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1.1 Background 

Chordoma are rare malignant tumours of the axial skeleton that occur most frequently at 
the base of the skull and sacrum. Chordoma are thought to arise from remnants of the 
fetal notochord (chorda dorsalis) that remain in the axial skeleton and may become 
malignant at any age (1, 2). The incidence is estimated to be 0.05 to 0.08 per 100.000 (3, 
4). It is usually diagnosed at middle aged patients with a median age at diagnosis of 53 – 
58.5 years (3, 5, 6). Ten year survival is around 55% (7). The local recurrence rate is very 
high and 53% in 5 years and 88% in 10 years, which proves that this tumour is difficult to 
cure. Chordoma occur most often at the sacrum (41%) and base of the skull (39%), but 
may also occur at the mobile spine (8). Few case reports have described extra-axial 
location of chordoma, which is rare (9, 10). Chordoma at the skull base occur in relatively 
younger patients than sacral chordoma (5, 11), most likely because symptoms caused by 
cranial nerve compression manifest faster. Metastases occur in 19-30% of chordoma of all 
locations, with most common locations being bone, lung, skin, and liver (12-14). 
Metastases of skull base chordoma at presentation is however uncommon, and reported 
in less than 5% of cases (15). The treatment gold standard is maximal surgical resection, 
followed by high dose radiotherapy, usually delivered using particles (proton therapy or 
carbon ion therapy) (16). Chordoma are resistant to conventional chemotherapy (17). 
Much is still unknown about the aetiology and prognostic factors of chordoma. As 
mentioned earlier, chordoma are thought to arise from remnants of the foetal notochord. 
However, the molecular mechanism behind this switch from benign notochord to 
malignant chordoma remains unknown. For understanding this switch to chordoma, it is 
important to understand the notochord development and involution.  

 

1.2 The notochord 

The notochord is an embryologic structure that arises during gastrulation from the 
bilaminar disc in the third week of gestation (18). The notochord is a major signalling 
centre of the trunk in the early embryo, and it is important in the formation of many 
structures, like the central nervous system, controlling aspects of left-right asymmetry, 
arterial versus venous identity of the major axial blood vessels, and somite formation (19). 
The notochord also has an important structural function. Notochord cells are vacuolated 
with a thick extracellular sheath, creating an outward force of osmotic pressure, making it 
both strong and flexible, which is essential for the proper elongation and straightening of 
the embryos (19, 20). Many molecular pathways are involved in the formation of the 
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notochord and patterning of surrounding structures, of which the most well-known is the 
Sonic Hedgehog (SHH) pathway. The definite notochord is rod-shaped and situated ventral 
to the neural tube and starts in the middle of the embryo, and proceeds in both rostral 
and caudal directions (18). Chordoma are thought to arise from these trapped remnants 
of the notochord, and the bi-directional development of the definite notochord might 
explain the favourable locations for chordoma formation in the skull base and sacrum. 
After 8 weeks of gestation, the notochord involutes into clusters in the intervertebral disc 
(21). These cells are thought to be the precursor of nucleus pulposus cells, a substance 
central in the intervertebral disc which distributes pressure on axial compression (22, 23). 
The role of the notochord in early embryonic development has been well described. 
However, the molecular mechanisms underlying notochord regression towards the 
intervertebral disc are still unknown (24). Understanding these mechanisms and 
correlation with driving factors in chordoma may facilitate the development of new 
targeted therapy of chordoma.  

 

1.3 Notochordal remnants and benign notochordal cell tumours 

Remnants and tumours of notochordal origin have been described since 1856, when 
autopsy studies showed non-neoplastic notochordal remnants in adults in extra-osseous 
location (25, 26). The first term for these vestiges was “ecchordosis physaliphora”, and 
was mainly found in the spheno-occipital region (27). Autopsy studies show cells of 
notochordal origin intracranially at the dorsum of the clivus in 0,38 to 2% of autopsies (25, 
26, 28, 29). Later these vestiges were also noticed in the vertebral column (30). These 
vestiges present as small nodules with gelatinous consistency and similar histology as 
notochord with physaliphorous cell appearance, and are usually microscopic in size but 
can also become large and visible on MRI, as is demonstrated in figure 1. Since 1999, other 
lesions with similar histological features as notochord were described, which did not show 
any signs of malignancy like chordoma (31-35). Multiple terms for these benign lesions 
were used, like ‘Giant notochordal hamartoma of intraosseous origin’, ‘Vertebral 
ecchordosis physaliphora’, and ‘Giant vertebral notochordal rest’, which all highlighted the 
same entity, a newly discovered benign notochordal entity that was different from classic 
chordoma. In 2004, Yamaguchi and colleagues (36) proposed the umbrella term ‘benign 
notochordal cell tumour (BNCT)’, which is currently the most accepted term for these 
lesions and is used in the 2013 WHO classification of soft tissue and bone tumours (37). 
BNCT are found primarily at the base of the skull, sacrum, and mobile spine. The 
relationship between BNCT and chordoma is still not completely understood. Case reports 
show resected chordoma, which are surrounded by BNCT, which suggests that BNCT may 
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be a precursor to chordoma in at least some cases (38, 39). Also, the appearance of BNCT 
and chordoma may overlap in histology and imaging, which makes these lesions difficult 
to distinguish (40). Figure 2 illustrates a hypothesized model of chordomagenesis from 
either microscopic notochordal remnants or via benign notochordal cell tumours (41). 

 

 

  

Figure 1: MRI (T2-weighted image) of benign notochordal remnant at the dorsal clivus. The arrow 
points towards the lesion. This lesion is extra-osseous, with impression on the clivus. The lesion was 
hyperintense on T2, hypointense on T1, and did not show gadolinium contrast enhancement. There 
is displacement of the basilar artery (arrowhead). Source: MUMC+ PACS database.  
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Figure 2: Hypothesized model of chordoma-genesis. Chordoma may arise from benign notochordal 
remnants, which undergo malignant transformation at some point during life (A). As notochordal 
remnants are much more frequent than chordoma, some notochordal remnant cells may undergo 
malignant transformation (B), as other notochordal remnant cells do not undergo transformation 
and are expected to go in apoptosis or advance in further differentiation (C). Some notochordal 
remnant cells may also give rise to benign notochordal cell tumours, which in turn may go malignant 
transformation. Source: Yakkioui et al. (41). 

 

1.4 Skull base chordoma 

1.4.1 Clinical features and symptoms 

Chordoma are usually slow growing, and are often clinically silent until late stages of the 
disease (42). Clinical symptoms are related to the site of the tumour. Patients with skull 
base chordoma most often present with headaches, cranial nerve palsy, and diplopia (43). 
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The sixth cranial nerve is the most common nerve involved, and patients present with 
double vision. This is not surprising as the abducens nerve courses through the clivus via 
Dorello’s canal. Other involved cranial nerves can lead to vision loss, hearing loss, and 
dysphagia (44-46). Endocrinopathy can occur if there is involvement of the upper clivus 
and compression of the pituitary gland (47). Nose bleeds have been reported in sinonasal 
extension of chordoma (48). 

 

1.4.2 Imaging 

As is the case in almost all solid tumours, imaging is performed in staging and follow-up of 
chordoma. Chordoma of the skull base usually arise in the clivus and can expand in any 
direction. The location and MRI signal characteristics differentiates chordoma from other 
tumours. Chordoma magnetic resonance imaging (MRI) characteristics have been 
described in the late 1980s and early 1990s (49, 50). Since then, many advances in MRI 
have led to improved differentiation between chordoma and other benign and malignant 
tumours. Chordoma are typically hypointense on T1 and hyperintense on T2 with 
heterogenous gadolinium contrast enhancement on MRI. An example of a chordoma on 
MRI is shown in figure 3. However, not all chordoma show typical imaging features, and 
distinguishing between chordoma and in particular chondrosarcoma may be challenging 
(51). Differentiation can best be made by location, as chordoma are lesions that occur 
along the midline, and chondrosarcoma around the petroclival fissure. There is also sparse 
data about prognostic radiologic criteria in chordoma patients.  

 

There are no guidelines or study data about follow-up imaging of chordoma. Experts 
(‘Chordoma global consensus group’) agreed that MRI should be performed every 3-6 
months after start of treatment or local recurrence or progression for at least 3 years (52). 
There is no consensus for how long follow-up should be continued or the time interval of 
imaging. However, local recurrence rate is high and may occur several years after 
treatment (14, 53). Long distance metastasis of skull base chordoma are rare, and no 
routine imaging for detection of extra-axial metastasis is recommended (52).  Recurrences 
are the predominant form of treatment failure in chordoma. These recurrences occur 
locoregional and at distance.  
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Figure 3: MRI of a clival lesion with typical characteristics. The mass (marked with arrowhead) is 
hyperintense on T2 (A and B), hypointense on T1 (C) and shows contrast enhancement after 
administration of intravenous gadolinium (D). The centre of the mass is located in the clivus, with 
intracranial extension and compression on the brain stem and extension anteriorly in the cavernous 
sinus with encasement of the internal carotid artery. Source: MUMC+ PACS database. 
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1.4.3 Diagnosis and pathology 
The definite diagnosis is made based on (immuno-)histochemical characteristics after 
tissue biopsy or resection. Chordoma are characterized as large cells with vacuoles in the 
cytoplasm (physaliphorous cells), with limited mitotic activity and necrosis (54). Chordoma 
show typical immunohistochemical staining of cytokeratin (CK), S-100 protein, Epithelial 
membrane antigen (EMA), and brachyury (55-57). Three histologic subtypes have been 
described: Classical (conventional), chondroid, and dedifferentiated chordoma. Of these 
subtypes, conventional and chondroid chordoma have similar clinical outcome (58, 59). 
Poorly differentiated or dedifferentiated chordoma comprise of less than 4% of chordoma 
subtypes, but have much poorer prognosis (60). Very young chordoma patients (< 5 years 
of age) more often show atypical histological features or dedifferentiated subtype, with 
more aggressive growth pattern, and higher rates of recurrence (61, 62). In the 
conventional and chondroid subtype, there is an unexplained variation in recurrence and 
survival between patients. In some patients there is no evidence of recurrence for 
decades, as other patients show recurrence within months after treatment, unrelated to 
amount of resection and application of particle radiotherapy. Some immunohistochemical 
markers, like increased expression of p53, CDK4, and high Ki-67 proliferation index have 
prognostic value (63-66), but cannot explain the difference in outcome alone. Also, 
expression levels of brachyury, transforming growth factor alpha (TGF-a) and fibroblast 
growth factor-2 (FGF-2) are correlated with recurrence (67, 68). However, the mechanisms 
behind these markers are still unknown. The search for novel molecular biomarkers to 
predict tumour recurrence is an important field of research in chordoma besides 
improving therapy.   

 

1.4.4 Treatment 

Because of the high recurrence rate of chordoma, adequate diagnosis and preoperative 
planning is crucial for maximal resection rate and planning of particle radiotherapy. The 
aim for surgery is usually maximal tumour resection with preservation of neurological 
function and quality of life (69, 70). For spine and sacral chordomas, en-bloc resection has 
been advocated as the most optimal treatment modality (71, 72). En-bloc resection is 
practically never possible for skull base chordoma, due to their inaccessibility and 
proximity to crucial organs and structures, like brain stem, cranial nerves, vertebral and 
carotid arteries, and optic chiasm (17). Postoperative high dose (>70 Gy) radiotherapy is 
recommended, usually in the form of proton or carbon ion therapy (16). Similar to the 
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challenges in surgery, radiotherapy is also limited by surrounding structures, so called 
organs at risk (OARs). Even with advances in radiotherapy, like intensity modulated 
radiotherapy or proton therapy (IMRT/IMPT), high doses are difficult to deliver safely 
without exceeding the tolerance of adjacent brain and cranial nerve structures (73).  

 

1.5 Molecular biology in chordoma 

As mentioned earlier, chordoma are resistant to conventional chemotherapy (17). 
Multiple ongoing trials are investigating targeted therapy in chordoma (74), in which 
oncogenic pathways are directly or indirectly targeted. However, the development of 
medical therapies in chordoma is hampered by the lack of understanding of the molecular 
biology of the tumour. Brachyury, a T-box transcription factor, seems to play an essential 
role in the pathogenesis of chordoma, although the detailed mechanisms still need to be 
elucidated (75). Understanding the oncogenesis of chordoma may aid in the 
understanding of the differences in clinical outcome in chordoma patients, as well as 
developing targeted therapies. An important missing component in studies investigating 
the molecular biology of chordoma is appropriate control tissue. Gene expression studies 
require control tissue for verification of the results. Comparing gene expression of 
malignant chordoma to benign notochord, defines whether a gene is under- or 
overexpressed. Notochordal tissue is however not present in adults, and therefore not 
readily available to use as control tissue. Studies use different control tissue, like muscle 
(76), blood (77) or intervertebral disc (78, 79). No methods have been described to harvest 
qualitative notochordal tissue that can be used in gene expression studies. Another 
important missing component in gene expression studies are validated reference genes 
that can be used in quantitative real-time polymerase chain reaction (qRT-PCR). 
Quantitative RT-PCR is a powerful tool to measure gene transcription and is often used in 
gene expression studies in many different tumours. Because this technique is so sensitive, 
even a small error can lead to serious misinterpretation of the results. Usually an internal 
control (a.k.a. reference gene) is used to  normalize for these small errors. A validation of 
reference genes is needed for reliable quantification of gene expression with qRT-PCR. 
Using unvalidated reference genes can lead to irreproducible results. 
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1.6 Aims of the thesis 

The overall aim of this thesis is to better understand the clinical, radiological and molecular 
behaviour of skull base chordoma. This thesis addresses different perspectives of the 
behaviour of skull base chordoma, with focus on the imaging characteristics, patterns of 
treatment failure, and molecular biology. 

 

The specific research aims are: 

o To summarize the current state-of-the art imaging techniques to differentiate 
chordoma from other tumours and to give an overview of evolving imaging 
techniques for differentiation and prognostic radiologic features. 

o Detection of a pattern of recurrence to improve treatment and follow-up 
strategies. 

o To study the anatomy of the notochord in human foetuses of 9 to 13 weeks of 
gestation, to determine the best gestational age for harvesting qualitative 
notochordal tissue.  

o To develop a method to harvest qualitative notochordal tissue that can be used 
as control tissue in gene expression studies. 

o To validate a set of reference genes that can be used as internal control of 
quantitative PCR results. 

 

1.7 Outline of the thesis 

This thesis is divided in two parts. Part one is aimed at the clinical, radiological and 
treatment aspects of chordoma. Part two is aimed at the development and validation of 
methods to study the molecular biology of chordoma and the notochord, which can be 
used as the basics of future chordoma molecular biology studies.  

The radiologic characteristics, and differentiation from BNCT and other tumours are 
elaborated in chapter 2. Also, this chapter aims to give an overview of evolving imaging 
studies and future perspectives in imaging of this tumour entity.  

In chapter 3 we studied seven patients with skull base chordoma recurrence after 
treatment with surgery and proton therapy to check for patterns of locoregional 
recurrences. These patterns were correlated with surgical approaches and radiation field 
and dose.  
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In chapter 4 we studied the anatomy of the notochord between 9 and 13 weeks of 
gestation, and developed a fast and precise method to isolate human notochordal tissue 
for PCR analysis.  

In chapter 5 we evaluated a set of 12 candidate reference genes and ranked the stability 
of these genes in chordoma samples.  

In chapter 6, the results of the aforementioned experiments and future perspectives of 
chordoma therapy are discussed.  
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2.1 Abstract 

Purpose of review: Chordoma are rare tumours of the axial skeleton which occur most at 
the base of the skull and in the sacrum. Although chordoma are generally slow-growing 
lesions, the recurrence rate is high and the location makes it often difficult to treat.  Both 
computed tomography (CT) and magnetic resonance imaging (MRI) are crucial in the initial 
diagnosis, treatment planning and post-treatment follow up. 

Recent findings: Basic MRI and CT characteristics of chordoma were described in the late 
1980s and early 1990s. Since then, imaging techniques have evolved with increased 
resolution and new molecular imaging tools are rapidly evolving. New imaging tools have 
been developed not only to study anatomy, but also physiologic changes and 
characterization of tissue and assessment of tumour biology. Recent studies show the 
uptake of multiple PET tracers in chordoma, which may become an important aspect in 
the diagnosis, follow-up and personalized therapy.  

Summary: This review gives an overview of skull base chordoma histopathology, classic 
imaging characteristics, radiomics and state of the art imaging techniques that are now 
emerging in diagnosis, treatment planning and disease monitoring of skull base chordoma. 
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2.2 Introduction 

Chordoma are rare tumours of the axial skeleton that occur most at the base of the skull 
and in the sacrum. Chordoma are thought to arise from remnants of the foetal notochord, 
that remain in the axial skeleton throughout life and may undergo malignant 
transformation into chordoma at any age (1, 2). The incidence is estimated around 0,08 
per 100.000 per year (3, 4), and chordoma accounts for around 6% of primary bone 
tumours (5). The localisation is distributed around 1/3rd skull base, 1/3rd spine and 1/3rd 
sacrum (3). Although the overall 10y survival rate is around 55% (6), the 5- and 10-year 
recurrence rate is reported up to respectively 53% and 88% (7). The most accepted therapy 
is resection as complete as possible. This is challenging at the level of the skull base due to 
surrounding critical structures including the optic system, carotid artery, and brain stem. 
After the surgery, radiation with particle therapy has become the golden standard, i.e. 
proton beam or carbon-ion therapy (8). Chordoma are resistant to conventional 
chemotherapy (9). Therefore, adequate diagnosis and preoperative planning is crucial for 
maximal resection rate. This article describes the radiologic characteristics of chordoma 
and differential diagnosis and gives an overview of evolving imaging studies and future 
perspectives in radiology of this tumour entity. Understanding the histopathologic 
features and molecular markers is crucial for interpretation of imaging characteristics, 
especially in tumours with heterogeneous content like chordoma. Therefore, this review 
starts with a brief overview of the histopathology of these tumours. 

 

2.3 Histology and immunohistochemistry 

Macroscopically, chordoma appear as a white-grey soft, lobulated, gelatinous tumour with 
dens fibrous trabeculae (10-12). Mucoid substance, necrotic areas, recent and old 
haemorrhages are found in the tumour, as well as calcification and sequestration of bone 
fragments (13). The soft tissue is frequently surrounded by an incomplete pseudo capsule, 
with pressured surrounding tissue mimicking a true capsule (11).   

There have been three different histological variants of chordoma described: classical 
(conventional), chondroid, and dedifferentiated (14). Dedifferentiated chordoma 
comprise less than 4% of all chordoma subtypes (15), but have a much poorer prognosis 
(15-18). The poorly differentiated chordoma is a particularly aggressive tumour with a 
predilection for the paediatric population (19). Poorly differentiated or dedifferentiated 
chordoma may develop de novo, or transform as recurrent chordoma after surgery or 
radiotherapy (20, 21). Although a study by Heffelfinger et al (22) suggested that the 
chondroid variant has a better prognosis than classical chordoma, other studies (23-28)  



Chapter 2 

32 
 

contradicted these results. Rosenberg et al (27) redefined the histopathologic 
characteristics of the chondroid chordoma and concluded that part of the chondroid 
chordoma that were studied by Heffelfinger et al (22) were actually low-grade 
chondrosarcoma. This makes a vital difference since chondrosarcoma tend to have a 
better prognosis then chordoma (29, 30).  

