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Original Research Article 
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A B S T R A C T   

Background and purpose: Patients with lower-grade gliomas are long-term survivors after radiotherapy and may 
benefit from the reduced dose to normal tissue achievable with proton therapy. Here, we aimed to quantify 
differences in dose to the uninvolved brain and contralateral hippocampus and compare the risk of radiation- 
induced secondary cancer for photon and proton plans for lower-grade glioma patients. 
Materials and methods: Twenty-three patients were included in this in-silico planning comparative study and had 
photon and proton plans calculated (50.4 Gy(RBE = 1.1), 28 Fx) applying similar dose constraints to the target 
and organs at risk. Automatically calculated photon plans were generated with a 3 mm margin from clinical 
target volume (CTV) to planning target volume. Manual proton plans were generated using robust optimisation 
on the CTV. Dose metrics of organs at risk were compared using population mean dose-volume histograms and 
Wilcoxon signed-rank test. Secondary cancer risk per 10,000 persons per year (PPY) was estimated using dose- 
volume data and a risk model for secondary cancer induction. 
Results: CTV coverage (V95%>98%) was similar for the two treatment modalities. Mean dose (Dmean) to the 
uninvolved brain was significantly reduced from 21.5 Gy (median, IQR 17.1–24.4 Gy) with photons compared to 
10.3 Gy(RBE) (8.1–13.9 Gy(RBE)) with protons. Dmean to the contralateral hippocampus was significantly 
reduced from 6.5 Gy (5.4–11.7 Gy) with photons to 1.5 Gy(RBE) (0.4–6.8 Gy(RBE)) with protons. The estimated 
secondary cancer risk was reduced from 6.7 PPY (median, range 3.3–10.4 PPY) with photons to 3.0 PPY (1.3–7.5 
PPY) with protons. 
Conclusion: A significant reduction in mean dose to uninvolved brain and contralateral hippocampus was found 
with proton planning. The estimated secondary cancer risk was reduced with proton therapy.   

1. Introduction 

The number of centres offering proton therapy (PT) increases rapidly 
worldwide. The fundamental properties of proton beams allow a 
reduction in dose to normal tissue compared to treatment with photons 

[1]. Adult patients with a range of brain tumours are candidates for PT 
due to the potential reduction of the degree of radiation-induced brain 
injuries, and positive impact on patients’ quality of life [2]. There is, 
however, no general consensus on the recommendation of PT for pa
tients with lower-grade gliomas (LGG). A direct dosimetric comparison 
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of ‘state-of-the-art’ photon treatment to PT will be of value to guide the 
radiation oncologists to which patients may benefit from one treatment 
modality over the other. 

Previous studies on adult patients with brain cancer have reported on 
the dose advantages with PT compared to different photon therapy 
techniques; Harrabi et al. found dose reductions when comparing 3D 
conformal RT (3D-CRT) to PT [3]. Eekers et al. reported on a multicentre 
planning study comparing several photon techniques to proton treat
ment for 25 LGG patients and concluded that PT could especially spare 
dose to contralateral organs [4]. Dutz et al. also reported lower doses to 
brain organs at risk (OARs) for a heterogenous cohort of 92 brain cancer 
patients treated with PT when compared to volumetric modulated arc 
therapy (VMAT) plans and found that 87% of these patients would have 
been selected for PT if a model-based approach had been used [5]. 

