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A B S T R A C T   

Background and Purpose: State-of-the-art radiotherapy modalities have the potential of reducing late effects of 
treatment in childhood cancer survivors. Our aim was to investigate the carcinogenic risk associated with 3D 
conformal (photon) radiation (3D-CRT), intensity modulated arc therapy (IMAT) and pencil beam scanning 
proton therapy (PBS-PT) in the treatment of paediatric abdominal neuroblastoma. 
Materials and Methods: The risk of radiation-induced second malignant neoplasm (SMN) was estimated using the 
concept of organ equivalent dose (OED) for eleven organs (lungs, rectum, colon, stomach, small intestine, liver, 
bladder, skin, central nervous system (CNS), bone, and soft tissues). The risk ratio (RR) between radiotherapy 
modalities and lifetime absolute risks (LAR) were reported for twenty abdominal neuroblastoma patients (me
dian, 4y; range, 1-9y) historically treated with 3D-CRT that were also retrospectively replanned for IMAT and 
PBS-PT. 
Results: The risk of SMN due to primary radiation was reduced in PBS-PT against 3D-CRT and IMAT for most 
patients and organs. The RR across all organs ranged from 0.38 ± 0.22 (bladder) to 0.98 ± 0.04 (CNS) between 
PBS-PT and IMAT, and 0.12 ± 0.06 (rectum and bladder) to 1.06 ± 0.43 (bone) between PBS-PT and 3D-CRT. 
The LAR for most organs was within 0.01–1% (except the colon) with a cumulative risk of 21 ± 13%, 35 ± 14% 
and 35 ± 16% for PBS-PT, IMAT and 3D-CRT, respectively. 
Conclusions: PBS-PT was associated with the lowest risk of radiation-induced SMN compared to IMAT and 3D- 
CRT in abdominal neuroblastoma treatment. Other clinical endpoints and plan robustness should also be 
considered for optimal plan selection.   

1. Introduction 

Neuroblastomas are the most common extracranial solid tumour in 
children [1,2]. In 80% of cases, malignancy arises from cells of the ad
renal medulla and paravertebral ganglia of the abdomen [3]. Most 

patients present with disseminated disease at diagnosis; in this high-risk 
group, radiotherapy to the primary tumour bed plays a key role in dis
ease management alongside chemotherapy, surgery and immuno
therapy [4–9]. Three-dimensional Conformal (photon) Radiation 
Therapy (3D-CRT) with opposing anterior and posterior parallel (AP/ 
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PA) fields is still the standard radiotherapy modality choice in many 
centres, despite full prescription delivery being frequently hindered by 
the low tolerance dose of the neighbouring liver and kidneys [10,11]. 
Advanced state-of-the-art modalities such as Intensity Modulated Arc 
Therapy (IMAT) and proton therapy have great potential to address 
challenges in neuroblastoma treatment [12,13] due to their increased 
conformity and reduced non-target high-dose regions [11,14–18]. 
However, adopting new radiotherapy modalities in paediatric cancer 
management has historically been approached with caution due to the 
potential impact of long-term sequelae [19]. Widespread adoption of 
IMAT in place of 3D-CRT was slow due to concerns that the associated 
low-dose radiation “bath” may increase patient’s carcinogenic risk, 
despite the more conformal high-dose volume. The risk of radiation- 
induced second malignant neoplasms (SMNs) poses a real threat to 
childhood cancer survivors and radiotherapy is a recognised risk-factor 
of carcinogenesis [20,21]. Risks associated with newer modalities must 
be confirmed on long-term patient follow-up data. This is challenging 
since SMNs after radiotherapy have a latency period of 10 years or more 
after exposure, and hence several decades of comprehensive data 
collection are required [22–24]. 

