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Introduction

INTRODUCTION

BACKGROUND

The skull base represents the osseous border between the neurocranium and viscerocranium.
It consists of several bones which are connected by sutures. Numerous foramen and fissures
provide passage for critical vessels and nerves between the brain and the rest of body. This
entity is a complex anatomical 3D structure which may host countless different pathologies,
possibly endangering these critical neurovascular structures. This leads to symptoms such
as vision loss, double vision, loss of smell, facial paralysis or numbness. Treatment of skull
base tumors is done by neurosurgeons, otorhinolaryngologists, neurologists, radiation on-
cologists, medical oncologists and ophthalmologists, often in multimodal paradigms. This
thesis addresses the advancements of treating skull base tumors, more specifically chordoma,
vestibular schwannoma, chondrosarcoma and sinonasal carcinomas. Additionally, the shift
in treatment philosophy which has gone from aggressive, complete resections to functional
preservation and partial resection is delineated. The introduction starts with explaining the
different pathologies discussed in the chapters and in-depth information on the evolution of
skull base tumor treatment. Then, the individual chapters will be briefly introduced, conclud-

ing with the aim of this thesis.

TUMORS OF THE SKULL BASE

Tumors of the skull base may arise from the meninges, cranial nerve sheath, bone, skull
synchondrosis, sinus epithelium or, as a metastasis from a distant malignancy. This thesis
focuses on four types of tumors: Vestibular schwannoma, Chordoma, Chondrosarcoma and
Sinonasal carcinoma. Hereafter, a detailed description of each tumor is provided.

Vestibular schwannoma

Schwannomas are benign tumors arising from Schwann cells of the nerve sheaths and
account for 8% of all intracranial neoplasms(1). Vestibular schwannoma is the most
common, it originates from the vestibular nerve and has an incidence of 1 per 100,000
persons per year(2). The vestibular nerve is part of the eighth cranial nerve and is di-
vided into an inferior and superior portion. Over 90% of vestibular schwannoma arise
from the inferior vestibular nerve(3). Four percent of vestibular schwannoma present
bilateral, which is highly associated with neurofibromatosis type 2(4). The vestibular
nerve is responsible for balance and motion signal transfer between the labyrinth and
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Chapter 1

the brain stem(5). Consequently, vertigo and balance disorders are common present-
ing symptoms(6). However, the majority of patients (86%) present with progressive,
unilateral hearing loss(6).

The Koos grading system is a commonly used tool to differentiate vestibular schwan-
noma based on their size and location, see figure 1(7). Grade 1 tumors are purely
intracanalicular. Grade 2 extent into the cerebellopontine angle but do not reach the
brain stem. Grade 3 touch the brainstem but do not displace it. Grade 4 are the largest
and compress and displace the brainstem and cranial nerves, sometimes occluding
the fourth ventricle.

Grade | Grade |l

Grade IV
Grade Il

Figure 1: Koos grading system for vestibular schwannomas

Treatment paradigms consist of wait and scan policy, radiotherapy, surgical resec-
tion or multimodal therapies. The natural course of vestibular schwannoma has
been extensively documented; however, it demonstrates variable growth behavior.
Some tumors show continuous growth; others grow then stabilize or even shrink.
Furthermore, symptom progression is not always linked to tumor growth. Two-thirds
of incidental vestibular schwannomas do not grow during a 5-year follow-up. This
makes patient counseling challenging. Additionally, tumor management is a heavily
debated subject with varying opinions regarding treatment goals, focusing on tumor
control and symptom outcome. Some surgeons advocate hearing sparing operations
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in small intracanalicular schwannomas. Series demonstrate serviceable hearing rates
after surgery between 63% and 88%. However, this does expose the patient to com-
plications and treatment morbidity. Common surgical corridors are the middle fossa,
translabyrinthine and retrosigmoid approach. The choice depends on the surgeon’s
preference, location and size of the tumor and the availability of an ENT surgeon.
Radiotherapy has been increasingly applied over the last decades, even in large Koos 4
schwannoma, demonstrating excellent tumor control rates. However, treatment com-
plications have been described: increased hearing deterioration, facial palsy or spasm
and radiation necrosis. The development of a hybrid construction, which combines
a partial resection followed by stereotactic radiotherapy has demonstrated excellent
tumor control rates with limited therapeutic complications. However, the optimal
timing of post-operative radiotherapy remains unknown. Chapter 2 further explores
this multimodal treatment.

Chordoma

Chordoma is formed by remnants of the embryonic notochord. It is a pre-dominantly
low grade, malignant, locally invasive tumor. Chordoma, together with chondro-
sarcoma is a primary osseous tumor of the axial skeleton. It may present in each
spinal segment but shows a preference for the clivus and sacrum with a respective
proportion of 41% and 31%(8). Patients typically present with cranial nerve deficits,
headaches or diplopia. Diagnostic work-up includes a CT-scan and MRI-scan to
differentiate chordoma from other osseous entities such as a benign notochordal cell
tumor (BNCT) which does not require treatment. Lesions may not always present
with characteristic radiological features; in such lesions a biopsy may be considered to
confirm the diagnosis. Brachyury is a transcription factor protein which is normally
only active during notochordal development. In chordoma this protein is re-activated
and is a definitive tool for diagnosis, and a possible target for systemic therapies. In
chapter 6 of this dissertation, we present a rare case of a spontaneously shrinking oft
mid-line chordoma.

Median overall survival is 102 months, but varies significantly by location, with skull
base lesions demonstrating greater overall survival (median 162 months) relative to
mobile spine lesions (95 months) and sacral lesions (87 months). For skull base le-
sions, overall survival is 65% and 32% at 5 and 10 years, respectively; disease-specific
survival at the same time points are 73% and 42%(9). For lesions of the mobile spine,
overall survival and disease-specific survival are 80.5% and 89.0% at 3 years, 68.4%
and 80.9% at 5 years, and 39.2% and 60.1% at 10 years, respectively(10). Five-year
overall survival is 60% for patients with sacral lesions(11). Several factors influence
the risk of progression free- and overall survival: the most important factor is a
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Chapter 1

radical resection with free margins, followed by age at presentation and the extent of
the tumor(12). Particularly in skull base lesions a radical resection is often not possible
due to the involvement of critical neurovascular structures. Still, surgical resection is
the main treatment for skull base chordoma. The goal is to achieve maximum resec-
tion, while preserving neurological function, sometimes in multiple stages. Adjuvant
radiotherapy is increasingly applied the last decades(13). Even though chordoma is a
radiation insensitive tumor, radiotherapy has demonstrated improved local control
and is therefore included in the international guidelines(14). Primary radiotherapy is
of limited value and may only be applied in non-surgical palliative settings. There is
still discussion on the type of radiotherapy. Particle radiotherapy such as proton and
carbon-ion has a high Bragg’s peak, which may be beneficial for tumors that require
high doses, with radiosensitive structures in close proximity, compared to photon
radiotherapy. This will be explained in more detail in the paragraph radiotherapy and
skull base tumors. Chapter 4 presents the results of the treatment outcome in skull
base chordoma patients at the Maastricht University Medical Center.

Chondrosarcoma

Chondrosarcoma is a tumor originating from chondrocytes and like chordoma can
present throughout the vertebral column, however it can also appear in the appen-
dicular skeleton unlike chordoma. There is a great variety of histological subtypes; the
conventional chondrosarcoma is the most prevalent at 87.5% of cases(15). There are
three WHO grades: WHO grade I chondrosarcoma typically demonstrate no mitotic
figures and only mild atypia and are therefore the least likely to recur or metastasize.
WHO grade II are more malignant, showing higher probability of metastasizing
and lower overall survival rates, histologically it shows an increase in mitotic figures
and less abundant matrix. Lesions that demonstrate high levels of atypia, nuclear
pleomorphism, and abundant mitotic figures are said to be dedifferentiated and are
categorized as WHO grade III. These tumors have the poorest prognosis and portray
high recurrence and low survival rates(16).

Diagnostic workup consists of CT and MRI scans to evaluate skull base destruction,
neurovascular involvement and surgical strategies. A full body CT may be used to
detect metastatic disease. Patients with skull base chondrosarcoma demonstrate 5-
and 10-year overall survival rates of 82% and 50%, respectively, and disease-specific
survival rates are 88% and 62%, respectively(9). Surgical resection is the main treat-
ment modality, and survival mostly depends on WHO grade and negative tumor
margins(17). Because this is rarely possible in skull base lesions adjuvant radiotherapy
is increasingly applied to improve local control. Primary radiotherapy is only for non-
surgical cases and shows limited success rates(18). As is the case with chordoma, in
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chondrosarcoma there is also much debate about which radiotherapy type is most
successful, photon or particle therapy. Nevertheless, good outcomes have been report-
ed for both modalities, with local control rates of 83% to 100%, 80% to 94%, and 90%
to 96% at 5 years for photon, proton, and carbon ion therapies, respectively(19-21). In
chapter 5 this topic is further evaluated in a systematic review.

Sinonasal cancer

Sinonasal neoplasms are rare entities and account for approximately 2-3% of all head
and neck malignancies(22). It is a large, heterogeneous group of tumors consisting
mainly of squamous cell carcinoma (SCC), adenocarcinoma, olfactory neuroblastoma
(ON), and adenoid cystic carcinoma (ACC)(22). Early symptoms, such as nasal conges-
tion, epistaxis, rhinorrhea and anosmia, mimic those of more benign diseases, leading
to patient and diagnostic delay(23). Up to 60% of patients present in an advanced stage
which is correlated with a poorer prognosis(24). Involvement of the orbit, cranial nerves
and brain categorically worsens the progression free- and- overall survival rates(25).

Epidemiologic studies have linked several risk factors to the formation of sinonasal
cancers(26, 27). The most common factor is smoking; with more than doubling the
odds after long term exposure. Cessation of smoking has a beneficial effect on people
even after long term consumption(26). Occupational hazards are more difficult to
definitively link to the formation of sinonasal cancers. However, there seems to be
substantial data on the cumulative exposure to hardwood dust and the formation of
adenocarcinomas(28-30). Nickel exposure is related to squamous cell carcinoma(31).
Improved working environments have demonstrated decreased incidences of sinonasal
cancers in employee pools(32).

Due to the large variety of tumors in the sinonasal region and subsequently different
biological behavior, assessing survival outcomes is difficult. The first papers in the 1980’
report a 5 year overall survival rate of just 30%(33). The development of craniofacial
resection had a significant effect on survival rates as demonstrated by an international
collaborative study of 1307 patients. They were treated at 17 institutions with anterior
craniofacial resection, and the researchers found a 5-year overall survival, DSS, and
recurrence-free survival rates of 54%, 60%, and 53%, respectively(34).

Treatment choice is largely dependent on tumor type, extent of disease, the presence of
distant metastasis and the iatrogenic damage patients may receive from different treat-
ment modalities. The cornerstone of treatment is a macroscopic complete resection.
Depending on the extent of the tumor growing in the orbit, through the skull base or
into the brain, different surgical procedures may be applied, sometimes
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in multiple stages. For T4 tumors with cranial extension a bifrontal craniotomy
combined with endonasal, endoscopic assistance is the most common procedure in
our center. Smaller tumors may be resected using extended endoscopic trans nasal
approaches. Reconstruction of the skull base is essential to limit the chance of liquor-
rhea and infection. Orbital exenteration is a topic of debate; some experts advocate
that involvement of the lamina papyracea is a mandate for complete exenteration to
maximize tumor control, whereas others are less aggressive and prefer quality of life
above absolute tumor control. If the orbital contents are involved exenteration be-
comes a necessity to achieve complete resection.

Radiotherapy is an important second treatment modality, applied either adjuvant
after surgery or as a primary therapy in inoperable cases. As an adjuvant therapy it
has demonstrated its benefit in local control and is said to augment survival rates by
10-15% in comparison to surgery alone(35-38). However, high dose radiotherapy
may have serious negative side-effects on organs near the target area, more specifi-
cally the eye and optic nerve or the pituitary gland(39). This can lead to blindness or
endocrine deficits. Developments in the field of radiotherapy such as intensity modu-
lated radiotherapy (IMRT) and particle radiotherapy may improve survival rates and
complication severity(39, 40). A meta-analysis comparing photon radiotherapy and
particle radiotherapy demonstrated a significantly higher 5-year survival rate and lo-
cal control rate in the particle therapy group. However, this is based on retrospective
cohorts, and the authors encourage clinicians to set up prospective trials to further
elucidate these results(41).

Systemic treatment mainly consists of chemotherapy and is mostly applied in pal-
liative and metastatic settings. Some institutes apply neo-adjuvant chemotherapy
regimes in locally advanced cases to try and create margins to critical organs such as
the orbit and cavernous sinus(42).

In chapter 3 I report the outcomes of our cohort of large sinonasal cancers with intra-
cranial extension.

THE EVOLUTION OF SKULL BASE TUMOR SURGERY

The field of skull base surgery has drastically changed over the last 125 years. Early pioneers
such as Harvey Cushing and Walter Dandy first started exploring this area in the early 1900.

Surgery at the skull base at that time was extremely dangerous due to limited anesthesiologic

methods, intraoperative patient monitoring, lack of antibiotics and developing understand-

ing of neuroanatomy. Tumors such as meningiomas and pituitary adenomas were often con-
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sidered inoperable until Cushing and Dandy developed and published their progress(43-45).
Early pioneers began limited cranial approaches, but mortality rates were very high(44,
46-50). The development of transsphenoidal surgery by Herman Schloffer to the hypophysis
had a tremendous impact on operative mortality rates(51). Furthermore, new imaging tech-
niques such as pneumoencephalography and angiography led to targeted surgical approaches
and improved pre-operative planning(52, 53).

After the second world war in the latter half of the 20" century the foundations of “modern”
neurosurgery were laid. Dedicated tools for microsurgery such as the operating microscope
and micro instruments (bipolar forceps) developed by Gazi Yasargil are still being used
today(54). The skull base anatomy was meticulously explored and described by Rhoton et
al to enable new transcranial approaches to be developed(55-62). It was a time where this
advanced understanding of the complex 3D anatomy of the skull base led to a conceptual
shift in surgical approaches. Instead of retracting the brain aggressively, surgeons began to
remove the bone to access tumors from below or the side. Arachnoid dissection planes were
utilized by Yasargil to navigate the fissures and follow natural routes through the brain(63).
Ugo Fisch and Takeshi Kawase developed new corridors around and through the temporal
bone to better approach lesions around the inner ear, clivus and brainstem otherwise inac-
cessible(64-67).

Ossama Al-Mefty dedicated his efforts to further develop the treatment of skull base menin-
giomas and the preferred routes to resect them(68-71).

Skull base surgery became a stand-alone subspecialty within the neurosurgery. The next
step was the formation of multidisciplinary skull base teams with collaboration between
otolaryngology, neurosurgery, ophthalmology and maxillofacial surgeons to better treat
complex tumors involving multiple craniofacial compartments. Technological advancements
in diagnostics with high resolution CT and MRI imaging revolutionized preoperative plan-
ning(72). Additionally intraoperative neurophysiological monitoring improved cranial nerve
preservation(73).

From the 1990’s and onwards the endoscopic era took flight. The introduction of endoscopy
in skull base surgery would revolutionize the field and in the following decades it would be-
come standard practice in most skull base centers. The initial implementation of endoscopy
was in pituitary surgery. Providing clear images and the ability to look around a corner. The
initial phase was colored by high numbers of CSF leakage, but advancements in skull base de-
fect closure such as autologous fat, pedicled flaps and multilayered reconstruction improved
outcomes. Presently a great variety of extended endonasal approaches are available to cover
the entire anterior, clival and craniovertebral skull base. Its advantages in comparison to large
craniotomies are shorter recovery time, improved perioperative morbidity, no need for brain
retraction and better visibility of the lesion and surrounding neurovascular structures. In
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some skull base centers combined approaches are used, where the endoscope is applied to
better visualize the anatomy in open surgery.

The following paradigm shift came in the current century and is still a point of discussion in
international society; it is the philosophy of partial tumor surgery combined with adjuvant
(radio) therapy to reduce surgical neurological morbidity and improve quality of life. This
is especially relevant in benign lesions which may be cured with complete resection such
as vestibular schwannoma and grade 1 meningioma. However, aggressive resection is as-
sociated with higher levels of iatrogenic neurological deficits. Which, in benign lesions, may
lead to decades of impaired quality of life. A multimodal approach of surgery and adjuvant
radiotherapy could provide a desired combination of tumor control while preserving neu-
rological function. By surgically decreasing the tumor volume the effect of radiotherapy is
increased, thereby improving local control of the tumor remnant. Developments in the field
of radiotherapy have substantially improved the accuracy and safety of radiation which made
this multimodal approach more feasible. This will be described in more detail in the next
paragraph.

Future developments are likely to involve improved pre- and intra-operative imaging and
navigation with augmented reality overlays to portray the relationship between tumors and
surrounding neurovascular structures. Knowing the location of the deviated optic or facial
nerve before real-life visualization could be of vital importance in sparing its function.

The rapidly growing possibilities of DNA sequencing and molecular profiling are going to
improve prediction models, providing clinicians with tools to help them decide which tu-
mors to treat more aggressively or to simply follow-up. The benefits of large data collections
and Al powered computational analysis could help create tailored treatment schemes based
on individual patient characteristics.

RADIOTHERAPY AND SKULL BASE TUMORS

Radiation therapy is an ever-growing field in oncological care and it has definitively claimed
its position in the treatment of various skull base tumors. As a primary treatment option
for small or inoperable lesions, adjuvant after resection or as a palliative option in extensive
lesions. In the contemporary period, two main radiation types exist; namely photon and
particle therapy. The former involves high-energy X-rays or gamma rays to destroy cancer
cells and shrink or stabilize tumor size; the latter involves using the energy from protons
or heavy ions. Radiotherapy has improved significantly in the last decades, with the advent
of techniques such as intensity-modulated radiotherapy (IMRT) or volumetric arc therapy
(VMAT) further optimizing radiation delivery. Below is a summary of how radiotherapy has
developed over the years to shape its current state and use in skull base oncology.
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1. Early Era: Conventional External Beam Radiotherapy (1950s-1980s)

Early treatment used two-dimensional (2D) planning with simple X-ray imaging.
Characteristics

Large radiation fields

Limited ability to spare critical structures

Modest tumor control for many skull base tumors

Typical techniques
Orthovoltage and later megavoltage photon beams
Basic lateral or opposed fields

Limitations
High toxicity to nearby organs (optic nerves, brainstem)
Poor conformity to complex skull base anatomy
Dose constraints limited effective tumor dosing

This made radiotherapy mainly adjuvant or palliative for many skull base tumors such
as chordomas, meningiomas, and pituitary adenomas.

2. CT-Based Planning and 3D Conformal Radiotherapy (1980s-1990s)

The introduction of computed tomography revolutionized radiation planning.

Key innovations
3D treatment planning
Beam shaping with multileaf collimators
Improved tumor targeting

Important advance
Three-dimensional conformal radiotherapy (3D-CRT)

Impact

More accurate delineation of skull base tumors

Ability to escalate dose slightly while reducing toxicity

Better outcomes for tumors such as meningiomas and pituitary adenomas
However, conformality was still limited for irregular tumors wrapping around critical
structures.
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3. Stereotactic Radiosurgery (Late 1980s-2000s)

A major breakthrough came with stereotactic precision.

Key technique
Stereotactic radiosurgery (SRS)

Important technologies
Gamma Knife
CyberKnife
LINAC-based stereotactic systems

Advantages

Submillimeter accuracy
High-dose single fraction (or hypofractionated)
Excellent for small skull base tumors

Common indications
Vestibular schwannoma
Small meningiomas
Pituitary adenomas

Residual or recurrent disease after surgery

Impact
Tumor control rates are often >90% for benign tumors
Reduced morbidity compared with open surgery in selected cases

Limitations
Less suitable for large tumors
Dose constraints near optic apparatus

4. Intensity-Modulated Radiotherapy (IMRT) and Advanced Photon Therapy (2000s)

The next step was inverse planning and beam modulation.

Key technique
Intensity-modulated radiotherapy
Related development
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Volumetric modulated arc therapy (VMAT)

Advantages
Highly conformal dose distribution
Ability to sculpt dose around cranial nerves and brainstem
Better sparing of organs at risk

Clinical benefits
Dose escalation for malignant skull base tumors
Lower toxicity to optic nerves and temporal lobes

This became the standard photon-based technique for many skull base malignancies.

5. Particle Therapy Era: Proton and Heavy Ion Therapy (1990s-Present)

Particle therapy has been particularly transformative for skull base tumors.

Proton Therapy
Key modality:
Proton therapy
Physics advantage:
Bragg peak allows dose deposition at precise depth
Benefits
Reduced exit dose
Improved sparing of brainstem and optic pathways
Ability to deliver higher tumor doses
Major indications
Chordomas
Chondrosarcomas
Pediatric skull base tumors

Carbon Ion Therapy
More advanced particle therapy:
Carbon ion radiotherapy
Advantages:
Higher relative biological effectiveness (RBE)
Effective against radioresistant tumors
Often used for:
chordomas
chondrosarcomas

adenoid cystic carcinoma
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Centers in Japan and Europe have reported improved local control for these tumors.

6. Modern Era: Image-Guided and Adaptive Radiotherapy (2010s-Present)

Current radiotherapy integrates advanced imaging and adaptive workflows.
Key developments:

Image-guided radiotherapy
Image-guided radiotherapy (IGRT)

Uses:
cone-beam CT
MRI guidance

Benefits:
Daily positioning accuracy
Reduced safety margins

MRI-guided radiotherapy
Emerging systems:
MR-Linac

Advantages:
Real-time visualization of soft tissues
Adaptive replanning during treatment

Adaptive radiotherapy
Allows treatment plan modification during the course of therapy, particularly impor-
tant when tumors shrink or anatomy changes.
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AIM AND OUTLINE OF THIS THESIS

This thesis aims to describe our center’s experience treating skull base tumors, specifically
chordoma, vestibular schwannoma, sinonasal cancers and chondrosarcoma. To develop your
expertise and improve your patient’s outcome it is important to assess your own results and
to build on these lessons learned. Skull base tumor surgery is an ever-developing field where
most treatment paradigms are under international discussion, because most ideas are based
on small retrospective series and expert opinions and seldomly on large prospective cohorts,
let alone randomized trials.

In chapter 2 I present our results on the combined approach to treating large Koos IV
vestibular schwannoma. It combines a planned partial resection followed by Gamma Knife
radiotherapy. Primary outcome is local tumor control and secondly, we look at treatment
toleration. This chapter aims to add data to the discussion about which treatment plan is
optimal for patients with large VS.

In chapter 3 I present the treatment outcome of patients with cranially extended sinonasal
carcinoma. These rare tumors are typically treated using radical resection followed by high
dose radiotherapy. We portray the results of this treatment on tumor control and adverse
effects. I discuss the balance between treatment aggression and quality of life, and whether
there are ways to optimize this balance.

Chapter 4 depicts our experience of treating skull base chordoma. This rare and locally
aggressive malignancy proves a fierce opponent in many skull base practices. The goal of
this study was to evaluate the survival rates in our cohort and compare open vs endoscopic
approaches. We also looked at treatment complications and results of salvage therapies. With
this study we aim to contribute to further understanding this tumor’s behavior.

We conducted a systematic review on the role of post-operative radiotherapy in skull base
chondrosarcoma. There is international debate about when adjuvant radiotherapy is indi-
cated in these lesions. In chapter 5 I present our findings and delineate our current evidence
on the added value of radiotherapy and in which form. This review may guide future decision
making for clinicians and demonstrates knowledge gaps for future research endeavors.

The differential diagnosis of a clival lesion encompasses multiple entities, ranging from
dormant dysplasia to highly malignant sarcoma. An experienced neuroradiologist with
advanced multimodal diagnostics is of utmost importance for an academic skull base center.
Still lesions may demonstrate atypical behavior or mimic other tumors. A pathology report
may provide a definitive diagnosis. In chapter 6 I describe a case report in which a patient
with a clival lesion presents with paroxysmal abducens palsy. The tumor demonstrates growth
and regression coupled with the patient’s symptoms. Histopathology shows a chordoma. This
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case illustrates the importance of pathological confirmation in uncertain radiological cases,
which could aid colleagues in decision making.

The evolution of skull base surgery, as is elaborated on in the previous paragraph, is a con-
tinuous process. The goal of decreased morbidity and improved recovery after surgery is
always demanding. In our center we developed a simple and rapid technique to close small
clival defects without the need for vascularized flaps. In chapter 7 this is presented in a case
series. The aim is to provide surgeons with different options for skull base closure techniques.
Concluding remarks and critical reflection on the findings are provided in chapter 8.
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Chapter 2

ABSTRACT

Aim: To evaluate clinical and radiological outcome in surgically treated Koos 4 vestibular
schwannomas.

Material and methods: Volumetric analysis of the tumour volumes before surgery, after sur-
gery (before radiation), and at follow-up time-points after radiation was performed. Clinical
data on facial nerve function and complications were collected. Approximately 6 months
after surgery, all patients were treated with a single fraction of SRS using the Gamma Knife
radiosurgery with a mean marginal dose of 12.9 Gy to the residual tumour volume.

Results: Mean tumour volume was 11.64 cm3 which was reduced to a mean volume of 4.17
cm3 after partial resection. After a mean follow-up of 100 months, residual tumour showed a
decrease in volume in 20 patients, stable disease in one patient and two patients showed pro-
gressive tumour volume requiring a second operation in one patient. Facial nerve function
was preserved in all patients. One patient suffered from a trigeminal neuralgia after radiation.

Conclusion: Planned partial resection followed by radiation for patients with Koos 4 ves-
tibular schwannoma is an effective strategy to preserve facial nerve function and achieve
tumour control. Residual tumours after planned partial resection showed a mean decrease in
volume of 50% at the last follow-up time point.

Keywords: Vestibular schwannoma, Partial resection, Gamma knife, Tumour volume, Facial
nerve
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INTRODUCTION

Vestibular schwannoma (VS) is a benign skull base tumour resulting from the proliferation of
Schwann cells of the vestibulocochlear nerve (56). VS is a slow growing tumour that usually
expands from the internal auditory canal (IAC) toward the cerebellopontine angle (CPA).
VS accounts for 10% of all intracranial tumours and approximately 90% of all tumours in
the CPA (24,56). In the last two decades, the use of magnetic resonance imaging (MRI) has
contributed to more incidental detection of VS. In up to 0.07% of individuals undergoing an
MRI of the brain, a VS was detected (24,46).

recent study suggested that within the United States alone, the incidence rate has increased
significantly from 1.5 over the past half-century to 4.2 per 100,000 persons in the last decade
(31). Since the vestibulocochlear nerve is responsible for hearing and balance, VS patients
usually show symptoms related to these functions, such as tinnitus, hearing loss, vertigo,
and headache (35,47,50,55). Symptoms vary from one patient to another and are mostly
dependent on tumour volume (43). Common treatment strategies are the ‘wait and scan
policy, surgical resection, and/or stereotactic radiosurgery (SRS) (43). Taking into account
differences in patient characteristics, treatment selection is highly dependent on tumour
volume and unilateral or bilateral (neurofibromatosis type 2 (NF2)) occurrence (59). VS size
is classified into four grades using the Koos grading scale: intracanalicular (Koos 1), intra-/
extrameatal (Koos 2), tumour touching the brainstem (Koos 3), and tumour compression of
the brainstem (Koos 4) (20). This study focuses predominantly on Koos 4 VS.

Large VS compress the brainstem and may cause symptoms of cranial nerve disorders
[MK1.1], ataxia, hydrocephalus and cerebrospinal tract impairment and therefore prompts
a surgical decompression. Over the past decades, complete tumour resection has been con-
sidered the treatment of first choice (26,30). This strategy has shown high rates of VS control,
ranging between 90.9-100% (49). However, as the tumour is often adjacent to the facial nerve
(FN) in large VS, preserving this critical structure combined with the goal of leaving no
residual tumour creates a major challenge. In a recent systematic review, the pooled overall
gross-total resection rate was estimated to be 77%, with higher rates associated with surgeon’s
experience (49). Good facial nerve function House-Brackmann (HB) Grade 1 or 2 after total
resection fluctuated between 27% and 85% (11,26,30,45,57,60,61). Leaving a residue of VS
around the FN (partial or subtotal resection) ensures better preservation of neurological and
sensory functions. Yet, partial resection alone was found to be associated with a higher prob-
ability of tumour growth in up to 53% of cases (3,10,16,42,51).

