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Abbreviations

BP = Bodily pain

CK = CyberKnife

GH = General health

GJT = Glomus jugulare tumor
GJTs = Glomus jugulare tumors
GK = GammaKnife

HC = Health concepts

LC = Local control

LINAC = Linear accelerator

MH = Mental health

MV = Megavolt

PD = Progressive disease

PF = Physical functioning
Qol = Quality of life

RE = Role emotional

RP = Role physical

RRS = Robotic radiosurgery
RS = Radiosurgery

SF = Social functioning

VT = Vitality

WHO = World Health Organization
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Introduction
Background

According to the WHO, paragangliomas are vascular, mostly benign, extra-adrenal tumors of
sympathetic or parasympathetic paraganglia origin, which can arise in various locations
throughout the body’. This tumor entity is closely related to the pheochromocytoma, which
is defined as an intra-adrenal paraganglioma’. Genetic alterations cause a significant proportion
of paragangliomas and common tumor sites include the head, neck, thorax, abdomen, pelvis
and the adrenal glands in case of pheochromocytomas*. Paragangliomas deriving from the
adventitial chemoreceptor tissue of the jugular bulb are commonly known as glomus jugulare
tumors (GJTs). This term was initially coined by the anatomy professor Stacy Guild from Johns
Hopkins University in 1941°. Before, these tumors were labeled as a ganglion by Valentin in
1840°. With an estimated incidence of one per 1.3 million, GJTs are rare tumors and they only
account for a minor proportion of all head and neck tumors’. GJTs grow in direct proximity
of the jugular foramen, close to the cranial nerves IX, X, XI, the temporal bone and the internal
jugular vein. Even though GJTs are considered to be benign tumors, they are capable of locally
infiltrating surrounding tissue®. Thus, common symptoms of GJTs include lower cranial nerve
disorders and range from pulsatile tinnitus, vertigo, hearing loss, dysphagia, dysarthria to — in
catecholamine-secreting tumors — cardiovascular complications like tachycardia or
hypertension. Hence, the quality of life (Qol) can be significantly decreased in patients with

9-11

head and neck paragangliomas or GJTs, respectively’" . Rarely, GJTs can metastasize to local

lymph nodes or distant organs®'*'¢, Malignant GJTs account for approximately 3% of tumors®'%.

In 1934, Seiffert conducted the first reported surgical resection of a glomus jugulare tumor
(GJT)". Since then and until the development of radiotherapy, the primary treatment option
for GJTs was the surgical resection. Due to the tumor’s high vascularization and localization
near the skull base and large vessels, surgical procedures may cause severe complications,
including posttreatment cranial nerve dysfunctions and, occasionally, significant blood loss due
to cerebrovascular injuries, as well as strokes'®”. Despite the recent advancements in surgery,
the microsurgical tumor extirpation still yields considerable morbidity for patients even if
preoperative embolization procedures to reduce the intraoperative bleeding risk are
performed'>”*. Non-invasive treatment options came to the fore to overcome this

treatment-associated morbidity.

With radiotherapy becoming more and more available since the 1970s, radiation oncologists

started to investigate fractionated radiotherapy for head and neck paragangliomas and GJTs.
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Radiotherapy studies throughout the past decades reported high local control (LC) rates,
usually around 90%, with a more favorable risk profile than surgery'®'>*, Yet, external body
radiotherapy can be associated with radiation-induced complications when doses of 55 to 65
Gy are applied®. Usually, doses of 45 Gy over 25 fractions are well-tolerated and have a low
risk of complications'’. Fractionated radiotherapy soon became a recognized treatment

alternative to surgery.

To reduce treatment length and field sizes, radiosurgery (RS) was of interest since
radiosurgical treatment modalities became more and more available. In 1995, Kida and
colleagues firstly reported on the use of RS to treat two GJTs and four lower cranial
neurinomas®’. Since then, numerous retrospective studies have investigated radiosurgical
treatments for GJTs throughout the past three decades. Considering the rarity of the tumor,
consensus guidelines and large prospective trials with long-term follow-up are not available'*?.
Most of the radiosurgical work was done with the GammakKnife (GK), a stereotactic treatment
unit which was developed by the Swedish neurosurgeon Lars Leksell****. Notably, the GK is
limited to the treatment of cranial lesions due to its design and construction. Thus, tumors
extending to the lower neck or extracranial neoplasms cannot be treated. Besides, linear
accelerator (LINAC)-based radiosurgical treatments and fractionated radiotherapy outcomes
were investigated as well, whereas only a few studies analyzed image-guided robotic
radiosurgery (RRS) for the treatment of GJTs">'"°. This radiosurgical tool was developed by
the neurosurgeon John Adler at Stanford University in the 1990s*. The device utilizes a
robotic arm which carries a small 6 megavolt (MV) LINAC and can freely move around the
patient. No stereotactic frame is needed for treatment delivery. This enables the user to
perform frameless stereotactic RS, which is capable of irradiating cranial as well as extracranial
tumors™®. Today, it is built by the Californian company Accuray Incorporated and is commonly
known under the name “CyberKnife” (CK). As the reported data for the use of RRS for GJTs
is heterogeneous and relatively limited, the overall objective of this thesis was to define and
analyze the role of primary and secondary RRS in the management of GJTs and to report
essential outcomes for local tumor control, symptom control, radiographic tumor changes
and Qol after treatment delivery. To achieve this objective, two dedicated studies were
conducted'”. Both publications of this cumulative dissertation were strictly limited to GJTs,
which were either histologically proven after biopsy or surgery or the clinical appearance, as
well as the imaging findings were sufficient for GJT diagnosis. Moreover, to categorize and

