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ABSTRACT

Background: Proton radiotherapy (RT) is an attractive tool to deliver local therapy with minimal dose
to uninvolved tissue, however, not suitable for all patients. The aim was to explore complications,
especially severe late complications (grades 3-4), following proton RT delivered to a complete Swedish
cohort of paediatric patients aged <18years treated 2008-2019.

Material and Methods: Data was downloaded from a national registry. Complications with a possible
causation with RT are reported. Proton treatments until July 2015 was performed with a fixed horizon-
tal 172 MeV beam (The Svedberg Laboratory (TSL), Uppsala) in a sitting position and thereafter with
gantry-based pencil-beam scanning technique (Skandion Clinic, Uppsala) in a supine position.

Results: 219 courses of proton RT (77 at TSL and 142 at Skandion) were delivered to 212 patients
(mean age 9.2years) with various tumour types (CNS tumours 58%, sarcomas 26%, germ cell tumours
7%). Twenty-five patients had severe acute complications (skin, mucous membrane, pharynx/oesophagus,
larynx, upper gastrointestinal canal, lower gastrointestinal canal, eyes, ears). Fifteen patients had severe
late complications; with increased proportion over time: 4% at 1-year follow-up (FU), 5% at 3-year, 11%
at 5-year. Organs affected were skin (1 patient), subcutaneous tissue (4), salivary glands (1), upper Gl (1),
bone (7), joints (2), CNS (2), PNS (1), eyes (1) and ears (5). Twenty-one of the 28 patients with 10-year FU
had at least one late complication grades 1-4 and fourteen of them had more than one (2-5 each).
Conclusion: The most important result of our study is the relatively low proportion of severe late
complications, comparable with other proton studies on various tumours. Furthermore, the numbers
of late complications are lower than our own data set on a mixed population of photon and proton

KEYWORDS

Proton radiotherapy;
children; adolescents;
complications; late effects

treated paediatric patients, assuring the safety of using proton therapy also in the clinical practice.

Background

During the last 60 years, cure rates among children and ado-
lescents diagnosed with malignant diseases have increased
magnificently to 80-85% [1,2]. Historically, more than 60% of
the survivors developed late complications [3-7]. Yet today,
there is a huge lack of data on safety and efficacy for proton
therapy in the literature. However, since proton RT has not
been used in larger scale for long, it is important to evaluate
the treatment continuously to identify possible pitfalls.
Thorough follow-up of patients receiving proton RT, can help
to fill some of that knowledge gap.

In Sweden, the yearly cancer incidence in children/adoles-
cence under age 18 is approximately 350 patients, of which
25% receive RT. Paediatric RT in Sweden is centralized to six

university cancer centres, where photon and electron RT can
be provided. In addition, proton RT is distributed in Uppsala.

Nearly 100% of all children with cancer, who are Swedish
residents, are listed in the National Swedish Childhood Cancer
Registry. Since 2008, all children treated with RT are registered
in Radtox, a national paediatric RT registry assorted under the
above-mentioned registry. This, together with hospital based
RT registries, provides an excellent opportunity to identify all
children diagnosed and treated for cancer during a defined
time period and also yields a population-based follow-up (FU).

The primary aim of this study, based on prospectively
recorded registry data, was to explore sequelae following
proton RT in a cohort of all Swedish paediatric patients
treated with proton RT during 2008-2019, with special focus
on severe late complications (i.e. grades 3-4).
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Material and methods
National paediatric RT registry (Radtox)

Radtox, approved by the National Board of Health and
Welfare, started in January 2008 as part of the Swedish
Paediatric Cancer Registry. Parents and patients are informed
about the registry before start of RT.

Since the beginning, in 2008, all registration of RT data is
performed by one dosimetrist, thus securing an almost com-
plete inclusion as well as high quality. Furthermore, this dosi-
metrist performs quality controls on entered data to assure
consistency. Organs at risk (OARs) in the vicinity of the treat-
ment fields are defined according to a reference guide.
Treatment planning, dose volume histograms (DVH), and tar-
get coverage are discussed at online conferences held by
radiation oncologists from all six centres bi-weekly. These
OARs are registered in Radtox after treatment completion.

Acute and late complications according to RTOG/EORTC
forms [8] are assessed by the radiation oncologist and regis-
tered at end of RT as well as after 2months and then after 1,
3, 5 and 10years, respectively. Thereafter, registration will
continue every five to ten years. Thus, in the present study,
the same complication for an individual patient can be
reported at multiple time-points. It is registered whether the
complication is assessed to be related to RT, i.e. the relevant
OARs were irradiated to some extent and the symptoms had
either presented or worsened after RT. In this study, only
complications assessed to be due to RT were reported.

