)  0.002   

Cer C24:1 0.011 (0.004) 0.348 0.025 0.351 2.85 

DHCer C18:0 1.40 (0.28) 0.663 ≤0.0001 0.351 2.85 
*R2=0.931, Adj-R2=0.918; F=74.0 (p≤0.001)  

Table 14. Summary of the correlation analysis between ceramides and MIB-1. 

Table. 15 Summary of the results derived from the regression analysis model* 
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Sphingolipids characterization and outcome prediction  
 
On the ground of the retrospective clinical study, a preliminary multivariate 

analysis has been performed on 13 patients to evaluate if ceramides 

represent independent predictors of outcome or if they merely correlate with 

other predictors that have been found to be significant in the first section. 

The results of the multivariate analysis are shown in Table 14. The analysis 

showed that Cer C16:0, the most abundant single ceramide, is the only 

ceramide subspecies that correlated with overall survival (p=0.046) and the 

presence of any pre-operative CN deficit correlated with PFS (p=0.035). The 

other analyzed variables did not show any correlation with OS neither with 

PFS (Table 14). By applying a regression linear model analysis, no Cer 

C16:0 neither the presence of any pre-operative CN deficit revealed to be 

significant prognostic factors (p=0.111 and p=0.089, respectively). The non-

statistically significance of any predictors into the multivariate analysis 

outcome model may be explained due to the very small sample size and the 

relative short mean follow-up of such patients (13.7 months) that were 

prospectively enrolled from December 2015. 
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Variable OS PFS 

   
Cer C14:0 0.928 0.899 
Cer C16:0 0.046* 0.083 
Cer C18:1 0.787 0.885 
Cer C18:0 0.225 0.318 
Cer C20:0 0.389 0.269 
Cer C22:0 0.249 0.114 
Cer C24:1 0.145 0.168 
Cer C24:0 0.249 0.130 
DHCer C16:0 0.329 0.240 
DHCer C18:0 0.329 0.459 
DHCer C24:1 0.512 0.482 
Cer Tot 0.099 0.114 
DHCer Tot 0.500 0.377 
   
Jugular foramen 0.248 0.628 
Pre-brainstem cistern 0.684 0.734 
Brainstem dislocation 0.676 0.625 
Calcifications 0.873 0.873 
MR contrast enhancement 0.320 0.231 
CN deficits 0.057 0.035* 
Motor deficits 0.172 0.290 
Complications 0.716 0.708 
∆KPS 0.087 0.074 
EOR 0.494 0.096 
   

* p≤0.05 
 
  

Table 15. Summary of the results derived from the multivariate analysis 
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DISCUSSION 
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CLINICAL STUDY 

 

Skull base chordoma is a malignant tumor and its behavior is still far away 

to be completely understood30,45,115,203. Since chordoma is a very rare tumor, 

many small studies have been published in the current 

literature12,14,40,52,94,177. Such findings lead to a big heterogeneity to better 

disclose which are the main prognostic factors in skull base chordomas 

patients50,105,219. Therefore, the first aim of the present study is to evaluate 

which clinical factor could be considered a prognostic bio-marker in a large, 

single-institutional, cohort of surgically treated skull base chordomas. 

Skull base chordomas present an intrinsic and locally aggressive behavior 

because of their intricate relationships with the surrounding neurovascular 

structures12,40,177. The clinical presentation of each patient could be, 

therefore, an important factor impacting their outcomes and quality of life. 

Particularly, in our survival analysis, the pre-operative presence of any motor 

deficits in both primary and recurrent skull base chordomas patients 

correlated with a shorter PFS. KM analysis regarding OS did not reach any 

statistical significance. Such finding could be explained by the extensive 

tumor involvement of the intradural spaces and displacement of the 

brainstem and, consequently, development of motor deficits. Analogously, 

the presence of any pre-operative cranial nerve deficits revealed to be a 

significant prognostic factor related to shorter PFS in our cohort of recurrent 

patients. According to a recent systematic review and meta-analysis on 

prognostic factors in skull base chordoma, the presence of pre-operative 

motor deficit is a completely new prognostic factor never described in the 

current literature, whereas, the presence of any cranial nerve deficits (such 

as visual deficit or diplopia) has been already described as significant 

predictor of PFS and OS26,50,198,219. 
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The radiological appearance of chordomas is very heterogeneous and it has 

been scarcely described and correlated with prognosis in the literature54,138. 