In large VS, SRS alone may cause transient swelling, adding more compression to the
brainstem and is therefore not the preferred first treatment (54); however, it has shown to
better control small to medium VS (on a scale ranging from 87% to 97%) with favourable
FN function outcomes (5,6,29). Therefore, a combined approach of partial resection with
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irradiation of the residual tumour seems to be a logical treatment for large VS. Through-
out the last two decades, Gamma Knife (GK) radiosurgery after partial resection, with a
marginal dose between 12-13 Gy to the residual tumour, has shown beneficial FN function
outcomes, ranging between 86% and 100%, with tumour control rates of 79% and higher
(7,15,22,23,39,40,41,53,58). This slightly more conservative approach has gained gradual at-
tention among the skull base surgical community. Nine studies (7,15,22,23,39,40,41,53, 58)
have reported on using this combined approach.

The aim of our retrospective study is to illustrate local control, FN outcomes, surgical compli-
cations, and radiotherapy side effects in managing Koos 4 VS using this combined approach.

MATERIAL AND METHODS

Inclusion and Exclusion Criteria

After obtaining permission from the medical ethical committee (METC 2018-0843), data
were collected retrospectively. All patients harbouring histopathologically confirmed Koos
4 VS treated via a partial resection followed by GK radiosurgery, with preoperative and
postoperative MRI scans, were included in the study. This study included patients from 2007
until 2018 with all required treatment data available.

Imaging Protocol and Clinical Workflow

All patients received a 1 mm T1-weighted contrast-enhanced brain MRI and a T2-weighted
0.6 mm (cochlea sequence) axial imaging of the cerebellopontine area. This protocol was
performed preoperatively and during follow-up. All surgically treated patients with VS were
discussed in the multidisciplinary skull base team. According to the local protocol, patients
with Koos 4 and occasionally Koos 3 VS (if the patient had a strong preference for surgery)
were treated with the combined approach. All patients presented with severe hearing loss.
Therefore, tumour resection was conducted via the translabyrinthine route with the aim of
achieving tumour volume reduction and FN preservation. This approach included dissection
of the internal auditory meatus, besides mastoidectomy and labyrinthectomy, with secure
exposition of the FN. To avoid any damage to FN, electromyography based two-channel
facial monitoring was used during surgery. Surgeries were performed in a joint effort in-
volving experienced surgeons from both otorhinolaryngology (ENT) and the neurosurgery
departments. The ENT surgeon started with the labyrinthectomy, and the neurosurgeon
resected the tumour. After surgery, the patient was discharged within 3-5 days and a follow
up appointment was scheduled after approximately three months.

GK Radiosurgery

Within six months after surgery the residual VS was treated with GK radiosurgery, a dose
between 12.0 and 13.0 Gy (mean: 12.9 Gy) was prescribed, covering 99% of the residual tu-
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mour. All radiosurgery treatments were performed using the Leksell Gamma Knife 4C and,
from 2008 onwards, the Leksell Gamma Knife Perfection, and from 2015 the Gamma Knife
Icon. To ensure the exact delivery of the prescribed dose, the GK centre used a volumetric 1
mm (without slice gap) T1weighted contrast-enhanced MRI and 0.8 mm T2 weighted MRI
for planning purposes.

Definition of Radiological and Clinical Control

In order to assess tumour volumes, four MRI scans were retrieved from the database system
for each patient. These scans represented a chronological sequence of when the tumour was
initially diagnosed (VT1), after surgery ((VT2) tumour volume at the time of GK), first MRI
scan after GK (VT3), and at the last available follow-up (VT4). Based on the literature, VS
patients might have an increase in tumour volume following GK (pseudo-progression or
transient swelling), which will resolve in time (19). The first and second authors (radiologist
with neuro imaging expertise) performed all volume measurements manually using 3DSlicer
(https://www.slicer.org/), (Figure 1) (12).

Radiological control refers to the status of the tumour volume at VT4 in relation to VT2 by
calculating the change. A difference of 20% between scans was considered the measurement
error (38,52). Therefore, the tumour status at VT4 was classified into three categories: regres-
sion when VT4 is less than 80% of VT2; stable when the VT4 is within a margin of + 20%
from VT2; progression when VT4 is larger than 120% of the VT2. Clinical control refers to
the absence of the need for further treatment (GK or surgery) after completing the initial
treatment approach.

Statistical analyses

Forward stepwise ANOVA regression was applied to find any predictive variable in rela-
tion to the tumour volume at the last follow-up (VT4). The tumour volume VT4 was the
dependent variable and included the following variables in the candidate pool of predictors:
age, sex, tumour location, tumour volume before and after surgery, tumour volume directly
after GK, time interval between surgery and GK, and time interval between GK and the
last follow-up. The level of significance was set at p-value <0.05, and all statistical tests were
performed using the IBM Statistical Package for Social Science (SPSS) software, version 26.0.

35



Chapter 2

Figure 1: Transverse T1 3D MRI scans with gadolinium contrast in three patients (A, B, C) with left side

VS, representing tumour shrinkage (A), transient swelling followed by shrinkage (B), and progression
(C). 1 = pre-operative tumour, 2 = tumour before Gamma Knife, 3 = tumour 15 months after Gamma
Knife, 4 = last follow-up.

RESULTS

Demographic and Treatment Data

A total of 23 patients with complete datasets were included in the analysis. This group con-
sisted of 13 (57%) females and 10 (43%) males, with a mean age of 49 (range 22-73 years).
Prior to surgery, all patients presented with hearing loss. Other symptoms included ataxia,
vertigo, and tinnitus. Most of the VS tumours (74%) were located on the left side of the brain
(17 left versus 6 on the right), and the mean tumour volume before surgery was 11.64 cm3
(range 4.59 - 31.02 cm3). All patients underwent planned partial resection, and the mean
residual volume was 4.17 cm3 (range 1.29 - 10.99 cm3). Following surgery by a mean (SD)
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time of 6 (+ 2) months, all patients received a marginal dose of 12- 13 Gy covering 99% of the

tumour volume.

Tumour Control

After a mean follow-up time of 100 months (range 42-170) after GK, tumour control was
achieved in 21 patients (91% control rate), and two patients showed tumour volume increase
requiring re-operation in one (4%). Interval between GK radiosurgery and the progression
manifestation in this patient was 16 months. The tumour control group showed two pat-
terns of response: shrinkage in 20 patients (87%) and stable in one patient (4%). Five patients
experienced transient progression after GK followed by shrinkage (Table I), (Figure 1).

Forward Stepwise Regression

Tumour volume at the last follow-up (dependent variable) showed no linear relationship with
any of the predictor variables (age, sex, tumour location, volumes before and after surgery,
interval between surgery and GK, and interval between GK and the last follow-up), except
with the volume after GK. Volume after GK accounted for 41% of the variation in volume at
the last follow-up, and the ANOVA test indicated that the model was significant (p<0.001).
This implies that overall, patients responded well to the surgical approach in combination
with GK treatment.

Functional Preservation

Prior to surgery, all patients had a normal functioning FN (H-B Grade 1). These functions
were maintained after surgery in all except one patient who had a temporary H-B Grade 3
that was resolved after four weeks. At the time of the last follow-up normal FN function was
achieved in all patients.

Surgical Complications and Radiation-Induced Effects

In this cohort, no patient developed an infection, bleeding, or any surgical-related compli-
cation after surgery. However, one patient developed communicating hydrocephalus three
years after the combined therapy and required a ventriculoperitoneal shunt. One patient
underwent a second surgery due to tumour progression. Concerning early radiation-induced
toxicities, only one patient suffered from a temporary paraesthesia in the trigeminal area.
This developed six years later into a trigeminal neuralgia, which was treated with carbamaze-
pine. No other late toxicities were seen in any of the patients.

DISCUSSION

The present study assessed the feasibility of managing Koos 4 VS more conservatively by
utilizing the combined approach. All patients had a Koos 4 VS and suffered from complete
hearing loss on the side of the tumour and had normal FN function. Therefore, the goal of
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surgery was to reduce the mass effect and preserve FN functionality by leaving some rest
tumour around the FN. After surgery, the mean tumour volume was reduced from 11.64
cm3 to 4.17 cm3. GK radiosurgery within 6 months after surgery resulted in tumour control
in 91% of the patients with a mean follow-up of 100 months. This control is within the range
of rates that have been published in studies reporting on the combined approach (79-100%)
(7,15,22,23,39,40,41,53,58). These rates were pooled by a recent systematic review aiming at
a better assessment of the efficacy of the combined approach in large VS. Two hundred and
thirty patients with a tumour volume ranging from 1.16 to 9.35 cm3 (at the time of the SRS)
were included in the analysis, and the estimated overall tumour control rate was 93.9% after
46 months (48).

To evaluate the tumour’s response after treatment, all tumours were delineated manually
to estimate a three-dimensional volume. Although this method takes more time than the
traditional two-dimensional method, it is more accurate and has been found to be associated
with a lower inter-observer error (27,52). At the last follow-up after GK irradiation, tumour
stability was reported in one patient (4%), shrinkage in 20 patients (87%), and increase in
volume in two patients (8%). Reducing the tumour volume allowed the GK radiosurgery to
control residues in a comparable way to small-to-medium sized VS (<3 cm) when treated
primarily by SRS, 92.7% after a mean follow-up of 51.24 months, reported by a meta analysis
study (44). Interestingly, in our cohort five tumours demonstrated post-radiation growth fol-
lowed by shrinkage. Okunaga stated that a true VS progression is only assured if the tumour
growth continues for more than two years (37), and more recently, Fouard indicated that a
minimum five years of follow-up is required (14).
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Table I: Vestibular Schwannoma Volume Measurements in cm® for All Patients at Four Time Points:
(V1) Before Surgery, (Vry) Before GK, (Vr3) After GK, and (V1) at the Last Follow-Up. Furthermore,
the Disease Status and Follow-Up Duration are Displayed. *Case 2 underwent a second operation; the

pre- and post-op volumes are presented.

Vol

Amount of dif;)eilemnze o Tumour Follow-

Case VT1 VT2 . VT3 VT4 volume up time

resection [VT2- difference control (months)

VT4]
1 7.12 2.14 70% 2.05 2.36 -0.22 +10% Stable 79
2 4.59 1.74 62% 1.87 4.51/1.24* -2.77 +159% Progres- 80
sion
3 31.02 9.93 68% 6.35 3.06 6.87 -69% Shrinkage 106
4 17.66 8.23 53% 7.56 6.06 2.17 -26% Shrinkage 76
5 5.00 1.49 70% 1.30 0.15 1.34 -90% Shrinkage 72
6 10.9 2.28 79% 1.60 0.17 2.11 -92% Shrinkage 929
7 7.00 4.42 37% 3.55 1.88 2.54 -57% Shrinkage 72
8 491 2.92 40% 4.08 3.66 -0.74 +25% Progres- 75
sion

9 11.00 4.88 56% 5.18 2.34 2.54 -52% Shrinkage 93
10 7.00 2.08 70% 1.44 0.44 1.64 -79% Shrinkage 42
11 8.62 4.24 51% 3.52 2.45 1.79 -42% Shrinkage 101
12 12.28 5.57 55% 5.88 2.28 3.29 -59% Shrinkage 66
13 9.35 3.27 65% 1.80 1.04 2.23 - 68% Shrinkage 57
14 5.47 1.29 76% 1.00 0.34 0.95 - 74% Shrinkage 119
15 10.57 5.60 47% 5.39 2.92 2.68 - 48% Shrinkage 74
16 7.66 3.35 56% 2.74 1.92 1.43 -43% Shrinkage 139
17 20.00 3.86 81% 1.65 0.93 2.93 -76% Shrinkage 116
18 20.20 6.64 67% 3.76 1.13 5.51 -83% Shrinkage 125
19 5.40 1.76 67% 1.33 0.27 1.49 - 85% Shrinkage 147
20 17.93 10.99 39% 9.40 2.62 8.37 - 76% Shrinkage 141
21 22.02 3.45 84% 2.96 1.74 1.71 -50% Shrinkage 141
22 15.45 2.52 84% 2.69 1.01 1.51 - 60% Shrinkage 104
23 6.54 3.17 51% 6.23 0.18 2.99 -94% Shrinkage 170

The challenge in VS management is that there is no specific method for identifying the growth

rate or tumour behaviour. For example, a study that aimed to characterize the growth rate in

381 patients with small-to-medium-sized VS following a wait-and-scan policy reported that

32.5% had growth progression, 59.3% of the tumours remained stable, and 8.1% shrank after

39
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a mean interval of 4.2 years between the first and last scans (34). Although no interventions
were done, some tumours shrank. It is also known that VS may grow again, even after being
macroscopically completely resected (36). Moreover, it is possible for patients undergoing
radiation therapy to develop a late transient tumour enlargement (within four years after
being irradiated) followed by shrinkage (14,32). Important to note is that many factors such
as inflammation, and angiogenesis can influence the biological behaviour and volumetric
growth of sporadic VS (8,9).

A key finding in the current study was the successful preservation of FN function in all
patients (100%). This finding is in line with most of the previously published rates after the
combined approach, which range from 85.7% to 100% (48). In literature, total resection of
large VS as a treatment method takes up the largest number of previous publications and
normally includes large sample sizes (49). This treatment preference is, mainly due to the
excellent tumour control rates, reported in many articles (49). However, the FN preservation
after total resection is highly dependent on the surgeon’s experience (4,33). With an increase
in VS volume, the FN will be stretched around the tumour and become thinner, making it
more susceptible to injury during surgery (17). A dysfunction in the FN may significantly
influence the patient’s quality of life (39,43). Hence, a more conservative resection combined
with GK radiosurgery may be considered beneficial for both the patient and the treating
surgeon as it may ease the procedure for the surgeon and assure a high chance of functional
preservation for the patient.

The absence of postsurgical and GK complications observed in the current study was in
accordance with previous studies on the combined approach. Table II indicates that com-
plications after partially resecting large VS are few and may resolve with time or medication.
Major complications (non-neurological), such as wound infection, cerebral spinal fluid
leakage, and meningitis, were more frequently reported after complete resection (2). A main
objective of surgery in this combined approach is to achieve brain stem decompression and
to reduce tumour volume to accommodate the radiosurgery, even though complete removal
of the tumour would technically be feasible. The combined treatment reduces operation time
as well as the degree of invasiveness, which is a plausible explanation for the decrease in
complications. In 2011, Van de Langenberg noted a lower number of surgical complications
after the combined approach by comparing their post-surgical outcomes with the literature
(53). However, by gathering data from all the studies that reported the combined approach,
this conclusion can be further strengthened. Nowadays, symptoms after GK radiosurgery do
not constitute a major concern compared to early reports. Initially after the first use of GK to
treat VS by Leksell (28), prescribed doses were commonly between 12-25 Gy (13,21,25). The
high variation in the prescribed doses among early studies, with the most frequent being > 14
Gy, was because of the belief that VS can survive low doses. Although high control rates were
achieved by these studies (90-100%), incidents of trigeminal neuropathy, reaching 81.7% in
one study (13) and hearing deterioration were also high (21,25). The last two decades have
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witnessed some consensus agreement on the dose range of 12-13 Gy. In the case of small-to-
medium-sized VS treated primarily by radiosurgery, a marginal dose of 12-13 Gy has shown
its efficacy in excellent control rates (>90%) and much lower incidents of toxicities (1,5,18).
All studies of the combined approach (Table II), including the current study, consistently
used this dosing scheme and showed similar results to those of small-to-medium-sized VS.
One limitation of our study is that the number of patient with large VS treated between 2007
and 2018 in our department using the combined approach was larger, but due to incomplete
data, the current study had a limited sample size of complete datasets. Additional limitations
include the retrospective nature of the study design, which may have added some degree of
bias to the results. Nevertheless, reporting volume change over time and functional outcomes
of the combined approach for large VS neurosurgical treatment remains valuable.

Table II: Data Related to Surgical Complications and Radiation-Induced Effects Following the Subtotal
Resection of Large VS and Subsequent GK Radiosurgery, respectively. These Data were Extracted from
the 10 Studies That Followed the Combined Approach, Including the Current Study

Mean prescribed
Number ) 5 ..
Surgical . .. (marginal) dose, Radiation-induced
Reference  of Surgical complications |
X approach in Gy. effects
patients
(range)
Iwai et al. 13 Retrosigmoid
(23) 14 & 1 Transtento- ~ No complications 12.1 (10-14.1) No complications
rial
Park et al. 8 NR - 12 No complications
(40)
Yang et al. 61 Retrosigmoid NR 11.8 (11-13) No complications
(58)

Fuentes et al. -
(15) NR NR 12.5 (9-14) No complications
Minor complications

inctl.ud:: hematoma in 2 . H-B Grade II
atient, . .
P . transient facial pare-
hydrocephalus in 2 . .
i A . sis in 2 patients.
patients, VP dramage in - Transient tri
1 patient, lumbar inal h thesi
emina aesthesia
Van de drainage in 1 patient, 8 in1 YI; h
in 1 patient.
L b CN IX & X.
angenberg 50 . 11 (9.4-11.9) —  Persisting facial
et Temporary dysfunction nerve spasms in 1
al. (53) in 3 patients, P

patient
(improved with a
botulinum toxin

CN IX & X persistent
25 Retrosigmoid ~ dysfunction 1 patient,
temporary abducens

injections every 3
25 Translabyrin-  paresis in 1 patient. ) Y

. . L. months).
thine Major complication

(hemiparesis).
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Table II: Data Related to Surgical Complications and Radiation-Induced Effects Following the Subtotal
Resection of Large VS and Subsequent GK Radiosurgery, respectively. These Data were Extracted from

the 10 Studies That Followed the Combined Approach, Including the Current Study (continued)

Mean prescribed
Number . . e £
Surgical ) .. (marginal) dose, Radiation-induced
Reference of pa- Surgical complications
. approach in Gy. effects
tients
(range)
Delayed hydrocephalus
Pan et al. in 1 patient ired
aneta 18 Retrosigmoid - patient reqire 12 No complications
(39) a placement of a VP
shunt.
Only minor complica- —  Transient facial
tions: spasms in 2 patients.
— Lung abscess due to —  Transient tri-
aspiration pneumonia geminal neuropathy
Iwai et al. in 1 patient. in 2 patients.
waeta 40 Retrosigmoid nipa 1en' ... 12(10-12) n = patients
(22) — Aseptic meningitis All symptoms were
in 1 patient (treated resolved spontane-
with steroids). ously.
— Pulmonary embo-
lism in 1 patient.
— Facial numbness in
Radwan et al. 4 patients .(3 improved Mild trigeminal Tleu—
(41) 22 NR before radiosurgery). 12.5 (12-14) ropathy in 1 patient
— Temporary dyspha- (last for 3 months).
gia and dysarthria
— Transient facial
hypoesthesia
. (resolved with time)
Daniel et al. . . . .
@ 32 Retrosigmoid — Transient vagus 12 (11-12) No complications
nerve deficit
(resolved after 6
months)
Translabyrin- o Tr.igeminal p.ar.aesthe-
Present study 23 thi No complications 12.9 (12-13) sia/ neuralgia in one
ine

patient.

NR: Not reported, and the symbol “-“ indicates that there is no clear data.

CONCLUSION

Upfront planning for a partial resection followed by GK radiosurgery is an effective and safe

treatment choice for patients with Koos 4 VS. The efficacy consists of good tumour control

and a low number of complications, respectively.
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ABSTRACT

Malignant tumors of the sinonasal cavities with extension to the frontal skull base are rare
and challenging pathologies. A combined-approach including frontobasal craniotomy, en-
doscopic sinus surgery with reconstruction of the anterior skull base, followed by adjuvant
radiotherapy is our preferred treatment strategy in selected cases. Morbidity and mortality
rates are high in this population. We performed a retrospective cross-sectional single center
study of the long-term clinical outcome in our tertiary university referral hospital between
2010 and 2020. Patient, tumor, treatment, complications and survival characteristics of
eighteen consecutive patients were extracted from the electronic health records. Descriptive
statistics and frequency distributions were performed. Eighteen consecutive patients were
included with a mean age of 61 (SD + 10) years (range 38-80); ten males and eight females.
Gross total resection was achieved in 14 (77%) patients. Eleven (61%) patients underwent
local radiotherapy, one (5%) chemotherapy and three (17%) a combination of both. Mean
follow-up duration was 49 months (range 3 - 138). Three (17%) patients died in the hospital
due to post-operative complications. Six (33%) patients died during follow-up due to disease
progression. Mean progression-free survival was 47 months (range 0 — 113). In conclusion,
the overall survival was 50% for this group of patients with large sinonasal tumors. Progres-
sive disease affects survival rate severely. Surgical complications were seen in five (28%)
patients. Radiotherapy is associated with high complication rates. Radiation necrosis was a
serious complication in two patients and could be treated with high dose steroids.

Keywords: Skull base, esthesioneuroblastoma, sinonasal carcinoma, inverted papilloma,

squamous cell carcinoma, adenoid cystic carcinoma, radiotherapy, reconstruction, crani-
otomy
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INTRODUCTION

Sinonasal tumors are rare and challenging pathologies, accounting for less than 1% of all
malignancies'. These lesions often present in an advanced stage, involving both paranasal si-
nuses and surrounding structures such as the anterior skull base, brain, and orbit'. When the
skull base is affected, the tumor may have invaded the dura and brain parenchyma worsening
the prognosis’. The treatment modality of these lesions depends on the extent of the lesion
and histopathological diagnosis®’. Open approaches used to be the only surgical option,
however in the last three decades endoscopic approaches are added as part of the surgical
strategy. Current literature suggests a reduced complication rate in endoscopic approaches
compared to open surgery while preserving comparable oncologic outcomes. The choice for
specific surgical strategies also depends on preferences and experiences of the surgical team.
Extensive invading tumors might be less suitable for endoscopic surgery alone. In tumors eli-
gible for resection, surgical removal followed by skull base reconstruction is the first step’™.
Depending on the type of tumor and disease stage, post-operative chemo and/or radiation
therapy is indicated” .

The most common tumor is the squamous cell carcinoma (SCC), accounting for up to 50%
of all sinonasal malignancies, followed by adenocarcinoma (AC, 12.6%), melanoma (ML,
6.6%), esthesioneuroblastoma (ENB, 6.3%) adenoid cystic (ACC, 6.2%) and undifferenti-
ated carcinoma (SNUC, 3.1%)'. Most patients are diagnosed at an advanced stage where the
cancer has invaded surrounding structures (54.5%) or show distant metastasis (14.9%)'*".
A distinct minority presents in an early, local disease stage (30.6%)'. Overall survival is
poor with an average 5-years survival of 54.5%'. However, subgroups of survival rates may
be stratified according to histology and disease stage'®"”. A relatively good prognosis is seen
in ENB and ACC with a 5-years overall survival of 71.0% and 69.5%, respectively, and in
patients with only local disease (80.9%). Intermediate survival rates at 5 years are seen in
SCC (53.0%) and AC (63.0%) and in patients with regionally advanced disease (48.6%). The
poorest prognosis is observed in patients with ML and SNUC with only 34.7% survival after

5 years and patients with distant metastasis (28.2%)".

Surgical resection is the mainstay treatment for these tumors. Gross total resection is associ-
ated with better outcome compared to subtotal removal and to radiotherapy mono-treat-
ment’. Radiotherapy can be applied as part of palliative treatment and as adjuvant therapy
7. Surgery for tumor recurrence may be considered in selected cases but is associated with
high morbidity and mortality’. The benefit of induction or adjuvant chemoradiation is still

unclear®.

Treatment of sinonasal cancer is associated with high rates of complications, both surgery
and radiotherapy related. Post-operative mortality is around 4.7% and comorbidity is as-
sociated with a higher surgery related mortality'®. Complications are seen in 36.3% of the
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patientsls. Wound related complications (infection, dehiscence, necrosis) occur in 19.8%,
Central nervous system (CNS) related complications (cerebral spinal fluid leak, meningitis,
pneumocephalus, neurological deficit) occur in 16.2%, systemic complications (cardiovas-
cular, pulmonary, urinary tract infection) in 4.8% and orbital complications (blindness,
diplopia, lacrimal duct obstruction) in 1.7%. The presence of medical comorbidity, induction
radiotherapy, dural or brain invasion is associated with higher probability of complications'®.

Radiotherapy associated complications are reported in up to 50% of patients. These include
all five severity grades in accordance with the Common Terminology Criteria for Adverse
Events'®. Most common complications are visual deficits up to blindness, tear film imbalance,
nasal mucosa inflammation, wound infection, bone flap necrosis, brain necrosis, pituitary

11-14,18

deficit and pain

The low incidence of these tumors and their heterogeneous aspect makes it difficult to
execute large randomized controlled trials. Therefore, mostly papers reporting on small
retrospective cohorts are available. We would like to add to the current literature by describ-
ing our single institute long-term outcome on the treatment of large sinonasal cancers with
intracranial extension. The aim of this study is to evaluate tumor control, progression free
and overall survival and therapy associated complications after a frontobasal craniotomy
with endoscopic assistance and skull base reconstruction.

MATERIALS AND METHODS

Study design

We conducted a retrospective analysis of our cohort between January 2010 and December
2021. Data including medical history, neurological status, radiological examinations,
operative details, surgical outcome, histopathology, adjuvant therapies, complications, and
follow-up details were extracted from the electronic patient files. Tumor recurrence and
clinical outcome data were collected at three and twelve months post-operative time-points
and at the last follow-up time-point. The study protocol was approved by the medical ethics
committee of Maastricht University Medical Centre+, and received the following reference
number: 2021-2608.

Subjects

All consecutive patients with a sinonasal tumor with anterior skull base extension treated
using a bifrontal (frontobasal) craniotomy by our multidisciplinary skull base team, were
eligible to be included in this study. Case by case discussions took place and the best possible
tailored therapy was proposed to the patient. Patients had to have a Karnofsky performance
score above 60 to be eligible for resection and a gross total resection must be possible. In our
institution, a bifrontal craniotomy is used in all cases with stage T4b carcinoma. Stage 4a
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carcinoma can be treated by an endoscopic approach or a bifrontal craniotomy. The approach
is selected based on anatomical location and whether the surgeon believes the local invasion
can be removed and reconstructed by endoscopy, if not, a bifrontal craniotomy is indicated.
The follow-up was performed by the multidisciplinary skull base team.

Surgical approach

The approach in all cases was the transcranial route (here referred as frontobasal craniotomy)
to the paranasal sinuses and removal of tumor tissue along this route. Endoscopy was used
through the transcranial opening and./or trans nasal to assist tumor removal. The details
of the craniotomy were as follows. A bifrontal incision was performed with preservation of
the periosteum to be used for the skull base reconstruction. When a second surgery was
necessary, then the galea aponeurotica-layer was used for skull base reconstruction. After the
bifrontal craniotomy, the dura was opened if there was intradural tumor. For the intradural
approach, the most anterior part of the superior sagittal sinus was ligated and the falx cerebri
was transected. The following step was to remove the posterior wall of the frontal sinus, drill-
ing of the cribiform plate and drilling of the cranial part of the sphenoid plane to access
the frontal, ethmoidal and sphenoid sinuses, respectively. Tumor tissue was removed using
microsurgical techniques. The CUSA-aspirator was applied as well as the surgery-shaver,
whenever applicable. When the intra orbital viscera were involved in the tumor process, an
exenteration was performed and the craniofacial surgeon prepared the orbit for an ocular
prosthetic. When gross total resection was achieved, reconstruction of the anterior skull base
was performed. A split skull graft from the frontal craniotomy-bone was made and inserted
at the frontal skull base opening, then the periosteum was used as cover supported by a fat
graft from the para umbilical region. The wound was closed in a layered fashion. All patients
received seven days of antibiotic prophylaxis post-operatively and two days of bed rest.