Patients

All patients found suitable are offered referral for proton
RT, which is fully subsidized by the Swedish health system.
During 2016-2019, only 3 families out of 105 declined
referral [9].

This study is a prospective cohort study, including all
patients age <18, treated with proton RT during 2008-2019.
Last FU date was December 31st 2020. After ethical approval,
relevant extracts from the Radtox registry was obtained and
then transferred to an IBM@© SPSS© Statistics file (version
28.0.1.0 (142)) for compiling the results. For the comparing
of proportions (independent samples), Chi*> and Fisher were
used. When needed, the patient charts were, in accordance
with the ethical approval, reviewed for better understanding
of e.g. causality.

Treatment planning and delivery of proton beams
at TSL

Treatment planning was carried out with the commercial
treatment  planning  system  Helax-TMS®,  (Treatment
Management System, MDS Nordion Therapy System, Uppsala,
Sweden) [10]. Patients underwent magnetic resonance imag-
ing (MRI) for guidance in delineation of the target and OARs
in the computed tomography (CT)-series used for treatment
planning. Accurate positioning of the patient in the proton
beam used implanted fiducial markers in the skull and orthog-
onal kV imaging in the treatment position. A fixed horizontal
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172 MeV proton beam with a maximum diameter of 98 mm
was used with passive scattering technique. Treatment was
performed in a sitting position with the head fixed to a rotat-
able treatment chair by an individually-formed helmet and a
bite-block. The positioning of the target in the proton beam
was done with an accuracy less than +1mm [11]. Due to the
sitting position, targets below the neck were not possible to
treat during this era. Exceptions were four patients with spi-
nal/sacral targets, treated lying on their side with one field
from the back.

Treatment planning and delivery at the Skandion Clinic

The Skandion Clinic, owned by a municipal association con-
sisting of all seven university hospitals in Sweden, is a mod-
ern facility with pencil-beam scanning (PBS) technique [12],
equipped with two gantries. All treatment planning is per-
formed at the home clinics (distributed competence [13])
and discussed at national video-conferences before the
patients are accepted for proton RT. Individual immobilisa-
tion devices are created, CT and MRI in treatment position
are performed for delineation. Treatment planning is per-
formed using Eclipse (v.16.0), Varian Medical Systems, Palo
Alto, USA, accessed remotely by the home clinics. In this
study, for all but craniospinal treatments, comparative pho-
ton plans were created, and the most sufficient plan was
selected based on target coverage, dose to OARs, integral
dose and robustness of RT-delivery.

Dose-data and fractionation

Conventional fractionation once daily with doses appropriate
for the various types of tumours according to international
or national protocols were used. All doses were stated as
biological doses (RBE 1.1).

Dose-volume parameters are stored in the local treatment
planning system as well as exported in the so called DICOM-
RT format to a central data base. The DICOM data includes
the 3D dose matrix, as well as complete information on the
treatment plan (beam quality, number of beams and their
entry angles, field sizes, field blocking, etc.), shape and vol-
ume of the outlined structures (tumour and OARs) as well as
CT images used in the treatment planning process.

Results

During 2008-2019, 1072 RT treatment courses were delivered.
Of these, 219 were proton RT courses. Seventy-seven treat-
ments took place at the TSL unit and 142 at the Skandion
clinic. Seven patients were irradiated more than once (some-
times to a different target due to e.g. metastases) with proton
RT during the study period. Thus, 212 patients (mean age
9.2 years, 106 girls, 106 boys) had proton RT and constituted
the present study population. Thirty-eight patients (18%) died
before last FU, no one had a secondary malignancy. Five
patients had no FU for late complications. Thirty study
patients were, in addition, irradiated with other modalities
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(photons, electrons and/or brachytherapy) during the same
time period. Two patients had two such retreatments.

Diagnoses were specified according to International
Classification of Childhood Cancer (ICCC-3). More than half
(58%) of the treatments were given to patients with CNS
tumours, followed by soft tissue sarcomas (21%) and germ
cell tumours (7%) (Figure 1).

FU times varies between one and ten years. 50% of the
patients had a FU time of at least 3 years.