All chordoma subtypes display a heterogeneous cytology. The predominant cell type are 
large cells which contain prominent solitary or multiple vacuoles, also called 
physaliphorous cells. These vacuoles are rich in mucopolysaccharides (22, 31, 32). The 
smaller cells are nonvacuolated and referred to as stellate cells.  The physaliphorous cells 
are arranged in sheets, cords or float singly within the abundant myxoid stroma and may 
be separated by fibrous bands (33, 34). As seen macroscopically, chordoma are very 
heterogenous tumours with regional differences varying from areas of necrosis, to areas 
of mucoid degeneration, cartilage, and connective tissue. Final diagnosis is made with 
immunohistochemistry. Chordoma show a unique immunohistochemical pattern with 
positive staining with antibodies against S100 protein, vimentin, low molecular 
cytokeratins, and epithelial membrane antigen (22, 26). The chondroid variant of 
chordoma is histologically similar to chondrosarcoma, and also share an immunoreactivity 
with antibodies against S100, which makes it challenging in differentiating between the 
two tumours. More recent studies show that brachyury, a T-box transcription factor, is a 
novel discriminating marker for chordoma (35, 36). However, the role of brachyury in the 
pathogenesis of chordoma is still not completely understood. 

 

2.3 CT and MR imaging characteristics 

Chordoma present as osteolytic, destructive lesions with associated cortical destruction 
and soft tissue extension. Chordoma of the skull base are generally located in the upper 
half of the clivus and often extends to the lower half of the clivus, posterior clinoid process, 
cavernous sinus, and occipital condyle (37). Sometimes chordoma may also arise at the 
craniovertebral junction and involve the atlas and axis (see figure 1). The bulk of the 
tumour is usually located in the midline of the patient. (38) Extra-osseous extension of the 
tumour can occur in all directions, from the nasal cavity to indenting of the pons, also 
called thumb-sign (39). Chordoma are slow growing lesions (1). Although case reports have 
described intradural location, chordoma are usually extradural lesions (40, 41). 
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Figure 1: Imaging of a chordoma at the craniocervical junction. Computed tomography (A) shows 
lysis of the lower clivus. Axial T2-weighted imaging (B) shows a heterogenous, mostly hyperintense 
mass at the midline of the lower clivus. There is anterior extension to the oropharynx. The mass is 
hypointense on T1-weighted imaging (C) with heterogenous contrast enhancement (D). Pathologic 
examination confirmed the diagnosis of chordoma. 

 

On non-contrast CT, chordoma typically appear as well circumscribed, hypo attenuating, 
heterogeneous lesion with extensive lytic bone destruction (42, 43). The bulk of the 
tumour is usually hyper attenuating relative to the adjacent neuronal axis (44). It may be 
difficult to distinguish between intratumoral calcification, which are characteristic of the 
chondroid variant of chordoma (14), and sequestered fragments of the destroyed clival 
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bone. There may be some separated areas of low attenuation within the tumour, probably 
also related to mucinous content (45). 

The MRI characteristics of chordoma with the standard MRI sequences have been well 
described as early as the late 1980s and early 1990s (46-50). Since then, MRI has come a 
long way. New developments in acquisition techniques, MRI detectors and the use of 
higher magnetic fields are pushing MRI resolution to almost histological levels. Chordoma 
can have variable signal intensity on T1, classically generally low to intermediate signal 
intensity, with sometimes small foci of hyperintensity, correlated with mucus or 
haemorrhage (46). Classic chordoma show high T2 signal intensity with heterogeneous 
hypointensity, which may also be associated with mucous, haemorrhage and also 
calcification. The presence of haemorrhagic foci or calcification can be confirmed with 
gradient echo images or susceptibility weighted imaging (SWI), showing susceptibility 
artefacts (46). Low signal intensity septations may be seen, which may correlate with areas 
of necrosis or cartilage seen in histology. Poorly differentiated chordoma may show 
different imaging characteristics. Yeom et al (51) showed hypointensity on T2 weighted 
images in three poorly differentiated chordoma. However, there is a lack of studies in 
larger poorly differentiated chordoma cohorts. Chordoma typically show moderate to 
marked Gadolinium contrast enhancement with honeycomb appearance, with linear areas 
of non-enhancement (52). This may also be explained with the areas of necrosis, 
connective tissue or cartilage in the tumour at histology. Fat suppression imaging with 
suppression of the fatty bone marrow of the clivus may be useful in the delineation of 
intraclivous chordoma (44). Figure 1 and 2 show typical imaging characteristics of 
chordoma.  More advanced imaging techniques will be discussed later.  

Metastases occur in 6 to 30% of all chordoma (53-56). Common metastatic sites are lungs, 
bone, skin and liver (53, 55-57). Chordoma metastases have similar imaging characteristics 
as the primary site.  On CT images chordoma metastases are generally low-density masses, 
as chordoma are typically osteolytic lesions. Similar to MRI of the primary tumour, 
chordoma metastasis show low to intermediate signal intensity on T1, high signal intensity 
on T2-weighted images, and contrast enhancement in almost all cases (54). Diffusion 
weighted images show signal high intensity of the chordoma metastasis, most likely due 
to the gelatinous structure of chordoma (54). The importance of diagnosing chordoma 
metastasis remains questionable as prognosis is more related to local disease at primary 
site than metastasis (53, 54). 

 



 

 
 

 

Figure 2: Magnetic resonance imaging of a skull base chordoma arising at the clivus with compression of the brain stem. Axial T1-weighted imaging (A) shows a 
mass with mostly hypointens signal, a hyperintense focus (arrow), and heterogeneous contrast uptake (B and E). Axial FLAIR (C) shows heterogenous tumour 
intensity. T2-weighted imaging (C and F) shows mostly hyperintense signal intensity with linear foci of hypointensity. Pathologic examination confirmed the 
diagnosis of chordoma.
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2.4 Role of nuclear medicine 

The role of molecular imaging in diagnosis or treatment of chordoma is scarcely explored. 
Mirra et al (58) described no abnormalities of chordoma on bone scans. To our knowledge, 
there are no studies of other PET tracers of skull base chordoma. Few studies have been 
performed in PET tracers of mobile spine and sacral chordoma. As skull base chordoma 
have similar molecular expression (35) as mobile spine and sacral chordoma, these 
tumours may be considered the same entity. Case reports show a heterogenous moderate 
pathological uptake of fluorodeoxyglucose (18F-FDG) uptake (SUVmax 4.5) within the 
primary tumour mass of a sacrococcygeal chordoma (59, 60). These studies suggest that 
FDG-PET may aid in the diagnosis of chordoma metastasis. A recent study (61) showed 
18F-FDG uptake in chordoma metastases, as well as 68GA-DOTA-TATE uptake in one 
chordoma with metastases. As stated earlier, the clinical relevance of diagnosing 
metastases is questionable as prognosis is more related to local disease control than 
metastasis (53, 54). Nonetheless, 18F-FDG-PET is used in the follow up of chemotherapy 
studies in chordoma, and may become an important aspect in future follow-up of 
chordoma patients (62).  

Fluoromisonidazole positron emission tomography (FMISO-PET) is used in delineating 
areas of hypoxia in tumours (63). Hypoxic areas in tumours are generally difficult to treat, 
as these areas are generally radioresistant and show increased resistance to cytotoxic 
chemotherapy (64). The knowledge of hypoxic areas can be used in radiotherapy dose 
painting with boost volumes on these hypoxic areas. The feasibility of FMISO-PET-CT 
guided radiotherapy with hypoxia-directed intensity modulated radiotherapy has been 
demonstrated in multiple tumours (63, 65, 66), including head and neck cancer (67). 
Cheney et al (68) showed that hypoxic areas could be identified with FMISO-PET-CT in 12 
out of 20 chordoma of the mobile or sacrococcygeal spine. The benefits and risks of 
hypoxia-guided boost volumes in radiotherapy of chordoma still has to be investigated in 
the future.  

 

2.5 Differential diagnosis  

As stated earlier, chordoma are assumed to arise from remnants of the fetal notochord. 
The notochord is a rod-shaped embryologic structure that develops in the third week of 
gestation, and serves as an molecular inducer for vertebral column formation (69).  As the 
vertebral column develops, the notochord degrades into clusters in what later becomes 
the nucleus pulposus (70). Notochordal cells are normally found in the intervertebral disc 
in the postnatal period until the early adult life (71). However, embryological studies of 
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human foetuses have demonstrated ectopic notochordal remnants along the axial 
skeleton, and especially at the caudal and cranial ends (72). It is thought that these 
notochordal remnants may proliferate into chordoma. Over the years, multiple benign 
tumours with notochordal cell origin have also been described, i.e. ecchordosis 
physaliphora (73), giant notochordal rest (74-76), giant notochordal hamartoma (58), and 
are now usually categorised in the comprehensive term ‘benign notochordal cell tumours’. 
These tumours are thought to be proliferated remnants of the notochord, with a benign 
character (58, 77). It is debated whether a BNCT may undergo malignant transformation 
to chordoma (78-81). In autopsy studies performed by Yamaguchi et al (80), 20% of the 
cadavers showed foci of BNCT in the axial skeleton. It should be emphasized that >50% of 
these foci were less than 2mm in size and are probably not seen in imaging. Benign 
notochordal cell tumours and chordoma differ in radiologic and histologic features. On 
computed tomography, BNCT are usually occult or show slight sclerosis without bone 
destruction (82). On MRI, BNCT show low T1 signal intensity and intermediate to high 
signal intensity on T2-weighted images, are almost exclusively intra-osseous without soft-
tissue extension or contrast enhancement (83, 84). Figure 3 shows an intraosseous lesion 
with the imaging characteristics of a BNCT. Multiple studies suggest imaging follow-up 
when a lesion is suspect of BNCT (1, 82). However, because of the huge difference in 
prevalence of BNCT and incidence of chordoma (20% versus 0,08 / 100.000 per year) 
follow-up imaging may only be necessary if the lesion shows atypical BNCT imaging 
characteristics, like bone destruction. However, there are no long-term studies in follow-
up of BNCT. 

Of all benign notochordal cell lesions, ecchordosis physaliphora (EP) is a subtype that was 
already described in the 19th century.  EP is described as a congenital, benign, gelatinous 
tissue that is considered an ectopic notochordal remnant (85). Ecchordosis physaliphora 
are found in around 2% of autopsy studies (73) and approximately 1.7% in MRI-studies 
(85, 86). Even though this lesion appears to be common, it is easily overlooked. Typically, 
EP are small, well-circumscribed, extra-axial, intradural lesions in the prepontine cistern, 
which have a predilection for the midline posterior clivus at the level of Dorello’s canal 
(85, 87, 88). On MRI, EP show high signal intensity on T2- and low signal intensity on T1-
weigthed images, similar to chordoma, but do not show contrast enhancement (85, 86, 
88-92). Differentiating EP from intradural chordoma is essential, as EP are benign and 
usually asymptomatic and therefore do not need treatment (93). 
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Figure 3: Imaging of a well-defined intraosseous lesion in the base of the skull. CT imaging of the 
clivus in axial (A) and sagittal (B) plane shows normal bone trabeculation. There is no trabecular or 
cortical destruction. T2-weighted MRI imaging in axial plane (C) shows a hyperintense mass at the 
clivus, which is hypointense on T1-weighted imaging (arrow, D) and does not show contrast 
enhancement (E), as opposed to the fysiological contrast enhancement of the pituitary gland. This 
tumour shows typical imaging characteristics of a benign notochordal cell tumour. However, there 
was no pathologic confirmation. On follow-up MRI after one year, the lesion was unchanged.  
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Chondrosarcoma are the most difficult differential diagnosis of chordoma of the skull base, 
as these lesions have overlapping radiologic and histopathologic features (52). Many 
previous studies have found no definite CT or MRI features that distinguish between 
chordoma and chondrosarcoma (38, 47, 52). However, there are some features that 
favour one over the other. Chordoma typically originate in the clivus and are therefore 
generally located more centrally, whereas chondrosarcoma arise in the petroclival fissure 
and therefore occur more laterally. (38) Unfortunately, this is not a distinctive feature, as 
lateral skull base chordoma have also been described (94, 95). On CT, chondrosarcoma 
may show a typical ‘ring-and-arc’ chondroid matrix mineralisation (96). An MRI and CT of 
a chondrosarcoma is shown in figure 4. Recent studies show that diffusion weighted 
imaging may differentiate between chordoma and chondrosarcoma, with 
chondrosarcoma having a higher average apparent diffusion coefficient than chordoma 
(51, 97, 98). The use of DWI in chordoma imaging is further elaborated below in 
‘prognostics and radiomics’. 

Table 1 gives an overview of the typical imaging characteristics of chordoma, BNCT and 
chondrosarcoma.  

 

 T1 T2 Contrast 
enhancement 

Bone 
destruction 

Preferred location 

Chordoma Low to 
intermediate 

High Yes Yes Midline 

Chondrosarcoma Low to 
intermediate 

High Yes Yes Out of midline 

BNCT Low High No No Intra-osseous, no 
soft tissue 
extension. 

EP Low high No No Midline. Stalk with 
clivus. Extra-
osseous. 

Table 1: Imaging characteristics of chordoma and differential diagnosis 
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2.6 Posttreatment evaluation  

As chordoma show high recurrent rates (7), follow-up seems obvious. However, there is 
no evidence for any type of follow-up in chordoma. Stacchiotti et al (99), on behalf of ‘the 
chordoma global consensus group’, proposed follow-up imaging of the primary tumour 
site with MRI during the first 4 to 5 years after diagnosis every 6 months. Thereafter, if no 
disease progression is observed, MRI should be done every year for at least 15 years. There 
was no consensus about follow up of metastasis in this group. Guler et al (100) studied the 
follow-up of chordoma using MRI with incorporating DWI and concluded that the 
detectability of residual chordoma tumour tissue on DWI is better than T2 or FLAIR 
sequences.   

 

2.7 Prognostics and radiomics 

As stated earlier, chordoma have a high recurrence rate, with up to 20% recurrence in the 
first year after diagnoses (7). Unfortunately, prognostic factors in chordoma are largely 
unknown. Histopathologic studies have shown that poor differentiation type, high mitotic 
activity, prominent nucleoli, high Ki67, and high p53-LI significantly correlates with poor 
progression free survival (101). Presence of necrosis and apoptosis is related to poor 
overall survival (101).  

Moreover, better overall survival is linked to the possibility of high resection rate and 
smaller tumour size (4). Skull base chordoma show a better overall survival than sacral 
chordoma, most likely due to the smaller average sizes in skull base chordoma, as tumours 
in this location become symptomatic sooner and therefore detected at an earlier stage 
(4). 

Little is known about prognostic imaging characteristics in chordoma. Large radiomics 
studies have not yet been performed. A few pilot studies have been conducted in 
chordoma imaging characteristics for prognostic and differential diagnostic purposes. A 
recent study performed by Tian et al (102) studied the tumour-to-pons signal intensity 
ratios of 156 patients with skull base chordoma and showed that a higher T2 signal ratio 
(tumour : pons) was an indicator of slow tumour progression, whereas a high enhanced 
T1 FLAIR ratio (tumour : pons) was a positive indicator of tumour progression. Low T2 
signal intensity and high T1 contrast enhanced signal intensity may be associated with 
abundant blood supply of the tumour. These ratios used in this study were also 
categorized in a gradient system which showed increased tumour progression with higher 
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grade. Future prospective studies are needed to evaluate the efficacy of this grading 
system. 

 

 

Figure 4: Imaging of a skull base chondrosarcoma arising from the left lateral clivus with extension 
to the clinoid process, cavernous sinus and intracranial extension and compression on the left 
temporal lobe. Computed tomography (A) shows bone destruction with hyperdense fragments in the 
tumour mass, which corresponds with the typical ‘rings-and-arcs’ seen on in chondroid tumours like 
chondrosarcoma. T2-weighted imaging (B) shows a heterogenous, mostly hyperintense mass. T1-
weighted imaging (C) shows a hypointense mass with heterogenous enhancement (D). Pathologic 
examination of the tumour mass concluded chondrosarcoma WHO grade 1. 
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Diffusion-weighted imaging (DWI) is an unenhanced MRI technique based on the 
restriction of Brownian motion of extracellular water (103). The apparent diffusion 
coefficient (ADC) is a quantitative measure of this movement. This difference can also aid 
in the characterization of tumorous tissue, as water molecule diffusion is reflective of 
tissue organisational features, i.e. cellularity, nuclear-to-cytoplasmic ratio, and reduced 
extracellular matrix (104, 105). It is believed that benign tumours have lower cellularity, 
whereas malignant tumours generally show high cellularity with high mitotic activity (106). 
Studies show that quantitative DWI with ADC mapping can distinct between benign and 
malignant musculoskeletal lesions of the skull (104, 105). It is thought that the myxoid 
stroma of chordomas, with nests of physaliphorous cells separated with fibrous strands 
impedes extracellular water motion (51). As stated earlier, DWI with quantitative ADC 
mapping may be used in differentiating chordoma from chondrosarcoma, with 
chondrosarcoma having a higher average ADC value than chordoma (51, 97, 98). The mean 
value in a study of Yeom et al (51) was 2051 ± 261 x 10-6 mm2/s for chondrosarcoma, 
followed by 1474 ± 117 x 10-6 mm2/s for classic chordoma and 875 ± 100 x 10-6 mm2/s 
for poorly differentiated chordoma. This is in accordance with the premise that malignant 
tumours have higher cellularity and therefore lower ADC values. More research is needed 
to evaluate relationship of ADC values and prognosis in patients with chordoma. 

A recent study by Lang et al (107) used dynamic contrast enhanced (DCE) MRI to 
differentiate chordoma from giant cell tumours of the skull base. Dynamic contrast 
enhancement is an MRI technique which calculates the perfusion of tissue (108). A typical 
DCE kinetic pattern was described for chordoma which was significantly different from 
giant cell tumours. In this study, chordoma show typical quick enhancement without 
washout, as opposed to giant cell tumours, which show quick enhancement and washout. 
To our knowledge, there are no studies that evaluate the role of DCE-MRI in the 
differentiation of chordoma and other lesions of the skull base. 

 

2.8 Future directions in chordoma imaging 

The imaging characteristics of chordoma with CT and standard MRI sequences are well 
described in the late 1980s and early 1990s (46-50). At that time, imaging was used for 
diagnostic and treatment planning purposes. The first molecular PET studies were 
performed halfway the 2000s. Molecular imaging data of chordoma with PET-CT is 
currently still limited but may become important in the future. The driving mechanisms 
behind chordoma are still largely unknown. Imaging may become more important in 
differentiating between slow-growing and fast-growing lesions, and therefore crucial in 



State of the art imaging in human chordoma of the skull base 
 

43 
 

treatment planning. The presence of hypoxic areas in chordoma, which has been 
confirmed by FMISO-uptake (68), may be an indicator of poor prognosis. More research is 
needed to evaluate role of hypoxia in the prognosis of chordoma and the benefit of 
hypoxia adjusted radiotherapy. 

Targeted radionuclide therapy (TRT) is a hot topic in cancer therapy nowadays. Coupling 
radionuclides to tumour-specific targeting agents, i.e. tumour specific membrane 
receptors, delivers radiation to the cancer cells that express these membrane receptors. 
The discovery of 68GA-DOTA-TATE uptake in chordoma is exciting. 68GA-DOTA-TATE is a 
somatostatin receptor analogue, and 68GA-DOTA-TATE PET-CT plays an important role in 
the detection of primary tumour, metastases, staging, restaging and assessment of 
treatment response in patients with neuroendocrine tumours (109). Studies show that 
68GA-DOTA-TATE uptake in neuroendocrine tumours also predicts response to 
somatostatin receptor-mediated radionuclide therapy (110, 111). More research is 
needed to evaluate the role of 68GA-DOTA-TATE in larger chordoma cohorts and the 
efficacy of treatment using somatostatin receptor-mediated radionuclides in chordoma.   