In particular, patients with LGGs may benefit from dose reduction of 
the normal tissue in the brain since their median survival is often more 
than 10 years after radiotherapy [6–8] and hence radiation-induced late 
effects can have extensive consequences for these patients. Our knowl
edge of the dose–response relationship in the brain is limited, and it is, 
therefore, difficult to determine who will benefit most from PT. Some 
normal tissue complication probability (NTCP) models for prediction of 
side effects of radiotherapy are available, including radiation necrosis, 
vision impairment and hearing loss [9–11]. LGG patients will, however, 
often be treated with low prescription doses and the above-mentioned 
side effects will not be as relevant as e.g. neurocognitive impairment 
and fatigue. There exist only a few follow-up studies on cognitive 
changes after radiotherapy of LGG patients [12–16], hence there is some 
debate on the shape of the dose–response curve. It is hypothesised that 
dose to the hippocampi will result in some neurocognitive decline due to 
its link to neurogenesis [17], and the degree of dose reduction achiev
able with PT is important to study. In the Netherlands, a model-based 
approach is used as a selection tool [18] and interestingly, the Dutch 
referral for proton therapy for LGG patients with a good prognosis also 
includes a 5% dose reduction to both hippocampi minus the clinical 
target volume (CTV) as eligibility criterion [19]. 

Another aspect to consider when selecting patients for either photon 
or proton treatment is the risk of secondary cancer (SC) following 
radiotherapy. Data on SC in the brain originates mainly from paediatric 
cohorts treated with cranial radiotherapy, where excess odds ratios 
(EOR) of 0.33 and 0.079 per Gy have been reported for gliomas and 1.06 
and 5.1 per Gy for non-malignant and malignant meningiomas by the 
North American and British Cancer Survivor Study respectively [20]. 
Different photon techniques have been shown to have a theoretical 
impact on the risk of secondary tumours [21]. The rapid distal dose fall- 
off of protons may significantly reduce the integral dose and thus reduce 
the risk of SC. Quantifying the consequence of potential dose reduction 
on the risk of radiation-induced SC may be an important tool in the 
selection of radiotherapy treatment modality. In a previous study by 
Dennis et al. the risk of SC was estimated for 11 LGG patients treated 
with passively scattered PT and compared to intensity modulated radi
ation therapy (IMRT) plans [12]. Here, the risk of SC was estimated to be 
twice as high with IMRT compared to PT. The SC risk has, however, been 
shown to be increased with IMRT compared to both other photon 
therapy techniques and PT [22]. 

The primary aim of this study was therefore to quantify the potential 
dose reduction to the uninvolved brain and contralateral hippocampus 
with PT compared to automatically generated state-of-the-art photon 
plans. Our secondary aim was to estimate the potential risk reduction of 
secondary cancer as a result of the dose reduction which can be achieved 
with PT. 

2. Materials and methods 

In this in-silico planning comparative study, automatically generated 
photon therapy plans were compared to manually calculated PT plans. 

2.1. Patients 

A historical cohort of patients treated with photon therapy for low- 
grade gliomas from 2013 to 2018 in one of four radiotherapy clinics 
in Denmark was available for this study. From this cohort, we randomly 
selected 24 patients treated at Aarhus University Hospital. The study 
was approved by the Danish patient safety authority (3-3013-2680/1). 
Patient and tumour characteristics are displayed in Table 1. 

2.2. Target and organ at risk delineations 

Clinically used delineations of target volumes and OARswere avail
able for this study. Delineations were performed on the treatment 
planning CT images (3 mm slice thickness) fused with T1 and T2 
weighted pre- and postoperative MRI sequences (1 mm slice thickness). 
National guidelines for target and OAR delineation and treatment 
planning were used [23]. The original clinically defined gross tumour 
volume (GTV) and CTV were used without modifications. The GTV was 
defined as the hyper-intense tumour volume on the T2 weighted fluid 
attenuated inversion recovery (FLAIR) magnetic resonance images 
including the contrast enhanced tumour and resection cavity (if pre
sent). The CTV was obtained by adding an isotropic margin of 1 cm to 
the GTV and adjusting to anatomical barriers. An experienced radiation 
oncologist (YL-R) checked and adjusted delineations of OARs to ensure 
that all delineated structures adhered to Danish national guidelines. 
Delineated OARs were brain, brainstem, chiasm, cochlea, eyes, hippo
campi, lenses, optic nerves, optic tracts, pituitary and spinal cord 
[23,24]. Uninvolved brain was defined as the entire brain volume, 
excluding CTV and brainstem (brain-CTV-BS). In cases where the CTV 
included the left or right hippocampus (20 out of 46), the hippocampus 
was still delineated as a separate volume. For two patients this was not 
possible and only one hippocampus was delineated. 

