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Abstract

Aim: Neuroblastoma has a variable outcome depending on age, stage, and molecular pathology. Distant metastatic
disease is the central feature of high-risk disease. Recommendations for irradiating persistent metastatic deposits
with curative intent after systemic therapy vary. It is unclear to what extent this practice may improve local control
or survival. This study systematically reviewed the evidence for skeletal metastatic site irradiation and made
evidence-based recommendations for clinical practice.

Methods: We systematically reviewed the literature on radical radiotherapy of persistent metastases after
chemotherapy. The aim was to determine whether a position could be taken regarding metastatic site irradiation in
combined modality treatment protocols aiming for a cure and whether recommendations could be formulated.
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Results: The initial search yielded 445 results. After the title and abstract review, 13 full papers were retrieved. Ten
papers were found suitable for data extraction. One additional paper was identified. All 11 were graded as Centre
for Evidence-Based Medicine Step 4 in quality; there was no high-level evidence. There are suggestions of benefit
for skeletal site irradiation in high-risk neuroblastoma; however, there is no certainty, and it was not possible to
recommend a particular treatment policy.

Conclusion: We recommend that consideration is given to a randomised evaluation of the benefits of radiotherapy
to a limited number of residual post-induction-chemotherapy metastatic sites in good responders. This practice
could be incorporated as an amendment to existing trials.

Keywords: Curative intent, high-risk neuroblastoma, skeletal metastases, radical radiotherapy.

INTRODUCTION

Neuroblastoma is a common childhood cancer, occurring most often in babies and pre-school-age children,
less commonly in older children and teenagers, and very rarely in adults"’. The outcomes vary depending
on age at diagnosis, stage at presentation, and molecular pathology features, which are used for risk
stratification. High-risk disease is typically defined as Stage M disease’” occurring in those over 12 or 18
months of age or the presence of MYCN amplification'. Distant metastases are usually detected using
"I meta iodobenzylguanidine (mIBG) scintigraphy”.. In patients with mIBG non-avid disease or in
countries where mIBG is not readily available, "“F fluorodeoxyglucose (FDG) positron emission tomography
(PET) is used instead'”. These metastatic sites at presentation in high-risk diseases are typically in bone and
bone marrow. Metastases at the time of diagnosis in other sites (e.g., the brain) are uncommon but may be a
feature of relapse”. Semi-quantitative scoring systems have shown that the metastatic skeletal burden at
presentation and after induction correlates with outcomes™. While treatment protocols vary between
cooperative groups, they are similar and incorporate distinct phases of systemic therapy, including
induction", intensification"*"", and minimal residual disease treatment with immunotherapy">**, with local
treatments for the primary tumour site including surgery"**” and radiotherapy"*"”. Unlike most common
adult cancers, which are regarded as incurable in the presence of widespread metastatic disease, many
childhood cancers that present with metastatic disease are treated radically, and combined modality
treatment with chemotherapy, surgery, and radiotherapy cures at least some patients.

[12,13]

14,15

Neuroblastoma is a radiosensitive tumour type""?. Therefore, it is compelling to consider that greater use of
radiotherapy might improve outcomes. Given the often great extent of osteo-medullary metastatic sites at
the presentation of neuroblastoma, it is not currently considered practical to recommend complete
irradiation of all areas involved at the time of diagnosis because of the toxicity it might cause**”. However,
total body irradiation was previously considered a practical part of intensification schedules, with high-dose
chemotherapy supported by autologous bone marrow transplantation®’. It has long been recognised that
patients with osteo-medullary sites of disease which remain avid on '**I mIBG scintigraphy following
induction chemotherapy have worse outcomes than those who clear their metastatic disease quickly”>*”;

therefore, it may seem a logical and more conservative alternative to limit irradiation to these residual
mIBG-positive (or FDG PET-avid) sites. However, whether such a strategy genuinely improves outcomes is
controversial, and practice regarding local treatment of metastatic sites varies.

