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f From Martel ef al. 1999:

E D-50 = 84.5 Gy

v
-
.

70F s 3
Survival  gF o 3
to 30 S
50 =
months wl wp=10Gy |
% @ =0.35/Gy
st Tp =3 days 3
20} yla = 0.66/day 1
10}k Tk = 28 days 3
0 i i 1 1 L L i
Total Dose @ 2Gy/Fr. 60 70 80 90 100 110 120 130 Gy
Overall Time (days): 39 46 53 60 67 74 81 83 days
BED no profif: 60 72 84 96 108 120 132 144 1560y,,
BED Tp=3d, Tk=28d: 795 86.9 94.2 Yio
574 647 721 101.6 109 1164
1 e RER

(Mehta M, et al®. Int J Radiat Oncol Biol Phys 49 : 2001 X b 5H)
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fractionated accelerated radiotherapy (CHART) & M
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SR PR median 76 Gy 28 57(5 4E) 30(5 ) 70 16
SR 5155 50, 60 Gy/10[81/2 8 21 95(2 4F) 74(24E) 100 47
uwyryRE  BTE 51~60 Gy/10 [2l/2 8 68 74(3 5) 44(34%) NA NA
gﬂ%g‘“’“ T BT 70~04 Gy/20 El/A~58 36 0324F)  8124) 86 78

’ e 59.4~95.4 Gy/18 [1/6 8
T EE BEA A VR 68.4~79 2 Gy/9 [il/3 38 8l 76(5 4E) 42(5 4) 64 22
HEE T REA A B 72Gy/9E/3HE 50 94.7(5 4E) 50(54)  55.2 42.9

NA : not available
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Technical Considerations for Noncoplanar Proton-Beam
Therapy of Patients with Tumors Proximal to the Optic
Nerve

Masashi Mizumoto', Hidetsugu Nakayama, Mari Tokita?, Shinji Sugahara’, Haruko Hashif',
Takeji Sakae', Koji Tsuboi', Hideyuki Sakurai', Koichi Tokuuye™3

Purpose: To investigate technical feasibilities of noncoplanar proton-beam therapy (PBT) on dose reduction to critical organs.
Material and Methods: The degree of mechanical precision, rotational limitations of the gantry and the treatment couch were
evaluated, and dose-volume histograms were compared for noncoplanar and coplanar PBT. Following these studies, three patients
with tumors proximal to the optic nerve underwent noncoplanar PBT.

Results: Noncoplanar PBT offered advantage in dose reduction to the optic nerve when compared to coplanar therapy. This ad-
vantage was more significant if the tumor reduced in size during treatment. None experienced radiation injury to the optic nerve
during a short follow-up time of 7-12 months.

Conclusion: Noncoplanar PBT appears to reduce doses to organs at risk.
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Technische Aspekte der nichtkoplanaren Protonenstrahlentherapie bei Patienten mit proximal des Sehnervs gelegenen
Tumoren

Ziel: Untersuchung der technischen Maglichkeiten der nichtkoplanaren Protonenstrahlentherapie (PST) im Hinblick auf die Re-
duktion der Dosisbelastung von kritischen Organen.

Material und Methodik: Evaluiert wurden der Grad der mechanischen Prézision, die Rotationsbeschrdnkungen der Gantry und
des Behandlungstischs, und es wurden Dosis-Volumen-Histogramme fiir die nichtkoplanare und koplanare PST verglichen. Im
Anschluss daran wurden drei Patienten mit proximal des Sehnervs gelegenen Tumoren einer nichtkoplanaren PST unterzogen.
Ergebnisse: Die nichtkoplanare PST war im Hinblick auf die Reduktion der Dosisbelastung des Sehnervs im Vergleich zur kopla-
naren Therapie von Vorteil. Dieser Vorteil war in den Féllen, in denen die TumorgroRe wihrend der Behandlung abnahm, signifi-
kanter. Bei keinem der Patienten traten wihrend eines kurzen Nachuntersuchungszeitraums von 7-12 Monaten Strahlenschaden
am Sehnerv auf.

Schlussfolgerung: Die nichtkoplanare PST scheint die Dosisbelastung fiir Risikoorgane zu reduzieren.

