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ABSTRACT

Aim To explore the potential of scanned helium ion beam therapy (*He) compared to proton
therapy in a comparative planning study focusing on pediatric patients. This was motivated by the
superior biological and physical characteristics of “He.

Material and methods For eleven neuroblastoma (NB), nine Hodgkin lymphoma (HL), five Wilms
tumor (WT), five ependymoma (EP) and four Ewing sarcoma (EW) patients, treatment plans were
created for protons and “He. Dose prescription to the planning target volume (PTV) was 21 Gy
[relative biological effectiveness (RBE)] (NB), 19.8 Gy (RBE) (HL), 25.2 Gy (RBE) for the WT boost
volume and 54 Gy (RBE) for EP and EW patients. A pencil beam algorithm for protons (constant
RBE=1.1) and “He was implemented in the treatment planning system Hyperion. For *He the
relative biological effectiveness (RBE) was calculated with a ‘zonal’ model based on different linear
energy transfer regions.

Results Target constraints were fulfilled for all indications. For NB patients differences for kidneys
and liver were observed for all dose-volume areas, except the high-dose volume. The body volume
receiving up to 12.6 Gy (RBE) was reduced by up to 10% with “He. For WT patients the mean and
high-dose volume for the liver was improved when using *He. For EP normal tissue dose was
reduced using *He with 12.7% of the voxels receiving higher doses using protons. For HL and EW
sarcoma patients the combination of large PTV volumes with the position of the organs at risk
(OARs) obliterated the differences between the two particle species, while patients with the heart
close to the PTV could benefit from “He.

Conclusion Treatment plan quality improved with *He compared to proton plans, but advantages
in OAR sparing were depending on indication and tumor geometries. These first results of scanned
“He therapy motivate comprehensive research on “He, including acquisition of experimental data
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to improve modeling of *He.

Physical, biological and clinical properties of different ion
species were first examined for radiation oncology purposes in
the early 1950s at the Lawrence Berkeley Laboratory (UCLBL)
using protons and helium ions [1]. Between 1975 and 1992
about 1700 patients were treated at the UCLBL with helium
and neon ions [2]. These particles were used for the treatment
of meningioma, tumors of the skull base, bone sarcoma,
adenocarcinoma and uveal melanoma and good results in
terms of clinical outcome were reported [3-5].

Today's particle therapy facilities focus on protons and
carbon ions mostly due to economical factors, e.g. moderate
startup costs for protons.

Helium ions (*He), being in a similar linear energy transfer
(LET) range as protons, offer an improved relative biological
effectiveness (RBE) and oxygen enhancement ratio, while
potentially allowing for less demanding biological modeling
compared to carbon ions. Biological experiments for helium
ions showed a higher RBE in the Bragg-Peak region of up to

1.6, and the OER at 10% survival was found to decrease from
29 to 2.6 in the peak region when compared to protons
[6-9]. These are certainly advantageous features for eradica-
tion of radio-resistant hypoxic tumors. Due to their physical
and biological properties charged particles heavier than
protons and lighter than carbon, like helium ions are an
attractive option for achieving highest conformity while
sparing the adjacent tissue [3]. For protons the beam
penumbra at greater depths is comparable to that of high
energy photon beams while *He having four times the mass
of a proton, are less affected by multiple scattering. Beam
broadening and range straggling is reduced by a factor of
two [9]. Consequently, this leads to a sharper beam
penumbra at all depths potentially reducing the dose
deposition perpendicular to the beam. Additionally the
more pronounced Bragg peak and a steeper dose fall-off
behind the Bragg peak could help to increase the conformity
of the dose distribution [10].
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Especially for pediatric patients “He could have the potential
to reduce the volume of irradiated normal tissue, without
bringing the disadvantage of additional dose caused by the
fragmentation tail, like it is observed for carbon ions [11]. This
could not only improve the dose distribution for small tumor
lesions, but also reduce the total overall dose for children
suffering from large tumors, potentially reducing side effects
and secondary cancer induction [12-15]. In a treatment planning
study the real clinical benefits of a “He treatment for pediatric
patients could be explored above the theoretical advantages
predicted from the physical and biological properties.

In order to investigate the clinical benefits of *He and to
benchmark them against protons a treatment planning system
(TPS) suitable to calculate biological and physical doses for
organs at risk (OAR) and tumor tissue is essential. A research
version of an “He dose calculation algorithm was developed
[16] and implemented into a TPS, allowing biologically
weighted dose calculation for protons and “He [17,18].