Acute complications are shown in Table 1 and late compli-
cations in Table 2. The patients are divided into ‘CNS tumours
(including primary CNS germ-cell tumours)’ and ‘non-CNS
tumours’. We report the number of treatments with FU
reports for each time-point and the number of treatments

m Leukemia (1)
Lymphoma (2)
CNS tumour (127)
Neuroblastoma (8)

m Retinoblastoma (1)

= Malignant bone tumour (9)

m Soft tissue sarcoma (47)

u Germ cell tumour (16)

® Other malignant tumour

3)
Figure 1. Number of patients per diagnosis according to International
Classification of Childhood Cancer (ICCC-3). the exact number is given within
parentheses. All three patients with ‘other malignant disorders’ (ICCC-3 group
XI) had parotid cancer. Among the five patients with benign disorders, four had
an arteriovenous malformation (AVM) and one had a relapsing choroidal
haemangioma.

with complications grades 1-4 related to RT. Thus, the seven
patients with two treatment courses can be reported twice.

The most usual acute complications were deteriorated
performance status, nausea, and reactions of the skin, hair, sub-
cutaneous tissue, mucous membrane, and CNS (Table 1).
Twenty-five patients had severe (grades 3 or 4) acute complica-
tions (data not shown). Four patients had two severe complica-
tions and two patients had three severe complications.

Twenty-one of the 28 patients with a 10-year FU had at
least one late complication (data not shown) and 14 of them
had more than one (2-5 each). Four of the patients, who
would have been eligible for a 10-year FU within the study
period, died.

Severe late complications increased with longer FU; at 1-
year FU 6 of 153 (3.9%) patients had grades 3-4 complications,
at 3-year 4 of 82 (4.9%), and at 5-year 6 of 57 (10.5%). At 10-
year FU the proportion dropped to 1 of 28 patients (3.6%).

Patients with CNS tumours had more often a deteriorated
performance status (p <.05 at acute, 1-year and 3-year FU),
while skin and subcutaneous tissue complications were more
common in non-CNS tumour patients (p <.05 at acute, 1-
year, 3-year and 5 year FU).

In total, 15 patients (7.1%) in the cohort had severe com-
plications, detailed in Table 3 and Supplementary Table S1.
Organs affected were skin, subcutaneous tissue, mucous
membrane, salivary glands, teeth, upper Gl, muscles, bones,
joints, CNS, PNS, eyes and ears. Two of these patients died,
two years (no 12) and seven years (no 7) after first course of
RT, respectively.

The only severe late skin complication was reported for
patient number 7, with necrosis and severe telangiectasia
after very extensive RT (probably cumulative dose 150-
200 Gy during 3 years at some spots). The patient died before
10-year follow-up. The doctor and the patient, including the
parents, were aware of the risks and found them justified
even after side effects appeared. Four patients had severe

Table 1. Acute complications for all treatment courses with a follow-up (FU) registration at end of RT (N =200).

All Patients (N =200) CNS (N=132) Non-CNS (N =68)

Gr0 Gr 1-2 (%) Gr 3-4 (%) Gro0 Gr 1-2 (%) Gr 3-4 (%) Gr0 Gr 1-2 (%) Gr 3-4 (%)
Performance status 127 73(37) 74 58(44) 53 15(22)
Skin/subcut. tissue 59 131(66) 7(4) 49 80(61) 10 51(75) 7(10)
Hair 59 100(50) 33 92(70) 26 8(12)
Mucous membrane 163 13(7) 10(5) 122 3(2) 41 10(15) 10(15)
Salivary glands 172 9(5) 121 1(1) 51 8(12)
Pharynx/oesophagus 170 9(5) 2(1) 117 4(3) 1(1) 53 5(3) 1(2)
Larynx 95 2(1) 1(0.5) 39 56 2(3) 2(2)
Lungs 98 39 59
Heart 97 39 58
Upper Gl tract 71 23(12) 8(4) 20 17(13) 4(3) 51 6(9) 4(6
Lower Gl tract 98 1(0.5) 1(0.5) 40 1(1) 58 12
Liver 92 37 55
Genitourinary tract 88 37 51
Urethra/bladder 91 36 55
Bones 161 108 53
Joints 151 2(1) 102 49 2(3)
CNS 175 18(9) 113 18(14) 62
PNS 98 2(1) 37 (1) 61 1(1)
Eyes 169 11(6) (0.5) 125 1(1) 44 10(15) 1(2)
Ears 183 2(1) 1(0.5) 127 1(1) 56 2(3)

RT: Radiotherapy; Gr: grade; Gl: gastrointestinal.

