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Abstract
Background Multimodal treatment of newly diagnosed high-risk neuroblastoma (HRNB) includes induction chemotherapy, 
consolidation with myeloablative therapy (MAT) and autologous stem cell transplantation (ASCT), followed by anti-dis-
ialoganglioside 2 (GD2) immunotherapy, as recommended by the Children’s Oncology Group (COG) and the Society of 
Paediatric Oncology European Neuroblastoma (SIOPEN). Some centres proposed an alternative approach with induction 
chemotherapy followed by anti-GD2 immunotherapy, without MAT+ASCT.
Objective The aim of this systematic literature review was to compare survival outcomes in patients with HRNB treated 
with or without MAT+ASCT and with or without subsequent anti-GD2 immunotherapy.
Patients and Methods The review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines. MEDLINE via PubMed and EMBASE databases were systematically searched for randomised con-
trolled trials (RCT) and observational comparative studies in patients with HRNB using search terms for ‘neuroblastoma’ 
and (‘myeloablative therapy’ OR ‘stem cell transplantation’). Reporting of at least one survival outcome [event-free sur-
vival (EFS), progression-free survival, relapse-free survival and/or overall survival (OS)] was required for inclusion. Out-
comes from RCTs were synthesized in meta-analysis, while meta-analysis of non-RCTs was not planned owing to expected 
heterogeneity.
Results Literature searches produced 2587 results with 41 publications reporting 34 comparative studies included in the 
review. Of these, 7 publications reported 4 RCTs, and 34 publications reported 30 non-RCT studies. Studies differed with 
respect to included populations, induction regimen, response to induction, additional treatments and transplantation proce-
dures. Subsequent treatments of relapse were rarely reported and could not be compared. In the meta-analysis, EFS was in 
favour of MAT+ASCT over conventional chemotherapy or no further treatment [hazard ratio (HR) = 0.78, 95% confidence 
interval (CI) 0.67−0.91, p = 0.001] with a trend favouring MAT+ASCT for OS (HR = 0.86, 95% CI 0.73−1.00, p = 0.05). 
Tandem MAT+ASCT was found to improve EFS compared with the single procedure, with improvement in both EFS and 
OS in patients treated with anti-GD2 therapy. Non-RCT comparative studies were broadly consistent with evidence from 
the RCTs; however, not all reported survival benefits of MAT+ASCT (single or tandem). Limited comparative evidence on 
treatment without MAT+ASCT in patients treated with anti-GD2 immunotherapy suggests an increased risk of relapse. In 
relapsed patients, MAT+ASCT appears to improve OS, but evidence remains scarce.
Conclusions Survival benefits in patients treated with MAT+ASCT confirm that the procedure should remain an integral 
part of multimodal therapy. In patients treated with anti-GD2 immunotherapy, limited evidence suggests that omitting 
MAT+ASCT is associated with an increased risk of relapse, and therefore, a change in clinical practice can currently not be 
recommended. Evidence suggests the use of tandem MAT+ASCT compared with the single procedure, with greater benefits 
observed in patients treated with anti-GD2 immunotherapy. Limited evidence also suggests improved survival following 
MAT+ASCT in relapsed patients, which needs to be viewed in light of emerging chemoimmunotherapy in this setting.
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Key Points 

In patients with high-risk neuroblastoma (HRNB) not 
treated with anti-disialoganglioside 2 (GD2) immu-
notherapy during maintenance, myeloablative therapy 
(MAT) + autologous stem cell transplantation (ASCT) 
improves event-free survival (EFS) with a favourable 
trend for overall survival (OS) compared with conven-
tional chemotherapy or no further treatment.

In patients with HRNB treated with anti-GD2 immuno-
therapy, tandem MAT+ASCT appears to improve both 
EFS and OS.

Limited comparative evidence on treatment without 
MAT+ASCT but with maintenance anti-GD2 immuno-
therapy suggests an increased risk of relapse, and cur-
rently does not warrant a change in clinical practice.

1 Introduction

Neuroblastoma, a malignancy of the peripheral sympathetic 
nervous system, is the most common extracranial paediatric 
solid tumour [1], with the majority of children diagnosed 
before the age of 5 years [2]. It accounts for 8–10% of pae-
diatric cancer cases and 15% of cancer deaths in children 
[3, 4]. Approximately half of the patients diagnosed with 
neuroblastoma have a clinically aggressive form—high-risk 
neuroblastoma (HRNB) [2, 5].

Current treatment regimens for patients with newly diag-
nosed HRNB comprise (1) induction chemotherapy followed 
by surgical resection of the primary tumour to reduce the 
tumour burden as much as possible and (2) consolidation 
therapy with myeloablative therapy (MAT) and autologous 
stem cell transplantation (ASCT), followed by radiotherapy 
and maintenance therapy. Maintenance therapy consists of 
immunotherapy with an anti-disialoganglioside 2 (GD2) 
monoclonal antibody, such as dinutuximab or dinutuximab 
beta, as recommended by the Children’s Oncology Group 
(COG) and the Society of Paediatric Oncology European 
Neuroblastoma (SIOPEN) [6], plus isotretinoin (13-cis-
retinoic acid) [2, 5]. This intense multimodal therapy takes 
approximately 18 months [5], and has increased survival of 
patients with HRNB from under 15% to over 50% with the 
introduction of ASCT and over 60% with immunotherapy, 
thus, markedly improving their chance of cure [6–9].