In our univariate analysis, the presence of calcifications and/or bone 

sequestrations (Fig. 50), identified on CT scan and/or SWI imaging, 

correlated with a better OS in the cohort of primary skull base chordomas. 

Although the presence of intratumoral calcifications has been regarded as 

positive prognostic factor in other tumors, it has never been described in skull 

base chordomas and its biological correlate should be assessed in future 

studies73,85.  

 

 
  

Figure 50. Axial (A) and sagittal (B) CT scan slices of two 
patients with chordomas presenting with intrinsic 
calcifications/bone sequestrations (red arrows).  
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Moreover, there are some recent papers that sought to preliminarily adopt a 

radiomics approach in skull base chordomas107,111,182. Ma JP et al. firstly 

described a radiomics approach in chordomas using three ratios of signal 

intensity between the tumor and brainstem on T1-weighed (RT1), T2-

weighted (RT2) and post-contrast images (RCE). They have found that 

RCE/RT1≥1.7 and RT2/RT1≤ 4.3 represented two significant factors correlating 

with PFS111. In 2017, Tian K et al. used a similar approach and proposed a 

MR grading classification taking into account signal intensity on T1 FLAIR 

pre- (RT1) and post-contrast enhancement (RCE) and T2 sequences (RT2) and 

found that a higher RT2 correlated with longer PFS, whereas a higher REN 

value correlated with a shorter PFS182. Moreover, chordomas with a higher 

MR grade showed a more abundant blood supply than MR grade I tumors182. 

A recent publication, in a retrospective series of patients, showed that there 

was a difference in terms of PFS between non-enhancing and enhancing 

chordomas, but the study did not show any statistically significance in terms 

of PFS and degree of contrast enhancement107. On the ground of previous 

confirmatory quantitative radiomics results, we adopted the following 

classification of MR enhancement pattern: intense enhancement, mild 

enhancement and no enhancement that revealed to be very simple to use 

and fast-forward (Figs. 51-53)138. Of note, the degree of Gd enhancement in 

our cohort of skull base chordomas showed to strongly correlate with both 

OS and PFS (p≤0.0001 and 0.0010, respectively). It could, therefore, 

represents a radiological bio-marker of an aggressive behavior that will be 

also discussed in a translational view in the following paragraphs of the 

present dissertation. Although such approach could be easily and routinely 

applied in the pre-operative stratification of patients with no need of complex 

measurements on a dedicated and accessorized stations, the main limitation 

is that such approach should be validated in larger cohorts of patients and 

intra-observer and inter-observer reliability should be ad-hoc assessed.  
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Figure 52. Sagittal (A), axial (B), coronal (C) 
T1-weighted post-contrast MR images 
showing a chordoma (red arrows) with 
intense contrast enhancement. 

Figure 51. Sagittal (A), axial (B), coronal 
(C) T1-weighted post-contrast MR images 
showing a chordoma (red arrows) with no 
contrast enhancement. 

Figure 53. Sagittal (A), axial (B), coronal 
(C) T1-weighted post-contrast MR images 
showing a chordoma (red arrows) with mild 
contrast enhancement.  
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Some other radiological and surgical anatomical location of chordoma that 

could be act as important prognostic factor were rhynopharynx invasion 

(PFS and OS)12, important dural penetration (PFS and OS)216 and occipito-

cervical location (PFS)183. In our cohort of primary skull base chordomas, JF 

involvement (Fig. 54) correlated with a shorter PFS (p=0.0130). Jugular 

foramen area is a very challenging surgical region, although the great 

surgical advancements technique in the last decades, and it is still 

associated with limited surgical resection and higher morbidity rates40,164. 