Table 1 
Patient characteristics.  

Characteristics n % 

Total patients 23 100 
Male 18 78 
Female 5 22  

Age (years)   
Mean (range) 45 (22–77)  

Diagnose   
Diffuse Astrocytoma 14 61 
Oligodendroglioma 3 13 
Anaplastic Astrocytoma 4 17 
Pilocytic Astrocytoma 2 9  

Clinical Target Volume (cm3)   
Median (range) 238 (175–296)  

Surgery   
Biopsy 10 44 
Partial resection 9 39 
Complete resection 4 17  

Laterality   
Left 16 70 
Right 6 26 
Midline 1 4  

Location   
Frontal lobe 7 30 
Temporal lobe 6 26 
Parietal lobe 9 39 
Cerebellum 1 4  

Performance Status (WHO)   
0 10 43 
1 11 48 
2 2 9  
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2.3. Treatment planning 

To ensure that all treatment plans were optimised according to 
current clinical guidelines and using the updated OARs segmentations, 
new plans were calculated for all patients. The prescribed dose was 50.4 
Gy in 28 fractions for all patients. The OAR dose constraints were the 
same for photon and proton plans and followed national guidelines 
(suppl. Table S1 and S2). One patient was excluded from analysis due to 
the tumour location overlapping with the spinal cord. The overlap 
resulted in a volume of the target where the prescription dose could not 
be reached. 

All photon treatment plans were generated by one treatment planner 
(CRH) with Pinnacle Autoplan (Philips Healthcare, Eindhoven, The 
Netherlands) [25]. The treatment technique was typically a full VMAT 
arc with a collimator angle of 15 degrees. Few patients had only a partial 
arc if the tumour location was very lateral. The dose grid spacing was 
3x3x3 mm3 and control point spacing was 2 degrees. The Autoplan 
treatment technique that was used is detailed in suppl. table S2. The 
planning target volume (PTV) was defined as CTV + 3 mm isocentric 
margin and 98% of the target volume was covered by at least 95% of the 
dose. After Autoplan optimisation, manual fine-tuning optimisation was 
performed to adhere to the national guidelines for target and critical 
OARs. 

All proton treatment plans were generated by a second treatment 
planner (CSB) according to clinical practice in Eclipse TPS v13.7 (Varian 
Medical Systems, Inc., Palo Alto, CA, USA). A fixed relative biological 
effect (RBE) of 1.1 was used in the optimisation of all proton plans. All 
proton doses reported were thus corrected for this RBE. We used three 
fields with a minimum angular separation of 30 degrees. In cases where 
robust CTV coverage could not be obtained with three fields, we used 
four (with the same minimum separation). Any titanium clips were 
avoided when choosing field directions. Furthermore, distal edges 
ending in critical OARs were avoided where possible. Plans were 
calculated using robust optimisation to the CTV and serial organs if they 
were close to the target volume. Fourteen scenarios were calculated with 
an isocenter shift of 0 mm or ± 3 mm in the x, y and z direction com
bined with a range uncertainty of 3.5%. All plans were normalised to the 
CTV mean and optimised to cover 98% of the target volume with at least 
95% of the dose. The dose grid spacing was 1x1x1 mm3. Target coverage 
was evaluated for both the nominal plan and the worst-case scenario. All 
plans were reviewed by an experienced clinical physicist (JFK). 

2.4. Organ at risk dose volume histogram analysis 

Dose-volume histograms (DVHs) for the uninvolved brain, brain
stem, chiasm, hippocampi, optic tracts and pituitary gland were 
extracted using Eclipse Scripting Application Programming Interface 
from the TPS and population data were analysed in MATLAB using an in- 
house developed script. The population mean DVHs were calculated by 
averaging the individual patient DVHs within each dose bin. The pop
ulation DVH variation was calculated similarly. 