The protocol recommendations in the studies run by the International Society of Paediatric Oncology
European Neuroblastoma (SIOPEN) clinical research group High-risk Neuroblastoma 1 (HR-NBL1)
(ClinicalTrials.gov Identifier: NCT01704716) and High-risk Neuroblastoma 2 (HR-NBL2)
(ClinicalTrials.gov Identifier: NCT04221035) advocate systemic therapy only for control of metastatic
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disease and do not recommend systematic irradiation of metastatic sites. Nevertheless, the radiotherapy
quality assurance process for HR-NBL1 demonstrated several protocol violations, sometimes due to
investigators choosing to irradiate metastases at the same time as primary radiotherapy to the tumour bed
was given’. However, the Children’s Oncology Group (COG) study for high-risk neuroblastoma,
ANBL1531 (ClinicalTrials.gov Identifier: NCT03126916), does recommend irradiation of the residual post-
induction chemotherapy sites of metastatic disease, as did a previous trial (ClinicalTrials.gov Identifier:
NCT00004188). In Germany, radiotherapy for metastases is not routinely recommended for patients treated
according to current national guidelines; however, it is discussed individually within the multidisciplinary
study board. Typically, radiotherapy will be considered in oligo-metastatic residual mIBG-positive sites of
disease at the time of radiotherapy™. This disparate practice raises the question of whether there is
sufficient good evidence to guide treatment policies.

This study aims to determine if there is sufficiently strong evidence to produce treatment guidelines or
whether further research is indicated. To achieve this objective, we systematically reviewed the literature
regarding external beam radiotherapy for metastatic skeletal sites and judged the strength of the evidence
presented.

METHODS

Search strategy

A typical systemic review methodology was employed”, using a predetermined protocol agreed upon by all
authors. MEDLINE via PubMed was searched for English-language articles for the thirty years from 1992 to
2021 up to 21 August 2022. A judgement was made that older publications would not be likely helpful, as so
much has changed concerning the imaging and pathology techniques used for diagnosis, staging and risk
stratification, and the treatment of neuroblastoma. The search terms were (within titles and abstracts)
[[“Neuroblastoma” OR “Ganglioneuroblastoma”] NOT “Olfactory”] AND [“Radiation”OR “Radiotherapy”]
AND [“Metastatic” OR “Metastases”].

Two authors independently reviewed the titles and abstracts of the search results. They looked for papers of
potential relevance about the treatment of metastatic skeletal disease with external beam radiotherapy as
part of frontline treatment in International Neuroblastoma Staging System (INSS) stage 4" or International
Neuroblastoma Risk Group Staging System (INRGSS) stage M" neuroblastoma. Exclusion criteria included
studies with fewer than ten patients, studies that did not include metastatic skeletal sites given the vast
majority of metastases in neuroblastoma are to the bone, studies of molecular radiotherapy in the primary
treatment, studies of total body irradiation, studies of palliative treatment, and studies of the treatment of
relapsed disease. Only studies where focal external beam radiotherapy was offered to persistent metastatic
sites in radical primary treatment were considered. The full-text papers considered potentially relevant to
this study were then retrieved for detailed examination. Papers found not to contain relevant information
were excluded. Differences between decisions on inclusions were resolved by discussion to achieve
consensus to identify only articles with relevant data.

Data extraction and analysis

Data were extracted by one author and verified by another. The Oxford Centre for Evidence-Based
Medicine (CEBM) was used to grade the results”. For example, concerning treatment benefits, the question
would be, “does this intervention help?”, The level of evidence in a single paper is graded Step 1 if it is a
systematic review of randomised trials or n-of-1 trials, Step 2 if it is a randomised trial or an observational
study with a dramatic effect, Step 3 if it is a non-randomised control cohort or follow-up study, Step 4 if it is
a case series, a case-controlled study or a historically controlled study, and Step 5 if it is simply mechanism-
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based reasoning. The findings were collated qualitatively using the PICO system (Population, Intervention,
Comparison and Outcome measure) ™.

Synthesis and formulation of conclusions

All authors examined the extracted data, and the evidence was considered for its reliability. Areas of
certainty and uncertainty were defined, and a proposal for further research to address clinically significant
areas of the agreement was formulated.