Patients with CNS tumours (primary CNS germ-cell tumours included) and tumours outside CNS are shown separately. N: number of patients with a registered
FU. In columns for grade 0, symptoms not related to RT are included, since these patients are considered to have baseline symptoms. In columns for grades
1-4, only complications related to RT are included. For patients with more than one treatment course, each treatment course is reported separately.
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Table 2. Late complications for all treatment courses. Patients with CNS tumours (primary CNS germ-cell tumours included) and tumours outside CNS are shown
separately.

All treatments, N =151 CNS tumours, N =106 Non-CNS tumours, N =45
FU 1 year Gro Gr 1-2 (%) Gr 3-4 (%) Gr0 Gr 1-2 (%) Gr 3-4 (%) Gr 0 Gr 1-2 (%) Gr 3-4 (%)
Performance status 112 38(25) 70 36(34) 42 2(4)
Skin 115 28(19) 88 13(12) 27 15(33)
Subcutaneous tissue 123 9(6) 93 1(1) 30 8(18)
Hair 67 50(33) 46 44(42) 21 6(13)
Mucous membrane 128 4(3) 97 31 4(9)
Salivary glands 125 2(1) 96 29 2(4)
Pharynx/oesophagus 129 97 32
Larynx 125 1(1) 95 30 1(2)
Lungs 129 93 36
Heart 126 91 35
Upper Gl tract 130 4(3) 2(1) 97 4(4) 1(1) 33 1(2)
Lower Gl tract 135 2(1.3) 101 34 2(4)
Liver 120 87 33
Urethra/bladder 123 (1) 91 32 1(2)
Bones 87 1(1) 1(1) 64 (1) 23 1(2)
Joints 85 2(1) 59 26 2(4)
Extremity function 41 32 9
CNS 112 31(21) 77 29(27) 35 2(4)
PNS 113 2(1) 1(1) 82 1(1) 31 1(2) 1(2)
Eyes 134 5(3) 102 (1) 32 4(9)
Ears 126 7(3) 4(3) 92 6(6) 3(3) 34 1(2) 1(2)
All treatments, N = 80 CNS tumours, N = 55 Non-CNS tumours, N = 25
FU 3 years Gr 0 Gr 1-2 Gr 3-4 Gr 0 Gr 1-2 Gr 3-4 Gr o0 Gr 1-2 Gr 3-4
Performance status 60 19(24) 37 18(33) 23 1(4)
Skin 65 10(13) 1(1) 48 4(7) 0 17 6(24) 1(4)
Subcutaneous tissue 65 6(8) 2(3) 52 13 6(24) 2(8)
Hair 39 30(38) 26 24(45) 13 6(24)
Mucous membrane 58 5(6) (1) 45 13 5(20) 1(1)
Salivary glands 53 5(6) 43 10 5(20)
Pharynx/oesophagus 63 46 17
Larynx 62 46 16
Lungs 63 1(1) 46 17 1(4)
Heart 61 43 18
Upper Gl tract 59 1(1) 46 1(2) 13
Lower Gl tract 62 47 15
Liver 62 46 16
Urethra/bladder 60 45 15
Bones 35 4(5) 3(4) 28 2(4) 7 2(8) 3(12)
Joints 36 5(6) 1(1) 27 9 5(20) 1(4)
Extremity function 23 1(1) 19 4 1(4)
CNS 48 24(30) 1(1) 31 22(40) 1(2) 17 2(8)
PNS 61 1(1) 45 16 1(4)
Eyes 68 2(3) 50 1(2) 18 1(4)
Ears 60 9(11) 42 8(15) 18 1(4)
All treatments, N = 56 CNS tumours, N = 41 Non-CNS tumours, N = 15
FU 5 years Gro Gr 1-2 Gr 3-4 Gro Gr 1-2 Gr 3-4 Gro Gr 1-2 Gr 3-4
Performance status 45 11(20) 31 10(24) 14 1(7)
Skin 44 12(21) 1(2) 39 2(5) 5 10(67) 1(7)
Subcutaneous tissue 49 4(7) 1(2) 39 1(2) 10 3(20) 1(7)
Hair 28 23(41) 23 18(44) 5 5(33)
Mucous membrane 52 1(2) 1(2) 40 12 1(7) 1(7)
Salivary glands 51 1(2) 1(2) 39 12 1(7) 1(7)
Pharynx/oesophagus 53 1(2) 40 13 1(7)
Larynx 51 39 12
Lungs 52 38 14
Heart 52 38 14
Upper Gl tract 45 35 10
Lower Gl tract 45 35 10
Liver 43 34 9
Urethra/bladder 44 36 8
Bones 20 5(9) 5(9) 19 2(5) 1 3(20) 5(33)
Joints 27 3(5) 2(4) 21 6 3(20) 2(13)
Extremity function 22 1(2) 20 2 1(7)
CNS 35 18(32) 1(2) 24 16(39) 1(2) 1 2(13)
PNS 37 3(5) 26 1(2) 1 2(13)
Eyes 45 5(9) 1(2) 37 2(5) 8 3(20) 1(7)
Ears 51 12) 2(4) 38 1(2) 1(2) 13 1(7)
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All treatments, N = 28