2.5. Secondary cancer risk 

The risk of developing an SC in the brain after radiotherapy was 
calculated according to the method proposed by Schneider et al. [26] 
and is described in detail in the supplementary material A. Briefly, the 
uninvolved brain DVH was used in combination with a dose–response 
model to calculate the SC risk as excess absolute risk (EAR) per 10,000 
persons per year (PPY). 

2.6. Statistical methods 

A paired Wilcoxon signed-rank test was used to test for differences 
between photon and proton plans with p-values less than 0.05 consid
ered significant. For the population mean DVHs there was no correction 
for multiple testing and the individual dose bins were considered 
dependent. A p-value for each dose bin was calculated for the paired 
photon and proton mean DVHs and plotted along these as a curve. This 
p-value curve should only be used as an illustration to indicate dose 
ranges with a significant difference. 

The treatment planning study was planned and conducted according 
to the RATING guidelines [27]. The authors have evaluated the study 
and found a RATING score of 97%. 

3. Results 

Clinically satisfactory target coverage (PTV for photon therapy plans 
and CTV for PT plans, V95% >98%) was obtained for all patients (N =
23) and there was no significant difference between the two treatment 
modalities. Doses to all delineated OARs in both photon and proton 
plans met protocol constraints (suppl. tables S1 and S2). Photon plans 
had a significantly higher mean dose (Dmean) to the uninvolved brain 
with a median Dmean of 21.5 Gy (17.1–24.4 Gy, IQR) compared to proton 
plans demonstrating a median Dmean of 10.3 Gy(RBE) (8.1–13.9 Gy 

Fig. 1. Box plots of the mean dose to the uninvolved brain (Brain- 
CTV-BS) (A), brainstem (B), hippocampi (C) and CTV (D) for photon 
plans (red) and proton plans (blue). Outliers are marked with a red 
plus sign. A significant reduction is observed for all of these struc
tures with proton therapy compared to photon therapy. CTV 
coverage was obtained with both treatment modalities. (For inter
pretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)   
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(RBE), p < 0.0001, Fig. 1, Table 2). An illustrative example of treatment 
plans from the two different modalities is displayed in Fig. 2. A similar 
dose reduction was observed for the brainstem Dmean, with a reduction 
from 27.5 Gy (11.0–30.8 Gy) with photons to 18.2 Gy(RBE) (7.8–26.6 
Gy(RBE) with protons (p < 0.001). A significant reduction was observed 
for the bilateral hippocampi with a median Dmean of 24.5 Gy (13.1–27.7 
Gy) with photons compared to 20.1 Gy(RBE) (9.5–25.2 Gy(RBE) with 
protons (p < 0.001, Fig. 3) as well as for ipsi- and contralateral hippo
campus alone, supplementary Fig. S1. Median Dmean to the contralateral 
hippocampus was 6.5 Gy (5.4–11.7 Gy) with photons compared to 1.5 
Gy(RBE) (0.4–6.8 Gy(RBE)) with protons (p < 0.001). The individual 
proton Dmean for uninvolved brain and both ipsi- and contralateral 
hippocampus was in the majority of cases lower than the photon Dmean 
(Fig. 4). Doses to the remaining OARs were not significantly lower with 
PT compared to photon therapy (Figs. S1-S4), and were even slightly 
higher in some cases (Table 2). 

The estimated secondary cancer risk was significantly reduced for 
proton plans with a median EAR of 3.0 per 10,000 persons per year 
(PPY) (range 1.3–7.5 per 10,000 PPY) compared to photon plans with a 

median EAR of 6.7 per 10,000 PPY (range 3.3–10.4 per 10,000 PPY), p 
< 0.0001 (Suppl. Material Fig. S5). 

4. Discussion 

In this study, we have shown that the mean dose to hippocampi and 
uninvolved brain can be significantly reduced with PT compared to 
automatically optimised state-of-the-art photon treatment plans. Also, 
we found a significant decrease in the estimated risk of SC using PT 
compared to photon therapy with a theoretical model for calculation of 
the risk of SC induction in the brain after radiotherapy. 