To our knowledge, no studies have been performed to evaluate the use of PET-MR in 
chordoma. The high spatial resolution of MR combined with the molecular and functional 
information of PET may aid in diagnosis and surgery strategy planning. Further 
advancements in molecular imaging may aid in the differential diagnosis of skull base 
lesions. Radiolabelled molecular probes may be used to identify unique proteins in cancer 
cells (112), or even used as biomarkers. Molecular imaging by PET may function as a bridge 
between in vitro and in vivo biology of disease. 

Imaging research is focussing more and more on the new emerging and rapidly evolving 
field of radiomics. Advanced imaging characteristics may become a key player in predicting 
cancer aggressiveness, or prediction of response or resistance to treatment (113). This is 
already used in diagnosis, treatment planning, and disease monitoring of brain tumours 
(114). Radiomics is a field of imaging studies which uses quantitative imaging features, like 
signal intensity, size, shape, and texture for information on tumour phenotype and 
microenvironment (115). Assessing these imaging features and linking these to prognostic 
data may lead to calculation of individualized prognosis and tailor made personalized 
treatment. Pilot studies in radiomics have been performed, but large studies are still 
missing. New state of the art MRI tools, like DWI, spectroscopy, dynamic contrast 
enhanced MRI, and BOLD have barely been studied. Future studies are needed to evaluate 
the role of these techniques in diagnosis, treatment and follow-up of chordoma. Despite 
a large imaging arsenal, diagnosis and treatment response largely depend on semantic 
features based on conventional imaging. Advanced, hybrid techniques and quantitative 
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measures are being implemented more and more and in the future can aid in increased 
personalized medicine.  
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3.1 Abstract 
Background and purpose: Chordoma are rare tumors of the axial skeleton which arise 
from notochordal remnants. The treatment gold standard is surgery, followed by particle 
radiotherapy (i.e. proton or carbon ion). Total resection is usually not achievable in skull 
base chordoma (SBC) and viable tumor cells are believed to remain in situ or in the surgical 
cavity. Therefore, high recurrence rates are reported in literature. The main goal of this 
study is to find a pattern of recurrence in SBC for patients treated with surgery and 
postoperative proton therapy. 

Materials and Methods: Seven SBC patients who developed local or locoregional 
recurrent disease after surgery and proton therapy were critically analyzed regarding prior 
surgery, radiotherapy and recurrences at follow-up imaging. Surgical approaches and 
radiotherapy treatment plans were correlated with locoregional recurrences.  

Results: Twenty-five recurrences were defined in seven patients. A total of 36 surgeries 
were performed for primary tumor and recurrences. Almost all of the locoregional 
recurrences could be related to prior surgical cavities, outside the therapeutic (>60Gy) 
radiation dose. Follow up imaging showed that tumor progression is difficult to distinguish 
from radiation necrosis and anatomical changes due to surgery. 

Conclusion: In our population, locoregional recurrences occurred within the surgical 
cavity. Our theory is that these recurrences are due to microscopic tumor spill during 
surgery. These cells did not receive a therapeutic radiation dose. Advances in surgical 
possibilities and adjusted radiotherapy target volumes might improve local control and 
survival.  
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3.2 Introduction 
Chordoma are rare tumors of the axial skeleton that occur most frequently at the sacrum 
and base of the skull [1]. It is assumed that chordoma arise from notochordal remnants 
that remain in the axial skeleton during life and may become malignant at any age [2]. The 
incidence is estimated around 0,05 to 0,08 per 100.000 per year [1, 3]. This study focuses 
on skull base chordoma. The 10-year overall survival rate of skull base chordoma is around 
55% [4]. However, the high local recurrence rate of 53% at 5 years and 88% at 10 years 
[5], proves that this tumor is difficult to cure. The treatment gold standard is surgery, 
followed by high dose radiotherapy (i.e. proton or carbon ion) [6], as chordoma are 
resistant to low-dose radiotherapy [7]. Of the patients treated with proton therapy after 
surgery, 26% still develop recurrence in a meta-analysis with an average follow-up of 45.0 
(+- 17.5) months [8]. The tumor is preferably maximally resected followed by 
postoperative irradiation of the resection cavity, including a margin around the (pre-
operative) tumor bed. However, maximal resection is often not a complete resection at 
the skull base due to the close relation to crucial and sensitive neural and vascular 
structures, like brain stem, optic nerve/chiasm, and carotid and basilar arteries [9]. 
Consequently, tumor tissue often remains in situ, either macroscopic or microscopic. Local 
recurrence is the predominant form of treatment failure [10]. Recurrences are described 
locoregionally as well as at distance [11, 12]. The surgical trajectory usually does not 
receive a therapeutic radiation dose [11]. Therefore, it is likely that there is remaining 
microscopic tumor tissue in the surgical cavity. These microscopic remnants may 
proliferate into macroscopic locoregional recurrences. In case of macroscopic remnant 
after surgery, it is unclear what part of this remnant will proliferate after certain time. 
Possibly, tumor cells  in de vicinity of organs at risk (OARs) survive radiotherapy, which 
may have received a lower radiotherapy dose to lower the chance of radiation induced 
side effects. This is called marginal failure or recurrence, and also occurs in other 
malignancies like brain and head and neck tumors [13, 14]. After start of regrowth of 
macroscopic remnant, it remains unclear in what direction this regrowth progresses. 
Because chordoma arise in bone tissue, bony structures might be the most favourable 
microenvironment for locoregional recurrences and direction of regrowth of primary 
tumor remnant.  

To our knowledge, no studies have been conducted to investigate the preferable sites for 
locoregional recurrences. The primary goal of this study is to identify a pattern of 
recurrence in chordoma, and correlate this pattern with surgical technique, and proton 
therapy dose and planning. Chordoma metastases are difficult to distinguish from 
postoperative distortions in anatomy. Knowing about the pattern of locoregional 
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recurrences and their imaging characteristics may aid in the early detection and optimise 
follow up and treatment for these patients. 

 

3.3 Methods  

3.3.1 Medical ethics committee approval 
This retrospective study was approved by the medical ethics committee of the Maastricht 
University Medical Center (MUMC+), reference number METC2018-0740. Research was 
conducted in accordance with the declaration of Helsinki. All patient data were 
anonymized and coded. Patients who had objected to evaluating their medical data, were 
excluded from the study. The study was submitted to trialregister.nl with reference 
number NL7821. All patients were referred to specialized proton therapy centers, and 
isodose information and treatment plans were requested from these centers: 
Massachusetts-General Hospital (Boston, USA), Paull-Scherrer Institut (PSI, Villigen, 
Switzerland) and Institut Curie (Paris, France). The study was also approved by the 
institutional review board of Maastro clinic in Maastricht, reference number W 19 10 
00055.  

 

3.3.2 Population 
All patients who underwent surgery or follow-up in the MUMC+ for chordoma of the base 
of the skull or cranio-cervical junction between 1999 and 2019 were analyzed in the study. 
Basic demographics, survival and treatment of our total chordoma patient group were 
compared with literature to minimize the chance of selection bias. This database was 
composed of a search in the radiological and surgical reports mentioning ‘chordoma’. The 
eligibility criteria were as follows: (1) Histologically proven chordoma without previous 
treatment; (2) Location at the base of the skull or craniocervical junction; (3) Treated with 
surgery and postoperative proton therapy and (4) Development of locoregional 
recurrence during follow-up.  

 

3.3.3 Surgery 
The surgical reports of the period 1999-2019 from the database of the MUMC+ were 
automatically searched for the term ‘chordoma’. The reports containing surgery of 
chordoma of the skull base or craniocervical junction were manually selected and these 
patients were included in the study. The surgical reports were analyzed for approach, goals 
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of the surgery and outcome (total macroscopic resection versus macroscopic remnant). 
The time interval between surgery and radiotherapy was analyzed. The surgeries that 
were a result of complications due to prior surgery, or stabilization of the craniocervical 
junction were also analyzed.  

 

3.3.4 Survival and progression free survival  
The date of the MRI in which the primary tumor was first visible was set as diagnosis date. 
Survival was calculated using the time interval between diagnosis and decease. 
Progression free survival was calculated by the time interval between the start of proton 
therapy and date of MRI in which new lesions appeared which were radiologically 
suspicious for recurrence, the primary tumor had grown for at least 10% in largest 
diameter, or there was clear expansion of the tumor in a certain direction when reliable 
measurement of largest diameter was not possible. Recurrence was evaluated on T2-
weighted images and T1-weighted images pre- and postcontrast. The overall survival (OS) 
for all chordoma patients and patients with recurrent disease after proton therapy was 
calculated using Kaplan-Meier estimates and were compared using log-rank test for 
univariate survival analysis. Multivariate analysis was not performed because of the 
relatively small patient group. A two-sided p-value less than 0.05 was considered 
statistically significant. All statistical analysis were performed using Statistical Package for 
Social Sciences (SPSS) for windows, version 25 (IBM corp., Armonk, NY). 

 

3.3.5 Defining lesions and follow up 
MRI and CT scans performed during the follow-up period were used to define all primary 
and recurrences separately. If there was a macroscopic remnant in situ, progression of this 
remnant was analyzed and checked for direction of expansion, whether this was towards 
organs at risk (OARs) or not, and checked for marginal recurrence near OARs. Each lesion 
per patient was given a number, sequential in time of appearance. Two or more lesions 
that were identified at the same time were characterized as separate lesions if there was 
no visible connection between the two, and the lesion was clearly in a different location 
as earlier defined lesions. However, at the end-stage of the disease, multiple (>5) lesions 
were sometimes visible. These were defined as one group of recurrences per anatomic 
location. For every defined lesion, the radiological reports associated with the imaging 
studies were evaluated and checked when a lesion was first described and compared to 
when a lesion was visible first, to calculate possible diagnostic delay. It should be noted 
that the possible diagnostic delay was calculated as the time interval between the imaging 
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study in which a recurrence was described first and the date of the imaging study in which 
the slightest signal or anatomical change in this area was visible. Also, the imaging 
characteristics of the recurrences were analyzed compared to the original tumor, in 
particular on diffusion weighted imaging. 

 

3.3.6 Proton therapy 
All defined lesions were separately correlated with the proton therapy plans. The 
radiotherapy reports were checked to ensure the delivered dose to the target volume. The 
dose to the locoregional recurrence not visible at the time of proton therapy was 
retrospectively determined in good cooperation with the treating proton centers. The 
location of recurrences on MRI were linked with the initial dose plan by visual estimation, 
to estimate the locoregional dose. An example of this visual estimation is illustrated in 
figure 1. The radiotherapy protocol was also checked for possible dose reduction of 
primary tumor remnants near OARs and compared to possible marginal recurrences, 
described in the follow-up section.  

In addition, follow-up MRI studies were evaluated for any possible radiation-induced side 
effects. Patient medical files were examined for reported side effects of radiation induced 
side effects. These side effects were categorized and graded using the common 
terminology criteria for adverse events (CTCAE) version 5.0, published on November 27, 
2017 [15]. Early side effects were defined as all adverse events that could be related to 
radiotherapy developed within the first 6 months after start of treatment. Late side effects 
are those developed after 6 months after radiotherapy treatment. The severity of the 
adverse events was graded in five levels, with grade 1 being asymptomatic or mild 
symptoms and grade 5 being death related to the adverse event. 

The unit of proton dose is reported in Gray Equivalent (GyE), which is the physical dose 
multiplied by the relative biological effectiveness (RBE) of 1.1 [16].  
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Figure 1: The delivered dose in the area where later a metastasis was found, was visually estimated 
using MRI images of the locoregional recurrence (A) and the radiotherapy dose plans (B). The arrow 
points toward the recurrence (A) and the estimated location on the dose plan (B), which is in the 
70% isodose area, according to the isodose scale. With the prescribed dose 100% being 74 GyE, the 
estimated dose to the region of local recurrence was 0.7 x 74 GyE = 51.8 GyE. 

 

 

3.4 Results 

3.4.1 Patient cohort characteristics 
A retrospective analysis of 30 consecutive histologically proven skull base chordoma 
patients was performed. The average follow-up time was 7,9 years. The median age at 
diagnosis was 49 years. Sex distribution was 50% male and 50% female. The tumors were 
located in the clivus (90%) and craniocervical junction (10%). The chordoma patient 
characteristics are presented in Table 1.  

Of these 30 patients, 90% (n=27) underwent surgery, and 10% (n=3) underwent tissue 
biopsy only, without subsequent surgery. Of all patients, 87% (n=26) received radiation 
therapy, of which 62% (n=16) by Proton beam; 4% (n=1) by Carbon beam; 35% (n=9) by 
Photon beam.   
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VARIABLE  VALUE   

AVERAGE AGE AT DIAGNOSIS 48.1 years 
Range 22-76 years 

SEX 15 Male 
15 Female 

LOCATION 27 clivus 
3 Craniocervical junction 

SURVIVAL   

    5 YEAR 75 % 

    10 YEAR 63 % 

RECURRENCE FREE SURVIVAL  

    5 YEAR 40 % 

    10 YEAR 33 % 

SURGERY 90% 

RADIOTHERAPY 
  

    PROTON 

    CARBON ION 

    PHOTON: 

LINAC 

GAMMA KNIFE 

    NO RADIOTHERAPY 

    UNKNOWN 

53% 

3% 

 

27% 

3% 

10% 

3% 

Table 1: Basic demographics of the total cohort of patients.  

In this cohort, 50% had local recurrent disease during follow up (n=15), 40% (n=12) did not 
have recurrent disease and 10% (n=3) were lost to follow-up. The 5- and 10-year overall 
survival were 75% and 63% respectively. Among the 15 patients who presented with 
recurrence, 7 patients had locoregional recurrence after proton therapy and were 
therefore eligible for this study. These patients are described in detail in the following 
sections. The selection process of eligible patients is summarized in figure 2.  

Kaplan-Meier analysis was performed on the survival of the eligible patients and all other 
patients. Log-rank analysis showed no statistical difference in patients with recurrence 
after PT compared to the ‘other chordoma patients’ group. The Kaplan-Meier analysis is 
presented in Figure 3. There were no significant differences in the basic demographics 
between the eligible patient and the other chordoma patient group.  
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Figure 2: Flowchart of eligible patient selection.   

 

 

 

 

Figure 3: Kaplan-Meier curve of the patients with recurrence after proton therapy (‘Study patients’),  
and all other chordoma patients, who either did not receive proton therapy or did not develop 
recurrences (‘Other chordoma patients’).  
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3.4.2 Surgery 
A total of 36 surgical interventions were performed on 7 patients between 2003 and 2016, 
which averages 5.1 surgeries (2 – 11 surgeries) per patient. The first surgery was 
performed at an average of 68 days (1 – 174 days) after diagnosis. An average of 2.4 
surgeries were performed before start of radiotherapy. Macroscopic complete resection 
of the primary tumor was achieved in 33% of cases. Complete macroscopic removal was 
reported in 47% of all resections. In most cases, the goal of the surgery was to remove as 
much tumor tissue as possible, and in one case to remove additional tumor mass to 
facilitate radiation therapy. Two patients underwent occipito-cervical fusion to stabilize 
the craniocervical junction after the primary tumor resection via far lateral approach. Two 
patients experienced recurrent sinonasal infections due to prior surgery and radiotherapy 
and one of which had to undergo an infundibulotomy twice. The same patient also 
experienced recurrent otitis media and had to undergo middle ear drainage as well. The 
approaches of these additional surgeries were classified as ‘other’ in the table. One 
surgery was performed due to possible tumor regrowth, that was not clearly 
distinguishable from radiation necrosis. After inspection of the anterior temporal lobe 
area, no mass was found and the regional enhancement on MRI was considered to be 
radiation necrosis. Table 2 summarizes the surgical approaches, treatment of recurrences 
as well as recurrence locations. The sites of recurrence are elaborated in the follow-up 
section below. 

 

3.4.3 Radiotherapy 
3.4.3.1 Dose delivery 
All 7 eligible patients in this study received complementary proton radiotherapy with an 
average dose of 74 GyE (68 – 78 GyE). The dose was delivered in 1,8 to 2 GyE per fraction. 
In two cases, a combination of proton and photon therapy was utilized. In these cases, 20 
Gy was delivered via intensity-modulated radiation therapy (IMRT) in 10 fractions. In the 
other five patients, the complete dose was delivered via protons. All centers used their 
own ‘standard chordoma proton therapy protocol’ with no or barely any concession 
needed because of dose restraints due to proximity of OAR’s (i.e. cochlea, brain stem, 
optic nerve and optic chiasm). The goal of radiation therapy was to improve locoregional 
control and overall survival in all cases. The planned target volume was the volume of the 
primary tumor before surgery including a marge with or without remnant tumor tissue. 
Details of delivered proton therapy is shown in Table 3. 
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In addition to proton therapy to the primary tumor, other types of radiotherapy were 
utilized in the treatment of regrowth of the primary tumor and locoregional recurrences. 
The goal of this treatment was to delay tumor progression. Proton therapy was applied a 
second time in one patient, three patients were treated with 3D conformal or IMRT photon 
therapy and two patients were treated using gamma knife. 

 

3.4.3.2 Local failure dose 
Radiotherapy dose plans were evaluated to estimate the dose to the area where hereafter 
local failure occurred, as illustrated in figure 1. During evaluation, we noticed that when 
tumor recurrences were resected, multiple recurrences could later be found in the vicinity 
of the surgical cavity. We considered these recurrences to be most likely due to tumor 
spread during surgical resection of the prior recurrence. The radiotherapy dose of these 
cells were therefore considered equal to the dose of the prior resected recurrence. The 
average radiation dose in these areas was 21 Gy. However, this was very variable, while 
most recurrence location received less than 10 Gy. The surgical cavity was included in the 
radiation therapy dose plan in one patient. In this patient, the surgical cavity received a 
dose of 54 GyE RBE, with an additional 20 Gy RBE boost on the primary tumor area. 
However, multiple recurrences developed in this 54 GyE area 9 months after start of 
proton therapy. 



 

 
 

Patient number Primary tumour 
location 

Surgical approaches (primary +/- 
locoregional recurrence) 

Postoperative 
radiotherapy 

Locoregional recurrence site Time to first 
locoregional 
recurrence 
(months) 

Treatment of 
recurrence 

1 Clivus 
 

o 4x Pteryonal right  
o 3x Cutaneous 

Proton 2x Ala major os sphenoid 
2x Cutaneous nodules 

9 Surgery 
Photon radiotherapy 
(Linac) 

2 Craniocervical 
junction 

o 3x Far lateral right 
o Occipitocervical fusion 
o Cutaneous 
o Anterolateral cervical 

Proton / Photon Paravertebral paramedian right, 
level C2-C3 
Neuroforamen C4-C5 right 

7 Surgery 
Proton therapy 

3 Craniocervical 
junction 

o Far lateral left 
o Far lateral right 
o Occipitocervical fusion 
o 3x Cutaneous 

Proton Subcutaneous retroauricular 
Subcutaneous neck level C3 
3x Neck muscle level level C3-C5 
left + right 

18 Surgery 
Photon radiotherapy 
(Linac) 

4  Clivus o 3x Transnasal Proton Nose septum 
Columella 

147 Surgery 

5 Clivus o 2x Transnasal 
o Cerebellopontine angle 

Proton No locoregional recurrence - Photon radiotherapy 
(GK) 

6 Clivus o 3x Transnasal Proton No locoregional recurrence - Photon radiotherapy 
(GK) 

7 Clivus o Transnasal 
o Facial degloving 
o 2x Infundibulotomy 
o 4x Cutaneous 
o Middle ear drainage 

Proton / Photon Ala minor os sphenoid 
Subcutaneous preauricular 
Frontal bone  
Subcutaneous frontal 
Dura mater frontal right 

41 Surgery 
Photon radiotherapy 
(Linac) 

Table 2: Surgical approaches and location of locoregional recurrences. Cutaneous approach was used in subcutaneous recurrence, meaning that the skin was incised 
superficially to the tumour tissue. Patient 5 and 6 did not develop locoregional recurrence, only progression of the primary tumour remnant. Linac = linear accelerator. 
GK = Gamma knife 



 

 
 

Table 3: Radiotherapy data and timing of radiotherapy compared to surgery and development of locoregional recurrence and regrowth of primary tumour. The first 
recurrence area radiotherapy dose is the dose that was delivered to the area where the first diagnosed recurrence appeared. RT = radiotherapy. GyE = Gray Equivalent. 
*due to sparing of the organs at risk.