For our first “in-silico” pre-clinical evaluation of “He we
focused on pediatric patients and tumor sites commonly
treated with protons, i.e. Neuroblastoma (NB), Hodgkin
lymphoma (HL), Wilms tumors (WT), ependymoma (EP) and
Ewing sarcoma (EW). Based on these indications the difference
between proton and *He dose distributions and the resulting
effects on OARs, the tumor volume and the surrounding
normal tissue were investigated.

Materials and methods
Patients

Eleven pediatric patients diagnosed with NB (range 1.7-6.9 years),
nine patients suffering from HL (7/9 between 15 and 18 years,
two only 6 years old), five WT (range 3.3-7.7 years), five EP (2/5
younger than 5 years, three patients between 12 and 25 years)
and four EW (3.8, 14.3, 24.9 and 25.7 years) patients were selected.

Clinical target volume (CTV) delineation for NB (CTVyg) and
WT (CTVwrinital) Patients included the pre-operative gross target
volume (GTV) and areas of local lymph node enlargement. In
case of WT patients an additional boost volume (CTV\yrpoost) Was
defined on the macroscopic tumor remainder after surgery. CTV
definition for HL (CTVy) patients included the GTV and the
involved lymph nodes at diagnosis adapted to the post-
chemotherapy anatomy. The EP CTV (CTVgp) included the
tumor bed at the primary site and macroscopic residual tumor
after surgery plus 0.5cm uniform margin. For EW patients the
tumor extent at diagnosis plus a 2cm safety margin was
irradiated. For NB, WT and HL additional margins were added to
construct the planning target volume (PTV), consisting of 8 mm
in anterior-posterior and lateral and 15mm in cranio-caudal
direction. The PTV margin for EP was 0.5 cm in all directions. For
patients under the age of 14, the vertebral body including an
isotropic margin of 5mm was included into the PTV to avoid
asymmetrical growth. All treatment volumes were defined
according to international treatment protocols (European Low
and Intermediate Risk Neuroblastoma Protocol: A SIOPEN Study,
SIOP  2001/GPOH, EuroNet-PHL-C1; Ependymoma: SIOP
Ependymoma I, ET-13-002; Ewing: Ewing2008, 2008-003658-13).

Due to the patient’s age the body volume varied essentially
for the different patient groups, namely it ranged from

2221-6791cm?,  6529-44012cm®,  4208-6812cm®,  4631-
29352cm® and 4850-6305cm® for NB, HL, WT, EP and EW
patients, respectively. Also the size of the PTVs showed essential
differences that are depicted in Figure 1 and listed in Table 1. In
general the OARs defined for plan evaluation and/or optimiza-
tion depended on the tumor location and included the liver,
kidneys, spinal cord, heart, lungs, and breasts and for brain
tumors chiasma, optical nerves, hypophysis and eyes.

Treatment techniques

For NB the prescribed dose (Dgrs) was 21.0Gy (RBE) (14
fractions) [ICRU50], for HL 19.8 Gy (RBE) (11 fractions) and for EP
54 Gy (RBE) (30 fractions). Two dose levels were irradiated in
WT patients, 14.4 Gy (RBE) to PTVrinitial Plus 10.8 Gy (RBE) to
PTVwrboost in 14 fractions. EW sarcoma patients were separated
in two groups, one patient was irradiated with two dose levels
of 36 Gy (RBE) and a boost up to 54Gy (RBE) and the other
three patients with 54 Gy (RBE) in 30 fractions. Treatment plans
were accepted if at least 95% of the respective PTV (PTVyg,
PTVhy PTVEp, PTVew and PTVirpoost) Was covered by 95% of the
prescribed dose. In order to facilitate a reliable comparison the
same beam configuration was used for protons and *He ions.
NB and HL patients received one single or two opposing
beams from anterior (and posterior) direction, while WT, EP and
EW patients were planned with one posterior and one or two
lateral beams (90° or/and 270°).

All intensity-modulated treatment plans were based on spot
scanning and created using a research version of the TPS
Hyperion, which was modified to allow biologically optimized
treatment planning for protons and “He [16].

Up to now, no clinical *He beam line is in operation.
Therefore, beam line characteristics for “He and protons were
simulated using Monte Carlo methods, assuming hypothetical
beam data that were based on realistic geometries used in
proton and carbon ion facilities.