Investigating the relative safety of newer radiotherapies in terms of 
carcinogenic risk is of utmost importance in childhood cancer man
agement. Due to challenges associated with epidemiological studies, in 
silico treatment planning evaluations of radiation-induced SMN risk are 
an attractive alternative for estimating the long-term risks of newer 
treatment approaches [16,25,26]. While SMN risk evaluations have 
been previously conducted in the abdominal neuroblastoma cohort, 
existing studies are not comprehensive [16,17,26]. The risks were usu
ally estimated for a small number of patients using variable methodol
ogies [27,28] and previous studies also did not focus on increasingly 
popular modalities such as IMAT and Pencil Beam Scanning Proton 
Therapy (PBS-PT). 

Therefore, this study aimed to perform a comprehensive evaluation 
of the theoretical benefits of PBS-PT versus IMAT and 3D-CRT with 
respect to carcinogenic risk in eleven organs for paediatric abdominal 
neuroblastoma. 

2. Materials and methods 

2.1. Patient selection 

Twenty high-risk patients with abdominal primaries who received 
3D-CRT historically at University College London Hospital were selected 
for this study as described in our previous publications [11,15]. Consent 
for data usage for research purposes was available for all cases. The 
datasets were provided fully anonymised. The male to female ratio of 
this cohort was 11:9 with a median age of 4 years (range; 1–9 years). 
Nine patients displayed midline tumours where the remaining presented 
with well-lateralised tumours (five right-sided and six left-sided) [15]. 

2.2. SMN-relevant organs 

The SMN risk associated with each radiotherapy modality was 
assessed for eleven organs: the lungs, rectum, colon, stomach, small 
intestine, liver, bladder, skin, central nervous system (CNS), bone, and 
soft tissues. All organs-at-risk were manually delineated on planning CT 
images and reviewed by a clinical expert. The skin was defined as a 2 
mm shell of the outer body contour. The bones were extracted by 
applying a threshold (>150HU) within the body while excluding high- 
intensity artefacts. The remaining regions were combined into the soft 
tissues. 

The CT images covered the abdomen and thorax only. Volumes 
outside this field-of-view were estimated by rigidly aligning each CT 
with an age- and sex-specific XCAT phantom [29,30]. A total of 18 XCAT 
models aged 1–9 years for each sex, generated with default settings, 
were available. Each patient was matched to its most similar phantom 

automatically, considering age and body contour similarity. Comparable 
segmentations were generated on all phantoms and used to estimate the 
missing anatomy (head and limbs). The radiotherapy dose was assumed 
to be zero outside the imaging field-of-view. 

2.3. Overview of treatment planning techniques 

Dose distributions from clinically acceptable 3D-CRT, IMAT and 
PBS-PT plans, described in previous studies were analysed [11,15]. The 
prescribed dose was 21 Gy(RBE) over 14 fractions as per the Interna
tional Society of Paediatric Oncology European (SIOPEN) High-Risk-1 
protocol for high-risk neuroblastoma [5]. In the case of 3D-CRT, ten 
patients exhibited a compromise on target volume coverage and/or a 
reduction in the total dose due to constraints on dose to nearby organs- 
at-risk (OAR), normally the kidneys. All IMAT and PBS-PT plans ach
ieved full prescription delivery. Briefly, 3D-CRT plans were historically 
generated on Oncentra Masterplan® version 3.2 (Elekta) and clinically 
delivered. For one patient, the historical clinical doses could not be 
recovered so a reoptimized plan was used [11]. Most patients were 
treated with AP/PA fields; one was treated with a three-field technique. 
IMAT and PBS-PT were planned on Eclipse™ Version 13.7 (Varian 
Medical Systems). All IMAT plans consisted of dual arcs [11], while the 
PBS-PT plans consisted of two to four radiation fields, preferably pos
terior or posterior/oblique beams [15]. Plans were optimised and 
assessed according to the normal tissue constraints of the kidneys, liver, 
and vertebrae. Representative dose distribution maps and dose-volume 
histograms are shown in Fig. 1. Further information on key dose met
rics (mean dose, V2.5Gy and V10Gy) for SMN-relevant organs can be found 
in the Supplementary Material (Fig. S1). 

