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Proton therapy for tumors of the base of the skull
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Abstract: Relative to conventional photon irradiation, proton therapy has distinct advantages in its ability

to more precisely target tumor while shielding adjacent normal tissues. In the setting of skull base tumors,

proton therapy plays a critical role in the dose-escalation required for optimal tumor control of chordomas,

chondrosarcomas, and malignancies of the paranasal sinuses and nasal cavity. For benign tumors such as

craniopharyngiomas, pituitary adenomas and meningiomas, proton therapy can limit long-term adverse

effects, such as secondary malignancies. This review summarizes published literature to date regarding the

role of proton therapy in skull base tumors and introduces emerging proton therapy approaches such as

pencil-beam scanning (PBS).
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Introduction

Base of skull tumors are rare tumors whose treatment can
pose several challenges not only for neurosurgeons but also
for radiation oncologists. These tumors are constantly the
subject of research and publication when a new technique
arises (1,2). Skull base tumors are challenging lesions
because of their anatomical location. Surgical intervention
is often the first step in therapeutic management to obtain
pathologic sampling and/or improvement of symptoms as
well as for optimal cytologic reduction. However, because
of the proximity of critical normal structures, surgical
intervention to achieve a total removal of the tumor can
often come at the price of potentially life-threatening
complications that could severely deteriorate vision,
hearing, speech or swallowing.

Base of the skull anatomy and symptoms

The tumors arising at the base of the skull are usually
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indolent and rarely metastasize extracranially; however,
these tumors can be locally aggressive. Pathologies include
meningioma, pituitary adenoma, schwannoma/acoustic
neuroma, chordoma, chondrosarcoma, craniopharyngioma,
olfactory neuroblastoma/esthesioneuroblastoma and glomus
jugulare/chemodectoma.

Regardless of the definitive pathology of the tumor, the
symptoms developed by the patients are always similar. In
a recent series of 50 chordomas, Jahangiri et /. described
that patients presented mainly headaches (38%), diplopia
(36%), and dysphagia (14%) (3). In a large series of base of
the skull meningiomas, Noél ez 4/. described varied types
of symptoms presented by patients. Concerning visual
symptoms, ptosis, 3" or 6" oculomotor palsies, diplopia,
reduced visual acuity and exophthalmos were found in 35%,
37%, 27%, 37%, 55% and 20% of patients, respectively.
Headaches, trigeminal sensory loss, motor or vertigo
disturbances, facial palsy, 12" palsy and epileptic seizure
have been reported in 37%, 37%, 35%, 20%, 14% and 6%,
respectively. Patients classically present with headaches, and
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this symptom can have multiple origins that are not always
clearly related to anatomical structure. Twelve variable
hypophysis abnormalities were diagnosed in biological
exams (4). Cranial nerve numbness or palsies are related
to the cranial nerves abutted or invaded by the tumor.
Optic difficulties are probably the most frequent group
of symptoms. The optic apparatus includes not only optic
nerves and chiasm but also cranial nerves and brainstem
cranial nuclei. The optic symptoms include ptosis and
diplopia. Loss of vision is secondary to suffering of the optic
nerves and invasion of the chiasm. The decrease of vision
is relatively late in the evolution of the disease because the
optic nerves are protected by a bony canal that must first
be destroyed and invaded. At the same time, the chiasm is
always displaced through a superior position. Exophthalmos
is scarcer and is secondary to more advanced tumors or to
more anterior lesions. Difficulties with hearing and facial
numbness or palsies are common in advanced schwannoma
or lateral tumors, such as chondrosarcomas. Dysphagia
or difficulty swallowing can be secondary to the inferior
location of the tumor, which can track along the posterior
pharyngeal musculature and/or impact cranial nerves.

Meningioma

The majority of meningioma (approximately 95%) is
benign [World Health Organization (WHO) grade
I]. Surgical resection is the referenced treatment for
accessible tumors that can be removed with safety.
However, with tumors located close to the cavernous sinus,
total removal is rarely achieved (5). Incomplete surgical
removal is associated with increased risk of progression,
but the interval from surgery to progression can be long.
Irradiating at time of incomplete surgery or at time of
relapse remains questioned. Three-dimensional (3D)
conformal radiotherapy, intensity modulation radiotherapy
(IMRT) and stereotactic irradiation can result in good
local control (LC) rates (6). Compared to other intracranial
tumors, skull base meningiomas often have complex shapes
(7-10). Particle therapy may be offered to patients with
meningioma, especially if they are characterized by long-
term survival. Minimization of treatment-related side
effects is of high importance, including neurocognitive
sequelae (11-13). Moreover, for the same reason, avoiding
a low dose spread-distribution is required to decrease the
risk of potential radiation-induced secondary malignancy.
Therefore, increasing dose conformality and reducing the
dose to normal tissue is of high importance.
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Proton therapy has been delivered alone or in combination
with photon therapy with good results (10,13-16). The
numbers of patients in the published series range between
17 and 72. Total doses differed from 56 to 59 Gy relative
biological effectiveness (RBE), with classical fractionation of
1.8-2 Gy (RBE) per day for five sessions per week. Proton
therapy was approximately 1/3 of the total dose (4). Photon
therapy was delivered either by 3D radiotherapy 3DRT)
or by intensity modulated radiotherapy (IMRT). With a
median follow-up from 37 to 62 months, 4- and 5-year LC
rates were approximately 90% and 4- and 5-year overall survival
(OS) ranged between 89% and 93% (10,13-16). Likelihood
of symptom relief depends on the initial clinical signs and
time interval between symptom onset and beginning of the
radiation (4). The LC rates were lower for grade II or grade
III meningioma, but in the diverse series, the anatomical
locations of these meningiomas were not always easy to
retrieve and were not always localized in the base of the
skull (13,14,17). Some authors reported an increase of the
total dose or the use of intensity modulated proton therapy
(IMPT), or spot scanning to attempt to improve LC
(13,17-19). However, the lack of comparison with conventional
treatment (dose, beam) and the short follow-up of these
series do not allow definitive conclusions. Nevertheless, some
authors concluded that shielding of critical organs is improved
with IMPT and spot scanning (13,19).