The potential clinical benefit of the lower doses to tissue surrounding 
the target volumes remains to be confirmed in clinical studies [9]. PT is 
particularly advantageous with regards to sparing contralateral tissue, 
however, also ipsilateral structures are important to spare and may 
result in a larger overall NTCP difference as was shown in the paper by 
Dutz et al. [5]. In their in-silico study 87% of a cohort of 92 patients 
could have been referred to PT if ΔNTCP > 10% for a given complication 
when comparing PT to photon therapy. For 51 (55%) of their patients, 

Fig. 2. Example patient with a photon (A) and proton (B) dose distributions on the planning CT scan. Both dose washes show the 30–95% of the prescription dose 
range, CTV in cyan and hippocampi in dark blue. The low dose volume is clearly reduced in the proton plan and it is evident from (A) that sparing of the contralateral 
hippocampus may result in higher doses to the surrounding normal tissue with photon therapy. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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the change in NTCP arose from the model on delayed recall from Gondi 
et al. [28]. If we apply this model to our patients, 7 of 23 patients (30%) 
would have a ΔNTCP > 10%. The model is, however, based on a wide 
range of radiation schemes and a more heterogenous cohort of 18 brain 
cancer patients. The dose–response relationship in this model could not 
be confirmed in an independent study by Haldbo-Classen et al. on a 
more homogeneous population of LGG patients [29] nor in the study by 
Jaspers et al. [30]. The potential cognitive benefit of a given dose 
reduction is therefore likely overestimated by Dutz et al. since the 
observed complication rates are lower than those predicted by Gondi 
et al. [28]. 

All photon therapy plans in this study were generated automatically 
whereas the PT plans were generated manually. A fairer comparison 
would be to calculate both types of plans using automated planning 
which was not available for PT at our institution at the time of this 
planning study. Both types of treatment plans do, however, follow na
tional guidelines and two independent treatment planners performed all 
optimisations blinded to each other. This is also why the dose to some 
OARs may have had more focus in one plan compared to the other. In 
both cases, treatment plans have been calculated as would have been the 
case in routine clinical practice. Treatment planning for PT is still in the 
early stages and there is room for improvement when it comes to e.g. 
finding the optimal field angles, robustness optimisation and evaluation, 
multifield vs. single-field optimisation, optimal range shifter usage and 
considerations on linear energy transfer and distal edge [31–35]. 

The RBE of protons is not a constant equal to 1.1 but varies with e.g. 
linear energy transfer, dose and biological effect [31]. It would therefore 
be of interest to recalculate the proton plans taking a variable RBE into 
account. The constant value of 1.1 is, however, commonly used clini
cally in PT planning, and therefore also chosen in this study, since we 
aimed to compare clinically relevant treatment plans. The potential 
higher RBE at the distal end of the proton beam was indirectly consid
ered in this study by avoiding OARs close to the distal edge of one or 
more fields. Another important aspect to discuss is the comparison of 

Fig. 3. Mean DVHs for the uninvolved brain (Brain-CTV-BS) (A), brainstem (B), hippocampi (C) and CTV (D) for photon (red) and proton plans (blue). A significant 
dose reduction to brain and brainstem (A, B) is obtained with proton therapy, for hippocampi the reduction is significant below 10 Gy. CTV coverage is similar with 
both modalities although minor differences are observed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Fig. 4. Mean photon dose (y-axis) to the uninvolved brain (red diamonds), 
contra- (black circles) and ipsilateral (blue triangles) hippocampus versus mean 
proton dose (x-axis) for all patients. The black line is the identity line. For all 
patients, a photon plan results in a higher mean dose to the uninvolved brain. 
For two patients, the ipsilateral hippocampus receives 3 and 9 Gy more with the 
proton plan and for another patient, the contralateral hippocampus receives 9 
Gy more with the proton plan. In all three cases, doses to the OARs are well 
below the dose limits and possibly could have been reduced upon further 
optimisation of the plans. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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photon vs. proton treatments: Photon plans are optimised to cover a PTV 
whereas in PT planning, coverage is obtained for the CTV and combined 
with robust optimisation. This has been up for much debate, still, the 
PTV concept is being used clinically for photon treatments and hence 
this is what was done in this study and presumably will be so for quite 
some time. 