Beam energies ranged up to 220 MeV/u were considered
with an initial energy spread of 1.5 MeV/u and beam emittance
and divergence were set to zero. For tumors located close to
the surface a range shifter corresponding to 3cm water
equivalent material was assumed and modeled by the TPS.
Spot sizes of the Gaussian shaped initial beams at Nozzle exit
were taken as 3 mm approximately corresponding to a FWHM
of 7 mm. The calculation grid size was 3 x 3x3 mm?, with beam
spots arranged on a 4 x 4mm? grid.

For protons a constant RBE value of 1.1 was assumed [19],
while for *He a depth-dependent “zonal” RBE model was
employed [18]. In the plateau region, i.e. up to approximately
15mm of the residual range a RBE of 1.1 was assumed,
followed by an increasing RBE up to 1.6 at the Bragg peak and
a constant RBE of 1.6 distal to the Bragg peak region. The LET
dependent RBE model was based on cell line experiments
performed in passively scattered “He beams in Japan [7,9] and
on historical data from Berkeley [8,16,20].

Treatment plan analysis

For each patient cohort PTV median (Dsge), Near minimum
(Dgggs) and near maximum (D) RBE weighted doses were
evaluated. Dggo, above 90% was aimed for Dps, while the
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Figure 1. Axial and coronal CT slices of representative patients for all indications: (a) Neuroblastoma, (b) Wilms tumor, (c) Hodgkin Lymphoma (d) Ewing sarcoma, (e)

Ependymoma. Color figure available online.
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Table 1. Dosimetric evaluation of PTV coverage parameters (median values of all patients in the respective group and corresponding ranges) for protons and “He.
Mean PTV volumes including standard deviation (MV +SD) and PTV ranges are given in the case column. *marks a p-value <0.05.

Doss [Gy (RBE)]
median (range)

Vosa [Gy (RBE)]
median (range)

Cl (%)
median (range)

HI median
(range)

Case (PTV volume) Treatment Dy [Gy (RBE)] Dsoo [Gy (RBE)]
MV +SD (range) modality median (range) median (range)
Neuroblastoma (PTVyg) p 22.0 (21.9-22.1) 21.6 (21.5-21.7)
424+164 cm® “He 220 (21.9-22.1) 216 (21.5-21.6)
(233-753 cm?)

Hodgkin (PTVy,) p 205 (20.5-20.6)  20.1 (20.1-20.2)
763+375 cm® “He 20.6 (20.4-20.8)  20.2 (20.1-20.3)
(327-1497 cm’)

Wilms (PTViwtboost) p 26.1 (26.1-26.7)  25.9 (25.7-26.2)
468+115 cm® “He 26.1 (26.1-26.1)  25.9 (25.9-26.0)
(297-580 cm®)

Ewing (PTVew) p 55.6 (55.1-55.9)  54.6 (54.0-54.6)
625+279 cm® “He 554 (55.1-55.6)  54.7 (54.5-54.9)
(375-1015 cm?)

Ependymoma (PTVgp) p 55.5 (55.4-55.6) 54.7 (54.7-54.9)
223+46 cm® “He 555 (55.3-55.7)  54.8 (54.6-54.9)

19.1 (19.0-19.3)
19.4 (18.9-20.0)*

18.1 (18.0-18.5)
18.1 (17.9-18.8)

22.8 (22.8-23.0)
23.0 (22.8-23.2)

49.7 (49.7-50.6)
49.7 (49.4-50.2)

50.1 (49.2-50.1)
50.5 (49.1-51.5)

95.4 (95.1-96.0)
96.9 (95.2-98.0)*

95.5 (95.3-97.4)
95.8 (95.1-98.1)

95.1 (95.1-95.4)
96.2 (95.1-96.5)

95.6 (95.4-97.2)
96.3 (96.1-96.6)

96.0 (95.3-97.1)
95.8 (95.2-98.3)

90.1 (86.7-91.5)*
89.2 (73.5-91.3)

88.4 (83.3-90.9)*
85.8 (71.6-87.5)

89.6 (86.1-90.6)
90.4 (66.9-91.3)

78.4 (63.7-81.2)
76.6 (64.1-80.8)

80.7 (73.4-81.6)
78.4 (75.9-83.0)

0.13 (0.13-0.14)
0.12 (0.09-0.14)*

0.12 (0.10-0.13)
0.13 (0.09-0.14)

0.13 (0.12-0.15)
0.12 (0.11-0.13)

0.10 (0.10-0.11)
0.10 (0.09-0.11)

0.10 (0.09-0.12)
0.09 (0.07-0.12)

(174-279 cm®)

maximum allowed D¢, was 107% of Dpyes [21]. Furthermore,
the homogeneity index (HI) [21]

Dyg — Dogg,
HI = 2% 98%

Dso%

and the conformity index (Cl) [22] were calculated

V2

Cl = PTV98%
(Vpaoss X Verv)’

where Vpryogy represents the PTV sub-volume encompassed
by the 95% isodose line, Vp 059 the total volume of the patient
encompassed by the 95% isodose line and Vpry the total
volume of the PTV.