Proton therapy delivered with hypofractionated
stereotactic (HSP) or single-session stereotactic (SSSP)
approaches have been used in series of 19 to 50 patients
(11,12,20). HSP with three or more fractions reached a 3-
and 5-year LC rate of 100% (11) and 91% (12), respectively.
Recently, the group of MGH in Boston reported the
results of 51 cases of benign meningioma treated with
SSSP between 1996 and 2007. Treatments were indicated
either as primary exclusive treatment or in adjuvant after
incomplete surgery or after post-surgery recurrence. The
median delivered dose was 13 Gy (RBE) prescribed to the
90% isodose line. After a median follow-up of 32 months,
MRI revealed that 33 meningiomas remained stable, 13
showed a decrease in size, and five worsened. The 3-year
tumor control rate was 94%. Symptoms were improved
in 47% of patients (20). Regardless of the fractionation of
the irradiation, the complication rates have been low and
manageable (10,13,15,20).

Pituitary adenoma

Following surgical management of pituitary adenoma,
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watchful waiting, medical therapy or irradiation is
considered. Although slow regrowth is common, the natural
evolution of untreated tumors is variable. Conservative
follow-up is associated with progression rates of over 40%.
The role of radiotherapy in pituitary adenomas is well-
established (21), especially when medical and surgical
options have been extensively used. The radiotherapeutic
intents are to halt of tumor growth, prevent problems from
mass effect and normalize excessive hormone secretion.
While radiation is highly effective in preventing residual
tumor growth, it has long-term side effects (22). For all
these reasons, particle treatment can be useful to improve
therapeutic ratio by limiting the dose in the critical organs
neighboring the tumor. Furthermore, because these patients
are often relatively young, reduction in the integral dose in
normal tissue can limit the risk of radiation-induced second
malignancy. The absent exit dose offered by protons may
result in fewer irreversible late sequelae, which is especially
important in the cases of benign tumors, when normal
life expectancy is predictable. In a recent large series, the
most frequent adenoma types were Cushing disease (48%
of cases) and growth hormone-secreting adenoma (37% of
cases) (23).

Data on proton therapy for pituitary adenomas are
available both with the schemes of conventional fractionation
at a median dose of 54 Gy (RBE) (24) and with SSSP
approach at a median dose of 20 Gy (25,26). In a small series
of 22 patients treated with proton stereotactic irradiation for
persistent acromegaly at a median follow-up of 6.3 years, the
biochemical remission of disease was observed in 59% of the
patients (25). As in the photon therapy series, time to response
was long (42 months) (25). In a retrospective series of 33
patients presenting Cushing’s disease with a median follow-
up of 62 months, normalization of plasma and urinary
free cortisol was achieved in 52% of the patients, with a
time to remission of 18 months (26). However, a larger
series was published recently and reported the outcome
of 165 patients, and among them, 119 were evaluable for
the three following features: imaging, hormonal response
status and risk of hypopituitarism (23). SSSP was delivered
at a dose of 20 Gy (RBE) in 92% of the patients. With a
median follow-up of 52 months, but at least 6 months, the
S-year biochemical complete response ranged from 38% to
75%, depending on the type of hormonal secretion. The
median time to obtain complete response ranged from 27 to
62 months (23). The small number of cases treated and the
limited follow-up prevent definitive conclusions. Proton
therapy provides more conformal dosimetric coverage of
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the pituitary gland than photon-based treatments; which
could be mainly beneficial for pediatric or young adult
patients (26-28).

In these series, regardless of the fractionation, the most
commonly reported toxicity was new pituitary deficits
of one or multiple axes. In the series of Wattson er 4l.,
the actuarial 3- and 5-year rates of at least one new axis
deficiency requiring replacement were 45% and 62%,
respectively. The actuarial median time to hypopituitarism
after treatment was 40 months (23). Seizures appeared
in less than 2% of the patients and were often correlated
with temporal MRI changes. Cases of transient 3™ or 6"
nerve palsies have been described (23), whereas no visual
defects have been reported. These series have observed no
secondary tumors that could be correlated to the proton-
irradiated area (23-26). One explanation of the high risk of
hypopituitarism in the larger proton series is that the entire
gland was included in the target volume (23). It remains to
be seen if the use of pencil-beam scanning (PBS) proton
therapy could more conformally treat the target volume
while shielding sufficient volume of the pituitary gland to
preserve pituitary function.

Schwannomal/acoustic neuroma

Acoustic neuroma is the most studied disease to which
photon stereotactic irradiation was applied as a standard
up-front treatment. Stereotactic irradiation is an effective
treatment for acoustic neuroma with high LC and low
long-term toxicity rates (29-32). Doses of 12-13 Gy in
one fraction resulted in an actuarial 5-year tumor control
between 92% and 100% (29). Current evidence supports
the use of single-fraction radiosurgery for small to medium
sized primary and recurrent vestibular schwannomas.
This irradiation approach has also been recommended
for adjuvant therapy following subtotal resection, poor
surgical candidates, and patients who decline surgery or
observation (33).

In the context of the excellent reported results
with photons, the role of proton therapy remains to
be determined. Notably, the diagnosis of vestibular
schwannoma rather than the treatment strategy most
significantly impacts quality of life (34). Proton therapy
has been used either with conventional fractionation (35)
or with stereotactic schemes with a satisfactory level of
hearing, facial nerve, and trigeminal nerve preservation and
with LC rates of 84-100% (36-38). Weber er al. reported
on 88 patients treated at the MGH between 1992 and 2000
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with SSSP (38). The median dose was 10-18 Gy (RBE)
prescribed to a median isodose line of 70%. At a median
follow-up of 38.7 months, the actuarial 2- and 5-year
tumor control rates were 95.3% and 93.6%, respectively.
Among patients with functional hearing before treatment,
33% maintained efficient hearing. Actuarial 5-year normal
facial and trigeminal nerve function preservation rates
were 91% and 89%, respectively. Using HSP to a total
dose of 26 Gy (RBE) in three fractions in 51 inoperable
patients, Vernimmen ez 4/. reported a 5-year LC rate of
98% with a median follow-up of 72 months (37). In these
series, the complications rates were low (37,38). However,
Weber et al. concluded that a reduction in prescribed dose
is associated with a decreased risk of facial neuropathy (38).
Interestingly, Niu ez 4. recently showed a higher probability
of tumor growth after radiation therapy with tumors having
a faster growth rate before irradiation (39), an observation
that should be taken into account when counseling patients
regarding treatment.