Three-dimensional radiotherapy doses exported from the treatment 
planning systems (TPSs) were analysed. For PBS-PT, an analytical esti
mation of homogeneous whole-body neutron dose was added to the dose 
distributions for SMN risk estimation [17] based on published mea
surement data [31]. 

2.4. Estimation of second malignant neoplasm risk 

The SMN risk was quantified through the concepts of Organ Equiv
alent Dose (OED) and Lifetime Attributable Risk (LAR). 

The risk ratio (RR) between two modalities was estimated as the ratio 
of OEDs (Eq. (1)), a concept introduced by Schneider et al [27]. For 
example, the RR between PBS-PT and IMAT was defined as: 

RRPBS− PT/IMAT =
OEDPBS− PT

OEDIMAT
(1) 

Schneider et al. proposed OED as a dose quantity proportional to the 
probability of carcinogenesis even for non-linear dose–response re
lationships and highly inhomogeneous dose distributions [27]. It was 
therefore quantified as the local dose weighted with a dose–response 
relationship function, averaged across the whole organ volume. We 
derived the OED from the total organ volume (VT), the 3D dose map 
(V(Di)), and the chosen dose–response relationship (RED) for SMN in
duction (Eq. (2)): 

OED =
1

VT

∑

i
V(Di) × RED(Di) (2) 

Several dose–response relationships were investigated by Schneider 
et al. in an effort to fit the historical data of the Atomic Bomb survivors 
[32] to the cancer risk data of Hodgkin’s disease patients [33]: the 
linear, bell-shaped, plateau, and full mechanistic models. The linear 
relationship assumes a linear response across the whole dose range and 
is defined solely by the total dose. The non-linear dose–response re
lationships account for cell death and repopulation between fractions 
and exhibit exponential changes in risk with increasing dose. The in
termediate repopulation model was used for sarcoma induction in the 
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bone and soft tissues. The full mechanistic model for carcinoma induc
tion was used on all other organs, except for the rectum and skin where 
this model did not converge – a linear dose–response relationship was 
used instead. The ratio of mean doses between modalities was also 
calculated for all organs, to illustrate the impact of linear and non-linear 
dose-response relationships on SMN risk modelling. Fig. 2 shows all 
dose–response curves; complete details of equations and parameters are 
shown in the Supplementary Material (Table S1). 

The Lifetime Attributable Risk (LAR) was defined as an individual’s 
cumulative probability of cancer incidence in excess of the baseline risk 
attributable to radiation exposure. It was calculated as the integral of the 

Excess Absolute Risk (EAR) over the expected lifespan (Eq. (3)) 
[16,25,26,34]: 

LAR(D, e, a, s) =
∫ max(a)

a=e+L
EAR(D, e, a, s) ×

S(a)
S(e)

da (3)  

with the EAR adjusted to population statistics through the survival 
probability ratio (S(a)/S(e)), the conditional probability of an individual 
being alive at age a after radiation exposure at age e, according to UK 
population lifetables [35]. The maximum age attained (max(a)) and the 
latency period for solid cancer induction (L) were set as 75 and 5 years, 
respectively [25,26]. The EAR itself was derived from the OED, the 
population dependent modifying function (μ(e,a)), the initial gradient of 
the dose–response curve (β*), and the gender-specific factor (s, 0.17 for 
females and − 0.17 for males) (Eq. (4)) [16,25,26,27,34]: 

EAR(D, e, a, s) = OED × μ(e, a) × β* × (1 + s) (4)  

with μ(e, a) = exp(γe(e − 30)+γaln(a/70) ) defined from the age at 
exposure (e), attained age (a), and two organ-specific age-modifying 
parameters (γe and γa) [32]. 

