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Abstract: Radiation therapy has an established role in the treatment of many primary brain and spine

tumors, both in adults and in children. However, adverse effects of radiotherapy arise when normal tissue is

irradiated. As survival rates increase, limiting radiation-associated toxicities and thereby improving quality of

life after treatment has become an increasing concern. Charged particles, such as protons and carbon ions,

have unique physical properties, which differ from conventional photon-based treatments. These physical

properties allow for superior dose-distributions, most notably sparing of normal tissues from unnecessary

radiation exposure. In this review, we highlight the potential advantages of particle therapy in the treatment

of central nervous system tumors in adults and children.
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Introduction

Despite the efficacy of radiation therapy (RT) in the
treatment of central nervous system (CNS) tumors,
substantial concerns exist regarding adverse radiation
effects. Concerns regarding long-term radiation effects,
including soft tissue or bone deformities, vascular damage,
endocrine deficits, heart or lung damage, progressive
cognitive decline, or even secondary malignancies, are
further heightened as survival rates increase.

The central tenants of radiotherapy are to deliver
tumoricidal doses of radiation accurately to target volumes
while minimizing unnecessary exposure of normal tissues.
Historically, the overwhelming majority of radiation
treatments have been delivered using photon-based
techniques. Diagnostic imaging, treatment planning, and
tailored dose delivery have all advanced dramatically in
recent decades, but the physical limitations of photon
interactions within the body may now preclude further
sparing of normal tissues.

Particle therapy is most commonly delivered using either
protons or carbon ions. Both share the physical advantages
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of particle therapy in that beyond the Bragg peak, exit
dose is essentially eliminated. In comparison with photon-
based therapies, including intensity modulated radiation
therapy (IMRT) or stereotactic treatments, radiation dose
to normal tissues will virtually always be less, especially
in the low dose regions. While both protons and carbon
ions spare normal tissues, there are distinct biological
differences between these particles. The concept of
relative biological effectiveness (RBE) describes the cell
killing capacity of various forms of radiation in relation to
photons, leading to the creation of the term Gy(RBE) as
the unit used to describe the physical dose (in Gy) times the
determined RBE value. Carbon ions have a much higher
RBE than protons, which could negatively impact exposed
normal tissues adjacent to or within the target volume, as
would be the case with craniospinal (CSI) irradiation, for
example. Therefore, experience using proton therapy is
rapidly expanding in the treatment of pediatric tumors,
but greater caution applies to the use of carbon ions in this
population. However, the higher RBE may be advantageous
for treatment of tumors considered to be resistant to
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conventional radiation. Indeed, for adults, there are
numerous ongoing studies in this area. In this review, we
will highlight the potential advantages of particle therapy
when used for central nervous system tumors in both adults
and children. We will present selected dosimetric studies,
but focus on published clinical data supporting the use of
particle treatments.

Particle therapy for pediatric brain tumors

Toxicities have been well-documented in long-term
survivors of childhood cancers. The Childhood Cancer
Survivor Study, funded by the National Cancer Institute,
has systematically documented the long-term effects of
treatment for childhood cancers in more than 14,000
survivors. Among these, over 1,800 survivors of CNS
malignancies were included. In patients treated with
radiotherapy, the cumulative incidence of secondary CNS
malignancies was 7.1% at 25 years vs. 1% in patients not
receiving radiation (1,2). Secondary malignancies include
such tumors as meningiomas, thyroid tumors, and sarcomas,
and these may contribute to the excess late mortality
observed as compared with the general population (2).
Therapeutic radiation exposure also contributed to
endocrine, neurologic and neurocognitive deficits (3).
Notably, a documented, dose-dependent relationship was
also found between radiation and increased unemployment
rates and decreased rates of marriage (4).

Medulloblastoma

Medulloblastomas represent one of the most common
malignant CNS tumors in children. The high potential for
subclinical dissemination throughout the brain and spinal
column necessitates larger-field irradiation. In the United States,
children over the age of 3 are typically treated with CSI, with
dose selected based on set risk factors, including documented
metastatic disease or residual tumor measuring >1.5 cm’.
Following CSI, an additional boost is delivered to the tumor
bed plus margin or to the entire posterior fossa. Although
there are ongoing attempts to reduce radiotherapy doses
and volumes for medulloblastoma treatment, omission of
radiotherapy has been associated with increased rates of
recurrence and decreased survival (5).