CNS tumours, N = 20

Non-CNS tumours, N = 8

FU 10 years Gro0 Gr 1-2 Gr 3-4 Gro0 Gr 1-2 Gr 3-4 Gr 0 Gr 1-2 Gr 3-4
Performance status 20 7(25) 15 5(25) 5 2(25)

Skin 19 7(25) 17 2(10) 2 5(63)

Subcutaneous tissue 22 3(11) 1(4) 19 1(5) 3 2(25) 1(13)
Hair 1 16(57) 8 12(60) 3 4(50)

Mucous membrane 21 1(4) 17 4 1(13)

Salivary glands 23 17 6

Pharynx/oesophagus 23 17 6

Larynx 23 17 6

Bones 2 2(7) 1(4) 1 1(5) 1 1(13) 1(13)
Joints 8 1(4) 6 1(5) 2

CNS 17 9(32) 12 8(40) 5 1(13)

PNS 17 1(4) 14 1(5) 3

Eyes 23 2(7) 18 1(5) 5 1(13)

Ears 24 1(4) 19 1(5) 5

CNS: Central nervous system; FU: follow-up; RT: radiotherapy; Gr: grade; Gl: gastrointestinal; PNS: peripheral nervous system. N: number of patients with a regis-
tered follow-up (FU) at each time-point. In columns for grade 0, symptoms not related to RT are included, since these patients are considered to have baseline
symptoms. In columns for grades 1-4, only complications related to RT are included. For FU after 10years some types of complications were omitted from the
table, since all these patients were treated at TSL with no treatment field below the neck. For patients with more than one treatment course, each treatment
course is reported separately.

Table 3. Description of all 15 patients with late complications grades 3 or 4. Proton target doses in GyRBE, photon RT and brachytherapy in Gy, fraction doses
within parentheses.

Pt no Diagnosis/Tumour site/Age at RT Target Dose (Gy/GyRBE) Late complications
1 TSL Rhabdomyosarcoma, maxillary sinus. 55.8 (1.8/fr) 10 years: Severe atrophy of subcutaneous
9 years old tissue (gr 3), growth inhibition of bones
(gr 3) and muscle atrophy. Missing
permanent teeth.
2 TSL Ganglioglioma, right temporal lobe. 54 (1.8/fr) 5 years: Brain fatigue, panhypopituitarism
10 years old (CNS gr 3).
3 TSL Rhabdomyosarcoma, cheek, base of 55.9 (1.8/fr) 5 years: Severe atrophy of subcutaneous
skull,middle fossa. 9 years old tissue (gr 3), complete xerostomia (gr 3),
short teeth roots, growth inhibition of
bones (gr 3), severe tinnitus (ears gr 3).
4 TSL Rhabdomyosarcoma, Parotid gland + neck 50.4, boost 3 and 5 years: Growth inhibition of bones
right parotid gland. 5 years old parotid gland total 55.8 (1.8/fr) (gr 3). Fibrotic subcutaneous tissue (gr 3).
Jaw joint stiffness (gr 2). Missing teeth,
shortteeth roots. Dry mucous membranes
(gr 2).

5 TSL Ewing sarcoma, Th9. 7 years old 52.2 (1.8/fr) 3 and 5 years: Spontaneous vertebral
fracture (bones gr 4).

6 TSL Rhabdomyosarcoma, upper middle 45.0 (1.8/fr) 5 years: Blind left eye (gr 4). Growth

part of left orbit. 3 years old inhibition of facial bones (gr 3).
7 TSL Fibromatosis, mouth. 12 years old 2011: 59.4 (1.8/fr) 3 and 5 years: Ulceration and necrosis of the

2013: 51.0 (3.0/fr) skin, subcutaneous tissue and mucosa

2013: 51.0 (3.0/fr) (gr 4), growth inhibition of bones (gr 3),

2014: 64.0 (2.0/fr) severe jaw joint stiffness (gr3). Died from

Fields partially overlapping. tumour five years post end of first proton
RT. Treatments 2011 and 2014 were given
with photons.