Craniopharyngioma

The treatment of craniopharyngioma is based on surgical
management with transcranial approaches or endoscopic
endonasal surgery eventually followed by radiotherapy.
Radiotherapy is usually indicated after incomplete or
debulking surgery, at the time of first diagnosis or at
progression (40). Fractionated radiation regimens are more
commonly employed as proximity of tumor to the optic
apparatus often renders radiosurgical modalities unsafe.
The expected 5- and 10-year LC rates were approximately
80-90% (40).

There are several reasons to favor the use of proton
therapy in craniopharyngioma. Craniopharyngioma is a
benign tumor arising mainly in children with a long life
expectancy of survivors. The incidence of radiation-induced
tumors is expected to be reduced using proton therapy
given its significant reduction in integral dose. In addition,
because of the dose distribution of proton therapy with
pencil-beam delivery, organs at risk (OAR) should receive
a reduced dose compared to 3DRT, IMRT and passively
scattered proton therapy (41-43).

Merchant er al. evaluated 3D imaging and treatment-
planning data, including targeted tumor and normal
tissues volumes (entire brain, temporal lobes, cochlea,
hypothalamus) of ten craniopharyngioma patients. Dose-
volume data were compared based on proton and photon
treatment modalities using dose-cognitive side effects
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models. Craniopharyngioma target volume coverage was
similar with both treatment modalities. With proton
therapy, cochleae, hypothalamus, and normal tissue volumes,
such as supratentorial brain or temporal lobes received less
of the low and intermediate doses than with photon therapy.
This decrease of dose was predicted to translate to a higher
1Q score for craniopharyngioma patients treated with
protons (44). The first report of cognitive consequences
after proton therapy for varied pediatric tumors, including
craniopharyngiomas, seems encouraging, with improved
cognitive test results compared to those previously reported
with photon therapy (44).

Boehling et al. compared 3D conformal proton therapy,
IMPT and IMRT plans of ten pediatric patients presenting
with craniopharyngioma. The target volume coverage was
adequate and comparable for all modalities, but 3D-proton
therapy and IMPT reduced the integral dose to critical
organs (42). Beltran ez al. obtained the same results using
similar techniques in 14 craniopharyngioma cases (41).

Preliminary clinical results of 16 craniopharyngioma
patients treated with post-operative proton therapy at a
total dose of 50.4-59.4 Gy (RBE) were reported by Luu
et al. (45). After a mean follow-up of 62 months, LC and
OS were 93% and 80%, respectively, and 75% of patients
did not develop any late complications. In a series of
15 patients treated with a combination of photons and
protons, with a dose reaching 56.9 Gy (RBE), Fitzek
et al. reported a 5- and 10-year LC rates of 93% and 85%,
respectively and a 10-year OS rate of 72%. Although, no
formal neuropsychological testing has been performed,
the measures of lifestyle and professional accomplishments
appeared to be satisfactory (46). The largest series included
a cohort of 52 pediatric patients who were treated between
1996 and 2012, with either proton or photon radiation. At
59.6 months median follow-up, for all patients, the 3-year
OS, nodular failure-free and cystic failure-free survival
rates were 96%, 95% and 76%, respectively. No survival
rates differed between treatment groups. Immediately
after therapy, 17 patients developed cyst growth, more
commonly in the photon group than in the proton group.
Early toxicity profiles were comparable between both
groups but follow-up was too short to demonstrate any
reduction in late effects (47).

Because secondary neutrons are directly dependent
on beam energy, modulation technique, treatment
configuration and methodology, improvement towards
pencil-beam should dramatically decrease this potentially
neutron-induced risk (48-50). This hypothesis was tested
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in a retrospective planning study involving six pediatric
patients previously treated with passive scattered
protons (51). This analysis compared passive scattering,
IMPT and IMRT. Proton therapy was dosimetrically
superior to IMRT, especially at the lower dose region of the
dose-volume histograms. Approximately 1.5 to 4 times less
volume of soft tissue and 5 to 6.5 times less brain volume
were irradiated by protons compared to photons (51).

However, given its high-dose conformality and thus sensitivity
to target changes (42), the use of IMPT requires vigorous
patient monitoring since 33% of craniopharyngiomas
develop cystic changes during treatment (47). Therefore,
patients should be closely monitored during treatment by
IMPT, typically with weekly or biweekly MRIs (41).

Olfactory neuroblastoma/
esthesioneuroblastoma/adenoid cystic
carcinoma/neuroendocrine tumors

Olfactory neuroblastoma or esthesioneuroblastoma are
relatively uncommon tumors of the frontal skull base
believed to originate from olfactory stem cells of neural
crest origin. These tumors are often associated with high
rates of tumor recurrence and mortality. A meta-analysis
written by Dulguerov ez 4/. (52) demonstrated that surgery
with radiation is the most frequently used therapeutic
approach and achieves the highest cure rates.