Adjuvant therapy

In our institution, all patients with T4 sinonasal carcinoma receive adjuvant local regional
radiotherapy. In line with this, the patients in this series received photon radiation therapy,
consisting of 30 to 35 fractions of 2.0 Gy to a total dose of 60 to 70 Gy using Volumetric
Modulated Arc Therapy. The target volume consisted of the resection cavity and tumor rem-
nant after resection with a margin according to local guidelines. Timing depended on wound
healing and complications and varied between two to six weeks post-operatively.

Induction chemotherapy is not applied in our institution. Adjuvant systemic therapy is an
option in patients with recurrent disease who are not eligible for re-resection or with distant
metastases.

Clinical follow-up

Oncological follow-up was performed at three and six months post-operatively after which
the standard interval remained six months. A standardized examination protocol, used in
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daily clinical practice, was carried out. This protocol comprised a physical examination
with endoscopic evaluation of the nasal cavity and opened paranasal sinuses. An MRI was
performed to evaluate tumor recurrence. See figure 1 for an example. All cases who showed
progressive disease or symptoms were discussed in our skull base board.

Statistics

A descriptive approach was used to display the data due to the small and heterogeneous
nature of our cohort. All data were analyzed using Statistical Package for the Social Sciences
version 27 software (SPSS, Chicago, IL, USA).

RESULTS

Demographics

In total 18 patients were identified for inclusion, 10 males and 8 females. Mean age at surgery
was 61 years (range38 - 80). Three (16%) patients were diagnosed with an esthesioneuroblas-
toma, three (16%) with an adenoid cystic sinonasal carcinoma, five (28%) with an adenocar-
cinoma, two (11%) with a squamous cell carcinoma, two with a sinonasal undifferentiated
carcinoma, one (5%) with a melanoma, one with an inverted papilloma with squamous cell
carcinoma differentiation and one patient with a sinonasal neuro-endocrine carcinoma.
Most patients presented with complaints of nasal obstruction (n=10) and rhinorrhea (n==8).
Two patients suffered from severe frontal lobe syndrome due to significant cytotoxic edema
and mass effect on the frontal lobes. One patient had an epileptic seizure as her presenting
symptom. Twelve patients had orbital involvement of the tumor process, six of which showed
symptoms following this involvement. See table 1 for a more detailed description.

Clinical course and survival

Mean length of stay in hospital was 21 days (range 4 - 132). Gross total resection was achieved
in 14 (77%) patients. Eleven patients (61%) had no complications during their hospital stay.
Three (17%) patients died in the hospital due to post-operative complications consisting of
subarachnoid hemorrhage (SAH), cardiac arrest, and ventriculitis, respectively.

Mean follow-up duration was 49 months (range 3 - 138). Six (33%) patients died during
follow-up. Mean progression-free survival was 47 months (range 0 - 113).

The individual cases will be discussed per tumor type. See table 2 for a more detailed descrip-
tion.

Adenocarcinoma
Case 7 had no complications post-operatively and is now 58 months after surgery without
signs of tumor recurrence. Case 11 showed at post-operative day two nasal liquorrhea, which
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was resolved with an external lumbar drain and acetazolamide for 7 days. This patient is now
78 months in follow-up without tumor recurrence. Case 13 had no in-hospital complications,
however showed distant cutaneous and osseous tumor recurrence after six months for which
systemic therapy and loco regional radiotherapy were given. Afterl3 months, the patient
died due to progressive disease. Case 14 experienced a delirium post-operatively, probably
related to the pre-operative already present bifrontal edema. It resolved using antipsychotic
medication. Six months post-operatively, the patient had distant leptomeningeal tumor
recurrence. The patient refused chemo radiation and died shortly after. Case 17 had a severe
per-operative complication, a SAH, from which the patient died three days post-operatively.
More details are given in the next section.

Esthesioneuroblastoma
None of the patients diagnosed with esthesioneuroblastoma suffered from in-hospital
complications. Case 1 is 20 months in follow-up in which there is no evidence for tumor

recurrence.

Case 4 refused post-operative radiotherapy and showed tumor recurrence at 15 months after
surgery. After discussions with the patient and parents, consent was given for re-resection
with post-operative radiotherapy. The patient is now 51 months in follow-up with no sign of

tumor recurrence.

Case 6 has died 64 months after surgery due to the late complications’ effects of surgery and
radiotherapy. The patient suffered from epilepsy and a frontal lobe syndrome with bifrontal
radio necrosis and infection. Patient’s condition deteriorated fast, without signs of tumor
recurrence, and died

Adenoid cystic carcinoma
One case had an incomplete patient record. The other two cases had an uncomplicated hos-
pital stay. Case 2 is now 66 months in follow-up without signs of tumor recurrence.

Case 5 has data available since 2012. The patient showed tumor recurrence 100 months post-
operative for which re-resection with adjuvant radiotherapy was advised, however patient
refused treatment. The patient was referred to an external oncologist for systemic therapy.
Currently, the patient has shown minimal progressive disease after 138 months post-opera-
tive. Case 16 showed tumor recurrence at six months post-operatively for which the patient
was referred to and external oncologist for systemic therapy. The patient is now in remission
at 18 months follow-up.

Squamous cell carcinoma

Case 8 underwent an uncomplicated hospital stay and is now 113 months in follow-up with-
out tumor recurrence. Case 12 had no complications in the first clinical period, however
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only a subtotal resection was achieved; therefore, a second operation was needed to achieve
curation. However, 4 months after the first operation patient showed pulmonary metastasis
and refused further treatment. Patient died shortly after.

Sinonasal undifferentiated carcinoma

Case 15 had no in-hospital complications. After 7 months of follow-up, the patient showed
loco-regional recurrence for which no curative treatments were available. Best supportive
care protocol was applied and the patient died shortly after.

Case 18 had a major complicated clinical stay, for more details see the next section. The
patient showed rapid disease progression after loco regional and systemic treatment. Best
supportive care protocol was started and patient died shortly after.

Miscellaneous
Case 3 had a severely complicated hospital stay and died after more than four months of
treatment, for more details see the next section.

Case 9 had an uncomplicated hospital stay and is now 94 months in follow-up without tumor

recurrence.

Case 10 died from an in-hospital cardiac arrest, for more details see the next section.

Complications of surgery

We recorded surgical complications in 5 out of 18 patients (28%). Three (17%) patients died
during the direct post-operative period. Five (28%) patients needed a re-operation due to a
complication. See table 3 for a more detailed description of each individual case.

Wound infection
No patient suffered from direct post-operative wound infection. However, four patients got
late post-radiotherapy wound problems requiring operative intervention.

Cases 1, 5 and 13: Post-radiation wound infection requiring wound revision and removal
of the bone flap, 4 months, 72 months and 6 months, respectively. Case 6 also underwent
wound revision for a chronic infection, in addition, a partial resection of the frontal lobe was
performed to get histopathological samples excluding tumor recurrence and proving radio

necrosis.
Liquorrhea

Three patients (17%) suffered from direct post-operative liquorrhea, all were treated success-
fully using an external lumbar drain, one with an addition of acetazolamide. We report one
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late orbital liquorrhea following radiotherapy and a chronic infection requiring reconstruc-
tive surgery.

Case 11: nasal liquorrhea requiring 7 days external lumbar drainage and acetazolamide

Case 8: uncomplicated clinical period. 8 months post-operatively orbital liquorrhea with
frontal lobe herniation and chronic infection. First, an external lumbar drain was placed; this
did not resolve the liquorrhea. Therefore, a combined approach with the plastic surgeon was
used to reconstruct the orbital region of the frontal skull base using a temporalis fascia and
split skin graft. Post-operative wound healing was uneventful.

Case 18: Post-operative nasal liquorrhea and subsequent neurological deterioration based on
pseudomonas meningitis occurred. Treatment with an external lumbar drain and antibiot-
ics were given. On the ICU patient showed respiratory worsening based on a pneumonia
and pulmonary embolism which were treated using antibiotics and low-molecular weight
heparine in therapeutic dosages. Patient recovered and was discharged from hospital on day
21 postoperatively.

Case 10: Post-operative nasal liquorrhea occurred which was treated with an external lumbar
drain. On post-operative day 13 the patient had a cardiac arrest, with unknown cause and
unfortunately unsuccessful resuscitation. Family gave no permission for postmortem analy-
sis.

Per-operative cerebral swelling

Case 17: Intra-operative severe cerebral swelling occurred necessitating premature ending
of the procedure. Post-operative CT-scan demonstrated a subarachnoid hemorrhage with
intraventricular expansion (fisher grade 4) without evidence of an aneurysm on the CT-
angiogram. An external lumbar drain was placed to treat a hydrocephalus. The clinical status
deteriorated and the lumbar drain was replaced by an external occipital catheter and removal
of the bifrontal bone flap. Follow-up CT-scan showed further expansion of the SAH and
an additional ICH in the right frontal lobe, see figure 2. The patient had a Glasgow Coma
Score of EIM1Vtube without brainstem reflexes. No additional therapies were available, and
patient died shortly after extubation. There was no approval for post-mortem analysis.

Post-infection hydrocephalus and refractory ventriculitis

Case 3: Patient presented with a severe frontal lobe syndrome based on a right frontal intra-
parenchymal streptococcus anginosus abscess and a sinonasal carcinoma. The abscess was
aspirated and antibiotics were started. Patient improved rapidly, however follow-up MRI
demonstrated growth of the abscess, possibly due to a defect of the anterior skull base. In
the skull base board, it was decided to perform a combined approach to achieve maximal
tumor and abscess resection and close the skull base defect. Post-operatively patient did
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not regain normal consciousness due to massive bifrontal edema for which high dosage of
dexamethasone and mannitol was administered. Patient slowly improved, however a second
deterioration based on a hydrocephalus and ventriculitis lead to the placement of an external
ventricular catheter. After over three months of treatment, including multiple drain revi-
sions, a refractory ventriculitis was concluded. In combination with an ongoing oncological
process, further medical treatment was considered obsolete. Best supportive care protocol
was started, and patient died four days later.

Complications of radiation

Of 14 patients receiving post-operative radiotherapy, 7 (50%) had a complication linked
to the radiotherapy. We report on each type of complication below. See table 4 for a more
detailed description.

Wound infection
We observed five late wound infections (28%), in a range of 1 week to 65 months after radio-
therapy, four of which needed re-operation.

Case 1: 4 months post-operative and 1 week after finishing radiotherapy patient reported a
subcutaneous swelling and wound dehiscence. The wound was revised and the bone flap was
removed after which the recovery was completed uneventful.

Case 6: 33 months post-radiotherapy, patient underwent re-operation for wound dehiscence
and biopsy of suspected tumor recurrence/ radio necrosis, see figure 2. Analysis demon-
strated no residual tumor.

Case 5: 65 months post-radiotherapy the patient got nasal liquorrhea and pneumencephaly,
which recovered with a conservative approach. 72 months post-radiotherapy the patient got
ocular pain and wound dehiscence based on a bone flap infection for which the wound was
revised and the bone flap removed. Post-operative period was uneventful.

Case 13: 1-week post-radiotherapy wound infection. Three times antibiotic regime improved
clinical status, however 6 months post-radiotherapy persistent wound infection, therefore
the wound was revised, and the bone flap was removed. This case had an uneventful post-

operative recovery.

Case 12: 1 week after start radiotherapy a wound infection of the orbit developed requiring
antibiotics and recurrent nasal flushing, which led to full recovery.

Ocular symptoms
Case 6: The ophthalmologist diagnosed an instable tear film and asymmetrical cataract 6
months post-radiotherapy which was treated using supplementary tears.
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Pituitary gland deficits
Case 6: 50 months post-radiotherapy patient was diagnosed with pituitary gland deficits
needing supplementation.

Case 11: 36 months post-radiotherapy diagnosed with pituitary gland deficits requiring
supplementation.

Radiation necrosis
We observed four (22%) patients with a radiological radio necrosis of the brain parenchyma;
two were symptomatic (11%) requiring dexamethasone.

Case 6: 9 months post-radiotherapy patient had an epileptic seizure, presumably resulting
from bifrontal radio necrosis, see figure 2. 16 months post-operative patient developed a
severe frontal lobe syndrome due to bifrontal edema, which was treated with dexamethasone
for three months and cognitive rehabilitation. The patient remained care dependent.

Case 8: 8 months post-op frontal lobe radio necrosis requiring dexamethasone for three
months and cognitive rehabilitation. The patient remained care dependent.

Case 5: 24 months post-radiotherapy asymptomatic frontal radio necrosis, which required
no treatment.

Case 11: 24 months post-radiotherapy asymptomatic frontal radio necrosis, which required
no treatment.

Nasal symptoms
Case 8: 6 months post-radiation severe nasal synechiae with substantial nasal obstruction
needing cleaving.

DISCUSSION

Sinonasal cancers are rare and challenging pathologies'’. Often, they present in an advanced
stage, making a gross total resection less probable'”. Moreover, this group of tumors is histo-
logically very heterogeneous, making comparisons difficult and interpretations more general.
Additionally, the current treatment paradigm, which consists of surgical radical resection,
possibly followed by adjuvant chemo and/or radiation, is associated with high rates of mor-
bidity and mortality'***. In our retrospective cohort study, we report on our own experience
of 18 cases with sinonasal cancers with anterior fossa destruction treated by an endoscope
assisted- frontobasal craniotomy followed by autologous skull base reconstruction. The co-
hort consists of eight different histological diagnoses. We achieved gross total resection in 14
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patients (78%). Radiotherapy was given post-operatively to 14 patients, three of which were
combined with chemotherapy. Half of the patients died; three patients died during the im-
mediate post-operative period, and six patients died during a mean follow-up of 47 months.
Five of those six patients showed disease progression within 7 months. We recorded surgical
complications in five patients and radiotherapy related complications in seven patients.

Progression free and overall survival

Our cohort showed a mean progression free survival of 47 months. Overall survival
was 50% at a mean follow-up op 49 months. These results are in line with reports in the
literature”®'*'”***!. The most important predictor of survival is achieving gross total resec-
tion, while preserving quality of life””. We achieved complete resection in 14/18 patients;
one partial resection was due to a per-operative complication. The other three patients with
a subtotal tumor resection showed early recurrence between 3-6 months; one was treated
with re-resection and systemic chemotherapy however the patient remained progressive. The
other was given systemic chemotherapy and is in remission at 18 months. The third patient
had a major complicated disease course and was progressive under chemoradiation.

A multi-modality management with a combination of surgery and chemoradiation is the

preferred management strategy™'>"’

. The absence of large randomized controlled trials
makes the evidence of low quality; however, in selected cohorts, a multi-modal treatment
gives greater loco-regional tumor control and longer survival rates™*. All patients eligible
for adjuvant radiotherapy received fractionated loco-regional treatment (14/18). One patient
with an esthesioneuroblastoma refused radiotherapy and had tumor recurrence at 15 months
follow-up. After re-resection and radiotherapy, the patients remain recurrence free after
51 months. In general, the prognosis is positively affected by local tumor control and the
absence of distant metastasis. In this cohort, eight patients had a tumor recurrence during
follow-up. Two patients received a re-resection followed by adjuvant therapy, four were re-
ferred to the oncologist for systemic therapy and two were given palliative care. Five of these
patients died shortly after diagnosis, one is without tumor recurrence, and two showed stable
disease. Kaplan et al’ reported on prognostic factors concerning resection of recurrent tu-
mors. They state that histology grade, involvement of regional critical structures such as the
orbit, carotid artery and skull base negatively affects the prognosis. This study only included
grade 4 tumors with skull base involvement, which could explain the severe prognosis of our
recurrent tumor group.

Complications

The treatment of high grade, locally advanced sinonasal cancers is accompanied by high rates
of complications, morbidity and mortality'®. Frequently reported complications are wound
infections, liquorrhea, orbital deficits, radiation necrosis and systemic complications, in
total up to 35%. Patients suffering from complications may no longer be eligible for adjuvant
therapies, drastically diminishing their prognosis. Additionally, it negatively affects their
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quality of life. In our study, we observed no early wound infection, one meningitis and five
late wound infections. Three patients suffered from direct post-operative liquorrhea and one
late liquorrhea, none with long-term sequela. Two patients suffered cardiovascular complica-
tions. Mortality was 3/18 patients; all complication rates are in line with reports from the
literature'®. We observed in 7/14 patients’ complications following radiotherapy. All wound
complications originated post-radiotherapy, most of them needing re-operation. Ganly et al'"®.
reported on these surgery related complications and found that the addition of radiotherapy
increases the rate of wound complications. Furthermore, intracranial invasion increases the
risk of liquorrhea. In our cohort, all patients had intracranial expansion and were treated
with adjuvant radiotherapy, which could explain the high numbers of complications.

Limitations

The retrospective nature of this study is subject to bias, which means we need to be careful
of interpreting causality. Furthermore, the high variability in tumor histology in this cohort
makes it difficult to compare the clinical course and outcomes between each pathology.

CONCLUSION

Patients with sinonasal cancers with skull base extension are a very rare and specific sub-
group with a high recurrence rate. Due to an often late presentation, they present with
advanced disease with growth into critical surrounding structures such as the orbit and
brain parenchyma. This makes it more difficult to achieve a gross total resection, requiring
radiation dosage to the surgical cavity resulting in high dose to nearby healthy tissue. In this
study, which includes only stage four sinonasal cancers with skull base extension we report a
survival of 50% with a mean follow-up of 49 months. This is comparable with other studies,
which also include lower stages. Multimodal treatment complications are common and can
be severe requiring readmission, reoperation and rehabilitation. This study aims to add to
currently available cohorts in the literature.
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APPENDIX

Figure 1. Radiological imaging of sinonasal cancers

Figure 1. This figure demonstrates four cases with a pre- and post-operative contrast enhanced T1 MRI
in the coronal plane. A-B: Case 4 with an esthesioneuroblastoma. C-D: Case 2 with an adenoid cystic
carcinoma. E-F: Case 7 with an adenocarcinoma. G-H: Case 8 with a squamous cell carcinoma, an or-
bital exenteration has been performed to achieve gross total resection.
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Figure 2. Radiological imaging of complications

Clinical outcome in patients with large sinonasal tumors with intracranial extension

Figure 2. This figure demonstrates two cases with complications. A-B: Case 6 with bifrontal radio ne-
crosis, A is a FLAIR T2 weighted axial image showing bifrontal hyperintense signal corresponding with

subcortical edema. B is a T1 + gadolinium axial image demonstrating intraparenchymal and subcu-

taneous contrast enhancement suggestive of radio necrosis and/or infection. C-D: Case 17 with per-

operative subarachnoid hemorrhage and cerebral swelling. C is a CT axial image direct post-operative

demonstrating diffuse SAH in the basal cisterns and both sylvian fissures with enlarged temporal horns

and diffuse swelling. D is a CT axial image after bone flap removal and occipital ventricular catheter

placement. The image demonstrates large hypo dense, ischaemic, areas bifrontal, herniating frontal

lobes and diffuse swelling.

Table 1. Demographics

Case Sex

number
1 F
2 F
3 M
4 F
5 F
6 M

Age
(year)

74

69

59

38

61

69

Presenting symptoms

Nasal obstruction, rhi-
norrhea

Nasal obstruction, rhi-
norrhea

Nasal obstruction, rhi-
norrhea

Nasal obstruction, rhi-
norrhea

Epilepsy

Nasal obstruction, rhi-
norrhea, anosmia

Histopathology

Esthesioneuroblas-
toma
Adenoid cystic carci-
noma

Inverted papilloma
with squamous cell
carcinoma
Esthesioneuroblas-
toma
Adenoid cystic carci-
noma

Esthesioneuroblas-
toma

Oncological
staging
cT4bNOMO

cT4bNOMO

cT4bNOMO

cT4bNOMO

cT4bNOMO

cT4bNOMO

Radiological
extension
Nasal sinus, orbit

Nasal sinus,
orbit, anterior
fossa
Nasal sinus,
orbit, anterior
fossa
Nasal sinus,
anterior fossa
Nasal sinus,
orbit, anterior
fossa
Nasal sinus,
anterior fossa
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Table 1. Demographics (continued)

Case  Sex Age Presenting symptoms Histopathology Oncological Radiological
number (year) staging extension
7 M 55 Nasal obstruction, rhi- Adenocarcinoma cT4bNOMO Nasal sinus,
norrhea, epistaxis anterior fossa
8 F 60 Visual deficit and Squamous cell carci-  ¢T4bNOMO Nasal sinus,
diplopia noma orbit, anterior
fossa
9 F 80 Nasal obstruction, Sinonasal neuro-en- cT4bNOMO Nasal sinus,
epistaxis docrine carcinoma orbit, anterior
fossa
10 F 73 Nasal obstruction, rhi- Melanoma cT4aNOMO Nasal sinus,
norrhea, epistaxis orbit, anterior
fossa
11 M 66 Frontal lobe syndrome Adenocarcinoma cT4bNOMO Nasal sinus,
anterior fossa
12 M 58 Nasal obstruction, diplo- ~ Squamous cell carci- ~ cT4aNOMO Nasal sinus,
pia, dacryorrhea noma orbit, anterior
fossa
13 M 48 Nasal obstruction, Adenocarcinoma cT4bNOMO Nasal sinus,
epistaxis orbit, anterior
fossa
14 M 56 Frontal lobe syndrome Adenocarcinoma cT4aNOMO Nasal sinus,
anterior fossa
15 M 64 Headache, anosmia, Sinonasal undifferen-  ¢T4bNOMO Nasal sinus,
visual field deficit tiated carcinoma orbit, anterior
fossa
16 F 50 Visual deficit, diplopia, ~ Adenoid cystic carci-  cT4bNOMO Nasal sinus,
anosmia noma orbit, anterior
fossa
17 M 66 Epistaxis Adenocarcinoma cT4bNOMO Nasal sinus,
anterior fossa
18 M 52 Rhinorrhea, anosmia, Sinonasal undifferen-  ¢T4bNOMO Nasal sinus,

diplopia

tiated carcinoma

orbit, anterior
fossa

Table 1. This table shows demographic data consisting of case nr, sex, age at surgery, presenting symp-

toms at diagnosis, the histological diagnosis, oncological staging and the extension of the tumor bor-
ders. F (female), M (male).

Table 2. Clinical course and survival stratified towards tumor type

Case number Histopathology Hospital length Complications ~ Progression Total survival
of stay (days) in hospital free survival (months)
(months)

1 Esthesioneuroblastoma 11 No 20 20

4 Esthesioneuroblastoma 10 No 15 51

6 Esthesioneuroblastoma 8 No 64 64+

2 Adenoid cystic carcinoma 9 No 66 66

5 Adenoid cystic carcinoma - - 100 138

16 Adenoid cystic carcinoma 17 No 6 18
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Table 2. Clinical course and survival stratified towards tumor type (continued)

Case number

11
13
14
17

12
15

18

10

Histopathology

Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Squamous cell carcinoma
Squamous cell carcinoma
Sinonasal undifferentiated
carcinoma
Sinonasal undifferentiated
carcinoma

Inverted papilloma with

squamous cell carcinoma

Sinonasal neuro-endocrine

carcinoma

Melanoma

Hospital length Complications

of stay (days)

22
13
26

15

21

136

28

13

Progression
in hospital free survival
(months)
No 58
Liquorrhea 78
No 6
Delirium 6
SAH, HCP -
No 113
No 0
No 7
Liquorrhea, -
meningitis,
pulmonary
embolism
Hydrocepha- -
lus, ventriculi-
tis, pneumo-
nia,
No 94
Liquorrhea, -

cardiac arrest

Total survival
(months)

58
78

Table 2. Cases are categorized in accordance to their histopathology; hospital stay is presented in days,

progression free and overall survival is presented in months. SAH: subarachnoid hemorrhage, HCP:
hydrocephalus, +: deceased

Table 3. Details on surgery stratified towards tumor type

Case
number

1

Histopathology

Esthesioneuroblastoma

Esthesioneuroblastoma

Esthesioneuroblastoma

Adenoid cystic carcinoma

Adenoid cystic carcinoma

Procedure

Bifrontal +
endoscopy

Bifrontal +
endoscopy

Bifrontal +
endoscopy

Bifrontal +
endoscopy

Bifrontal

Extent of
resection

Gross total

Gross total

Gross total

Gross total

Gross total

Complication

Late wound infec-
tion after RTx

Late wound
infection after RTx,
pneumencephaly,

epilepsy

Late wound
infection after RTx,
pneumencephaly

Reoperation

Wound revision
with bone flap
removal

Re-resection
regrowth

Wound revision
with bone flap
removal and
resection radio
necrosis

Wound revision
with bone flap
removal
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Table 3. Details on surgery stratified towards tumor type (continued)

Case Histopathology Procedure Extent of Complication Reoperation
number resection
16 Adenoid cystic carcinoma Bifrontal + Subtotal - -
endoscopy
7 Adenocarcinoma Bifrontal + Gross total - -
endoscopy
11 Adenocarcinoma Bifrontal Gross total Liquorrhea External lumbar
drainage 7 days
+ acetazolamide
13 Adenocarcinoma Bifrontal + Gross total ~ Late wound infec- ~ Wound revision
endoscopy tion after RTx with bone flap
removal
14 Adenocarcinoma Bifrontal + Gross total - -
endoscopy
17 Adenocarcinoma Bifrontal Partial SAH, hydrocepha- External lumbar
lus drain, external
ventricular
drain, craniec-
tomy
8 Squamous cell carcinoma Bifrontal + Gross total ~ Late orbital liquor-  External lumbar
endoscopy + rhea after RTx drain and com-
exenteration bined recon-
struction orbit
12 Squamous cell carcinoma Bifrontal + Subtotal - Orbit exen-
endoscopy teration and lat
rhinotomy for
remnant tumor
15 Sinonasal undifferenti- Bifrontal + Gross total - -
ated carcinoma endoscopy
18 Sinonasal undifferenti- Bifrontal + Subtotal Nasal liquorrhea,  External lumbar
ated carcinoma endoscopy meningitis, drain
3 Inverted papilloma with Bifrontal + Gross total ~ Hydrocephalus, = Multiple external
squamous cell carcinoma endoscopy ventriculitis, cere- and internal
bral edema shunt revisions
9 Sinonasal neuro-endo- Bifrontal + Gross total - -
crine carcinoma endoscopy
10 Melanoma Bifrontal + lat  Grosstotal  Liquorrhea, car-  External lumbar

rhinotomy +
exenteration

diac arrest

drain for 5 days

Table 3: Cases are organized according to tumor type. We report of the operation strategy; bifrontal
craniotomy, lateral rhinotomy, endoscopic assistance and orbital exenteration. Additionally, we provide
the degree of resection; gross total >90%, subtotal 80-90% and partial <80%. Finally, the treatment re-
lated complication is described and the concurrent treatment. RTx: radiotherapy, SAH: subarachnoid
hemorrhage.
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Table 4. Radiotherapy complications according CTCAE version 5.

Case number

16

11

13
14
17

12

15

18

10

Histopathology

Esthesioneuroblastoma

Esthesioneuroblastoma

Esthesioneuroblastoma

Adenoid cystic carcinoma

Adenoid cystic carcinoma

Adenoid cystic carcinoma
Adenocarcinoma

Adenocarcinoma

Adenocarcinoma
Adenocarcinoma
Adenocarcinoma

Squamous cell carcinoma

Squamous cell carcinoma

Sinonasal undifferentiated
carcinoma

Sinonasal undifferentiated
carcinoma

Inverted papilloma with
squamous cell carcinoma

Sinonasal neuro-endo-
crine carcinoma

Melanoma

Prescribed radiation

dose

33x2Gy

Post re-resection 33
x2 Gy

33x2Gy

33x2Gy
33x2Gy

35x2 Gy
33x2 Gy
33x2Gy

33x2 Gy
33x2Gy

33x2Gy

35x2 Gy

35x2 Gy

33x2 Gy

Complications

Wound dehiscence
and infection, tear
film instability

Radio necrosis,
frontal lobe syn-
drome, epilepsy,
pituitary deficit

Radio necrosis,
nasal liquorrhea,
wound infection

Radio necrosis,
pituitary deficit
Wound infection

Nasal synechiae,
radio necrosis

Wound dehiscence
orbit

Grade & timing

4, late; 3, early

4, late

4, late

4, late

4, early

4, late

4, early

Table 4: Cases are organized according to tumor type. We report on the radiotherapy scheme; the first

number is the amount of fractions, the second is the fractionated dosage in grey. Finally, we describe the

radiotherapy related complications and their severity grade according to the current guidelines®. We

differentiate between early and late occurrence.
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ABSTRACT

Objectives: To describe the outcome of our center’s experience treating skull base chordoma.
Design: A retrospective cohort study.