The cumulative LAR was calculated as the sum of the LARs of 
different organs, assuming that the LARs for different organs were in
dependent of each other [26]. 

2.5. Data analysis 

The OED, EAR and LAR for each organ and radiotherapy modality 
were calculated and analysed for all patients using MATLAB 2019a 
(MathWorks Inc). Statistical analysis was performed using the Wilcoxon 
signed-rank test at 5% significance level. 

3. Results 

The OEDs calculated were overall the smallest for PBS-PT plans. For 
3D-CRT the OEDs were generally comparable to IMAT plans, even lower 
for a few organs (such as liver and stomach). Complete data on the 
distribution of the OEDs per modality for the eleven organs studied can 
be seen in Fig. 3. 

Overall, the estimated risk of SMN was reduced in PBS-PT vs 3D-CRT 

Fig. 1. Example of (a) CT and overlaid anatomy and doses distributions for 3D-CRT, IMAT and PBS-PT plans, (b) volume rendering of the eleven organs included in 
the risk assessment analysis (lungs, rectum, colon, stomach, small intestine, liver, bladder, skin, central nervous system (CNS), bone, and soft tissues), and (c) dose- 
volume histograms (DVHs) for selected organs. Note that the vertebra is homogeneously irradiated to reduce growth asymmetry. Colour version online. 

Fig. 2. Dose-response relationship for the eleven organs considered. Note that 
the rectum and skin curves overlap since both used a linear dose–response 
relationship. Colour version online. 
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and IMAT, such that RRPBS− PT/IMAT and RRPBS− PT/3D− CRT were < 1 for 
most organs and patients. Per organ, the RRPBS− PT/IMAT ranged from 
0.38 ± 0.22 (bladder) to 0.98 ± 0.04 (CNS), while RRPBS− PT/3D− CRT 

ranged from 0.12 ± 0.06 (rectum and bladder) to 1.06 ± 0.43 (bone). 
Considering IMAT and 3D-CRT, RR3D− CRT/IMAT was on average closer to 
one, without a clear trend across all organs and patients on which mo
dality was superior. The distributions of the ratios of OEDs and mean 
doses for all organs and modalities are shown in Fig. 4. In general, 
similar trends were found for the ratio of OEDs and mean organ doses, 
with the benefits of PBS-PT being clear with both linear and non-linear 
dose–response relationships. When considering linear dose–response 
relationship to compare PBS-PT with 3D-CRT and IMAT, stronger ben
efits of PBS-PT were estimated for the stomach, liver, bone, and soft 
tissues, while the lungs and small intestine showed less benefits. With 
linear dose-responses 3D-CRT and IMAT risks become more comparable 
overall. Full data shown in Supplementary Material (Table S2). 

No strong statistically significant differences were found in organ- 
specific RRs between PBS-PT and photon-modalities when the patient 
group was split into two according to: tumour position (midline vs 
unilateral, midline and bilateral vs other [15]), number of PBS-PT beams 
(2 vs > 2 beams), age (below vs greater than median age), and PTV size 
(below vs greater than median size). This indicated a similar degree of 
benefit in PBS-PT across the patient group. 

The order of magnitude of the absolute risks (assessed using the LAR 
concept) for most organs ranged 0.01–1% and was similar between 
modalities (Fig. 5). PBS-PT was associated with statistically significant 
lower LAR values (p < 0.05, Wilcoxon signed-rank test) for all organs 
except the CNS (versus 3D-CRT/IMAT) and bone (versus 3D-CRT). The 
cumulative LARs were 21 ± 13% for PBS-PT, 35 ± 16% for 3D-CRT and 
35 ± 14% for IMAT (3.0 ± 0.7%, 5.8 ± 1.4% and 5.2 ± 1.2% respec
tively, if excluding the colon). The difference in cumulative LAR be
tween modalities was 14 ± 13% (PBS-PT vs 3D-CRT), 15 ± 8% (PBS-PT 
vs IMAT) and 0 ± 7% (3D-CRT vs IMAT). Full data shown in Supple
mentary Material (Table S3). 