Patient 
number 

 Primary 
tumour 

dose 
(GyE) 

Number 
of 

Fractions 

Protocol Regrowth of 
primary 

tumour after 
RT (months) 

Number of 
locoregional 
recurrences 

First 
locoregional 
recurrence 

area RT dose 
(GyE) 

Time interval between 
Radiotherapy and first 

locoregional 
recurrence (months) 

Time interval 
between first 
surgery and 

RT 
(months) 

1  74 37 54 GyE + 20 GyE boost 9 4 54 16 5 

2  78 39 56 GyE proton + 20 Gy photon 
boost 

- 2 1 22 18 

3  74 41 Standard skull base chordoma 
protocol 

37 5 50 24 24 

4  74 37 54 GyE + 20 GyE boost No regrowth of 
primary tumour 

2 1 98 23 

5  74 37 48 GyE* + 26GyE boost 31 0 - - 13 

6  74 37 40 GyE* + 34GyE boost 78 0 - - 29 

7  68 34 48 GyE proton + 20 Gy photon 
Boost 

No regrowth of 
primary tumour 

5 1 43 5 

Average  74 37.4 
 

39 3 21 41 17 
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3.4.3.3 Radiation induced side-effects 
The most common early side effect is slight skin reactions. No high grade (≥3) side effects 
were documented. The most common late side effect is brain necrosis. Radiation necrosis 
was visible on imaging in 4 cases, either in the anterior temporal lobe (75%, n=3) or the 
brain stem (25%, n=1). Radiation necrosis was visible as irregular contrast enhancement, 
surrounded by T2 / FLAIR hyperintensity. In none of the cases the radiation necrosis area 
showed restricted diffusion. Perfusion weighted imaging was performed in one of four 
patients, to discriminate between radiation necrosis and tumor progression. No enhanced 
perfusion was calculated. The time interval between radiotherapy and development of 
brain necrosis was between 9 and 34 months (average: 18 months). In one other patient, 
imaging findings were uncertain for either tumor progression or radiation necrosis. Close 
follow-up was necessary to discriminate between the two, as well as tissue biopsy. 
Questionable radiation necrosis lead to either delayed treatment or unnecessary surgery 
in two patients.  Figure 4 shows radiation necrosis and tumor progression in two patients. 
Also, one surgery was performed due to suspicion of tumor progression, which turned out 
to be radiation necrosis, as described above in the surgery section. Table 4 shows the 
radiation-induced side effects per patient. 

 

3.4.4 Follow-up 
3.4.4.1 Imaging protocol 
The standard follow-up protocol was MRI of the cerebrum or cervical spine with T2-
weighted images, T1-weighted images pre- and post-gadolinium contrast, Diffusion 
weighted imaging (DWI) with ADC mapping and FLAIR for the cerebrum and sagittal and 
axial T2 and T1 pre- and postcontrast for the cervical spine. In some cases, T2 STIR was 
added in axial and/or coronal plane. Since not all scans were performed at our hospital, 
our standard protocol was not always used. In some cases, follow-up was performed with 
only T1 weighted imaging post gadolinium contrast.  

Two patients were treated for a chordoma at the craniocervical junction. These patients 
did initially not undergo routine follow-up MRI of the whole cervical spine, although 
imaging of the craniocervical junction in these patients was performed by the cerebral MRI 
protocol.   

 

 



Patterns of recurrence of skull base chordoma after proton-therapy 
 

65 
 

Patient 
no 

Early radiation-induced adverse 
events 

Grade Late radiation-induced adverse 
events 

Grade 

1 • Hearing impairment during 
radiation treatment induced 
by otitis media  

• Slight skin reaction after 
radiation treatment. 

• Partial reversible hair loss of 
the radiation field.  

Grade 
2 
 
 
Grade 
2 
 
Grade 
1 

• Brain necrosis 9 months 
after irradiation  
 

Grade 1 
 

2 • Reversible pronounced right 
cervical erythema without 
desquamation. 

Grade 
1 

No side effects 
 

 

3 
 

N.A.  • Brain necrosis 12 months 
after irradiation  

• Persistent diplopia with 
swallowing disorder  

Grade 3 
 
Grade 3 

4 N.A.  • Brain necrosis 9 months 
after irradiation 

• Epilepsy 

Grade 3 
 
Grade 3 

5 N.A.  No side effects  

6 
 

N.A.  • Brain necrosis 34 months 
after irradiation 

Grade 1  

7 
 

• Reversible moderate 
dysphagia related to oral 
and oropharyngeal 
mucositis 

• Reversible marked right 
facial erythema 

Grade 
2 
 
 
 
Grade 
2 

No side effects  

Table 4: Summary table for the acute and late adverse events after radiotherapy and their grading.  

 

3.4.4.2 Lesions 
During follow-up, a total of 25 lesions were defined in 7 patients, of which 7 primary 
tumors and 18 recurrences. An overview of the lesion locations is illustrated in figure 5, 
and described in table 2. Before start of radiotherapy, macroscopic remnants were visible 
on MRI in 57% (n=4) of patients. During follow-up, recurrence or regrowth at primary site 
occurred in 57% (n=4). Regrowth of this remnant was seen in different directions without 
predilection. Comparing primary tumor progression/regrowth to the radiation field and 
organs at risk, 50% (n=2) of primary tumor progression occurred in the direction of the 
OAR’s, and 50% (n=2) in the direction of the surgical pathway.  
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Figure 4: Two patients with similar enhancement of the medial temporal lobe three years after 
radiotherapy in patient 1, and one year after radiotherapy in patient 2 (circled in A and C). In (A) 
there are also hyperintense foci in the upper cerebellum, which were due to phase encoded pulsation 
artefacts of the carotid artery on both sides and not true enhancement. Follow-up imaging after 
three months showed no differences in patient 1 and imaging after 3 years (B) showed clear 
regression of enhancement of the temporal lobe (arrow). However, this patient had tumour 
progression in the clivus and cerebellopontine cistern on the left side (arrowhead). In patient 2, 
follow-up imaging after three months (D) showed clear progression in enhancement and mass effect. 
Tissue biopsy confirmed that this was tumour progression.  
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Locoregional recurrences were found in 5 patients (71%), whereas 2 patients only 
developed local recurrence. Comparing the recurrences to the prior surgical approaches, 
almost all locoregional recurrences could be related to the surgical cavity. One patient had 
recurrence at the neuroforamen a few levels below the primary tumor, which could be 
regarded a drop metastasis via cerebrospinal fluid or hematogenous metastasis via the 
venous plexus of the vertebral artery. Recurrences were found in or under the cutaneous 
incision, in dissected muscle and fibrous tissue, or in drilled bone. An example of 
subcutaneous recurrence is demonstrated in figure 6, where a bump is clearly visible 
under the surgical scar. Of all 18 locoregional recurrences, the center of the lesion could 
be found in bone in 5 cases, in muscle/fibrous tissue in 6 cases and subcutaneous in 7 
cases. All patients who developed recurrences, eventually developed the recurrences on 
multiple sites. Recurrences were T2 hyperintense in 94%, T2 isointense in 6%, showed 
contrast enhancement in 72%, and showed restricted diffusion in 36%. Comparing first 
description of a lesion in the radiological report to the first visible signal intensity or 
anatomical change in this area on MRI in retrospect, diagnostic delay was on average 76 
days (0 – 449 days). The first diagnosed locoregional recurrence in all patients had 
diagnostic delay (34 – 449 days). This confirms that chordoma recurrences are difficult to 
distinguish from postoperative anatomical distortions.  

No metastasis at distance were found during follow-up. However, no routine radiological 
or nuclear medicine follow-up was performed outside the primary tumor area.  



 

 
 

 

 

 

Figure 5: Overview of all defined chordoma lesions. The primary tumour is marked with a star, locoregional recurrences with a dot. The colour of the 
markings are an estimation of the dose in GyE that was delivered at the site where later the recurrence was visible. All lesions are only marked once in either 
A, B, or C. The location in the figure is an approximation of the actual recurrence location, to fit all the lesions in these three slides. However, the compartment 
of the lesion (subcutaneous, fibrous tissue/muscle, bone) is accurate. 

 

 



 

 
 

  

Figure 5: (A) 3d reconstructed image of an MRI. A subcutaneous recurrence is visible as a bump under the skin, and appointed with an arrow. 
The surgical scar from coronal midfacial approach is also visible and marked with arrowheads. (B) T2 image of the same patient at the level 
of the recurrence. The subcutaneous recurrence is marked with an arrow.  
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3.5 Discussion 
This study describes seven patients who developed local or locoregional recurrence after 
treatment with surgery and proton therapy. Five of these 7 patients developed 
locoregional recurrence. It was unexpected that almost all of the locoregional recurrences 
were related to the surgical cavity. Recurrences in the surgical cavity in skull base 
chordoma have been described in literature as case reports [17-23] and systematic 
reviews [12, 24], however, it remains underexposed. In our hospital, a total of 16 skull base 
chordoma patients received proton therapy after surgery, and 5 patients (32%) showed 
locoregional recurrence. Our series shows that chordoma may recur more often in the 
surgical cavity than previously thought, as surgical cavity recurrence is only described in 
literature in 1.4 to 7.3% of the cases [10, 11, 22, 25, 26]. This difference may be due to the 
fact that there is no clear definition of surgical cavity recurrence. In our study, almost all 
locoregional recurrences could be related to the surgical incision and route of the primary 
tumor resection, had a clear margin between the recurrence and primary tumor. One 
recurrence was considered a drop metastasis with epidural spread via the cervical spine 
in craniocervical junction surgical route. It is not ruled out that this recurrence was due to 
lymphatic or hematogenic spread via the venous plexus of the vertebral artery. However, 
this was the only visible recurrence in this patient at that time. Since chordomas 
metastasize to almost all tissue types with no clear predilection for bone, soft tissue or 
(sub)cutis, some other locoregional recurrences in our study could have been due to 
lymphatic or hematologic tumor spread as well. However, no metastasis at distance were 
seen in our study population. Multiple locoregional recurrences without distal metastasis 
does not correlate well with hematologic tumor spread. Vogin et al. studied 371 patients 
with chordoma, and found ectopic relapses in 13 patients, which is 1.4% of the cases. 
However, only ectopic relapses in patients with stable primary tumor were described. In 
our study, locoregional recurrence with stable primary site was visible in 3 patients. In 
addition, the study of Vogin et al did not classify subcutaneous recurrence as surgical 
cavity recurrence, which we did in our study. Some subcutaneous recurrences were not 
directly under the surgical scar. These recurrences were still considered in the surgical 
cavity, as during surgery the cutis is lifted and retracted and therefore the surgical cavity 
at the cutis is considerably larger than the postoperative changes visible on MRI. Other 
studies might define locoregional recurrences as local recurrence. Another explanation of 
the higher incidence in our study may be a difference in surgical technique between our 
population and literature. Fernandes et al [27] described 2 cases with presumed iatrogenic 
seeding after endoscopic endonasal surgery (EES). The surgical access of this technique is 
much smaller than in open surgery, which may reduce risk of iatrogenic tumor seeding.  
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One patient has developed recurrences in the surgical cavity despite of irradiation up to 
54 Gy. This confirms that chordoma are resistant to radiotherapy if the dose is not high 
enough [7, 28]. This triggers the question whether the surgical cavity should receive a 
therapeutic dose as well. To our knowledge, no previous study has reported radiation of 
the surgical cavity with a dose higher than 65 Gy. Moreover, irradiating the surgical cavity 
may result in more adverse events then we experienced in our cohort. Close follow-up of 
the surgical cavity may be more beneficial to chordoma patients. When recurrences in the 
surgical cavity appear, treating the whole surgical cavity should be considered. 

Our study shows that the surgical cavity seeding should not be underestimated. 
Arnautovic et al [25] described in 2001 the impact of tumor seeding in the surgical cavity, 
and even at distance in the abdominal wall where fat was harvested for facial 
reconstruction. These authors suggest to coat the walls of the operative tunnel with fibrin 
glue and large cotton patties, and all instruments that came in contact with the tumor 
should be considered contaminated. Unfortunately, there is no follow-up data available 
for this surgical technique with regard to surgical cavity seeding. 

Primary chordoma usually start in bone and extend in surrounding tissue. In our study, 
progression/regrowth of the primary tumor occurred in any direction. Bone environment 
was not favorable for locoregional recurrences. Chordoma recurred more or less equally 
in all tissue types (bone, muscle/fibrous tissue, (sub)cutis), without a predilection. This is 
not surprising, as chordoma are known to metastasize at distance in almost any tissue 
type. Kishimoto et al [29] describe chordoma metastasis in bone, lung, liver, lymph node, 
muscle, skin, pleura, cerebellum, cardiac muscle, pericardium, and adrenal gland. 
Although perineural spread has been described in chordoma [30], as is more often the 
case in other head and neck tumors, none of our cases showed perineural spread. 

The chordoma patients in this study had an 5 and 10 year overall survival of 75 and 63%, 
which is in accordance with literature [1, 31, 32]. Also, there were no major demographic 
differences in our population compared to literature. We therefore consider our study 
population to be representative of the European chordoma population.  

Four patients in our study developed radiation necrosis. Radiation necrosis has similar 
imaging features as tumor progression and typically appear on MRI as contrast-enhancing 
areas with central necrotic core, surrounded by hyperintensity on T2/FLAIR due to 
vasogenic oedema [33]. Radiation necrosis typically does not show restricted diffusion, 
with intermediate to high signal intensity on high b-value DWI and high signal intensity on 
corresponding ADC map, a phenomenon known as T2 shine through [34]. Up to 36% of 
the primary tumors/recurrences in our study group showed diffusion restriction on MRI, 
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which makes diffusion restriction in a lesion suspicious for recurrence, but lack of diffusion 
restriction does not confirm radiation necrosis. A limitation of diffusion weighted imaging 
is the close proximity of radiation necrosis and tumor lesions to the skull base, which may 
produce susceptibility artefacts and anatomical distortions at air-bone interfaces on 
traditional echo-planar (EPI) DWI [35]. Although newly developed non-echo-planar-DWI 
(non-EPI) sequences are less susceptible to these artefacts, this technique is more 
sensitive to motion artefacts and slower than EPI [36]. Perfusion-weighted imaging are 
routinely performed in the follow up of high grade gliomas after radiotherapy to 
differentiate between tumor progression and radiation necrosis. To our knowledge, there 
are no studies that have studied the role of regional cerebral blood flow and volume in 
differentiating chordoma from radiation necrosis. Also, the role of 18F Fluoroethyl-L-
tyrosine (FET) or 11C-methyl-L-methionine (MET) PET, which is commonly used in the 
follow-up of high grade glioma [37], has not been evaluated in chordoma. 

 

Table 5: Imaging of chordoma: Lessons learned 

• All prior surgical pathways should be examined during follow up. In cases of 

craniocervical approaches, like far lateral approach, the cervical spine should 

be imaged as well.  

• Reporting of all surgical pathways may aid in early detection of recurrence. 

• The most important follow-up MRI sequence is T2, as only 72% of the 

recurrences show contrast enhancement. Fat suppression sequences can aid 

in early detection of small subcutaneous recurrence, to differentiate from fat 

tissue. 

• DWI is (only) useful in follow-up if other chordoma lesions in the same patient 

show restricted diffusion as well. 

• Radiation necrosis can be difficult to differentiate from tumour recurrence. 

Close follow-up, comparison with prior lesions and radiation field is necessary. 

Table 5: Imaging of chordoma: Lessons learned 

 

This study describes seven patients who developed recurrent disease after the current 
best treatment strategy, being surgery with adjuvant particle therapy. The question 
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remains in what way this treatment strategy can be improved in the future. In our series, 
multiple surgical approaches were necessary to remove as much tumor tissue as possible, 
and to facilitate proton therapy. We suggest that the risk of tumor spread during surgery 
should be taken into consideration and limitation of number of surgeries and approaches 
should be considered. Early detection of locoregional recurrences is difficult but important 
in the follow-up of chordoma and treatment of side effects. Table 5 shows some imaging 
features in follow-up that we experienced to be relevant for early detection of 
locoregional recurrence. In this study, there was a relatively long time interval between 
the first surgery and start of radiotherapy, with an average of 17 months. Nonetheless, 
there is no consensus in literature about the ideal timing of radiotherapy. Considering the 
complexity of therapy, while surgical excision with a margin is not possible and proximity 
of organs at risk limiting radiotherapy, it seems useful to discuss the complete treatment 
plan in a multidisciplinary team after diagnosis, including the management of recurrence 
of the primary chordoma and treatment for locoregional recurrences. This may improve 
the local control and mortality of chordoma patients in the future. 

 

3.6 Conclusion 
In our population, locoregional recurrences occur in the surgical cavity. Our theory is that 
these recurrences are due to microscopic tumor spill during surgery. These cells did not 
receive a therapeutic radiation dose. Improvements in surgical techniques and 
radiotherapy target definition might improve (recurrence-free) survival. A 
multidisciplinary approach may reduce the amount of surgical approaches to a minimum 
and optimize initial tumor treatment. Knowledge of and focus on subtle differences in the 
surgical cavity during radiologic follow-up, may detect recurrent disease in an earlier stage 
and may improve locoregional control. 
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4.1 Abstract 
Background: Chordoma are malignant tumors of the axial skeleton, which arise from 
remnants of the notochord. The Notochord (chorda dorsalis) is an essential embryonic 
structure involved in the development of the nervous system and axial skeleton. 
Therefore, the notochord seems to be the most biologically relevant control tissue to study 
chordoma in molecular biology research. Nevertheless, up to now mainly different tissues 
but not the notochord have been used as control for chordoma, due to difficulty of 
isolating notochordal tissue. Here, we describe a fast and precise method of isolating 
notochordal cells.  

Methods: Examination of human fetuses, with a gestation of 9, 11 and 13 weeks, using 
(immuno)histochemical methods was performed. To isolate pure notochord cells for 
further molecular biology investigation five flash frozen fetuses between 9 and 10 weeks 
of gestation were dissected by microtome slicing. Thereafter pure notochord cells for 
further molecular biology investigation where harvested by using laser capture 
microdissection (LCM). RNA was extracted from these samples and used in quantitative 
PCR. 

Results: This study illustrates notochord of embryonic spines in three different stages of 
gestation (9-11-13 weeks). Immunohistochemical staining with brachyury showed strong 
staining of the notochord, but also weak staining of the intervertebral disc and vertebral 
body. LCM of notochord slices and subsequent total RNA extraction resulted in a good 
yield of total RNA. qPCR analysis of two housekeeping genes confirmed the quality of the 
RNA. 