OAR doses were compared using averaged dose-volume
histograms (DVH) and dosimetric parameters. Dsgo, Do, and
the low- (LDVol), median- (MDVol), and high-dose (HDVol)
volumes were considered, defined as the volumes receiving
20%, 50% and 80% of Dpyes. For body structure evaluation
various DVH points between 1% and 95% were statistically
compared.

Furthermore, differences in dose distribution were analyzed
using dose difference maps (DDM). Dose distributions for “He
treatment plans were subtracted voxel by voxel from the
corresponding proton plan distributions. In any case, dose
differences smaller than 1 Gy (RBE) were disregarded.

Statistical analysis

The signed Wilcoxon-Rank sum test was used for parameter
comparison regarding the proton plans as reference. Results
were assumed as significant for p-values smaller than or equal
to 0.05. Median values were used for plan comparison while
all results including the corresponding ranges are listed in
Tables 1 and 2.

Results

Target structures

Table 1 summarizes all target-related volume and evaluation
parameters for all indications.

For NB patients the median Dsqy, was 21.6 Gy (RBE) and did
not exceed 103% for a single patient. Although both particle
species covered the target well, a significantly improved Vgso,
was found for *“He. Isodoses for representative NB patients are
depicted in Figure 2 including the corresponding dose profiles.
Comparable target coverage could be achieved for HL and EP
patients using protons and “He, whereas the PTV received a
median Dsgq, of 20.1 Gy (RBE) and 54.8 Gy (RBE), respectively,
and never exceeded 102%. Dsq for EW patients was
comparable for both treatment techniques within 0.9 Gy
(RBE) and never exceeded 102%. For NB, HL, EP and EW
patients Do, and Dogo, did not differ between p and *He and
remained below 105% and above 90%, respectively. HI and Cl
were also comparable between “He and protons for these four
indications ranging from 0.09 to 0.13 and from 76.6% to 90.1%,
respectively.

Results differed for the WT patients having two dose levels
(PTVuwrinitial and PTViwTboost). Using *He resulted in Vgse,=96.2%
for PTVpoost and Vgs0,=95.1% for protons. Dogg, for PTViwTboost
showed better values for “He and was always above 90%. Do,
was 104% for both treatment modalities. The dose fall-off
between PTVwrpoost and PTVyrinitar Was found to be steeper
for “He, which was also reflected in a superior HI. For
PTVwrinitial-PTViwTeoos: the median Dsge, was 108% for “He and
protons.

Organs at risk

It was found that differences in OAR and body doses were
mainly correlated with the size of the tumor and the patient’s
body size, resulting in most pronounced variations for NB and
EP patients having the smallest PTV and body volumes.
Detailed dose-volume parameters and significance levels
(with respect to the proton plan) are summarized in Table 2.

Neuroblastoma patients

Kidneys, liver and spinal cord were of peculiar interest for the
NB patients. The spinal cord could not be spared explicitly
since the vertebral body was included in the PTV for all
patients. MDVol for the ipsilateral and contralateral kidneys and
the liver was significantly reduced using *He, i.e. by 11%, 15%
and 39%, respectively. For LDVol pronounced differences
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Table 2. Summary of DVH evaluation parameters for OARs comparing proton and “He treatment plans (median values of all patients in the respective group and
corresponding ranges). *marks a p-value <0.05.