Setting: Tertiary university medical center.

Participants: Adult patients diagnosed with and treated for primary skull base chordoma.

Main Outcome Measures: Primary outcome measures are progression — and overall survival
rates using the Kaplan Meier method. Secondary outcomes are treatment complication rate
and improvement of clinical symptoms.

Results: A total of 29 patients were eligible for inclusion. The main presenting symptom is
diplopia. In total 67 surgeries were performed. In the first decade, midfacial degloving was
the most frequent technique utilized and in the last decade, the technique of choice became
the extended endoscopic trans nasal approach. Symptoms improved in 34% of the patients
and worsened in 10%. The mean follow-up was 116 months (range 16-308). The 5-year and
10-year progression free survival was 42% and 18%, respectively. The 5-year and 10-year
overall survival was 75% and 55%, respectively. Surgical complications occurred in 38%,
mostly being nasal CSF leakage and (transient) cranial nerve palsies. Adjuvant radiotherapy
was administered in 23 (79%) patients, of which 13 received proton beam therapy, eight re-
ceived photon therapy and two patients received either Gamma Knife or Carbon Ion therapy.
Radiotherapy-induced complications occurred in 14 (61%) patients, predominantly radia-

tion necrosis (n=8).

Conclusions: Skull base chordoma are rare and complex tumors. Treatment consists of
maximal safe resection followed by adjuvant radiotherapy. The development of endoscopic
surgical approaches and advanced radiotherapy administration techniques have improved

overall survival and reduced morbidity.

Keywords: Skull base, chordoma, clinical outcome, endoscopic, craniotomy, complications
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INTRODUCTION

Chordoma is a malignant tumor arising from remnants of the fetal notochord cells'. These
tumors occur along the vertebral column but are most commonly found at the clivus and
sacrum. The incidence is estimated to be 0.05 to 0.08 per 100,000 persons per year™’. The
mean age at presentation is between 40-60 years, with patients presenting with skull base
chordomas typically being younger than those with spinal chordomas”. Surgical resection is
the primary treatment modality with adjuvant radiotherapy being increasingly applied in the
last decades™’. There is some consensus on the optimal treatment strategy®. Systemic thera-
pies have gained traction in recent years, however, remain limited in effect. Several therapies
are being actively investigated, with some showing promising efficacy’. This is partly due to
the difficulties being faced understanding the molecular and pathogenic pathways in the
formation of a chordoma®. Recurrence rates after 5- and 10 years are 52.9% and 88.3%,
respectively. Overall survival at 5- and 10 years follow-up is 67.6% and 39.9%, respectively'’.
Macroscopic complete resection has a positive effect on the survival rates''. However, due to
close proximity or involvement of critical neurovascular structures such as the carotid artery,
cranial nerves and the brainstem this is often difficult or not feasible. Advancements in mi-
crosurgery, neuro-navigation and endoscopic trans nasal approaches have made chordoma
operations safer and increased the likelihood of complete tumor removal while minimizing
patient harm".

The rarity of this tumor and the tailored treatment approach make conducting randomized
trials or large prospective studies logistically challenging and currently underrepresented in
the literature. Our current understanding of chordoma treatment outcome is primarily based
on case series and systematic reviews. With this study we aim to add our single center experi-
ence of treating skull base chordoma patients to the existing literature.

MATERIALS AND METHODS

Study design

This is a retrospective, single center cohort study of patients with skull base chordoma
treated mainly in the last two decades at Maastricht University Medical Center +. Data on
clinical presentation, radiological characteristics, surgical details, adjuvant therapies, tumor
control, survival and complications were retrieved from available medical records. The final
date of data extraction is March 1%, 2025. The primary outcomes are overall- and progression
free survival, where disease progression is considered local tumor recurrence or regrowth
or distant metastases. Secondary outcomes include treatment-related complication rates and
improvement of clinical symptoms. The study protocol was approved by the medical ethics
committee of Maastricht University Medical Center + with reference number: 2021-2608.
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Subjects

All consecutive patients with a histopathological diagnosis of chordoma in the skull base
treated with surgical resection were eligible for inclusion. We decided to include incomplete
records to create a real-world database with as many patients as possible. Incomplete records
were left out of each specific analysis on which no information could be retrieved. This is
reported as not available (n.a.) in table 1. Exclusion criteria are patients who did not receive
surgical treatment or received surgical treatment elsewhere. Macroscopic complete resection
was regarded as no residual tumor remnant visible on the post-operative MRI. Symptoms
outcome was assessed at the first post-operative follow-up. This was a combination of patient
reports and neurological examination, ranging from improved to stable and worsened.

Clinical workflow

All cases were evaluated in the multidisciplinary skull base tumor board and regional sar-
coma board. Patients who were operated on during the first decades underwent surgical
approaches including lateral rhinotomy, midfacial degloving, craniotomy or a combined
approach. In the recent decade, the advancement of endoscopic techniques led to a shift
towards trans nasal extended endoscopic approaches. Post-operative radiological assess-
ment was applied to evaluate the presence of residual tumor. In the case of operable tumor
remnant, a re-operation was proposed. Adjuvant radiotherapy, either particle- or photon or
gamma therapy was administered after maximal surgical resection was achieved. Clinical
target volumes were delineated following the ESTRO guideline". In 2019 our proton therapy
center was established, prior to that time all our patients were referred to centers abroad for
particle therapy.

Follow-up consisted of a baseline post-operative MRI scan, followed by regular MRI-scans
at 6 months interval. In the event of disease recurrence, cases were discussed in the tumor
board and tailored treatment plans were made, consisting of re-operation, re-irradiation,
systemic therapy or combined modalities.

Statistics
Descriptive statistics were used to summarize the data given the small sample size and het-
erogeneity of the cohort. Inferential statistics were not conducted due to the limited sample
size. Survival analyses were analyzed using the Kaplan Meier method. All analyses were per-
formed using IBM SPSS Statistics for Windows, version 27.0 software (IBM Corp. Armonk,
NY, USA).
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RESULTS

Demographics

Thirty-three consecutive patients with skull base chordoma could be retrieved from the
medical archives. Two patients declined surgical treatment, and two patients received their
complete treatment in a different hospital; these four patients were excluded from the analy-
sis.

The remaining 29 patients consist of 15 males and 14 females with a mean age at presentation
of 49 years (range 24 - 76). See table 1 for all demographic details. The most common pre-
senting symptom was diplopia caused by abducens nerve involvement (n=17, 59%) followed
by vision loss due to optic nerve compression (n=6, 21%) and headache (n=5, 17%). The
clivus was the most prominent tumor location, with possible extension into the petroclival
fissure, cavernous sinus or sellar region. The cavernous sinus was involved in 19 (66%) cases
and 14 (48%) patients showed evidence of brainstem compression, see figure 1 for exemplary
cases.

Figure 1

Figure 1: All images are T1-weighted, gadolinium enhanced MRI scans. The top row portrays the axial
(A), sagittal (B) and coronal (C) MRI of case 1. The chordoma is located primarily in the right petro-
clival fissure with extension towards the right cavernous sinus and the pre-pontine cistern. The red
arrows mark the location of the chordoma and its invasion in the cavernous sinus, explaining the abdu-
cens nerve palsy. The middle row demonstrates the pre-operative axial (D), sagittal (E) and coronal (F)
MRI of case 8. This chordoma is predominantly located in the upper clivus with cisternal extension and
brainstem compression. The bottom row shows the post-operative axial (G), sagittal (H) and coronal (I)
MRI of case 8. The images show the abdominal fat graft, marked by the red arrows, to seal off the clival
defect.
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Figure 1 (continued)

Figure 1: All images are T1-weighted, gadolinium enhanced MRI scans. The top row portrays the axial
(A), sagittal (B) and coronal (C) MRI of case 1. The chordoma is located primarily in the right petro-
clival fissure with extension towards the right cavernous sinus and the pre-pontine cistern. The red
arrows mark the location of the chordoma and its invasion in the cavernous sinus, explaining the abdu-
cens nerve palsy. The middle row demonstrates the pre-operative axial (D), sagittal (E) and coronal (F)
MRI of case 8. This chordoma is predominantly located in the upper clivus with cisternal extension and
brainstem compression. The bottom row shows the post-operative axial (G), sagittal (H) and coronal (I)
MRI of case 8. The images show the abdominal fat graft, marked by the red arrows, to seal off the clival
defect.

Surgical outcomes

A total of 67 surgical procedures were performed, ranging from one to six operations per
patient, see table 1. The main surgical approach was midface degloving (n=20, 30%), fol-
lowed by endoscopic transsphenoidal approach (n=6, 9%). This difference is explained by the
introduction of endoscopic approaches in our center in 2017. Notably, four operations were
performed for subcutaneous seeding metastases, and two patients underwent a cranio-cer-
vical fixation following resection of chordoma at the atlanto-occipital junction. Macroscopic
complete resection was achieved in nine patients (31%). Pre-operative symptoms improved
in ten patients (34%), worsened in three (10%) and remained stable in seven (24%). In the
remaining patients the symptom outcomes were not documented.
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Eighteen patients experienced no post-operative complications. Four patients developed
post-operative CSF leakage (three midfacial degloving, one endoscopic trans nasal ap-
proach), which was resolved by external lumbar drainage for 5-7 days. Four patients expe-
rienced cranial nerve deficits (one accessory (transient), one hypoglossal (transient), one
facial(permanent) and one trigeminal neuralgia). One patient had an asymptomatic hemor-
rhage. One patient suffered from a post-operative transient partial thoracic paraplegia due to
a vascular hypoperfusion. Two patients (7%) died due to post-operative complications: one
brainstem infarction and one due to meningitis, ventriculitis and refractory hydrocephalus.

Radiotherapy outcomes

Post-operative adjuvant radiotherapy was administered in 23 patients (79%), of which 13
received proton therapy (range 48-80 Gy), 8 received photon therapy (range 59-74Gy) and
two patients received either Gamma Knife (range 13-22Gy) or carbon ion therapy (60Gy).
Ten patients underwent multiple irradiation sessions either for local recurrence or for distant
(seeding) metastases. Two patients experienced spinal drop metastases for which post-oper-
ative local photon therapy was administered. Two patients received multiple post-resection
Gamma Knife sessions on subcutaneous seeding metastases. One patient underwent carbon
ion therapy following proton therapy for a locally aggressive chordoma recurrence.

Fourteen patients (61%) experienced complications after radiotherapy. Radiation necrosis
(n=8) was the most common complication, predominantly affecting the temporal lobe,
followed by the brain stem, all patients received proton therapy. One patient required a
re-operation for temporal lobe necrosis due to uncertainty about possible recurrence. Two
patients developed epilepsy due to temporal lobe necrosis. Additionally, cranial nerve neu-
ropathies were observed in three patients (facial nerve, trigeminal nerve, glossopharyngeal
and vagal nerve). Furthermore, five patients developed panhypopituitarism. For more details
see table 1.

Survival outcomes

Six patients were lost to follow-up and were therefore excluded from survival analyses. In
the remaining cohort, the mean follow-up was 116 months (range 16-308). The 5-year and
10-year progression free survival were 42% and 18%, respectively. The 5-year and 10-year
overall survival were 75% and 55%, respectively. The Kaplan-Meier curves of the progression
free — and overall survival and the presence of brainstem compression and cavernous sinus
invasion are presented in figure 2.
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Figure 2
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Figure 2 (continued)
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Figure 2. Kaplan Meier survival curves of the (A) progression free survival, (B) overall survival, (C)
presence of brainstem compression and (D) cavernous sinus invasion.
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DISCUSSION

This study presents the treatment experience of skull base chordoma at our institute over the
past decades. Several factors have influenced the management of chordoma patients at our
center. In this paper we address these factors and give our insights into overcoming these
challenges.

Current literature on skull base chordoma is mainly based on retrospective case series and
systematic reviews. In oncologic surgery achieving clear margins significantly improves lo-
cal control and survival rates''. However, the proximity of critical neurological and vascular
structures in skull base chordoma makes en bloc resection virtually impossible'*. Still, a mac-
roscopic complete resection improves the progression free -and overall survival rates com-

10,11

pared to subtotal resection and biopsy . The addition of adjuvant radiotherapy seems to

further improve the outcome'. Therefore, a maximum safe resection followed by high-dose

radiotherapy is the current standard of care®'®

. There is considerable debate regarding the
optimal radiotherapy modality'>'”. Particle therapies such as proton- and carbon ion beam
therapy have been applied the most in worldwide literature due to its unique high Bragg’s
peak, delivering high dose radiation on target with a quick drop-off to protect surrounding

structures™.

Survival outcome

Skull base chordoma have a high recurrence rate and survival outcome is mainly affected
by age and resection rate’””. A meta-analysis from Amit et al”® showed an average 5-year
progression free survival of 65.7% and overall survival of 86%. The 5-year overall survival
of surgery followed by adjuvant radiotherapy was 87% compared with 69% of those treated
by surgery alone p = 0.12. In subgroup analyses for patients undergoing gross total resec-
tion without radiotherapy, the 5-year overall survival was 92%, and for those receiving adju-
vant radiotherapy overall survival was 100%. In patients undergoing partial resection without
adjuvant radiotherapy the 5-year overall survival was 41%, with adjuvant radiotherapy the
5-year overall survival was 84% p <0.001.

In this cohort the mean follow-up was 116 months (range 16-308). The 5-year and 10-year
progression free survival were 42% and 18%, respectively. The 5-year and 10-year overall sur-
vival were 75% and 55%, respectively. Seven patients in this cohort are long survivors (>10
years). Two of them had a local recurrence within 13 and 17 months but were successfully
treated with re-operation only and remained recurrence free thereafter. This suggests that not
all early local recurrences mean that the tumor is uncontrollable after primary surgical and
radiotherapeutic therapy, and salvage therapy can offer long term control.

A notable finding was that neither brainstem compression nor cavernous sinus invasion
demonstrated a significant association with long-term progression-free survival. Previous
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literature has consistently identified both features as adverse prognostic markers for progres-
sion” . These characteristics likely reflect more locally advanced disease and increased tumor
burden, as larger tumors are more commonly associated with brainstem compression and/or
cavernous sinus extension. Indeed, tumor size and volume themselves have repeatedly been
shown to negatively influence progression-free survival”. In the present cohort, however,
log-rank analysis failed to demonstrate a significant effect of either variable, likely owing to
the limited sample size and corresponding reduction in statistical power.

Surgical approach

Another key development was the introduction of endoscopic skull base surgery in 2017 at
our center. Previously, patients underwent extensive trans facial or trans cranial approaches,
which were associated with greater morbidity and longer hospitalization®. In this series
the most recent six cases were operated using an endoscopic approach; therefore, they have
a shorter follow-up, warranting caution to compare the survival outcomes with the other
surgical approaches. Gross total resection was achieved in 9 patients (31%), of which 4 un-
derwent endoscopic resection. Three of the GTR subgroup demonstrated a local recurrence
(33%). Post-operative CSF leakage was comparable between the endoscopic and trans facial
and transcranial approaches; one patient (17%) after endoscopic surgery in comparison with
three (15%) after midfacial degloving. Our team developed a dural closure technique for
small defects, which is faster and does not require the use of tissue flaps. It incorporates a
specific cone shaped surgical cavity in which shards of autologous abdominal fat is applied
in layers to cover the defect. This method will be assessed in the future but shows promising
results in our practice to prevent post-operative CSF leakage. Larger defects are closed in a
standard multilayer technique involving tissue flaps™.

Several papers have been published on the difference between endoscopic and open micro-
surgical surgery for skull base chordoma'****. Both approaches have statistically similar
recurrence rates: open 31.8% (99% CI 14-52.8) and endoscopic 19.4% (99% CI 5.4-39.2),
however a trend favoring endoscopic surgery has been shown". This is more evident in the
post-operative complications; open approaches demonstrate significantly higher cranial
nerve deficits 17.2% (99% CI 3.8-37.5) vs endoscopic 4.8% (99% CI 1.4-10) and comparable
CSF leakage: open 9.5% (99% CI 5.1-16.6) vs endoscopic 10.3% (99% CI 5-17.3). This cohort
demonstrates a similar pattern with all cranial nerve complications being in the open surgery

group.

Adjuvant radiotherapy

A major challenge was the unavailability of proton beam therapy in The Netherlands up
to 2019. As a result, each patient was referred to centers abroad e.g. Paris (France), Boston
(USA) and Heidelberg (Germany) imposing significant logistical, emotional, and financial
burdens on patients and their families. The establishment of a proton therapy in the Neth-
erlands in 2018 markedly improved treatment timelines and patient comfort. Our current
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practice is to compare clinical target volumes for photon and proton therapy for each patient
to determine the optimum balance between high-dose radiation to the target and minimal
dosage to nearby neural structures™. In our cohort 60% experienced side effects from radio-
therapy. These primarily constitute of radiation necrosis, pituitary gland deficits and cranial
nerve neuropathies. In particular, temporal lobe necrosis had a significant impact on qual-
ity of life, with two patients developing epilepsy and one requiring a re-operation to clarify
the difference between tumor progression and necrosis. Chordoma are radiation resistant
tumors, requiring high-dose radiotherapy to achieve tumor control. At the edge of the Bragg
peak, the linear energy transfer is much higher, resulting in an increased relative biological
effectiveness’’. In skull base tumors this often means adjacent neural structures receive toxic
dosages leading to significant percentages of late radiotherapy effects. Several papers report
on the adverse effects of particle therapy in skull base chordoma'®***’, Koto et al reports on
the long-term outcomes of carbon ion radiotherapy and 9% of patients developed temporal
lobe necrosis'”*. A meta-analysis by Palavani et al reported a pooled incidence of 16% com-
plication rate in proton and carbon ion therapy'”. They do, however, see notable heterogene-
ity among the studies in reporting complications. Reported rates of symptomatic cerebral
necrosis after proton therapy vary between 3-12%**"*?, Presently, approximately 90 proton
therapy centers are located globally, with the majority in the western world. Additionally, it
is an expensive therapy with extensive production costs. This implies that it remains a largely
unavailable treatment option for patients in lesser developed countries. Future studies should
focus on the difference in tumor control and toxicity profile between particle and photon
radiotherapy.

Limitations

The retrospective nature of this cohort inherently leads to bias in data availability and inter-
pretation. Several patients record files, mainly from the previous century, were incomplete
due to non-digitized documentation. In addition, most patients were treated in multiple
institutions, resulting in incomplete records. The digitalization of hospital records will aid
in diminishing incomplete records and further standardize the registration process. Fur-
thermore, the rarity of skull base chordoma and the individualized treatment plans in single
institute cohorts limit the generalizability of findings and complicate statistical comparisons
across studies. Multicenter prospective collaborations may help overcome these limitations
in the future.

CONCLUSION

Skull base chordoma is an extremely rare and poorly understood malignancy. Current
practice consists of maximum safe resection followed by high dose radiotherapy to optimize
recurrence and survival rates. The development of endoscopic approaches has increased
macroscopic complete resection rates while decreasing the surgical complications. The avail-
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ability of an advanced radiotherapy institution is essential for optimal patient care. Advances
in photon therapy allow for radiating safely at a high dose. Tumor recurrence is often associ-
ated with increased mortality; however, salvage therapy i.e. surgery, re-irradiation, adding
carbon-ion after photon/proton therapy, may offer prolonged survival rates in specific cases,
predominantly in seeding metastases.
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Chapter 5

Simple Summary: Currently, there is no global consensus regarding the treatment of skull-
base chondrosarcoma. Some believe surgery is sufficient, others administer adjuvant radio-
therapy regardless of the extent of surgical resection. This review aims to gather the latest
available evidence regarding the treatment of skull base chondrosarcoma and to analyze the
long-term prognosis to ascertain the potential added value of adjuvant radiotherapy and its
application.

Abstract: Surgery and radiotherapy are key elements to the treatment of skull base chondro-
sarcomas, however currently there is no consensus regarding whether adjuvant radiotherapy
has to be administered. This study searched EMBASE, Cochrane and PubMed databases for
clinical studies evaluating the long-term prognosis of surgery with or without adjuvant radio-
therapy. After reviewing the search results, a total of 22 articles were selected for this review.
A total of 1388 patients were included in this cohort, of which 168 received surgery only.
With mean follow-up periods ranging from 39.1 to 86 months, surgical treatment provided
a PFS ranging from 83.7% - 92.9% at 3 years, 64.0% - 99.0% at 5 years, and 42.3% - 98.0% at
10 years. Post-operative radiotherapy provides a PFS ranging between 87-96.2% at 3-years,
57.1%-100% at 5-years, and 67%-100% at 10-years. Recurrence rate varied from 5.3% and
39.0% in the surgery only approach, and between 1.5% and 42.80% for the postoperative
radiotherapy group. When considering prognostic variables, higher age, brainstem/optic
apparatus compression, and larger tumor volume prior to radiotherapy were found to be
significant factors for local recurrence. Further research is required to statistically prove the
possible superiority of one treatment option over the other.

Keywords: skull-base, chondrosarcoma, low-grade, radiotherapy, surgery
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INTRODUCTION

Chondrosarcomas are a prominent group of sarcomas, second to osteosarcomas in frequen-
cy. The term ‘chondrosarcoma’ encapsules a diverse group of malignant tumors stemming
from chondroid cells in the appendicular and axial skeleton. It accounts for approximately
11% of primary malignant bone tumors, with an estimated incidence of 1 in 200,000 in
the United States [1,2]. Cases of chondrosarcoma primarily affect the cartilaginous cells of
the arms, shoulders, legs, spine, and pelvis. Chondrosarcomas of the skull base account for
approximately 1% of these cases and mostly arise de novo [2]. Inversely, skull base chondro-
sarcomas account for approximately 6% of all skull-base tumors and 0.15% of all intracranial
neoplasms [3,4].

Current literature suggests that most primary skull base chondrosarcomas occur in the
middle fossa, with the petrous bone, the clivus, and/or the petroclival synchondrosis holding
the most common locations [2]. Macroscopically, chondrosarcomas are often bigger than 2
cm in diameter, and are characterized by being hard, smooth, and lobulated [3]. Chondrosar-
comas typically have: (1) an abundant hyaline-type cartilaginous stroma and (2) neoplastic
chondrocytes. There also may be myxoid or mucoid material and cystic changes seen mac-
roscopically. Malignancy is characterized by the infiltration into the bony trabeculae [4].
Microscopically, chondrosarcomas house irregularly shaped cartilage lobules, separated by
fibrous bands. The chondrocytes are usually atypical and variable in size. Myxoid changes
and matrix liquefaction can also be seen microscopically [5].

Histological analysis categorizes chondrosarcomas into four subgroups: conventional, mes-
enchymal, clear cell, and dedifferentiated chondrosarcoma. Additionally, chondrosarcomas
can be grouped into three grades as per the cell differentiation - as introduced by the World
Health Organization: Grade I (well differentiated), Grade II (intermediately differentiated),
and grade III (poorly differentiated) [4]. Grade I is characterized by low cellularity, low to
no myxoid, and abundant chondroid matrix. A conventional chondrosarcoma would, for
example, fall in this category of grade I. Grade II is recognized by its increased cellularity,
low chondroid matrix, and more prominent myxoid [6]. Examples of histological subtypes
that fall into this grade include conventional and myxoid chondrosarcoma [6]. Lastly, grade
I1I is identified by its high cellularity, the presence of nuclear pleomorphism, no chondroid
matrix, and myxoid stroma. Examples of histological subtypes that fall into this grade in-
clude conventional, mesenchymal, and dedifferentiated [6]. Conventional chondrosarcomas
are the most common histopathological subtype; likewise, grade I comprise the majority, and
less commonly, grade II [3]. Histologically, the clear-cell and conventional tumor types are
associated with the highest overall survival, whereas the dedifferentiated and mesenchymal
types were found to be associated with the lowest overall survival [7]. Similarly, grade I and II
tumors are associated with a better prognosis than grade III [7].
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Patients usually present at a median age of 42.5 years with symptoms dependent on the tumor
size and location [2]. Aside from headaches, mostly located in the occipital or retro-orbital
region, neuro-ophthalmological symptoms are the most reported signs [4]. Visual symptoms
include blurred or loss of vision, ptosis, diplopia, and visual field defects. Other signs are
often consistent with the consequences of brainstem compression and cranial nerve palsy [4].
Furthermore, this tumor can have endocrinological implications leading to hypopituitarism
and diabetes insipidus because of involvement of the sellar and/or suprasellar structures [4].
Bigger tumors may compress the brainstem.

The role of chemotherapy is limited in chondrosarcoma; thus, surgery and radiation
therapy remain as the two keystones for the treatment of chondrosarcomas [8]. Chemo-
therapy however is a viable option in locally advanced disease or on metastases [8]. Surgery
is conducted for two reasons: to obtain tissue for diagnosis and to reduce tumor volume.
The open, transcranial, transfacial and transpetrous, infratemporal, and the endoscopic/
microscopic endonasal approaches are all commonly used and efficacious options for surgi-
cal treatment of chondrosarcomas [3]. Albeit complete resection is favored, the anatomical
constraints and proximity to critical neurovascular structures often makes this an unrealistic
philosophy. Despite these tumors being slow growing, they show a high local recurrence with
metastasis occurring in approximately 10% of cases [3]. Common complications of surgery
include cerebrospinal fluid leak, transient neurological complications such as cranial nerve
neuropathies, meningitis/brain abscesses, and persistent neurological complications, due
to, for instance, an intracranial hemorrhage. Adjuvant radiotherapy is often given, to treat
the tumor bed because of postoperative micro/macroscopic remnants [3,4,7]. Commonly
used adjuvant radiotherapy includes linear accelerator (LINAC) based intensity modulated
radiotherapy (IMRT), Stereotactic radiotherapy (SRT) with LINAC or Gamma Knife, and
CyberKnife all using photons and particle radiotherapy using e.g. protons or carbon ions
[3,4]. Complications are associated with damage to the surrounding ‘organs at risk (OARs).

Despite these treatment options being available, each with their own benefits and caveats,
no randomized clinical trials or large prospective series exist to define the ideal treatment.
Furthermore, there are no studies comparing radiotherapy modalities (e.g., particles versus
photons). This systematic review aims to discuss the current literature and describe the effect
of adjuvant radiotherapy on long-term prognosis in patients with skull base chondrosarcoma.

METHODS

Search Strategy and Study Eligibility

This systematic review was performed in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines. PubMed, EMBASE (OVID)
and Cochrane databases were searched using the following search input: ((skull base) OR
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(intracranial)) AND ((chondrosarcoma) OR (skull base chondrosarcoma)) AND ((proton
therapy) OR (radiotherapy) OR (proton beam therapy) OR (gamma knife) OR (carbon
ion therapy) OR (surgery) OR (photon therapy)) AND ((local control) OR (survival) OR
(progression) OR (prognosis)). Studies published after 1999 were screened for inclusion,
no other limits/filters were used. The search was conducted up to date with the last search
being performed on January 5, 2024. Three authors (PK.R, MK, and Y.T) went through the
search results to identify clinical trial and observational studies conforming with our inclu-
sion criteria. This was accomplished by firstly exporting the database searches to EndNote
(Clarivate Analytics), after which duplicates were removed. Thereafter, the one author
(PK.R) independently 1) screened the title and abstracts and excluded the articles not suit-
able to the goal of our review; and 2) of the remaining articles, the full text was analyzed and
was included if eligible. This was confirmed by two other authors (M.K. and Y.T). If the full
article was not available, the authors were contacted to obtain access. Disagreements between
authors were solved by consensus. This review protocol was registered on PROSPERO, ID:
CRD42024496554.