Schliisselwérter: Protonenstrahlentherapie - Bestrahlung - Nichtkoplanar - Koplanar - Technische Aspekte

Introduction nar PBT lie in the beam direction, that is, in the former the
Proton-beam therapy (PBT) has been proven to offer the best ~ beam enters the target through any spherical angles, whereas
physical dose distributions when compared to other therapeu-  in the latter the beam plane is perpendicular to the corporal
tic techniques such as three-dimensional conformal, stereo-  axis. In this communication, attempts were made to reduce
tactic, or intensity-modulated radiotherapy [1, 2, 4-7, 11, 12, the dose to the optic nerve by selecting beam directions on
15-17, 21-25, 27-30]. Differences in noncoplanar and copla-  noncoplanar basis.
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Material and Methods
The PBT system used consists of an iso-
centrically rotational gantry equipped
with an X-ray imager, a rotational treat-
ment couch, a treatment-planning sys-
tem, a treatment-planning computed
tomography (CT) scanner, and an X-ray
simulator without any modification of
the system [26]. Proton beams ranging
from 155t0250 MeV,generated through
a linear accelerator and synchrotron
(Probeat, Hitachi, Tokyo, Japan), were
spread out and shaped with a ridge fil-
ter, double-scattering sheets, multileaf
collimators, and a custom-made bolus,
to confirm the beams to the treatment-planning data. Since
the beam enters the target through unconventional routes in
noncoplanar therapy, system precision studies were carried
out to ensure that there was no deviation of the isocenter
while rotating the gantry and the treatment couch loaded with
a 60-kg phantom. This treatment-planning system was used for
noncoplanar PBT planning after feeding treatment-planning
CT data taken at 2-mm intervals to the system. During each
treatment session, the position was precisely adjusted through
anterior and lateral orthogonal fluoroscopy unit attached to
the treatment unit.

To validate dose distributions obtained by the treatment
planning for noncoplanar therapy, CT images of a 10-cm
spherical phantom were taken at 2-mm and 5-mm intervals
after matching the center of the phantom with that of the
treatment-planning CT at various treatment couch angles,
including 45° and 90°. Dose distributions obtained were then
compared for noncoplanar and coplanar approaches. Range
differences were found in noncoplanar beams according to the
treatment couch angles and CT image intervals, and maximal
difference was within half of CT slice thickness.

Following these phantom studies, dose-volume histo-
grams (D VHs) were obtained for three patients whose tumors
were located adjacent to the optic nerve. Both noncoplanar
and coplanar D VHs were obtained for each patient and under
a condition in which the treatment reduced the tumor size by
1 ¢cm on the beam direction. The maximal depth was measured
to adjust the treatment planning.

Following these preliminary studies, three patients with
tumors close to the optic nerve and chiasm underwent non-
coplanar therapy: Case | was a 52-year-old woman with ol-
factory groove meningioma (8, 19]. Her sole complaint was
headache with a performance status of (. She underwent non-
coplanar therapy receiving 55.4 GyE in 28 fractions over 45
days to the tumor with an attempt to reduce the optic nerve
dose (Figure la). Case 2 was a 63-year-old woman with glio-
blastoma multiforme in the left frontal cortex. After the tumor
had been removed macroscopically, she received twice-daily
two-modality radiotherapy with X-rays during mornings to a
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Figures 1a to 1c. Dose distributions of noncoplanar planning for patients who underwent pro-
ton-beam therapy. Cases1(a), 2 (b),and 3 (c).

wd

Abbildungen 1a bis 1c. Dosisverteilungen der nichtkoplanaren Planung fiir die einer Protonen-
strahlentherapie unterzogenen Patienten. Falle 1 (a), 2 (b) und 3 (c).

total dose of 50.4 Gy in 28 fractions and PBT at least 6 h after
X-ray therapy to a total dose of 46.2 GyE in 28 fractions [3,
14, 20). Noncoplanar therapy was used to minimize the reti-
nal dose (Figure 1b). Case 3 was a 34-year-old woman hav-
ing pleomorphic adenoma of the right superior eyelid that re-
curred after repeated excisions. She underwent PBT because
surgery failed to control the tumor [9, 18], receiving 45.5 GyE
in 23 fractions to the entire right orbit by coplanar therapy fol-
lowed by noncoplanar therapy delivering 21.8 GyE in eleven
fractions (Figure 1c).

These patients were followed for 7-12 months (median
10 months). Overall treatment time was defined as the period
from the first therapy session day to completion of the entire
course of treatment. Acute and late treatment-related foxici-
ties were recorded according to the National Cancer Institute’s
Common Toxicity Criteria version 3.0. The relative biological
effectiveness (RBE) of the PBT was assumed to be 1.1 in this
study [13].

Results
The isocenter position remained within a 1-mm range when
the treatment couch was moved and rotated with a phantom
loading. The gantry rotation was not restricted in the coplanar
setup, but restricted in the noncoplanar setup: from 270° to 30°
when the treatment couch rotated counterclockwise, and from
330° to 90° when the treatment couch rotated clockwise.

