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Introduction

In the last decade, proton radiation therapy for brain 
tumours has become increasingly the treatment of choice 
[1–7]. The characteristics of a proton beam have an advan
tage over a photon beam, because a proton beam disposes 
most of its energy (Bragg peak) at a certain depth and no 
residual radiation will exist beyond this point [8,9]. The 
Danish Centre for Particle Therapy (DCPT) equipped with a 
ProBeam spot scanning beam from Varian Medical 
SystemsTM (Palo Alto, CA) started treating patients in January 
2019. Prior to the opening of the centre, the Danish Neuro- 
Oncology Group (DNOG) decided to implement selection cri
teria for adult patients with primary brain tumours with a 
good or intermediate prognosis. The selection criteria have 
been based on comparison treatment plans from the refer
ring regional departments. In 2018, they published the dosi
metric criteria for adult patients with brain tumour for 
potential proton radiation treatment (Table 1) [10]. At a 
national video conference, it is decided that there is an 
advantage for proton therapy according to the DNOG crite
ria. However, treatment planning for the modality compari
son is time and resource consuming and it is dependent on 
local treatment planning skills. To ease and to speed this up, 
a knowledge-based tool for proton treatment planning can 
be used and it may in addition homogenise the selection 
quality across the centres. RapidPlanTM (Varian Medical 
SystemsTM, Palo Alto, CA) is available at the majority of radi
ation centres in Denmark. This tool predicts outcome of the 
dose-volume histograms (DVHs) for different OARs and sets 
automatically the optimising parameters used for achieving 
this predicted dose distribution based on a tumour site spe
cific model.

In the present study, doses to OARs relevant for the selec
tion of patients for proton therapy treatment according to 
the DNOG-criteria predicted by RapidPlanTM were compared 
to the corresponding doses from the original clinical proton 
treatment plans or from the comparison proton treatment 
plan with the aim to assess the performance of RapidPlanTM 

in selection of patients with brain tumours for proton 
therapy.

Materials and methods

Patient cohort and delineation

To train the RapidPlanTM brain model, the treatment plans of 
90 patients with astrocytoma, IDH mutated WHO grade 2/3, 
oligodendroglioma, IDH mutated, 1p19q co-deleted WHO 
grade 2/3, and meningioma WHO grade 1–3, treated at our 
institution from 2019 to 2020, were included. The target 
coverage of the clinical target volume (CTV) was robustly 
optimised. The prescribed dose to the CTV was depending 
on the diagnosis and varied between 50.4 GyRBE and 
59.4 GyRBE assuming a uniform RBE of 1.1. This brain model 
has been verified with positive results [11], e.g., improve
ments up to 11% in mean dose have been seen for the 
chiasm when using RapidPlanTM. The independent cohort of 
30 patients for the present analysis of the prediction of the 
knowledge-based prediction tool consists of patients, that 
were part of the selection process from January 2020 to 
December 2022. The age interval of the patients was from 
22 to 66 years old with a median of 46 years.

The GTV and CTV are delineated according to the DNOG 
Guidelines [12], which are based on the ESTRO ACROP 
Guidelines [13]. The OARs are delineated according to the 
EPTN atlas-based consensus [14]. The present study was 
approved by the Quality Assurance Committee at the Aarhus 
University Hospital.

Treatment planning

The proton treatment plans were generated with EclipseTM 

treatment planning system in combination with the Non-lin
ear Universal Proton Optimizer (NUPO) version 16.1 (Varian 
Medical System, Palo Alto, CA). The plans of the test set of 
30 patients consisted of at least three beams covering the 
target. The angles were chosen in a way that it will ensure 
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the shortest path to the tumour avoiding unnecessary irradi
ation of healthy tissue, but considered that there will not be 
overlapping distal edge in critical organs [15]. For superficial 
targets, the beams are equipped with range shifters of either 
3 cm or 5 cm. The plans were robust optimised on the CTV 
and critical OARs with a set-up and range uncertainty of 
2 mm and 3.5%, leading to a total of 12 combined uncer
tainty scenarios and two scenarios based on the range 
uncertainty only. The set-up uncertainty used for these 
model patients was 3 mm. The coverage criterion of the CTV 
of the worst-case scenario is set to be D98% ¼ 95% conform 
to the DNOG radiotherapy guidelines. If the patient was 
enrolled to the proton selection process, the proton treat
ment plan was compared to the photon plan using the dose 
to the specific DNOG criteria organs at risk (OARs) (Table 1).