Treatment Dso9 [Gy (RBE)] Dy9 [Gy (RBE)] LDVol [%)] MDVol [%] HDVol [%]
OAR modality median (range) median (range) median (range) median (range) median (range)
Neuroblastoma
Spinal cord p 214 (0.7-21.6) 21.9 (21.8-22.0) 73.4 (44.1-98.5) 71.5 (41.1-96.9) 67.9 (38.7-93.5)
“He 214 (0.4-21.6) 21.9 (21.8-22.0) 72.6 (42.7-98.5)* 69.4 (39.9-95.2)* 65.7 (37.8-91.3)*
Liver p 0.1 (0.1-9.9) 21.3 (18.8-21.8) 35.0 (24.9-79.4) 17.1 (6.8-45.4) 5.4 (2.7-25.7)
“He 0.1 (0.1-8.7) 21.3 (18.9-21.8) 35.7 (23.7-78.1) 10.5 (4.6-39.2)* 5.8 (2.8-25.7)
Kidney contralateral p 1.0 (0.2-10.1) 19.7 (15.7-21.7) 32.4 (18.9-91.1) 15.5 (7.4-44.6) 4.8 (1.2-18.4)
“He 1.0 (0.1-7.7)* 20.0 (15.1-21.9) 32.6 (14.5-89.5) 13.1 (4.7-35.9)% 3.7 (1.0-23.2)
Kidney ipsilateral p 10.4 (0.9-21.5) 21.8 (21.8-21.9) 66.0 (37.4-99.9) 49.3 (25.9-97.6) 30.6 (17.8-79.3)
“He 7.7 (0.6-21.5)* 21.8 (21.8-22.0) 67.1 (34.2-99.9) 44.0 (23.0-94.5)* 304 (16.3-79.0)*
Hodgkin
Lung contralateral p 0.1 (0.1-0.1) 19.6 (0.1-20.2) 11.1 (0.2-24.3) 5.0 (0.1-16.9) 3.4 (0.0-10.2)
“He 0.1 (0.1-0.5) 19.5 (0.1-20.3) 11.0 (0.0-25.9) 4.5 (0.0-17.9) 3.1 (0.0-11.2)
Lung ipsilateral p 0.1 (0.1-8.3) 20.2 (16.5-20.5) 24.0 (7.9-61.4) 11.6 (4.6-43.0) 6.5 (2.1-28.9)
“He 0.1 (0.1-11.0) 20.2 (16.1-20.5) 23.6 (6.4-65.0) 12.4 (3.2-54.6) 7.0 (2.0-35.1)
Heart p 0.1 (0.0-13.9) 16.7 (0.0-20.4) 11.6 (0.0-78.6) 5.7 (0.0-59.6) 3.2 (0.0-43.8)
“He 0.1 (0.0-13.7) 16.0 (0.0-20.7) 10.6 (0.0-75.8) 5.5 (0.0-57.9) 2.6 (0.0-40.1)
Wilms
Spinal cord p 25.7 (17.2-25.9) 26.1 (26.1-26.5) 78.9 (53.5-95.6) 75.9 (51.4-93.6) 73.4 (49.4-92.2)
“He 25.8 (14.1-25.9) 26.1 (0.0-26.1) 78.3 (52.7-96.7) 75.7 (51.4-94.5) 72.8 (49.-92.1)
Liver p 0.1 (0.1-10.1) 25.2 (16.0-25.9) 33.0 (12.1-63.2) 21.0 (7.6-31.7) 4.3 (0.5-6.8)
“He 0.4 (0.1-6.5) 24.9 (15.9-26.0) 31.3 (13.3-61.7) 18.4 (8.4-23.7) 3.9 (0.3-6.2)
Kidney contralateral p 0.2 (0.1-0.7) 0.2 (0.1-0.7) 23.3 (12.3-31.1) 11.5 (4.9-19.2) 3.8 (0.5-10.6)
“He 0.4 (0.4-1.0) 0.4 (0.4-1.0) 229 (9.7-32.1) 11.3 (4.0-16.2) 4.0 (0.4-5.9)
Ewing sarcoma
Spinal cord p 0.1 (0.1-0.3) 46.5 (36.0-55.6) 39.0 (27.4-43.5) 34.0 (12.2-41.8) 16.6 (0.0-40.6)
“He 0.1 (0.1-0.3) 46.5 (31.5-55.4) 38.1 (22.2-42.0) 34.4 (6.1-40.7) 16.4 (0.0-39.4)
Heart p 6.2 (0.0-13.5) 12.0 (0.0-54.8) 26.5 (0.0-54.1) 0.4 (0.0-28.3) 0.0 (0.0-10.5)
“He 3.8 (0.0-8.7) 9.0 (0.0-54.5) 20.1 (0.0-43.5) 0.1 (0.0-20.2) 0.0 (0.0-10.4)
Lung contralateral p 0.1 (0.1-0.1) 22.1 (0.1-53.7) 5.6 (0.0-29.6) 2.2 (0.0-10.0) 0.8 (0.0-6.2)
“He 0.1 (0.1-0.1) 22.0 (0.4-53.9) 5.2 (0.0-24.5) 2.0 (0.0-9.7) 0.7 (0.0-6.8)
Lung ipsilateral p 0.1 (0.1-37.4) 54.4 (54.1-55.4) 18.2 (8.2-63.7) 13.0 (6.3-54.4) 10.0 (4.6-47.6)
“He 0.1 (0.1-28.6) 54.8 (54.2-55.3) 16.4 (8.3-57.4) 12.3 (6.1-50.5) 9.7 (4.6-44.6)
Ependymoma
Chiasma p 1.6 (0.1-53.7) 17.2 (0.1-55.5) 5.1 (0.0-100.0) 0.0 (0.0-99.6) 0.0 (0.0-94.4)
He 2.3 (0.6-54.3) 20.3 (0.8-55.4) 5.1 (0.0-100.0) 0.0 (0.0-99.6) 0.0 (0.0-94.4)
Hypophysis p 8.3 (0.1-44.2) 34.1 (0.0-53.7) 46.2 (0.0-100.0) 13.2 (0.0-97.5) 5.7 (0.4-58.2)
He 6.6 (0.7-41.3) 33.6 (0.9-54.2) 36.0 (0.0-100.0) 11.6 (0.0-92.5) 6.8 (0.4-42.9)
Optical nerve left p 0.1 (0.0-0.9) 0.1 (0.0-6.7) 0.0 (0.0-0.2) 0.0 (0.0-0.0) 0.0 (0.0-0.0)
He 0.7 (0.1-0.8) 0.5 (0.0-4.7) 0.0 (0.0-0.2) 0.0 (0.0-0.0) 0.0 (0.0-0.0)
Optical nerve right p 0.1 (0.0-36.1) 0.1 (0.0-51.8) 0.0 (0.0-98.3) 0.0 (0.0-58.9) 0.0 (0.0-19.9)
“He 0.6 (0.1-33.3) 0.4 (0.0-51.7) 0.0 (0.0-89.7) 0.0 (0.0-58.3) 0.0 (0.0-19.9)