As exposure of normal tissues to exit dose is unavoidable
using photon therapy, many practitioners view CSI as a
clear indication for proton therapy (PT). Comparative
treatment plans demonstrate the complete sparing of
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structures distal to the spinal field using PT (Figure 1A4).
The potential adverse effects of irradiating these distal
tissues are only now being realized. A retrospective study
of 4,122 5-year childhood-cancer survivors found that
individuals receiving an average of 5 Gy to the heart had a
12.5 relative risk over the general population for developing
cardiovascular disease (6). Although clinical studies
examining long-term clinical outcomes in patients treated
with CSI using particles have yet to be performed, there
have been several dosimetric studies. Lee er a/. compared
dose volume histograms (DVHs) in a prototypical patient
receiving CSI with different treatment modalities, and
found that the percentage of the heart receiving at least
10 Gy(RBE) was 65% with photons, 10% with electrons
and 0% with protons (7).

Several studies have shown that PT, when utilized for
the boost treatment following CSI, can significantly reduce
dose to non-target structures (Figure 1B) (8). Comparative
DVH?’s looking at the volume of cochlea receiving more than
20 Gy(RBE) during posterior fossa boost irradiation were
34% for PT, 87% for IMRT, and 89% for 3D-conformal
radiotherapy (3D-CRT). Similarly, the volume of the
hypothalamic-pituitary axis receiving more than 10 Gy(RBE)
was 21% for protons, 81% for IMRT, and 91% for
3D-CRT. Dosimetric comparisons in another pediatric
medulloblastoma case at MGH showed similar dose-sparing
to the cochlea and pituitary when using proton therapy (9).
Early clinical data from MD Anderson evaluating ototoxicity
corroborates the clinical significance of these dosimetric
studies (10). Nineteen patients with grossly intact hearing
were evaluated 1 year following PT with only a single patient
experiencing greater than grade 2 ototoxicity; more than
half had no measurable hearing deficit. These clinical results
compare favorably with ototoxicity after CSI using photons,
including IMRT (11,12).

Given the large volumes irradiated with CSI and the high
cure rates for medulloblastoma, secondary malignancies
are a significant concern in long-term survivors. Using
data from the International Commission on Radiologic
Protection, Publication 60, to create a model for risk of
cancer induction and normal tissue complication (13), two
studies have shown the potential to reducing secondary
malignancies using particle therapy. Miralbell e /. found
PT was able to reduce the expected incidence of secondary
malignancies by 8 to 15 fold compared with either IMRT or
conventional photon therapy (14).

Similarly, a review of comparative treatment plans for
five children with medulloblastoma found that the risk
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Proton Photon

Figure 1 A dosimetric comparison of proton and photon treatment plans for a child treated with craniospinal radiation. A. Sagittal images

of proton and photon plans are depicted with the excess dose deposited from photon treatment highlighted on the right; B. Transverse

images of proton and photon based boost plans. Dose to the brainstem and temporal lobes is reduced with protons

for secondary malignancy was lowest using intensity-
modulated proton therapy IMPT) (4%), followed by
intensity-modulated electron therapy (IMET) (15%),
conventional photon therapy (20%), and electron therapy
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(21%) (15). Investigators at MGH presented preliminary
results suggesting a reduced incidence of secondary
cancers in pediatric patients treated with protons at the
Harvard Cyclotron, based upon a retrospective study
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compared with photon patients extracted from the SEER
database (16).

Ependymomas

Radiation also plays a crucial role in the management of
ependymomas, but with typically much more limited field
sizes restricted to those areas at highest risk for disease
recurrence (i.e., the tumor bed). Nonetheless, cognitive
deficits remain a challenge. Merchant ez /. analyzed data
from 88 patients who received the standard treatment for
ependymomas to create a model to predict I1Q, finding
that increased doses to the total brain and to supratentorial
volumes were predictive of lower intelligence (17).
MacDonald et a/. have published data on the clinical
outcomes of 17 patients treated with proton therapy, in
addition to performing a dosimetric comparison of IMPT,
passive-scatter proton therapy (PSPT) and IMRT (18).
At a median of 26 months after radiation, local control,
progression free survival, and overall survival were 86%,
80%, and 89%, respectively, comparable to traditional
photon-based treatments but without any significant toxicity
yet observed (19,20). In comparing dose distributions in
a patient with an infratentorial ependymoma, advantages
of proton therapy were clearly demonstrated. The dose
received by 50% of the whole brain was <0.1 Gy(RBE)
for IMPT, <0.1 Gy(RBE) for PSPT, and 2 Gy for IMRT;
the temporal lobe received 2 Gy(RBE) using IMPT,
4 Gy(RBE) with PSPT; and 16 Gy from IMRT. According
to Merchant’s model (17), these dose reductions seen in
PSPT and IMPT for whole brain and temporal lobes
suggest reduced adverse effects on IQ and reading ability,
respectively. MacDonald’s analysis also showed that PT was
able to reduce cochlea doses significantly [0.1 Gy(RBE) for
IMPT, 2 Gy(RBE) for PSPT, 37 Gy for IMRT], indicating
that PT would be expected to preserve hearing (21).
Similarly, dose sparing to the hypothalamus observed with
PT may potentially avoid life-long endocrine deficits.