RESULTS

Using our search terms, MEDLINE via PubMed returned 445 results from 1992 to 2021. Of the 445 titles
and abstracts reviewed, ten were selected by each author, seven of which had been selected by both authors.
The full papers for the 13 articles were reviewed, and a concordance meeting between the authors deemed
only ten articles worthy of inclusion for data extraction following review. One additional study, not picked
up by the computerised search, was deemed worthy of inclusion in the review of the references of the ten
studies. There were, therefore, 11 studies for data extraction. The Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) diagram in Figure 1 details the principal reasons for exclusions.

No randomised controlled trials were identified. Eleven retrospective studies are detailed here, with a
summary of the PICO findings in Table 1.

The most extensive case study, by Casey et al., detailed the outcomes of 159 patients with a total of 244
irradiated sites (including both bone and non-bone sites) treated with a median dose of 21Gy (in twice-daily
1.5 Gy fractions)™. This study showed a local control rate of 92% at irradiated non-persistent metastatic
sites post-chemotherapy, similar to their primary site local control rate post gross total resection and 21 Gy
(1.5 Gy per fraction), vs. 67% at irradiated persistent sites of disease. No difference was observed in the local
control probability between bone and non-bone sites. There was no comparator arm, and the variation in
patients and sites made it difficult to assess the value of radiotherapy to these sites. The authors conclude
that radiotherapy appears to be an effective modality to achieve local control at metastatic sites.

Polishchuk et al. studied the likelihood of first relapse in 19 irradiated metastatic sites (of which 18 were in
bone and one in soft tissue) in 13 patients, compared with the risk of first relapse in 30 patients who had not
received metastatic site irradiation™. This finding showed that 82.4% of metastatic sites apparent on mIBG
scans at first relapse occurred in sites involved at diagnosis. Only a small proportion of sites at relapse were,
therefore, new. Relapse occurred in 15.8% of irradiated sites and 25.3% of non-irradiated sites; however, this
difference was not statistically significant. Nevertheless, the authors concluded that their observations
support the irradiation of metastases that persist after induction chemotherapy.

Jazmati et al. reported eighteen patients presenting with 53 metastatic lesions who received irradiation to 23
mIBG-avid metastatic sites (one to three lesions per patient) to a median dose of 36 Gy (20-45 Gy)™. The
median follow-up was 149 months. The documented local recurrence-free survival to irradiated metastatic
sites was 51.4% at five years, with nine of 18 patients developing “local failure”. This small sample size
without a comparator makes this study difficult to conclude. It is challenging to determine who was eligible
for irradiation to sites based on what criteria. The role of radiotherapy in this instance remains unclear. The
study provides information on the delineation of Planning Target Volume and how it differs amongst
different centres, be it delineated on the baseline post-induction chemotherapy volume. The authors
concluded that studies with larger cohorts or, ideally, prospective trials would be desirable to elucidate the
role of radiotherapy for metastases.
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Table 1. Population, intervention, comparator and outcome (PICO) summary and centre for evidence-based medicine CEBM level of
evidence of the eleven papers identified

Reference Population Intervention Comparator Outcome CEBM
CaseE/ etal, 159 patients, 244 Median dose 21 Gy in 14 None Control 92% in mIBG negative Step
2018"" metastatic sites twice-daily fractions irradiated sites, 62% at positive sites. 4
irradiated (166 sites in No difference in local control
bone in 150 patients) between bone and other sites
Polishchuk 43 patients total, 13 Radiotherapy typically 21.6  Unirradiated metastatic Control reported in 16/19 irradiated ~ Step
et al, 20141 patients had 19 Gy in 14 fractions sites sites and 378/506 unirradiated sites 4