Because of the aggressiveness of this tumor and its
ability to locally relapse, an increase of radiation dose
should be relevant and is often prescribed. However, the
anatomic location in close proximity to critical organs
limits the curative potential. Proton therapy is an option
to improve outcome of these patients. The first report of
the use of proton therapy was published in 1997; nine
cases were treated with a combination of photons and
protons up to 68 Gy (RBE). The radiation was preceded
by chemotherapy. All patients but one were responders to
chemotherapy and avoided surgery. No patients relapsed
with a median follow-up of 14 months. No complications
were described (53). Nichols et al. reported the initial
experience of ten patients who underwent surgical resection
followed by adjuvant proton therapy. The 5-year disease-
free and OS rates were 90% and 85.7%, respectively (54).
This first analysis was recently updated with 22 patients
followed-up at a median time of 73 months (55). Patients
were mostly managed with upfront craniofacial resection
followed by adjuvant proton therapy. Concurrent
chemotherapy was associated in five cases. The median
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irradiation dose was 66.5 Gy (RBE), and approximately
1/3 of the patients received a part of their irradiation with
photons beams in order to prophylactically or curatively
irradiate the nodal basins. The 5-year OS and disease-free
survival rates were 95.2% and 86.4%, respectively (55).
Nishimura et 4/. reported 14 cases, 7 of which were operated
on and then irradiated with proton therapy to a dose of
65 Gy (RBE) with fractions of 2.5 Gy (RBE). With median
follow-up of 40 months, 5-year OS, local progression-free
survival (PFS) and relapse-free survival rates were 93%,
84%, and 71%, respectively (56). Fitzek et al. reported an
original schedule of 69.2 Gy (RBE) using 1.6-1.8 CGE
per fraction twice daily in a concomitant boost schedule
used in 19 patients with neuroendocrine or neuroblastoma
tumors. With a follow-up of 45 months, the 5-year OS and
LC rates were 74% and 88%, respectively (57). Pommier
et al. reported a series of 23 cases of adenoid cystic
carcinoma invading the base of the skull that were treated
with proton therapy. The surgery was biopsy or partial
resection in 2/3 of the patients. The median irradiation
dose was 75.9 Gy (RBE), and some of the patients were
irradiated by a combination of photons and protons to cover
the nodal basins. With a median follow-up of 66 months,
the 5-year LC, disease-free and OS rates were 93%, 56%
and 77%, respectively (58).

Childhood and adolescent esthesioneuroblastoma
series are rare (59-61). Applying the adult proton therapy
approach provides acceptable results (61,62) although the
published series reported only eight cases (61). However,
the authors recommended that because radiation doses
should be chosen on an individual basis, and given the
risks of toxicity in children, conservative doses such as
54-59.4 Gy are attractive options for the younger patients.
Elective nodal irradiation remains controversial and is
largely dependent on upfront Kadish staging (61,63,64).

In a seminal systematic review and meta-analysis of
paranasal sinus and nasal cavity malignancies (65), the use
of charged particle therapy was associated an improvement
in OS as compared to photon irradiation. The majority of
the patients in the charged particle therapy cohort were
treated with proton therapy, but the cohort also included
patients treated with carbon or other ion therapy. In a
subgroup analysis, proton therapy was associated with an
improvement in 5-year disease-free survival (relative risk,
1.44; P=0.045) with a trend to improvement in 5-year OS
(relative risk, 1.39; P=0.057) (65).

Complications are mainly grade 2 optic tracts
impairments (53,55-58,61,66) but some patients developed
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grade 4 unilateral blindness or retinopathy (53,58,66).
T1 MRI changes manifesting as seizures controlled by
medication have been described (64) but the death of a
patient from the toxic effects of radiation-induced brain
injury has also been reported (58). Other complications
are grade 3 wound healing and infection (56), which
may potentially lead to the patient death because of
meningitis (58).

Glomus jugulare/chemodectoma

Head and neck paragangliomas are rare tumors of the
paraganglia. They consist of chromaffin tissue and are
associated with the parasympathetic autonomic nervous
system. Due to their location in close proximity to
important neurovascular structures, tumor growth may
lead to serious morbidity and cranial nerve impairment.
However, the majority of head and neck paragangliomas are
benign indolent tumors, and a “wait and scan” policy may
be judicious in appropriate cases (67). Goals of treatment are
to improve symptoms and to obtain relief as long as possible
without side effects or complications. Surgery can cure the
disease but is associated with a risk of nerve impairment and
complications, reported in up to 60% of cases, especially
for tumors localized in the base of the skull. Furthermore,
arterial side-effects including carotid complications, are
not unusual and can be life-threatening. Radiotherapy is
an appropriate therapeutic option. Irradiation produces
fibrosis and vascular sclerosis rather than eradication of
tumor cells. Because of the natural indolence of the tumor,
assessment of the radiotherapy efficiency requires long-
term follow-up. Radiation techniques are variable; external
beam irradiation, IMRT or stereotactic treatment (67-69).
Delivered doses were not uniform, and some series have
proposed as a reference either 45-50 Gy in classical
fractionation or 14 Gy at the periphery of the lesion by
monofractionated radiosurgery (68). Radiotherapy can
lead to radiographic response in approximately 1/3 of
patients and LC in 70-100% of patients (67). With photon
irradiation, regardless of the technique, complications were
rarely reported. Although radiation is rarely the cause of
death, worsening of neurologic problems or the appearance
of new cranial nerve palsies can lead to death by swallowing
complications (68). Given the effectiveness of conventional
radiotherapy approaches, the role of proton therapy and its
ability to shield surrounding tissues is limited to malignant
paragangliomas requiring dose-escalation for tumor control
and in hereditary syndromes involving paragangliomas, in
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which case proton therapy can have meaningful reduction
in the risk of second-cancer induction (70).

Chordoma and chondrosarcomas

Chordoma and chondrosarcoma have been grouped
together historically because of their midline presentation,
similar radiography, and confusion in initial pathology.
However, these lesions are distinct clinicopathological
entities and vary significantly in their clinical outcome.

Chordoma

Chordomas are rare tumors arising from the remnants
of the notochord, with an incidence rate in the
0.1/1,000,000 per year range (71,72), accounting for 1-4%
of all primary malignant bone tumors (73). These tumors
arise from the sacrum, skull base, and spine, with base of the
skull presentations representing one third of the cases. The
median age at diagnosis ranges between 44 and 61 years
(74-78), with skull base presentations generally affecting a
younger population, including children (79-81), and being
more frequent in females (74-76,79). A small number of
familial cases of chordoma have been reported, which
suggests the potential for genetic predisposition (82-84). Up
to 40% of patients referred with the diagnosis of chordoma
could be re-classified as chondrosarcomas (77).