A small percentage of pediatric ependymomas arise
within the spine, where surgical resection is the standard
of care, yielding long-term control rates of >84% after
complete resection (22). The management of incompletely
resected spinal ependymomas is less certain, perhaps
resulting from the low incidence of spinal ependymomas
leading to less available data. Several studies have reported
excellent control with subtotal resection alone, thereby
recommending deferring adjuvant RT in most cases to avoid
toxicities associated with spinal radiation (22,23). Other
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studies, however, have reported significantly improved
control rates with adjuvant RT (24-26).

PT may offer a potential solution for incompletely
resected spinal ependymomas. In eight cases of spinal
ependymoma treated with adjuvant proton therapy at MD
Anderson, Amsbaugh et 4l. reported 100% rates of local
control, progression-free survival and overall survival at
mean follow-up of 26 months, and with no Grade 3 or
higher side-effects thus far observed (27).

Craniopharyngiomas

Although craniopharyngiomas are histologically benign
lesions of the sellar region, they have a high propensity for
local recurrence. Attempting to avoid RT by obtaining a
gross total resection, however, often results in significant
surgical morbidity and mortality (28,29). Consequently, the
standard treatment has typically been maximal safe resection
followed by adjuvant RT. Neurocognitive and endocrine
deficits are the most common sequelae of radiotherapy in
this location (30).

Boehling ez al. studied the dosimetric advantages of
proton therapy, highlighting the potential for improving
cognitive outcomes by sparing of the hippocampal
formations with IMPT (31). Given that these tumors
are known to undergo cystic changes during the course
of radiotherapy, however, caution must be utilized with
employing modalities such as IMPT (32).

Two studies have published clinical outcomes of
pediatric craniopharyngiomas treated with PSPT. Luu
et al. retrospectively analyzed 16 patients treated with
fractionated PT at Loma Linda, 12 of which were
undergoing salvage therapy for tumor recurrence (33). At a
mean follow-up of 60.2 months, local control was achieved
in 14 patients (93.3%). Toxicities included one patient with
pan-hypopituitarism after repeat resection and PT, another
suffered from a cerebrovascular accident but fully recovered,
and a third developed a posterior fossa meningioma
59 months after PT. Although cognitive function was not
specifically reported in this study, neurocognitive deficits
associated with radiotherapy of craniopharyngiomas
are expected to decrease with PT based on lower doses
to the supratentorial brain (34). Fitzek er al. have also
reported promising functional outcomes on pediatric
craniopharyngiomas treated using combined photon and
proton therapy (35). All five patients in this series finished
high school and were leading independent lives; three
(treated at age 8.2, 16.7 and 16.8) were attending or had
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completed college. Only one had learning difficulties, but
these were comparable to his pre-radiotherapy status.

Germ cell tumors

Germ cell tumors can be subdivided histologically into
germinomas or non-germinatous germ-cell tumors
(NGGCT). Germinomas are more sensitive to radiotherapy
and were historically treated with CSI with >90% durable
response rate (36). However, due to considerable morbidity
associated with CSI, whole-ventricle radiotherapy (WVRT)
followed with a boost dose to the involved field has become
the standard of treatment for localized, midline tumors.
There is also the potential for reduction of radiation doses
using pre-radiotherapy chemotherapy (37). In contrast
to germinomas where disease control rates are high,
NGGCT5 carry a less favorable prognosis with recurrences
and dissemination throughout the craniospinal axis being
common. As such, a multimodality approach for NGGCTs
is commonly employed with chemotherapy, CSI, and
surgical resection all playing important roles (38).