MAT is intended to consolidate the response to induc-
tion therapy and to eradicate minimal residual disease to 
reduce the risk of relapse [10]. Following MAT, ASCT 
enables haematopoietic recovery [11], and hence recovery 
of the immune system compromised by MAT and required 
for anti-cancer activity, particularly when followed by anti-
GD2 immunotherapy. Subsequent to publication of prom-
ising data from early single-arm studies or retrospective 
analyses indicating the benefit of consolidation therapy with 
MAT+ASCT [11, 12], the benefit of MAT+ASCT was con-
firmed in a randomised controlled trial (RCT), the Children’s 
Cancer Group (CCG)-3891 study, in which 3-years event-
free survival (EFS) significantly improved versus continued 
intensive chemotherapy [13]. As a result of these findings, 
MAT+ASCT has been an integral part of the multimodal 
first-line therapy for HRNB for over 2 decades. Long-term 
follow-up of the CCG-3891 study population confirmed the 
earlier results, with a significantly higher 5-years EFS rate 
[10].

Maintenance with anti-GD2 immunotherapy has been 
part of the multimodal treatment of HRNB in Europe and 
the USA for over a decade. The efficacy of this approach 
was demonstrated in large co-operative trials with COG 
(ANBL0032) [14] and SIOPEN (HR-NBL1/SIOPEN) [15], 
in which all patients had undergone MAT+ASCT prior to 
maintenance therapy. In the HR-NBL1/SIOPEN trial, the 
effects of two different MAT regimens were investigated, 
demonstrating improved survival on busulfan/melphalan 
(BuMel) versus carboplatin/etoposide/melphalan (CEM) 
[16]. The COG also undertook an RCT to determine whether 
intensifying consolidation treatment with tandem ASCTs 
(sequential courses of MAT+ ASCTs) would improve sur-
vival compared with a single ASCT in patients with HRNB 
(ANBL0532) [17]. Establishing MAT+ASCT as the stand-
ard of care made it unethical to randomise to alternative 
treatments without MAT+ASCT, so the existing randomised 
evidence included only patients who had undergone this 
consolidation procedure. While the use of MAT+ASCT 
offers a survival benefit in patients with HRNB [18], MAT 
is associated with significant adverse events, some of which 
have a long-term impact, such as secondary malignant can-
cers [19–21], deafness and infertility [22]. The side effects 
in neuroblastoma survivors also occur in children treated 
without MAT, especially deafness after cisplatin or ovar-
ian failure after high-dose cyclophosphamide [23–25]. 
MAT, especially BuMel, may be associated with a higher 
risk of veno-occlusive disease early during treatment [26]. 
Whereas the most severe Grade 3 and 4 side effect associated 
with BuMel is veno-occlusive disease, the most frequently 
reported Grade 3 and 4 side effects with CEM are poor gen-
eral condition, infections and stomatitis [16]. Furthermore, 
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MAT can only be administered in patients who can undergo 
subsequent ASCT to restore haematopoiesis and immune 
function, and while access to ASCT has been increasing 
worldwide, it remains scarce in some lower-income coun-
tries, often owing to limited funds and infrastructure [27].

In contrast to centres which have adopted MAT+ASCT 
as standard of care, at the Memorial Sloan Kettering Cancer 
Centre (MSKCC), since 2003, patients with HRNB have 
received induction chemotherapy followed by anti-GD2 
immunotherapy plus granulocyte-macrophage colony-stim-
ulating factor (GM-CSF), local radiotherapy, and isotreti-
noin, but without MAT+ASCT [28, 29]. This approach was 
based on retrospective early data suggesting lack of survival 
advantage following treatment with MAT+ASCT versus 
maintenance chemotherapy [30, 31]. It was hypothesised 
that, in the era of anti-GD2 immunotherapy, MAT+ASCT 
may no longer improve survival and that it should be aban-
doned [28]. In a non-randomised comparison, there was no 
statistically significant difference in 5-year EFS or 5-year 
overall survival (OS) between patients who had previously 
undergone MAT+ASCT and those who received con-
ventional chemotherapy followed by anti-GD2 therapy at 
the MSKCC (2003–2013) [28]. However, OS was likely 
improved by the use of effective therapies in later lines of 
treatment, such as chemoimmunotherapy [32, 33]. Indeed, 
the continued use of MAT+ASCT for the treatment of 
patients with HRNB has been challenged and debated on 
the basis of efficacy and safety in two recent articles [34, 35], 
during a dedicated workshop at the International Society for 
Paediatric Oncology (SIOP) congress 2021 and by patient 
advocacy groups [36]. Evidence on efficacy and safety of 
MAT+ASCT in HRNB was reviewed in 2015 [18], and new 
evidence has emerged since. Results from the trial of tan-
dem MAT+ASCT were published [17], and haploidentical 
stem cell transplantation (SCT) has been successfully used 
in patients with relapsed HRNB [37].