Residual tumors in JF area are usually treated by adjuvant radiation therapy 

and seems to be more prone to recur79,80,86.  

 

 Figure 54. Coronal T2-weighted (A), sagittal T1-
weighted post-contrast (B), axial T1-weighted 
post-contrast (C) and axial T2-weighted (D) MR 
images showing a chordoma (red arrows) 
involving jugular foramen. 
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Moreover, we found that intradural space involvement (Fig. 55), namely pre-

brainstem cistern (crural, pre-pontine, pre-medullary cisterns), confirmed to 

be a significant prognostic factor related to a shorter PFS in the cohort of 

recurrent skull base chordomas (p=0.0210). Such findings could be 

explained by the effects of previous treatments (surgery and RT) on inducing 

the formation of tough adhesions of the tumor to the brainstem, a bad 

cleavage plan and, therefore, limiting the further amount of tumor extent of 

resection less treatable by RT and higher rate of post-operative 

complications134,200,212. Similarly, the presence of any brainstem dislocation 

(Fig. 56, 57) by the tumor itself represented an important prognostic factor 

correlating with shorter OS and PFS in the cohort of recurrent chordomas 

(p=0.0060 and 0.0030).  

Figure 55. Sagittal T2-weighted (A), axial T2-weighted (B), axial T2-weighted (C) 
and axial T1-weighted post-contrast (D) MR images showing chordomas (red 
arrows) extending into the antero-lateral cistern of the brainstem.  
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Figure 56. Sagittal (A, B) and axial (C) T1-weighted post-contrast and axial T2-
weighted (D) MR images showing chordomas dislocating the brainstem. 

Figure 57. Intraoperative surgical pictures showing the strict relationships between the 
chordoma tumor and the brainstem. The images refer to the case of figure 59. Bs, 
brainstem, T, tumor, V nc, trigeminal nerve. 
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Over the last years, EEA gained wide popularity among skull base chordoma 

surgeons as a good alternative to open surgery in selected patients because 

it provided acceptable surgical outcomes with reduced morbidity24,51,52,177. 

Although there were many attempts to perform systematic reviews and meta-

analysis in the neurosurgical literature regarding the choice of the approach, 

it is somewhat difficult to compare outcomes between two different 

approaches in a so heterogeneous tumor91,99,100. In the present cohort, we 

showed a relevant shift regarding the most common employed approach in 

our Institution (Fig. 28), from an open surgery-centered selection to a more 

combined open-endoscopic surgery. Moreover, analyzing the EOR in 

relation to the two consequential decades (1991-2004 and 2005-2017), the 

GTR raised from 0% to 27.8%, the STR raised from 45.8% to 50% and PR 

decreased from 54.2% to 22.2% (p≤0.05). Our current surgical strategy was 

represented by the use of endoscopic endonasal approach in the majority of 

midline-centered skull base chordomas99. Some tumors may extend or 

primarily develop at a lateral site (such as petro-clival and cavernous sinus 

regions) and through an EEA a complete bilateral exposure of para-clival 

segments of ICAs is recommended to attempt gross total tumor removal99,123. 

The surgical management of chordoma extending more laterally to the 

cranial nerves plane is challenging and, in our opinion should be treated by 

a multi-staged approach combined EEA-craniotomical approach to reduce 

the risk of postoperative deficits. The only exception of using an anterior 

open approach, in our hands, are patients with midline-centered skull base 

chordoma with a very limited inter-carotid distance (Figs. 59 and 60)99. To 

better assess a specific surgical approach in neurosurgery, a valid and 

reasonable approach is to make the so-called “equipoise”. It is therefore 

important to select a restricted group of lesions that could be approached by 

either modality7,127. But the rarity of chordoma makes this approach 

challenging and only multi-institutional studies are needed. 
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Figure 58. A) Preoperative axial MR T1-weighted image with gadolinium showing a clivus 
chordoma arising from the midline and displacing posteriorly the brainstem. The para-clival 
inter-carotid distance is around 4 mm. Due to the short ICA-ICA distance we decided to 
perform a one-stage sub-temporal trans-tentorial approach. B) Intraoperative view of the 
temporal bone exposure, from the zygomatic arch root anteriorly to the asterion 
posteriorly. C) Preoperative axial MR T2-weighted image showing the clivus chordoma 
extending in the pre-pontine cistern and totally behind the two ICAs. D) Postoperative axial 
MR T2-weighted image showing gross total tumor removal [adapted from La Corte et al., 
2018]. 