A study from MGH has provided initial clinical data
on the utility of proton therapy for treatment of germ cell
tumors (39). Twenty-two patients, 13 with germinomas
and 9 with NGGCT, were treated using 3D-CPT. At
a median follow-up of 28 months, there was only one
recurrence found in the peritoneum in a patient who did
not have a complete response to chemotherapy. No new
neurocognitive or auditory deficits were identified post-
radiotherapy. Using a patient that received WVRT as a
representative case to compare DVHs, proton therapy
demonstrated dose-sparing: the left temporal lobe received
12.9 Gy(RBE) with IMPT, 20.5 Gy with IMRT, and 13.8 Gy
with 3D-CPT. Although the lens dose using IMRT was low,
no measurable lens dose was received using either 3D-CPT
or IMPT, suggesting a further benefit of lowered risk of
cataracts formation.

Gliomas

Pediatric gliomas comprise a clinically and histologically
diverse group of tumors. Fortunately, the majority of
pediatric gliomas are low-grade pilocytic astrocytomas which
are typically managed with maximal safe surgical resection.
If disease progression is documented post-operatively,
chemotherapy is often utilized as a temporizing measure,
thereby delaying radiotherapy in younger children. Still,
RT is necessary for certain patients, including unresectable
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lesions or in cases of tumor progression after resection.

A study from Loma Linda has shown proton therapy
to be an attractive option for treatment of pilocytic
astrocytomas (40). Twenty-seven patients with low-grade
astrocytomas were treated using fractionated proton
therapy, with 25 of them being treated after sub-total
resection. At mean follow-up of 39 months, 6 cases had
failed locally [local control (LC) =78%], and 4 patients died
from tumor progression [overall survival (OS) =85%]. For
unresectable, centrally located astrocytomas (n=15), LC
was achieved in 87%. With substantial dose-sparing to the
cochlea, temporal lobe, pituitary, and contralateral optic
nerve, the investigators found no significant short-term
complications after proton therapy.

Optic pathway gliomas (OPGs) represent another area
where PT could be particularly useful. The current trend is to
utilize radiotherapy for older patients and chemotherapy for
younger patients, again, in an attempt to delay radiotherapy
and mitigate radiation-related toxicities (41,42). However,
children treated with chemotherapy prior to radiotherapy
may have worse visual outcomes compared to children
treated primarily with radiotherapy (43). A study at Loma
Linda demonstrated dosimetric advantage of PT in the
treatment of seven pediatric OPGs by reducing doses to
critical structures (44). PT reduced relative doses to the
optic chiasm (by 11%), pituitary gland (by 13%), and
bilateral temporal lobes (by 39%) compared to 3D-CRT.
Additionally, PT was able to reduce the dose to the
contralateral optic nerve by 47%. Accordingly, PT may
make radiotherapy a more attractive option for younger
OPG patients when radiation is necessary.

High-grade gliomas represent 6.5% of all childhood
CNS neoplasms (45). In a study at Loma Linda consisting
of 28 children with various brain tumors treated with proton
therapy, 4 exhibited tumor progression (46). Two patients
with high-grade (Grade 3 or 4) gliomas died after a mean of
13 months. Due to the poor control rates with both photon
and PT for high-grade gliomas, future PT plans may use

dose-escalation to attempt improved control rates.

Atypical tertatoid/rhabdoid tumors

Atypical teratoid/rhabdoid tumors (AT/RT) are estimated
to represent 2-3% of primary pediatric CNS tumors. AT/
RT is a relatively new histologic identity with an aggressive
course and poor outcomes (47-49). Several studies have used
aggressive chemotherapy regimens utilizing increased dose-
intensity and intrathecal administration with promising
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response rates (50,51). Given that the incidence of AT/
RTs is highest in patients under three, practitioners often
attempt to avoid radiation in fear of potential toxicities.
However, delaying the initiation of radiation may lead to
poor outcomes. A study in Taiwan (52) involving 17 patients
who were managed with primary surgery with subsequent
radiotherapy demonstrated that patients with increased
latency between surgery and radiation did not fare as well as
those that received radiation earlier. In another study of 22
cases of AT/RT (53), there were only 2 long-term survivors,
both of whom received radiotherapy as part of the primary
treatment. Based on an extensive literature review on AT/
RT, Squire et al. (54) suggests that radiation should be
employed as part of initial therapy in select cases, and there
is currently a multi-institutional protocol in place for AT/
RT that includes risk-adapted RT in the initial therapy for
selected children under three (55). With the current trend
towards using radiotherapy in the primary treatment in
younger and therefore more radiosensitive patients, limiting
the radiation doses becomes even more essential.