The clinical course of the disease is usually slow and
local; the median time from initial symptoms to diagnosis is
longer than 2 years, with a clinical presentation at onset that
varies according to tumor site of origin. Local recurrence
is the main problem even in long-term follow-up, but
chordoma can also metastasize or relapse in unexpected
sites (85,86).

Chordomas are low-grade malignancies with low
metastatic potential, divided into conventional, chondroid,
and dedifferentiated histopathologic categories.
Conventional (typical) chordomas are the most common;
the aggressive “dedifferentiated” variety can occur in a
minority of patients with a less benign evolution (87).
Histological differentiation from chordomas is often difficult
and must include immunohistochemical staining (88,89).
Chordoma is immunopositive for epithelial markers, such as
cytokeratin and endothelial membrane antigen (EMA), and
can also be positive for S-100 and vimentin (90). Brachyury
was recognized as the diagnostic hallmark for chordoma
and is helpful for distinction of chordoma from histological
entities with similar morphological or immunophenotypic
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features (84).

Classically, treatment is local and requires surgery
followed by dose-escalated radiotherapy. Objectives of
surgery are pathologic analysis and the maximally safe
tumor removal. Removal is often if not always incomplete
because of the infiltrative nature of the tumor in bone and
soft tissues and its proximity to adjacent base of the skull
anatomical structures. The difficulty in achieving complete
removal leads to a high likelihood of residual tumor after
surgery (91) and a relatively high risk of relapse. While
there is no direct relation between size of residual tumor
and relapse risk (3), the last international recommendations
concluded that the quality and extent of surgical removal
are important determinants of therapeutic outcome (91).
Adjuvant radiotherapy provides an acceptable tumor control
if the dose of radiotherapy exceeded 70 Gy. However,
this dose can be difficult to reach given the radiobiologic
sensitivity of adjacent critical OAR. Particle therapy has
been used in combination or in instead of photons to
improve this therapeutic ratio. The principal rationale
for the use of protons has been to reduce the dose to
the brainstem, optic apparatus and temporal lobes, and
proton therapy should be considered as monotherapy or
in combination with photon therapy to permit safer dose-
escalation to the primary tumor and improved tumor
control and survival (91,92).

In addition to multiple articles reporting successively
updated series, the literature includes seven articles
(74-79,93,94) and among them, two reported pediatric
cases (79,80) (Tables 1,2). Most of the studies are
retrospective analyses (77), and the series of Noél ez al.
reported 100 patients, with ten patients with upper cervical
chordoma (78). Others series presented fewer cases.
Multiple overlaps of the series from the same institution
do not allow for the inter-comparison or cumulative
assessment of the series (92).

The sex ratio (M/F) was not significant (female to male,
at 1:1.07). The median follow-up duration was between
29 and 86.5 months. The mean total dose ranged from 66
to 83 Gy (RBE), and at least 1/3 of the patients received
a combination of radiation and proton therapy. The last
international recommendations propose a dose of 74 Gy
with a conventional fractionation and a combination of
photons and protons (91). All studies, except two (93,95),
used a passive scattering beam to deliver treatment; patients
who were not treated with passive scattering received
irradiation by spot scanning treatment (pencil-beam
irradiation).
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Outcomes were reported at different time points. Five-
year LC ranged between 46% and 73% whereas 5-year OS
rates ranged from 66.7% to 80.5%. The largest published
study reported 10-year OS and LC rates of 54% (77).

Chondrosarcomas

Chondrosarcomas occur most commonly at the
petroclival junction and comprise in 0.15% and 6% of all
intracranial and skull-base tumors, respectively (96-99).
A chondrosarcoma is a rare malignant bone tumor and
represents a heterogeneous group of neoplasms with
tumor cells producing a cartilage matrix, originating
from endochondral bones. At the base of the skull,
common sites of involvement are usually represented by
the temporo occipital junction, parasellar area, spheno-
ethmoid complex, and clivus (89). Chondrosarcomas tend
to arise from the off-axis part of the skull base in contrast
to chordomas (100). According to the WHO categories,
there are three classes: grade I (well-differentiated), grade II
(moderately differentiated) and grade III (dedifferentiated).
The classes determine the outcome of the patients: the
lower-grade tumors are usually indolent and have minimal
malignant potential regardless of their location and
stage of presentation; the less frequent dedifferentiated
and mesenchymal subtypes exhibit both an anaplastic
appearance and more aggressive behavior (101) and are
associated with the lowest survival rates (97). There are
also three histological subgroups: classic, mesenchymal and
myxoid (89). The mesenchymal type has more aggressive
growth behaviour and is associated with a poorer prognosis.
Immunhistochemical staining shows some particular
features of chondrosarcomas, negative for cytokeratin and
EMA, but positive for S-100 and vimentin (90). Specific
associations with Ollier disease or Maffucci syndrome or
Paget disease and malignant transformation of giant cell
tumors have been described (102,103).

Skull base chondrosarcomas are slow-growing tumors
that gradually progress in the base of the skull structures
from abutting or encasing to subsequently invading critical
organs. Most patients are asymptomatic, or develop
symptoms at a late stage of the disease. Consequently, at
diagnosis, the tumor infiltrates adjacent critical structures,
making complete removal difficult or even impossible.
Therefore, diagnosed treatment requires a multidisciplinary
approach (104,105). Because of this loco-regional evolution,
durable LC can be challenging.