Dennis et al. also reported on lower doses to OARs with PT and a two- 
fold increase (from 47 to 106 per 10,000 PPY) in the estimated risk of 
radiation-induced SC with IMRT treatment plans compared to the 
delivered passively scattered PT plans for a small cohort of 11 patients 
with LGG [12]. In their study, the dose to the whole brain (including the 
CTV) was used for the calculation and resulted in a higher absolute risk 
of secondary cancer. There may be considerable uncertainties associated 
with the absolute values of these calculations, however when perform
ing relative comparisons these uncertainties are in the range of 2-5% 
[36]. Even with significant uncertainties, it is important to estimate the 
risk as this can give an impression of the magnitude of the risk and what 
the relative risk reduction is, which will have a lower uncertainty. 

We have only calculated the risk of SC induction in the brain and not 
for the entire body. The clinical effect of the low doses which will 
inevitably be present during a radiotherapy treatment course is not well- 
known. However, Brenner et al. found an increased risk of SC after 
radiotherapy treatment compared to surgery alone in prostate cancer 
patients [37]. Grantzau et al. reported similar results in breast cancer 
patients [38], whereas a study by Wiltink et al. showed no difference in 
the risk of SC for a pooled cohort of patients with rectal or endometrial 
cancer who were randomly allocated to either treatment with or without 
RT [39]. The use of passively scattered PT results in higher neutron 
doses to the patients compared to active scanning [40]. How photon 
therapy and the resulting neutron production relates to these PT tech
niques is still of some debate [41] although there seems to be agreement 
that active scanning reduces neutron doses compared to both photon 
and passive scattered PT. Scattered neutron dose is known to be highly 
biologically effective and of great concern in the potential induction of 
secondary cancer. Emerging epidemiological studies of passively 

scattered protons have not shown an increased risk of secondary cancer 
[42,43]. The concern of secondary cancer may not apply to all LGG 
patients but may be relevant to consider in selected groups of patients, 
especially those with an expectation of long-term survival [44]. 

In conclusion, this in-silico study showed that proton therapy can 
significantly reduce doses to the uninvolved brain and contralateral 
hippocampus when compared to photon therapy for lower-grade glioma 
patients. Our work shows that for these patients specifically, proton 
therapy has a potential to spare cognition and prevent radiation-induced 
secondary cancer. 
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Chiasm Mean [Gy]  30.6 10.9–44.3  34.4 6.4–46.4 p = 0.22 
Max [Gy]  44.9 15.0–49.9  49.5 16.4–50.9 p = 0.32  

Pituitary Mean [Gy]  19.0 6.4–28.0  27.6 5.8–35.6 p = 0.88 
Max [Gy]  34.8 9.6–39.5  36.8 10.8–46.5 p = 0.08  

Hippocampi Mean [Gy]  24.5 13.1–27.7  20.1 9.5–25.2 p < 0.001 
Max [Gy]  51.9 51.5–52.0  51.4 50.2–52.3 p = 0.96  

Hippocampus Ipsilateral Mean [Gy]  49.8 13.8–50.4  49.0 8.4–50.3 p ¼ 0.01 
Max [Gy]  51.8 47.2–52.0  51.5 50.3–52.2 p = 0.69  

Hippocampus Contralateral Mean [Gy]  6.5 5.4–11.7  1.5 0.4–6.8 p < 0.001 
Max [Gy]  22.5 14.2–39.2  20.8 7.4–43.1 p = 0.18  

Optic Tract Ipsilateral Mean [Gy]  48.6 18.6–49.9  49.5 10.8–50.4 p = 0.90 
Max [Gy]  50.3 24.7–51.2  50.9 24.1–51.5 p = 0.90  