The objective of this systematic literature review was to 
compare survival outcomes in patients with HRNB treated 
with MAT+ASCT with those in patients who did not receive 
MAT+ASCT with or without subsequent anti-GD2 immu-
notherapy. Specific comparisons considered in this review 
are shown in Supplemental Table 1, and further rationale 
for the comparisons is provided in Supplemental Table 2.

2  Methods

This systematic review was conducted in accordance with 
the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines.

2.1  Search Strategy

MEDLINE via PubMed and EMBASE electronic databases 
were systematically searched on 12 April 2023, with 2523 
publications retrieved (Fig. 1). The search strategy was 
informed by the most recent Cochrane review undertaken 
to compare outcomes of MAT+ASCT versus conventional 
therapy in children with HRNB [18], which included RCTs 
only. Our strategy was modified to also include non-ran-
domised comparative studies.

No restrictions regarding the age of the patients or the 
date of publication were applied, but only publications in 
English were included. The publication/article types were 
restricted to clinical studies/trials including Phase II–IV 
studies, randomised controlled, controlled, pragmatic, com-
parative or multicentre studies, observational studies, meta-
analyses, systematic reviews, guidelines, practice guidelines 
and published errata. Congress/conference presentations 
were not included.

The search terms were ‘neuroblastoma’ and (‘myeloabla-
tive therapy’ OR ‘stem cell transplantation’). The full search 
strategies for MEDLINE and EMBASE are provided in Sup-
plemental Table 3, along with the filters applied. The search 
results were imported into the Rayyan portal for the removal 
of duplicates and to facilitate screening.

Fig. 1  PRISMA flow diagram of included studies
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2.2  Data Extraction

Three authors independently screened abstracts and 
selected publications for inclusion. In cases of discrep-
ancy, the decision was discussed to reach a consensus. 
Data were extracted from included publications by UZ and 
JW for analysis. An independent quality assurance check 
versus the source materials was conducted by Centrum 
HTA.

2.3  Inclusion Criteria

We evaluated comparative studies of patients with HRNB, 
regardless of design, where MAT+ASCT was compared 
with treatment that did not include MAT+ASCT. We con-
sidered various MAT and transplantation techniques but 
excluded studies with metaiodobenzylguanidine (MIBG) 
only. We also investigated studies comparing allogeneic 
(including haploidentical) SCT with non-SCT treatments, 
including historical controls and retrospective analyses. 
Comparison of different MAT+ASCT regimens or differ-
ent maintenance regimens was beyond the scope of this 
review. To be included, at least one comparative survival 
outcome [EFS, progression-free survival (PFS), relapse-
free survival (RFS) and/or OS] should have been reported 
in the study.

2.4  Outcome Measures

The following survival outcome measures were extracted 
from publications: EFS (defined as the time to recur-
rence or progression of disease, death from any cause 
or secondary neoplasm), PFS (defined as time to death 
from any cause or relapse/recurrence or progression), 
RFS (defined as time to death or relapse/recurrence) 
and OS (time to death from any cause). Survival rates 
at reported time points and mean and/or median time to 
event, as well as hazard ratios (HR) along with p-values 
and confidence intervals (CI), were extracted. If specific 
survival rates were missing, we used 3- and 5-year data 
from Kaplan–Meier curves. Subgroup analyses included 
stratification by anti-GD2 immunotherapy, MYCN status 
and induction response. Treatments in the first-line setting 
and in relapsed patients were considered separately.

2.5  Evidence Synthesis and Analyses

Evidence for all studies was reported following the Popu-
lation, Intervention, Comparison, Outcomes and Study 
(PICOS) framework along with risk of bias assessment 
according to Cochrane Handbook for Systematic Reviews 

of Interventions, using Newcastle–Ottawa Scale for non-
RCTs. Outcomes from the RCTs were synthesised in 
meta-analysis, while meta-analysis for non-RCTs was not 
planned owing to expected heterogeneity.

The clinical trial presented in Park et  al. [17] was 
excluded from the meta-analysis because of inadequate 
comparator (transplantation in both arms); however, data on 
single versus tandem MAT+ASCT were analysed separately. 
For the assessment of EFS and OS, the generic inverse vari-
ance function of RevMan version 5.4.1 was used to combine 
logs of HR and estimate corresponding 95% CI. HR data 
(with 95% CI) for studies by Matthay et al. [13] and Matthay 
et al. [10] and Pritchard et al. [38] were extracted from Yal-
cin et al. [18]; Yalcin et al. [18] used Parmar’s 1998 method 
if HR were not reported in the studies]. HR were calculated 
using the complete follow-up period of the trials.

3  Results

3.1  Identified Publications

PubMed and EMBASE searches produced 629 and 1958 
results, respectively (Fig. 1). After removal of 64 duplicate 
publications, 2523 abstracts were screened, which resulted 
in 69 publications being identified for full text review. Over-
all, 41 publications (Supplemental Table 4) reporting 34 
comparative studies were included in the systematic review. 
Of these, 7 publications reported 4 RCTs, and 34 publica-
tions reported 30 non-RCT studies.