comparing the single patients were observed, whereas for the
HDVol area protons and “He performed equally well. DVH
curves averaged over all NB patients are shown in Figure 3.

Also the body volume receiving 0.2-12.6 Gy (RBE) was
significantly reduced by 1-15% for *He-based treatment plans.
This was underlined by the DDM demonstrating that 9.1%
(range 4.9-18.3%) of the voxels receive a higher dose in the
proton plans and only 4.5% (range 2.7-10.9%) in the *He plan
(p<0.05). Voxels receiving higher doses in the “He-based
treatment plans were located within or at the border of the
PTV. Voxels with higher doses in the proton plan were
dominantly located in the surrounding tissue, as illustrated in
Figure 4a for a representative patient.

Hodgkin lymphoma patients

For lungs, thyroid and heart no significant difference could be
observed when comparing “He and proton plans. LDVol,
MDVol and HDVol for the contralateral lung could be reduced
by 6% using *He. Body volumes receiving up to 11.9 Gy (RBE)

did not differ significantly, while differences between proton
and “He were on average 4% for the median HDVol. When
comparing the dose distribution for 6/9 patients more voxel
received higher doses in the proton plan than in the *He plan,
demonstrated in Figure 4c for a representative patient.

Wilms tumor patients

Relevant OARs for WT patients were liver, contralateral kidney
and spinal cord. The ipsilateral kidney and the spinal cord were
located within the target volume or the vertebral body,
respectively, and therefore not considered for the dosimetric
evaluation. For the contralateral kidney MDVol was reduced by
1-17% using “He. For the included patients the HDVol of the
liver were reduced by 6-35% comparing “He and proton plans.