assess the respective findings, a comprehensive literature review was done for the use of RS
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and RRS for GJTs. Finally, the limitations of both publications regarding study design and data

quality were discussed.

Publication |
The first publication investigated the monocentric experience of RRS for GJT's at the European

CyberKnife Center Munich'. Over a period of 13 years, 53 patients were retrospectively
included in the analysis'. Thirty-three of them underwent primary treatment with RRS'. This
study analyzed the outcomes and Qol data after single-session RRS'. The results show that
RRS is a safe, reliable and efficient tool for the primary and secondary treatment of GJT'. After
a median follow-up of 38 months, an overall LC of 98% was achieved'. Only one of the 53
patients developed a local recurrence'. The literature review for RRS showed that most of
the reported data is heterogeneous and many studies included not only GJTs but also other
paragangliomas, e.g. glomus jugulotympanicum, glomus tympanicum and carotid body tumors,
in their analyses'. The clinical outcomes were comparable with other radiosurgical studies, as
most of the patients experienced symptom control or pretreatment deficit improvements'”.
LC rates were as high as reported elsewhere in the literature"'®”. To the best of our
knowledge, this was the first study to report standardized Qol data before and after treatment
delivery'. So far, only a few studies have investigated the Qol in head and neck paragangliomas,
including GJTs, most of them by mailing questionnaires after treatment delivery'"**%. In the
first publication, the Qol was measured by the SF-12, the shortened version of the SF-36"*,
The SF-12 is a well-established and validated questionnaire to assess the Qol for eight different
health concepts (HC)**. Patients were asked to answer the SF-12 before treatment and
during follow-up. No statistically significant decrease in any of the measured HC was found
either at first or last follow-up'. At first follow-up, six months after treatment delivery, bodily
pain (BP) significantly improved compared to the pretreatment status (p = 0.04)". Moreover,
there was a trend towards improvement in mental health (MH), which failed to reach
significance (p = 0.08)'. The only decrease in absolute HC values was related to role physical
(RP) but was not significant (p = 0.31)". Analysis of the SF-12 outcomes at the last follow-up,
after a median of 38 months, showed no significant changes in any of the eight HC'. Yet, trends
towards improvements in RP and vitality (VT) were seen (p = 0.06 and p = 0.08)". To conclude,
the first publication proved the safety and efficacy of single-session RRS for GJTs in a single-
center analysis. LC rates and symptom control were high, whereas no severe complications
or treatment-related mortality had been observed'. Finally, the study showed that patients’

Qol remains stable or even improves after treatment delivery'.



Publication I
The second publication had the objective to verify the initial findings of the single-center study

with a larger sample size. Additionally, further objectives included the investigation of
prognostic factors for symptom control and tumor volume decrease. Finally, a review of the
radiosurgical literature regardless of the utilized radiosurgical technique (GK, CK, LINAC) was
conducted. Given the epidemiology of GJTs, only a multicenter study was able to provide
these insights and to account for biases given the single-center design of the first study. Besides
the European Cyberknife Center, five more dedicated centers in Germany participated in the
multicenter study, namely Berlin, Cologne, Erfurt, Soest and Goppingen®. As the role of
fractionation in RS for GJTs is unclear, the data of patients with multisession RRS were
included in the second publication to enhance the total sample size and to investigate the
potential effects of fractionated treatments. Patients undergoing RRS up to a total of five
fractions were eligible for enrollment. Usually, larger GJTs are treated in up to five sessions

with good success*™.