Inclusion and exclusion criteria were defined prior to the search. Studies were included if
they were: (1) peer-reviewed original articles in patients with skull base chondrosarcomas
who have undergone surgery alone or received postoperative adjuvant radiation therapy, (2)
studies reporting the prognostic values (e.g., overall survival, local control, disease-specific
survival), and (3) written in English. Studies were excluded if they were: (1) literature or sys-
tematic reviews, meta-analyses, case-reports, comments, books, information pages, animal,
or phantom studies, (2) histological studies, and (3) written in a foreign language.

Data Extraction and Quality Assessment

Data was extracted from the search inputs by one author (PK.R) and confirmed indepen-
dently by two additional authors (Y.T. and M.K.). The extracted data included: (1) study
information, including research design, authors, year of publishing, (2) characteristics of
patients, including sex, mean age, mean follow up time, tumor size, type of intervention, type
of surgical approach, mean dose of radiotherapy, type of radiotherapy, and (3) outcomes,
including progression-free survival (PES), overall survival rates (OS), disease free survival
(DFS), complications or adverse events, and recurrence rates. For simplification purposes,
local control and recurrence-free survival was considered as identical to progression-free
survival. Thus, local control will be used from studies where progression-free survival is
not available, and when local control is not available, recurrence-free survival was used if
provided. The scale used to measure acute and late adverse events is mentioned in the results
if reported by the original study. The study authors were contacted once when the studies did
not report enough data to compute the effect size.

In order to assess the quality of the included study, the Cochrane Library guidelines were
consulted and the Risk of Bias in Nonrandomized Studies - of Interventions (ROBINS-I)
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tool was used. This tool assesses the confounding, selection bias, classification of interven-
tions, deviations from intended interventions, missing data, measurement of outcomes, and
reporting bias. Each study was assessed in terms of these categories and were rated as low,
high, or unclear level of bias.

Reporting bias assessment

The quality of the included studies was primarily assessed using the Cochrane Risk of Bias
in Nonrandomized Studies- of Interventions (ROBINS-I) tool. For studies that used a format
conforming to a case series, as opposed to a cohort study, the JBI quality assessment tool for
case series was used. The domains in this review using the two tools include: confounding,
selection bias, reporting bias, and information bias. The studies assessed using the ROBINS-
I were assessed on a scale of risk: low-risk, moderate risk, serious risk, critical risk, or no
information.

Statistical Analysis

The primary outcome for this review was to assess the prognosis (i.e., OS, PFS, DFS, LC) of
the intervention, i.e., surgery with or without postoperative radiotherapy. The data on patient
characteristics and clinical information from all the studies was pooled to obtain the mean
baseline characteristics. This was done using SPSS V.28 (IBM SPSS Statistics, IBM Corp,
Armonk, New York, NY, USA). After consulting with a professor in statistics, it was deemed
impossible to pool the data from the survival of all the studies as majority of the studies did
not report the number at risk of the Kaplan Meier curve, the effect size (i.e. hazard ratio),
or the confidence intervals. As a result, we resorted to report a systematic review without a
meta-analysis.

RESULTS

Literature search

The literature search identified 830 results from PubMed, EMBASE (OVID), and Cochrane
Library of which 56 were selected based on the study design, title, and abstract (see Figure
1). Further assessment of the full text resulted in 32 papers being excluded and eventually 22
papers were included in this review; more information is shown in Figure 1.
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Figure 2: PRISMA flow diagram showing inclusion process.

Risk of Bias Assessment

As per the ROBINS-I tool, the following confounding domains were identified in the pro-
tocol phase of the study: age, sex, extent of resection, tumor size, tumor pathology/grade,
radiotherapy dose, and type of radiotherapy. No co-interventions were determined to be
relevant for this risk of bias assessment. Studies of a case-series design were assessed using
the JBI's quality measurement tool for case series. The risk of bias assessment of all articles
ranged from moderate risk to critical risk, portrayed in Table 1 of the Supplementary Ap-

pendix.
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Table 1:Pooled baseline patient characteristics

Characteristic Total number of patients
Sex
Male 631 (45.5%)
Female 757 (54.5%)
Mean Age + SD (range) 41.81+ 4.2 (32-52)
Presenting Symptoms
Diplopia 185 (59.3%)
Headaches 86 (27.6%)
Hearing deficit 64 (20.5%)
Visual field deficit 37 (11.9%)
Nasal issues 20 (6.4%)
Dizziness 18 (5.7%)
Coordination problems 11 (3.5%)
Facial weakness 11 (3.5%)
Facial sensory problems 9 (2.9%)
Swallowing difficulties 7 (2.2%)
Hoarseness/dysphagia 6 (1.9%)
Facial pain 6 (1.9%)
Tinnitus 6 (1.9%)
Hemiparesis/amaurosis 6 (1.9%)
Miscellaneous 25 (8.0%)
Tumor Location
Petrous bone 169 (16.6%)
Clivus 154 (15.1%)
Temporo-occipital junction 137 (13.4%)
Cavernous sinus 123 (12.1%)
Petroclival 117 (11.5%)
Sphenoid bone 45 (4.4%)
Anterior skull base 35 (3.4%)
Parasellar 29 (2.8%)
Sphenopetrosal 22 (2.2%)
Suprasellar 22 (2.2%)
Ethmoid 20 (1.9%)
Posterior fossa 9 (1.9%)
Paranasal sinuses 14 (1.4%)
Meckel’s cave 14 (1.4%)
Sphenoethmoid complex 2(1.2%)
Middle fossa (1.2%)
Petrous bone + cavernous sinus + occipital bone 11 (1.1%)
Jugular foramen (1.1%)
Skull base (1.1%)
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Table 1:Pooled baseline patient characteristics (continued)

Characteristic

Craniocervical junction
Miscellaneous
Surgical Approach
Endonasal
Subtemporal-infratemporal
Pteronial

Retrosigmoid

Extended sub- frontal
Frontotemporal-transzygomatic
Epidural anterior petrosectomy
Lateral rhinotomy
Transethmoid

Posterior sigmoid
Infratemporal fossa
Extreme lateral transcondylar
Subtemporal
Transcranial-transnasal
Transcranial

Miscellaneous

Cranial Nerve Palsies
Abducens

Trigeminal

Facial

Vestibulocochlear
Oculomotor

Hypoglossus

Vagus

Glossopharyngeal

Optic

Accessory

Trochlear

Olfactory

Unmentioned

Total CN palsies

Total number of patients
2(0.2%)
40 (3.9%)

101 (32.9%)

44 (14.3%)
28 (9.1%)
18 (5.8%)
18 (5.8%)
11 (3.6%)
10 (3.3%)
7 (2.3%)
6 (1.9%)
5 (1.6%)
5 (1.6%)
3(0.9%)
3(0.9%)
3(0.9%)
24 (7.8%)
21 (6.8%)

204 (30.7%)

70 (10.6%)
52 (7.8%)
46 (6.9%)
44 (6.6%)
26 (3.9%)
22 (3.3%)
20 (3.0%)
14 (2.1%)
11 (1.7%)
11 (1.7%)
3 (0.4%)

140 (21.1%)

663

Table 1: This table depicts the sex, mean age, baseline presenting symptoms, tumor location, surgical ap-
proach used, and lastly the preoperative cranial nerve palsies. Frequencies of less than 1% were grouped

into the respective categories as Miscellaneous. In the presenting symptoms, examples of symptoms that

fell into the Miscellaneous group include fatigue, proptosis, and cognitive impairment. In tumor loca-

tion, examples of locations that fell into the Miscellaneous group include the orbital apex, infratemporal

fossa, and cervical spine. Lastly, in the surgical approach group, examples of approaches that fell into

the Miscellaneous group include: maxillectomy, presigmoid, and transoral transmandibular approach.
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Overview of Results

Table 1 shows the pooled characteristics of the patients from all the included studies, with
reference to, sex, mean age, presenting symptoms, tumor location, surgical approach,
and preoperative cranial nerve palsies. To summarize, this review includes a total of 1388
patients, with a mean age of 41.81. There were 631 (45.5%) male and 757 female (54.5%)
participants in this review. The median age was approximated as being the mean, because in
studies where both median and mean age were reported, little difference was present between
the two. Patients typically harbored a low-grade chondrosarcoma (98.9%), located primarily
in the petroclival area, and usually presented with diplopia, headaches, and visual field/hear-
ing deficits. When considering the cranial nerve palsies, abducens palsy is most common,
possibly accounting for the diplopia. Table 2 shows the characteristics of the included studies
with respect to, sample size, intervention, extent of resection, grade of chondrosarcoma, tu-
mor size, mean dose, follow-up time, progression-free survival, overall survival, and disease-
specific survival.

The included studies were conducted from across the world, primarily at specialized hospi-
tals. Of the 23 articles all were retrospective in design and majority of which were single-arm
cohort studies. Hasegawa et al., Tzortidis et al., and Simon et al., were the only studies to
set up a two-arm retrospective cohort study comparing the surgery-only approach to giving
postoperative radiotherapy. Overall, the surgical approaches used to remove these tumors
have developed over the years, as acknowledged by several of the included studies; when
pooling the reported approaches, we find that the endonasal, subtemporal-infratemporal,
and pteronial approach are most popular. This reflects the most suitable technique for the
patients as well as the familiarity of the technique for the operating surgeons.

Surgery only

Out of the 23 included studies, 8 investigated the long-term prognosis of patients treated with
surgery only. A total of 168 patients underwent surgery only, with salvage therapy upon re-
currence. Excluding the study by Tzortidis et al. [12], (due to a lack of baseline characteristics
specific to the surgery only group), there were 72 (45.9%) males and 85 (54.1%) females, and
average tumor size of 35.94 cm’. The proportion of patients, per study, undergoing gross tu-
mor resection is shown in Table 2. The tumors resected were primarily of low-grade (99.4%).
With mean follow-up periods ranging from 39.1 to 86 months, surgical treatment provided
a PFS ranging from 83.7% - 92.9% at 3 years, 64.0% - 99.0% at 5 years, and 42.3% - 98.0% at
10 years. Similarly, when considering the OS, we find it ranging from 68.0%-95.0% at 5 years;
based on two studies. As no more than one study was available at the 3- and 10-years, no
range of overall survival could be provided at these timepoints. Despite all studies reporting
the surgical approaches, the details regarding the surgery are not consistently reported in all
8 studies.
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The study by Al Shaibibi et al. [29], adopts the surgical aim to safely resect as much of the tu-
mor as possible whilst preserving the internal carotid artery and the cranial nerves V, VI, VII,
and VIII. All patients in this study were operated using an epidural anterior petrosectomy
approach as described by Kawase et al. The surgical resection began with identifying the up-
per pole of the tumor, whereafter piecemeal resection of the tumor ensued, this was followed
by the careful use of ring curettes to allow for additional resection. Parts of the dura was
opened and resected if the tumor mass infiltrated the meningeal layers, despite the tumors all
being epidural. The petrous cavity was filled with abdominal fat and the temporal bone flap
was secured with titanium plates and screws. Limited data is available regarding the surgical
removal of the tumor in patients from the Simon et al. study. The surgical approach included
pterional, infratemporal fossa, retrosigmoid, lateral rhinotomy, and endonasal in the surgery
only group.

The intention of Tzortidis et al. [12], was to obtain a complete tumor resection if possible.
A second, or rarely third, operation was staged and was conducted with extensive tumors
or when large tumor residue was seen on postoperative MRI. Radiotherapy was given when
patients underwent subtotal resection. Different types of cranial base approaches were used.
Internal carotid artery resection and grafting was necessary in 6 cases. Various vascularized
flaps were used for reconstruction including, temporalis muscle flap, pericranial flap, and
rectus abdominis free flap, supplemented by free fat grafts. In Samii et al., the operative ap-
proaches were chosen on the basis of the predominant direction of tumor extension. When
there was brainstem and/or optic apparatus compression, the primary goal was to relieve this
pressure, and only secondarily excise the tumor. The most common approaches were retrosi-
gmoid (in 12 surgeries), pteronial approach (in 9 surgeries), and transethmoid approach (in
6 cases). In case of dural penetration/opening, a fat graft was used, and a lumbar drain was
placed to reduce the chance of CSF leak. The reconstruction technique is not described.

The patients in the study by Hasegawa et al. [21] all underwent endoscopic transnasal surgery
for their skull base chondrosarcomas. Tumors were approached either via the transsphenoi-
dal route, transpterygoid approach, or the transmaxillary approach. Tumors located in the
lower clivus, craniovertebral junction, and the nasopharynx was approached via the upper
pharynx. Tumors in the anterior skull base was approached directly through the ethmoidal
sinus. The aim was to attain maximal retention, in the case of remnant tumor component
- adjuvant SRS was advised at 3-6 months after surgery. Reconstruction technique is not
reported.

In the study by Vaz-Guimaraes et al. [20], the patients underwent endoscopic endonasal sur-
gery for their chondrosarcoma. The aim of the surgery was complete removal of the tumor,
except for 3 patients (due to extensive disease and poor condition). For extensive disease,
staged and combined operations were used. The choice of approach was dependent on tumor
location. The common approaches used upon tumor extension included the anterolateral ap-
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proach, transpetrous and far-lateral approach, and transcervical approach. Intradural tumor
resection, dural opening, or extensive skull base drilling was followed by a multilayer recon-
struction. The techniques used varied, including the pedicled vascularized flaps (e.g. pedicled
nasoseptal flap), inferior turbinate, pericranial, and temporoparietal fascial flaps. Where no
dural opening and limited cranial base drilling was done, reconstruction was conducted with
tissue glue only.

Liu et al. [30] included patients whose tumors were removed by craniotomy (n = 20) and by
endoscopic endonasal transsphenoidal approach (n = 4). The craniotomy approach included
the pterional or expanded pterional approach, posterior sigmoid sinus approach, orbitozygo-
matic approach, paramedian approach, posterior median extension approach, and combined
supratentorial and infratentorial approach. The reconstruction technique was not reported.

Radiotherapy

A total of 17 studies reports the long-term prognosis of patients treated with postoperative
radiotherapy. A total of 1202 patients underwent postoperative radiotherapy, of which 530
(44.8%) were male and 654 (55.2%) were female, excluding Tzortidis et al. for the afore-
mentioned reason [12]. The extent of resection is reported per study in Table 2, the tumors
receiving radiotherapy were primarily low-grade (98.9%). The mean/median tumor volume
and radiation dose are provided in Table 2. This review reports several forms of radiotherapy:
namely, proton therapy, photon therapy, carbon ion therapy, and gamma knife radiosurgery.
It should be noted that the study by Tzortidis et al., splits the study sample into two groups:
those that underwent gross total resection, and the other who received subtotal resection
(STR) alongside radiotherapy [12]. Despite majority of patients receiving subtotal resection
followed by radiotherapy in this review, the long-term recurrence free survival of patients
undergoing STR with postoperative radiotherapy in the study is somewhat of an outlier (e.g.
a 10-year recurrence free survival of 13.8%). This may be explained due to a delayed time
between the subtotal resection and subsequent radiotherapy - as the time between surgery
and postoperative radiotherapy is not reported in the study. Furthermore, there is no stan-
dardization in the radiotherapy received: proton therapy was given to 15.6%, radiosurgery
(gamma knife or CyberKnife) in 68%, and fractionated radiation in 15.6%. Due to these
discrepancies, we have excluded this study in consideration when providing the ranges of
PES and OS.
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The follow period reported in each study is shown in Table 2. Post-operative radiotherapy
provides a PFS ranging between 87-96.2% at 3-years, 57.1%-100% at 5-years, and 67%-100%
at 10-years. As for the OS, the following ranges are seen: 87.8%-100% at 3 years, 84.1%-100%
at 5 years, and 78.1% - 87% at 10 years. Specific to proton therapy, the following PFS ranges
are seen; 90-100% at 2-years, 75%-100% at 5-years, and 84.2%-100% at 10-years. The results
are similar to the overall OS when analyzing the OS of patients undergoing proton therapy at
the aforementioned timepoints. Carbon-ion radiotherapy was evaluated by three studies [13,
16, 23], from which a PFS between 95.9% and 97.2% and OS between 96.1% and 98.5% are
seen at 3 years. Two studies report the long-term prognosis of postoperative GKRS [27, 28],
however contain methodological differences as to when the GKRS was given and how the
PES was measured.
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Table 2: Raw data of selected articles. GTR: gross tumor resection, STR: subtotal resection, PR: partial
resection, P.O. = postoperative, R.T = Radiotherapy, N.M: not mentioned, N/A = not applicable. See ap-
pendix for assessment of study 4 and 21.

Study
Number

108

Author, Year

Tzortzidis et al., 2006
[11]

Simon et al., 2018 [12]
Moderate Risk

Hasegawa et al., 2021
[13] Moderate Risk

Samii et al., 2008 [14]
Critical Risk

Vaz-Guimaraes et al.,
2017 [15] Moderate Risk

Hasegawa et al., 2018
[16] Critical Risk

Al-Shaibibi et al., 2023
(17]

Liu et al.,, 2023 [18]
Moderate Risk

Schulz et al., 2007 [19]
Critical risk

Uhl et al., 2014 [20]
Moderate risk

Mattke et al., 2018 [21]
Moderate risk

Hug et al., 1999 [22]
Moderate risk

Rosenberg et al., 1999
[23] Critical risk

Number of Patients
(No. Males)

47 (24)

Surgery only: 24 (10)
Surgery + RT: 23 (13)

Surgery only: 18 (6)
Surgery + RT: 14 (9)

25 (18)

35(14)

19 (10)

10 (4)

26 (10)

54 (27)

79 (39)

101 (54)

25 (9)

200 (67)

Intervention

Surgery only (n = 29)
Adjuvant RT (proton, ra-
diosurgery, fractionated
radiation) (n = 18)

Surgery only (n = 24) PO
proton RT (n = 23)

Surgery + proton RT (n
=11) Surgery only (n =
18) P.O photon RT (n =
1) PO photon + proton
therapy (n =2)

Surgery only (n = 25)

Surgery only (n = 35)

Surgery only (n = 19)

Surgery only (n = 10)

Surgery only (n = 26)

P.O. carbon-ion RT (n

= 54)

P.O carbon RT (n =79)

P.O carbon RT (n =79)
P.O proton RT (n = 22)

P.O proton RT (n = 25)

P.O photon and proton
RT (n = 200)

Extent of Resection (%)

GTRin 29 (62) STR in
18 (38)

Surgery only: GTRin 13
(54) PR in 11 (46) Surgery
+RT: GTRin 3 (13) PR
in 20 (87)

Surgery only: GTR in 10
(56) Non-GTR in 8 (44)
PORT: GTRin 1(7)
Non-GTR in 13 (93)

N.M

GTRin 22 (63) NTRin 11
(31) STRin 2 (6)

GTR in 15 (79) STR in 2
(10.5) PR in 2 (10.5)

STRin 10 (100)

GTRin 14 (54) STR in 10
(38) PRin 2 (8)

N.M

PR in 62 Biopsy in 17

P.O carbon RT PR in 75

(95) Biopsy in 4 (5) PO

proton RT: PRin 18 (82)
Biopsy in 4 (18)

N.M

GTRin 10 (5) STR in 148
(74) PR in 42 (21)

Tumor Pathology

Low grade, n = 45
High grade, n =2

Low grade, n = 47

Low grade, n = 32

Low grade, n =25

Low grade, n = 35

Low grade,n = 18

High grade,n =1

Low grade, n = 10

Low grade, n = 26

Low grade, n = 54

Low grade,n =78

High grade,n =1

Low grade, n =101

Low grade, n = 25

Low grade, n = 200
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N.M

Mean (surgery only) = 39
cm’ Mean (P.O. proton
therapy = 33 cm’

Mean diameter in Surgery

+ RT group = 35 mm Mean

diameter in Surgery group
=34 mm

Mean = 16.9 cm®

Mean = 31.9 cm’

Mean = 14.5 cm®

N.M

Mean: 65.13 cm’

Median: 20 cm®

Mean boost volume =

60.5 cm®

Mean carbon RT boost
volume = 34.9 cm’ Mean
proton RT boost volume =
382cm’

N.M

N.M

N.M

Mean: 70 GyE

70 GyE

N/A

N.M

N/A

N/A

N/A

Median: 60 CGE

Median: 60 GyE

Carbon: 60 GyE
Proton: 70 GyE

Mean: 70.7 GyE

Median: 72.1 GyE

Mean: 86 GTR: 3y: 92% 5y: 78.3% 10y: 42.3%
months STR + RT: 3y: 78% 5y: 41% 10y:
13.8%
Mean: 91 Surgery only: 5y: 67.8% 10y: 58.2%
months P.O proton radiotherapy: 5y: 100%
10y: 87.5%
Surgery + RT,  Surgery + RT 5y, 10y: 100% 15y: 67%
median: 44 Surgery only: 5y, 10y, 15y: 64%
months Surgery
only, median:
154 months
Mean: 80 N.M
months
Mean: 44.6 3y: 83.7% 5y: 80.8%
months Median:
44 months
Median: 47 3y, 57: 92.9%
months
Median: 70 1y: 90% 2y: 80% 5y: 60%
months
Mean: 39.12 N.M
months
Median: 33 3y: 96.2% 4y: 89.8%
months
Median: 91 3y: 95.9% 5y, 10y: 88%
months
Carbon Carbon 1y: 98.6% 2y: 97.2% 4y:

(median): 43.7
months Proton
(median): 30.7

90.5% Proton 1y, 2y,4y: 100%

months

Mean: 33.2 3y: 94% 5y: 75%
months

Mean: 65.3 5y: 99% 10y: 98%
months

N.M

N.M

N.M

5y, 10y:
95%

N.M

N.M

N.M

1y: 100%
3y: 81.8%
5y: 68%

3y, 4y:
98.2%

3y, 5y:

96.1% 10y:

78.9%

Carbon
1y: 100%
3y: 98.5%
4y:92.9%

Proton:
1y, 3y, 4y:

100%

3y, 5y:
100%

N.M

N.M

Surgery only: 5y:
89.8% 10y: 89.8%
P.O proton radio-
therapy: 5y: 100%
10y: 100%

Overall DSS: 5y:
100% 10y, 15y:
95%

N.M

3y: 91.1% 5y:

90.5%

N.M

N.M

N.M

N.M

N.M

N.M

N.M

5y, 10y: 9%
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Table 2: Raw data of selected articles. GTR: gross tumor resection, STR: subtotal resection, PR: partial
resection, P.O. = postoperative, R.T = Radiotherapy, N.M: not mentioned, N/A = not applicable. See

appendix for assessment of study 4 and 21. (continued)

Study
Number

20

21

22

Author, Year

Noel et al., 2001 [24]
Moderate risk

Sahgal et al,, 2014 [25]
Serious risk

Feuvret et al., 2016 [26]
Moderate risk

‘Weber et al., 2016 [27]
Moderate risk

‘Weber et al., 2016 [28]
Moderate risk

‘Weber et al., 2018 [29]
Moderate to serious risk

Holtzman et al., 2019
[30] Critical risk

Kawashima et al., 2022
[31] Serious bias

Pattankar et al., 2022
[32] Critical risk

Number of Patients
(No. Males)

11 (5)

18 (10)

159 (72)

71 (31)

77 (35)

251 (109)

43 (18)

51 (25)

7(1)

Intervention

P.O proton RT (n =11)

IG-IMRT photon RT
(n=18)

P.O proton RT or proton
and photon RT (n = 159)

P.O proton RT (n=71)

PO proton RT (n = 77)

P.O. proton (n=116) P.O
proton * photons (n
=135)

P.O proton RT (n = 43)

Surgery with postopera-

tive GKRS (n = 30) Sur-

gery + GKRS as salvage
therapy (n = 21)

P.O adjuvant GKRS
(n=7)

Extent of Resection (%)

GTRin7 (39) STRin 9
(50) Biopsy in 2 (11)

Complete in 13 (8) Incom-
plete in 133 (84) Biopsy
13 (8)

GTRin 3 (4) STRin 68

(96)

N.M

N.M.

N.M

GTRin1 (2) STRin 18
(35) PR in 24 (47)

STRin 6 (86) PR in 1 (14)

Tumor Pathology

Low grade,n =11

Low grade,n = 18

Low grade, n = 159

Low grade,n =71

Low grade,n =73
High grade, n = 4

N.M.

Low grade, n =41
High grade,n =2

Low grade, n = 31
High grade, n =2
Dedifferentiated
subtype of noncon-
ventional SBC,n =1
Unknown, n =17

N.M

Table 2: This table shows the raw data of 22 included studies. It shows the number of patients included

per study, the intervention used to treat the patient, the extent of resection (stated as gross-total resec-

tion, subtotal resection, partial resection, or biopsy), grade of the chondrosarcoma (low or high grade),

mean/median tumor size (in cm’), mean/median dose (in GyE/CGE), and mean/median follow-up

time (in months). Furthermore, it also shows the progression-free survival, overall survival, and disease-

specific survival reported in each study. When PFS was not available, local control was used instead, and

when that was not available, recurrence-free survival was used. GTR: gross tumor resection, STR: subtotal
resection, PR: partial resection, PO. = postoperative, R.T = Radiotherapy, N.M: not mentioned, N/A = not

applicable, y = years.
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Mean = 28 cm’

Mean = 24.6 cm’

Mean = 23.1 cm’

Mean = 36.1 cm®

Median = 25.9 cm’

P.O. proton = 35.53 cm’
P.O proton + photons =
22.22¢m’

Mean = 18 cm’®

Median: 8 cm’

Mean: 4.16 cm’

Photon median:
45Gy Proton
median: 22 GyE
Overall Mean:
66.7 GyCGE

Median: 70 GyE

Meidan total
dose: 70.2 GyE
Median proton:

36.6 GyE Median
photon: 34.2 Gy

Mean: 72.5 GyE

Median: 70 GyE

P.O. proton =
69.67 GyE P.O
proton * photons
=69.86 GyE

Median: 73.8 GyE

Median: 16 Gy

Mean: 18.29 Gy

Mean: 30.5
months

Median: 66.5
months

Clinical:
77 months
Radiologic: 65
months

Mean: 50
months

Mean: 69.2
months

All patients
(median): 87.3
months Surviv-

ing patients
(median): 88.0

months

Median: 44.4
months

Median: 62
months

Mean: 72
months Median:
60 months

2y, 3y: 90%

5y: 88.1%

5y:93.2% 10y: 84.2%

5,7y: 93.6%

5y: 94.2% 8y: 89.7%

7y:93.1%

2y: 100% 3y: 93% 4y: 89%

3y: 87% 5y: 78% 10y: 67%

5y:57.1%

3y: 90%
4y: 60%

3y: 87.8%
Sy: 84.1%

5y: 94.9%
10y: 87%

N.M

5y, 8y:
93.5%

7y:93.6%

2y: 98%

3y, 4y:
95%

N.M

5y: 100%

N.M

N.M

N.M

N.M

N.M

N.M

2y, 3y, 4y: 100%

After GKRS: 3y,
5y: 96% 10y: 83%
After disease
diagnosis: 3y: 98%
5y, 15y: 90%

N.M
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Recurrence & Prognosis

The recurrences, salvage treatment given, and prognostic factors reported from the included

studies are depicted in Table 3. The percentages given in this table were calculated based

on the number of recurrences divided by the total sample size. In the articles assessing

the surgery only approach, a tumor recurrence rate between 5.3% and 39.0% was seen. In

these cases, salvage therapy was given which consisted of primarily surgery + radiotherapy

(commonly proton therapy or gamma knife radiosurgery), which provided sufficient tumor

control in most cases. As for the radiotherapy group, the recurrence rate ranged from 1.5%

-42.80%.

