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  ABSTRACT 

 Curative treatment of pediatric cancer not only focuses on long-term survival, but also on reducing treatment-related 
side effects. Advantages of particle therapy are mainly due to their physical ability of signifi cantly reducing integral 
dose.
 Methods.  Between January 2009 and December 2012, we treated 83 pediatric patients (aged 21 and younger) at the 
Heidelberg Ion Therapy Center at University Hospital of Heidelberg (HIT). In total 56 patients (67%) received proton 
irradiation, while 25 (30%) patients were treated with carbon ions (C12). Two patients received both treatments (3%). 
Treatment toxicity was analyzed retrospectively and documented according to the CTCAE/RTOG classifi cation. In a 
second step, treatment toxicity from ion therapy was analyzed in comparison to treatment toxicity during photon irra-
diation of a comparable historical group of 19 pediatric patients.
 Results.  In all patients, particle therapy was tolerated well (median follow-up time 3.7 months), children (20 patients) 
with at least two follow-up visits showed a median follow-up time of 10.2 months. During the fi rst two months patients 
mainly suffered from radiogenic skin reaction (63%), mucositis (30%), headache and dizziness (35%) as well as nausea 
and vomiting (13%). Severe toxicity reaction (grade II – IV) was only seen in patients who had intensive simultaneous 
chemotherapy or who had undergone several operations in the irradiated area before radiotherapy (18%). Treatment 
toxicity during ion therapy was comparable to treatment toxicity from photon irradiation of a historical group.
 Conclusions.  In comparison to conventional therapy, patients with particle therapy do not suffer from increased acute 
treatment-related toxicity during the fi rst months. More experience with particle therapy will be needed during the next 
years to help to thoroughly evaluate the high potential of ion therapy.   

  During the last few decades, treatment concepts in 
pediatric oncology have improved signifi cantly 
with many long-term survivors. Today, treatment 
not only focuses on tumor control and cure, but also 
on reducing treatment-related side effects. However, 
many children still suffer from long-term sequelae, 
e.g. neurocognitive defi cits and growth retardation. 
Late toxicity may also lead to abnormal endocrine 
function, hearing loss, as well as secondary malig-
nancies. These treatment-related side effects signifi -
cantly reduce quality of life and cause high rates of 
morbidity among survivors [1 – 4]. Radiation oncolo-
gists aim at minimizing treatment-related toxicity 
by reducing integral dose and by sparing normal 

tissue. Progress has been made by the introduction 
of three-dimensional (3D) radiation therapy, fol-
lowed by high-precision stereotactic radiotherapy 
and further development with the establishment of 
intensity-modulated radiotherapy (IMRT). Never-
theless, treatment-related side effects still remain an 
issue and are of strong focus regarding the treatment 
of children. 

 Particle therapy is characterized by the unique 
physical and biological ability to signifi cantly reduce 
integral dose and thereby potentially minimize side 
effects [5]. Due to the distinct energy deposition pro-
fi le of ion irradiation, a high local dose (Bragg Peak) 
can be applied in the defi ned target volume, while a 
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low dose is deposited in the entry and exit channel. 
Therefore, optimal doses of radiation can be deliv-
ered to the tumor site, while surrounding healthy 
tissue is spared [6]. Thus, particle therapy and its 
promising abilities might be the next therapeutic step 
for further reducing long-term toxicity and improv-
ing tumor control. 

 Up to now, only little data can be found about 
side effects in children having received ion therapy. 
During the last years, multiple centers have started 
treating children with ion therapy for reducing 
toxicity. Experiences have been gained mainly in 
pediatric tumors in the central nervous system, 
such as ependymoma, neuroblastoma, medulloblas-
toma, craniopharyngeoma, low-grade astrocytoma, 
and germ cell tumors. Not many studies have been 
conducted regarding side effects in children under-
going particle therapy, especially not based on larger 
patient numbers [7 – 12]. Prospective and ideally ran-
domized trials are still lacking. To our knowledge we 
are the fi rst center to analyze such a large number 
of patients (n    �    83) receiving particle therapy for 
acute and intermediate toxicity reaction.    