Dose distributions and distribution lines for a spherical
phantom were the same for both noncoplanar and coplanar
setup. Range differences in noncoplanar beams were from 1 to
2.5 mm, which were nearly half of the CT slice thickness, when
the ranges of coplanar beams were controlled. In case 1, dose
distributions expressed as percent volume versus percent dose
revealed that noncoplanar plans appeared desirable (Figure
2a, P1-1) when compared to coplanar plans (Figure 2a, P1-2).
Further, the optic nerve dose was reduced when the tumor size
was reduced by 1 cm on the beam direction as shown in Fig-
ure 2a (P1-3 vs. P1-4). In case 2, DVHs remained unchanged
for noncoplanar plans (Figure 2b, P2-1) even if there was a
1-cm reduction in tumor size during therapy (Figure 2b, P2-3).
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Figures 2a to 2c. DVHs of the optic nerve doses for cases 1(a), 2 (b), and 3 (c), respectively. Solid lines of P1-1, P2-1 and P3-1 represent DVHs of non-
coplanar planning; dotted lines of P1-2, P2-2 and P3-2 represent DVHs of coplanar planning. When the proton beams reach 1 cm downstream due
to tumor shrinkage, the DVHs (P1-3, P2-3 and P3-3 for noncoplanar planning, and P1-4, P2-4 and P3-4 for coplanar planning) suggest superiority of
noncoplanar plans in these selected patients.

Abbildungen 2a bis 2¢. DVHs der Sehnervdosen fiir Félle 1(a), 2 {b) und 3 (c). Durchgehende Linien von Pi-1, P2-1 und P3-1 stellen DVHs der nichtko-
planaren Planung dar; gepunktete Linien von P1-2, P2-2 und P3-2 stellen DVHs der koplanaren Planung dar. Wenn die Protonenstrahlen aufgrund
einer Tumorschrumpfung 1cm hinter den Tumor reichen, deuten die DVHs (P1-3, P2-3 und P3-3 fiir die nichtkoplanare Planung und P1-4, P2-4 und

P3-4 fiir die koplanare Planung) bei drei der ausgewihiten Patienten auf eine Uberiegenheit nichtkoplanarer Pline hin,

The DVHs for coplanar plans (Figure 2b, P2-2) were the same
when the tumor reduction during treatment was taken into ac-
count (Figure 2b, P2-4), suggesting a higher dose to the optic
nerve. In case 3, there was a significant advantage in nonco-
planar plans over coplanar plans as shown in Figure 2¢. These
results suggest that noncoplanar plans offered a considerable
advantage in dose reduction to the optic nerve in all three
cases, and that this effect was more significant if reduction in
tumor size occurred on the beam direction.

These patients completed noncoplanar therapy with-
out interruptions. In case 1, the patient suffered from grade
1 acute dermatitis during therapy, but 1 year after PBT, the
primary tumor was under control with no late adverse event.
In case 2, local failure occurred 6 months after PBT requiring
palliative care. In case 3, the patient experienced grade 2 acute
dermatitis but no late toxicity 10 months after PBT.

Discussion
Since the dose distribution depends on the proton stopping
power that is influenced by a CT Hounsfield value, there is
uncertainty in dose distribution within nonhomogeneous
tissue. Considering the fact that the RBE value increases
at the end of the Bragg peak. these two factors may result
in differences in prescribed and actual doses. Therefore,
minimizing the radiation dose to the organs at risk should
be made by cutting the beam with a collimator, or select-
ing a proper port rather than by means of manipulating the
proton stopping power. A noncoplanar technique calls for
an increase in port selection for the tumor when attempting
to exclude the organs at risk. In the three cases treated via
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noncoplanar ports, the use of a collimator made it possible
to avoid the optic nerve, apparently a better approach when
compared to coplanar ports. Safe treatment is required par-
ticularly in the case of benign tumors. Small range differences
of 1-2 mm make a big difference in doses given, and these dif-
ferences become bigger when the biological factor of RBE is
in consideration. In addition, fraction doses may be associated
with optic nerve toxicities [10]. Therefore, considerable cau-
tion is needed for selecting treatment planning when proton
beams directly go to optic nerve.

Range uncertainty occurs in each setup, and in addition,
the tumor may be reduced in size as therapy proceeds requir-
ing in-range changes. In our series, no reduction in tumor size
occurred during treatment, however, this possibility should be
taken into account. When the range was lengthened by 1 cm
in terms of dose distributions, dose distributions were much
better for noncoplanar than those of coplanar ports (Figure
2a).

Currently, the isocenter position was confirmed with an
X-ray fluoroscopy system before each therapy and by daily
confirmation of its position three-dimensionally, noncoplanar
therapy was given after relocating the patient to a specified
position, omitting final-adjustments. However, mechanical er-
rors incurred during these procedures were found to be of < 1
mm. Currently, treatment-planning CT for noncoplanar ther-
apy is taken at 2-mm intervals, resulting in an error of < 1 mm.
These two errors, possible isocentric error after rotating table
and range uncertainty by CT slice interval, were in addition to
those incurred by coplanar PBT. Thus, noncoplanar therapy
is preferred to coplanar therapy if the sum of these errors is

Strahlenther Onkol 2010 - No. 1
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covered by better dose distributions provided by the former.
Noncoplanar PBT has advantages in selected patients. In our
series, only three patients underwent noncoplanar PBT out of
190 patients with head or head-and-neck tumors.

