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Abstract

Aims: External beam radiotherapy is widely used in various ways in the management of neuroblastoma. Despite extensive clinical experience, the precise role of
radiotherapy in neuroblastoma remains unclear. The purpose of this systematic review was to survey the published literature to identify, without bias, the
evidence for the clinical effectiveness of external beam radiotherapy as part of the initial multimodality treatment of high-risk neuroblastoma. We considered
four areas: treatment of the tumour bed and residual primary tumour, identification of any dose—response relationship, treatment of metastatic sites, iden-
tification of any technical advances that may be beneficial. We also aimed to define uncertainties, which may be clarified in future clinical trials.

Materials and methods: Bibliographic databases were searched for neuroblastoma and radiotherapy. Reviewers assessed 1283 papers for inclusion by title and
abstract, with consensus achieved through discussion. Data extraction on 57 included papers was carried out by one reviewer and checked by another. Studies
were assessed for their level of evidence and risk of bias, and a descriptive analysis of data was carried out.

Results: Fifteen papers provided some evidence that radiotherapy to the tumour bed and residual tumour may possibly be of value. However, there is a sig-
nificant risk of bias and no evidence that all subgroups will benefit. There is some suggestion from six papers that dose may be important, but no hard evidence.
It remains unclear whether irradiation of metastatic sites is helpful. Technical advances may be of value in radiotherapy of high-risk neuroblastoma.
Conclusions: There are data that show that radiotherapy is of some efficacy in the management of high-risk neuroblastoma, but there is no level one evidence
that shows that it is being used in the best possible way. Prospective randomised trials are necessary to provide more evidence to guide development of optimal
radiotherapy treatment schedules.

© 2018 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
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Introduction Over the decades, an increasing understanding of the
disease has developed, largely as a result of international

Neuroblastoma is a cancer of the sympathetic nervous clinical trials groups’ activities. Pooling of data has allowed
system that predominantly affects children. The primary the International Neuroblastoma Risk Group (INRG) Task
tumour most commonly arises from the adrenal medullaor ~ Force to refine the staging system and the risk grouping
from sympathetic ganglia in other locations. Widespread  Pased on large patient numbers. The INRG staging system
metastatic disease is often present. The prognosis varies |1] recognises four stages (see Table 1). The INRG classifi-
widely, depending on the age of the child, the extent of the cation system [2] defines very low-, low-, intermediate- and
disease at diagnosis and various molecular pathology fea-  high-risk groups. The high-risk group includes all patients

tures, especially amplification of the MYCN oncogene. aged over 18 months with stage M disease and patients
with stage L1, L2 or MS neuroblastoma and MYCN amplifi-

cation. Although the prognosis of patients with high-risk

neuroblastoma is poor, with fewer than half of these pa-
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Table 1
The International Neuroblastoma Risk Group (INRG) staging system

INRG Definition

stage

L1 Localised disease, without imaging-defined risk
factors (e.g. encasement of major blood vessels or
encroachment into the spinal canal).

L2 Localised disease with imaging-defined risk
factors.

M Metastatic disease that does not fall into the MS
category (e.g. those aged less than 18 months with
bone metastases, and all older patients with distant
metastases).

MS Age less than 18 months with metastatic disease

limited to liver, skin or bone marrow.

an event-free survival probability of less than 10% at 5 years
[3].

This paper focuses on radiotherapy for high-risk neuro-
blastoma. For more general aspects, the reader is referred to
other reviews [4,5].

Although treatment protocols vary between clinical trials
groups, in general treatment for high-risk neuroblastoma is
similar worldwide. Long intensive schedules are used,
integrating systemic and local treatments. Induction
chemotherapy aims to eradicate or at least reduce meta-
static disease and downstage the primary tumour prior to
surgery. Consolidation by high-dose chemotherapy follows,
and then radiotherapy to the tumour bed. Minimal residual
disease therapy including differentiating agents and
immunotherapy completes the treatment.