 Material and methods 

 From January 2009 to December 2012, we treated 
83 pediatric patients with particle therapy at the 
Heidelberg Ion Therapy Center (HIT) at the Uni-
versity Hospital of Heidelberg. The median age was 
14 years and ranged from 1 to 21 years. In total 34 
patients were female (41%) and 49 were male (59%). 
Main indications were brain or head and neck tumors 
(92%). Histological types encompassed the typical 
pediatric spectrum. Patients ’  characteristics are sum-
marized in Table I. In seven patients, radiotherapy 
was performed as re-irradiation treatment. Diagno-
ses for patients with re-irradiation treatment were 
osteosarcoma, aggressive fi bromatosis, glioblastoma 
and rhabdomyosarcoma. 

 Patients were seen several times during and after 
primary treatment. Acute toxicity reaction (fi rst two 
months), toxicity reaction after six months and tox-
icity reaction after 12 months were investigated ret-
rospectively. Treatment-related side effects were 
documented according to CTCAE/RTOG classifi -
cation. Data was collected retrospectively from our 
institutional documentation database and databases 
from other departments involved in treatment [13]. 
If patients had shown disorders and symptoms in 
the same intensity before radiotherapy, these symp-
toms were not regarded as toxicity due to radio-
therapy. If symptoms intensifi ed during treatment 
and no progression of disease or other treatment 
was reported, the aggravation was seen as toxicity 
reaction. Progression of disease was not taken as 

toxicity reaction. One child died due to progression 
of disease. 

 Children were treated according to the guidelines 
of the Society for Paediatric Oncology and Haema-
tology (GPOH) in most cases, for the other cases an 
individual therapy was decided by an interdisciplin-
ary team in a tumorboard conference. In total 56 
patients received proton irradiation (67%), while 25 
patients (30%) were treated with carbon ions (C12). 
Two children received a combined treatment with 
protons and a carbon ion boost (3%). Median radia-
tion doses and range for each tumor entity are shown 
in Table II. Median dose for only proton irradiation 
was 54.0 GyE (range 20 – 80 GyE) and for carbon ion 
treatment was 60 GyE (range 39 – 66 GyE). Proton 
irradiation was mostly used for pediatric patients, 
while carbon ion treatment was generally applied for 
young adults with skull base tumors in otherwise 
diffi cult-to-control tumors. Of the patients treated 
with carbon ions, histologies included glioblastoma, 
atypical meningioma, chordoma, chondrosarcoma, 
adenoid-cystic carcinoma; the median age of these 
patients was 19 years (range 11 – 21), so only adoles-
cent patients were treated with carbon and purely 
pediatric patients with protons. 

 Thirteen patients (16%) with radiation resistant 
tumors or recurrent tumors [such as osteosarcoma, 

  Table I. Patients ’  characteristic of 83 children and young adults 
treated with proton and carbon ion irradiation.  

Histology N (%)

 Primary brain tumors 28 (34%)
Pilocytic astrocytoma n    �    15
Astrocytoma (WHO II-III) n    �    4
Glioblastoma n    �    3
Others (ATRT, PNET, medulloblatoma, 

atypical menigeoma)
n    �    4

 Neurocytoma/ pituaray adenoma/
craniopharyngeoma 

 3 (4%) 

 Chordoma/chondrosarcoma  12 (14%) 
Skull base chordoma n    �    9
Skull base chordosarcoma n    �    3
 Osteosarcoma 7 (8%)
Skull base n    �    3
Pelvic n    �    4
 Rhabdomyosarcoma  14 (17%) 
 ACC  5 (6%) 
 Other sarcoma  4 (5%) 
 Angiofi broma/arteriovenous hemangioma  4 (5%) 
 Germ cell tumors  3 (4%) 
 Aggressive fi bromatosis/desmoid tumor  3 (4%) 
 Gender 
Male 49 (59%)
Female 34 (41%)
 Treatment conceps 
Protons 58 (70%)
Carbon ions 27 (33%)
Photons and proton boost 4 (31%)
Photons and carbon ion boost 9 (69%)
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synovial sarcoma, glioblastoma and adenoid cystic 
carcinoma (ACC)], which require high-local dose 
as a defi nitive treatment, received photon IMRT 
combined with particle boost irradiation. Thirteen 
patients also received simultaneous chemotherapy 
according to the guidelines of the GPOH. 