8 TSL ATRT, cerebellum. 4 years old 54.0 (1.8/fr) 5 years: Hearing loss (ears gr 3).

9 SC Craniopharyngioma. 5 years old 54.0 (1.8/fr) 3 years: stroke due to moyamoya syndrome
(CNS gr 4). The patient survived and has
mild sequelae.

10 SC Rhabdomyosarcoma, Brachytherapy 51 (3/fr)to primary 1 year: Osteonecrosis in the jaw (bones gr

left nose wing. 9 years old tumour 54.0 (1.8/fr)to left maxilla 4). No evidence of infection during RT. No
due to relapse (no overlap) NF-1.

11 SC Neuroblastoma, sacrum. 2 years old 36 (1.5/fr) 1 year: Remaining urinary and faeces
incontinence (PNS gr 3). Not eligible for a
3-year follow up within the study period.

12 SC Medulloblastoma. 5 years old CSI 4 boost to posterior fossa 1 year: Gastric feeding tube initiated during

23.4+30.6 (1.8/fr) Rt (upper Gl gr 3), hearing loss (ears gr 3)
Apr 2018, no tumour near cochleae. Died
from tumour two years post end of RT.

13 SC Germ cell tumour, pineal corpus. 14 2017: 54 (1.8/fr) 1 year past last RT: Hearing loss (ears gr 3).

years old 2018: 30.6 (1.8/fr)

14 SC Medulloblastoma. 12 years old CSI+ boost to posterior fossa 1 year: Hearing loss (ears gr 3) directly after

35.2(1.6/fr) + 19.8 (1.8/fr) cisplatin therapy.

15 SC Rhabdomyosarcoma, Base of skull, 50.4 (1.8/fr) 1 year: External otitis, perforated tympanic

left temporal lobe. 5 years old

membrane (ears gr 3). Complete recovery
after surgery.
3 years: Ears normal(gr 0)

RT: Radiotherapy; Pt: Patient; TSL: The Svedberg Laboratory; SC: Skandion Clinic; CNS: Central nervous system; NF-1: Neurofibromatosis 1; PNS: Peripheral nervous
system; CSI: Craniospinal irradiation; Gl: Gastrointestinal; ATRT: Atypical teratoid rhabdoid tumour.



fibrosis and/or severely reduced subcutaneous fatty tissue.
Two of them (no 1 and 3) had no surgery. Patients number 4
and 7 had extensive surgery, a possible contributing factor.

Patient number 3 had xerostomia grade 3 five years post RT.
Patient number 7 had a jaw joint stiffness grade 3 after three
years.

Five patients developed severe bone growth inhibition
(no 1, 3, 4, 6, and 7), all treated at TSL with >45Gy to the
involved area.

Patient number 5, who had surgery with decompression
and macroscopically total resection of Ewing sarcoma in a
vertebra, had a pathological vertebral fracture without
trauma three years after postoperative RT. DEXA scan
showed normal bone density. Patient number 10 was exten-
sively investigated because of jaw osteonecrosis one year
post RT. Routine dental check-up including radiology prior to
RT showed no signs of bone infection, neither did the
patient have neurofibromatosis 1 (NF-1) or other known pre-
disposing factors for abnormal RT sensitivity [14].

Two patients were registered for severe CNS complica-
tions. Patient number 2 developed panhypopituitarism and
patient number 8 had a severe stroke due to moyamoya
syndrome.

Patient number 6 received chemotherapy before RT
(39.7 Gy to the optical nerve, 45Gy to the frontal medial part
of the eye) with partial response and remaining visus 0.6.
Extended tumour resection without enucleation resulted in
ptos, strabismus and blindness. The role of RT in this complica-
tion is uncertain, but a partial causation cannot be excluded.

Six patients had ear complications grade 3. Patient num-
ber 3 had constant tinnitus, but no hearing loss five years
after RT. Patient number 15, who had external otitis and tym-
panic membrane perforation one year post RT, was operated
on, and had no ear problems at the 3-year FU. A third
patient (no 8) had severe hearing loss (>15-20dB) 5years
after RT (54.7 Gy).

In Supplementary Table S2, late complications for TSL
patients compared with Skandion patients are shown. No
statistically significant differences were found.

Discussion

Proton RT is growing fast worldwide, especially for treatment
of paediatric patients. Still the amount of published data on
long-term FU is scarce.