There is strong evidence from randomised trials for many
of the systemic therapies. For example, the value of high-
dose, myeloablative chemotherapy consolidation has been
shown in comparison with no high-dose chemotherapy in
three randomised trials [6—8] and the superiority of one
high-dose regimen over another in a fourth [9]. Although
surgery and radiotherapy are recommended in almost all
current high-risk neuroblastoma treatment strategies, there
is much less evidence to support their use.

This paper reports a systematic review of the evidence
for the value of external beam radiotherapy as part of the
initial multimodality management of high-risk neuroblas-
toma. Although radiotherapy is also used in selected pa-
tients with intermediate-risk neuroblastoma, its use in this
situation is not specifically explored here. Intraoperative
radiotherapy during surgery for high-risk neuroblastoma
has been investigated in some centres, but not generally
adopted, so is not covered. Historically, total body irradia-
tion (TBI) was used with high-dose chemotherapy and bone
marrow rescue as part of some consolidation schedules, but
has fallen out of favour as the long-term side-effects of this
approach have become apparent, and as evidence for the
effectiveness of a chemotherapy-alone consolidation strat-
egy has accrued. The role of TBI is not evaluated here,
although some papers reporting its use form part of the
evidence for radiotherapy in general. Molecular

radiotherapy is widely used in neuroblastoma. Most
commonly this utilises iodine-131 meta-iodobenzylguani-
dine (mIBG), but other radiopharmaceuticals, for example
lutetium-177 DOTATATE have also been evaluated [10]. As
we have previously carried out a systematic review of mIBG
therapy [11], we do not revisit molecular radiotherapy.
Palliative radiotherapy can be useful in progressive or
relapsed disease [12], but does not form part of this review.

The aims of this review were to answer four questions
about the value of external beam radiotherapy as part of
initial treatment schedules for high-risk neuroblastoma in
childhood.

e Does radiotherapy to the primary tumour bed or
residual tumour confer benefit?

e Is there evidence for a dose—response relationship?

e Is there evidence to support the use of radiotherapy
to metastatic sites as well as to the tumour bed?

e What is the evidence that technical advances in
radiotherapy may be of value?

Materials and Methods

Typical systematic review methods were used according
to a plan defined at the outset. Bibliographic and clinical
trial databases (MEDLINE via PubMed and the Cochrane
Library) were searched for English-language articles from
inception to August 2018. The search terms were ‘radio-
therapy’ OR ‘radiation’ AND ‘neuroblastoma’. Two reviewers
independently examined the titles and abstracts of the
search results, with differences resolved by consensus. The
purpose was to discard articles clearly of no relevance and
to identify those that might contain useful data. The full text
of each of these papers was then obtained and evaluated.
Papers with no information relevant to the four questions
were discarded. Data from informative studies were
extracted by one reviewer and checked by another.

The Oxford Centre for Evidence-based Medicine (CEBM)
— Levels of Evidence system was used to grade results [13].
The risk of bias in a randomised study was explored using
the Cochrane Risk of Bias tool [14] and in non-randomised
studies where appropriate by the ROBINS-I (Risk Of Bias
In Non-randomised Studies - of Interventions) tool [15]. In
the absence of good quantitative data, the findings have
been summarised qualitatively using the PICO system,
where P represents patient, problem or population, I relates
to the intervention, C is the comparison, control or
comparator, and O is the outcome measure [16]. Finally, we
used the GRADE system (Grading of Recommendations,
Assessment, Development and Evaluations) to assess the
evidence collectively for each question [17].

Results

The MEDLINE search via PubMed was last updated on 17
August 2018. In total, 1283 items were returned. It was
decided only to include those since 1978; earlier
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publications were discarded as most were title only without
abstracts. In addition, so much has changed in neuroblas-
toma diagnosis and treatment, that publications from more
than 40 years ago, reporting patients treated more than 50
or 60 years ago, would be most unlikely to have valuable
information. These patients would have been: staged
without the use of magnetic resonance or computed to-
mography imaging, mIBG scintigraphy and positron emis-
sion tomography scanning; risk stratified without any
molecular pathology information; and treated with obso-
lete radiotherapy techniques; treated without modern
chemotherapy and immunotherapy schedules. This date
restriction removed 62 items. The Cochrane Library search
identified two systematic reviews and 71 trial reports, none
of which were additional to those selected from MEDLINE.