SMN risks and their implications varied between the different organs 
considered in analysis. The dosimetric benefits of PBS-PT (in terms of 
mean dose, V2.5Gy and V10Gy) did not always translate into a favourable 
RR in the liver (for n={3,2} for 3D-CRT and IMAT, with mean liver doses 
of 4.4 ± 3.6 Gy(RBE), 8.4 ± 4.1 Gy and 7.6 ± 5.1 Gy for PBS-PT, IMAT 
and 3D-CRT, respectively), a consequence of the non-linear dos
e–response model for carcinogenesis used. In the skin, while the RR was 
always favourable to PBS-PT, the V10Gy was greater in PBS-PT than 
IMAT, both lower than 3D-CRT (2.6 ± 1.0% vs 3.6 ± 1.5% vs 7.1 ±
3.7%). For the CNS, bone, and soft tissues the benefits of PBS-PT were 
insignificant or modest, with all modalities presenting similar OEDs. In 
fact, key dose metrics (mean dose, V2.5Gy and V10Gy) of the CNS were 
also similar for 3D-CRT, IMAT and PBS-PT; V10Gy was similar in the bone 
and soft tissues across all modalities. Despite lower average doses in 
comparison with other organs, the absolute risks estimated were high for 
the lungs and colon, a result of the combination of a greater increase in 
EAR both with increasing dose (Fig. 2) and attained age (γa in Table S1) 
The rectum and bladder were peripheral to the radiation fields in most 
cases, and hence received generally low levels of radiation (V2.5Gy <

1%). 

4. Discussion 

This study demonstrated the relative benefits of PBS-PT versus 
photon-based modalities (IMAT and 3D-CRT) in the treatment of pae
diatric abdominal neuroblastoma, using risk models of radiation- 
induced SMNs. Ours was the first study focused on abdominal neuro
blastomas and state-of-the-art photon and proton modalities. It included 
a relatively large number of patients and detailed anatomical sub- 
volumes, where both relative and absolute risks were estimated using 
a method developed for SMN risk after therapeutic radiation exposures. 
The RRs and LARs reported were consistently favourable to PBS-PT 
plans, indicating that in terms of SMN risk there was a general benefit 
for abdominal neuroblastoma patients (not just for selected cases). IMAT 

Fig. 3. Boxplots of organ equivalent doses (OEDs) for 3D-CRT, IMAT and PBS-PT plans. Outliers (diamonds) fall outside the ± 2.7std range.  
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Fig. 4. Boxplot of (a) the risk ratios (RRs) and (b) ratio of mean organ doses between modalities for all subjects included. Outliers (diamonds) fall outside the ±
2.7std range. Note that the data is similar in both plots for rectum and skin, as their organ equivalent doses (OED) were also calculated using a linear dose–response 
relationship. 
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was associated with a similar SMN risk to 3D-CRT. This was likely a 
consequence of the low dose radiation bath characteristic of IMAT. It is 
important to note that while 3D-CRT might appear superior to PBS-PT 
and IMAT in some cases, target coverage was limited in half the pa
tient group due to other OAR constraints. 