Surgery remains the key to the treatment. Maximal

Chin Clin Oncol 2016;5(4):51



Noel and Gondi. Proton therapy for skull base tumors

Page 8 of 17

"a|qe|feAe Jou ‘YN

{sseuanoays [eolbojoiq aAneal ‘3gy ‘Aelb ‘Ao ‘suojoyd + uojoud dd ‘euoje uojoid ‘Yd ‘ojewsy/alewl /| "SaLISS Siown} PalLEA puUB SBWODJBSOIPUOYD ‘BLUIOPIOYD paxiw ‘,

s1d g :a1sdoiq
‘syd gz :jeyoigns ‘syd g

(¥6) “1e 1o

(062-0'02) 0v2 €€ 'vd VYN  :UO[}08s8J JoWwn} SSOID) N VN 1/92 ‘€€ v102 elebediueleg
VN (18)
‘YN (9°62-8'€2) 0'v. 61 'vd N N LAl VN VN ‘UsJpliyo 6} €102 “[e }o Iquioy
¥ ‘(3ad) Ao 00°2-08"+ s1d g} w Gg< (¥2)
(0v2-0"29) S5°¢L VN VN sid gg :MebinseuQ  sid pg Wi Ggs  L(0'V/-072L) LS PP v2/81 ey 6002 “Ie Jo saly

%8 ‘perenusisyip

Aood ‘o4 1L

Je[n|eo fee
:ploIpuUOYD (%8G gy/1€ Jusoss|ope (62)
VN N {[EUOIUBAUOD %00} :[e10lans/[eled N (081-0'1) 2’6 JuBIp|iyo ¢/ 9002 “Je 3@ yooH

s1d Gg :sauebins p—¢
‘s1d 19 :Asebins suo
G ‘(@ad) Ao 00°2-08"+ ‘syd 6 :Asdoiq ‘s1d G/ (0'sz1-0'1) (82)
(012-029) 20, 00} :dd YN  :[elo0lans ‘sid 9} :[ejol “qw oez (0'g8-0'8) 0°€S 0%/09 ‘00 + 5002 “Ie }O [9ON
S ‘(3g4) Ao 05°¢-00'2 G :dd sid 9 :Asdoiq 'sid g (7-88-¢¢) (92)
(0°56-0'€9) IDD 022 ‘8 vd VN [eided isid g :jejoigng “quzee (072071 019 8/G ‘Cl 7002 “[e 12 Meb)
G ‘(3ay) Ao 08't ¥ idd (08)
982002 L°€. ‘9 'vd VN %001 :Aiebing WN (06L-02) O k+ G/G ‘UaIp|iyo O} 2002 “Ie jo BnyH
VN ‘(3ay) LEL/6G L {22) “1e e
D26 (0°€8-099) YN 691 :dd  00g :ploipuoyd N N (0°08-0"}) 0°6E ‘Pe¥EN[EA® BI| ‘062 666 Jepuuszuniy|
%6/ W Gg<
G ‘@ay) Ao € :dd %Gg :Souebins oM} 19| W Gg-G| (52)
08’} (26/.-9°99)6'L.  ‘0€ ‘vd apelb mo %0/ Auebins suQ ‘%6 MW GL-0  (0°'S8-0°04) 6'8F 81/l ‘ee 666 ““Je 38 BnyH
Mmoc\sh_c Mww NWQMM% v ¢ ABojoisi AiobBin (6bue) uetpawu sieaf ‘(sbue)) ‘syuened o uoeoand ERIVEIETE

5 uoioely p dd ‘vd [01sIH S ‘BUIN[OA Joun] obe UBIPO /N ‘swuen N 10 1Box Joy

‘(ebuel) esop uelps|y

Amvmhom @vuuuﬁvwv Amuﬁwﬂmm ONAV JO SOLIaS um@%kﬂﬁ o3 ur mCOuOﬂ& m=~& mEOuO.HQ Io EOHOH& [3IM PajeIpe.LIl SewlopIoyd Jo EOU&EUmOU juosunead) pue syusned | d[qe],

cco.amegroups.com Chin Clin Oncol 2016;5(4):51

© Chinese Clinical Oncology. All rights reserved.



Chinese Clinical Oncology, Vol 5, No 4 August 2016

Page 9 of 17

Table 2 Outcomes of patients treated with proton or protons plus photons in the largest series of (>20 patients) chordomas (selected series)

Median follow-up

Reference LC rate, (%) OS rate, (%) Complications Prognostic factor

(range), months
Hug et al., 3-year: 67; 3-year: 87; 5-year: 79 Late grade 3-4": 7%; Involvement of brainstem™; 33.2 (7.0-75.0)
1999 (75) 5-year: 59 late grade 1-2": 14% volume >25 mL*
Munzenrider 5-year: 73; 5-year: 80; 10-year: 54 5-year brainstem LC: better for male 41.0 (1.0-254.0)
etal., 1999 10-year: 54 toxicity*: 8%; 10-year
(77)* brain toxicity*: 13%
Hug et al., 60 60 NA NA 30.0 (13.0-86.0)"
2002 (80)
Igaki et al., 3-year: 3-year: 84.6; 5-year: 66.7 Late grade 3: 2 pts; LC: volume <30 mL 69.3 (14.6-123.4)
2004 (76) 67.1; late grade 4: 2 pts;

5-year: 46 late grade 5: 1 pt
Noél et al., 4-year: 53.8  5-year: 80.5 Late grade =3: 9% OS : local relapse; LC: total 31.0 (0.0-87.0)
2005 (78) dose <56 Gy; < V95% in
PTV <95% prescribed dose
Hoch et al., NA Dead of disease— NA NA 86.5 (12.0-252.0)
2006 (79) conventional: 14; chondroid:
18; poorly differentiated: 83

Ares et al., 3-year: 87; 5-year: 62 NA None 38.0 (14.0-92.0)
2009 (74) 5-year: 81
Rombi et al., 5-year: 81 5-year: 89 Early grade 2: 46%%; NA 46.0 (4.5-126.6)"
2013 (81) late grade 2: 19%*
Deraniyagala  2-year: 86 2-year: 92 Late grade >2: 18% None 21.0 (3.0-58.0)

etal., (94)

*, mixed chordoma, chondrosarcomas and varied tumors series. LC, local control; GTV, gross tumor volume; OAR, organs at risk; PFF,
progression-free failure; OS, overall survival; PFS, progression-free survival; UA, univariate analysis.

surgery is required in the chondrosarcomas. However, to
achieve an optimal surgery, several interventions are often
required. Consequently, the risk of complications increases.
Because of this high risk of complications associated with
wide resection, limited removal is usually proposed. A
large debulking allows for safer irradiation away from
surrounding critical organs. Adjuvant radiation therapy is
also prescribed with excellent results compared to surgery
alone (97).