3.1.1  Included Studies

Four RCTs were identified for the review (Table 1), all of 
which were multicentre studies. A total of 30 non-RCT stud-
ies were identified (Supplemental Table 5); 3 were prospec-
tive and 27 retrospective, and 17 studies were multicentre 
and 13 single centre. There were 22 studies (3 RCTs; 19 
non-RCTs) of single MAT+ASCT without subsequent anti-
GD2 immunotherapy, 4 non-RCTs studies of MAT+ASCT 
with subsequent anti-GD2 immunotherapy, 7 studies of tan-
dem versus single MAT+ASCT (1 RCT; 6 non-RCTs), 1 
non-RCT study of relapsed populations and no comparative 
studies reporting survival following allogeneic SCT identi-
fied for the review.

Studies differed in terms of patient populations, induction 
regimens, types of MAT and various treatment procedures. 
Subsequent relapse treatments were infrequently reported. 
RCTs generally had low risk of bias, except for blinding, 
while most non-RCTs were of high quality. Risk of bias 
assessment is shown in Supplemental Appendix 1.
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3.2  MAT+ASCT without Subsequent Anti‑GD2 
Therapy

Overall, RCTs provide evidence of the survival benefit 
of MAT+ASCT versus treatment without MAT+ASCT 
(Table 1). The meta-analysis of three of the four identified 
RCTs [10, 13, 38–40], which included updated results from 
the GPOH NB97 study [40], confirmed previously reported 
results [18]. There was a significant difference in EFS in 
favour of MAT+ASCT over conventional chemotherapy or 
no further treatment (HR = 0.78, 95% CI 0.67–0.91, p = 
0.001; Fig. 2). There was a non-significant trend in favour 
of MAT+ASCT over conventional chemotherapy or no fur-
ther treatment for OS (HR = 0.86, 95% CI 0.73–0.100, p = 
0.05; Fig. 3).

A subgroup meta-analysis of EFS, including additional 
follow-up data and secondary malignant disease as an 
event (Matthay et al. [13], Berthold et al. [39] and Berthold 
et al. [40]), showed a significant difference in favour of 
MAT+ASCT over conventional chemotherapy (HR = 0.79, 
95% CI 0.67–0.93, p = 0.004; Fig. 2).

Non-RCT comparative studies (Supplemental Table 5) 
mostly support MAT+ASCT, though some favour non-
MAT+ASCT or show no effect. While the benefit was 
more pronounced in patients with complete response (CR)/
very good partial response (VGPR) after induction in RCTs 
[10, 39, 40], some non-RCT studies report greater effects 
in patients with partial response (PR) [41]. However, bias 
inherent in the study design appears to have a considerable 
impact on results.

In one non-RCT study (Simon et  al. [42]), HR for 
MAT+ASCT versus no MAT+ASCT were 0.64 for EFS and 
0.67 for OS, and were statistically significant [42], although 
approximately half of the patients received anti-GD2 therapy 
in the maintenance setting. In the analysis of patients from 
this study not treated with anti-GD2 therapy, the benefit of 
MAT+ASCT was clearly pronounced, with EFS and OS 
almost doubling after 9 years [42]. Another study (Stram 
et  al. [12]) with approximately 50% of patients in CR/
VGPR reported doubling 4-year EFS with MAT+ASCT 
(40% versus 19%, p = 0.020) [12]. However, no effect of 
MAT+ASCT was found in infants [43]. Imaizumi et al. 
reported 7-year EFS approximately four-fold greater in the 
MAT+ASCT group; however, more than twice as many 
patients in this study had favourable response to induction 
in the ASCT versus non-ASCT group [44]. In another study 
(Yan et al. [45]) with over 90% of patients in CR/VGPR 
following induction, 3-year EFS was 24.2% greater in the 
MAT+ASCT group, while OS was 19.2% greater, although 
in the transplantation group 27.1% received a tandem proce-
dure [45]. Even at 10 years, patients treated with MAT had 
a significantly better outcome, with OS 9% greater and EFS 
6% greater than those receiving continuous chemotherapy (p 

= 007 and p = 0.0052, respectively; Hero et al. [41]). Indeed, 
patients with PR to induction chemotherapy appeared to gain 
from MAT, with OS almost doubled (0.23 versus 0.12, p 
= 0.0167) and EFS almost tripled (0.25 versus 0.09, p = 
0.0031), while patients with CR did not benefit [41].

In a study with consecutive, unselected patients (Luksch 
et al. [46]), the 5-year EFS was 31% for MAT+ASCT ver-
sus 12% for comparator with irradiation (p = 0.03); the 
5-year OS was nearly tripled at 35% versus 12% (p = 0.03). 
Approximately 40% of patients in this study achieved CR/
VGPR after induction [46].

Additionally, MAT+ASCT was associated with signifi-
cantly better 5-year OS in a large, comprehensive, nation-
wide registry-based study by Imaizumi et al. [44]. Univari-
ate and multivariate analyses favoured MAT+ASCT (HR = 
0.45, 95% CI 0.34–0.60, p < 0.01 and HR = 0.46, 95% CI 
0.32–0.64, p < 0.01, respectively) [44]. As anti-GD2 immu-
notherapy was given to some patients, it was entered into the 
multivariate model so that HR was not biased by treatment 
modality [44].