Analysis and evaluation

The RapidPlanTM brain model was executed on duplicates of 
the original proton plans. For each organ at risk, Pearson’s R2 

regression correlation coefficient between the predicted and 
actual DVHmetrics was calculated. The regression of the data 
was analysed by calculating the slope and intercept, which is 
a measure for the accuracy of the prediction. If the slope is 
close to 1 and the intercept is close to 0, then the model 
can predict the dose to the OARs close to the ideal. To 
evaluate the degree of dispersion of the difference between 
the actual and predicted DVH metrics, the standard deviation 
and the mean difference were calculated. The studied OARs 
were the whole brain after subtraction of the CTV (brain- 
CTV), the hippocampus, the cochleas, and the pituitary 
gland.

Results

Correlation analysis revealed a strong correlation between 
the predicted and actual DVH metrics for brain-CTV, hippo
campus and pituitary gland (Table 2). The intercept for all 
OARs, but the cochlea right shows a near perfect prediction 
with a very low systematic intercept. Figure 1 shows the 
graphical correlation between predicted and actual DVH met
rics. For the hippocampus, cochlea, and pituitary gland, the 
prediction and standard deviation were less good.

Discussion

The result of this study shows a strong correlation between 
the predicted and actual/achieved DVH metrics of brain-CTV. 
There is a plausible correlation for hippocampus and poor 

correlation for the cochlea and pituitary gland. This is prob
ably due to the small volume of the individual OARs and the 
placement of the tumour relative to it. In this study, the 
amount of data for the cochlea and pituitary gland is rela
tively sparse for a correlation analysis and the volume of the 
structures is small. On the other hand, the model predicts 
the DVH metrics for the whole brain when the CTV is sub
tracted (brain-CTV) very well. The standard deviation of the 
difference in metrics and the range are small. The use and 
verification of this knowledge based planning tool for both 
photon and proton treatment planning are described in the 
literature [16–20]. In the literature, there is one Dutch study 
with positive results using the prediction of RapidPlanTM for 
selecting patients with head and neck cancer for proton radi
ation therapy [21]. In another study, the photon model was 
used as a quality assurance tool for treatment plans that are 
included in the EORTC-1219-DAHANCA-29 trial [22]. The anat
omy of the head and neck and the use of integrated boost 
to the target with different dose levels is more complex 
compared to our brain tumour cases. Therefore, building a 
knowledge based model should be simpler. On the other 
hand, the beam configuration of a head and neck plan is 
quite standard compared to the configuration for brain 
tumours, depending on the localisation of the tumour and 
the OAR relative to it.

Moreover, proton beam therapy has its challenges, i.e., 
range uncertainty of the Bragg peak and the increased linear 
energy transfer at the end of range causing more biological 
damage compared to the same physical dose in other parts 
of the beam [15,23–30]. Until this effect is fully understood 
and implemented in a treatment planning system, treatment 
planning of proton beams must take this into account by 
choosing the right beam angles, excluding overlapping distal 
ends of the Bragg peak in an essential organ at risk. Still, 
decreased integral dose to brain and sparing OARs can be 
gained by using proton radiation therapy. The RapidPlanTM 

model makes a correlation between the dose to OAR and 
overlapping percentage with the target in the beam eye 
view. The model does not handle any knowledge about the 
placement of the distal edge of the beam. This could, in 
principle, lead to sub-optimal predictions. The model consists 
also of treatment plans with prescription doses of 54 and 

Table 1. DNOG’s OAR’s dose sparing criteria compared to photons for potential proton treatment.