Of the 1221 titles and abstracts reviewed, 1164 were
excluded, leaving just 57 papers for full scrutiny. See the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) diagram in Figure 1 for details of
exclusions.

Does Radiotherapy to the Primary Tumour Bed or Residual
Tumour Confer Benefit?

The abstract and title review yielded 32 publications,
which might help to answer whether radiotherapy to the
primary tumour site might confer benefit, or give infor-
mation about a dose—response relationship. After scrutiny
of the full papers, eight were excluded as being of no value.

Radiotherapy has a long history in all risk groups of
neuroblastoma, indicating a perceived value. The propor-
tion of patients receiving radiotherapy has declined over
decades, from 60% in the 1970s to 25% in the 2000s, prob-
ably because of a better understanding of which risk groups
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it will not benefit [18]. Population-based studies do not
provide evidence for the benefit of radiotherapy [19,20].
The aim of radiotherapy is to provide local control. Although
most patients with high-risk neuroblastoma die from un-
controlled metastatic disease, there is evidence that
improved local control predicts better overall survival [21].

Only one randomised trial of radiotherapy in neuro-
blastoma has been carried out [22]. The population
comprised only patients greater than 1 year old at diagnosis
with Pediatric Oncology Group stage C neuroblastoma,
broadly equivalent to INRG stage L2 disease. Most of these
patients would today be classified as intermediate risk, but
a minority are likely to have had MYCN amplification and so
would now be classed as high risk. After primary surgery,
the experimental intervention was radiotherapy to the
tumour bed and any residual tumour present, with lower
dose ‘prophylactic’ radiotherapy to the uninvolved thoracic
paravertebral and supraclavicular lymph nodes. The control
population received no radiotherapy. All patients received
the same chemotherapy. Radiotherapy was allocated to 33,
and no radiotherapy to 29, eligible patients. The event-free
survival and overall survival rates were 59% and 73% for
those receiving radiotherapy and 32% and 41% for those not
receiving radiotherapy (P = 0.009 event-free survival;
P = 0.008 overall survival). One cannot extrapolate the
conclusion that radiotherapy is beneficial in this specific
group of patients to the wider high-risk neuroblastoma
population. Although a benefit from radiotherapy was
observed in this population, it might not have been the case
if contemporary chemotherapy and surgical practices had
been used in both arms.

One randomised trial in which radiotherapy was not the
primary question but was used consistently in the form of
TBI in one randomised arm, together with selective use of

[ Search for ‘Radiotherapy’ OR ‘Radiation’ AND ‘Neuroblastoma’ ]
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Fig 1. Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) diagram for papers reviewed.
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boost irradiation of the tumour bed in both arms, provides
good evidence for radiotherapy [23,24]. The population
comprised 593 high-risk neuroblastoma patients who were
randomised to a TBI containing high-dose chemotherapy
myeloablative regimen or continuing conventional dose
chemotherapy. In both arms, 10 Gy external beam radio-
therapy was given selectively to those with residual disease
at the primary site. The local recurrence rate was 33% in the
TBI arm versus 51% in the continuing chemotherapy arm. In
those who received TBI and a boost, the local recurrence
rate was only 22%.

In Germany, the national philosophy has been to avoid
radiotherapy in patients after a complete resection and to
give 36 Gy to patients with residual primary tumours [25].
Among 110 high-risk patients, 13 with irradiated residual
masses had an event-free survival of 85%, 23 with residual
masses and no radiotherapy had an event-free survival of
only 25%. Seventy-four without residual masses and no
radiotherapy had an event-free survival of 61%. This sug-
gests that the use of radiotherapy results in a significant
improvement in patients with residual disease; it does not
answer the question about those where resection has been
complete.