Significant benefit of MAT+ASCT was found in a large 
international study analysing two different age subgroups 
of patients (Mosse et al. [47]). Among patients ≥ 5–< 10 
years, those who received MAT+ASCT had significantly 
superior rates compared with those who did not, with both 
5-year EFS (30 ± 6% versus 14 ± 3%, p = 0.0001) and OS 
(43 ± 6% versus 23 ± 3%, p = 0.001) rates doubled in the 
MAT+ASCT group. Similar magnitude of both EFS and 
OS benefit of MAT+ASCT was observed in patients ≥ 10 
years [47].

The greatest benefit of MAT+ASCT was found in 
patients with incomplete resection of primary tumour at 10 
years with disease-free survival more than three-fold greater 
than in the group not treated with MAT+ASCT (85% versus 
25%, p = 0.015; Moon et al. [48]).

A small single-centre study (Chamberlain et al. [49]) 
found no significant difference between MAT+ASCT and 
chemotherapy for PFS and OS at approximately 2 years; 
however, a trend favouring MAT+ASCT was evident with 
PFS doubling at 18 months (25.8% versus 13.2%, p = 0.06). 
A non-significant trend for MAT+ASCT versus maintenance 
chemotherapy was found in a study with 47% of patients 
in CR/VGPR (Castel et al. [50]), where 5-year OS was 
doubled in favour of MAT+ASCT (56% versus 28%, p = 
non-significant).

A benefit for MAT+ASCT was reported by Ohnuma et al. 
separately for stage 4 and stage 3 patients [51]. For stage 4 
patients, a 6% greater 5-year OS and 10% greater 5-year 
EFS in favour of MAT+ASCT was found, but the difference 
was not statistically significant [51]. For stage 3 advanced 
patients with neuroblastoma, both 2-year EFS and 5-year OS 
were approximately 70% greater after MAT+ASCT, with the 
difference being statistically significant [51].
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Survival benefit might be subject to selection bias, par-
ticularly if only patients with better prognosis are selected 
for MAT+ASCT. Berthold et al. reported statistically sig-
nificantly better EFS for MAT+ASCT versus chemother-
apy; however, after adjustment for response to induction, 
the benefit was no longer significant [52]. Unadjusted OS 
was significantly better on MAT+ASCT, although the trend 
reversed after 4 years (0.18 versus 0.25, respectively) [52]. 
In this study, up to 40% of patients achieved CR after induc-
tion [52]. In another study by DeBernardi et al., a non-sig-
nificant trend was seen among patients who received MAT 
for both OS (HR = 0.76, 95% CI 0.53–1.09) and EFS (HR 
= 0.71, 95% CI 0.51–1.01) after adjustment for response to 
induction with approximately 5% of patients having achieved 
CR and the majority PR [31]. A lack of OS benefit at 5 

and 10 years was also reported in a study with two different 
chemotherapy regimens Kaneko et al. [53]. In this multi-
centre study, ASCT [bone marrow transplant (BMT)] was 
feasible only in selected centres, which may have caused 
selection bias [53]. Among the consolidated patients, CR 
was achieved post-induction in 81% of patients [53]. The 
same group (Kaneko et al. [54]) reported the effect of MAT 
+ autologous BMT/peripheral blood stem cell transplanta-
tion (PBSCT) versus chemotherapy on RFS in subgroups 
based on response to induction and MYCN status [54]. In 
patients with PR/stable disease/progressive disease, PFS at 
5 years was comparable; i.e., there was no benefit of MAT + 
autologous BMT/PBSCT [54]. In contrast, in patients with 
CR and MYCN amplification, MAT + autologous BMT/
PBSCT doubled RFS at 5 years, while in patients with CR 

Fig. 2  Forest plot of EFS in A total population and B subgroup analysis including additional follow-up data and secondary malignant disease as 
an event. CI confidence interval, EFS event-free survival, IV instrumental variable, SE standard error

Fig. 3  Forest plot of OS in total population. CI confidence interval, IV instrumental variable, OS overall survival, SE standard error
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and without MYCN amplification, the improvement was 27% 
[54].

One study Castel et al. [30] reported a non-significant 
trend of 13% difference in EFS in favour of maintenance 
chemotherapy versus MAT+ASCT (0.46 versus 0.33), but 
the time point for this analysis was not reported. In this 
study, approximately 50% of patients were in CR/VGPR 
[30]. Another study Klaassen et  al. [55] that included 
approximately 50% patients with CR/VGPR found no dif-
ference in survival after adjustment for survivor and selec-
tion bias when selecting only patients alive at the median 
time to transplantation and showing at least a PR to up-front 
therapy. Without adjustment, 5-year OS was 22% greater 
after MAT+ASCT versus without MAT+ASCT [55]. Sig-
nificantly better 5-year EFS (by 12%) and OS (by 6%) on 
chemotherapy rather than on MAT+ASCT were reported in 
a large multicentre study Aksoylar et al. [56]. The authors 
acknowledge bias in the selection of patients for ASCT, 
as patients with higher risk of adverse outcomes may be 
selected for the more intensive therapy with MAT+ASCT 
[56]. Moreover, the unbalanced distribution of patients 
with MYCN-amplified tumours in the two groups may have 
impacted the outcome.