Figure 59. A) Preoperative axial MR T2-weighted image showing a clivus chordoma 
arising in the midline and displacing posteriorly the brainstem. The sellar inter-carotid 
distance is barely 7 mm. Due to the short ICA-ICA distance we decided to perform a one-
stage combined subtemporal trans tentorial and retrosigmoid approach. B) 
Intraoperative view of the craniotomy with full-exposition of sovra- and infra-tentorial 
regions and transverse-sigmoid sinus junction. C) Preoperative sagittal MR T1-weighted 
image with gadolinium showing the significant chordoma extension rostral to the retro-
sellar and inter-penduncular fossa. D) Postoperative sagittal MR T1-weighted image with 
gadolinium showing gross total tumor removal [adapted from La Corte et al., 2018]. 
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EOR in skull base chordomas represented one of the most important 

prognostic factors described by many surgical series in the 

literature12,26,79,80,86,165,183,184,205,216. Since no definite guidelines exist to 

evaluate post-operative tumor removal and different classification are used 

over different centers, comparing our results with other groups was very 

difficult. In our cohort of primary skull base chordomas, EOR revealed to be 

a significant prognostic factor related to PFS (p=0.0200). 

Interestingly, the more experienced surgeon, defined as the operator who 

have performed in the present cohort more than 10 chordoma surgeries, 

represented a positive prognostic factor with longer PFS in primary patients 

(p=0.0340). As already stated, this finding supports the need of large-referral 

center where there is a multi-disciplinary team where chordoma patients can 

receive the gold standard treatments, reaching better long-term outcomes 

and reducing surgical-related morbidities. 

The development of any post-operative complications represented a 

significant prognostic factor correlating with both OS and PFS in the cohort 

of primary skull base chordomas (p≤0.0001 and p=0.0360, respectively). 

Similarly, the ∆KPS, defined as the difference between initial and at 

discharge KPS evaluation, correlated with a shorter OS in primary 

chordomas and with both reduction in OS and PFS in recurrent chordomas 

(p=0.0170 and 0.0180, respectively). Post-operative complications and KPS 

have been already looked as prognostic factors in some papers, and these 

outcomes could be related to the treatment selection and postponing of 

adjuvant therapies184,216. 

Post-operative high dose radiation therapy represents the main gold 

standard treatment in chordoma and showed to be an important factor that 

correlates with local disease control. Our data confirmed that adjuvant RT 

prolonged both OS and PFS in chordoma patients (p=0.0020 and 0.0010, 

respectively). Interestingly, hadron radiation therapy conferred a more 

prolonged OS than classical photon radiation therapy in chordoma patients. 
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The effective and beneficial role of carbon ion over proton therapy is still 

under evaluation and there is a still ongoing clinical trial in Heidelberg133 

(NCT01182779).  

Based on the clinical results obtained in the first section on univariate 

analysis, our aim was to preliminarily build a personalized grading scale, that 

we called Peri-Operative Chordoma Scale (POCS), for each individualized 

patient that could be useful for practitioners to determine surgical outcome 

and, thus, the better management of patients undergoing potential adjuvant 

therapies45,197,207. The three significant factors of the predictive model of 

POCS were: the degree of MR contrast enhancement, the presence of 

preoperative motor deficits and the development of any post-operative 

complications according to CDG28,138. POCS strength and performance has 

been also evaluated in a restricted subgroup of patients having at least a F-

UP≥45 months for evaluating PFS and a F-UP≥100 months for evaluating 

OS. The Peri-Operative Chordoma Scale (POCS) incorporates both pre-

operative and peri-operative factors that can aid the surgeon to better 

manage the skull base chordoma patient immediately at the discharge or at 

first months after surgery.  