Concerning radiation therapy, the efficacy of treatment
is difficult to analyze for varied reasons: the rareness of
the tumors, the long history of the disease, beneficing of
several treatment procedures with updated techniques
with time and finally the series mix of chordoma and
chondrosarcomas (75,77,93,95,106-109) (Tables 3,4).
Nevertheless, the required doses to control the disease
significantly exceed the dose constraints for critical organs.
Proton therapy is considered the optimal method for dose-

© Chinese Clinical Oncology. All rights reserved.
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gradient irradiation to irregularly shaped targets closely
juxtaposed to critical organs. Proton therapy have been used
mainly with conventional fractionation at doses between
67 and 83 Gy (RBE), even to large target volumes with 3-
and 5-year LC rates ranges between 85% and 100% and
between 75% and 99%, respectively (75,76,89,93,112).
The single series with an extended follow-up of 10 years
reported a LC rate of 87-98% (77,89,111). Three-
and 5-year OS ranged between 93.8% and 100% and
99-100%, respectively. These rates remained equivalent
at 10 years (75,77,89,93,111,112). However, inferior
outcomes have been observed in mesenchymal subtypes
of chondrosarcoma (113). In these series, almost all
patients were treated with a traditional passive scattering
technique with brass apertures, compensators, and range
shifter wheels using a “patching” strategy to overcome the
risk of overdosing critical normal tissues in tumors with
complex shapes. Three series of 5 to 15 adults patients

Chin Clin Oncol 2016;5(4):51
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Table 3 Patients and treatment description of chondrosarcomas irradiated with proton or protons plus photons in the largest series of

(>20 patients) (selected series)

No. patients, Median age Tumor volume, Median dose (range), Gy

Ref PA, PP

eterence M/F (range), years median (range) Surgery ’ (RBE), dose per fraction
Rosenberg 200, 87/113 39.0 (10.0-79.00 NA Biopsy: 21%; total: PA: 200 72.1 (64.2-79.6), 1.80-
et al., 1999 (89) 5%; subtotal: 74%; 1.92 Gy (RBE), 5 fr/week

one surgery: 70%
Munzenrider 229, 105/124  39.0(10.0-80.0) NA NA NA NA
etal., 1999 (77)*
Hug et al., 25,9/16 43.7 (19.0-70.00 <15 mL: 32%, Biopsy 5%; one PA: 22; 70.7 (64.8-79.2),
1999 (75) 15-25 mL: 28%, surgery: 70%; two PP: 3 1.80 Gy (RBE), 5 fr/week
>25 mL: 40% surgeries: 25%
Hug et al., 3,2/1 15.0 (14.0-19.0) NA NA PA: 3 70.0 (69.6-70.2)
2002 (80)
Weber et al., 77, 35/42 38.9(10.2-70.00 25.9mL NA PA: 77 70.0 (64.0-76.0),
2016 (110) (1.3-191.8) 1.80-2.00 Gy (RBE),
4-5 fr/week

Feuvret et al., 159, 87/72 40.0 (12.0-83.00 23.1mL Complete: 13; PP: 100% 70.2 (67.0-71.0), 1.80-
under press (0.6-131.0) incomplete: 133; 2.00 Gy (RBE), 5 fr/week

(111)

biopsy: 13; one
surgery: 145; > two
surgeries: 14

*, mixed chordoma and chondrosarcomas series. M/F, male/female; PA, proton alone; PP, proton + photons; Gy, gray; RBE, relative
biological effectiveness; NA, not available.

Table 4 Outcomes of patients treated with proton or protons plus photons in the largest series of (>20 patients) chondrosarcomas (selected series)

Reference

LC rate, (%)

OS rate, (%)

Complications

Prognostic factor

Median follow-up
(range), months

Rosenberg et al.,
1999 (89)

Munzenrider et al.,
1999 (77)*

Hug et al., 1999 (75)

Hug et al., 2002 (80)

Weber et al., 2016
(110)

Feuvret et al., under
press (111)

5-year: 99; 5-year: 99;
10-year: 98 10-year: 99
5-year: 98; 5-year: 91;
10-year: 96 10-year: 88
3-year: 94; 3-year: 100;
5-year: 75 5-year: 100
100 100

5-year: 94.2; 5- and
8-year: 89.7 8-year: 93.5
5-year: 97.5; 5-year: 94.9;
10-year: 94.4  10-year: 87

NA

Brain injury* at 2-year: 8%;

at 5-year: 13%

Grade 3-4: 7%;
Grade 1-2: 14%

NA

None

None

LC: involvement of
brainstem; GTV >25 mL

NA

Late grade 3-4: 6 pts

Late grade 2: 38 cases;
late grade 3-5: 11 cases.

3-year: 32.8%; 5-year: 42.9%;

10-year: 57.2%

LC (UA) GTV; compression/

abutment of OARs

OS: age <40 years; LC:

65.3 (2.1-222.0)

41.0 (1.0-254.0)*

33.2 (7.0-75.0)

30.0 (13.0-86.0)*
69.2 (4.6-190.8)

77.0 (2.0-214.0)

none; PFS: age <40 years

*, mixed chordoma and chondrosarcomas series. LC, local control; GTV, gross tumor volume; OAR, organs at risk; PFF, progression-free
failure; OS, overall survival; PFS, progression-free survival; UA, univariate analysis; NA, not available.
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with chordomas or chondrosarcomas (93,95) and a series
of 26 children (81) were treated with a spot-scanning beam
technique. The largest series of PBS proton therapy for
skull base chondrosarcomas demonstrated 8-year LC and
OS of 90% and 94%, respectively, with large tumor size
(>25 cc) and compression of adjacent brainstem or optic
apparatus associated with inferior LC. Grade 3 or higher
toxicity was observed in 8% of patients (110).