3.3  MAT+ASCT with Subsequent Anti‑GD2 Therapy

Studies comparing the added benefit of MAT+ASCT if 
followed by anti-GD2 immunotherapy versus anti-GD2 
immunotherapy alone without prior consolidation with 
MAT+ASCT are limited to four non-RCT studies.

In a study of patients in CR/VGPR treated with m3F8 
anti-GD2 immunotherapy, 5-year PFS and OS were 12% 
higher with prior MAT+ASCT Cheung et al. [57]. How-
ever, patients who received MAT+ASCT also subsequently 
received maintenance with isotretinoin, which could have 
favoured this treatment group [57]. Furthermore, survi-
vor bias could have improved outcomes in this group, as 
patients who would have died prior to MAT+ASCT and 
immunotherapy were not included (survival was reported 
from the time of initiation of immunotherapy) [57]. In a 
separate study with CR/VGPR patients treated with m3F8 
anti-GD2 immunotherapy and only differing with respect 
to MAT+ASCT Kushner et al. [28], the difference in 5-year 
EFS was 14% in favour of MAT+ASCT [65% (95% CI 
54–78) versus 51% (95% CI 42–62), p = 0.128], but it was 
not statistically significant, and no trend for 5-year OS was 
observed [76% (95% CI 66–88) versus 75% (95% CI 68–85), 
p = 0.975], likely owing to the efficacy of subsequent sal-
vage therapies.

In a retrospective, single-centre study Mora et al. [58], 
2-year EFS and OS were not significantly different for anti-
GD2 treated patients who received ASCT versus those 
who did not, and this result was similar in patients with 

CR (2-year EFS: 65.5% versus 58.7%, p = 0.48; 2-year OS: 
71.4% versus 85.4%, (p = 0.63 for ASCT and non-ASCT 
patients, respectively). Patients treated with anti-GD2 immu-
notherapy without ASCT had non-significant trends towards 
superior 3-year OS (90.2% versus 77.6%, HR = 1.10, 95% 
CI 0.20–6.01, p = 0.92) but lower 3-year EFS (50.3% ver-
sus 64.7%, p = 0.78) compared with patients who received 
ASCT (Mora et al. [59]).

Additionally, a German study Simon et al. [60] reported 
that, in the subgroup of patients treated with anti-GD2 ther-
apy after ASCT, 5-year EFS improved by 14% and OS by 
6.4%, and respective 9-year EFS by 9.6% and OS by 3.1%; 
however, statistical significance was not reported for these 
comparisons [60]. In this study, 79% of patients were in CR/
VGPR [60].

3.4  Tandem versus Single MAT+ASCT

Post-hoc analyses from the one identified RCT (Park et al. 
[17]) confirm the benefit of tandem MAT+ASCT in patients 
subsequently treated with anti-GD2 immunotherapy versus 
single MAT+ASCT (3-year EFS: 73.3% versus 54.7%, p 
= 0.004; 3-year OS: 84.0% versus 73.5%, p = 0.04). These 
data suggest that a second transplant prior to the start of anti-
GD2 immunotherapy may reduce the burden of disease and 
lead to improvements in EFS and OS [17]. The study also 
suggests that this benefit may not be evident in the subgroup 
of patients who did not receive anti-GD2 immunotherapy.

Data from non-RCT studies of tandem versus single 
MAT+ASCT are heterogenous and subject to bias. A large 
multicentre study (Sung et al. [61]) with the majority of 
patients in CR or VGPR found that 5-year EFS was approxi-
mately 20% greater in the tandem MAT+ASCT group than 
in the single MAT+ASCT group (HR = 0.16, p < 0.05). In 
patients without CR, 5-year EFS was over 50% greater (p 
< 0.05), suggesting that patients in VGPR or less are likely 
to benefit more from tandem versus single MAT+ASCT 
[61]. However, more than twice as many patients received 
total body irradiation (TBI) in the tandem versus single 
MAT+ASCT group, and given that EFS after the tandem 
procedure was greater in the TBI group than in the non-TBI 
group, this may have resulted in the overestimation of EFS 
in the tandem group. In another large retrospective mul-
ticentre study (Qayed et al. [62]), 4-year EFS for patients 
who received a tandem MAT+ASCT was 32% higher (p 
< 0.05). Tandem MAT+ASCT also improved 4-year OS 
by 26%, though this difference was not significant. Multi-
variate regression model analysis, controlling for the use 
of TBI and disease response at the end of induction, con-
firmed the benefit of tandem MAT+ASCT with EFS (HR 
= 0.47) and OS (HR = 0.47), both of which were statisti-
cally significant [62]. A small single-centre study in stage 
3 patients (Suh et al. [63]) reported that, at 5 years in the 
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single MAT+ASCT group, 75% remained event free, while 
for patients who underwent the tandem procedure, EFS was 
100% [63].