Others have also studied SMN risk in neuroblastoma treatment. 
However, to the best of our knowledge, studies as comprehensive as ours 
with state-of-the-art modalities (IMAT and PBS-PT) were not previously 
conducted. Fuji et al. investigated the SMN risk of 3D-CRT, Intensity 
Modulated Radiation Therapy (IMRT) and Passive Scattering Proton 
Therapy (PS-PT) in five paediatric neuroblastoma patients and observed 
the lowest LARs with PS-PT [16]. The estimated risk of SMN from PS-PT 
ranged 24–80% of that in 3D-CRT in the liver, stomach, bone, colon, and 
small intestine; IMRT was associated with similar risks to 3D-CRT. While 
not directly comparable, as different techniques were investigated, our 
estimated average risk of SMN from PBS-PT ranged 50–106% of 3D-CRT, 
with an extended patient selection. Hillbrand et al. evaluated the SMN 
risk in five neuroblastoma patients after 3D-CRT, IMRT, PS-PT, and PBS- 
PT, and reported a lifetime risk of SMN with PBS-PT of 0.6 ± 1.5% 
(considering risks in the liver, kidneys and grouping the remaining tis
sues) [17]. There were fundamental differences in their risk estimation 
methodology compared to our study, such as less detailed anatomical 
sub-volumes. Furthermore, dose–response relationships for primary ra
diation were based on the linear-quadratic model and linear risk co
efficients listed by the ICRP 60 report [28]. Finally, Tamura et al. 
calculated the SMN LAR of a cohort of eight paediatric abdominal cancer 
patients, of which four were neuroblastomas [26]. They also employed 
Schneider’s mechanistic model and described lower LARs of SMN for 
PBS-PT compared to IMRT in the breast, lungs, colon, stomach, small 
intestine, liver, bladder, bone, and soft tissues. Although absolute LARs 
were not provided, Tamura et al. reported a cumulative LAR difference 
of 16.6 ± 19.9% between IMRT and PBS-PT in abdominal cases, led by 
differences in the colon, as found in this study (12.4 ± 7.7% between 
IMAT and PBS-PT reported here). 

Our study highlighted the complementary value of SMN risk metrics 
when comparing rival treatment modalities, as well as the importance of 
analysing both absolute and relative risks for detailed anatomical sub- 
volumes. The benefits measured using traditional dosimetric quanti
ties, such as mean dose, did not necessarily translate into favourable 
SMN risks for non-linear dose responses for individual patients and or
gans. The dose–response relationships and age dependencies varied 
across organs, which were planned to receive doses ranging from 
background to therapeutic doses – all these aspects must be carefully 

considered and balanced. Although, the gastrointestinal tract is often 
merged for planning optimisation purposes, the RRs and LARs reported 
differed substantially for its sub-volumes and so merited independent 
assessment. The skin doses achieved in PBS-PT were beneficial in terms 
of SMN risk, but at the cost of larger volumes receiving 10 Gy or more, 
which may become important when considering other acute and late 
effects in the skin. The vertebrae adjacent to the target volume are ho
mogeneously irradiated in paediatric patients to reduce growth asym
metry. Thus, the CNS was partially inside the target volume which 
resulted in insignificant differences in SMN risk between modalities for 
this organ. For bone and soft tissues, the modest benefits of PBS-PT re
ported might appear counter-intuitive considering the theoretical tissue- 
sparing capabilities recognised in PBS-PT. However, one must consider 
that the dosimetric differences between modalities were more pro
nounced at lower doses levels where the dose-response used for sarcoma 
induction was weak. The lungs typically received low mean doses 
compared to other organs. However, as they are particularly radiosen
sitive, they were linked to absolute risks of similar magnitude. The 
bladder and rectum were distant to the target; as such, the RR values 
reported were thus associated with larger uncertainties in out-of-field 
dose calculations between modalities. 

In general, PBS-PT appeared beneficial from a SMN risk point-of- 
view. However, this is only one of the aspects to consider during 
childhood cancer management. The best plan dosimetrically should al
ways be chosen considering coverage and robustness, as well as other 
acute and late effects. IMAT was previously found to be preferable to 
PBS-PT on 15% of the cases, as gas in the gastrointestinal tract degraded 
the quality of PBS-PT plans, particularly in midline tumours [9]. 

We reported LARs with orders of magnitude in the range of 0.01–1% 
for most organs and tissues (except the colon). Cumulative cancer 
incidence in neuroblastoma survivors after 20 years was quoted as 1.9% 
in the Childhood Cancer Survivor Study (CCSS) [23], and 2.2% from 
French and British institutions using historical radiotherapy techniques 
[22]. However, a direct comparison of our findings to historical follow- 
up data was very challenging; differences in radiation delivery and other 
factors (such as genetic susceptibility and combination with other 
therapeutic interventions) confound the inherent risks. 