metastatic sites (18 in
bone) irradiated

Jazmatietal, 18 patients, 23 Median dose 36 Gy (range  None Control of irradiated metastatic sites  Step
2021°% metastatic sites 20-45 Gy) 51.4% at 5 years 4
irradiated
Kushner et al, 73 patients, 39 patients 21 Gy in 14 twice-daily None Control of cranial disease 79% in Step
20095 in complete remission, fractions, photons and responding patients, 52% in 4
34 were poor responders electrons (for skull vault) refractory cases
Bagleg etal, 1 patients, 16 metastatic Proton therapy, median None No failures observed in irradiated Step
201954 sites (not all skeletal) dose 21.6 Gy Cobalt Grey metastatic sites 4
irradiated Equivalent (range 21-24 Gy)
Lietal, 201757 74 patients, 23 received Metastatic site irradiation in Relapse rate in patients  Relapse rate in irradiated sites 58%, Step
TBI, 51did not 19 patients, 25 sites who did not receive and 75% in non-irradiated sites 4
metastatic site Relapse rate in TBI patients 52%, and
irradiation 78% in non-TBI patients
Mazloom et al, 30 patients, 50 24 Gy in 12 fractions None Control rate 74% at 5 years Step
20147 metastatic sites (only 14 4
skeletal) irradiated
Kandula etal, 37 patients, 13 Median dose 21.6 Gy (range Patients without 77% control in irradiated metastatic ~ Step
201527 underwent metastatic 21-30.6 Gy) metastatic site sites. No survival differences 4
site irradiation irradiation observed
Bradfield et al, 17 patients 21 Gy to all metastatic sites  None 4 patients experienced metastatic Step
20047 identified at diagnosis recurrence —none in an irradiated 4
site
Sible?/ etal, 26 patients, all received 13 additionally received 8- 13 patients not receiving Lower risk of relapse in patients and ~ Step
19951 12 Gy total body 24 Gy boost radiotherapy to a boost disease sites receiving boost 4
irradiation primary and metastatic radiotherapy
sites
Sangthawan 20 patients receiving 21 Gy in 14 twice-daily None 80% control of irradiated sites Step
etal, 20031°" residual mIBG-positive  fractions reported 4
metastatic site
irradiation

A single-institution study by Kushner et al. sought to reduce the morbidity of metastatic disease in the skull
by incorporating mixed photon and electron (to reduce brain irradiation) radiotherapy into the radical
treatment strategy"”. Seventy-three patients (39 in first complete, or very good partial, remission following
induction chemotherapy, and 34 with refractory disease) received 21Gy in 14 fractions delivered twice daily.
Calvarial sites were irradiated in 45 patients, orbital sites in 26 patients, and the mandible in nine patients.
Local control in irradiated sites at three years in the complete and very good partial remission cohort was
79%, and in the refractory group was 52%. The authors described these results as “encouraging” but
conceded that a randomised trial might be necessary to prove a disease control advantage. This study came
from the same institution as one other", and the reported periods overlapped. Therefore, it is possible that
some patients were common to both papers; therefore, the two papers cannot be regarded as fully
independent.

The use of charged particles in this disease was assessed in one study by Bagley et al., looking at proton use
(passive scatter and intensity modulated proton beam therapy) delivered to primary and up to three mIBG-
avid metastatic sites after induction chemotherapy and autologous stem cell transplant”*. Median radiation
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) diagram.

doses to the primary and metastatic sites were 21.6 Gy (RBE) (range, 21-24 Gy) with a median follow-up of
60.2 months and a minimum follow-up of 12 months. Sixteen sites were irradiated (one site in seven
patients, two in three patients, and three in one patient). Two-thirds of the metastatic sites were bone, but
visceral and nodal sites were also included in this study. No local failures were observed among the sixteen
sites. As this study comprised a heterogeneous patient population treated in various ways, and the numbers
were small with no control group, it is challenging to draw firm conclusions about the extent to which
radiation treatment may have improved patient outcomes.

Li et al. sought to assess the pattern of relapse on metastatic sites treated with focal external beam
radiotherapy by comparing patients who had or had not received prior total body irradiation (TBI)®*. The
cohort comprised 74 patients, of whom 23 underwent TBI. Focal radiotherapy was given to sites of
metastatic disease that remained mIBG-positive in 19 patients following induction chemotherapy. Of these,
four received TBI, and 15 did not. There were 227 sites of metastatic relapse in the 74 patients, of which 68%
occurred in sites of metastatic disease at presentation. Relapse occurred in 58% of the 19 patients who had
received focal radiotherapy for residual mIBG-positive lesions and 75% of the 55 patients who had no
residual mIBG-positive sites and, therefore, no focal radiotherapy. That difference was not statistically
significant. Of 23 patients treated with TBI, 52% relapsed in previously mIBG-avid sites, whereas 78%
treated without TBI relapsed in previously mIBG-avid sites. This difference was statistically significant. The
authors believe their findings prompt the question of whether an expanded radiotherapy role in metastases
will improve disease control.