Particle therapy for adult brain tumors

Adults receiving radiotherapy for CNS tumors generally
face many of the same side-effects as does the pediatric
population, such as visual deficits, ototoxicity,
cerebrovascular accidents, neurocognitive impairment, and
increased risk of secondary malignancies (56). Although
many consider the adult CNS to be more radiation
resistant than that of children, radiation-induced cognitive
impairment is known to occur in up to 50-90% of adults
within 6-months after radiation for brain tumors (57-59).
Adults that receive radiotherapy for CNS tumors face
significant effects on quality of life with the most commonly
reported symptoms being fatigue, mood changes, and
cognitive dysfunction (60,61). Therefore, reducing doses of
radiation to the normal tissues in the adult brain should also
be a priority.

Pituitary adenomas

Pituitary adenomas are benign tumors found in the sella
turcica, three quarters of which present with functional
symptoms resulting from hormone over-secretion.
Radiotherapy offers the potential for cure even if the lesion
is unresectable, and is typically used after medical and
surgical therapies have failed. Moreover, medical therapy
may require life-long treatment, and tumors may become
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refractory to medical management.

Two primary dose schedules are commonly used
in radiotherapy for pituitary adenomas. Stereotactic
radiosurgery (SRS) delivers a high-dose single radiation
treatment (typically 15 to 20 Gy), whereas fractionated
schedules deliver 45-54 Gy over 5-6 weeks. SRS may
normalize hormone levels of functional adenomas faster
than does conventional fractionated RT (62). However, the
use of SRS may be limited in larger tumors located in close
proximity to critical structures, such as the optic chiasm,
because of the high fractional doses prescribed. Several
institutions have started performing proton stereotactic
radiosurgery (PSRS) to take advantage of the favorable
dose-distribution properties to achieve decreased risk of
toxicity.

MGH has studied PSRS in the treatment of GH- and
ACTH-secreting tumors. Of 22 patients with residual
GH-secreting tumors after trans-sphenoidal resection
who were then treated using PSRS with a median dose of
20 Gy(RBE), a complete response (CR), defined as sustained
(>3 months) normalization of IGF-1, was seen in 59% of
patients after a median of 42 months post-radiotherapy (63).
In another study, 38 patients with Cushing’s disease or
Nelson’s syndrome were treated with PSRS for persistence
of symptoms and elevated cortisol levels following
trans-sphenoidal resection (64). At median follow-up of
62 months, CR was achieved in all 5 cases of Nelson’s
syndrome, and 52% (17/33) of Cushing’s disease cases,
with median time to CR being 18 months after PSRS. In
both studies, the CR rate and time to CR was comparable
to previous SRS studies (65-73). There were no cases of
visual disturbance, seizure activity, or other clinical signs of
brain injury, but both studies showed slightly higher rates of
hypopituitarism after PSRS when compared with other SRS
studies.

Meningiomas

Meningiomas are the most common benign CNS tumors
in adults and portend a generally favorable prognosis, with
90% classified as WHO Class L. Surgery is the mainstay of
the therapy, but radiotherapy is used as adjuvant therapy in
cases of partial resection, or with high-grade or recurrent
lesions. Radiotherapy can also be utilized as definitive
treatment for lesions in locations where resection is not
possible. Long-term control rates with current radiotherapy
techniques are >90% (74). With the expected long-term
survival, improving functional status and limiting toxicities
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are objectives of treatment.

Given the proximity of skull base meningiomas to
critical structures, particle therapy provides an opportunity
to reduce toxicities. Wenkel et 4/. studied 46 patients with
benign base-of-skull meningiomas treated with a combination
of photon and proton therapy, reporting a recurrence-free
rate of 100% and 88% at 5 and 10 years, respectively (75).
Four patients in this series experienced ophthalmic toxicities.
In retrospect, doses to the optic nerve in these four patients
were found to have exceeded the threshold of 54 Gy(RBE)
after the doses were recalculated following a calibration error.
Patients that did not receive >54 Gy(RBE) to the optic nerve
did not experience any ophthalmic toxicity. This highlights
the need for high quality physics support given the increased
complexity of particle therapy.