We have follow-up data on a large cohort of paediatric
patients receiving proton RT in Sweden during 2008-2019.
The aim of the study was to explore the complications fol-
lowing proton RT in this almost complete Swedish cohort of
children/adolescents aged <18years, with special focus on
severe late complications (i.e. grades 3-4).

The proportion of patients with at least one late complica-
tion grades 1-4 at 10years FU, was 75% (21 of 28 patients)
in our study. Within the whole study population, we found
only 15 patients (7.1%) with late complications grades 3-4
according to the RTOG/EORTC forms. However, this propor-
tion may increase with longer FU for more patients. Severe
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late complications affected skin, subcutaneous tissue, upper
Gl, bone, joints, CNS, PNS, eyes and ears.

We found differences in performance status, skin and sub-
cutaneous tissue complications between patients with
tumours in and outside CNS. A worse performance status
among CNS patients might be due to e.g. brain fatigue. The
differences in skin/subcutis are more difficult to explain.

Using data from the North American Childhood Cancer
Survivor Study (CCSS), 14,359 patients along with 4301 sib-
lings were studied (median FU 24.5years). The cumulative
incidence of a severe, disabling, life-threatening, or fatal
health condition according to Common Terminology Criteria
for Adverse Events (CTCAE) was greater among patients than
siblings (53.6% versus 19.8%) [15].

5223 patients from St. Jude Lifetime Cohort Study (SJLIFE)
treated 1962-2012 (FU time >8years), were evaluated using
CTCAE21 [16]. They report incidences grades 3-4: cardiovas-
cular disease 7.2%, endocrine disease 16.6%, gastrointestinal
disease 12.7%, musculoskeletal disease 10.3%, neurological
disease 9.0%, pulmonary disease 5.6%, and renal disease
3.4%. 3.7% of the patients had a subsequent neoplasm.

The reason why we found a lower severe complication
incidence at 10-year FU compared to after 5years is probably
the small number of patients eligible for 10-year FU. Another
reason could be that only patients treated at TSL were fol-
lowed for such a long time. For physical reasons those
patients had in general smaller targets, mostly limited to the
head and neck.

The patient with xerostomia five years post RT had exten-
sive chemotherapy, which could have contributed [17,18].
The patient with a jaw joint stiffness, a complication quite
commonly related to RT [19], also had extensive surgery and
thus the cause can be multifactorial.

Late complications of bone, including growth inhibition,
are well known and can occur after as low doses as 20 Gy to
the growth zones, especially before six years of age [20,21].
The most important factors related to the impact of radiation
on craniofacial structure is age [22-25] and dose [25,26].
Since radiology is not performed routinely during late FU for
patients without evidence of relapse or sequelae, there is a
fair amount of missing data on late complications of bone in
our registry. Hence, the amount of bone complications might
be underestimated. However, severe complications would
probably be detected based on anamnesis and physical
examination. In addition to the five patients with growth
inhibition of the facial skeleton, we found one case of verte-
bral fracture, a well-known complication especially of those
bones under most physiologic stress such as vertebrae [27].
Another patient developed jaw osteonecrosis only one year
post RT. There are established relationships between
ongoing dental/mandibular problems [28], corticosteroids
[29], several chemotherapeutic drugs [30] and non-traumatic
osteonecrosis. Ducatman [14] also report NF-1 to cause
abnormal RT sensitivity. Our patient had no ongoing jaw
infection and no evidence of NF-1, but received a consider-
able dose of corticosteroids and several types of chemother-
apeutic drugs both before and after RT. Thus, it might be
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more likely that medical drugs, perhaps in the combination
with RT, have caused this complication.

Late complications of CNS are not very well captured by
the RTOG/EORTC forms. The definitions of the various grades
of complications are blunt, especially concerning neuro-
psychological evaluation. For this purpose, neuropsycho-
logical tests are necessary [31]. Such tests are not recorded
in Radtox, but have been reported elsewhere [31]. More
Swedish results on this matter are currently under compil-
ation (Soderstrom, personal communication). One patient
developed panhypopituitarism after 52 Gy to the pituitary,
which is a known risk factor [32]. We lack hormonal labora-
tory status for many patients. However, since all patients are
asked for current medication at FU, this would probably be
detected anyhow, but might be underestimated. One patient
treated with 54Gy due to craniopharyngioma developed a
stroke caused by moyamoya syndrome [33]. Others have
reported young age as well as NF-1 to be risk factors for
development of moyamoya syndrome after receiving RT to
the parasellar region [34]. Our patient did not suffer from
NF-1.