Mazloom et al. looked at 24 Gy in 12 fractions to metastatic sites following induction therapy to 50
metastatic sites in 30 patients, demonstrating a local control rate of 74% at five years®. A maximum of three
metastatic sites were irradiated. Only the three most avid sites were treated if patients had a more significant
number of metastatic sites visible on the post-induction mIBG scan. The number of mIBG-avid sites
present after induction chemotherapy and surgery predicted progression-free and overall survival. Only
fourteen irradiated metastases were in bone (the most common metastatic site), and the number of patients
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was small in this observational study. There was no comparator group, making it challenging to conclude
the value of treatment.

A single-institution study by Kandula et al. included 13 patients who received external beam radiotherapy to
one metastatic site per patient concurrently with primary site radiotherapy to 24 patients not receiving any
radiotherapy to metastatic sites””. The median radiotherapy dose was 21.6 Gy (range, 21-30.6 Gy). Three of
the 13 patients developed an in-field relapse. There was no significant difference in overall survival or
relapse-free survival between the irradiated group and those without metastatic site radiotherapy. The
authors concluded that the results from this series require more extensive studies to elucidate the optimal
role of definitive radiotherapy in metastatic sites.

In a single-centre study by Bradfield et al., 17 patients received metastatic site irradiation. The intention
was that all initial sites of metastatic bone disease would be irradiated to a dose of 21 Gy in 14 daily
fractions. However, if the number and extent of bony metastases precluded the inclusion of all initially
involved lesions, priority was given to sites of residual abnormality after induction chemotherapy. Only one
patient relapsed at an irradiated metastatic site, whereas six relapsed at distant unirradiated sites. The
authors conclude that radiotherapy appears effective, although drawing firm conclusions in such a small
series is challenging.

In a single-institution study, Sibley et al. studied 26 patients who underwent high-dose chemotherapy with
TBI followed by bone marrow transplant”. In 13 patients, according to physician judgement, a
radiotherapy boost (focal administration of radiotherapy over and above the TBI) was administered to the
primary site and metastatic sites where feasible. Six patients were not evaluable because of treatment-related
mortality. Of the 20 surviving patients, ten received a boost, and there were three failures; ten did not,
among whom there were six failures. An analysis of 38 anatomical sites deemed amenable to a radiotherapy
boost showed recurrence in one of ten treated sites and six of 28 unirradiated sites. While the observed
differences are not statistically significant, the authors conclude that their data suggest that using
radiotherapy may be beneficial.

Finally, a small study by Sangthawan et al. was reviewed; it was not found in our primary literature search
but was identified from a prior systematic review'*. This study evaluated 20 patients who received radiation
to residual mIBG-positive sites of disease. Relapses were reported in irradiated sites in four patients and at
seven unirradiated sites. The authors noted that the skull is a frequent site of relapse.

All studies are all rated CEBM Step 4. To define the treatment benefits and answer the question “does this
intervention help”? the level of evidence we discovered was based on case series, case-control studies, or
historically controlled studies. No randomised trials attempted to define the value of systematic irradiation
of metastatic sites.

DISCUSSION

A recent European review of the role of radical radiotherapy of metastatic disease across a range of
childhood cancers, and a survey of paediatric radiation oncologists, produced some compelling
observations'*". Radiation of at least limited metastatic disease where feasible is recommended in European
clinical trials relating to rhabdomyosarcoma, non-rhabdomyosarcoma soft tissue sarcoma, Ewing sarcoma,
and Wilms tumour, but not neuroblastoma. Treatment and clinical trial protocols are written by different
and independent disease specialist groups, which may explain this difference. Paediatric radiation
oncologists expressed concerns about the absence of clearly defined treatment protocols for metastatic
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disease across different tumour types, as the guidance is often vague. All wished cooperative research groups
to conduct randomised trials to determine the actual value of metastatic site irradiation. The European
paediatric Soft-tissue Sarcoma Group’s Frontline and Relapsed Rhabdomyosarcoma study
(ClinicalTrials.gov Identifier: NCT04625907) is an excellent example of such a trial. It contains
randomisation, which addresses whether systematic radiotherapy to initial sites of metastatic disease, where
feasible, improves outcomes over no metastatic site irradiation.