 Treatment planning, patient positioning and 
anesthesia was done as described previously [9]. 

 In a second step, we compared the patients with 
head-and-neck rhabdomyosarcoma to a previously 
published group of children (19 children) diagnosed 
with the same tumor entity for acute toxicity reac-
tion. Patients ’  characteristics have been previously 
described [14]. These children were treated with 
IMRT or fractionated stereotactic radiotherapy 
(FSRT) and simultaneous chemotherapy according 
to the German Soft Tissue Sarcoma Study protocols 
between August 1995 and November 2005.   

 Results 

 In all patients, particle therapy was well tolerated. 
The median follow-up time was 3.7 months (range 
0.9 – 28.9 months) for all patients. Patients (20 chil-
dren) who had at least two follow-up visits showed a 

median follow-up time of 10.2 months (range 2.4 –
 28.9 months). 

 In the fi rst two months after radiotherapy, 
patients mainly suffered from grade I toxicity reac-
tion: radiogenic skin reaction (49%), reduced Karn-
fosky performance score (37%), neurological 
disorders (29%), mucositis (16%), nausea (11%), 
pharyngitis/dyphagia (10%), conjunctivitis (10%), 
bone marrow toxicity (8%), xerostomia (8%), otitis 
externa (6%). Grade II toxicity reaction was found 
in 21 patients (25%): radiogenic skin reaction 
(12%), mucositis (11%), bone marrow toxicity 
(10%) and neurological disorders (5%). Further 
grade I and II toxicity reaction was detected in less 
than 5% of patients (Figure 1). Severe toxicity reac-
tion (CTCAE/RTOG classifi cation grade III – IV) 
was very rare (Figure 1). Four percent of patients 
suffered from grade III bone marrow toxicity, while 
2% and 1% of patients were diagnosed with grade 
III mucositis and radiogenic skin reaction, respec-
tively. Grade IV acute toxicity reaction (bone 
marrow) was only detected in patients receiving 
simultaneous chemotherapy (12%). Nearly all mild 
side effects disappeared within the fi rst six months 
or remained at a very low level. 

  Table II. Radiation doses of the different tumors.  

IMRT (median 
dose; range)

Proton therapy (median 
dose; range) Carbon ion therapy (median dose; range)

 Brain tumors 
Pilocytic astrocytoma  54 GyE (50.4 – 54.0 GyE) 
Astrocytoma (WHO II – III)  54 GyE (45 – 55.8 GyE) 
Glioblastoma 50 Gy  10 GyE (boost after IMRT)  18 GyE (boost after IMRT) 
Glioblastoma (relapse)  39 GyE 
ATRT  50.4 GyE 
PNET  54 GyE 
Medulloblastoma (relapse)  39.6 GyE 
Atypical meningeoma  51 GyE 
Neurocytoma/  59.4 GyE 
Pituary adenoma  54 GyE 
Craniopharyngeoma  50.4 GyE 
 Sarcoma/chordoma 
Skull base chordoma  72 GyE  66 GyE (60.0 – 66.0 GyE) 
Skull base chordosarcoma  70 GyE  60 GyE 
Skull base osteosarcoma 42 Gy  24 GyE (boost after IMRT) 61.5 GyE 