There are some limitations to the present clinical analysis. Firstly, the study 

period spans over 20 years and this may lead to a big heterogeneity of 

surgical treatments and advanced radiation therapy modalities. We hope that 

such new prognostic factors could be validated in larger, multi-institutional 

studies in a prospective fashion. 
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PATHOLOGICAL STUDY 

In the small cohort of retrospectively reviewed specimens, the presence of 

tumor infiltrating lymphocytes (TILs) revealed to be a factor that correlated 

with a prolonged survival in primary skull base chordomas (p=0.0170). Some 

other research groups have showed that the presence of TIL in other 

cancers, may be favorable. Moreover, a recent study confirmed that TILs 

correlated with a good prognosis and the expression of PD-1 and PD-L1 and 

found the basis for the starting a new clinical trial evaluating PD-L1 

inhibitors44,113 (NCT01519817 and NCT02989636). The immunologic tumor 

surveillance represents a hot topic in the current oncological literature and 

could be further analyzed prospectively and incorporated as immune-score 

in future studies113,218.  

In the small cohort of specimens analyzed by IHC there was a positive 

expression of PDGFR-B showing that this pathway, as observed by other 

researchers, could potentially be targeted by inhibitors of TKRs such as 

imatinib20,68,179. Moreover, the negative expression of PTEN in mostly of the 

cases could be interpreted as a genetic inactivation/mutation of the 

oncosuppresor role of PTEN, as observed in other cancers, leading to 

increasing signal activity mediated by Akt/PI3K/mTOR pathway, but this 

hypothesis should be proven93. This pathway has been targeted by mTOR 

inhibitors such as sirolimus in a case series of advanced chordomas.171. The 

significant TERT expression, the protein subunit of the telomerase, in 

chordomas may play a role in enabling tumor replicative immortality by 

increasing the length of telomeres or in the recent developed  telomerase’s 

telomere-independent functions such as amplification of the Wnt 

pathway31,139,190. Since IHC data have not been validated by other 

techniques, i.e. q-PCR and/or western blot, we have not performed any 

survival analysis in relation to the different analyzed markers.  
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SPHINGOLIPIDS STUDY 

This study represents the first combined translational, clinical and 

sphingolipidomic analysis in skull base chordomas.  

Sphingolipids act as bio-active molecular mediators in different cellular 

functions such as stress-response and downstream-signaling pathways, 

tumor proliferation and resistance to treatment66,186. In particular, ceramides 

can drive programmed cell death, such as autophagy and apoptosis, in 

response to several stress and stimuli such as oxidative stress, ionizing 

radiation and chemotherapeutic agents but also be involved into cell 

proliferation60,161. Previous studies have demonstrated that a delicate 

equilibrium exists between long-chain (i.e. Cer C16:0, Cer C18:0, Cer C20:0) 

and very long chain (Cer C24:1, Cer C24:0) ceramides to determine their 

specific biological role in regulating apoptosis and proliferation pathways60,61. 

Many studies have demonstrated the ceramides involvement in many types 

of cancers, such as breast, prostate cancers and gliomas, but nothing is 

known about their possible implication in chordomas11,158,209. The specific 

ultrastructural structure of chordomas consists of many vacuoles and lipid 

raft-like regions of endoplasmic reticulum tightly linked with mitochondrial 

membranes, called MAM mitochondria-associated ER membrane89. These 

structures have been found to be involved in lipid synthesis, apoptosis and 

cell proliferation34,89,151. Based on such observations, we decided to perform 

a thorough sphingolipid analysis in chordoma samples. 

Our preliminary targeted analysis showed that recurrent skull base tumors 

presented a higher level of total ceramides than the primary ones (p≤0.05). 