In contrast, a retrospective study by Yan et  al. [45] 
with a small subgroup of patients receiving MAT+ASCT 
found 3-year EFS to be 22% higher in the single versus 
tandem transplantation (51.9% versus 73.8%), while OS 
was 12% higher (71.4% versus 83.4%), although for both 
outcomes the trend was not significant (p = 0.44 and p = 
0.73, respectively). These data suggest a lack of survival 
benefit for tandem ASCT if not followed by anti-GD2 
immunotherapy. No benefit was also found in a retrospec-
tive, single-centre study (Kim et al. [64]) where at 2 years 
the disease-free survival and OS of patients who underwent 
double autologous PBSCT were not different from those 
of patients who underwent single autologous PBSCT [64]. 
Additionally, a prospective, multicentre study by Frappaz 
et al. [65] comparing immediate single MAT+ASCT ver-
sus double MAT+ASCT versus additional chemotherapy 
followed by single MAT+ASCT found that PFS at 7 years 
was approximately double for single MAT+ASCT. Statis-
tical significance for the relevant comparison versus tan-
dem MAT+ASCT was not tested, but PFS in the single 
MAT+ASCT group was significantly better compared with 
combined tandem MAT+ASCT and chemotherapy followed 
by single MAT+ASCT group.

3.5  Studies in Relapsed Patients

One retrospective analysis of three large prospective mul-
ticentre studies (Simon et al. [66]) compared MAT+ASCT 
after relapse with chemotherapy or no treatment [66]. In 
patients with MAT+ASCT, 3-year OS was 43.5% from 
recurrence while following second-line chemotherapy, but 
without second MAT+ASCT the 3-year survival rate from 
event was under 10%, with the difference being statistically 
significant [66]. However, the results are likely affected 
by survivorship bias, as survival in patients who received 
MAT+ASCT is reported from this procedure, i.e., no mor-
tality between relapse and MAT+ASCT was reported, unlike 
in the chemotherapy group where mortality was also cap-
tured during induction chemotherapy and prior to MAT.

4  Discussion

This systematic review of 34 studies compared survival out-
comes in patients with HRNB treated with or without single 
or tandem MAT+ASCT with or without subsequent anti-
GD2 immunotherapy. The meta-analysis of the RCTs [10, 
13, 38–40] provided evidence of statistically significant dif-
ference in EFS in favour of MAT+ASCT over conventional 
chemotherapy or no further treatment (HR = 0.78, 95% CI 

0.67−0.91, p = 0.001) and a non-significant trend favour-
ing MAT+ASCT for OS (HR = 0.86, 95% CI 0.73−1.00, 
p = 0.05). Our meta-analysis, which included long-term 
results from the GPOH NB97 study [40], confirms the pre-
viously reported Cochrane review findings with statistically 
significant EFS benefit (HR = 0.78, 95% CI 0.67–0.90, p 
= 0.0006) and a non-significant trend for OS benefit (HR 
= 0.86, 95% CI 0.73–1.01) [18]. The non-RCT compara-
tive studies systematically reviewed demonstrate findings 
that are broadly consistent with evidence from the RCTs; 
however, not all non-RCT studies reported survival benefit 
for MAT+ASCT. Subgroup data from RCTs suggest greater 
benefit of MAT+ASCT in patients with CR/VGPR after 
induction, but no clear pattern has been observed in non-
RCT studies. Conclusions related to MYCN status are lim-
ited to a subgroup analysis from one non-RCT, suggesting 
greater benefits in patients with MYCN-amplified tumours 
[54].

Limited comparative evidence exists for the survival ben-
efit of MAT+ASCT followed by anti-GD2 immunotherapy 
versus anti-GD2 therapy alone without prior MAT+ASCT. 
Even so, it is advisable not to exclude MAT+ASCT from 
multimodal therapy to minimise relapse risk. However, in 
patients treated with anti-GD2 immunotherapy, prior tandem 
ASCT versus single ASCT appears to offer improvement in 
both EFS and OS [17].

It is unclear whether tandem MAT+ASCT offers addi-
tional survival benefits over the single procedure in patients 
who do not receive subsequent immunotherapy. One RCT 
demonstrated statistically significant improvement in EFS 
but no benefit for OS [17]. The EFS benefit was observed in 
the overall patient population, specifically in the subgroup 
treated with anti-GD2 immunotherapy. For the subgroup 
not treated with immunotherapy, results were not reported, 
but the magnitude of effect suggests that in these patients 
tandem SCT seemed to provide no additional advantages. 
It is unclear whether specific patient subgroups benefit 
more from tandem MAT+ASCT based on their response 
to induction chemotherapy. It also requires confirmation 
in patients who received different induction regimens. As 
stated in the introduction, the discussion on the benefit of 
MAT+ASCT was initiated during a SIOP workshop and 
by patient advocacy, but it is also most relevant to current 
practice. Some published analyses suggest that, with anti-
GD2 immunotherapy, OS with and without MAT+ASCT 
might be comparable in some patient groups, and a dif-
ferent approach to the consolidation treatment has been 
proposed [28, 34]. It is hypothesized that treatment using 
anti-GD2 immunotherapy in consolidation after induction 
chemotherapy, omitting MAT+ASCT, may result in similar 
survival as following ASCT, which is the standard of care 
recommended by cooperative groups (e.g. SIOPEN, COG, 
etc.). However, these studies are based on two single-centre 
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experiences [28, 58]. Kushner et al. [28] presented data of 
patients in first CR/VGPR treated with m3F8 plus GM-CSF 
and isotretinoin, with or without previous MAT+ASCT. The 
study was not randomised, and the choice of the treatment 
protocol was dependent on the treatment centre. The 5-year 
EFS and OS for ASCT-treated patients versus non-ASCT-
treated patients were not significantly different [28]. Accord-
ing to the authors, longer time from first chemotherapy to 
therapy with m3F8 had no impact on EFS in a multivariate 
analysis (p = 0.156), so the postponed implementation of 
immunotherapy caused by recovery time after ASCT should 
not negatively influence survival [28]. The authors do not 
report on subsequent therapies, but comparable OS for both 
groups in the study may also be strongly influenced by the 
more effective treatment of relapses, given a time-consist-
ent trend for increased risk of relapse without MAT+ASCT 
(5-year EFS: 51% versus 65%, p = 0.128) [67].