Table 3: Reported recurrences, salvage treatment(s), and prognostic factors for tumor control and/or overall

survival
Author, Year

Hug et al,,
1999 [9]
Rosenberg et
al,, 1999 [10]
Noel et al.,
2001 [11]

Tzortidis et al.,
2006 [12]
Schulz-Ertner
etal., 2007
[13]

Sahgal et al.,
2014 [15]

Uhl et al.,
2014 [16]
Feuvret et al.,
2016 [17]

Weber et al.,
2016 [18]
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Intervention

P.O. proton
therapy
P.O. proton
therapy
P.O. proton
+/- photon
therapy
Surgery +
radiotherapy
P.O. Carbon
ion therapy

P.O. IGMRT
Photon
therapy

P.O. carbon
ion therapy
P.O. proton
therapy

P.O. proton
therapy

Number of
Recurrences

2(8.0%)

3 (1.5%)

2 (18.2%)

15 (32.0%)

2 (3.7%)

2 (11.0%)

10 (12.6%)

6(3.8%)

5 (7.0%)

Time to Recur-

rence (months).

Given as mean/
median (range)
Mean: 33

Mean: 65.3
(2.1-222.2)
N.M

86 (2-255)

Patient 1: 36
Patient 2: 48

Median: 15.6
(144 -16.8)

Median: 91 (3
-175)
Median: 39.1

Mean: 50 (4 -
176)

Salvage Treatment

Not specific to chon-

drosarcoma
N.M

N.M

N.M

Patient 1: photon
radiation therapy
(45 Gy)

Patient 2: partial
resection and post-
operative reirradia-
tion with carbon ion
radiation therapy
(60 CGE)

N.M

N.M

N.M

N.M

Prognostic Factors

LC: Tumor volume,
brainstem involvement
N.M

LC + OS: age, number
of surgical resections
prior, time to SRS
N.M

N.M

LC: age

LC: age, GTV

OS: age, sex
LC/OS/PES: age, GTV,
primary disease status,
controlled tumor
status

Prognostic variables
assessed together with
chordoma
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Table 3: Reported recurrences, salvage treatment(s), and prognostic factors for tumor control and/or over-

all survival (continued)
Author, Year  Intervention

Weber etal,,  P.O. proton
2016 [19] therapy

Vaz-Guimare- Surgery only
aes etal., 2017
(20]

Hasegawaet  Surgery only
al., 2018 [21]

Simonetal.,  Surgery only
2018 [22] P.O. Proton
RT

Mattke etal.,  Proton

2018 [23] therapy
Carbon ion
therapy

Weber et al., Proton

2018 [24] +/- photon
radiotherapy

Holtzmanet  P.O. proton
al., 2019 [25]  therapy
Hasegawaet  Surgery only
al, 2021 [26]  P.O.radio-
therapy
therapy (pro-
ton, GKRS)

Number of
Recurrences

6 (7.8%)

7 (20.0%)

1(5.3%)

Surgery only: 8
(33.3%)
P.O proton RT:
1 (4.0%)
5 (5.0%)

15 (5.9%)

3 (6.9%)

Surgery only: 7
(39%)

PO.RT: 1
(7.0%)

Time to Recur-

rence (months).

Given as mean/
median (range)
Median: 28.4
(11. - 140.8)

23.5 (14 - 58)

12

Mean: 51 (9 -
142)

Median: 29.8
(8.1 -47.3)

Median: 43.6
(5.2-140.8)

Median: 44.4

Median: 38
(16 - 225) in
surgery only
group
Median: 33 in
surgery + RT
group

Salvage Treatment

N.M

3 surgery and P.O.
proton therapy

2 developed lung
metastasis and
underwent chemo-
therapy

2 not reported
Surgery

Surgery in 8
Secondary proton
therapy in 5

N.M

N.M

Surgery only in all 3

Surgery only:
Radiotherapy alone
in3

Surgery alone in 3
Surgery + RT in 1
P.O.RT:

1 treated with pro-
ton RT

Prognostic Factors

LC: tumor volume,
brainstem and/or optic
apparatus compres-
sion, age

N.M

N.M

N.M

LC: age

FFS: tumor volume,
optic pathway com-
pression

OS: tumor volume,
age, number of surger-
ies, brainstem/optic
apparatus compression
N.M

N.M
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Table 3: Reported recurrences, salvage treatment(s), and prognostic factors for tumor control and/or over-
all survival (continued)

Author, Year  Intervention = Number of Time to Recur-  Salvage Treatment  Prognostic Factors
Recurrences rence (months).
Given as mean/
median (range)
Kawashima et P.O. GKRS Progression Median time 2 - repeated GKRS  LC: repeated recur-
al, 2022 [27]  Surgeryonly in12(23.5%), between initial -  Tumor control  rences, prescription
with GKRS as  of which 7 GKRS and ad-  achieved. doses > 15Gy and
salvage (13.7%) recur-  ditional treat- 3 - surgery only 14Gy. Multivari-
rences ment = 47 (transcranial/endo-  ate analysis showed
scopic) higher prescription
6 - surgery + RT dose, and no history of
(incl GKRS) repeated recurrences
1 - conservative were significant factors
management due for better local control
to age
Pattankaret ~ P.O.adjuvant 3 (42.9%) Mean: 32.76 2 - redosurgery N.M
al.,, 2022 [28] GKRS alone
1 - redosurgery +
conventional EBRT
Al-Shaibibiet  Surgery only 3 (30.0%) Mean: 101 One patient treated N.M
al., 2023 [29] with salvage GK
twice. Stability for
6 years after second
GK.
One patient treated
with proton therapy.
Stability for 3 years
after therapy.
No adjuvant therapy
for third patient.
Stability for 11 years
after surgery.
Liu etal., 2023 Surgeryonly 7 (26.9%) N.M 1 - surgery and OS: tumor excision
[30] radiotherapy (HR 5.7,95% CI 1.5-

2 - surgery alone
3 - radiotherapy
alone

22), tumor volume
(HR 7,95% Cl 1.3 -
39), and pathological

grading (HR 42, 95%
CI 3.5 - 500).
Protective factors:
extent of tumor resec-
tion (HR 21.74, 95%
CI 1.25 - 376.6) and
pathological grading
(HR 131.99, 95% CI
4.05 - 4300.5)

Table 3: This table reports the recurrences and its prognostic factors. It depicts the number of recur-
rences, mean/median follow-up to recurrence (in months), salvage therapy used, and the prognostic
variables associated with poor prognosis.
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Complications

The patients of the selected articles were pooled together and a summary of the surgical and
radiation induced adverse effects are reported in Table 4 and 5, respectively. There were 59
reported deaths due to the tumor, and 36 deaths due to intercurrent disease amongst the
selected articles. Radiation induced adverse effects are split into acute and late adverse effects.
Articles that did not grade the complications as per the CTCAE classification [31] were listed
as ‘n.m’: not mentioned.

Table 4. Cumulated surgical complications.

Complication No. of patients (%)
Cranial nerve palsy 68 (45.0%)
Subcutaneous hydrops 4(2.6%)
Dysphagia 3 (1.9%)
Facial numbness 2 (1.3%)
Cerebrospinal fluid leak 23 (15.2%)
Hearing loss 15 (9.9%)
Meningitis 8(5.3%)
PE/DVT 5(3.3%)
Cerebral ischemia 4 (2.6%)
Diabetes insipidus 3(1.9%)
Cerebrovascular events 2 (1.3%)
ICA damage 2 (1.3%)
Hydrocephalus 2 (1.3%)
Miscellaneous 10 (6.6%)

Table 4: This table shows the complications faced postoperatively reported in the 22 studies. Complica-
tions that had a frequency of less than 1% were grouped into the category ‘Miscellaneous. Examples of
complications that fell into this category include ataxia, temporal epilepsy, and cerebral abscess.

Complications that fell under ‘miscellaneous’ include bleeding, seizure meningitidis, arachnoid cyst,

ataxia, hemiparesis and aphasia, visual field defect, and temporal epilepsy.

Table 5. Cumulated acute radiation induced adverse events. Grading as per CTCAE v4.0 [16].

Complication Grade No. of patients (%)
Alopecia 1-2 202 (16.8%)
Middle ear effusion 1-2 159 (13.2%)
Asthenia 1-2 159 (13.2%)
Erythema 1-2 159 (13.2%)
Nausea/vomiting 1-2 159 (13.2%)
Fatigue 1-2 43 (3.5%)
Radiation dermatitis 1-2 43 (3.5%)
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Table 5. Cumulated acute radiation induced adverse events. Grading as per CTCAE v4.0 [16]. (continued)

Complication Grade No. of patients (%)
Mucositis 1-3 46 (3.8%)
Erythema n.m 36 (2.9%)
Headaches n.m. 36 (2.9%)
Alopecia n.m 32 (2.7%)
Loss of appetite n.m. 25 (2.1%)
Fatigue n.m. 25 (2.1%)
Nausea/vomiting n.m 25 (2.1%)
Dysgeusia n.m 15 (1.2%)
Xerostomia n.m. 5(1.2%)
Mucositis n.m. 15 (1.2%)
External/middle ear otitis n.m 11 (0.9%)
Acute parotitis n.m 1 (0.08%)

Table 5: This table shows the total acute radiation induced adverse events reported in the 18 studies.
The definition used for ‘acute’ varies in the 18 studies, and most do not define it. The complications are
defined as per the common terminology criteria for adverse events (CTCAE) v4.0.

Table 6. Cumulated late radiation induced adverse events. Grading as per CTCAE v4.0 [16].

Characteristic Grade No. of patients (%)
Pituitary dysfunction 1-2 97 (38.8%)
Hearing loss 3-4 29 (11.6%)
Hearing loss n.m. 21 (8.4%)
Unspecified Grade 3+ 3+ 14 (5.6%)
Brain necrosis 3+ 9 (3.6%)
Temporal lobe necrosis/lesions 1-2 9 (3.6%)
Hearing loss 1-2 5(2.0%)
Bone necrosis 3 5 (2.0%)
Hypopituarism n.m. 5(2.0%)
Temporal lobe necrosis/lesions n.m. 5 (2.0%)
Dizziness n.m 4 (1.6%)
Memory loss 2 4 (1.6%)
Visual field deficits n.m. 4 (1.6%)
Spinal cord necrosis 3 3(1.2%)
CN palsy 1-2 3 (1.2%)
CN palsy n.m. 3 (1.2%)
Miscellaneous 30 (12.0%)

Table 6: This table shows the total late radiation induced adverse events reported in the 18 studies. The
grade of the complication is also mentioned, as per the common terminology criteria for adverse events
(CTCAE) v4.0, when reported. When not reported, it is reported as not mentioned, n.m’ Complications
with a frequency of under 1% were all grouped into the ‘Miscellaneous’ category, examples of complica-
tions that fell under this category include: cerebellum necrosis, spinal cord necrosis, stroke, hyperpro-
lactinemia, serous otitis, and temporal lobe edema.
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DISCUSSION

Due to the rarity of skull base chondrosarcomas, the number of studies investigating the
efficacy of therapeutic options have been limited. This systematic review included 23 stud-
ies investigating the long-term efficacy of surgical therapy and postoperative radiotherapy,
encompassing a total of 1388 patients. Majority of the skull base chondrosarcomas were
low-grade, and there was no predilection to the sex of the patient. The studies provide a
broad range of long-term measures of survival primarily due to the heterogeneity in the data
included and the lack of detail in the Kaplan-Meier survival analysis provided. Majority of
the articles assess patients up to the 5-year mark, most up to the 10-year mark, and seldom
to 15 years.

The treatment of skull base chondrosarcoma requires a multidisciplinary approach, with
involvement of the neurosurgeon, ENT surgeon, neuro-radiologist, neuropathologist, radio-
therapist and medical oncologist. Surgical resection of the chondrosarcoma is considered the
first line therapy; however it also provides the opportunity to obtain histological and molecu-
lar diagnosis. Radical resection is often not possible, and instead a maximal, safe resection
approach is undertaken to spare the surrounding critical structures and decrease iatrogenic
morbidity. The overall prognosis in the surgery only group ranges widely, especially as the
follow-up time increases. However, one constant observation is the steeper decline in the
lower limit of the prognostic ranges from 1 year to 10 years, (-41.4%) when compared to the
postoperative radiotherapy group (-20.0%) during the same time period. This contrasts with
the upper limit which remains constant in both intervention groups. Unlike the surgery only
group, the P.O. radiotherapy group does not see a steady decline in the lower limit - as seen in
the increase in the lower limit of survival outcomes at 10 years. We believe that this is rather
due to a methodological issue of survival estimates, as the number at risk is not reported it
is unclear whether: 1) there was loss to follow up, and 2) whether the loss to follow up were
specific to a group of patients (e.g. those that showed better recovery). This would result in a
different composition of the remaining cohort - resulting in an altered prognosis. This would
suggest better long-term control with adjuvant radiotherapy, however this was not reflected
in a systematic review conducted in 2009, where the surgery only group had better 5-year
prognostic outcomes. This discrepancy might possibly be explained by the fact that newer
studies became available, further elucidating the true prognostic differences between the two
intervention groups.

When analyzing the surgery only group, it is important to recognize that data was extracted
from only eight studies. Majority of the patients in this group underwent a gross total resec-
tion (61.2%), with patients undergoing multiple staged surgeries if needed. Furthermore,
the most common surgical approaches were endonasal, subtemporal-infratemporal, and
pterional. The endonasal approach has taken the spotlight in recent literature, showing good
prognostic outcomes. Endoscopic surgery provides a better route to tumor than the transcra-
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nial approach considering most originate in the petroclival area. As reported by Schwartz et
al,, the transcranial approach is more likely to traverse cranial nerves than the endoscopic
approach. The gross total resection rates are reported to be around 66.7%-80.0% with good
tumor control as opposed to a GTR rate of 50%-100% in the transcranial approach [33].
Moreover, endoscopic nasal approaches allow for shorter hospitalization, decreased compli-
cations, and decreased mortality [34]. With the development of new approaches, such as the
transmacxillary approach, the use of endoscopic skull base surgery is only increasing. The re-
construction method is also vital to evaluate, reported in 3 of the 8 studies, with vascularized
flaps being the most common (2/3 studies). The decision between the use of abdominal fat or
vascularized flaps for reconstruction is fueled by the indication alongside surgical expertise
[35]. Complications in skull base surgery for tumor resection, reported in literature include
intracranial bleeding, blindness, CSF leak, osteonecrosis, cerebral abscess, meningitis, cranial
nerve neuropathies, and cosmetic deformities [34]. Many overlaps with the complications
seen in this review. Studies indicate that CSF leak rates are reduced when the reconstruction
is done with vascularized local tissue, particularly in patients with history of radiotherapy.
Furthermore, multilayered reconstruction is reported to be superior to single layer. There is
more to explore regarding the skull base reconstruction techniques, however, falls beyond
the scope of this paper.

When considering the postoperative radiotherapy group, 17 studies investigated the efficacy
of this intervention; with proton therapy being most commonly investigated. Contrary to
the surgery only group, only 6.3% of the reported cases were gross total resections. The
remaining patients underwent either a partial resection (44.8%), sub-total resection, or bi-
opsy (4.9%) prior irradiation. According to the studies included, proton and carbon therapy
provide a better tumor control than gamma knife radiosurgery. These promising results for
proton therapy obtained in this review are also reflected in current literature. For example, in
the review by Noel et al. assessing the role of proton therapy in various intracranial tumors,
an overall local control between 85%-100% is found at 3-years and 75%-95% at 5-years for
chondrosarcomas [36]. Similarly, the carbon ion group, despite only having 3 studies in this
review, shows promise with high control rates. These results are further confirmed in the
systematic review by Holtzman et al., which includes the articles selected for this review,
from which a 1-, 3-, and 5-year control rates of 99%, 89%, and 88% [37]. We see a significant
improvement in the long-term prognosis when administering postoperative proton therapy,
with the lowest reported PFS being 75% at 5 years, as opposed to 64.0% with surgery only
at 5 years. The literature review by Kano et al., provides a better overview of the long-term
efficacy of gamma knife SRS for skull base chondrosarcoma. This review compiles 46 patients
from 5 studies, of which one is included in this review, who underwent postoperative GKRS.
Without prior radiotherapy, the PES rates were 92%, 88%, and 81% at 1-, 3-, and 5-years
[32]. Although not as effective as particle therapy, it provides the clinician with an alternative
option for primary or salvage treatment.
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Although radiotherapy offers an improvement in the treatment of skull base cancers, it also
comes with complications. The complications listed in Table 5 overlap with the ones reported
in current literature [36]. The same applies for the reported late radiation induced adverse
events in this review, with literature reporting pituitary gland insufficiency, ocular pathway
damage, sensorineural hearing loss and temporal lobe necrosis being the most common
complications [1]. These complications are of utmost importance to consider considering
the close proximity of critical organs to the chondrosarcoma. A particular advantage that
particle therapy offers is a steeper dose gradient to the organs at risk adjacent to the gross
tumor volume compared to non-particle radiotherapy. This is related to the physical proper-
ties of particle itself, more specifically the Braggs peak and cure, which depicts the deposition
of energy as the particle travels through matter. Promising control of the Braggs curve is
shown with the pencil beam system. The rate of complications was far higher in the studies
investigating the efficacy of adjuvant radiotherapy. We expect two possible explanations for
this difference: 1) This reflects the true difference in the complication rate between the sur-
gery only approach and giving postoperative radiotherapy, or 2) the surgical complications
are underreported, as not all studies did so. However, findings consistent with the former
explanation were found in the review by Palmisciano et al [2].

Albeit the rate of recurrences provided were broad, it is evident that the recurrences were
more frequent in the surgery only group. This can be elucidated when the upper limit of the
recurrence rate in the radiotherapy group is properly evaluated. Due to the small sample
size in the study by Pattankar et al., which only included 7 patients, any recurrence was
bound to be high in percentage. Realistically, when considering this study as an outlier, one
obtains a recurrence range between 1.5% and 18.4% in the postoperative radiotherapy group.
This lower recurrence rate is also supported in recent literature [38]. When considering the
prognostic variables, the risk factors that increase the likelihood for poor tumor control and
overall survival include high tumor volume, brainstem/optic apparatus involvement, high
age, increased number of prior surgeries. These factors are also reported in previous litera-
ture, for example in Kremenevski et al., albeit most reviews combine data from chordoma
and chondrosarcoma studies [4].

There are certain limitations to consider for this review. Although the search input was well
generated, abiding by the PICOT structure, the articles obtained were dubious in terms of
bias. All studies were retrospective observational studies, dating back to 1999. With several
articles not accounting for potential confounding factors specific to their analysis, the devel-
opment of surgical and radiotherapy techniques/protocols between 1999 and current times
plays a confounding role. As a result of the former point, the risk of the included articles
ranges from moderate to critical bias as per the ROBINS-I tool. Furthermore, the articles
included do not further detail their Kaplan-Meier curves, restricting us from creating a
meta-analysis. This limits this review to be merely descriptive in nature and restrains us from
providing a statistical answer to prove the superiority of one intervention over the other.
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Furthermore, some studies included were limited by the small sample size, in these cases
the percentages reported might simply be inflated. In these cases, an open access database
where the prognostic outcomes alongside baseline data of patients with skull base chon-
drosarcoma are included seems ideal, considering its rarity and as it would allow for robust
statistical analysis. Another limitation that this review faced was the short follow-up period
of maximally 10 years in most studies. Although not surprising considering the rarity of this
condition. Additionally, several excluded and some included articles grouped chordoma and
chondrosarcoma patients together impairing our ability to extract data specific to the latter
group. Future research can perhaps elaborate on the prognostic outcomes at a longer follow-
up period specific to the chondrosarcoma patient. Another limitation revolves around the
prognostic outcomes used, as it only assesses tumor control. Measuring patient-oriented out-
comes, such as quality of life, to properly ascertain the impact of radiation related complica-
tions and long-term prognosis would provide a more patient-oriented answer to integration
of radiotherapy into their care. Lastly, majority of the patients were diagnosed with low-grade
chondrosarcoma, therefore leaving the treatment of high-grade cases an unexplored terrain
for future research.

Future research comparing the local control provided by different surgical techniques on a
longer term would be beneficial. It would allow clinicians to understand the best operative
route specific to tumor location, whilst giving them an idea of the expected control rate.
Furthermore, nuances in the endoscopic technique can further be explored thereby further
substantiating its efficacy as a surgical option. As for radiotherapy, we suggest further in-
vestigation of the different forms of radiation delivery, for example investigating the long-
term prognosis of patients treated with image-guided radiotherapy, intensity-modulated
radiotherapy, or pencil beam scanning. Such techniques allow for better control of the dosage
of radiation delivered to the tumor whilst sparing the nearby critical organs. Such research
was slowly introduced since 2016, with papers such as Sahgal et al. and Weber et al., and
show promising results. Furthermore, assessing the use of hypo-fractionated versus hyper-
fractionated radiotherapy in terms of tumor control can be another point of focus. Recent
studies, such as in Sallabanda et al., have shown promising results for a hypo-fractionated
schedule for proton therapy in providing good tumor control [39].

Furthermore, investigating other forms of particle therapy than proton therapy is another
potential focus. More specifically, this review has shown the potential for carbon ion radio-
therapy. Although the dose distribution of charged particles is similar, there exist discrepan-
cies between different particles - as seen in carbon ion vs proton therapy []. With carbon ions
there is a sharper dose falloff at both the distal and lateral beam edges, essentially targeting
the tumor in a more precise fashion [40]. Moreover, when analyzing the amount of radiation
energy deposited along a particle’s trajectory in a particular medium (quantified by the linear
energy transfer, LET), we find that carbon has a higher LET than protons. The high-LET in
carbon ions is theoretically, more optimal tumor control, and spares tissues upstream of the
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target [40]. Considering these potential advantages, we believe that carbon ion radiotherapy

might be an important option to investigate.

Further research can also focus on the logistics behind the treatment of patients with
chondrosarcoma. For example, analyzing the cost-effectiveness of particle therapy and its
implementation in healthcare.

CONCLUSION

Skull base chondrosarcomas remain a challenge to treat, due to their location and close
proximity to vital structures. Surgery has been the primary treatment option chosen for
patients harboring a skull base chondrosarcoma, with recent literature supporting the use of
an endoscopic approach. However, the recurrence rate is still high and usually some form of
salvage therapy is used to treat for recurrence. This review shows promising results in terms
of long-term prognosis and recurrence rate favoring the use of particle therapy as postopera-
tive radiotherapy.
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Chapter 6

ABSTRACT

Background: Chordomas are rare slow-growing tumors occurring in the axial skeleton and
can demonstrate local aggressive behavior, typically extending from the median axis com-
pressing surrounding tissue. Complete surgical resection and adjuvant radiotherapy are the
preferred treatments. We present an unusual case of a spontaneously shrinking and growing
off-midline petroclival chordoma.

Case description: A 23-year-old female presented with right abducens nerve palsy. Com-
puted tomography (CT) and magnetic resonance imaging (MRI) revealed an oft-midline
petroclival lesion compressing the abducens nerve with characteristics of a chondrosarcoma.
Pre-operative MRI indicated spontaneous lesion regression and the abducens nerve showed
clinical improvement. Hence, the planned surgery was canceled. During the wait-and-scan
period, abducens nerve palsy recurred. MRI confirmed lesion growth and showed an intra-
tumoral linear structure indicative of blood. Even though pre-operative MRI again dem-
onstrated shrinkage, the lesion was surgically removed. Despite the unusual presentation,
histopathological examination diagnosed a conventional chordoma. A second surgery was
required to remove the residual tumor after which the patient received high-dose photon
beam therapy.

Conclusion: This article discusses the uncommon presentation and behavior of a petroclival
chordoma showing fluctuating cycles of oft-midline growth and spontaneous regression.
While intratumoral hemorrhage is hypothesized to explain this tumor behavior, the exact
etiology needs further investigation. The case presented here emphasizes the importance of
considering chordoma in the differential diagnosis despite an atypical disease course

Keywords

Skull base chordoma, chondrosarcoma, spontaneous shrinkage, hemorrhage, endoscopic,
skull base surgery
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INTRODUCTION

Chordomas are rare malignant bone tumors originating from primitive notochordal rem-
nants '~. This malignancy can arise anywhere along the craniospinal axis: skull base (32%),
mobile spine (32.8%), and sacral (29.2%) *. Skull base chordomas show an annual incidence
of 1 case per 2,000,000 individuals, constituting less than 0.2% of all intracranial neoplasms
"%, Clival chordomas typically show slow growth from the clival midline but can demonstrate
locally osteolytic, aggressive behavior, and may compress surrounding neurovascular struc-
tures °. The long-term prognosis of skull base chordomas is unfavorable, with 5- and 10-year
recurrent rates of 52.9% and 88.3% 7, respectively, and 5-, 10-, and 20-year survival rates
dropping to 67.6%, 39.9%, and 13.1%, respectively *. While chordomas are often not meta-
static on presentation, 5 to 30% show metastatic potential *'>. Gross total surgical resection
of the tumor followed by high-dose radiotherapy is considered the gold standard treatment °.
Here, we describe an unusual disease course of an off-midline, petroclival chordoma.

Case presentation

A 23-year-old female patient presented with horizontal diplopia due to progressive right ab-
ducens nerve palsy. A dull headache with fluctuating intensity and nausea accompanied the
diplopia development but gradually decreased after a few days. The patient did not suffer from
other neurological deficits, complaints, or comorbidities. A computed tomography (CT) scan
demonstrated an intraosseous lytic lesion at the right petroclival fissure and posterior clivus.
Magnetic resonance imaging (MRI) revealed a T2 hyperintense lesion with faint peripheral
contrast-enhancing and hyperintense signal at FLAIR, measuring 9mm x 14mm x 17mm
(L; W; H) with abducens nerve compression at the location of the right canal of Dorello,
and intradural expansion in the posterior fossa without brain stem compression (Figure 1).
The differential diagnosis included chondrosarcoma, epidermoid, ecchordosis physaliphora,
benign notochordal cell tumor, and off-midline chordoma. Endoscopic trans-sphenoidal
resection was planned. The pre-operative navigation MRI showed spontaneous regression of
the lesion with dissociation from the abducens nerve (Figure 2), and the patient experienced
abduction improvement of the right eye. The differential diagnosis was reconsidered, and
115 their

spontaneous resolution has been reported in long bones and the mandible ', Therefore, the

a simple bone cyst was added. While simple bone cysts in the skull base are rare

procedure was cancelled, and a conservative wait-and-scan policy with a 6-month interval
was chosen.
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Figure 1. Imaging at presentation demonstrating a right petroclival fissure lesion (orange arrows), hy-
perintense at T2-W (A), hypointense with only subtle rim enhancement at contrast-enhanced T1-W
(CE-T1-W) (B) slight hyperintense at FLAIR (C) and lytic at CT with sclerosis of the rim (D).

Figure 2. Pre-operative neuronavigation imaging demonstrates decreased antero-posterior dimensions
and increased space between the lesion and the pons at T2-W (A) and CE-T1-W (B).

At next follow-up, MRI showed a slight enlargement of the petroclival lesion towards the
right abducens nerve without clinical changes and a shorter time interval wait-and-scan
was scheduled. During the waiting period, the right abducens nerve palsy recurred. MRI
demonstrated significant lesion growth, affecting the abducens nerve. A hypointense linear
structure traversing the lesion was recognized in contrast-enhanced T2-weighted (T2-W)
images, which could indicate blood (Figure 3). At this moment, hemangioma, simple bone
cyst, and chondrosarcoma constituted the differential diagnosis. Surgery was scheduled.
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e, s 4
Figure 3. T2-W (A) and CE-T1-W (B) imaging at 9 months demonstrates lesion progression with a
hypointense structure traversing the lesion (orange arrow).