Recurrent patients have undergone previous combined treatments such as 

surgery and RT and both factors may explain why ceramides are significantly 

different in the two groups3,4,76,158. Since the recurrent tumor type and 

previous treatments represented a significant negative prognostic factor 

relating to worse OS and PFS in previous studies, a raising in ceramides 
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content in skull base chordomas could act as a negative prognostic 

factor111,171,182,216. We showed that there is also a concomitant rise in both 

ceramides and dihydroceramides and such finding could be related to an 

activation of the de novo pathway, but further analyses are needed. De novo 

pathway represents a strong autophagy inducer37,66,169,206. In vitro, 

autophagy could trigger both a cytoprotective action promoting radio-

resistance and a cytotoxic function9,104,106,124. Autophagy induces the 

activation of many cellular pathways and damaged organelles and proteins 

are conveyed to degradation to maintain cellular homeostasis106,108,122,214. 

For example, ionizing radiation induces mitochondrial damage, which 

triggers autophagy mediated by E3-ubiquitin ligase p6276. In our 

retrospective analysis, we preliminarily evaluated by IHC the presence of 

p62 that is expressed in around 90% of all chordomas. Such factor could be, 

therefore, one of the main inducing autophagy mechanisms in chordomas, 

but further confirmation studies are needed with the evaluation of the other 

standardized autophagy markers88. 

Different molecules have been developed as inhibitors of serine 

palmitoyltransferase (SPT), the first enzyme involved in the de novo 

synthesis pathway. Some potent and selective inhibitors have been isolated 

from microorganisms, such as sphingofungins, lipoxamycins, viridiofungins 

and myriocin (Myr)112,121. Several studies showed the efficacy of Myr 

treatment, the only commercially available product, either in vivo and in vitro 

models and its capacity to irreversibly inhibit SPT78,121. Myr showed to have 

also a potential role in reducing tumor cell proliferation through the SPT 

inhibition121,196. The involvement of de novo ceramide synthesis has been 

shown in different immunometabolic diseases clusters such as obesity, 

diabetes and neurodegeneration, cystic fibrosis and retinitis 

pigmentosa17,70,72,141,187. Several recent studies showed that intra-tracheal 

administration of Myr in CF mouse model infected with Pseudomonas 

aeruginosa or Aspergillus fumigatus showed an anti-inflammatory role due 
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to the inhibition of de novo sphingolipid synthesis16–19. Therefore, Myr may 

have a significant role in the future therapeutical innovation and application 

in chordoma patients where a de novo ceramide synthesis seems to be over 

activated. More studies are needed to firstly confirm the deregulation of such 

ceramide biosynthesis pathway in chordoma and to assess the 

pharmacokinetics and pharmacodynamics of Myr. 

Moreover, single ceramides species have never been correlated with clinical 

variables and no definitive biological role could be hypothesized in 

chordomas. The regression and correlation analyses showed that very long 

chain ceramides (such as Cer C24:1) were significantly different between 

primary and recurrent chordomas (p=0.0076). Also, the very long chain 

DHCer C24:1 (p=0.0120) was the only species that was significantly different 

related to tumor type. 

To furtherly support ceramides as a bio-marker of aggressive behavior of 

chordomas, we tried to make some correlation analysis in relation to the 

gadolinium enhancement pattern (Fig. 43-45). On the ground of our previous 

clinical analysis, such radiological feature represented an aggressive feature 

to be considered in the proper management of chordomas patients (Fig. 60). 

Firstly, total ceramides and dihydroceramides levels were significantly higher 

in intense gadolinium enhancement group than no/mild enhancement group 

(p=0.0290). Moreover, very long chain single ceramides species were 

significantly different between the two radiological categories (p=0.0120). 

Such results confirmed that very long chain ceramides and 

dihydroceramides may represent an intrinsic biological feature of more 

aggressive chordomas.  
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We, then, correlated the Cer and DHCer levels with tumor proliferation rate 

MIB-1 marker (Fig. 46) and found that were strongly correlated (r=0.7257, 

p=0.0033 and r=0.6733, p=0.0083, respectively). Higher levels of 

sphingolipids were associated with higher MIB-1 values and, therefore, to 

high proliferating tumors. The single ceramides and dihydroceramides 

species that were more correlated to high proliferative tumors were Cer 24:1 

and its respective DHCer24:1 (r=0.8814, p≤0.0001 and r=0.8429, p=0.0002, 

respectively). Moreover, the final candidate predictive factors that well fitted 

the regression model were Cer C24:1 (beta=0.348, P=0.025), and DHCer 

C18:0 (beta=0.663, P≤0.001).  