Similarly, in a single-institution series where radio-
therapy was given to some but not all patients with residual
disease, outcomes in both irradiated and unirradiated
groups were similar, indicating that radiotherapy might
simply compensate for incomplete surgery [26].

In France, outcomes for localised high-risk disease
improved significantly following a national change in
treatment policy with the introduction of high-dose
chemotherapy and radiotherapy for all, rather than just
selected, patients with MYCN amplified stage II and III
neuroblastoma [27]. In the earlier cohort of 20 patients, the
overall survival was 20%, with seven irradiated patients
faring as badly as 13 unirradiated. In the second cohort, the

Table 2

event-free survival was 83%. Although this difference is
dramatic, it is hard to attribute the benefit to radiotherapy.

A single-institution study showed an improvement in
progression-free survival from 22 to 36% in two consecutive
cohorts where radiotherapy was introduced [28].

A number of studies have reported good local control in
series where radiotherapy has been used as standard
[29—36]. These have variably been interpreted as suggest-
ing that radiotherapy is an essential component of treat-
ment or may be reduced. It is hard to tell the true value of
radiotherapy from these reports as there are no comparator
groups.

See Table 2 for the grading of each paper. When all pa-
tients are taken into account, we apply a GRADE certainty
rating of moderate: the true effect is probably close to the
estimated effect. When subgroups are considered, the
GRADE certainty falls to low: the true effect might be
markedly different from the estimated effect.

Is There Evidence for a Dose—Response Relationship?

There have been no direct dose comparisons. Various
doses from about 21 Gy to about 40 Gy have been used. An
attempted dose—response analysis in a series of 76 patients,
of whom 33 were infants and only 21 stage IV, where doses
were dependent on age, found that the younger patients
who received lower doses fared better [37]. The powerful
effects of age and stage on prognosis probably obscured any
effect of radiotherapy dose. Another descriptive older study
using various doses showed age and stage as strong prog-
nostic factors, making conclusions about the effect of dose
impossible [38].

Some evidence for a higher dose being more effective
comes from studies where TBI was given with an additional
tumour bed boost to some patients [24,39]. However,
another group following a similar practice found no

Does radiotherapy to the primary tumour bed or residual tumour confer benefit? Assessment of the quality of the evidence. GRADE certainty

moderate overall, low for subgroups

Reference CEBM 2011 ROBINS-I Cochrane risk of bias
Castleberry et al. [22] Step 2 High risk of bias
Matthay et al. [23] Step 2 Low risk of bias
Haas Kogan et al. [24] Step 2 Low risk of bias
Simon et al. [25] Step 3 Moderate risk of bias
Laprie et al. [27] Step 3 Moderate risk of bias
Robbins et al. [26] Step 4 Serious risk of bias
De loris et al. [28] Step 4 Serious risk of bias
Wolden et al. [29] Step 4 Serious risk of bias
Kushner et al. [30] Step 4 Serious risk of bias
Bradfield et al. [31] Step 4 Serious risk of bias
Marcus et al. [32] Step 4 Serious risk of bias
Gatcombe et al. [33] Step 4 Serious risk of bias
Modak et al. [34] Step 4 Serious risk of bias
Casey et al. [35] Step 4 Serious risk of bias
Ferris et al. [36] Step 4 Serious risk of bias

GRADE, Grading of Recommendations, Assessment, Development and Evaluations; CEBM, Centre for Evidence-based Medicine; ROBINS-I,

Risk of Bias in Non-randomised Studies — of Interventions.
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difference between those receiving and those not receiving
a boost [40].

One small series where patients with residual disease
were treated with a range of doses reported a local failure
rate of 30% at doses lower than 30 Gy, but zero at higher
doses [41].

See Table 3 for the grading of each paper. We assign a
GRADE certainty of low: the true effect might be markedly
different from the estimated effect.

Is There Evidence to Support the Use of Radiotherapy to
Metastatic Sites as Well as to the Tumour Bed as Part of
Primary Treatment?

Nine publications were identified that addressed the role
of radiotherapy to metastatic sites. One on relapsed disease
was excluded.