Conclusion: LCM is a fast and precise method to isolate notochord and the quality and 
yield RNA extracted from this tissue is sufficient for qPCR analysis. Therefore early embryo 
notochord isolated by LCM is suggested to be the gold standard for future research in 
chordoma development, classification and diagnosis. 
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4.2 Introduction 

Chordoma are malignant tumors of the axial skeleton, which occur most frequently at the 
skull base and the sacrum (1). Complete removal of the tumor is often a challenging and 
not always possible mainly at the skull base. A 5 year recurrence is reported in up to 49.7% 
of all cases (2). Chordoma are thought to arise from remnants of the embryonic notochord 
(3, 4). These remnants are destined to remain in the spine throughout life and can become 
malignant at any age, with a median between 53 and 58.5 years (1, 5, 6). Little is known 
about the underlying mechanisms that orchestrate the switch from benign notochord cell 
to malignant chordoma. To study these mechanisms in detail, molecular and cellular 
analysis of chordoma tissue is needed. Notochordal tissue seems to be a reliable control 
for this purpose. However, up to now most studies in chordoma do not use the notochord 
as a control tissue for various reasons. Either it was not available (7), or other types of 
tissue were used such as nucleus pulposus (8-12), which might contain notochordal cells. 
If nucleus pulposus is used, it is important  to use only the tissue of young patients as 
throughout age there is a transition from a notochordal cell rich tissue to that of more 
fibrotic and more populated by nucleus pulposus cells (also defined as chondrocyte-like 
cells, or nucleus pulpocytes). (13) Throughout age, it is shown that the intervertebral disc 
cells do not show notochord-like cells after the age of 8 years, and notochordal cell 
markers disappear almost completely after 25 years. (14)  

Other studies use muscle tissue (15), osteoblast cells (16), blood (7) or other tumors like 
chondrosarcoma (4). Therefore it is essential to develop a feasible method how to isolate 
highly purified notochord cells for further basic investigations. 

The human notochord, also called chorda dorsalis, is an embryologic structure that arises 
from the bilaminar disc in the third week of the gestation. The most important functions 
of the notochord are the patterning of the surrounding ectoderm, mesoderm and 
endoderm (17), as well as the induction of formation of different tissues (neuroectoderm, 
dermatotome, myotome, sclerotome) (18). In the early stages, the notochord is a rod-
shaped structure, positioned where the axial skeleton will form later on. During 
embryogenesis, most notochordal cells are replaced by bone in the vertebral body (19). 
Notochordal cells in the intervertebral discs are considered to be the precursor of nucleus 
pulposus cells. (13) After 8 weeks of gestation, the notochord involutes into clusters in the 
intervertebral disc, which are connected by an acellular sheath (20). After 26 weeks of 
gestation, the notochord becomes less distinct from the intervertebral disc (20). Only few 
studies have been conducted to visualize the notochord in 8 to 13 weeks of gestation 
foetuses (20, 21). To better understand the anatomy of the human notochord in the tissue 
that is provided to us, and to establish which age of gestation is best to be used for 
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dissection, the first part of this study focuses on the notochord from human foetuses of 9 
to 13 weeks of gestation.  

Since the notochord clusters are microscopically small and completely surrounded by 
mesodermal tissue, it is impossible to dissect this macroscopically without significant 
contamination with the surrounding tissue. So far, no study described an adequate way to 
dissect pure human notochordal tissue. The primary aim of this study was to establish an 
easy-to-use protocol to isolate notochord, which can be used as a gold standard for 
collecting control tissue in chordoma research. Our secondary aim was to investigate 
whether the quality of the extracted RNA from this tissue is sufficient for quantitative 
reverse transcriptase polymerase chain reaction (qRT-PCR) analysis. QRT-PCR is a powerful 
tool to provide quantitative measurements of gene transcription, and is commonly used 
in tumor biology. Here, we used laser capture microdissection to isolate the notochord 
from five foetuses between 9 and 10 weeks of gestation. RNA was extracted from this 
tissue and used in a qRT-PCR.  

 

4.3 Materials and methods 

4.3.1 Ethical considerations 
For this study, spines from aborted fetuses were used. Prior to the study, an approval from 
the Medical Ethics committee of Maastricht University Medical Center (MUMC, 
Maastricht, The Netherlands) was received (METC 13-4-043). Patients who underwent an 
abortion for known non-psychological medical reasons were excluded from this study, as 
this could affect the morphology and gene expression of the notochord. The procedure 
was performed in an abortion clinic in Maastricht (Centrum voor Anticonceptie, 
Seksualiteit en Abortus (CASA), Maastricht, The Netherlands). All patients were given 
enough time to consider signing a written informed consent and could withdraw their 
initial approval until just after the procedure. The abortion procedure, performed by the 
medical doctors in the abortion clinic, was exactly the same for patients that were included 
in the study as the patients that did not sign the informed consent, with the only difference 
being that the fetal spine was preserved from the aborted material of included patients. 
These patients were asked to fill in a questionnaire about lifestyle, medication use, and 
hereditary diseases, to minimize the possibility of an abnormal foetus to be included in 
this study. The data and tissue were stored and processed anonymously and could not be 
lead back to the patient by anyone.  
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4.3.2 Notochord visualization and immunohistochemistry: 
For determining the best age of embryo to be used, three aborted foetuses of 9, 11, and 
13 weeks of gestation were collected at the abortion clinic. Immediately after the abortion 
procedure, the aborted material was washed in phosphate buffered saline (PBS) and 
transferred in a glass tray. From this material, the spine could usually be found in one or 
two pieces (figure 1). The spines were fixed in 3.7% formalin for 48 hours, paraffin 
embedded by standard procedure, and cut on a microtome (Leica RM 2245, Nussloch, 
Germany). Five-micrometer sections were cut from paraffin-embedded samples, dewaxed 
in xylene and rehydrated. Histological staining with haematoxylin and eosin was 
performed. Some adjacent sections were immunohistochemically stained with an anti-
brachyury antibody, to confirm the notochord-identity of tissue. (4) In these slides, 
antigen-retrieval was performed in 0.01 M sodium citrate (pH=6.0) in a 99.9°C water bath 
for 15 minutes. The endogenous peroxidase activity was inhibited with 0.3% H2O2 in Tris-
buffered-Saline with Triton (TBS-T) and blocking of nonspecific binding with 3% normal 
donkey serum in TBS-T for 30 minutes at 37°C. The sections were incubated overnight at 
5°C with primary anti-brachyury antibody (Santa Cruz, CA, USA) diluted 1:100 in TBS-T. 
After washing three times in TBS-T an incubation of one hour with secondary antibody 
(Donkey-anti-rabbit; Jackson Immunoresearch Laboratories, West Grove, PA, USA), 
diluted 1:400 in TBS-T was performed. The signal was amplified with avidin-biotin 
complex. To visualize the horseradish peroxide reaction product, the sections were 
incubated with 3,3’-diaminobenzidine tetrahydrochloride with nickel chloride 
enhancement after further washing. The specificity of the primary antibody was tested 
with chordoma samples as positive control tissue, and chondrosarcoma and vestibular 
schwannoma samples as negative control tissue. Also, immunohistochemical reactions 
with chordoma samples without primary antibody were used as negative control.  
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Figure 1: Left: Aborted material in a glass tray. This material was extracted with suction aspiration. 
Most organs and limbs can be identified in this tray aside to placental material. The spine is visible in 
two pieces in the middle of the tray (arrows). Right: Picture of the two pieces of the spine that was 
found in the material after the abortion procedure. The scale bars represent 1cm. 

 

 

4.3.3 Notochord isolation: 
Five spines of aborted fetuses with a gestation between 9 and 10 weeks were flash frozen 
in liquid nitrogen at the abortion clinic, immediately after the abortion procedure. The 
gestational age was estimated by measuring the fetal crown-rump length, because most 
patients did not know the first day of their last menstruation. Ultrasound alone has been 
proven to be even more accurate than a “certain” menstrual date for determining 
gestational age in the first and second trimesters (≤ 23 weeks) in spontaneous conceptions 
(22). The gestational age was quantified as the duration of the pregnancy since the day of 
the fertilisation. The tissue was stored at -80°C. Pieces of the spine was fixed in Tissue Tek 
FSC22. (Leica biosystems, Maarn, the Netherlands; #3801480) Sagittal, 14 µm sections of 
the fetal spine were cut on a cryostat (Leica Microsystems; CM3050S), mounted on normal 
glass slides (Superfrost Plus microscope slides, WVR international, Leuven, Belgium; #631-
0108) and stained with toluidine blue (TB), to determine the position of the section and to 
check for notochord clusters. At first, ten sections were mounted and stained with TB. On 
these sections, vertebrae and intervertebral discs were visible. When approaching the 
centre of the spine, every time, two sections were made and stained with TB, until the 
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notochord was visible. The next ten sections were mounted on a RNase free glass PEN 
membrane slide (Leica Microsystems, The Netherlands; #11505189), which is suitable for 
laser capture microdissection (LCM). Subsequently, one section was mounted on a normal 
glass slide, and stained with TB. If there were still notochordal clusters visible, the next ten 
sections were mounted on one RNase free glass PEN membrane slide. Again, one section 
was cut and mounted on a normal glass slide, and stained with TB. This continued until 
there were no more notochordal clusters visible. The RNase free glass PEN membrane 
slides containing the notochord sections where kept at -20°c all the time and stored for a 
maximum of 4 weeks at -80°C till LCM. 

The slides were transported on dry ice to the laser microdissection system. (Leica 
LMD7000). This system is a contact- and contamination-free method for isolating small 
areas of tissue from glass slides. Prior to the dissection, the slides were stained with 0.5% 
toluidine blue, washed twice with DEPC-treated water and once with 70% alcohol in DEPC-
treated water. A Leica LMD7000 laser microdissection system was used to dissect the 
notochord. The dissected tissue was collected in a 0.5ml Eppendorf tube with 40µl RLT 
buffer containing 1% beta-mercaptoethanol from an RNeasy micro plus kit (Qiagen GmbH, 
Hilden, Germany, #74034). RNA was extracted with the RNeasy micro plus kit according to 
the manufacturer’s instruction. The quantity was tested with a nanodrop ND-1000 
spectrophotometer (Isogen Life Science). cDNA conversion was performed with a 
commercially available cDNA synthesis kit (RevertAid first strand cDNA synthesis kit, 
Thermo Scientific, #K1622), using oligo (dT)18 primers according to the manufacturer’s 
instructions. 

 

4.3.4 qRT-PCR 
Reverse transcriptase quantitative PCR (RT-qPCR) was performed in 96-well plates with a 
lightcycler 480 Real-Time PCR system (Roche applied science, Rotkreuz, Switzerland, serial 
20504). Two housekeeping genes were used (ACTB and YWHAZ). The primer sequence, 
primer efficiency, and amplicon length are listed in table 1. One twentieth of the converted 
cDNA was used per reaction, with 250nM forward/reverse primer and 1x sensimix (SYBR 
No-RCX; #SMT-N-314304) in a 20µl reaction. The reaction conditions were set as: pre-
incubation for 10 minutes at 95°C, followed by 40 cycles of 15 seconds at 95°C, 15 seconds 
at 60°C, and 15 seconds at 72°C. Finally, a melting curve was analysed with a ramp rate of 
0.29°C/s. Three chordoma sample were used as a positive controls. ‘No template’ and ‘no 
reverse-transcriptase’ negative controls were used for each primer. 
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Abbr. Primer Primer sequences 

5’ -> 3’ 

Amplicon 

length 

(Bp) 

Primer 

efficiency 

(%) 

Annealing 

temperature 

(°C) 

ACTB Beta-Actin FW: 

GCACTCTTCCAGCCTTCC

TT 

RV: 

CGTACAGGTCTTTGCGG

ATG 

106 102 60 

YWHA

Z 

Tyrosine 3-

monooxygenase/tryp

tophan 5-

monooxygenase 

activation protein 

FW: 

ACTTGACATTGTGGACA

TCGGA 

RV: 

CAAAAGTTGGAAGGCC

GGT 

86 103 60 

Table 1: Genes and primers used for quantitative PCR 

 

  



 

 
 

 
Figure 2:  A/B/C: Coronal sections of spines of  respectively 9, 11 and 13 weeks of gestation.  The notochord is located in the centre of the 
intervertebral disc. Even though the vertebral body and intervertebral disc grow signif icantly in this gestational period, the volume of 
the notochord stays more or less the same. The notochordal clusters are connected by an acellular sheath (arrowhead), which is best 
visible in f igure A. In f igure B and C, the start of the ossif ication of the vertebral body is visible. The scale bar represents 1mm and is the 
same in al l  f igures, except for the insets. D/E/F: immunohistochemical staining with brachyury (T) of an adjacent section of respectively 
A, B and C. The nuclei of the notochordal clusters are stained with the highest intensity.  However, there is also staining of the 
intervertebral disc and vertebral body.   Abbr.:  NC = notochord; IVD = Intervertebral disc;  Oss = Ossif ication. 
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4.4 Results 
Haematoxylin/Eosin staining was performed on three spines of 9, 11, and 13 weeks of 
gestation (figure 2). The dimensions of the spine are significantly increased in this period. 
The intervertebral disc almost doubles in diameter and the vertebral body shows central 
ossification from 11 weeks. However, the notochordal dimensions remained more or less 
the same. The notochordal clusters are connected by an acellular sheath, which is better 
visible in the earlier stages of the gestation. To further characterize the notochord, an 
immunohistochemical staining with brachyury was performed (figure 2 D/E/F). There was 
a specific staining of the notochord. Unexpectedly, also the surrounding tissue was weakly 
stained with this marker. The immunohistochemical staining was validated by positive and 
negative control tissue. 

 

 

Table 2: Results of quantitative PCR 

 

   
Nanodrop data qRT-PCR data 

Sample # 
Gestational 
age (days) 

Clusters 
dissected ng/ul  

260/28
0  

260/23
0  

Total RNA 
(ng) 

Ct value 
(beta-Actin) 

Ct value 
(YWHAZ) 

1 70 7 15,6 1,62 0,51 171,6 28,33 30,76 

2 60 11 5,99 1,59 0,64 65,89 26,79 28,25 

3 66 14 6,3 1,32 0,65 69,3 34,45 33,06 

4 66 18 8,44 1,49 0,76 92,84 24,24 25,99 

5 70 18 9,07 1,82 0,64 99,77 24,77 26,07 

Average   13,6 9,08 1,568 0,64 99,88 27,72 28,83 
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Figure 3: Toluidine blue staining of a spine before (left) and after (right) LCM. It is clearly visible that 
nothing but the 8 notochord clusters has been cut out of the sections. The cut-out parts seem a little 
bit bigger than the notochordal clusters, which is caused by the intensity of the laser, which has a 
cutting thickness of a few micrometre (D). The scale bars represent 10mm in the upper figures and 
1mm in the lower figures. LCM = Laser capture microdissection. 
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Figure 3 shows an example of a slide before and after the removal of the notochord with 
LCM. All extracted tissue per fetus was pooled and subsequently, total RNA extraction was 
performed. Nanodrop spectrophotometre analysis measured an average of 99.88 
nanogram of total RNA (65.89ng – 171.6ng; table 2). qRT-PCR with beta-Actin primers 
resulted in an average cycle treshold (Ct) value of 27.72 (24.24 – 34.45), and qRT-PCR with 
YWHAZ primers resulted in an average Ct value of 28.83 (25.99 – 33.06). Three chordoma 
samples were used as a positive control for these genes, with Ct values of beta-actin 
between 25.03 and 28.50, and YWHAZ between 28.15 and 31.92. Results of individual 
samples are shown in table 2. With the exception of notochord sample #3, all samples are 
considered good enough for qRT-PCR analysis of genes with lower gene expression. The 
amplification curve and gel electrophoresis of the notochord samples and 1 chordoma 
sample (figure 4) demonstrate that a single product is formed.  

 

 

 

Figure 4: Linear view of the amplification curve of notochord samples in qRT-PCR for beta-actin (left) 
and YWHAZ (right). All samples show a good curve with a baseline, exponential and plateau phase. 
Gel electrophoresis of the PCR products of all five notochord samples and three chordoma samples 
show single bands at the correct height, implicating a single product has formed.  
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4.5 Discussion 
The first part of this study focused on visualizing the notochord of human fetuses from 9 
to 13 weeks of gestation to establish which age of gestation is best used for dissection. 
Sagittal sections of spines from aborted fetuses from 9, 11, and 13 weeks of gestation were 
made and stained with haematoxylin/eosin. In these stages, the notochord was clustered 
in the center of each intervertebral disc and connected to each other with an acellular 
sheath. These results are similar to previous studies (20, 21, 23). Immunohistochemical 
staining of these sections with anti-brachyury antibody, identified the clusters of densely 
stained notochordal cells. However, the surrounding tissue was also weakly stained with 
antibody. This is in contrast to an earlier study (4), in which only the notochord of embryos 
of 6 to 8 weeks of gestation stained positive for this marker, without the surrounding 
tissue. In the current study, we used the same methods and identical primary antibody as 
this study. One difference is that our specimens were 2 to 4 weeks older than in the study 
by Vujovic et al (4). Another study (24) immunohistochemically stained fetal spines of 12 
to 40 weeks of gestation with brachyury, with no staining of notochord or surrounding 
tissue. Possibly, the notochord is only positive for this marker in the early and not in the 
later stages. Furthermore, this antibody may not be specific enough for brachyury, 
although there was no staining in all negative control tissue samples.  

The other aim of the study was to isolate RNA from notochordal tissue, to use as control 
tissue for chordoma studies. In our experimental setup, notochord from fetuses of 9 to 10 
weeks of gestation appear to be the best stage for dissection with this technique. Before 
the age of 9 weeks, the spine is too small to be distinguished within a sufficient time span 
adequately from other abortion material. This tissue could be obtained by using aborted 
fetuses that have been extracted by using an abortion pill. However, this tissue is deceased 
for at least a few hours, which leads to significant gene expression changes. Also, this 
tissue is usually not brought back to the abortion clinic. Notochord in a later stage (>13 
weeks of gestation) is also more difficult to find, due to legal restrictions to gestational age 
in abortion. Also, in this stage, it is more difficult to distinguish the notochord from nucleus 
pulposus tissue.  

Spines of human fetuses between 9 and 10 weeks of gestation were collected and flash 
frozen within 20 minutes after the procedure, which preserved the RNA quality. The 
biggest strength of this technique is that almost every notochordal cell in the spine, with 
minimal contamination with surrounding tissue, can be dissected. This improves the 
quality of the control tissue significantly. The notochord in this stage is clearly 
distinguishable from the surrounding tissue, so there will be nearly no contamination with 
other cells. Nanodrop analysis resulted in an average yield of 99.88 nanogram of total RNA. 
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However, the 260/280 and 260/230 ratios are very poor, which makes these results less 
reliable. Nonetheless, qRT-PCR resulted in low Ct values in 4 out of 5 cases, which makes 
this RNA suitable for analysis, also for genes with low expression levels. Because only 10% 
of the cDNA was used for these reference genes, at least 10 genes can be tested with qRT-
PCR per notochordal sample.  

This is the first study that describes a method that can be routinely used for dissection of 
pure fetal notochordal tissue to use as a control for chordoma research. In an earlier study 
(15) notochord was used as control tissue for miRNA expression analysis, but it was not 
describe how and in what stage of gestation this tissue was collected. Furthermore the 
purity of tissue was vague. Another study (25) used LCM to isolate notochordal tissue from 
aborted fetuses of 24 to 27 weeks of gestation. This method cannot be routinely used, as 
this gestational material is not available in a regular manner. In addition, the time between 
abortion and freezing of the spine is significantly longer, since the intervertebral disc has 
to be cut out of an intact foetus. Moreover, every intervertebral disc has to be cut out 
separately and only few sections can be mounted on one glass, considering the volume of 
the intervertebral disc. In current study design, one section can contain multiple 
notochordal clusters and many sections can be mounted on one glass membrane. This 
does not only reduce costs, it’s also easier and less time consuming. Furthermore, this 
gestational period correlates with a viable human being, which might impede ethical 
approval. Finally, the notochord disappears with increasing age, and becomes less 
distinctive from the intervertebral disc (20).  