Noél et al. studied functional outcomes of 51 patients
with skull base meningiomas treated with a combination of
photons and proton therapy (76). Four-year LC and OS rates
were 98% and 100% respectively. Although two patients
(3.9%) suffered from Grade 3 side effects, 68.8% of eye-
related symptoms improved after radiotherapy, and 67%
of other miscellaneous symptoms improved, comparing
favorably with photon studies reporting functional outcomes
(77-80). Weber et al. from the Paul Scherrer Institute
studied 39 cases treated only with protons, using a pencil-
beam scanning (PBS) technique (81). At least 10 patients in
this series had WHO Grade II/III meningiomas, and the
average tumor volumes were larger than most other series.
LC and OS at 5 years were 84.8% and 81.8%, respectively,
for all histology types, and were 100% for benign histology.
The 5-year Grade 3/4 toxicity-free survival was 84.5%.
Those patients that experienced higher-grade toxicities
were those who presented with large tumor volumes and/or
with meningiomas of the optic tract. These results appear
to support the use of particle therapy for meningiomas,
especially for lesions in close proximity to critical structures.

Vestibular schwannoma

Vestibular schwannomas are benign intracranial tumors of
the myelin-forming cells of the vestibulocochlear nerve.
As many vestibular schwannomas are found incidentally
on imaging studies, and only 43-46% of tumors show any
growth (with an average rate of 1.2-1.9 mm per year),
observation is a reasonable option for many patients (82).
For tumors that require treatment, surgery and radiotherapy
can both be used as first-line modalities. Surgery offers
excellent control rates, but definitive radiotherapy is also a
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therapeutic option that offers excellent tumor control rates
of greater than 90%. While vestibular schwannomas treated
with radiotherapy may have a reported lower incidence
of adverse effects, including hearing loss and facial nerve
palsies, compared with microsurgery, direct comparison is
difficult to make as tumors treated with microsurgery tend
to be larger in volume (83).

Harsh ez al. used a PSRS protocol prescribing 12 Gy(RBE)
to the tumor and limiting brainstem dose to 12 Gy(RBE).
They found LC rates of 94%, trigeminal and facial nerve
preservation in 95.3%, and hearing preservation in 33.3% (84).
Low rates of hearing preservation were thought to be due
to an older patient population (mean age =67) and surgical
resections prior to radiotherapy, which may have increased
susceptibility to cranial nerve damage. Bush er 4/. used a
fractionated protocol prescribing 54-60 Gy(RBE) in 30
to 33 fractions (85). At mean follow-up of 34 months, LC
was 100%, and no trigeminal or facial nerve toxicities were
observed, with 31% maintaining useful hearing. Using the
a-B model to compare doses of FSRT and SRS studies,
this fractionated protocol prescribed roughly 40% more
dose than the PSRS regimen, suggesting that a lower
fractionated dose might resulted in better preservation of
hearing while maintaining good LC. Vernimenn et /. used
a hypo-fractionated proton therapy [26 Gy(RBE) over
3 fractions] to treat a group of patients with an average
tumor volume of 5.3 cm’, which is among the largest
studied in this group of tumors (86). At a mean follow-up
of 72 months, hearing preservation was 42%, trigeminal
and facial nerve preservation rates were 93% and 90.5%,
respectively, and the 5-year LC rate was 98%, suggesting
that this hypo-fractionated protocol was a good option for
large, inoperable tumors. Baummert ez /. compared dose
distributions of photon and particle therapy and found that
high-dose conformality was equal, but that proton therapy
lowered the integral dose, concluding that particle therapy
may be particularly useful for larger lesions.

Glioblastoma mutliforme

Glioblastoma multiforme (GBM) is the most common
primary malignant brain tumor in adults. Early studies
dating from 1978 demonstrated that radiotherapy
after resection more than doubled overall survival to
8.0 months compared to 3.2 months with observation
alone, establishing the effectiveness of radiotherapy in
management of GBM (87). With the current standard, post-
surgical, teomozolamide-based chemoradiotherapy, overall
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median progression-free survival is approximately 7 months,
with OS of 15 months (88). Current recommendations for
RT include dosages up to 60 Gy given in daily fractions of
2 Gy to the enhancing area of the tumor with 1-2 cm
margins. Using this standard radiotherapy regimen,
however, 80-90% of tumors recur within 2 cm of the
original lesion.