Conclusion

For selected cases, noncoplanar PBT may reduce doses to
critical organs even when the tumor shrinks during treat-
ment. Further improvements in PBT system are necessary to
broaden the application of this modality.
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CLINICAL INVESTIGATION

PHASE III TRIAL OF HYPERFRACTIONATED CONCOMITANT BOOST PROTON
RADIOTHERAPY FOR SUPRATENTORIAL GLIOBLASTOMA MULTIFORME

MasasHl Mizumoto, M.D., Pu.D.,* Kon Tsusoi, M.D., PH.D.,*T HmrosH Igaki, M.D., PH.D.,§
Tersuya Yamamoro, M.D., PH.D.,T Sumco Takano, M.D., PH.D.,J( Yosuiko OsHro, M.D., Pu.D.,*
YasuTaka HavasHi, M.D.,i Haruxko HasHg, M.D.,;t AYAE KANEMOTO, M.D.,i
Hmersucu Nakayama, M.D., Pu.D.,* SHINIT SUGAHARA, M.D., Pu.D.,* HoEYUuxt Sakural, M.D.,
Pu.D..* AKIRA MATSUMURA, M.D., PH.D.,T AND KoicHr Tokuuyg, M.D., Pu.D.T

* Proton Medical Research Center and tDepartment of Neurosurgery, Graduate School of Comprehensive Human Sciences, University

of Tsukuba, Tsukuba, Ibaraki, Japan; *Department of Radiation Oncology, University Hosgital of Tsukuba, Tsukuba, Ibaraki, Japan;

§Department of Radiology, Teikyo University School of Medicine, Kaga, Tokyo, Japan; and * Department of Radiology, Tokyo Medical
University, Shinjuku, Tokyo, Japan

Purpese: To evaluate the safety and efficacy of postoperative hyperfractionated concomitant boost proton radio-
therapy with nimustine hydrechloride for supratentorial glioblastoma multiforme (GBM).
Methods and Materials: Twenty patients with histologically confirmed supratentorial GBM met the following
criteria: (1) a Karnofsky performance status of =60; (2) the diameter of the enhanced area before radiotherapy
was =40 cm; and (3) the enhanced area did net extend to the brain stem, hypothalamus, or thalamus. Magnetic
resonance imaging (MRI) T,-weighted high area (clinical tumeor volume 3 [CTV3]) was treated by x-ray radiother-
_apy in the morning (50.4 Gy in 28 fractions). More than 6 hours later, 250 MeV proton beams were delivered to the
enhanced area plus a 10-mm margin (CTV2) in the first half of the protocel (23.1 GyE in 14 fractions) and to the
enhanced volume (CTV1) in the latter half (23.1 GyE in 14 fraction). The total dose to the CTV1 was 96.6 GyE.
Nimustine hydrochloride (80 mg/m2) was administered during the first and fourth weeks.
Results: Acute toxicity was mainly hematologic and was controllable. Late radiation necrosis and leukoencephal-
opathy were each seen in one patient. The overall survival rates after 1 and 2 years were 71.1% and 45.3%, respec-
tively. The median survival period was 21.6 months. The 1- and 2-year progression-free survival rates were 45.0%
and 15.5%, respectively. The median MRI change-free survival was 11.2 months.
Conclusions: Hyperfractionated concomitant boost proton radiotherapy (96.6 GyE in 56 fractions) for GBM was
folerable and heneficial if the target size was well considered. Further studies are warranted to pursue the possi-
bility of controlling border region recurrences. © 2009 Elsevier Inc.

Glioblastoma, Proton, Radiotherapy, X-ray, High dese.

INTRODUCTION a recursive partitioning analysis (RPA) of 1,578 patients
from Radiation Therapy Oncology Group (RTOG) clinical
trials was advocated by Curran et al. (5), and their pretreat-
ment- and treatment-related prognostic factors were proved
useful and were validated in subsequent clinical analyses (6,

Patients with glioblastoma multiforme (GBM) have a poor
prognosis. Even the most aggressive therapeutic methods
have achieved only modest successes in outcomes. Some
early studies showed that radiotherapy after surgical resection

improved overall survival and time to progression (1. 2). Also, 7). In this RPA classification, patients with GBM were classi-
other studies demonstrated that radiotherapy plus chemother- fied as class III or higher, and the median survival times for
apy resulted in a modest improvement in survival (3, 4). A GBM patients in class III (age <50; Karnofsky performance

classification system of high-grade gliomas developed by status [KPS], 90-100) and class IV (age, <50; KPS, <90; or
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