The main purpose of the study was to establish a sound method to isolate control tissue 
for chordoma research. However, the question of the ideal stage of gestation that can be 
used as control tissue for chordoma remains unanswered. Even though 9 to 10 weeks of 
gestation may be the easiest to dissect with LCM, that this is the best control tissue for 
gene expression studies in chordoma was impossible to show. Furthermore, not only the 
stage, but also the location can influence the transcriptome. Possibly, notochordal tissue 
from the cervical vertebrae can serve as a better control tissue for skull base chordoma, 
and notochord in the lumbar region for sacral chordoma. Future research should 
investigate this hypothesis, as this technique could be used to collect all the clusters of the 
notochord separately. Finally, only one spine per age of gestation was investigated. There 
may be a variance in notochordal dimensions between fetuses, although we do not expect 
this to be a significant difference. In our opinion, the quantity and quality of total RNA can 
be improved in the LCM step. Immediately after the abortion procedure, the tissue is 
frozen. Also, cutting on the cryostat is in frozen condition. However, during staining with 
toluidine blue and LCM, the slides are at room temperature, facilitating RNA degradation 
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by RNase. In current study, this period was around 30 minutes. If this step can be 
shortened in a way, we believe that the quality and quantity would improve significantly. 

Working with aborted material requires ethical consideration. We emphasize that the 
abortion procedure was not altered in any way when patients were included in the study. 
The patients were informed of the study, only after they made their final decision to 
proceed with the abortion, so this decision could not be influenced by the study. The only 
difference between inclusion/exclusion in the study was that of the aborted material of 
participants the spine was collected and analysed. The remaining tissue was disposed of 
by standard human tissue disposal procedures.  

We suggest this procedure as a gold standard for collecting control tissue for chordoma 
studies. Because abortions of fetuses in this stage of gestation can be planned, and the 
tissue can be frozen immediately after the procedure, this is an excellent method to 
preserve tissue quality. Because the total size of the fetal spine is relatively small, sections 
of a foetal spine with at least 7 intervertebral discs (i.e. notochordal clusters) can be cut 
and mounted on the same glass. LCM is a fast, user friendly, and state-of-the-art 
technique, which is perfectly suitable for dissection of this kind of tissue. Without an 
amplification step, RNA isolated from these spines can be used in qRT-PCR. Using the here 
presented method, also DNA, proteins and miRNA can be extracted.  

Since there is insufficient knowledge about the driving factors behind the formation of 
chordoma from notochord, this high quality control tissue may play a key role in 
understanding these molecular mechanisms. Understanding these mechanisms can 
facilitate the development of new targeted treatment and improve the treatment 
outcome of patients with chordoma. 
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5.1 Abstract 
Aims: Chordoma are rare slow-growing tumors of the axial skeleton, which are thought to 
arise from remnants of the notochord. The pathogenesis of chordomas is largely unknown, 
yet assessment of gene expression levels by quantitative real-time polymerase chain 
reaction (qRT-PCR) is hampered due to a lack of validated reference genes. 

Methods: The expression of twelve candidate reference genes (ACTB, B2M, T, EF1a, 
GAPDH, HPRT, KRT8, KRT19, PGK1, RS27a, TBP and YWHAZ) was analyzed by qRT-PCR in 
flash frozen chordoma samples from eighteen patients. GeNorm and NormFinder 
algorithms were used to rank the stability of the genes. 

Results: From most to least stably expressed, the top six genes found by geNorm were: 
PGK1, YWHAZ, ACTB, HPRT, EF1A and TBP. When analyzed by NormFinder, the top six 
genes were:  ACTB, YWHAZ, PGK1, B2M, TBP and HPRT. GAPDH alone, which is often used 
as a reference gene in chordoma gene expression studies, is not stable enough for reliable 
results. 

Conclusion: In gene expression studies of human chordomas PGK1, ACTB and YWHAZ are 
more stably expressed, and therefore are preferred reference genes over the most often 
used reference gene so far, GAPDH. 
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5.2 Introduction 
Chordoma are rare tumors of the axial skeleton, which are thought to arise from remnants 
of the embryonic notochord (1, 2). The molecular mechanisms that drive the 
transformation of these benign cells to malignant chordoma remain unknown. Gene 
expression studies in chordoma research often use quantitative real-time polymerase 
chain reaction (qRT-PCR), which is a powerful tool to provide quantitative measurements 
of gene transcription. The greatest advantages of this technique are the sensitivity and the 
accurate quantification (3). Because this technique is ultra-sensitive, even a small error, 
such as a pipetting error, variations in RNA extraction or reverse transcription efficiency, 
can lead to a misinterpretation of the results (4). Sample preparation for reverse 
transcriptase PCR is a multi-step process, which results in a variable RNA quality. There are 
several ways to evaluate the RNA quality and quantity, but such methods provide only an 
indication of total RNA quantity (5). An internal control (a.k.a reference gene) is necessary 
to normalize for variations that are introduced by the multitude of steps in this protocol. 
Ideally, the reference gene should not be regulated or influenced by the experiment. By 
now, multiple studies have shown that the use of several reference genes is more reliable 
than a single reference gene (6, 7). Thus, normalization against a single reference gene 
should only be applied when there is clear evidence that confirms the invariant expression 
under the experimental conditions (8). Therefore, a validation of reference genes is 
advisable when analysing a new tissue type or experimental condition (9). For gene 
expression experiments, the choice of suboptimal reference genes may lead to 
irreproducible results (10).  

In chordoma, different reference genes have been used for normalization (2, 11-13). 
However, to our knowledge, none of these studies validated the stability of the applied 
reference genes in chordoma.  Here, we evaluate twelve candidate reference genes in skull 
base chordoma samples obtained from 18 patients. 

  

5.3 Materials and methods 

5.3.1 Samples 
Eighteen skull base chordoma tissue samples from 18 patients were collected in the course 
of resective therapy in the operation room. Upon collection, samples were flash frozen in 
liquid nitrogen immediately. A pathological diagnosis was made based on the World 
Health Organization classification of tumors. All tumors were diagnosed as a classical 
chordoma. 
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5.3.2 RNA isolation and cDNA synthesis 
RNA was extracted from 30mg of tissue with TRIzol® reagent (Invitrogen, Lot no. 
10531501).  After phase-separation with chloroform, the aqueous phase was mixed with 
1 volume of isopropanol. The RNA was pelleted and washed twice with 75%, once with 
100% ethanol, and dissolved in 30µl DEPC treated water. RNA purity and yield were 
estimated by optical density, using a NanoDrop ND-1000 spectrophotometer (Isogen Life 
Science). Trace amounts of DNA were removed by DNase I with a commercially available 
kit (#EN0521, Thermo Scientific) using 1µg RNA and 1U DNase I per reaction in a reaction 
volume of 11µl, according to the manufacturer’s protocol. DNase-treated RNA (1µg per 
reaction) was then used as a template for cDNA synthesis, using a RevertAid first strand 
cDNA synthesis kit (Thermo Scientific, #K1622, The Netherlands), containing oligo (dT)18 
primers, according to the manufacturers’ protocol. A minus-reverse transcriptase (-RT) 
control was made for one sample to exclude genomic DNA contamination. All samples 
were diluted 1:5 and 1:50 in RNase free water, and then stored at -80°C until further 
analysis.  

 

5.3.3 Primers 
Twelve primers were designed to span an exon-intron boundary to exclude genomic DNA 
amplification. Reference genes were selected from different functional classes to avoid co-
regulation. The forward and reverse primer sequences are listed in table 1. PCR efficiency 
for each primer pair was measured by a standard curve, via serial dilutions of cDNA. Primer 
sequences, efficiency, and amplicon length are listed in table 1. 

5.3.4 qRT-PCR:  
Reverse transcriptase quantitative PCR (RT-qPCR) was performed in a 96-well plate using 
a lightcycler 480 Real-Time PCR system (Roche applied science, Mannheim, Germany). The 
reaction conditions were set as: pre-incubation (5 min at 95°C), followed by 40 cycles of 
15 seconds at 95°C and 60 seconds at 60°C. Finally, a melting curve was analyzed with a 
ramp rate of 0.29°C/s. The reaction volume was 20µl, with 10µl SYBR green mastermix 
(Roche Diagnostics GmbH, Mannheim, Germany, #13953820), 200nM forward/reverse 
primers and 2µl of either 1:5 or 1:50 diluted cDNA, depending on gene expression. Per 
reference gene, all samples were measured in the same run in duplicate. Product 
specificity was confirmed by analysing by the melting peak. Two negative controls were 
analyzed, one containing only the reaction reagents but no template and the –RT control. 



Validation of reference genes in human chordoma 
 

101 
 

 

Abbr. Primer Primer sequence (5’-3’) Amplico

n length 

(Bp) 

Primer 

efficiency (%) 

ACTB Actin-beta FW: GCACTCTTCCAGCCTTCCTT 

RV: CGTACAGGTCTTTGCGGATG 

106 95 

B2M Beta-2-microglobulin FW: CTGCCGTGTGAACCATGTGA 

RV: TCATCCAATCCAAATGCGG 

108 100 

T Brachyury FW: AACGGCAGGAGGATGTTTC 

RV: GTTCACGTACTTCCAGCGGT 

120 85 

EF1a Eukaryotic translation 

elongation factor 1 alpha 

FW: AAGCTGGAAGATGGCCCTAAA 

RV: AAGCGACCCAAAGGTGGAT 

116 101 

GAPDH Glyceraldehyde-3-

phosphate dehydrogenase 

FW: ACAGTCAGCCGCATCTTC 

RV:  CCAATACGACCAAATCCGTTG 

99 107 

HPRT Hypoxanthine 

phosphoribosyltransferase 

1 

FW: AATTGACACTGGCAAAACAATGC 

RV: GGTCCTTTTCACCAGCAAGCT 

97 97 

KRT8 Keratin 8 FW: GGCTATGCAGGTGGTCTGAGC 

RV:  TTCCCATCACGTGTCTCGATCT 

164 91 

KRT19 Keratin 19 FW: AGAGGTGAAGATCCGCGACTG 

RV: ACAATCCTGGAGTTCTCAATGGTG 

132 103 

PGK1 Phosphoglycerate kinase 1 FW: TGGAGCTCCTGGAAGGTAAAG 

RV:  AAGTTGACTTAGGGGCTGTGC 

102 100 

RS27a Ribosomal protein S27a FW: GGTTAAGCTGGCTGTCCTGAA 

RV:  AGAAGGGCACTCTCGACGAA 

79 102 

TBP TATA box binding protein FW: TGCACAGGAGCCAAGAGTGAA 

RV:  CACATCACAGCTCCCCACCA 

132 101 

YWHAZ Tyrosine 3-

monooxygenase/tryptoph

an 5-monooxygenase 

activation protein 

FW: ACTTGACATTGTGGACATCGGA 

RV:  CAAAAGTTGGAAGGCCGGT 

86 107 

Table 1: Primers, the calculated amplicon length and the primer efficiency for the genes analyzed in 
this study. 
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5.3.5 Analysis 
RNA copy numbers were quantified using the comparative delta-delta-Ct method. The 
expression stability was tested with GeNorm (14) and NormFinder software (15). GeNorm 
software ranks all tested genes with an expression stability measure (M-value). This 
measure is established by a pairwise comparison of the variation of one reference gene to 
that of the combination of all reference genes. This is based on the idea that two ideal 
reference genes should have an identical expression ratio in all samples, regardless of 
experimental condition or cell type. (14) The lower the M-value, the more stable the gene. 
The geNorm algorithm also determines the optimal number of reference genes (V-value), 
using pairwise variation analysis.  GeNorm analysis was performed with qbase plus 
software, version 3.0 (Licence id: 33732).  

Similarly, in NormFinder, genes with the lowest stability value have the most stable 
expression. However, unlike the geNorm algorithm, this algorithm does not calculate an 
optimal number of reference genes. The Microsoft Excel-based applet NormFinder 
(version 0.953) was used as described in a previous study (15).  

  

5.4 Results 
Twelve potential reference genes (ACTB, B2M, T, EF1a, GAPDH, HPRT, KRT8, KRT19, PGK1, 
RS27a, TBP and YWHAZ) were tested for expression stability on 18 flash frozen chordoma 
samples in duplicate. mRNA copy numbers were calculated using the delta-delta Ct 
method and the standard curve (16). The average Ct values ranged from 22.6 in EF1a to 
29.6 in TBP (figure 1). RS27a expression was detected with the smallest standard deviation 
(2.3) and the most narrow range (21.7 – 29.1). Keratin 19 had the highest standard 
deviation (3.6) and the widest range (20.2 – 31.9).  

Under these experimental conditions, geNorm analysis showed that PGK1, YWHAZ and 
ACTB were the most stably expressed, whereas Brachyury was the least stable gene (figure 
2). As expected for reference genes, the average M value of the 12 cadidate genes was 
below 1.0. To select the genes that are most suitable for reference purposes, we made a 
pairwise variation analysis (figure 3). By definition, geNorm applies a cut-off V-Value of 
0.15. In this study, the V5/6 value is the first value below 0.15, which means there is no 
added value of using six reference genes over five. In order of most stable to least stable, 
geNorm analysis revealed that the five most stable genes are PGK1, YWHAZ, ACTB, HPRT, 
and EF1a. 

 



Validation of reference genes in human chordoma 
 

103 
 

 

Figure 1: Boxplot of the tested reference genes. The horizontal line marks the median, the box 
indicates the 25/75 percentiles and the whisker caps indicate the 10/90 percentiles. The y-axis shows 
the Ct values of the different reference genes. 

 

NormFinder analysis showed ACTB to be the most stably expressed reference gene, 
followed by YWHAZ, PGK1, B2M, and TBP (figure 4). However, this programme does not 
permit the calculation of the optimal number of reference genes necessary to obtain a 
reliable normalizing factor. Yet, when geNorm and NormFinder data were compared, 
ACTB, YWHAZ, PGK1, TBP and HPRT were found in the top 6 most stably expressed genes 
of both analyzes (table 2). Also the 3 genes that were least stable (Brachyury, Ker8, and 
Ker19) were the same in both algorithms.  
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Figure 2: GeNorm gene stability analysis. On the horizontal axis, the analyzed genes are distributed 
from least (left) to the most stable expressed gene (right). The stability is quantified with a GeNorm 
M value, as indicated on the y-axis. 
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Figure 3: GeNorm determination of optimal number of reference genes, indicated by a GeNorm V 
value. This algorithm analyzes the stability when using multiple reference genes, and uses a cut-off 
value of 0.15 (indicated by a red line). When comparing the stability of 6 reference genes over 5 
(V5/6), the value is 0.15, which means that there is no additional value of the usage of 6 reference 
genes. The most optimal number of reference genes is therefore 5. 
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Figure 4: NormFinder gene stability analysis. On the horizontal axis the analyzed genes are 
distributed from the least (left) to the most stable gene (right). The y-axis marks the stability value. 

 

 
Stability rank Normfinder GeNorm 

1 ACTB PGK1 

2 YWHAZ YWHAZ 

3 PGK1 ACTB 

4 B2M HPRT 

5 TBP EF1A 

6 HPRT TBP 

Table 2: Ranking from the most to least stable expressed top 6 reference genes as analyzed by 
NormFinder and geNorm. 
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5.5 Discussion 
In qRT-PCR, the analysis of constitutively expressed genes is often used to calibrate the 
expression level of genes of interest. As the expression of genes can vary per tissue type 
and experimental condition, the choice of reference genes may warrant a validation 
experiment. To the best of our knowledge, there is currently no data on the required set 
of reference genes to study gene expression in chordoma. In this study, we evaluated 
twelve candidate reference genes in flash frozen chordoma samples, by using the 
frequently used algorithms geNorm and NormFinder.  

Using the cutoff V-value 0.15, geNorm analysis indicated that the optimal set of reference 
genes consisted of PGK1, YWHAZ, ACTB, HPRT and EF1a. In combination with the 
NormFinder data, the ultimate set of reference genes is ACTB, YWHAZ, PGK1, TBP and 
HPRT. These results confirm the idea that chordoma are a very heterogenous group of 
tumors, since not just one or two but five reference genes are required.  

Glyceralde-3-phosphate-dehydrogenase (GAPDH) has been frequently used as reference 
gene, including in many chordoma studies (11-13, 17).  Here, we show that GAPDH as a 
single reference gene is not reliable enough for qPCR analysis. Indeed, also more recent 
studies suggest that GAPDH is not stable enough to be considered as reference gene in 
many different tissues (18, 19). For instance, it is reported that GAPDH is upregulated in 
hypoxia (20), and that GAPDH expression in breast cancer can be used as a prognostic 
marker (21). Thus, normalizing qRT-PCR results to this reference gene may cause bias. 
Gene expression studies in chordoma that have used GAPDH as a reference gene may 
therefore be difficult to reproduce. 

In this study, we only used chordoma with brachyury expression. By 
immunohistochemistry, 81.1 to 100% of all chordoma are shown to be positive for 
brachyury (2, 22, 23). Brachyury-negative chordoma may therefore be considered as a 
biologically distinct atypical subgroup (2, 22, 24). In the current study, we therefore 
excluded samples that did not show brachyury immunoreactivity. Even though Brachyury 
expression was present in all our analyzed chordoma samples, it is not stably expressed 
and thus not suitable as a reference gene. This observation is in line with a recent study, 
in which brachyury protein levels examined by immunohistochemistry were highly 
variable (25).  

 

In this study, only tissue from skull based chordomas was used. We therefore cannot rule 
out possible differences in gene expression between cranial, sacral or mobile spine 
chordoma. To our knowledge, there are also no studies that have compared the gene 
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expression levels of chordoma in different locations. Another limitation of our study is that 
gene expression studies usually require control tissue. Since chordoma arise from 
remnants of the fetal notochord, this tissue can be considered as most suitable control. 
However, as notochord is difficult to dissect many studies have used nucleus pulposus 
tissue because it may still might contain some notochordal cells (26). As we did not 
evaluate the stability of reference genes in control tissue, we suggest to evaluate ACTB, 
YWHAZ, PGK1, TBP and HPRT as candidates for these studies.  

 

5.6 Conclusion 
This is the first study that evaluated a panel of potential reference genes for chordoma. 
Using the geometric mean analysis of PGK1, ACTB, YWHAZ,  TBP and HPRT as reference 
genes allows a reliable interpretation of qRT-PCR data. The use of GAPDH as a single 
reference gene may cause irreproducible results. 
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6.1 Main aim of the thesis 
The main aim of the thesis was to better understand the clinical behaviour of skull base 
chordoma, which was studied from different perspectives. These different perspectives 
are visualized in figure 1. As imaging characteristics are a reflection of histology, which are 
the reflection of the molecular signature of chordoma cells, these different perspectives 
are all connected. Therapy directly influences the clinical behaviour of chordoma, but may 
also influence imaging characteristics, histology and molecular biology. The recurrence 
patterns were studied in this thesis and were correlated with received therapy to better 
understand the effects of the therapy. Understanding the pathogenesis of chordoma is 
crucial in understanding the clinical behaviour. Difference in pathogenesis in chordoma 
patients might lead to different molecular drivers which may explain the difference in 
clinical outcome. The notochord was studied and a method was developed to harvest 
notochordal tissue that can be used in gene expression studies. Studying this notochordal 
tissue may greatly enhance our understanding of the notochord and in extension the 
behaviour of chordoma. 