This study had certain limitations. Firstly, the dose maps used were 
exported from the TPS, and as such, larger uncertainties were associated 
with doses to organs more distant from the target (such as bladder and 
rectum) due to secondary radiation (produced before and after entering 
the patient). Accurately measuring peripheral dose is a challenging 
problem, and TPSs are not usually commissioned to accurately model 

Fig. 5. Boxplot of the Lifetime Attributable Risk (LAR) for 3D-CRT, IMAT and PBS-PT plans. Asterisks indicate statistically significant results (p < 0.05, Wilcoxon 
signed-rank test). Outliers (diamonds) fall outside the ± 2.7std range. 
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these dose levels [36]. Furthermore, different TPSs were used for 3D- 
CRT and IMAT plans, which also impacted peripheral dose calcula
tions. In the case of PBS-PT, the TPS used assigns zero dose a few cen
timetres outside the field margins. Thus, to avoid substantially 
overestimating PBS-PT benefits for out-of-field organs, a background 
neutron dose was added in the analyses [31]. Nevertheless, Monte Carlo 
simulations would be required to better model the risks in these regions 
[37,38]. 

Incomplete volumes for the CNS, skin, bone and soft tissues were also 
a limitation. For example, if naively calculated using CT information 
only, the LAR in the CNS for PBS-PT would have been calculated as 2.0 
± 0.5% versus 0.07 ± 0.02% with XCAT information, as the irradiated 
spine only comprised a fraction of the whole CNS. Our methodology 
accounted for such gross errors, but uncertainties were still associated 
with the quality of the matching between each subject and their tem
plate anatomy. Furthermore, the quality of the alignment varied with 
similarity of positioning and body mass index of each patient with the 
default XCAT phantoms. 

Finally, there were also uncertainties associated with the method
ology used to convert radiation exposure into relative and absolute risk 
of radiation-induced SMNs. Our study used the methodology developed 
by Schneider et al. that was established for therapeutic exposures and 
accounts for the effects of cell killing and treatment fractionation. 
However, it was optimised using data from atomic bomb survivors and 
Hodgkin’s disease patients [32,33], populations which are inherently 
different from paediatric neuroblastoma patients in terms of radiation 
exposure, genetic susceptibility, and age at exposure. Alternative risk 
models were developed in the context of therapeutic exposures to ra
diation [28,39], as well as for low dose occupational exposures [40,41]. 
However, these are also associated with limitations and uncertainties. 
For example, SMN excess relative risks (per Gy) after radiotherapy are 
smaller than for low-dose exposures [42], therefore, applying linear risk 
models developed for acute low-dose exposures to therapeutic settings 
tends to inflate risk predictions [43]. 

The true shape of the dose–response relationship model at higher 
doses is still a source of debate. Larger studies have not found clear 
evidence of non-linear dose response relationships in the direction of a 
downturn in risk, with the exception of thyroid cancer [42]. However, 
the statistical power of the analysis was likely limited for detecting non- 
linearity. In our study we found similar trends in relative risk using 
linear and non-linear dose–response relationships, with the latter being 
more conservative on estimating the benefits of PBS-PT. This is in 
agreement with the general consensus that uncertainties are less pro
nounced when reporting relative risks [27], and that absolute risks 
should be interpreted with caution. 

To conclude, PBS-PT was associated with the lowest risk of radiation- 
induced SMN compared to IMAT and 3D-CRT in abdominal neuroblas
toma treatment. However, the best plan should also consider other 
clinical endpoints and plan robustness. Further studies must be con
ducted to verify the overall dosimetric advantages of PBS-PT clinically 
and inform optimal patient selection. 
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