(60.0 – 63.0 GyE) 
Pelvic osteosarcoma  50 Gy (50 – 54 Gy)  54 GyE  18 GyE(18 – 24 GyE) (boost after IMRT or 

proton irradiation) 
 Rhabdomyosarcoma   nasopharynx  41.6 Gy  9 GyE 
 Rhabdomyosarcoma  50.4 GyE (41.4 – 52.2 GyE)  45 GyE 
 ACC  50 Gy (50 – 56 Gy)  24 GyE (boost)  24 GyE (18 – 24 GyE) (boost) 
 Other sarcoma  56 Gy (54 – 58 Gy)  54 GyE  16 GyE (15 – 18 GyE) (boost after IMRT or 

proton irradiation) 
 Others 
 Angiofi broma  45 GyE 
 Arteriovenous hemangioma  20 GyE (SBRT) 
 Germ cell tumor  54 GyE 
 Germinoma  24 Gy (CSI)  16 GyE (boost); 24 GyE 
 Aggressive fi bromatosis/Desmoid tumor  58 GyE (56 – 66 GyE) 
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 After six months data was only available for 43 
patients. Grade I toxicity was detected in few patients: 
neurological disorders (28%), reduced Karnofsky 
performance score (11%), radiogenic skin reaction 
(7%), mucositis (7%). Further grade I toxicity reac-
tion was detected in less than 5% of patients. Grade 
II toxicity reaction occurred mainly as bone marrow 
toxicity (5%) and reduced Karnofsky performance 
score (2%) and mucositis (2%). Only one patient 
(2%) showed grade III bone marrow toxicity, while 
another patient (2%) was diagnosed with grade III 
dysphagia. A further patient complained about grade 
II fi brosis of the facial region. This patient had 
received several operations in the irradiated area 
before the start of treatment. Grade IV toxicity was 
not detected. 

 After 12 months only 21 patients were available 
for analysis. Grade I neurological disorders (33%) 
and Karnofsky performance score (24%) were 
detected besides other grade I toxicity reactions 
only shown by one patient each time. Grade II 
toxicity reaction was not detected in any patient. 
Grade III bone marrow toxicity reaction was 
found in one patient who had received intensive 
chemotherapy treatment (2%). The patient who 
showed grade III dysphagia six months after treat-
ment still suffered from dysphagia (grade III). This 
patient had received several re-operations in the 
irradiated area. 

 Overall, severe toxicity reaction (grade III – IV) 
was only seen in patients who had simultaneous che-
motherapy or who had undergone several operations 
previously in the irradiated area. Patients receiving 
simultaneous chemotherapy mainly suffered from 
hematologic side effects. Leukopenia was mostly 

reported, while some patients also showed anemia 
and thrombocytopenia. Not all patients receiving 
simultaneous chemotherapy suffered from hemato-
logic side effects. Patients, who were only treated 
with vincristine monotherapy during radiation, did 
not show any severe hematologic toxicity (Supple-
mentary Table I, to be found online at http://
informahealthcare.com/doi/abs/10.3109/0284186X.
2014.998273). Only patients with chemotherapeutic 
regimes containing several chemotherapeutic drugs, 
such as ifosfamide, doxorubicin, etoposide and 
methotrexate, suffered from severe hematologic side 
effects. 

 Furthermore, we compared acute toxicity reac-
tion of patients treated with proton irradiation to 
patients treated with carbon therapy (Figure 2). 
Patients treated with carbon irradiation suffered 
from a higher level of mucositis (48%), xerostomia 
(16%) and dysphagia/odynophagia (20%). Patients 
who received proton irradiation showed higher lev-
els of skin toxicity (68%), nausea and vomiting 
(16%) and bone marrow toxicity (38%). 

 In a second step, we compared the detected tox-
icity profi le of particle therapy to the toxicity of 
photon irradiation in head and neck rhabdomyo-
sarcoma patients (Table III). On the whole, we 
detected a slightly higher level of toxicity in the 
proton therapy group which was mainly only grade 
I – II toxicity level. However, the photon irradiation 
group was treated with a median dose of 45.0 Gy, 
while the proton irradiation group received a 
median dose of 50.4 Gy. In the proton irradiation 
group, one patient developed skin erythema grade 
III, this patient was also treated with simultaneous 
chemotherapy leading to grade III bone marrow 

  Figure 1.     Toxicity reaction after 2 months, 6 months and 1 year: nearly all side effects disappeared quickly.  
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toxicity. Another patient suffered from grade III 
mucositis. However, this patient was diagnosed 
with a T4 alveolar rhabdomoysarcoma of the sinuses 
and received a simultaneous radiochemotherapy 
according to the CWS protocol. The patient was 
treated with a hyperfractionated and accelerated 
proton irradiation.   