 

 

Figure 1: Overview of discussion 
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Understanding the clinical behaviour may also influence treatment and follow-up. 
Chordoma are in general slow-growing lesions and not all chordoma show recurrences. 
Due to the location in the central skull base and craniocervical junction, treatment side 
effects in this crucial area should not be underestimated. Therefore, risk stratification is 
an important aspect in the treatment of chordoma and patients with high risk of 
recurrence may be treated more aggressively than patients with low risk of recurrence.  

 
 

6.2 Imaging  

6.2.1 Diagnosis and prognosis 
Chordoma imaging features were studied in this thesis. Computed tomography (CT) 
presentation of chordoma show osteolytic lesions with soft tissue extension. The bulk of 
the tumour is located in the midline of the patient, in contrast to chondrosarcoma, which 
have a typical off-midline appearance. On MRI, chordoma have variable signal intensity on 
T1-weigthed imaging, classically generally low to intermediate signal intensity, with 
sometimes small foci of hyperintensity, correlated with mucus or haemorrhage (1). On T2 
weighted imaging, chordoma show high signal intensity with heterogeneous hypo-
intensity, which may also be associated with mucus, haemorrhage or calcification. 
Furthermore, chordoma show moderate to marked gadolinium contrast enhancement 
with honeycomb appearance. However, not all chordoma show these typical imaging 
features. We confirmed the variability of imaging features in our chordoma cohort of 
primary tumour and locoregional recurrences. We found that chordoma show different 
levels of enhancement, and T2 weighted imaging intensity ranges from isointense to very 
hyperintense. There are variable apparent diffusion coefficient (ADC) levels on diffusion 
weighted imaging. In general, chordoma show lower ADC values than chondrosarcoma. 
Recurrences show contrast enhancement in 72% of cases and are T2 hyperintense in 94%. 
An interesting characteristic is the presence of restricted diffusion in the tumour, which is 
present in 32% of the metastatic chordoma in our series. The difference in imaging reflects 
the difference in histology and possibly clinical outcome. However, our cohort was not 
large enough to extract prognostic imaging features. Radiomic features may become an 
important tool in planning treatment strategies in the future. More research is needed to 
develop radiomic signatures in chordoma that can be used as biomarker, as well as 
standardized segmentation techniques and software for analysis. Future studies are also 
needed to connect multimodality-imaging characteristics to histology, molecular biology, 
treatment and clinical outcome. This would provide a powerful tool to develop individual 
treatment strategies in the future. Because of the vicinity of critical organs and structures, 



General discussion 

115 
 

surgery and radiotherapy are high risk procedures which can be applied with less margin 
when patients are not expected to develop recurrences.  

Further advances in MRI resolution and development of new sequences may lead to 
detection of more benign notochordal cell tumours (BNCT). Most BNCT are very small in 
size (<2mm) (2) and therefore currently often not visible on MRI, advances in imaging 
techniques and higher resolution imaging may visualize this entity more in the future. The 
classic presentation of BCNT on MRI is low signal intensity on T1-w, high signal intensity 
on T2-w, without soft-tissue extension or contrast enhancement (3). BNCT on CT are occult 
or show slight sclerosis without bone destruction (4). A recent study (5) showed that these 
radiologic criteria are not always present in BCNT, and BNCT do show contrast 
enhancement in some cases, as well as bony erosion and soft tissue expansion. To make it 
even more complex, pathological analysis after biopsy also does not always correctly 
differentiate between BNCT and chordoma, which both express the same 
immunohistochemical markers like brachyury, vimentin, epithelial markers and S-100 
protein (6). Follow-up of a small clival lesion with typical characteristics of BNCT can be 
advised, to assure that there is no malignant transformation over time. Subsequently, 
growth or development of atypical features may justify biopsy or surgical resection. 
However, there are no long-term follow-up studies of BNCT and the question remains 
whether follow-up is beneficial. Not only the cost-benefit needs to be taken into account 
in future studies, also the emotional burden of uncertainty for the patient. Also, sufficient 
knowledge of this entity by treating physician and radiologist is needed to discriminate 
BNCT from chordoma.  

 

6.2.2 Follow-up imaging 
One of the aims of this thesis was to study the patterns of recurrence. Surprisingly, almost 
all recurrences could be related to prior surgical trajectory. Local recurrence is the most 
common form of treatment failure (7). Recurrences in the surgical cavity is considered rare 
in literature, and is described in 1.4 to 7.3% of cases (7-11). In our series, surgical cavity 
recurrence occurred in 32% (n=5) of patients that were treated with maximal surgical 
resection and proton therapy. There is most likely a difference in definition of surgical 
cavity recurrence between our series and literature. One study did not consider 
subcutaneous recurrences as related to surgical cavity, but defined these as cutaneous 
metastases. Other studies might define a recurrence in the vicinity of the primary lesion 
as local recurrence, and not locoregional recurrence. Nonetheless, knowing the surgical 
trajectories during follow up imaging assessment may aid in early detection of newly 
developed lesions. This includes the evaluation of the entire surgical scar. In craniocervical 
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approaches to the clivus or craniocervical junction, the surgical scar may expand down to 
the caudal cervical spine. Not only follow-up of the primary tumour region should be 
performed, imaging of the cervical spine down to the lowest level of the surgical incision 
should be performed as well. The most important sequence in chordoma follow-up is T2 
weighted imaging. Almost all chordoma recurrences showed high T2 signal in our series, 
in contrast to 72% of recurrences that show gadolinium contrast enhancement.  

In this thesis, we show that follow-up imaging of treatment effects and side-effects can be 
challenging. Locoregional recurrences might be difficult to distinguish from postoperative 
distortions in anatomy and lead to unnecessary treatment or even treatment delay. 
Radiation necrosis can be difficult to differentiate from tumour recurrence. Close follow-
up, comparison with prior lesions and the radiation field is necessary. The use of DWI 
imaging might be useful to detect locoregional recurrences and differentiate recurrences 
from radiation necrosis, as the latter generally does not show restricted diffusion.  

 

6.3 Pathogenesis  
Chordoma are thought to arise from remnants of the foetal notochord, either through 
malignant transformation of BNCT or directly form remnant cells (12, 13). Either way, 
studying the notochord is essential in unravelling the mechanisms that cause the switch 
from benign notochordal cells to malignant chordoma. In this thesis, the notochord of 
human foetuses was studied between 9 and 13 weeks of gestation. The goal of this study 
was to find the best age to dissect notochordal tissue that can be used for gene expression 
studies. Foetuses before the age of 9 weeks of gestation were too small to easily isolate 
the notochordal tissue and in foetuses after the age of 13, the notochord was too 
fragmentated for isolation. In this method, the age between 9 and 10 weeks of gestation 
was ideal to dissect notochordal tissue. Using laser-capture microdissection, qualitative 
RNA could be extracted and used in gene expression studies. This is the first study to 
describe a method to harvest notochordal tissue. Due to ethical and legal considerations, 
our method is not suitable in all countries. Some studies have claimed to have used 
notochordal tissue as control samples in chordoma studies (14, 15). However, these 
studies did not describe how the tissue was harvested or what age of gestation was used.  

The dissected notochordal tissue was not used to study the pathogenesis of chordoma in 
this thesis. One of the most interesting genes to study in the notochord is the transcription 
factor brachyury. Brachyury is considered one of the most important proteins in the 
pathogenesis of chordoma, and is very specific to notochord and all notochordal tumours 
(16). Duplications of the brachyury allele are often present in familial chordomas and some 
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sporadic chordomas (17, 18). Also, a common genetic variant in brachyury (single 
nucleotide polymorphism: rs2350089) was associated with increased risk of sporadic 
chordoma (19). Brachyury is a transcription factor and master regulator of multiple genes, 
and binds to 99 direct targets and indirectly influences the expression of 64 other genes 
(20). Many of these genes are associated with cell cycle and expression of multiple growth 
factors and cytokines. Even though these genes have been studied in chordoma, the role 
of these genes in the notochord has not yet been studied. Future studies can use this 
method to isolate notochordal tissue to study these and other genes in chordoma to better 
understand the pathogenesis. 

 

6.4 Driving mechanisms  
The driving mechanisms of skull base chordoma are probably one of the most important 
aspects of the clinical behaviour of chordoma. These driving mechanisms likely vary 
between patients, which could explain the difference in clinical outcome. Not only tumour 
growth rate, ability to invade surrounding organs and structures, but also the potential of 
tumour cells to form locoregional metastasis or metastasis at distance differs between 
patients. There are some oncogenic pathways known in chordoma. Epidermal growth 
factor receptor (EGFR) is a well-known oncogenic driver in multiple types of cancer, with 
HER2 as a family member playing a major role in the treatment of breast, stomach, and 
lung cancer (21-23). EGFR and EGFR ligands have also shown to be highly expressed in 
around 69% of chordoma samples and cell lines (24-27). This finding also shows that 31% 
of chordoma do not express EGF receptors, which proves that there are more oncogenic 
drivers in chordoma. The aforementioned transcription factor brachyury is not only 
associated with pathogenesis of chordoma, it is also an important tumour driver and is 
expressed in nearly all chordoma (16, 28, 29). Knockout of brachyury in chordoma cell lines 
and xenografts results in growth arrest and senescence (30, 31). Brachyury is therefore an 
interesting target for medical therapy in chordoma.  

Brachyury is highly variably expressed in chordoma (32, 33), which we confirmed in this 
thesis. Higher levels of brachyury are associated with shorter progression free survival in 
chordoma patients (33), although the precise molecular mechanisms remain unknown. As 
mentioned earlier, brachyury is a transcription factor that regulates many genes that are 
associated with cell cycle and expression of growth factors and cytokines. Overexpression 
of brachyury in carcinoma cells also induces morphological changes of the cells, resulting 
in a mesenchymal phenotype. This process is called epithelial-mesenchymal transition 
(EMT) (31). Epithelial-to-mesenchymal transition (EMT) is a process of cell remodelling, 
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which is crucial for embryogenesis, such as gastrulation and organogenesis in embryos, as 
well as wound healing in the adult (34, 35). During EMT, epithelial cells lose their epithelial 
characteristics and develop a spindle shape mesenchymal morphology and express 
markers that are associated with the mesenchymal state, notably N-catherin, Vimentin 
and Fibronectin (36). Mesenchymal cells are highly migratory and show invasive 
phenotype in human epithelial tumour cells (37). More recently, EMT has also become 
associated with cancer progression, metastasis, and therapy resistance (38, 39). Brachyury 
silencing in chordoma cell lines rendered the morphology of chordoma cells into a more 
differentiated-like state, with reduced mesenchymal markers like N-Cadherin and Slug 
(30). Brachyury silencing in lung cancer cell lines, reduced expression of mesenchymal 
markers, migration, invasion, and diminished the ability to form metastases in a xenograft 
model (37). Lung cancer cell lines that have an increased expression level of brachyury 
have also been associated with increased resistance to cisplatin, vinorelbine, docetaxel 
and radiation therapy (40). This finding may explain why chordoma are resistant to 
conventional chemotherapy and only sensitive to high dose radiotherapy.  

Chordoma are tumours with a heterogeneous microenvironment, showing dual epithelial 
and mesenchymal differentiation. EMT may therefore be a relevant process in chordoma. 
Chordoma cells that show more mesenchymal characteristics may have a higher chance 
to survive in the surgical pathway and show more resistance to radiation therapy. This 
could explain the shorter progression free survival rate in patients with higher levels of 
brachyury (33). More research is needed to compare the molecular signature of metastatic 
chordoma with the primary tumour. 

  

6.5 Therapy 

6.5.1 Primary tumour treatment 
In this thesis, we found that almost all locoregional recurrences could be related to the 
surgical trajectory, which is much higher than reported in literature. We suggest that the 
risk of tumour spread during surgery should be taken into consideration and limitation of 
number of surgeries and approaches should be considered. Keeping the surgical incision 
small, possibly in combination with endoscopic approaches, potentially reduces the 
surgical pathway recurrence rate.  

After surgery, adjuvant radiotherapy is usually applied. Chordoma are thought to be 
resistant to low dose radiotherapy. Five year local control rate of has been reported in 23-
28% of cases in clival chordoma patients that received a radiation dose less than 60 Gy (41, 
42). Chordoma have a much better local control rate, up to 74% (43-46) in 5 years, in 
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patients that received high dose (>70 GyE) radiotherapy. This high dose is usually delivered 
through particle therapy, in which protons and carbon ions are most often used. The 
surgical cavity is usually not irradiated in the treatment of skull base chordoma. In this 
thesis, we found that around 1 in 3 skull base chordoma that were treated with surgery 
and proton therapy show locoregional recurrences in the surgical cavity. Including the 
surgical cavity in the irradiation field may reduce these recurrences, but will undoubtedly 
lead to more serious adverse events and complications. We found radiation necrosis on 
MRI in 4 out of 7 chordoma cases with poor locoregional control. In three cases radiation 
necrosis was visible on MRI in the anterior temporal lobe and in one case also in the 
brainstem and cerebellum. In one case of temporal lobe toxicity, the radiation necrosis 
lead to seizures. High grade radiation-induced necrosis of the temporal lobe is the most 
described complication of particle therapy, which occurs in 12 to 17% of cases (43, 44, 47), 
followed by optic neuropathy, brainstem necrosis, and hearing loss (43, 48, 49). This is not 
surprising, as for tumours in the skull base the optic chiasm and optic nerves limit the use 
of radiation fields from superior and brainstem limits the use of fields from posterior 
directions (50). 

 

6.5.2 Treatment of recurrence 
The main role of primary tumour treatment is to prevent recurrence. However, recurrence 
is high in skull base chordoma, and there is no consensus about the treatment of these 
recurrences. As we often found recurrences in the surgical cavity outside of the irradiated 
tumour bed, early diagnosis and treatment is likely beneficial. Treatment options for 
recurrences are similar to primary tumour treatment, and surgical resection may be 
considered. However, we found that patients that underwent surgical resection for 
locoregional recurrences, often developed more recurrences. It is not clear whether these 
new recurrences are due to tumour spill of the first recurrence or tumour spill during 
resection of the primary tumour. Nonetheless, surgery alone is not enough to treat 
recurrences. If the metastasis is outside of the prior radiotherapy target dose volume, 
radiation of the recurrence might be beneficial for disease control. The question remains 
whether only the metastasis should be irradiated, with or without prior surgical resection, 
or the whole surgical cavity should be irradiated as well for better locoregional control. 
We hypothesize that irradiation of the entire surgical cavity and all other prior surgical 
cavities after locoregional recurrence will increase the locoregional control of skull base 
chordoma. However, this will likely lead to more radiation therapy related adverse events. 
More studies are needed to test this hypothesis. 
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Treatment of local recurrences or re-growth of primary tumour remnants that have been 
irradiated with a maximum dose becomes even more complex. Previous irradiation, either 
proton or photon-based, have long been considered a contraindication for repeat 
irradiation. However, studies show that modern advances in radiation therapy offer an 
opportunity for reirradiation in other skull base tumours (51). However, the increased risk 
of serious adverse events related to the irradiation should be discussed with the patient. 

 

6.6 Future directions 
Chordoma are resistant to conventional chemotherapy (52). Immunotherapy is a rapidly 
emerging field in cancer treatment, and it’s role is also studied in chordoma. The rationale 
of these therapies are targeting oncogenic pathways that are known in other cancers, 
which may have a similar effect in chordomas. There are currently some clinical trials to 
treat advanced chordoma. The most promising therapies are in the category of brachyury-
vaccines, receptor tyrosine kinase inhibitors and immune checkpoint inhibitors. Up to 
now, no single therapy did result in long-term stable disease in all chordoma patients. A 
phase-II study on lapatinib, a receptor tyrosine kinase inhibitor, in advanced EGFR-positive 
chordoma showed only a modest antitumoral activity (53). Other RTK inhibitors are 
currently under investigation in the treatment of locally advanced or metastatic chordoma 
(54, 55). As the RTK family of receptors has many parallel pathways, a combination of RTK-
inhibitors might be beneficial.  

The role of immune checkpoint inhibitors in the treatment of lung cancer and melanoma 
has been well established (56, 57). Chordoma have shown to express proteins, like 
programmed cell death protein 1 (PD-1), that are involved in inhibition of the immune 
system to target tumour cells. Targeting these proteins with immune checkpoint inhibitors 
may aid the immune system to attack chordoma cells. Currently, phase II trials are 
conducted to evaluate the efficacy of immune checkpoint inhibitor Nivolumab in patients 
with chordoma (NCT03173950 and  NCT03623854). The impact of radiation therapy on 
the immune system is still not well understood (58). Radiation therapy leads to release of 
tumour-associated antigens, and generate a T-cell mediated immune response (59). 
Immune checkpoint inhibitors may therefore show a better result after radiotherapy. 
Targeting the EMT program could potentially enhance therapy efficacy and reduce 
recurrence (39). If EMT reduces chordoma sensitivity to radiation and chemotherapy, 
reversing this process may re-open the door for conventional chemotherapy and may 
improve efficacy of radiotherapy. Increased responsiveness to chemotherapy has been 
shown in human carcinoma cells by reducing brachyury expression (60). Future studies 
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need to show which combination of therapy has the best effect in biomarker-driven 
clinical trials. 

Despite the advances in chordoma research and development of targeted therapy, there 
is still a gap in knowledge about the clinical behaviour. The variability in imaging 
characteristics, histology, and molecular biology could explain the variability in the clinical 
behaviour of the tumour. However, beside a dedifferentiated histological subtype, there 
are still no imaging, histological or molecular biomarkers that can predict outcome. Future 
studies with larger chordoma patient cohorts are needed to define more subtypes. 
Coordinated by the chordoma foundation, chordoma research groups are collaborating 
more than ever and these larger cohort studies are now realistic. Defining biomarkers in 
chordoma, in both primary and advanced stages will likely play a role in future treatment 
and patient counselling. Long term stable disease will become a realistic outcome in nearly 
all chordoma patients in the future. 
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Summary 
 

Chordoma are rare malignant tumors of the axial skeleton that occur most frequently at 
the base of the skull and the sacrum. Chordoma are thought to arise from remnants of the 
fetal notochord that may become malignant at some point during life. The treatment gold 
standard is maximal surgical resection, followed by high-dose radiotherapy, usually in the 
form of proton-beam or carbon-ion therapy. Despite treatment, recurrence rate is high 
and reported in around 88% of patients after 10 years. There is a large variance in 
recurrences between patients. Some patients show recurrences months after treatment, 
while other patients never show recurrences. Prognostic molecular, histological and 
imaging markers are still largely unknown in skull base chordoma. In this thesis, the clinical 
behavior of chordoma is studied from different perspectives, from molecular biology to 
imaging and vice versa.  

The radiologic characteristics of chordoma are described in chapter 2. Also, this chapter 
gives an overview of the imaging characteristics to differentiate chordoma from other 
tumors that arise in the base of the skull. The chordoma imaging characteristics vary 
between patients. However, there are no conventional imaging characteristics that have 
prognostic value. New imaging tools have been developed not only to study anatomy, but 
also physiologic changes and characterization of tissue and assessment of tumor biology. 
More research is needed to connect multimodality-imaging characteristics to histology, 
molecular biology and clinical outcome.  

Chordoma patients with disease progression after surgery and proton therapy were 
studied in this thesis and described in chapter 3. Correlation of the (locoregional) 
recurrences with applied therapy showed that almost all recurrences could be related to 
the surgical pathway. Even though surgical pathway recurrence has been described in 
literature, it was always regarded as very rare. This thesis shows that surgical pathway 
recurrence may be more frequent that previously thought. This could influence future 
treatment and follow-up strategies. Recurrences appeared to be difficult to distinguish 
from radiation necrosis and distortions in anatomy due to previous surgery. Knowing that 
recurrences occur frequently in the surgical cavity can aid in the early detection and more 
efficient treatment. 