The largest study [42] described 159 patients with 244
irradiated metastatic sites treated with a median dose of 21
Gy. There was no comparator population. Metastatic control
was better in those treated sites that were mIBG negative,
following chemotherapy, than in those that remained
visible on mIBG scans. It is hard to draw any conclusions
about the value of radiotherapy from this study, but the
finding that outcomes are worse in the presence of persis-
tent mIBG-positive sites is consistent with other studies.

One study reported 74 relapsed patients by whether or
not they had received TBI as part of their initial treatment
[43]. Relapse in more than one previously mIBG-positive
site occurred in 12 of 23 patients (52%) who had received
TBI compared with 40 of 51 (78%) patients who had not
received TBI. The main risk of bias is that patients treated in
the same way who did not relapse were not studied.

A single-centre study of systematically irradiated meta-
static sites with no comparator series showed that survival
worsened as the number of treated sites increased [44]. This
study provides no evidence that radiotherapy helped, but
again the findings are consistent with other data in showing
that patients with more disease have worse outcomes.

A single-institution study in which some received
radiotherapy to metastatic sites and others did not found no
difference on relapse-free or overall survival [45]. This

Table 3
Is there evidence for a dose—response relationship? Assessment of
the quality of the evidence. GRADE certainty low

Reference CEBM 2011 ROBINS-I

Haas Kogan et al. [24] Step 2 Low risk of bias

Von Almen et al. [40] Step 3 Moderate risk of bias
Jacobson et al. [37] Step 4 Serious risk of bias
Halperin and Cox [38] Step 4 Serious risk of bias
Sibley et al. [39] Step 4 Serious risk of bias
Casey et al. [41] Step 4 Serious risk of bias

GRADE, Grading of Recommendations, Assessment, Development
and Evaluations. CEBM, Centre for Evidence-based Medicine;
ROBINS-I, Risk of Bias in Non-randomised Studies — of
Interventions.

provides no evidence to support the routine use of meta-
static radiotherapy.

A multicentre study of 159 mIBG-positive metastatic
sites at first relapse showed that 82% of relapses occurred in
previous sites of disease [46]. The recurrence rate was
higher at 25% in previously unirradiated sites than the 16%
observed in irradiated sites. This study is biased by the fact
that those patients who did not relapse were not included.

Although metastases may occur in almost any bone,
those that occur in the skull can be particularly problematic.
A mixed photon and electron technique for irradiating the
calvarium and skull base while sparing the brain paren-
chyma has been described [47]. A subsequent publication
detailing outcomes showed that cranial disease was
controlled in 79% who had a complete response to initial
chemotherapy, but in only 52% with primary refractory
disease [48]. There was no comparator population.

A smaller study [49] evaluated patterns of failure in 20
patients where only residual mIBG-positive sites of disease
had been treated. There was no comparator population. It
was concluded that as relapses occurred in both irradiated
and unirradiated sites, further study was warranted.

All of these studies are rated at CEBM step 4, ROBINS-I:
serious risk of bias. We attribute these papers a GRADE
certainty rating of low: the true effect might be markedly
different from the estimated effect.

What is the Evidence that Technical Advances in
Radiotherapy May be of Value?

Radiotherapy is continually going through a process of
evolution. Newer, more sophisticated techniques may
possibly be better than previous versions, but a prospective
evaluation of merit is uncommon in a rare disease like
neuroblastoma. Here we present a qualitative evaluation of
largely theoretical papers and modelling studies or very
small case series, rather than clinical trials. The advances
reported specifically in relation to neuroblastoma evaluated
here are: functional imaging in target volume definition;
organ motion control; intensity-modulated radiotherapy;
image-guided radiotherapy; proton beam radiotherapy;
and radiotherapy quality assurance. Clearly in all these
areas there is a huge literature, but our search identified
only 16 papers where the technique was specifically applied
to neuroblastoma.

Many nuclear medicine techniques for functional imag-
ing are used in neuroblastoma. One paper [50] reported the
use of mIBG single photon emission computed tomography
image fusion with planning computed tomography scans to
aid target volume definition, and found it to be feasible.
There is no evidence that it is of value.