Interestingly, pre-operative MRI again showed lesion regression, consistent with the diplopia
improvement experienced by the patient. Nevertheless, the patient underwent an uncom-
plicated endoscopic endonasal skull base surgery to decompress the abducens nerve further
and remove the tumor. Histopathology revealed a population of disorganized physaliphorous
cells (Figure 4A). The cell nuclei displayed some anisokaryosis and were normochromic to
bright in appearance. Immunohistochemical analysis revealed positive cell staining for cyto-
keratin AE1/AE3, and a dubiously weak S100 staining for a subset of cells. Additional posi-
tive staining for brachyury expression confirmed the diagnosis of a conventional chordoma
(Figure 4B). Next to the tumor was a small focus of degenerated erythrocytes; yet pre- versus
intra-operative hemorrhage could not be distinguished histologically with certainty.
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B

Figure 4. Imnmunohistochemical staining of the chordoma. A) Hematoxylin and eosin (H&E) staining
(magnification x20) demonstrates disorganized physaliphorous cells. B) Brachyury nuclear expression
(magnification x20).

While post-operative MRI showed an evident size reduction of the petroclival lesion, a minor
residual persisted dorsal to the right internal carotid artery. A second endoscopic endonasal
surgery was performed for maximal, though safe, resection of the residual lesion. Postop-
erative MRI indicated no macroscopically evident lesion remnants. Subsequently, the patient
received photon beam therapy with a dose of 74 Gy in 37 sessions. Abducens nerve function
largely recovered. At one year follow-up the patient is recurrence-free.
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DISCUSSION

Chordomas are rare neoplasms that typically show progressive growth and locally aggressive
behavior. Here we describe an unusual disease course of a skull base chordoma showing off-
midline growth, spontaneous shrinkage without intervention, and signs of a small bleeding.
While lesion growth induced abducens nerve palsy, shrinkage led to abducens and diplopia
recovery.

Clival chordoma diagnosis depends on clinical presentation, histopathology, and imaging
characteristics associated with the tumor location and invasion '*. CT and MRI are the
preferred imaging modalities to assess bone involvement and evaluate the proximity of the
lesion to critical soft-tissue structures. On non-contrast CT, clival chordomas often appear
as osteolytic lesions that are well-circumscribed, hypo-attenuated, and heterogeneous .
The tumor bulk generally has increased density compared to surrounding neural structures
", Sometimes CT shows intratumoral calcifications or areas of low attenuation represent-
ing mucinous content within the tumor *’. On MRI, chordomas appear hypointense on
T1- and hyperintense on T2-W images. This signal intensity may vary with foci of hyper- or
hypo-intensity on the respective MRI sequences, resembling a heterogeneous honeycomb

2021 Gadolinium

enhancement pattern related to mucus, hemorrhage, or calcification
administration usually leads to mild heterogeneous contrast enhancement, with restricted
diffusion-weighted imaging (DWI) ’. These CT and MRI features are in line with the pre-

sented case.

However, chondrosarcomas share similar characteristics in both imaging modalities, com-
plicating their distinction from chordomas on pre-operative imaging ****. The location of
the tumor origin is often used as a differentiation direction. Skull base chordomas usually
grow in the clival midline, while a lateral clival origin, in and next to the petroclival fissure
would favor chondrosarcoma ****. Yet, chordomas growing laterally in the petrous bone have
previously been described *'. As for the presented case, immunohistochemical detection of
brachyury is currently required to confirm the diagnosis of chordoma.

Only a few cases of spontaneous chordoma regression are known: two in the skull base ***,
one in the cervical region 7, one in the sacrococcygeal region *, and pulmonary metastases
of a sacral chordoma *. Bander et al. ** described a case of spontaneous clival chordoma
regression without surgical intervention or radiotherapy. Herbal supplements and animal
oils consumed by the 75-year-old female patient were hypothesized to exert anti-tumoral
effects and contribute to tumor shrinkage . Radl et al. ¥ reported a case of chordoma
disappearance in the C2 vertebral body after non-operative treatment in a 24-year-old male
patient. The patient received dexamethasone and antibiotic treatment, of which the immune-
mediated mechanisms were proposed to contribute to chordoma disappearance . However,
similar to the case presented here, the remaining cases do not share these inflammatory or
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immunological factors *****. Instead, Gonzalez et al. ** related the spontaneous regression
of a sacrococcygeal chordoma to intratumoral hemorrhage resorption. Intratumoral foci of

hemorrhage can be confirmed by hypo-intensity on susceptibility-weighted imaging (SWI)
18

Hemorrhagic chordoma are uncommon but have previously been documented, mainly in
clival chordomas '***. While the underlying etiology remains elusive, some mechanisms have
been suggested. Rapid tumor growth could lead to an inadequately matched blood supply
and rupture of fragile vessels '*. Similarly, small vessel occlusion after vascular proliferation
can result in areas of ischemic necrosis and hemorrhage '**. Moreover, chordomas may
induce neovascularization, resulting in increased vessel permeability and fragility, and, con-
sequently, spontaneous hemorrhage *'. These phenomena seem to correlate with vascular en-
dothelial growth factor (VEGF) overexpression occurring in chordomas *"*. VEGF is known
for inducing tumor angiogenesis and is often hypoxia-driven ***. Indeed, the presence of
hypoxic areas in chordomas has been presented by [18F]-fluoromisonidazole positron emis-
sion tomography/computed tomography (FMISO-PET/CT) ***. Hypoxic tumor areas are
generally radioresistant and may be an indicator of poor prognosis .

For the case presented here, cycles of intratumoral hemorrhage and partial hemorrhage
resolution are hypothesized to explain the fluctuating tumor growth and shrinkage. The
hyperintensity of the first FLAIR MRI and the linear structure observed on MRI may have
indicated the occurrence of intratumoral bleeding that led to temporally increased tumor
size. The linear structure was only observed after tumor growth but disappeared after shrink-
age. Yet, the underlying mechanism driving these processes remains unknown. Various fac-
tors may be involved in this odd disease course, and further research is required to evaluate
the etiology.

CONCLUSION

To conclude, we present an unusual case of chordoma growth and spontaneous regression.
While no consensus has yet been achieved on the underlying mechanisms of growth revers-
ibility, this odd disease course should increase awareness and warrant further investigation of
chordoma behavior. Off-midline presentation, intratumoral hemorrhage, and spontaneous
regression should not exclude chordoma from the differential diagnosis or change the treat-
ment. Hence, histological conformation is mandatory in such cases.
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ABSTRACT

Skull base chordomas, challenging due to their proximity to critical structures, have seen
treatment advancements, notably the trans nasal endoscopic approach. Traditionally, closure
after tumor removal involved complex techniques. Our report presents three cases diverging
from tradition, utilizing a simplified closure method employing autologous fat tissue alone
after modified bony resection. All three cases underwent successful endoscopic resection,
followed by fat tissue placement to cover defects. Although one case experienced a transient
cerebrospinal fluid (CSF) leak 4 days after the surgery, the other two cases showed no com-
plications during the 24-month and 3-month follow-ups after surgery, respectively. These
cases demonstrate the efficacy of the simplified closure technique, including bony resection,
prompting its integration into our surgical approach for skull base chordomas.

Keywords: Clivus, Chordoma, Clival tumors, Skull base reconstruction, Cerebrospinal fluid
(CSF) fistulas

140



A simple and rapid skull base reconstruction after endoscopic clival surgery: a technical note

INTRODUCTION

Skull base chordoma is a challenging surgical pathology due to its proximity to critical
structures such as the brainstem, cranial nerves, and vascular structures. In the last two
decades advances in endoscopic techniques and radiation therapy have changed this field
[1]. We are able to remove more tumor and irradiate relatively safely with a high dose (up
to approx. 75Gy). Nowadays, the preferred surgical approach is the trans nasal endoscopic
approach. After tumor removal, closing the defect can be challenging as well. While differ-
ent closure techniques exist [2], an often-applied closure technique is using a vascularized
nasoseptal flap in combination with a multi-layer reconstruction. External lumbar drainage
may aid in preventing CSF leakage [3]. Preventing the leakage of cerebral spinal fluid (CSF)
is essential, since it can cause serious morbidity including infection, pneumocephalus, and
hydrocephalus. Between 2000 and 2024, 33 cases with clival tumors were treated in our cen-
ter. Traditionally, skull base reconstruction was performed using a vascularized nasoseptal
flap in combination with a multi-layer reconstruction. However, in our most recent three
cases, closure of the dural defect was performed using a “simple” and “fast” method, with
autologous fat tissue only. Here, we discuss these cases and describe the closure technique.

CASE DESCRIPTIONS

In the first case, a 68 year old female presented with right abducens nerve palsy and a burning
sensation in her nose that had started 2 weeks earlier. Subsequent radiological examinations
revealed a paramedian clival tumor compressing on the brainstem and extending to the right
of the petroclival fissure (Fig. 1A). The second case was a 65-year old male patient who was
incidentally diagnosed during medical evaluation for a hearing deficit that included a MRI
scan. A left paramedian clival tumor was found, compressing the posterior brainstem and
extending into the sphenoid sinus (Fig. 1B). And the third case was a 24-year old male pa-
tient who was diagnosed with headache and occasional nausea. The subsequent MRI shows
a lesion located in the left paramedian clival area, compressing on the brainstem (Fig.1C).
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Figure 1A

Figl A. Preoperative axial, sagittal and coronal T1 weighted with Gadolinium magnetic resonance im-
aging (from case 1)

black arrow tip; internal carotid artery, grey arrow tip; basilar artery, *; tumor

FiglB. Preoperative axial spin echo (Space sequence), preoperative sagittal and coronal T1 weighted
with Gadolinium magnetic resonance imaging (from case2)

black arrow tip; internal carotid artery, grey arrow tip; basilar artery, *; tumor

Fig1C. Preoperative axial, sagittal and coronal T1 weighted with Gadolinium magnetic resonance im-
aging (from case 3)

black arrow tip; internal carotid artery, grey arrow tip; basilar artery, *; tumor
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We performed an endonasal endoscopic approach using electromagnetic neuronavigation
in all cases. The middle turbinates were retracted bilaterally, and a binostril transsphenoi-
dal approach was performed. After excising the mucosal tissues surrounding the sphenoid
ostium, a diamond burr was used to drill the ostium and the sphenoid sinus was opened.
The anterior wall of the sphenoid sinus and septum were drilled out to expose the boundar-
ies of the carotid prominences laterally, the sellar floor superiorly, and the defect created by
the mass inferiorly. In all three cases, the tumor capsule was opened using microdissecting-
scissors. The chordoma was removed using curettes, microsurgical dissectors and gentle
suction. Components extending towards the brainstem and basilar artery were dissected and
removed (Figure 2)

Figure 2

Fig2. Endonasal endoscopic approach (From case 2)

1 Before tumor excision; A. Middle Turbinate, B. Tumor

2 After excision; A. Dura Mater B. Anterior inferior cerebellar artery, C. Basilar artery, D. Brain stem
Fig3. Schematic sagittal view of the surgical corridor, sagittal section of computerized Tomography (
From case 2)

A Clivus, B Fat tissue, C Basilar artery, D brainstem

After the surgical removal was completed, the clival bone and the sphenoid sinus were
carefully shaped by drilling, to create a ridge that descends from the nasal cavity down to
the dural defect and the brainstem (Figure 3). Subsequently, fat tissue harvested from the
abdomen was shaped into French fries-like strips, approximately 20x5 mm in size. The fat
tissue was then consecutively placed from the periphery of the defect towards the center until
the defect was completely covered. (Figure 4). A second layer of fat tissue was placed in the
sfenoid sinus and tissue glue was applied to the fatgraft.
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Figure 3

Fig4. Endoscopic view of the clival closure (From case 2)

Arrow tip; dural defect, *; French fries shaped fat tissue

A) After the excision, the surgical route was prepared for fat graft placement through clival drilling.

B) The extracted fat tissue is formed into a shape resembling French fries and placed so that it extends
inward from the edges of the defect.

C) The prepared French fries shaped fat grafts are meticulously positioned in multiple orientations,
ensuring longitudinal anteroposterior placement.

D) The procedure is repeated until the defect is completely closed.

No intraoperative complications were observed during the surgery in all three cases. The
abducens nerve palsy of the first case was resolved in the early postoperative period. In the
second case, a CSF leak occurred 4 days after surgery. We applied external lumbar drainage
for a short period of time and resolved the leakage. Other than this, all patients had unevent-
ful postoperative recoveries. Postoperative imaging showed no residual tumor. Subsequently,
all patients underwent photon radiotherapy, with case 1 and 3 receiving treatment after 3
months and case 2 after 9 months. During the follow-up period of 21 months there were
no tumor recurrences or complications requiring reoperation (Figure 5). The total dose of
photon therapy was 74 Gy in 37 sessions.
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Figure 5

Fig5. 1; Case 1, Post operative 4th month T1 weighted with Gadolinium post-operative magnetic reso-
nance imaging; A) Fat graft, B) Pons

2; Case 2, Post operative 9th month T1 weighted with Gadolinium magnetic resonance imaging; A) Fat
graft, B) Pons

3; Case 3, Post operative 2th month T1 weighted with Gadolinium magnetic resonance imaging; A) Fat
graft, B) Pons

CONCLUSION

Here, we describe three cases of skull base chordoma surgery in which we applied a rather
“simple” and “rapid” method of dural closure using autologous fat tissue only. In our experi-
ence, this closure technique was successful, and we decided to implement this approach in
our surgical technique for limited defects.
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DISCUSSION

Skull base surgery has changed over time like other fields in neurosurgery such as functional
and vascular neurosurgery due to advances in neurotechnology (i.e. neuroimaging, neuro-
monitoring), microscopic and endoscopic surgery and radiation therapy. We have incorpo-
rated all these advances in our neurosurgical center including a proton therapy facility. This
thesis is a collection of our institutional experience with managing skull base tumors, and
this variety in pathologies is also reflected in our management style - a multidisciplinary
nature. The previous articles place the described findings into the context of the greater
understanding, in this section I will briefly recapitulate the key concepts and discuss future
directions that may further advance the field in accordance with current literature and our
institutional philosophy.

VESTIBULAR SCHWANNOMA

Upfront planning for a partial resection followed by GK radiosurgery is an effective and safe
treatment choice for patients with Koos 4 VS. The efficacy consists of good tumor control
and a low number of complications, respectively. Previous large meta-analyses reporting
an overall tumor control rate of 93.9% in 248 patients treated with this approach(1). In our
series, tumor stability was reported in one patient (4%), shrinkage in 20 patients (87%), and
increase in volume in two patients (8%). Interestingly, in our cohort five tumors demon-
strated post-radiation growth followed by shrinkage. This means that longer follow-ups may
be required. The critical reflection here is whether postoperative radiotherapy should be ap-
plied to all residual VS. The answer is no. Wait and scan after surgery and apply radiotherapy
when residual tumor shows growth, is nowadays the way to go.

Another key finding in our study was the successful preservation of FN function in all pa-
tients. Partial resection of a large VS results in preservation of FN function (even not a HB
grade 2 deficit) in most of the patients but leaves a residual tumor (ca. 30% residual tumor).
The critical question here is what is worse? A minimal residual tumor but in 10-30% of the
patients a FN deficit, or a larger residual tumor and no deficit. My answer is clear; I advise
my patients on the second scenario. Residual tumor can be managed effectively by radiation
therapy and if necessary, another surgery after several years. But the FN deficit has an im-
mediate and large impact on quality of life.

Future studies should focus on identifying which residual tumors are likely to grow and
therefore require early radiosurgery. Specific clinical factors, growth kinetics, and radiomics
may help individualize postoperative management (2, 3) . Longer follow-up is also essential
to distinguish true progression from temporary post-radiation enlargement. Overall, our
findings support a function-preserving, staged treatment philosophy for Koos grade 4 ves-
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tibular schwannoma, in which tumor control remains important, but not at the expense of

facial nerve function.

SINONASAL CARCINOMA

Patients with sinonasal cancers with skull base extension are a very rare and specific sub-
group with a high recurrence rate. Due to an often-late presentation, they present with
advanced disease with growth into critical surrounding structures such as the orbit and
brain parenchyma. This makes it more difficult to achieve a gross total resection, requiring
radiation dosage to the surgical cavity resulting in high dose to nearby healthy tissue. In our
study, which includes only stage four sinonasal cancers with skull base extension we report a
survival of 50% with a mean follow-up of 49 months. This is comparable with other studies,
which also include lower stages (4). Multimodal treatment complications are common and
can be severe requiring readmission, reoperation and rehabilitation. We added to currently
available cohorts in the literature. The critical reflection here is the retrospective nature of
our study. Our study is subject to bias, which means we need to be careful of interpreting
causality. Furthermore, the high variability in tumor histology in this cohort makes it dif-
ficult to compare the clinical course and outcomes between each pathology.

Another critical reflection is the vulnerability of these patients and as a result being prone to
complications. The treatment of high grade, locally advanced sinonasal cancers is accompa-
nied by high rates of complications, morbidity and mortality. In our study, we observed no
early wound infection, one meningitis and five late wound infections. Three patients suffered
from direct post-operative liquorrhea and one late liquorrhea, none with long-term sequela.
Two patients suffered cardiovascular complications. Mortality was 3/18 patients, all compli-
cation rates are in line with reports from the literature (5). We observed in 7/14 patients com-
plications following radiotherapy. All wound complications originated post-radiotherapy,
most of them needing re-operation. Furthermore, intracranial invasion increases the risk
of liquorrhea. In our cohort, all patients had intracranial expansion and were treated with
adjuvant radiotherapy, which could explain the high numbers of complications.

Future research should focus on multicentre collaboration to overcome the rarity and
heterogeneity of sinonasal cancers with skull base extension. Prospective registries with
standardised reporting of tumor histology, radiotherapy dose, complications and patient-
reported outcomes are needed. Ultimately, treatment should move towards a more indi-
vidualized strategy, balancing radical resections with potential complications, postoperative
functional status and quality of life.
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CHORDOMA

Skull base chordomas comprise one of the rarest pathologies we manage within our institu-
tion. Chapter 4 highlights our experience. A notable observation is the poor local control of
this tumor, primarily due to the inability to obtain a gross total resection without violating
the tumor capsule. This aim is attainable within sacral chordomas, where the surgical cor-
ridor is wide enough to maneuver the critical neurovascular structures around the tumor
safely in order to remove the tumor en bloc. However, due to this challenge, recurrence rates
remain common, upward of 50%.

One notable observation is the timing of the recurrences, with our data supporting the
concept that early recurrences do not mean uncontrollable tumor. Seven patients in our
cohort were long survivors (>10 years). Two of them had a local recurrence within 13 and 17
months but were successfully treated with re-operation only and remained recurrence free
thereafter. This suggests that not all early local recurrences mean that the tumor is uncontrol-
lable after primary surgical and radiotherapeutic therapy, and salvage therapy can offer long
term control. Here, the importance of close follow-up and multidisciplinary input is vital.

In the attempt of achieving a maximal safe resection, postoperative CSF leakage can be fre-
quently encountered. In our cohort, postoperative CSF leakage was comparable between the
endoscopic and trans facial and transcranial approaches; one patient (17%) after endoscopic
surgery in comparison with three (15%) after midfacial degloving. Our team developed a
dural closure technique for small defects, which is faster and does not require the use of tis-
sue flaps. It incorporates a specific cone shaped surgical cavity in which shards of autologous
abdominal fat is applied in layers to cover the defect. This method will be assessed in the
future but shows promising results in our practice to prevent post-operative CSF leakage.
Larger defects are closed in a standard multilayer technique involving tissue flaps.

The main concern within the management of chordoma is the high recurrences, as seen in
the multiple recurrences that our institution has faced. Systemic therapy is extremely lim-
ited in chordoma, with the most promising therapy modality being receptor tyrosine kinase
pathway inhibitors and immunotherapy, particularly immune checkpoint inhibitors (6, 7).
Furthermore, investigation into tumor biology will also improve risk stratification, prognos-
tication, and overall management. Collectively, these developments reflect a broader transi-
tion toward biologically driven and personalized multimodal management strategies aimed
at improving long-term tumor control and patient outcomes in this challenging disease.
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CHONDROSARCOMA

Similar to skull base chordomas, chondrosarcomas remain challenging to treat due to the
location and proximity to critical neurovascular structures. As aforementioned in this thesis,
chondrosarcomas often originate from the petroclival synchondrosis and are locally invasive
and often erode into adjacent bones, including middle fossa, cervical area, and towards the
cerebellopontine angle. Recent literature advocates the use of endoscopic endonasal surgi-
cal management as it provides an adequate surgical corridor to access these lesions (8).
Regardless of the optimization of the surgical management, recurrence rates remain high, as
illustrated in chapter 5.

Historically, radical gross total resection was prioritized and seen as the gold standard for
managing skull base lesions. However, in the contemporary period, neurological preservation
and quality of life have been increasingly prioritized, requiring a multidisciplinary approach.
The increasing use of postoperative radiotherapy reflects a broader paradigm shift in skull
base oncology toward maximal safe resection combined with adjuvant therapies. Our review
favors its use, particularly particle therapy. High-dose particle therapy offers theoretical and
practical advantages due to the Bragg peak phenomenon, allowing improved dose confor-
mity and escalation, and limits the radiation exposure to surrounding tissue. However, recent
developments in the delivery techniques of photon therapy have made it a viable alternative,
certainly for institutes that lack proton therapy facilities.

Beyond surgery and radiotherapy, tumor behavior is also vital to consider in terms of man-
agement. Recent studies suggest that histological stratification is important in considering
management for conventional skull base chondrosarcomas. Rubino et al. emphasized the
importance of avoiding the frequent grouping of grade I and grade II chondrosarcomas, as
grade II lesions generally demonstrate a more aggressive biological behavior and significantly
higher recurrence risk (9). Similarly, molecular and genetic profiling is increasingly recog-
nized as a promising avenue for refining prognostication and guiding individualized treat-
ment strategies. Key oncogenic pathways implicated in the pathophysiology of skull base
chondrosarcoma include IDH1/IDH2 and COL2A1 (10). Agosti et al. conducted a systematic
review specifically evaluating targeted therapies for skull base chondrosarcomas, identifying
IDH1 inhibitors and PD-1/PD-L1 immune checkpoint inhibitors as the most frequently
investigated therapeutic strategies across ongoing clinical trials (11).

Molecularly targeted agents and immunotherapies, including agents such as ivosidenib,
pembrolizumab, and pazopanib, have demonstrated favorable antitumoral activity in clinical
studies of advanced chondrosarcoma, with median progression-free survival ranging from
5.5 to 19.9 months (11). While these results remain preliminary and largely derived from
small or heterogeneous cohorts, they underscore a broader shift toward personalized, mo-
lecularly driven treatment strategies. Continued translational research integrating tumor
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molecular profiling with clinical outcomes will be essential to refine patient selection and
establish targeted therapy as a meaningful component of the multimodal management of
skull base chondrosarcoma.

Collectively, surgery remains the cornerstone for treatment, with adjuvant therapy playing
a crucial role in preserving neurological and functional status and quality of life. Future
research focusing on tumor biology will highlight further dependencies that we can target to

improve tumor control.
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SUMMARY

This thesis describes the experience of our center regarding the treatment of skull base
tumors. Skull base tumors are complex, often involved in critical neurovascular structures
and leading to substantial health and psychosocial related burden. Treatment is often
multidisciplinary and requires experienced skull base dedicated teams to offer optimized
management. Treatment may consist of surgical resection, radiotherapy, systemic therapies
or a combination. Tumors may be benign or highly malignant and treatment goals may differ
between pathologies and patients. This thesis addresses the challenges faced in the treatment
of chordoma, vestibular schwannoma, chondrosarcoma and sinonasal cancer.

In chapter 2 I present our results on the combined approach to treating large Koos IV
vestibular schwannoma. It combines a planned partial resection followed by Gamma Knife
radiotherapy. Primary outcome is local tumor control and secondly; treatment toleration.
This chapter describes excellent tumor control and functional outcome after a combined
surgical and radiotherapeutic treatment for large vestibular schwannoma.

In chapter 3 I present the treatment outcome of patients with cranially extended sinonasal
carcinoma. These rare tumors are typically treated using radical resection followed by high
dose radiotherapy. It portrays the results of this treatment on tumor control and adverse ef-
fects. The chapter concludes that aggressive treatment may lead to prolonged survival, but it
often comes at a cost regarding complications and decrease in functional outcome.

Chapter 4 depicts our experience of treating skull base chordoma. This rare and locally ag-
gressive malignancy proves a fierce opponent in many skull base practices. The goal of this
study was to evaluate the survival rates in our cohort and compare open vs endoscopic ap-
proaches. It additionally describes treatment complications and results of salvage therapies.
The chapter concludes that long term survival may not be dependent on early local tumor
control fajlure and salvage therapy may adequately prolong overall survival.

Chapter 5 presents the current evidence on the added value of radiotherapy in the treatment
of skull base chondrosarcoma. It depicts the lack of high-quality data, but it may indicate a
positive effect on progression free survival when applying particle therapy. This review may
guide future decision making for clinicians and demonstrates knowledge gaps for future
research endeavors.

Chapter 6 describes a patient with a clival lesion presenting with paroxysmal abducens palsy.
The tumor demonstrates growth and regression coupled with the patient’s symptoms. Histo-
pathology shows a chordoma. This case illustrates the importance of pathological confirma-
tion in uncertain radiological cases, which could aid colleagues in decision making.
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The evolution of skull base surgery, as is elaborated on in the previous paragraph, is a con-
tinuous process. The goal of decreased morbidity and improved recovery after surgery is
always demanding. In our center we developed a simple and rapid technique to close small
clival defects without the need for vascularized flaps. In chapter 7 this is presented in a case
series. The aim is to provide surgeons with different options for skull base closure techniques.

In conclusion this thesis describes the various challenges faced in treating complex skull base
tumors. Delineating the fine line between curation and neurological preservation and por-
traying the evolution the specialty has underwent in the last few decades. Future endeavors
must focus on further improving individual patient care and exploring tumor behavior both
biologically and radiologically.
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SAMENVATTING

Dit proefschrift beschrijft de ervaring van ons centrum met betrekking tot de behandeling
van schedelbasistumoren. Schedelbasistumoren zijn complex, vaak betrokken bij kritieke
neurovasculaire structuren en leiden tot een aanzienlijke gezondheids- en psychosociale
belasting. De behandeling is vaak multidisciplinair en vereist ervaren schedelbasis pathologie
gespecialiseerde teams om een optimale behandeling te kunnen bieden. De behandeling kan
bestaan uit chirurgische resectie, radiotherapie, systemische therapieén of een combinatie
hiervan. Tumoren kunnen goedaardig of hooggradig kwaadaardig zijn, en de behandeldoelen
kunnen verschillen per pathologie en patiént. Dit proefschrift behandelt de uitdagingen die
gepaard gaan met de behandeling van chordoom, vestibulair schwannoom, chondrosarcoom
en sinonasale kanker.

In hoofdstuk 2 presenteer ik onze resultaten van de gecombineerde aanpak voor de behan-
deling van grote Koos IV vestibulaire schwannomen. Deze aanpak combineert een geplande
partiéle resectie gevolgd door Gamma Knife-radiotherapie. De primaire uitkomstmaat is
lokale tumorcontrole en secundair de behandelverdraagzaamheid. Dit hoofdstuk beschrijft
uitstekende tumorcontrole en functionele uitkomsten na een gecombineerde chirurgische en
radiotherapeutische behandeling van grote vestibulaire schwannomen.

In hoofdstuk 3 presenteer ik de behandeluitkomsten van patiénten met craniaal uitgebreide
sinonasale carcinomen. Deze zeldzame tumoren worden doorgaans behandeld met radicale
resectie gevolgd door hoog gedoseerde radiotherapie. Het hoofdstuk beschrijft de resultaten
van deze behandeling op het gebied van tumorcontrole en bijwerkingen. De conclusie luidt
dat een agressieve behandeling kan leiden tot verlengde overleving, maar vaak gepaard gaat

met complicaties en een afname van functionele uitkomsten.