The pathogenesis of chordoma is still largely unknown. The molecular mechanisms behind 
the switch from benign notochord to malignant chordoma are not well studied, as 
notochordal tissue is usually not present in patients and therefore not available for 
studying. To understand the clinical behavior of chordoma, it is crucial to understand the 
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behavior of the notochord. In chapter 4 of this thesis, the notochord was studied between 
9 and 13 weeks of gestation to find the best age for isolation of notochordal tissue. A 
method was described to harvest qualitative notochordal tissue that can be used in gene 
expression studies in the future. Using this tissue as control tissue in gene expression 
studies in chordoma may lead to a better understanding of the pathogenesis, but also the 
driving mechanisms behind chordoma. Another missing component in gene expression 
studies are validated reference genes that can be used in quantitative real-time 
polymerase chain reaction (q-RT-PCR). Q-RT-PCR is a very sensitive powerful tool to 
measure gene transcription. Using unvalidated reference genes, may lead to 
irreproducible results. In chapter 5 of this thesis, 13 candidate reference genes were 
tested in skull base chordoma and ranked for stability. One of the tested reference genes 
that is frequently used as reference gene in chordoma (glyceraldehyde 3-phosphate 
dehydrogenase;  GAPDH), appeared to be unstably expressed in chordoma, which 
questions the results of the studies that have used this reference gene.  

Despite the advances in chordoma research and development of targeted therapy, there 
is still a gap in knowledge about the clinical behaviour. The variability in imaging 
characteristics, histology, and molecular biology could explain the variability in the clinical 
behaviour of the tumour. However, beside a dedifferentiated histological subtype, there 
are still no imaging, histological or molecular biomarkers that can predict outcome. Many 
small gains in knowledge to understand the clinical behaviour will ultimately form the basis 
of treatment and follow-up strategies. Long term stable disease will become a realistic 
outcome in nearly all chordoma patients in the future. 
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Nederlandse samenvatting 
 

Chordomen zijn maligne tumoren van het axiale skelet, welke het meest frequent 
voorkomen ter hoogte van de schedelbasis en het sacrum. Er wordt algemeen 
aangenomen dat chordomen ontstaan uit restanten van het foetale notochord, welke 
maligne transformeert op een moment gedurende het leven. De gouden standaard 
behandeling betreft maximale chirurgische resectie, gevolgd door hoge dosis 
radiotherapie, welke meestal wordt toegediend middels proton-beam of carbon-ion 
therapie. Ondanks behandeling is de recidiefkans hoog. Recidieven worden gerapporteerd 
in ongeveer 88% van de patiënten na 10 jaar. Er is een grote variatie in recidieven bij 
chordoom-patiënten. Sommige patiënten vertonen recidieven binnen enkele maanden na 
behandeling, terwijl andere patiënten nooit recidieven vertonen. Prognostische 
moleculaire, histologische en radiologische markers zijn nog steeds niet bekend in 
schedelbasis chordomen. In deze thesis worden de klinische aspecten van chordomen 
bestudeerd vanuit verschillende perspectieven, van moleculaire biologie tot beeldvorming 
en vice versa. 
De radiologische karakteristieken van chordomen worden beschreven in hoofdstuk 2. Dit 
hoofdstuk geeft ook een overzicht van de radiologische kenmerken welke chordomen 
kunnen onderscheiden van andere tumoren welke voorkomen in de schedelbasis. Er is een 
variatie in radiologische kenmerken van chordomen tussen patiënten. Echter, er zijn geen 
conventionele beeldvormende karakteristieken welke prognostische waarde bevatten. 
Nieuwe beeldvormende technieken zijn ontwikkeld, welke niet alleen anatomie 
weergeven, maar ook fysiologische veranderingen en karakterisatie van weefsel. Meer 
onderzoek is nodig om deze beeldvormende technieken te koppelen aan histologie, 
moleculaire biologie en klinische uitkomst. 

Chordoom-patiënten met progressieve ziekte na chirurgie en protontherapie werden 
onderzocht en beschreven in hoofdstuk 3. Correlatie van de (locoregionale) recidieven 
met de toegediende behandeling toonde dat bijna alle recidieven terug te vinden waren 
in het geopereerde gebied. Hoewel recidieven in het operatiegebied worden beschreven 
in de literatuur, werd het altijd aangenomen als zeer zeldzaam. Deze studie suggereert dat 
recidieven in het operatiegebied veel vaker voorkomen dan eerder werd gedacht. Dit kan 
een grote impact hebben op toekomstige behandeling en follow-up strategie. Recidieven 
bleken op beeldvorming zeer moeilijk te onderscheiden van radionecrose en 
postoperatieve veranderingen in anatomie. De kennis dat recidieven vaak voorkomen in 
het operatiegebied kan helpen bij het vroegtijdig detecteren van deze recidieven wat de 
behandeling efficiënter kan maken. 
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De pathogenese van chordomen is nog grotendeels onbekend. De moleculaire 
mechanismen welke zorgen voor de transformatie van benigne notochord naar maligne 
chordoom zijn nog onbekend. Een oorzaak hiervoor is dat notochordaal weefsel niet meer 
aanwezig is in patiënten en daarom niet bestudeerd kan worden. Om het klinische gedrag 
van chordomen te begrijpen, is het cruciaal om het gedrag van het notochord te begrijpen. 
In hoofdstuk 4 van deze thesis wordt het notochord bestudeerd van embryo’s bestudeerd 
tussen 9 en 13 weken gestatie om de beste leeftijd te vinden om dit weefsel te isoleren. 
Een methode werd ontwikkeld om kwalitatief notochordaal weefsel te isoleren welke 
gebruikt kan worden in gen expressie studies in de toekomst. Dit weefsel kan gebruikt 
worden als controleweefsel in genexpressie studies om een beter begrip te krijgen van de 
pathogenese, maar ook de aandrijfmechanismen in chordomen. Een andere missende 
component in genexpressie studies zijn gevalideerde referentiegenen welke gebruikt 
kunnen worden in quantitative real-time polymerase chain reaction (q-RT-PCR). Q-RT-PCR 
is een zeer gevoelige techniek om gen transcriptie te meten. Wanneer hierin 
ongevalideerde referentiegenen gebruikt worden, kan dit leiden tot niet reproduceerbare 
resultaten. In hoofdstuk 5 van deze thesis worden 13 kandidaat referentiegenen getest en 
gerangschikt voor stabiliteit in schedelbasis chordomen. Een van de geteste 
referentiegenen welke frequent gebruikt wordt als referentiegen in chordoom-studies 
(glyceraldehyde 3-phosphate dehydrogenase;  GAPDH), bleek geen stabiele expressie te 
vertonen in chordomen, wat de resultaten van de studies welke dit gen gebruikt hebben 
in twijfel trekt. 

Ondanks de ontwikkelingen in chordoom-onderzoek is er nog altijd een gebrek aan kennis 
over het klinische gedrag van chordomen. De variabiliteit in beeldvormende 
karakteristieken, histologie en moleculaire biologie zou de variabiliteit in klinisch gedrag 
kunnen verklaren, al is er nog geen eenduidig bewijs welke karakteristieken dit zijn. Veel 
kleine vooruitgangen in de richting om het klinisch gedrag te begrijpen zal in de toekomst 
van invloed zijn op de keuze in behandeling en follow-up. Langdurig stabiele ziekte is een 
realistisch perspectief in chordoompatienten in de toekomst.
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8.1 Main objective of the research 
The overall aim of this thesis was to better understand the clinical, radiological and 
molecular behaviour of skull base chordoma. This thesis addresses different perspectives 
of the behaviour of skull base chordoma, with focus on the imaging characteristics, 
patterns of treatment failure, and molecular biology. This thesis confirms that chordoma 
tumours that can behave differently between patients. After surgical resection and 
radiotherapy, most chordoma recur within 10 years. In some patients, recurrences occur 
within months after treatment, while other patients do not show recurrences at all. This 
thesis shows that recurrences often occur in the surgical cavity. Our theory is that these 
recurrences are due to microscopic tumour spill during surgery. These cells do not receive 
a therapeutic radiation dose. However, not all chordoma show this recurrence pattern. 
Molecular biology might explain the difference in outcome and recurrence pattern 
between chordoma patients. However, some key elements are missing in genetic analysis 
of chordoma patients. Because chordoma arise from embryonic notochordal cells, 
studying the notochord is essential for understanding the molecular biology of chordoma. 
Because notochordal cells are usually not present in adult bodies, no methods to isolate 
this structure were described in literature. In this thesis, a method was developed to 
isolate notochordal tissue that can be used in gene expression studies.  

 

8.2 Contribution to science and social sectors 
Using the method that was described to isolate notochordal tissue, future studies can use 
notochordal tissue as control tissue to study chordoma. Comparing the molecular biology 
of malignant chordoma to benign notochord may greatly enhance our understanding of 
the genetic and epigenetic aberrances that cause this tumour to grown, metastasise and 
recur. Targeting these aberrances may form the basis of future treatment of chordoma.  

This thesis shows that chordoma are a heterogeneous group of tumours, which behave 
differently between patients. Diagnosis, treatment and follow-up is complex. It is 
therefore important that this tumour is treated in a tertiary centre with expertise in 
treatment and follow-up of this tumour. Medical therapy is under investigation and 
inclusion in these studies should be coordinated by these centres. Social discussion could 
indicate which centres have sufficient expertise in treatment and follow-up of chordoma. 
Clustering the knowledge may improve outcome in the future.  
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8.3 Target groups  
This thesis is divided in two parts, which each focus on a different target group. In the first 
part of the thesis the clinical and radiological aspects are studied, which makes this 
research relevant for clinicians. We found that recurrences occur more frequently in the 
surgical cavity than previously thought. This may be relevant for surgeons to adapt surgical 
techniques to prevent this. Radiologist may focus more on these patterns of recurrence 
and radiotherapists may adapt the target dose and volume.  

The second part of the thesis focuses on improving our understanding of chordoma in the 
field of molecular biology, which is mainly useful for chordoma researchers. The method 
that was described to isolate notochordal tissue can be used by researchers to study the 
molecular biology of the notochord and improve our understanding of chordoma. New 
insights in molecular biology of chordoma may lead to a better understanding of the 
clinical behaviour and radiological findings, which is beneficial for physicians as well.  

 

8.4 Informing the target groups about the research results 
Chordoma research has long been studied in small research groups. Since the foundation 
of the chordoma foundation, researchers are collaborating more and research data and 
funding is collected centrally. Chordoma tissue is distributed by this foundation to improve 
research. This organisation could also distribute the isolated notochordal tissue. This could 
be a solution for countries in which the described method cannot be used due to legal 
issues.  

The chordoma foundation also organizes meetings to discuss diagnostic and treatment 
guidelines in chordoma. These meetings are attended by a multidisciplinary, international 
group of clinicians who have extensive experience caring for chordoma patients. The goal 
of this group is to develop and publish consensus guidelines, based on available medical 
and scientific evidence. The outcome is presented in chordoma global consensus group 
papers. The results of this thesis could be used as evidence in developing these guidelines. 
The results of this thesis can also be used in national or local guidelines.  
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In dit hoofdstuk zou ik iedereen willen bedanken die een bijdrage heeft geleverd aan dit 
proefschrift. Tijdens het maken van dit proefschrift heeft mijn leven verschillende 
wendingen genomen die ik van tevoren niet had kunnen voorspellen. Dit had uiteraard 
ook impact op het onderzoek. Ik ben door dit proefschrift niet alleen als onderzoeker 
gegroeid, maar ook als dokter en als mens. Ik heb gemerkt dat een promotie meer is dan 
alleen wat onderzoeksresultaten op papier zetten. Tijdens mijn promotie heb ik veel 
geleerd op gebied van tijdsplanning, organisatorische vaardigheden en omgaan met 
tegenslagen. Ik wil iedereen bedanken die mij hiermee geholpen heeft en een aantal 
mensen wil ik in dit hoofdstuk ook persoonlijk bedanken. 

Prof. Dr. Y. Temel. Beste Yasin, van het begin af aan was jij mijn promotor. In de 
beginperiode was ik een nogal bescheiden en onervaren wetenschapper. Met mijn wat 
Vlaams accent kon je amper geloven dat ik echt Nederlander was. Na een tijdje zei je dat 
‘het goed aan het bijtrekken was’. Ik weet niet goed wat je daarmee bedoelde (het Vlaams 
accent is toch juist heel mooi?), maar het leek erop dat ik werd geaccepteerd. Sindsdien 
hebben we een lange weg afgelegd met veel ups en downs. Je hebt van dichtbij 
meegemaakt dat ik overging van arts-onderzoeker naar assistent neurochirurgie tot 
assistent radiologie. Ik wil je bedanken voor je ondersteuning en vertrouwen in mij tijdens 
deze belangrijke beslissingen waardoor ik dit proefschrift heb kunnen afmaken.  

Prof. Dr. J.J. Van Overbeeke. Beste Koo, je was een belangrijk onderdeel van mijn promotie 
in de eerste jaren. Je was misschien niet fysiek aanwezig in het lab, maar je wist me toch 
te motiveren om hard te werken. Voor hulp bij presentaties moest ik bij jou zijn. Meestal 
ging ik dan met de helft van de slides weer weg, waardoor alleen de boodschap nog 
overbleef en de nutteloze data weg was. Dit heeft mij geleerd de hoofd- van de bijzaken 
te onderscheiden. 

Dr. L. Jacobi-Postma. Beste Linda, jou leerde ik kennen in mijn periode bij de 
neurochirurgie. Ik sprak met jou over de overstap naar de radiologie, veruit het mooiste 
vak binnen de geneeskunde. Je werd hier mijn opleider, nadien ook co-promotor. Jij bent 
degene die mijn promotieonderzoek weer heeft aangezwengeld. Door de ruimte die ik 
kreeg binnen de opleiding kon ik mijn promotieonderzoek een vervolg geven. Ik heb je 
leren kennen als kritische co-promotor, die met middelmatigheid geen genoegen neemt. 
Maar gezien je aanhoudend enthousiasme en steun werd ik erg gemotiveerd om een stap 
extra te zetten.  

Dr. D.E. Eekers. Beste Daniëlle, jou leerde ik kennen in het laatste deel van mijn 
promotieonderzoek. Je hebt me enorm geholpen bij het verzamelen en analyseren van de 
radiotherapie data in dit proefschrift. Ik bewonder hoe snel jij altijd reactie gaf wanneer ik 
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iets niet goed begreep of wanneer ik je vroeg om mij ergens mee te helpen. Binnen een 
uur waren er vaak al meerdere mails de deur uit. Ook zal ik niet meer vergeten dat je me 
wees op het verdachte moedervlekje op mijn arm, wat ik nadien ook weg heb laten halen. 
Gelukkig was het benigne, maar je bezorgdheid over mijn gezondheid waardeer ik enorm. 
Ik heb nu een klein litteken wat mij hieraan herinnert. 

Dr. A. Herrler. Beste Andreas, jij hebt mij enorm geholpen tijdens het foetaal onderzoek. 
Als ik bij jou binnen kwam was je altijd heel enthousiast, wat mij veel energie gaf om verder 
te gaan. Hopelijk werken we in de toekomst weer eens samen. 

Prof. Dr. H. Vles. Beste Hans, via jou kwam ik vanuit Leuven in Maastricht terecht en kon 
ik beginnen aan dit promotieonderzoek. Hoewel je niet direct betrokken bent geweest bij 
de inhoud van het onderzoek, heb je mij wel op weg geholpen met onderzoek in het 
algemeen en enorm gesteund bij alle zaken rondom een promotie. Ik wil je hartelijk 
bedanken voor de avonden die ik langs mocht komen voor advies. Door mijn koppigheid 
heb ik dit advies niet altijd even goed opgevolgd.   

Ook wil ik alle collega’s in het lab bedanken. Youssef, Sarah en Maartje als kamergenoten. 
Youssef, jij hebt mij een vliegende start gegeven bij mijn onderzoek in het lab en hebt me 
geholpen met de experimenten. We waren het misschien niet altijd met elkaar eens over 
aanpak en uitvoering, maar we hebben de experimenten toch succesvol kunnen afronden. 
Bedankt voor je bijdrage aan mijn proefschrift. Ook de andere collega’s uit het lab wil ik 
hartelijk bedanken voor de gezelligheid en leuke momenten in en buiten het lab. Ali, 
buiten je hulp bij immunohistochemie en PCR, heb ik genoten van de tochtjes op de 
racefiets en in het bijzonder de mountainbiketochten in Oostenrijk. To Mohammed, I 
would like to thank you for your help in the last part of my thesis.  

Aan mijn collega’s van de radiologie. Hoewel geen grote inhoudelijke bijdrage aan mijn 
proefschrift, heb ik wel mentale support gekregen tijdens koffie-momentjes. In het 
bijzonder Casper en Bart, de fiets-buddy’s. Onze ‘research meetings’ waren vaak het 
hoogtepunt van mijn week. Ook al vonden deze plaats op de fiets en op een zonnig 
terrasje, ze gaven toch mentale steun en ik kreeg weer energie om de rest van de dag extra 
hard te kunnen werken.  

Aan mijn schoonouders, John en Bea. Ik wil jullie bedanken voor jullie hulp bij het 
opvangen van de kinderen, zodat ik kon werken aan mijn onderzoek. Bea, ik begrijp dat ik 
het voor jou niet altijd gemakkelijk heb gemaakt. De logeerkamer werd namelijk ook 
gebruikt als werkkamer en indoor-fietskamer. Jouw bed lag vaak vol met boeken en 
andere zooi, waarbij er in de kamer een vieze zweetlucht hing na een uurtje afzien op de 
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virtuele Alpe d’Huez. Ik waardeer het dat je hierover nooit geklaagd hebt en dat het kleine 
open raampje voor jou voldoende was om de nacht door te komen.  

Aan mijn ouders, pap en mam. Jullie hebben mij altijd gesteund bij alle keuzes die ik 
gemaakt heb, ook al waren jullie het er misschien niet altijd helemaal mee eens. Toen ik 
vertelde dat ik wilde promoveren hebben jullie vast ook bedenkingen gehad, al hebben 
jullie dit voor je gehouden. Hoewel wetenschap niet echt in de familie zit, waren jullie toch 
geïnteresseerd in wat ik allemaal uitvoerde in het lab en later binnen de radiologie. 
Bedankt dat jullie altijd voor mij klaarstaan. 

Aan mijn kinderen Casper en Lauren. Ik kan niet zeggen dat jullie hebben geholpen bij de 
vorderingen aan mijn proefschrift. Wel hebben jullie mijn leven een stuk leuker gemaakt 
sinds jullie er zijn. Jullie mogen altijd binnenkomen om een tekening uit te printen als ik 
op de computer bezig ben. Ik hou van jullie. 

Aan mijn vrouw Kirsten. Ik weet dat ik het voor jou niet gemakkelijk maak, maar waardeer 
het enorm dat je mij gesteund hebt om dit proefschrift af te maken. Ik heb je vaak alleen 
voor de kinderen laten zorgen, terwijl ik op zolder aan het werken was. Je hebt mij 
gesteund bij alle keuzes die ik gemaakt heb en bent er altijd geweest op de leuke en 
moeilijke momenten van mijn leven. Ik ben blij dat ik met zo’n geweldige en sterke vrouw 
getrouwd mag zijn. I won’t be afraid, just as long as you stand, stand by me.  ありがとう
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