Complications are rare. During treatment almost
patients described one or several of the following side
effects: asthenia, loss of appetite, transitory temporal and/
or fronto-parietal alopecia, mild erythema and nausea (107).
In the most recent series (111) there were 11 cases of grades
3-5 late complications, leading to 3-, 5- and 10-year grades
3-5 toxicity rates of 6.4%, 10%, and 10%, respectively.
Studying quality of life in patients with varied tumors of
the base of the skull, Srivastava e 4/. concluded that apart
from global health status and physical functioning scores,
there was no change in most patients when comparing
scores prior to and at the completion of radiotherapy.
When comparing the clinically important differences, the
results were heterogeneous, with some patients improving
and others deteriorating (108). At the end of treatment,
improvement of the mini mental test was the rule, although
in some cases a transient deterioration was found (109).

Complications of base of the skull proton
irradiation

For early side effects (up to 6 months after irradiation
completion) of the brain or the base of the skull, Combs
et al. reported a list of side effects in 157 patients treated
with particle therapy (proton therapy or other ion
therapy) for base of the skull or brain tumors. The most
frequent were hair loss (37% of the patients), visual
deficits (28% of patients), headaches, motor deficits and
fatigue (27% each). These outcomes were similar to those
observed with photon irradiation (114). In the setting
of chordoma and chondrosarcoma of the skull base,
where dose-escalation is required, important planning
constraints have been proposed based on available
published literature for brainstem, optic apparatus,
temporal lobes and spinal cord (90,97).

The most frequently described complications are
pituitary gland insufficiency, ocular pathway damage,
sensorineural nearing loss and temporal lobe necrosis. De
Marzi et al. proposed a generalized equivalent uniform
dose (gEUD)-based NTCP to predict the risk of pituitary

© Chinese Clinical Oncology. All rights reserved.
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complications (115). A pretreatment analysis of the gland
function was proposed for all patients because some
deficiencies exist before irradiation (4). For internal ear
and optic pathways, dose limits are well established,
however, some exceptional complications can appear at
lower doses (112).

In a series of 66 patients, McDonald ez 4/. showed that
the risk of radionecrosis was related to the dose-volume
histogram of the temporal dose by multivariate analysis. In
the EC50 model, all dose levels from 10 to 70 Gy (RBE)
were highly correlated with radiation necrosis, with a 15%
3-year risk of any-grade temporal lobe radiation necrosis
when the absolute volume of a temporal lobe receiving
60 Gy (RBE) or V60 Gy (RBE) exceeded 5.5 cm’ or a
V70 Gy (RBE) >1.7 cm’ (116). In a previous series of 62
patients, Pehlivan er 4/. showed that temporal necrosis was
highly correlated with the generalized equivalent uniform
dose (117). Weber et al. demonstrated that although total
dose was not a predictor of the efficacy of radiation, it was
prognostic of the late complication, mainly for patients who
received more than 70 Gy (RBE) (110). Igaki ez a/. reported
three cases of necrosis grades 4-5 for patients who received
between 92.8 and 113.3 Gy (76).

Pencil-beam system

Because of the physical characteristics of radiation
deposition, known as Bragg peak deposition, protons
offer a steeper dose gradient to the OARs close to the
target volume compared with non-particle radiotherapy.
Historically, and in the majority of treatment rooms, proton
therapy has been delivered most commonly by passive
scattering techniques, in which customized metal apertures
and lucent compensators are used to shape the lateral and
distal aspects of individual proton beams. In contrast, with
spot scanning proton therapy, a small original proton beam
is magnetically scanned to cover the lateral aspects of the
target. This technique, PBS, can dynamically position the
Bragg peaks throughout the target volume. The depth of
the dose is controlled by the use of different proton beam
energies as well as range shifters. PBS has the ability to
conform to the target dose 3-dimensionally within a single
field. The scanning beam allows greater control over the
proximal properties of the beam and potentially improved
conformality of high-dose regions (118). Moreover, similar
to up-to-date photon therapy techniques, the optimized
proton dose distribution can be achieved with increased
conformality, and the scanning proton beam permits

Chin Clin Oncol 2016;5(4):51
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multiple target volumes to be treated to separate doses
through the use of a simultaneous integrated boost (SIB)
technique (95). The superposition of multiple pencil-proton
beamlets with near mono-energetic Bragg peaks constitutes
the treated volume (118). One other advantage of PBS over
passive delivery systems is that the neutron production,
resulting when protons hit material (range shifter,
modulation wheel, aperture) and potentially associated with
cancer induction, is substantially reduced (119).

Moreover, unlike passive scattering, the ability of either
single-field optimization (SFO) or multi-field optimization
(MFO) to modulate the proximal aspect of the individual
beam frequently afforded some sparing of the normal
tissue when target volumes were at a greater depth (95).
By comparing passive scattering and scanning beam,
Grosshans er al. showed that in 15 cases of chordomas and
chondrosarcomas, the primary target was similarly covered
with both techniques. However, the brainstem maximum
dose was non-statistically lower when using the scanning
beam; the opposite was observed for the chiasma. However,
the volume of brainstem receiving at least 60 Gy and the
volume of temporal lobes receiving at least 70 Gy were
statistically lower with scanning beam compared to passive
scattering (95).

Conclusions

The role of proton therapy for skull base tumors is variable
by histology. For malignancies of the paranasal sinuses and
nasal cavity and for chordomas and chondrosarcomas, the
ability of proton therapy to escalate radiation dose close to
critical and radiosensitive OAR such as the optic apparatus
and brainstem has been associated with improved tumor
control and, in the case of malignancies of the paranasal
sinus and nasal cavity, improved OS as compared to photon
irradiation. For benign tumors of the skull base, such as
pituitary adenomas, craniopharyngiomas, and benign
meningiomas, proton therapy can more effectively shield
the remaining normal brain parenchyma in a manner that
can lower radiation-induced secondary malignancy risk
and potentially cognitive effects. The emergence of PBS
technologies has the potential to further enhance these
benefits of proton therapy.
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