 Discussion 

 The aim of this analysis was to examine detailed 
acute and intermediate toxicity reaction in pediatric 
patients undergoing particle therapy. In terms of 
clinical characteristics, histological subtype of CNS 
malignancy, median age and gender, our study cohort 
seemed to be comparable to population-level data-
bases [15]. 

 Regarding our 83 patients, toxicity from particle 
therapy was relatively mild and severe side effects 
were rare. Hattangandi et   al. also only detected mild 

skin erythema and anorexia as acute side effects ana-
lyzing nine pediatric patients suffering from high-risk 
pediatric neuroblastoma treated with proton therapy 
[10]. Moeller et   al. analyzed 23 children diagnosed 
with medulloblastoma and treated with proton radio-
therapy for ototoxicity and also discovered low rates 
of early post-radiation toxicity [16]. Our 83 pediatric 
patients mainly complained about radiogenic skin 
reaction, mucositis, headache and dizziness during 
the fi rst two months of treatment. Supportive treat-
ment with dexapanthenol containing lotion and 
analgetic medication for radiogenic skin reaction, as 
well as medical mouthwashes for mucositis mostly 
led to a fast improvement of adverse effects. 

 In another study, 10 pediatric patients diag-
nosed with ATRT tumors and treated with proton 
radiation after surgery and chemotherapy mainly 
showed nausea and vomiting, followed by central 
hypothyroidism and growth hormone defi ciency in 
rare cases [17]. In several studies, MacDonald 
et   al. analyzed proton radiotherapy in pediatric 
patients with ependymoma and could also only 
show mild toxicity reactions [12]. Regarding other 
tumor entities treated with ion therapy, only mild 
side effects were detected as well [7 – 11,18,19]. 

 In our patients, nearly all mild side effects disap-
peared within the fi rst few months or remained at a 
very low level. Severe toxicity reaction (grade III – IV) 
was only seen in patients undergoing simultaneous 
chemotherapy or who had received several opera-

  Figure 2.     Comparison of acute toxicity reaction after proton irradiation and carbon ion irradiation.  

  Table III. Comparison of acute side effects between particle and 
photon therapy in head- and neck rhabdomyosarcoma patients.  

Particle therapy 
(N    �    13)

Photon therapy 
(N    �    19)

Skin erythema 92% 42%
Mucositis 46% 42%
Nausea and vomiting 15% 11%
Conjunctivitis 38% 16%
Toxicity    �    2 ° 15% none
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 However, taken together, no signifi cant differ-
ences in rates of side effects can be observed between 
treatment regimens, and differences in toxicity pat-
terns are most likely due to variation in location, 
tumor volumes, clinical situation or tumor and nor-
mal tissue anatomy. With particle therapy, the long-
term benefi t could be a reduction in long-term side 
effects, such as secondary malignancies, thus, of 
course, long-term follow-up will provide the neces-
sary basis for this hypothesis. 

 A study similar to ours was conducted by Suneja 
et   al. In their clinical study, 48 children with pedi-
atric central nervous system malignancies were 
treated with proton beam radiation, and were ana-
lyzed for acute toxicity reaction. Only mild toxicity 
reaction was detected, most commonly fatigue, 
alopecia and dermatitis were reported [22]. How-
ever, up to now only little data is known about 
long-term and prospectively acquired data on tox-
icity after particle therapy. Nearly all studies are 
conducted retrospectively. To our knowledge, there 
is only one prospective trial examining acute toxic-
ity reaction in children after ion therapy. Kuhlthau 
et   al. analyzed 142 pediatric patients with brain 
tumors for health-related quality of life [23]. They 
found that proton radiation signifi cantly affected 
morbidity and quality of life for children. However, 
overall health-related quality of life three years 
after treatment signifi cantly improved to a level 
comparable to a general population of children 
with non-cancer chronic health conditions. 