Figure 60. Above, Sagittal (A), axial (B), coronal (C) T1-weighted post-contrast MR 
images showing a chordoma (red arrows) with intense contrast enhancement. Pathology 
showed a de-differentiated chordoma. Below, sphingolipid analysis showed the highest 
content in ceramides and dihydroceramides. Bar graphs showing the ceramide content of 
the present case (CH3) in comparison with the average of ceramide levels of other 
chordomas. 
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A paper showed, in an in vitro HeLa cells model, that ceramides produced 

by CerS5 (mainly Cer C16:0) following radiation have a pro-apoptotic role, 

whereas ceramides produced by CerS2 (mainly very long chain, Cer C24:1 

and C24:0) act as a pro-tumor survival118. These explained the delicate 

interplay among the different CerS isoforms and the different ceramides 

production into the stress-induced response and that tumoral cells can 

activate pro-survival mechanism that could be related to chordoma radio-

resistance118. Interestingly, Kolb et al. also showed through a lipid targeted 

analysis, that a chordoma cell line presented a massive upregulation of 

glucosylceramides GlyCer C24:0 and GlyCer C24:1 compared with other 

health and pathological cell lines and postulated that these species could be 

related to chordoma radio-resistance89.  

 

 

 

 

 

Based on our results, Cer C24:1 (Fig. 615) and DHCer C18:0 may represent 

aggressiveness bio-markers of skull base chordomas. The concomitantly 

rise of DHCer C24:1 may be also explained by an exaggerated upregulation 

of the de novo pathway that, in turn, may be the inducer of cytoprotective 

autophagy concurring to cell survival and resistance to different treatments81. 

Since it is a preliminary study, larger samples are needed to confirm and 

externally validate our results. To better asses if de novo pathway is actually 

activated, the specific involved enzyme should be ad hoc analyzed60,126. 
 
 
 
 
 
 

Figure 61. Chemical structure of Cer C24:1, also called N-nervonoyl-D-
erythro-sphingosine. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 
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The current project presents an innovative translational approach to study 

skull base chordoma, a rare intracranial tumor that enormously affects the 

quality of life of our patients. Our clinical analysis showed that pre-operative 

clinical symptoms (motor and cranial nerve deficits), anatomical location 

(jugular foramen, pre-brainstem cisterns and brainstem dislocation), surgical 

features (extent of tumor resection and surgeon’s experience), development 

of post-operative complications and KPS decline represented significant 

prognostic factors. The pattern of MR contrast enhancement significantly 

correlated to both OS and PFS. The Peri-Operative Chordoma Scale 

(POCS) has been devised for practitioners to determine surgical outcome 

and the better management of patients undergoing potential adjuvant 

therapies. Such clinical bio-markers should be validated in multi-institutional 

and prospective studies. Pathological and immunohistochemical data should 

be also validated by other techniques in a larger sample population involving 

more than one Institution.  

Sphingolipids analysis represents a really new approach in chordomas and 

future studies are needed. Our analysis showed ceramides as promising 

tumoral bio-markers in chordomas. Long and very long chain ceramides, 

such as Cer C24:1 and DHCer C18:0, may be related to a more prolonged 

tumor survival, aggressiveness and the understanding of their effective 

biological role will hopefully shed lights on the mechanisms of chordoma 

radio-resistance and tendency to recur. To better determine which pathway 

of ceramides synthesis is involved in chordoma biology it will be useful to 

specifically evaluate different enzymes, such as ceramides synthases and 

desaturases. In vitro studies would be useful to determine the direct 

relationship between hadron-therapy and ceramides formation and analysis 

of programmed cell-death mechanisms. In vitro and in vivo models could be 

also employed to evaluate the potential therapeutic effects of specific 

molecules, such as Myriocin, targeting sphingolipids metabolism.  
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