The evaluation of the dose distribution in the whole body
showed median differences up to 14%. Only the body volume
receiving 0.3Gy (RBE) was 29% higher in “He plans when
compared to proton plans, exemplarily depicted in Figure 4b.
As PTVwriniiar covered large parts of the thorax region, i.e.
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Figure 2. Isodose distributions (left: protons, right: “He) of a representative Neuroblastoma patient. Corresponding horizontal and vertical dose profiles for two
positions on the depicted slice are shown as well. The profiles on the left side (vertical profile) and below the proton isodose distribution (horizontal profile) belong to
P1, the one on the right side (vertical profile) and below the “He distribution (horizontal profile) belong to P2. The solid lines (blue) of the dose profiles represent “He,

the dotted (red) protons. Color figure available online.
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Figure 3. DVH curves for (a) Neuroblastoma patients (averaged over all patients) showing PTV (red), liver (blue) and kidneys (contralateral: orange and ipsilateral:
green); (b) Ependymoma (averaged over all patients) displaying PTV (red), optical nerves (left: green and right: orange), hypophysis (purple) and chiasma (blue). The
solid lines represent “He and the dotted lines protons. Color figure available online.

between 674 and 1548cm?>, a big part of the normal tissue
received high doses, e.g. V7¢gy (reg) ranged from 20% to more
than 50% for the patients included in this study.

Ependymoma patients

The chiasma, optical nerves, eyes and the hypophysis were
considered in the OAR dose evaluation. In 4/5 patients Dsqy, to the

eyes and optical nerves was lower than 0.8Gy (RBE) with no
significant difference between protons and “He. The median LDVol,
MDVol and HDVol of the hypophysis over all five EP patients were
lower by 13-22% for the *He plans. No difference was observed for
the chiasma comparing the two treatment modalities. DVH curves
averaged over all EP patients are shown in Figure 3.

The comparison of the DDM showed better results for “He
with 12.7% (range 6.0-14.1) of the voxels receiving a higher
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Figure 4. Dose difference maps of a representative patient for all indications: (a)
Neuroblastoma, (b) Wilms tumor, (c) Hodgkin lymphoma, (d) Ewing sarcoma, (e)
Ependymoma. The red shaded areas represent the voxel receiving more dose in
the proton plans, the blue shaded ones receiving more dose in the “He plan.
Color figure available online.
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dose in the proton plans and only 0.5% (range 0.2-4.6) in the
“He plan, depicted in Figure 4e. The same tendency was
observed for the normal tissue volumes receiving 1-48.6 Gy
(RBE) with volumes smaller up to 13% in the *He plans.

Ewing sarcoma

Comparable to the HL patients, the relevant OARs for the EW
sarcoma patients were the spinal cord, heart, vertebral body
and the lungs. The spinal cord as well as the vertebral body
were located within the PTV for 2/4 patients and close to the
PTV for the other two cases resulting in comparable doses for
protons and *He. The heart to PTV distance was larger than five
computed tomography (CT) slices in 2/4 patients, in the other
two Dsgq, Was reduced by more than 4.5 Gy (RBE) when using
“He. The mean dose to the contralateral lung never exceeded
4.5 Gy (RBE). Up to 7% larger ipsilateral lung LDVol, MDVol and
HDVol were irradiated in the proton plans. Dose difference
map analysis (Figure 4d) revealed no difference between
proton and “He plans and also the dose in the remaining body
(body volume minus PTV and OARs) was comparable.

Discussion

Treatment plan creation using “He was feasible with the same
treatment planning software and resulted in slightly better
plans with respect to OAR sparing for selected patients and
tumor geometries when compared to proton plans. Especially
for the young NB patients the dose to the liver, the kidney and
the total body volume could be reduced essentially (Table 2).
DDM (Figure 4) showed that most voxels in the surrounding
tissue and the OARs received less dose for *He beam therapy.
Similar reductions were also observed for Ependymoma
patients.

Dosimetric differences in treatment plans between *He and
proton therapy were smaller than expected from literature that
focused on single beams and physical and biological properties
[9,10], especially in the target region. Previous investigations of
the physical properties of “He ions showed a reduction in beam
broadening due to scattering of a factor of two as well as a
considerably sharper beam penumbra and Bragg peak. For the
larger volumes investigated in this study these properties
showed only limited influence on the final treatment plans.
This might be explained by the choice of the patient collective
and the multiple beam arrangements.

Although recent debates about the optimal particle species
with focus on helium ions are ongoing, so far no beam data for
spot scanning helium ion beam lines was published. To have
assumptions as comparable as possible, the same spot size
after the Nozzle exit was employed for *He as it is used for
protons in clinical conditions. This is a conservative approach,
as due to the reduced scattering of helium ions, smaller beam
sizes compared to protons should be achievable. This might
contribute to the underestimation of the differences observed
in the treatment planning study.