 Nevertheless, radiation is not only known to 
cause acute side effects, but also late toxicity reac-
tion. Due to the curative intent of most pediatric 
treatment regimens these are the most feared tox-
icities, and all techniques are aiming to reduce and 
minimize long-term sequelae. In radiation, this can 
be achieved specifi cally by the reduction of integral 
dose, which is a main characteristic of particle 
therapy due to the inverse dose profi le. The major 
concern is an increased risk of second malignancies 
after irradiation [24]. Chung et   al. reported a com-
parison of 558 patients treated with proton therapy 
matched to 558 who received photon therapy to 
analyze the incidence of second malignancies. Inter-
estingly, proton therapy was associated with a lower 
risk of secondary malignancies compared to photon 
therapy [25]. 

 In summary, we analyzed 83 pediatric patients 
and adolescents for acute toxicity after ion therapy 
and found only mild and manageable side effects. 
However, further larger prospective studies are 
needed to evaluate the true potential of proton radio-
therapy. Improved knowledge about early and late 
toxicity is required to provide severe advice to pedi-
atric patients and families.           

tions in the irradiated area. Patients with simultane-
ous chemotherapy often suffered from hematologic 
side effects. Leukopenia was mostly reported, while 
some patients also showed anemia and thrombocy-
topenia. Patients who had received multi-modal 
therapies including several re-operations in the irra-
diated area, suffered from fi brosis of the former 
tumor region during the follow-up visits. Often re-
operations were needed. 

 Comparing the two different particle therapies 
with each other in terms of acute toxicity, we 
detected different patterns of toxicity reactions. 
While patients treated with carbon ion irradiation 
suffered from higher level of mucositis, xerostomia 
and dysphagia/odynophagia, patients treated with 
proton irradiation showed higher levels of skin tox-
icity, nausea and vomiting and bone marrow toxic-
ity. The carbon ion irradiation group mainly 
consisted of head- and neck sarcoma, chordoma 
and ACC patients. All these tumor entities are 
found in close proximity to the oral cavity. There-
fore, irradiation of these tumors is known to lead 
to higher levels of the above mentioned side effects. 
Jensen et   al. found similar patterns of acute toxic-
ity examining 103 patients with malignant salivary 
gland tumors who were treated with IMRT and a 
carbon ion boost irradiation [20]. 

 Regarding the patients treated with proton irra-
diation, more patients received simultaneous che-
motherapy probably leading to a higher level of 
bone marrow toxicity in this group. Furthermore, 
patients of the proton irradiation group suffered 
from higher levels of nausea and vomiting. Brain 
tumors were primarily treated with proton irradia-
tion, therefore higher levels of nausea and vomiting 
might be found in this subgroup. For the patients 
treated with carbon ion, generally, higher local doses 
were given in critical location, thus toxicity patterns 
seem to be slightly different than in photon or pro-
ton patients. 

 Comparing the rhabdomyosarcoma patients 
treated with photon irradiation to the patients hav-
ing received proton therapy, we detected a slightly 
higher rate of toxicity in the proton irradiation 
group which was probably partly due to the inten-
sifi ed simultaneous chemotherapy. Furthermore, 
the photon irradiation group received a lower 
median dose of 45.0 Gy, while the proton group 
was irradiated with a median dose of 50.4 Gy. 
Interestingly, Ladra et   al. recently also detected low 
toxicity rates analyzing 57 children with rhabdomy-
osarcoma who received proton irradiation [21]. 
They examined pediatric rhabdomyosarcoma of 
any locations, while we mainly focused on orbital 
and head and neck rhabdomyosarcoma which led 
to different toxicity profi les. 
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