In the second publication, a total of 101 patients from six centers and their outcomes were
analyzed®. Sixty-two of them received their primary treatment with RRS%. With a median
follow-up of 35 months, the follow-up was slightly shorter in comparison with the single-
center analysis'”. Yet, comparable results in regard to LC and symptom control were
observed”. The overall LC at last follow-up was 99%". The posttreatment tumor volume was
found to be significantly smaller at last follow-up for primarily and secondarily treated tumors
as well as all patients®. Notably, only one patient had experienced a progressive disease (PD),
the same case which was previously included in the single-center analysis"*. No patients from
centers outside of Munich reported cases of PD. The majority of included patients suffering
from pretreatment deficits, 89 of 96, had stable symptoms or experienced clinical
improvements after treatment delivery®. A total of five patients did not report symptoms at
the time of treatment delivery and remained stable during their follow-up®. Only |13 patients
were treated in up to five sessions®. Given this small number of patients treated with more
than one fraction, no dedicated comparisons with single-session treatments in regard to LC

and symptom control were conducted.

To investigate prognostic factors for posttreatment tumor volume reduction, toxicity and
symptom improvement, linear and logistic regression analyses were performed. Pretreatment
tumor volume was found to be a significant predictor of posttreatment tumor volume change

(measured in cubic centimeters). Besides, no predictors for symptom improvement and
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toxicity have been identified”. Only a few studies have investigated prognostic factors for GJT
treatment outcomes so far>***. One report identified that a higher number of isocenters for
GK-based RS and the absence of trigeminal nerve dysfunctions at treatment correlate with
progression-free tumor survival®®. A study from 2017 showed that a higher marginal dose is
associated with an increased risk of tumor progession®. For symptom control or pretreatment
deficit improvements, one study found in a univariate analysis that pretreatment cranial nerve
disorders are associated with lowered chances of posttreatment symptom improvement”®'.
Moreover, prior surgical resection was shown to correlate with symptom persistence when
compared to non-surgical patients®. Overall, reliable and reproducible prognostic factors

remain unknown and hinder the development of consensus guidelines for GJT patients.

Since a comprehensive review for RRS in the management of GJTs was already completed in
the first publication, the second study had the objective of analyzing the radiosurgical literature
since 2000, regardless of the chosen treatment modality'”. Through a PubMed-based literature
research, 29 studies reporting the radiosurgical primary and secondary treatment of GJTs
were identified and analyzed”****”’. Most of the radiosurgical reports included patients
undergoing GK-based RS”. Moreover, most patients included in the analyzed studies received
single-session RS as their primary treatment’. Reported LC rates were high, with a minority
of patients suffering from complications after treatment’. Ultimately, RS led to symptom
control or pretreatment deficit improvements in most patients. Overall, the results of the
literature review were in agreement with the findings of the first and second publication'. No

evidence was found that RRS might be inferior to GK- or LINAC-based RS>
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Discussion
This cumulative dissertation had the objective of defining the role of RRS in the management

of GJTs. The first publication was the largest investigating single-session RRS for GJTs and the
first to report standardized Qol analyses before and after treatment with RS'. The second
publication comprised the second-largest radiosurgical series of patients treated for GJTs and
the third to use a multicenter design for GJT RS”. The results of both studies showed RRS to
be safe and effective for the primary and secondary treatment of GJTs'?% These findings are
comparable to the radiosurgical literature available and suggest that RRS may be considered
for the primary and secondary treatment for the majority of GJTs'?. Especially the stable and
partially improving Qol results after treatment delivery are vital to improve clinical decision-
making and to guide GJT patients who are eligible to undergo surgical tumor resection or
radiotherapy. It is important to note that surgical treatment options yield a larger treatment-
related morbidity than RS and radiotherapy but may achieve comparable LC rates'***%.
Nevertheless, surgery is considered to play an essential role for catecholamine-secreting and
malignant GJTs, as well as for young patients with high life expectancy'>”. In addition, some
studies have recommended surgical resection for small to medium-sized GJTs*®. In regard to
the available literature, RS, including RRS, seems to have a slightly better LC than radiotherapy
and may cause fewer complications, irrespective of the treatment modality utilized (GK, CK,
LINAC)>'"*. However, radiotherapy may be used for GJT patients if RS is not available'’. Both
techniques have advantageous risk profiles compared to surgery and the risk of radiation-

induced malignancies and persistent complications is low'***

. Given the lack of reports
investigating multidisciplinary treatments, the dedicated roles of radiotherapy, RS, surgery and

combinations of them remain unclear.