A study of four-dimensional computed tomography im-
aging for radiotherapy planning has shown that internal
organ motion varies between patients and that its routine
use with individualised planning would permit greater
precision [51].

It has been shown that intensity-modulated radio-
therapy has the potential to achieve better dosimetry with
regard to coverage of the target volume and organ at risk
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dose constraints than conventional radiotherapy [52—54].
Several small case series have been published showing
feasibility and satisfactory early outcomes [55,56].

One team explored cone beam computed tomography in
image-guided radiotherapy, showing that this facilitates the
use of a smaller clinical target volume to planning target
volume margin, thereby reducing exposure to organs at risk
[57,58].

Proton beam radiotherapy has increasing clinical avail-
ability, and dosimetric advantages have been shown. Most
studies reported in neuroblastoma are either small plan-
ning studies [59,60] or small clinical series [61-63]. We
conclude that the dosimetry is more favourable in some but
not all cases, and that treatment is feasible.

A methodology for international multicentre retrospec-
tive radiotherapy quality assurance in neuroblastoma has
been described [64], and its use in 100 patients shows that
protocol deviations are common [65]. Evidence that pro-
tocol deviations may lead to worse clinical outcomes has
not yet been published in neuroblastoma, but this work has
led to the establishment of the International Society of
Paediatric Oncology (SIOP)-Europe Quality and Excellence
in Radiotherapy and Imaging for Children and Adolescents
with Cancer across Europe in Clinical Trials (QUARTET)
project, which will provide a prospective radiotherapy
quality review [66].

Discussion

Neuroblastoma is a radiosensitive tumour, and there is a
long history of the use of radiotherapy in high-risk neu-
roblastoma. In diseases with a poor prognosis there is an
understandable tendency to use every available treatment
in an attempt to improve outcomes. However, high-risk
neuroblastoma is not a homogeneous entity, and there
are several distinct subgroups. Indisputable evidence that
radiotherapy confers a survival benefit in high-risk neu-
roblastoma as a whole, and in each of its categories, is
missing.

It is clear that most investigators believe that radio-
therapy confers benefit, although not always in every case.
Although there is evidence that radiotherapy has a biolog-
ical effect, it is less clear that radiotherapy to the tumour
bed confers a survival benefit, especially in patients with
stage M disease following complete surgery in the context
of modern systemic therapy.

A well-designed randomised trial with careful stopping
rules could explore whether radiotherapy can safely be
omitted in a subgroup of patients, for example those with
completely resected, stage M, MYCN non-amplified tumours
with a complete response to chemotherapy, potentially
sparing them the adverse late effects of treatment without
detriment.

Although there are some suggestions that a higher dose
may be more effective, especially in the setting of gross
residual disease after surgery, hard evidence that a higher
dose would be beneficial is lacking. A randomised phase III
trial comparing 21 Gy and 36 Gy after incomplete surgery is

being developed by SIOPEN, and a randomised phase II trial
is in progress in the UK as a pilot for this [67].

Lack of control of metastatic disease is a major cause of
treatment failure and mortality in high-risk neuroblastoma.
We have identified no good-quality prospective studies of
radiotherapy to metastatic sites in children with neuro-
blastoma. There is a diversity of practice in this area. Despite
some indications that metastatic site radiotherapy may be
helpful, there is no clear evidence that it is a valuable
intervention. There is a definite need for high-quality pro-
spective research in this area of practice.

Newer techniques for radiotherapy planning and treat-
ment in neuroblastoma should not be assumed to be better,
but their potential benefits should be evaluated in well-
designed prospective clinical studies that minimise the ef-
fect of bias.

Prospective randomised trials addressing, for example,
the need for tumour bed radiotherapy in stage M neuro-
blastoma following complete resection; dose escalation in
patients with residual disease; metastatic site irradiation;
are needed. In paediatric oncology clinical trials, rando-
mised studies aimed at defining and refining the place of
radiotherapy should have as much of a place as those
investigating systemic therapies.
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