The biological model implemented for helium ions was
based on the hypothesis that for low LET radiation (LET lower
than 20 keV/pum) simpler models suffice [18]. No golden
standard for a biological model could be established in ion
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beam therapy facilities that are in operation at the moment [6].
For carbon ions, two main biological models, MKM and LEM are
in use. LEM is clinically used in version | and was steadily
improved to the most recent version LEM IV. For protons the
clinical practice is to use a constant RBE of 1.1, which so far
could not be refuted by clinical results or biological experi-
ments. However, a dose dependent RBE for protons is
increasingly discussed. Overall a strong request exists within
the particle therapy community for finding an international
consensus and standard for biologically effective dose calcula-
tion in ion beam treatment planning [6].

Uncertainties and differences exist in currently established
biological models for carbon ion therapy. Adapting such
biological models for helium ions outweighs the benefit of
applying such a model at this stage, especially due to the lack
of clinical and biological data for *He.

In the absence of experimental evidence of a significant
dose dependence of RBE for helium ions, only an implicit LET
dependence was modeled [18] which is the current clinical
practice for protons. A dose and tissue dependency of the RBE
could potentially have a non-negligible effect for slowly
proliferating tumors, especially with respect to hypofractiona-
tion. Therefore, the applied RBE model for “He is a limitation of
the current study, which is hard to overcome with the existing
published *He data.

The beam spot energies showed a Gaussian distribution and
the mean energy was about 120 MeV/u for all indications.
These low energies were mainly caused by the supefrficial
tumor position and the rather small body volumes. For
example, up to energy of approximately 140 MeV/u, differ-
ences in beam width are below 3mm, even though beam
broadening is noticeably smaller for “He than for protons. For
higher energies required for deep-situated tumors this
difference in lateral beam broadening increases up to 8 mm
[10]. Considering the clinically used calculation grid and CT
resolution this difference might potentially have more influ-
ence on dose distributions. Dose profiles showed most
pronounced variations in the entrance region for those parts
of the tumor that were not positioned at the surface of the
body (see Figure 2).

Differences observed between protons and “He can be
explained by improved biological effectiveness of “He in the
Bragg peak region as well as the physical characteristics, as
shown by our evaluations employing extended dose plateaus.
Dose reductions in the beam entrance region due to improved
physical characteristics of *He accounted for one third of the
total dose reduction compared to protons.

Treatments with “He or 3He are theoretically possible at
(existing) synchrotron-based facilities. Due to medical arguments
and the reduced lateral straggling in matter “He seems to be the
better choice over *He. For the use of *He in a clinical setting a
retuning of the beam line and bending magnets as well as a
new ion source are required [11]. Gantries designed for carbon
ions can be adapted for *He. Even existing proton gantries could
be used for bending “He in the low energy area, e.g. a gantry
designed for 250 MeV protons should be capable of delivering
“He up to 125 MeV/u. Further, it should be noted that moving
towards *He might also require new dosimetry protocols, which
is also a topic currently under investigation [23].

Every ion species brings advantages and drawbacks. For
example, an increasing atomic number leads to reduced
scattering and consequently more pronounced dose fall-offs,
allowing in theory more conformal treatment. However,
disadvantages are an additional dose deposition behind the
Bragg peak due to fragmentation, increased LET values outside
the target area and a decreased RBE at the distal part of the
spread-out Bragg peak [24]. In general organ geometry, energies
required for target coverage and biological tumor characteristics
might influence the choice of the optimal ion species. The
selection of the ion type to modulate the isoeffective dose for
specific clinical conditions is a promising but theoretical
approach for optimizing the RBE distribution over the target
and for sparing the adjacent tissue in an optimal way. The
increased LET, the varying RBE and for heavier ions the better
oxygen enhancement ratio make particles like protons, helium,
carbon, neon or oxygen ions suitable for such new concept
[9,25-28], which requires continuous research. Focusing on
these possibilities one may not forget that the biological
uncertainties have to be considered, which may be an exclusion
criteria for some patients who may not benefit from ion beam
therapy at its current stage.

Further investigation and treatment planning comparisons
are essential to identify clinical situations that could profit from
the use of *He ions. Another limitation of this study was the
optimizer implemented in the Hyperion TPS struggling with
dose optimization in the steep dose fall of area that might have
caused the decreased target conformity for the helium ion
plans. Large tumor sizes located close to the surface
considered in this study might have obliterated differences
between *He and protons. Only hypothetical beam data with a
literature-based biological model was available as basis for
treatment plan calculation. However, both limitations can be
overcome by implementing data of a clinical helium ion beam
line in our research TPS as soon as one becomes available.
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