Taking the median follow-up durations of both publications into consideration, more analyses
with longer follow-up are needed to determine whether the present findings are long-lasting.
This is particularly important as GJT recurrences can occur many years after treatment

19,25,38,82,83

delivery . Other limitations of both publications include their retrospective nature,
thereby increasing the risk for selection and reporting biases, lack of histopathological
diagnosis in the majority of patients and lack of detailed follow-up information for
pretreatment deficits, as well as classification systems (e. g. House-Brackmann, audiogram,
Fisch classification). Despite these limitations, this dissertation, including both publications,
provides evidence that RRS can play a central role in the management of GJTs, especially for

patients not suitable for surgical resection. To evaluate not only the role of RRS but also RS

further, prospective studies are needed, addressing the inherent limitations of the publications
-14-



described and reviewed here. Patient-reported outcomes, like Qol analyses should be
implemented to guide further decision-making. Finally, trials comparing surgery with RS or
radiotherapy might help to establish consensus guidelines for GJT management, which would

ultimately advance clinical care for patients.

Conclusion
Both studies showed RRS to be a safe and efficient treatment option for GJTs. The results of

the primary and secondary treatment for GJTs are consistent, while the Qol of patients
remains stable and tends to improve after treatment delivery. RRS achieves comparable results
to other radiosurgical techniques while demonstrating a low rate of treatment-associated

complications. RRS may be considered as a primary treatment option for most GJTs.

Summary
Glomus jugulare tumors (GJTs) are rare head and neck paragangliomas originating from the

paraganglia of the jugular bulb. These tumors may cause significant morbidity, a decline in
patients’ quality of life (Qol) and remain challenging to treat surgically given their localization
and vascularization. Thus, non-invasive treatment options can be advantageous, not only for
patients not suitable for surgical resection. Radiosurgery (RS) for GJTs has been of recent
interest due to its efficacy and safety. So far, only limited data is available on the use of image-
guided robotic radiosurgery (RRS) for treatment of GJTs. In this cumulative dissertation, the
role of RRS in the management of GJTs was investigated with two studies, one single-center
study and a subsequent multicenter trial. Results of both analyses, including a comprehensive
literature review, showed RRS to be an effective and safe tool for the primary and secondary
treatment of GJTs. Local control (LC) and symptom control rates are high and comparable to
the radiosurgical results reported in the literature. Moreover, Qol analyses of SF-12 data
showed that patients have a stable or even improved Qol after RRS treatment delivery.
Pretreatment tumor volume had a significant impact on posttreatment tumor volume
reduction. No predictive factors for symptom improvement and toxicity were found. Overall,

the results of both studies suggest RRS to be a primary treatment option for most GJTs.

Glomus jugulare Tumoren (GJT) sind seltene Paragangliome der Schadelbasis, welche aus den

(para)sympathischen Zellen im Bereich des Bulbus venae jugularis entspringen. Aufgrund ihrer
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Lokalisation konnen diese Tumoren starke Beschwerden und eine eingeschrankte
Lebensqualitat bei betroffenen Patienten herbeifiihren. Aufgrund dessen und durch die
ausgepragte Vaskularisation sind die Tumoren nach wie vor chirurgisch nur eingeschrankt zu
behandeln. Folglich konnen nicht-invasive Behandlungsoptionen von Vorteil sein, vor allem fiir
Patienten, die sich keiner Operation unterziehen konnen bzw. wollen. Aufgrund ihrer
Effektivitat und Sicherheit bei der Behandlung von GJT ist die Radiochirurgie zunehmend in
den Fokus des Interesses geruckt. Derzeit gibt es nur eingeschrankte Daten zum Gebrauch
der bildgefiihrten robotischen Radiochirurgie zur Behandlung von GJT. In dieser kumulativen
Dissertation wurde der Stellenwert der bildgefihrten robotischen Radiochirurgie fur die
Behandlung von GJT im Rahmen zweier Studien untersucht — zuerst in einer monozentrischen
Analyse, in der Folge anhand einer multizentrischen Studie. Die Ergebnisse beider
Untersuchungen einschlieBlich einer umfassenden Literaturanalyse zeigen, dass die robotische
Radiochirurgie eine effektive und sichere Behandlungsmethode sowohl fir die primare, als
auch sekundare Behandlung von GJT darstellt. Die Lokal- als auch Symptomkontrolle sind hoch
und vergleichbar mit den radiochirurgischen Ergebnissen, die in der bisherigen Literatur
beschrieben sind. Des Weiteren zeigten die Analysen der SF-12 Daten, dass Patienten nach
der Behandlung eine stabile oder sogar verbesserte Lebensqualitat genieBen. Das
pratherapeutische Tumorvolumen hatte signifikanten Einfluss auf den posttherapeutischen
Tumorvolumenriickgang. Pradiktive Faktoren zur Beschwerdebesserung und Toxizitat wurden
nicht gefunden. Die Ergebnisse beider Studien legen nahe, dass die robotische Radiochirurgie

eine primare Behandlungsoption fir den GroBteil der GJT darstellen kann.
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