Optic Tract Contralateral Mean [Gy]  36.3 12.0–40.1  32.4 1.9–40.0 p ¼ 0.007 
Max [Gy]  43.2 13.8–47.0  44.2 6.0–48.4 p = 0.76  

Optic Nerve Ipsilateral Mean [Gy]  20.1 6.4–35.8  19.0 6.0–41.2 p = 0.13 
Max [Gy]  35.2 14.3–49.0  48.5 23.4–50.2 p ¼ 0.03  

Optic Nerve Contralateral Mean [Gy]  12.0 3.5–19.7  1.1 0.05–7.7 p < 0.001 
Max [Gy]  15.3 7.2–39.5  14.4 1.8–40.7 p = 0.43  
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[35] Biston M-C, Chiavassa S, Grégoire V, Thariat J, Lacornerie T. Time of PTV is 
ending, robust optimization comes next. Cancer Radiothe. 2020;24:676–86. 
https://doi.org/10.1016/j.canrad.2020.06.016. 

[36] Timlin C, Loken J, Kruse J, Miller R, Schneider U. Comparing second cancer risk for 
multiple radiotherapy modalities in survivors of hodgkin lymphoma. Br. J. Radiol. 
2021;94:20200354. https://doi.org/10.1259/bjr.20200354. 

[37] Brenner DJ, Curtis RE, Hall EJ, Ron E. Second malignancies in prostate carcinoma 
patients after radiotherapy compared with surgery. Cancer 2000;88:398–406. 
https://doi.org/10.1002/(SICI)1097-0142(20000115)88:2<398::AID- 
CNCR22>3.0.CO;2-V. 

[38] Grantzau T, Mellemkjær L, Overgaard J. Second primary cancers after adjuvant 
radiotherapy in early breast cancer patients: A national population based study 
under the Danish Breast Cancer Cooperative Group (DBCG). Radiother. Oncol. 
2013;106:42–9. https://doi.org/10.1016/j.radonc.2013.01.002. 

[39] Wiltink LM, Nout RA, Fiocco M, Meershoek-Klein Kranenbarg E, Jürgenliemk- 
Schulz IM, Jobsen JJ, et al. No increased risk of second cancer after radiotherapy in 
patients treated for rectal or endometrial cancer in the randomized TME, PORTEC- 
1, and PORTEC-2 trials. J. Clin. Oncol. 2015;33:1640–6. https://doi.org/10.1200/ 
JCO.2014.58.6693. 

[40] Hall EJ. The impact of protons on the incidence of second malignancies in 
radiotherapy. Technol. Cancer Res. Treat. 2007;6:31–4. https://doi.org/10.1177/ 
15330346070060S405. 

[41] U. Schneider, R. Hälg, The impact of neutrons in clinical proton therapy. Front. 
Oncol. (2015) doi: 10.3389/fonc.2015.00235. 

[42] Vernimmen FJ, Fredericks S, Wallace ND, Fitzgerald AP. Long-term follow-up of 
patients treated at a single institution using a passively scattered proton beam; 
observations around the occurrence of second malignancies. Int. J. Radiat. Oncol. 
Biol. Phys. 2019;103:680–5. https://doi.org/10.1016/j.ijrobp.2018.10.022. 

[43] Chung CS, Yock TI, Nelson K, Xu Y, Keating NL, Tarbell NJ. Incidence of second 
malignancies among patients treated with proton versus photon radiation. Int. J. 
Radiat. Oncol. Biol. Phys. 2013;87:46–52. https://doi.org/10.1016/j. 
ijrobp.2013.04.030. 

[44] Buckner J, Giannini C, Eckel-Passow J, Lachance D, Parney I, Laack N, et al. 
Management of diffuse low-grade gliomas in adults - Use of molecular diagnostics. 
Nat. Rev. Neurol. 2017;13:340–51. https://doi.org/10.1038/nrneurol.2017.54. 

C.S. Byskov et al.                                                                                                                                                                                                                               