This systematic review did not find any high-quality evidence, such as randomised trials, answering the
question of the actual value of systematic irradiation of metastatic skeletal sites in high-risk neuroblastoma
as part of primary treatment. All the publications contained a relatively low level of evidence. No
investigator applied the most appropriate analytical methods to the question. These studies were all
retrospective audits of clinical outcomes rather than carefully planned prospective research. The criteria for
giving radiotherapy to metastatic sites were not stated or perhaps attributed to “physician choice”, which
may introduce bias. Even within some individual papers, the dose/fractionation schedules varied or were
sometimes unknown or not stated. Only three of the 11 studies reported more than 50 irradiated patients,
and seven reported only 20 or fewer. While there is certainly a suggestion that irradiation of metastatic
skeletal sites may confer a benefit, most studies contained too few patients to be confident that the
observations would be the same in a larger patient group. It is, therefore, not possible, based on this review,
to give definite recommendations regarding the use of radiotherapy for metastatic skeletal sites in high-risk
neuroblastoma. Most authors indicated that their findings pointed towards the need for further prospective
studies to answer the question.

There are several limitations which make the interpretation of the literature challenging. The methodology
reported in the various papers cited was heterogeneous, making direct comparisons difficult. While broadly
similar in principle in different parts of the world, treatment protocols differ in detail and have changed
over time. There may therefore be confounding variables present but not always apparent. Most papers give
data on patients treated before the current anti-GD2 immunotherapy era, and it is possible that as this new
systemic treatment has improved outcomes">'?, the value of skeletal metastatic site irradiation may have
changed. The effect of variations in other systemic therapies used, for example, high-dose chemotherapy"”,
double high-dose chemotherapy schedules (tandem transplant)”, "*'I mIBG therapy in induction'*”, or
anaplastic lymphoma kinase inhibitors'*”, is unknown. Any new trial should be properly stratified to
consider these variables.

We believe that only a carefully designed and adequately powered randomised trial will provide a definitive
answer to the question, “does systematic irradiation of metastatic skeletal sites improve the outcome of
patients treated with contemporary protocols for high-risk neuroblastoma?” In such a trial, the potential
confounding variables will be standardised due to the stratification required for randomisation. There is an
ethical imperative to conduct a trial of this sort, as equipoise exists in the paediatric oncology
community*. If this intervention genuinely adds value, it is wrong to withhold it; on the other hand, if it
adds only cost and toxicity”*”, it is wrong to use it.

As treatment of all involved metastatic sites at presentation would often be impractical (because the number
and extent of involved skeletal segments are usually high), we recommend that the trial explores the value of
treating only post-induction chemotherapy mIBG-positive disease sites. As in SIOPEN studies, patients
who, after completion of induction chemotherapy, have more than three spots visible on mIBG scan
reassessment are deemed poor responders and are offered alternative salvage treatments either electively or
within another clinical trial. We propose to limit eligibility to the randomised trial to those patients who
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have responded well enough to continue to high-dose chemotherapy and have between one and three mIBG
scan-positive sites of residual disease.

Data from a randomisation comparing the efficacy of two induction regimens in the SIOPEN High-Risk
Neuroblastoma Trial have been published”. As there was no significant difference in efficacy between the
two arms of the trial, results from the combined patient population are quoted here. Overall, 59% had an
adequate response after induction chemotherapy to proceed to high-dose chemotherapy, and skeletal
evaluation by mIBG scintigraphy showed a complete metastatic response in 36%. These figures suggest that
23%, approximately one-quarter of the high-risk patient population, might be eligible for such a trial.

The most valid result would be an improvement in overall survival, and so we propose this as the primary
endpoint of a future trial, although an increase in metastatic site control or prolongation in time to
progression (event-free survival) would also be worthwhile outcomes, and so could be secondary outcome
measures. The proposed study would probably not require a new trial: it is possible that an amendment
could be made to existing high-risk neuroblastoma trials.
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