No studies, including multiple variable analyses, investi-
gating the independent effect of RT on hearing loss were
identified in a report from the International Late Effects of
Childhood Cancer Guideline Harmonization Group in collab-
oration with the PanCare Consortium [35]. Hence, no safety
threshold RT dose could be set. In our study, all the three
patients who presented with severe ear complications with-
out having cisplatin treatment had a cochlear dose of more
than 50 Gy. One of them had decreased hearing grade 3 five
years post RT and one had continuous tinnitus. A third
patient had external otitis and perforated tympanic mem-
brane one year post RT, an uncertain RT complication. The
additional three patients with severe ear problems had both
RT and cisplatin treatment, with for at least two of the
patients a temporal relation to cisplatin, a known ototoxic
drug [36]. It can, however, not be ruled out that RT was a
contributing factor also for them.

Teeth and muscle complications are not included in the
RTOG/EORTC forms. Thus, the number of patients with these
types of complications are underestimated in our study. In
the patient files, we accidentally found two patients with
short teeth roots and lack of some permanent teeth (Table 3).
We also found one patient with a severe muscle atrophy.
Different teeth disturbances are well known complications to
RT [17,37-39] to which younger age and radiation doses >
20 Gy are risk factors [40-42].

While mortality due to recurrence or tumour progression
is decreasing over time, it appears that mortality due to sec-
ondary malignancies (SM) is increasing [7,43,44]. In our
cohort no SM was reported but the FU time is most likely
too short to expect any SM to have occurred.

Unfortunately, it is not possible to calculate the percent-
age risk for developing a complication by solely using our
registry, since grade 0-4 side effects are often reported
instead of marking NA even when the OAR is far from the
target. Thus, our estimated risks would probably be lower
than the actual percentage risks.

Since late complications increase by time it can be argued
that the FU time is too short for many of our patients, espe-
cially for those treated at the Skandion clinic. We also have
too few patients treated below the neck to draw any statis-
tically significant conclusions for each OAR. There is probably
an underestimation of bone complications due to lack of
routine radiology, and hormonal status is missing for many
patients. Neither are there any patient-reported outcome or
quality of life measurements.

The strengths of our study are an almost 100% inclusion
of patients, RT data and quality control made by one dosi-
metrist, well documented RTOG/EORTC reporting forms, com-
plications related to RT, and missing data checked manually.

Even though we cannot calculate any reliable incidence
figures, the data concerning severe complications of the pre-
sent study are fairly well in accordance with a 4% non-ocular
and 18% ocular severe complication rate in 83 rhabdomyo-
sarcoma patients (median FU 55.5 months) treated with pen-
cil beam RT (median 54 Gy RBE) reported by Leiser et al. [45].
It also probably matches the 5-year ear-toxicity of 16% in a
phase 2 proton study of 45 medulloblastoma patients
treated with passive scattered proton RT at Massachusetts
General Hospital with median FU 7 years [46]. In both these
studies, all patients, like most of our patients, received
chemotherapy in addition to RT.

Most studies report on complications from RT, chemother-
apy and other treatment modalities without separating the
different modalities. This probably reflects the huge difficulty
in deciding causations, but also makes our comparisons with
other studies difficult. One attempt to separate the effect of
RT from other treatment modalities was done in a Japanese
multicentre study with various diagnoses. The patients were
stratified on RT treatment (113 patients) or no RT treatment
(72 patients), median FU time >10years. Late effects grades
>2 were 68% and 36%, respectively (p=.007) [47]. It was,
however, not stated whether RT or chemotherapy were the
most likely causes of the complications (more patients in the
RT group than in the non-RT group had antracyclines, alky-
lating agents, etoposide, and stem cell transplantations,
while more patients in the non-RT group were operated on).

To conclude, our most important finding was the low pro-
portion of severe late complications, 4% at 1-year FU, 5% at
3-year, 11% at 5-year, and 1 of 28 patients at 10-year FU,
compared to our own Radtox registry data for a mixed
cohort of 497 patients (brain tumours 39%, sarcoma 23%,
leukemia 14%) treated with photon (419 patients) or proton
(78 patients) RT from January 2008 to June 2014 with FU
<5years; 10% at 1-year FU, 21% at 3-year FU, and 30% at 5-
year FU [48]. Even though this cohort included fewer
patients with a greater variety of diagnoses, which could
influence the statistical significance, proton therapy seems to
be a good alternative for treating paediatric patients.
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