In an effort to improve tumor control, several studies have
used proton therapy to escalate doses up to 90 Gy(RBE).
Using a combination of photons and protons, MGH treated
23 GBM patients to a total dose of 90 Gy(RBE) to the
gross tumor volume, 64.8 Gy(RBE) to the 2-cm margin
encompassing the gross tumor volume, and 50.4 Gy(RBE)
to area of surrounding edema plus 2-cm margins using
accelerated fractionation (89). Stratified by RTOG
prognostic classes, this plan consistently increased median
survival time to 23, 17, and 14 months for RTOG Classes
III, IV and V, respectively. This compares with the 17.9,
11.1, and 8.9 months median survival for respective classes
seen in previous RTOG trials using standard doses of RT
with chemotherapy (90). Of the 23 patients treated to these
high doses, only one had tumor recurrence within the dose-
escalated region. Despite the better control in the high-dose
region and increased median survival, all patients in whom
tissue was obtained (n=7) developed radiation necrosis, and
neurological deterioration was observed in most patients.

A more recent study from Tsukuba also dose-escalated
to 96.6 Gy(RBE) over 56 fractions, obtaining a median
survival of 21.6 months in 21 patients, most having RTOG
Class IV GBM (91). Stratifying by size of the enhancing
tumor, it was found that acute side-effects were tolerable
with smaller tumor volumes. However, this study was not
able to comment on late-effects of the radiation, because
it was difficult for imaging to distinguish between tumor
recurrence and necrosis. These studies demonstrate dose-
escalation up to 96 Gy(RBE) with proton therapy provides
effective LC and offers some increase in median survival.
At such high doses, however, the radiation necrosis
experienced represents a significant toxicity and may limit
quality of life benefits. Nonetheless, when combined with
concurrent chemotherapy, particle therapy at intermediate
doses may yet play an important role in the treatment of
these aggressive tumors. Mizoe er a/. used carbon ion RT to
provide a boost of 16.8-24.8 Gy(RBE) to the tumor volume
with concurrent nimustine hydrochloride in 32 patients.
Median survival was 17 months and progression-free
survival ranged from 7-19 months, depending on the dose
of carbon-ion boost to the tumor. The incidence of late-
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toxicities appears low, with only four patients experiencing
Grade 2 brain reactions. European investigators are also
actively studying the potential utility of carbon ions,
utilizing their inherently higher RBE in an attempt to
overcome radiation resistance for gliomas and other brain
tumors (92,93).

Discussion and future directions

Particle therapy promises to expand the therapeutic ratio
for radiotherapy. The central tenants of radiation therapy
remain treatment of the tumor and sparing of normal tissues.
Given the high implementation costs, however, substantial
controversy remains. In calculating the cost effectiveness
of various radiation modalities, it is of great importance to
consider the potential implications of late adverse effects.
Indeed, several studies have used models to demonstrate
the potential cost-benefits of particle therapy (94-97).
These studies concluded that, when used to treat carefully
selected patients, particle therapy has the potential to be
cost saving through decreased toxicities and increased
quality of life.

Another major criticism of particle therapy is the lack
of clinical evidence showing benefit in efficacy and toxicity
compared with the best photon therapy. For many years,
the number of trials will be limited due to the lack of
proton treatment facilities and the small number of patients
at each site. In 2002, only two proton therapy facilities
were in operation in the US. Currently, there are only ten
proton centers operational in the US. As clinical evidence
accumulates, it is hoped that the long-term cost benefits of
normal tissue sparing will be realized.

There are several developing areas in particle therapy
which may offer even greater benefit. To date, the majority
of published studies on particle therapy for CNS tumors
have used PSPT. Active-scanning techniques, including
IMPT, may offer improved conformity while maintaining
dose sparing of normal tissues. Active scanning, by not
requiring the scattering foils used for passive scattering,
creates fewer neutrons at beam delivery, thereby further
minimizing the risk of inducing secondary malignancies.
As scanning-beam treatments are implemented, there may
also be an opportunity for biologic treatment planning with
proton therapy, as the RBE of proton beams may increase at
the most distal edge, although to a much lesser extent than
is observed with heavier particles (98,99). Although carbon-
ion RT may also offer increased efficacy for radiation-
resistant tumors, there are currently only a few institutions
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worldwide offering carbon-ion RT, and none in the US.

As more institutions adopt particle therapy, the potential
of particle therapy is expected to translate into improved
outcomes over photon therapy. Published data are quite
promising, but much still remains to be learned about the
role of particle therapy.
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