Hoofdstuk 4 beschrijft onze ervaring met de behandeling van schedelbasis chordomen. Deze
zeldzame en lokaal agressieve maligniteit vormt een geduchte uitdaging binnen veel schedel-
basiscentra. Het doel van deze studie was het evalueren van de overlevingspercentages bin-
nen ons cohort en het vergelijken van open versus endoscopische benaderingen. Daarnaast
worden behandelingscomplicaties en de resultaten van recidief therapieén beschreven. Het
hoofdstuk concludeert dat langetermijnoverleving mogelijk niet athankelijk is van vroegtij-
dig falen van lokale tumorcontrole en dat recidief therapie de algehele overleving adequaat
kan verlengen.

Hoofdstuk 5 presenteert het huidige bewijs voor de toegevoegde waarde van radiotherapie
bij de behandeling van schedelbasis chondrosarcomen. Het beschrijft het gebrek aan hoog-
waardige gegevens in de huidige literatuur, maar suggereert mogelijk een positief effect op
progressievrije overleving bij toepassing van partikeltherapie. Dit review kan toekomstige
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besluitvorming door clinici ondersteunen en geeft de kennislacunes weer voor toekomstig
onderzoek.

Hoofdstuk 6 beschrijft een patiént met een clivus laesie die zich presenteerde met paroxis-
male abducens parese. De tumor vertoont groei en regressie gekoppeld aan de symptomen
van de patiént. Histopathologisch onderzoek toont een chordoom aan. Deze casus illustreert
het belang van pathologische bevestiging bij onzekere radiologische bevindingen, wat col-
lega’s kan ondersteunen in de besluitvorming.

De evolutie van schedelbasischirurgie, zoals beschreven in de voorgaande paragrafen, is een
continu proces. Het streven naar minder morbiditeit en een verbeterd herstel na chirurgie
blijft een voortdurende uitdaging. In ons centrum hebben wij een eenvoudige en snelle
techniek ontwikkeld om kleine clivus defecten te sluiten zonder gebruik te maken van gevas-
culariseerde flappen. In hoofdstuk 7 wordt deze techniek gepresenteerd in een casusreeks.
Het doel is chirurgen verschillende opties te bieden voor technieken ter sluiting van schedel-
basisdefecten.

Concluderend beschrijft dit proefschrift de uiteenlopende uitdagingen bij de behandeling
van complexe schedelbasistumoren. Het schetst het dunne koord tussen curatie en neu-
rologische preservatie en toont de evolutie die het vakgebied in de afgelopen decennia heeft
doorgemaakt. Toekomstige inspanningen moeten gericht zijn op verdere verbetering van ge-
personaliseerde patiéntenzorg en op het beter begrijpen van tumorgedrag, zowel biologisch
als radiologisch.
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Impact & Valorization

“If I have seen further, it is standing on the shoulders of giants”

- Isaac Newton







Impact & Valorization

Skull base pathologies represent only a small subset of the broader spectrum of neurosurgi-
cal diseases encountered in daily clinical practice. Nevertheless, this thesis aims to provide
a platform for patients afflicted by these rare and challenging pathologies, who equally de-
serve optimal long-term oncological outcomes, preservation of neurological function, and
quality of life. Despite its rarity, skull base tumors have substantial clinical impact due to
their proximity to critical neurovascular structures. Even small lesions may cause impairing
symptoms, including visual, hearing-related, swallowing-related and cranial nerve function
related problems. The management of skull base tumors therefore extends beyond achiev-
ing oncological control alone and requires careful consideration of long-term functional
outcomes and patient well-being. This thesis highlights the complexity of treating these rare
pathologies and reflects the broader evolution within skull base oncology toward multidisci-
plinary, technologically advanced, and increasingly individualized treatment strategies aimed
at preserving neurological function while optimizing long-term tumor control.

This thesis reflects the importance of multidisciplinary collaboration within modern skull
base oncology. The management of complex skull base tumors at the Maastricht University
Medical Center+ relies on close cooperation between neurosurgery, otorhinolaryngology,
radiation oncology, neuroradiology, pathology, ophthalmology, rehabilitation specialists,
and specialized nursing teams. Such collaboration is vital considering the anatomical and
pathophysiological complexity of these lesions. Furthermore, the integration of advanced
technologies, including endoscopic skull base surgery, stereotactic radiosurgery, modern
photon radiotherapy techniques, and proton therapy, has expanded the therapeutic possi-
bilities available to patients within our institution. This thesis also contributes to institutional
innovation through the evaluation of novel surgical and reconstructive techniques aimed at
reducing treatment-related morbidity, improving recovery, and optimizing long-term func-
tional outcomes. This philosophy was shaped in part by our research efforts depicted in this
thesis and the efforts of those that came before me; and will likely be shaped by those that
come after me.

The articles published within this thesis will likely also have meaningful scientific impact.
Given the rarity and heterogeneity of skull base tumors, high-quality evidence is often lim-
ited to small retrospective cohorts and experiences from specialized tertiary referral centers.
Consequently, the contribution of institutional experiences remains highly valuable in ad-
vancing the collective understanding of these challenging pathologies. The studies presented
in this thesis provide long-term follow-up data, analyses of multimodal treatment strategies,
complication profiles, and systematic review data, all of which may assist other skull base
centers in clinical decision-making and patient counseling. Furthermore, the thesis high-
lights both the benefits and limitations of contemporary management paradigms, including
maximal safe resection, adjuvant radiotherapy, and multidisciplinary care. By critically
evaluating treatment outcomes and functional morbidity in rare skull base tumors, this work
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contributes to the ongoing international discussion regarding optimization of oncological
control while preserving neurological function and quality of life.

Beyond scientific and clinical relevance, this thesis also carries societal value, namely it em-
phasizes the idea of putting the patient first. Skull base tumors and their treatment can pro-
foundly affect a patient’s daily functioning, independence, employability, and overall quality
of life. Neurological deficits involving hearing, balance, vision, swallowing, facial nerve func-
tion, cognition, and endocrine regulation may result in long-term physical and psychosocial
burden. The findings presented throughout this thesis emphasize the growing importance of
treatment strategies aimed not only at maximizing oncological control, but also at preserving
neurological function and minimizing treatment-related morbidity. This is particularly the
case for slow-growing pathologies such as chondrosarcomas and vestibular schwannomas.
Furthermore, the recognition of treatment-related complications, rehabilitation needs, and
long-term survivorship highlights the necessity of comprehensive multidisciplinary follow-
up and patient counseling.

Lastly, this thesis also provides a platform for future research to build further upon. The find-
ings in this thesis have answered some questions and opened up many more. This involves
both clinical and translational questions, which, once answered, may impact several facets
of skull base tumor management. On the clinical side, focus should be placed on optimizing
multimodal treatment strategies, improving complication prevention, and refining long-term
functional outcomes. The focus on translational neuro-oncology is steadily increasing within
our institution, as many treatment responses and tumor behaviors observed in clinical prac-
tices can be attributed to the underexplored biology of these tumors. Continued advances
in molecular profiling, targeted therapies, and immunotherapy may contribute to more
individualized and biologically driven treatment strategies in the future.
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DANKWOORD

De totstandkoming van dit proefschrift was niet mogelijk geweest zonder de steun en
toewijding van talloze vrienden, familie en collega’s. Hieronder volgt een lijst van de meest
betrokken personen, maar mijn dank gaat minstens net zo veel uit naar alle anderen die niet
bij naam genoemd zijn. Met het slechte nieuws over mijn gezondheid is tot ver boven mijn
verwachting steun en liefde mijn kant opgekomen en prijs ik mij zeer gelukkig met al deze
fijne mensen om mij heen. Het feit dat ik binnenkort toch dit proefschrift mag verdedigen is
alleen maar mogelijk geweest door de hulp van mijn fantastische onderzoeksteam.

Ik kijk uit naar een toekomst waarin mijn gezondheid het toelaat om het leven naar eigen
invulling te leven waarin ik zowel privé als professioneel mijn doelen kan bereiken.

Geachte Prof. Dr. Y. Temel, beste Yasin. Mijn eerste kennismaking met jou was op de TV
via het programma Topdokters, dit was nog voor ik besloot te solliciteren voor de ANIOS-
positie in 2020. Die aflevering heeft mij en vele anderen een indrukwekkend inzicht gegeven
in jou als mens en dokter. Je wekte bij mij direct de indruk dat ik mij thuis zou voelen in
jouw team. Ik was dus ook zeer verheugd dat ik werd aangenomen als arts-assistent. Nadat
ik in 2022 werd aangenomen voor de opleiding, gingen we het avontuur samen aan van een
klinisch promotietraject op schedelbasistumoren. Een avontuur met vele hoogtepunten en
nog meer leermomenten. Ik heb het voorrecht jou mijn mentor te kunnen noemen, op pro-
fessioneel, academisch, maar ook persoonlijk vlak. Max, ben je in balans? Vroeg je dikwijls,
terwijl ik weer met een vermoeid hoofd de ochtendoverdracht presenteer. Jouw vermogen
om individuen te inspireren, een groep te laten floreren en toch zelf betrokken te blijven is
ongeévenaard. Nu dit jaar het promotietraject afgerond mag worden kijk ik terug op hele
mooie, bijzondere jaren in onze onderzoeksgroep. Yasin, dat jij in mij jouw opvolger ziet
is het grootste compliment dat je mij kan geven. Ik ben je zeer dankbaar voor al je steun,
mentorschap en vriendschap in voor- en tegenspoed.

Geachte Dr. K.E. Hovinga, beste Koos. Onze relatie heeft zich over de afgelopen jaren sterk
ontwikkeld. Vooral de afgelopen 2 jaar ben jij een steunpilaar geweest in mijn persoonlijke
begeleiding. Ik waardeer onze wandelingen en gesprekken enorm, en deze hebben mij dik-
wijls door moeilijke periodes geholpen. Ik complimenteer je nuchtere nuances in lastige
situaties en je eerlijkheid in de kwetsbare. Je zou een fantastische opleider kunnen zijn als je
het zou willen! Koos ik dank je zeer voor al je hulp en mentorschap de afgelopen jaren.

Geachte Prof. Dr. H.PM. Kunst, beste Dirk. Hoogleraar in de verbinding zou een goede
tweede leerstoel kunnen zijn. Inspirerend hoe jij groepen kan motiveren de samenwerking
op te zoeken en verder te groeien. Jouw inzet voor de Europese schedelbasisvereniging is on-
geévenaard en heeft de groei van de afgelopen jaren kunnen bewerkstelligen. Ik waardeer de

rust en nuancering in onze discussies over onderzoek ideeén en hoe we onze patiéntenzorg
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moeten optimaliseren. Ik ben heel dankbaar voor jouw begeleiding en jouw voorbeeldrol als
verbinder de afgelopen jaren.

Geachte leden van de beoordelingscommissie: Prof. Dr. H. van Santbrink, Prof. Dr. M.
Bruneau, Prof. Dr. CM.E. Dirven, Dr. PC.M. Ackermans. Ik dank u voor uw tijd en inzet
om dit proefschrift te beoordelen en deel te nemen in mijn oppositie. Ik kijk uit naar een
inspirerende dialoog.

Aan mijn opleiders: dr M. Ter Laak-Poort, dr. J. van Aalst, beste Mariel, beste Jasper. Ik
vind het moeilijk om de juiste woorden te vinden in z'n korte paragraaf om mijn dank uit te
spreken richting jullie. De relatie tussen opleiders en AIOS is er bij jullie altijd één geweest
met de diepte van een ouder met zijn kinderen. Jullie betrokkenheid voor ons welzijn en ont-
wikkeling is denk ik ongeévenaard binnen de neurochirurgie. Ik ben heel blij dat wij elkaar
ook op meer persoonlijk vlak hebben mogen leren kennen en dat er zoveel meer buiten het
werkleven belangrijk is. Jullie liefde en support nu het met mijn gezondheid minder gaat is
heel waardevol en helpt mij erdoorheen. Ik kijk uit naar verbetering en het vervolmaken van
de opleiding.

Aan de voltallige vakgroep neurochirurgie: Toen ik in 2020 tijdens COVID voor het eerst
kennis mocht maken met jullie, viel mij op hoe saamhorig en zorgzaam jullie waren. De
ontvangst was uitstekend, ik voelde me gelijk thuis. Het was pas een hele tijd later dat ik
leerde hoezeer jullie geinvesteerd hebben in de vakgroep om tot dit resultaat te komen na een
zware periode. Jullie fundament is robuust omdat het uitstraalt naar alle andere werknemers
die jullie cultuur verder uitdragen. Ik ben jullie gaan beschouwen als mijn tweede familie
en nu in deze periode is dat alleen maar versterkt en bevestigd. Ik dank jullie allen voor het

vertrouwen in mij als persoon en de liefde die ik van jullie mag ontvangen als mens.

Aan mijn paranimfen: Rick en Lars. Mijn partners in crime sinds het eerste uur in het
MUMCH+ en nu aan mijn zijde tijdens het hoogtepunt van mijn carriére, daar ben ik zeer
dankbaar voor. Rick, je was de allereerste assistent die ik mocht ontmoeten, je zat in je stage
jaar bij de neurologie en had derhalve voldoende tijd om een kop koffie met me te kunnen
drinken en mij de afdelingen te laten zien;). Toch was dat gebaar al voldoende om mij te laten
inzien dat je een mens bent met een groot sociaal hart en altijd je wil inzetten voor je mede-
mens. Ik ben van je gaan houden als een broer en nu we allebei een jonge dochter hebben is
deze band alleen maar versterkt. Ik haal inspiratie uit je liefde voor de neurochirurgie en ik
wens jou en je gezin al het goeds voor de toekomst. Lars, wij waren chef Heerlen in jouw 3°
opleidingsjaar en dat klikte direct, hoe kan het ook anders met jouw sprankelende karakter.
Je hebt me op sleeptouw genomen en mij thuis voelen begon direct. De heerlijke BBQ’s bij
jullie thuis, LEGO sets discussiéren en samen met Rick Age of Empires spelen kenmerken die
eerste jaren. Ik ben heel blij dat we nog steeds veel in contact zijn en dat we elkaars gezinnen
zien opgroeien. Ook jij bent een grote broer van me geworden waar ik van houd. Je onver-
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moeibaarheid en enthousiasme voor alle mooie dingen in het leven zijn een heerlijkheid. Tk
hoop van harte dat jij en je prachtige gezin een gezonde en gelukkige toekomst gaan hebben.
Lieve Rick en Lars, jullie aanwezigheid op mijn vrijgezellenfeest en nu op mijn promotie zijn
herinneringen die ik koester en met veel geluk op terugkijk. Dank voor alles.

Aan mijn mede assistenten: Inge, Valérie, Maarten, Roos, Hanna, Caspar, Shabnam, Bianca,
Celine, Camille, Hicham, Chiara.

Hier begint het moeilijkste gedeelte, want er kan een heel 2° proefschrift geschreven worden
over alle avonturen waar we samen op terug kunnen blikken. Ik ga het dus maar bij een
korte samenvatting houden, voor de details moet je me maar komen opzoeken. Allerliefste
collega’s, jullie zijn mijn vrienden. Ik dank jullie voor alle inzet, moeite en energie die jullie
gestoken hebben om dit kleine team draaiende te houden in rumoerige tijden. Het was vaak
uitdagend en meestal onmogelijk, maar toch op de een of andere manier weten jullie het
altijd weer op te lossen. Dat is een groot goed. Ik kijk terug op fantastische AIOS dagen,
assistentenweekenden en skireizen. Herinneringen voor het leven. Lieve vrienden, blijf in
contact met elkaar, blijf elkaar helpen en geniet ook onderweg van de rit. Dank voor alles.

Aan de PAs Luc en Rick: Mijn steun en toeverlaat en mijn grootste uitlaatkleppen. Ieder in
zijn eigen toko vormen jullie de kern van de afdeling. De routine waar we op terug kun-
nen vallen. Er zijn veel ouwe mannen gesprekken geweest de afgelopen jaren, over de zin
en onzin van het leven. Hier ben ik zeer dankbaar voor. Lieve Rick, dank voor alle steun en
gezelligheid de afgelopen jaren, geniet van je prachtige gezin en ik wens jullie al het goeds
in de toekomst. Lieve Luc, in al je complexiteit ben je gelukkig heel eenvoudig, namelijk een
puur mens met een groot hart. Ik waardeer je eerlijkheid en kwetsbaarheid. Blijf trouw aan
jezelf en heb vertrouwen in de groep. Super dat je een plant naar me hebt vernoemd, oprecht
ontroerend! Dank voor alles en ik wens jou en gezin al het goeds voor de toekomst.

Aan de leden van The Group: Pawan, Cheng, Denzel, Esmée, Daniel.

Lieve vrienden van de wetenschap. In de loop der jaren zijn we steeds groter en hechter
geworden en gegroeid tot een volwaardige onderzoeksgroep en vriendengroep. Special
shoutout to Cheng and his famous hotpot! Ik weet zeker dat dit proefschrift er zonder jullie
niet zou zijn geweest. Jullie steun en hulp is onvoorwaardelijk gebleken en daar ben ik zeer
dankbaar voor. Ik kijk terug op prachtige congressen en publicaties en gezellige avonden.
Dank voor alles.

HREHAE, BEMRAVARGEAE  SLIRARIR—EIIER],

Aan de secretariaten van het MUMC+ en het Zuyderland.
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Lieve dames en heer, jullie zijn de definitie van een secretariaat. Altijd opzoek naar de oplos-
sing, onvermoeibaar en immer goed gemutst. Jullie hebben mij dikwijls door de problemen
heen gesleept en daar ben ik jullie zeer dankbaar voor. Speciale dank aan Monique van Tillo,
onze lieve tante van de opleiding, heel veel dank voor al je hulp de afgelopen jaren, je bent

onmisbaar.
Aan de verpleegafdelingen D5, C5, MC5, afdeling 11 en de BCU

Voor onze zorghelden aan het front. Dank voor jullie tomeloze inzet, onvermoeibare glim-
lach voor onze patiénten en het ondergaan van mijn nachtelijk chagrijn (sorry daarvoor).
Zonder jullie zijn wij allemaal nergens. Dank voor alles.

Aan de operatieverpleegkundigen MUMC en Zuyderland

Het hart van onze chirurgische tak. Jullie expertise, hulp en geduld zijn allemaal van es-
sentieel belang geweest voor mijn opleiding de afgelopen jaren. Daarnaast zijn jullie ook
allemaal ontzettend lieve en betrokken mensen. Ik waardeer het enorm dat ondanks dat er
soms maanden tussen wederzien zitten, jullie blijven onthouden wat er speelt en mij op per-
soonlijk vlak blijven kennen. Op de OK zijn met jullie voelt als thuiskomen. Dank voor alles.

Aan mijn maatjes van het Heerendispuut de NUL en in het bijzonder lichting *13: Timo,
Arnout, Rik, Ruben. Ik heb dit dispuut vanaf de grond opgebouwd mogen zien worden en
in de loop van 15 jaar is het uitgegroeid tot een groot succes. Het dispuut leeft, organiseert
prachtige activiteiten en waardeert de historie. Dank voor jullie broederschap en steun.

Mannen van het 13°. Te lang hebben we elkaar niet meer gezien en gesproken, meegesleurd
door de tsunami van het leven. Toch koester ik onze vriendschap nog altijd en kijk ik terug
op mooie jaren met jullie als student. Lieve Timo, gelukkig zijn wij nog altijd close, meer
waarschijnlijk nog dan tijdens onze studententijd. We zijn wijs geworden;). Nu met een
prachtige vrouw en 2 dochters lacht het leven jullie toe. Ik hou van je en ik dank je voor je
vriendschap.

Aan mijn oud collega’s van het Schneyzael Genootschap en in het bijzonder Prof. Dr. G-J
Kleinrensink, beste Gert-Jan, mijn surrogaat vader.

Lieve maatjes, in 2013 trad ik toe tot het studentensnijzaalteam. Een beslissing die zonder
twijfel de grootste persoonlijke ontwikkeling in mijn leven teweeg heeft gebracht. Bij jullie
voel ik me thuis en dat deed mij opbloeien. Er ontstond een kameraadschap die maar zelden
in teams gevormd wordt. Niet lullen, maar poetsen, handen uit de mouwen, geen woorden
maar daden. Ze kwamen allemaal langs. Het leven raast verder en het contact verminderde,
maar door recente gebeurtenissen word ik herinnert aan onze vriendschap en jullie liefde
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en steun bleek onverminderd. Heel veel dank voor alles. Lieve Gert-Jan, jouw rol als pater
Anatomicus voor onze groep en mij in het bijzonder is een heel speciale. Jouw vermogen om
van een groep individuen een collectief te maken met onvermoeibaar enthousiasme en passie
is ongeévenaard. Je brede glimlach onder een nog bredere snor straalde immer vertrouwen
uit. Deze band koester ik ten zeerste, en vele met mij. Ik ben dankbaar dat na al die jaren,
die band minstens zo warm is gebleven en ik kijk uit naar ons wederzien op de verdediging.
Gert-Jan ik hou van jou als een vader, heel veel dank voor alles.

Mijn oud collega’s uit Rotterdam: Wouter, Marit, Oscar, Kennedy, Bibi, Anne, Jasper, Victor,
John, Rutger, Dafna, Nadine, Sandra en alle stafleden. Ik kijk met veel plezier terug aan mijn
eerste voetstappen binnen dit prachtige vak in het Erasmus MC. De leercurve was stijl en
de dagen lang. Maar dankzij jullie hulp heb ik die 1,5 jaar toch overleefd. De bemoedigende
woorden van Oscar: “enjoy the ride” voor mijn eerste nachtdienst blijven ronddwalen ergens
in de donkere gangen richting de piketkamer. Dank voor jullie vriendschap en steun.

Aan de geneeskunde vrienden van het eerste uur, Joppe, Milan en Calvin. Het is spijtig dat
de jaren en afstand ons uit elkaar heeft doen groeien, toch wil ik bij deze mijlpaal stilstaan bij
het allereerste begin: eurekaweek 2011. Genesis. Zonder baard en met een alcoholtolerantie
van 1,5 biertje begonnen we samen aan ons studentenavontuur. Dat eerste jaar bestond uit
barcommissie, ME-gala, BEEST-feesten en af en toe een tentamen. Het was magistraal. We
hebben samen enorm veel avonturen meegemaakt; met baldadige Joppe en de achtervolging
door een Ford Fiesta door de binnenstad van Rotterdam als hoogte- of dieptepunt athanke-
lijk van het perspectief. Maatjes, ik dank jullie voor jullie vriendschap en ik wens jullie al het
goeds voor de toekomst.

Aan mijn schoonfamilie: Lieve Jur en Esther, sinds dag 1 zijn jullie mijn nieuwe broer en
zus gebleken, ik waardeer jullie nuchterheid, liefde voor spelletjesavond en droge humor. We
zien elkaar wat weinig in dit hectische leven, maar ik kijk jaarlijks uit naar de immer gezellige
kerstavonden samen. Ik wens jullie al het goeds voor de toekomst.

Lieve Herman en Anja, lieve paps en moeders. Ik ben zeer dankbaar met jullie als schoonou-
ders, lief, betrokken, zorgzaam en gewoon normaal. De energie die jullie de afgelopen jaren
in ons gezin hebben gestoken om ons te helpen waar nodig ben ik eeuwig dankbaar voor. Ik
hou ontzettend veel van jullie en ik wens jullie al het goeds in de toekomst.

Mijn lieve broers Redmer, Arthur, Pim. Zo verschillend als dat we zijn zo goed kunnen we
op elkaar lijken. Juist deze dynamiek vind ik onze grote kracht. Jullie zijn allemaal succesvol
geworden in jullie dromen en daar kan ik ontzettend van genieten. De afgelopen jaren zijn
we tot mijn grote vreugde nog verder naar elkaar gegroeid. De wintersporten, game avonden
en borrels bij de Kaasbar en Gouverneur zijn graag geziene activiteiten en ik ben blij dat jullie
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te allen tijde aanwezig waren op de hoogtepunten van mijn leven. Ik hou zielsveel van jullie
en ik wens jullie al het geluk en gezondheid voor de toekomst.

Mijn lieve ouders Koos en Astrid. Onvoorwaardelijk, zo blijkt maar weer de liefde tussen
ouder en kind. Tijdens de beste en de slechtste momenten, jullie staan altijd naast mij. Ik ben
jullie eeuwig dankbaar voor de kansen die jullie mij geschonken hebben om mijn leven te
maken zoals hij nu is. Volmaakt. Al mijn dromen zijn uitgekomen, opleiding, carriére, relatie,
dochter, dankzij jullie hulp. En nu de toekomst zwartgallig is veranderd, staan jullie daar
weer, aan mijn zijde tot het bitterzoete einde. Lieve papa en mama, ik hou van jullie met heel
mijn hart, voor altijd.

Mijn allerliefste vrouw Isa. Geen woorden in deze paragraaf kunnen de diepgang van onze
relatie en mijn liefde voor jou beschrijven. Inmiddels kennen we elkaar 10 jaar en ik ga elk
jaar meer van jou houden. Het begin van onze studenten kalverliefde tot aan het ouderschap
met onze prachtige Mila, het was allemaal perfect. We hebben veel mooie en emotionele
momenten samen mogen delen en ik had met niemand anders dit pad willen bewandelen.
Hoogtepunten zoals onze trouwdag, de reis naar Canada, de geboorte van Mila zijn de geluk-
kigste momenten uit mijn leven en jij was er telkens bij. Ik ben beretrots op jou; je doorzet-
tingsvermogen, je onuitputtelijke liefde, zorgzaamheid en geduld voor Mila en mij en dat
allemaal verpakt in een wonderschone vrouw. Ik prijs mij de gelukkigste man op aarde met
jou aan mijn zijde, voor altijd. Lieve Isa, ik hou van jou met heel mijn hart.
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Curriculum Vitae

Max Keizer is geboren op 12 oktober 1993 te Eindhoven. Gedurende zijn jeugd heeft hij met
veel plezier gehockeyd en viool gespeeld. Max heeft zijn tweetalig vwo-diploma behaald in
2011 aan het Stedelijk College te Eindhoven. Hij is hierna geneeskunde gaan studeren aan de
Erasmus Universiteit in Rotterdam, waar hij in 2018 afstudeerde met een dubbel master ge-
neeskunde en neurowetenschappen. Naast zijn studie is Max actief geweest in verschillende
commissies binnen de geneeskunde faculteit en is hij betrokken geweest bij de oprichting van
een geneeskundig Heerendispuut. Zijn interesse voor de (neuro)anatomie kwam tot leven
toen hij toetrad tot het studenten snijzaalteam onder de bezielende begeleiding van Prof. Dr
G-J Kleinrensink in 2013. Hier heeft hij in de jaren daaropvolgend zich ontwikkeld in het
geven en ontwikkelen van anatomieonderwijs en het prepareren van hoofd-hals anatomie
preparaten. Zodoende is de interesse in de neurochirurgie ontstaan en na een succesvol
oudste coschap op de afdeling neurochirurgie is Max arts-assistent geworden bij het neuro-
chirurgisch team in het Erasmus MC. Na anderhalf jaar met veel plezier daar gewerkt te heb-
ben heeft hij de stap gemaakt naar het MUMC+ te Maastricht in 2020. In 2022 is hij aldaar
begonnen aan een gecombineerd opleidingstraject tot neurochirurg en een promotietraject
met het onderwerp schedelbasistumoren. Dit onderzoek is afgerond in 2026 en zal op 23 juni
verdedigd worden. De opleiding tot neurochirurg is op het moment van schrijven tot nader
order stilgezet vanwege ziekteverlof en wordt hopelijk spoedig hervat.

Naast zijn professionele leven is Max zeer gelukkig met zijn fantastische vrouw Isa Zuij-
derduijn-Keizer waarmee hij op 5 september 2024 is getrouwd. Zij hebben het geluk gehad
om een jaar later op 15 september 2025 hun mooiste cadeau te mogen verwelkomen; een
gezonde, vrolijke en karaktervolle dochter Mila. Naast het vaderschap speelt Max fanatiek
golf en kan hij genieten van een mooi Lego pakket en een prachtige wintersport afgesloten

met een biertje op een zonnig terras.
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