Organ Dose Criteria Clinically relevant reduction for proton therapy

Contra lateral cochlea Dmean �45 GyRBE >10% reduction if Dmean >45 GyRBE
Pituitary Dmean �20 GyRBE >20% reduction if Dmean >20 GyRBE Age <20 years

Dmean �30 GyRBE >20% reduction if Dmean >30 GyRBE 20 < age < 70 years
Dmean None None Age > 70 years

Hippocampus D40% �11 GyRBE >20% reduction if D40% >11 GyRBE Both hippocampi as one structure
Brain-CTV Dmean >20% reduction Age <45 years

V30GyRBE >20% reduction Age >45 years

Table 2. Regression analysis data for the DNOG’s OARs.

R2 Slope Intercept Mean D 1 SD Range

Dmean brain-CTV (GyRBE) 0.97 0.93 0.38 −0.10 0.71 [–1.73,1.58]
V30 brain-CTV (cm3) 0.98 0.93 0.59 −0.10 1.25 [–2.70,2.6]
Dmean cochlea L (GyRBE) 0.92 1.05 0.20 0.44 3.48 [–10.97,7.48]
Dmean cochlea R (GyRBE) 0.86 0.83 −0.02 −0.85 4.45 [–22.79,3.8]
D40% hippocampus (GyRBE) 0.94 0.99 1.60 1.41 4.75 [–7.88,19.47]
Dmean pituitary (GyRBE) 0.93 1.07 0.58 1.44 5.35 [–9.62,12.70]
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59.4 GyRBE, where the field angles were chosen not to over
lap in the critical OAR. Therefore, the model should, indir
ectly, take this issue in to account.

In the literature, there are only a couple of articles con
cerning RapidPlanTM for brain treatments that describe 

mainly whole brain radiation treatment with hippocampus 
sparing for metastases [31–35]. There is only one study 
describing the use of RapidPlanTM in high grade glioma [19]. 
In that study, only RapidPlanTM prediction of doses to coch
lea and the pituitary gland was investigated in patients 

Figure 1. The correlation between the predicted (x-axis) and actual (y-axis) for the DNOG specific DVHmetrics. The solid line represents the fit through the data 
points. The dashed lines represent the ±1 standard deviation of the fit. The standard deviations are specified in Table 2.
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planned for photon radiotherapy. A Dutch study [21] had 
overall good prediction of OAR doses using the RapidPlanTM 

model for patients with head and neck cancer. They go even 
further by using the prediction of the photon model to pre
dict the dose reduction for critical organs used in the selec
tion of patients for proton radiation treatment. In principle, 
there was no need to make treatment plans in full extend. In 
that study, they had also seen some large discrepancies 
between the predicted and the ultimately achieved dose to 
some OARs, which was explained by the small volume of the 
structures studied, like in our study. In brain tumour patients, 
the small OARs, like the cochleas could be either spared or 
receiving a high dose in the vicinity of the target, making 
the dose regression for these OARs more imprecise.

In our experience from discussing the comparative treat
ment plans, the selection of patients for proton therapy are 
rarely based on the dose reduction of the cochlea and pituit
ary gland. Most of these patients are selected, based on the 
criteria of the dose reduction of the structure brain-CTV. 
Using the RapidPlanTM model for comparative treatment 
planning in selection of patients will reduce the time and 
resources spent on the process considerably. Especially, 
based on the prediction of the dose metrics of brain-CTV, 
the process of fully optimising the treatment plan could be 
avoided. The time saved is approximately 1 h per proton 
treatment plan and depends on the hardware used and cal
culation settings. However, caution should be taken for the 
other OAR used as selection-based criteria for tumours close 
to critical OAR, such as the hippocampus, pituitary gland, 
and cochlea or results close to the selection criteria. False 
positive and false negative results of this prediction will be 
investigated in future work. This procedure of using the pre
diction of the DVHmetrics for the OARs could be further 
automated by using plan scripts leading to a potential larger 
throughput and faster pre-screening for patients eligible for 
proton radiation therapy at the referring departments.

Conclusions

In conclusion, the RapidPlanTM model predicts the DVH dose 
metrics for brain-CTV very accurately. The model has a plaus
ible prediction for the hippocampus, but assessment of a 
larger group of patients is need to validate the model. The 
dose prediction for smaller structures like the cochlea and 
pituitary gland has a less good agreement and more data 
are needed. Using this model, potentially spares time and 
resources in selection and referral of brain tumour patients 
for proton therapy.
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