Similar conclusions were drawn by Mora et al. [58] with 
the use of different anti-GD2 antibodies (dinutuximab or 
naxitamab) as part of two different clinical studies or as a 
compassionate use programme, which included patients 
treated in first line who were either in CR or were refractory 
(i.e., had persistent disease, but only in bones or bone mar-
row with the exclusion of harder to treat soft tissue disease). 
There were no significant differences in 2-year EFS (64.1% 
versus 54.2%, p = 0.28) or OS (66.7% versus 84.1%, p = 
0.81) for ASCT and non-ASCT patients, respectively [58]. 
Results may also be influenced by the number of immuno-
therapy cycles. In the COG and SIOPEN protocols, up to 
5 cycles of anti-GD2 immunotherapy are given, whereas 
in Mora et al.’s study up to 10 immunotherapy cycles were 
allowed, although the difference in outcome was not statisti-
cally significant in patients receiving more and less than 5 
cycles [58]. However, the number of patients in this study 
was relatively low, the group was heterogenous and no infor-
mation concerning treatment after the potential relapses was 
provided, which could also strongly influence OS [58].

Although Mora et al. [58] included patients in CR as well 
as refractory patients, the study does not permit the drawing 
of conclusions on the efficacy of MAT+ASCT in the two 
populations. Specifically, as the published results provided 
no relevant evidence, no conclusions can be drawn on the 
effect of ASCT prior to naxitamab in primary refractory 
patients, i.e., in the population where this anti-GD2 immu-
notherapy is licensed in some countries [58].

Induction regimens varied widely between groups in this 
study (e.g., in naxitamab-treated patients, 66.7% received 
induction according to the Chinese CCCG NB2014 proto-
col), and generalisability of the results is hindered by the 
fact that the majority of patients (79.1%) received at least 
six cycles of induction chemotherapy; i.e., N7 or N7+CTV 
was used instead of currently preferred N5 [58]. N5 and 
N7 protocols are associated with comparable response rates 

[68], and there are no data comparing survival rates between 
the two regimens. If fewer numbers of induction cycles are 
less effective in preventing relapse, and if induction is not 
followed by MAT+ASCT to further control the disease, sur-
vival could be negatively impacted. However, it is known 
that adding further chemotherapy to some other known 
induction schedules does not influence survival [69, 70].

Mora et al. [59] evaluated patients in first or second CR 
(excluding therapy-resistant patients) treated with naxitamab 
plus GM-CSF as consolidation in a compassionate use pro-
gramme. In all, 3-year EFS was 58.4% and OS was 82.4%, 
with EFS being significantly different between patients in 
first and second CR (p = 0.0029) [59]. However, OS was 
not influenced by first- or second-line therapy [59], which 
may show the potential influence of the subsequent treatment 
lines on OS using modern treatment methods.

Determination of effect of MAT in Mora et  al. [59] 
requires separate analysis of newly diagnosed and relapsed 
patients, because relapsed patients with prior MAT may have 
received it either before or after relapse. Included patients 
showed a trend of worse EFS and OS post-ASCT (EFS: HR 
= 3.21, 95% CI 1.43–7.21, p = 0.0047; OS: HR = 2.88, 
95% CI 0.58–14.4, p = 0.20), possibly owing to the fact that 
the ASCT was given mainly to newly diagnosed patients 
as consolidation prior to relapse, and relapse is associated 
with poorer prognosis. Even so, reported as a percentage, OS 
was 12.6% better in the post-ASCT subgroup, although the 
difference was not statistically significant [59]. Interpreta-
tion of these results is further complicated by lack of details 
on prior and subsequent treatments, particularly the type of 
MAT [59].

Omitting MAT+ASCT as an approach to therapy is not 
based on RCT evidence, but only on single-centre non-RCT 
studies. The justification is based on treatment modifica-
tions in comparison with previous studies, such as the use 
of anti-GD2 immunotherapy with GM-CSF [71] and use of 
local radiotherapy and isotretinoin in all patients. According 
to the authors, the improvement of treatment results with 
MAT+ASCT cannot be compared with modern treatment 
results, as historical treatments did not include maintenance 
treatment or consisted of oral cyclophosphamide without 
immunotherapy [38, 39].

In the GPOH NB97 study, the reported OS HR was sta-
tistically significant for patients with CR/VGPR [39]. Also, 
in Matthay et al. [10], the effect of MAT+ASCT on 5-year 
EFS was much greater in patients with CR/VGPR than 
those with PR/mixed response/stable disease (15% versus 
9%) [10]. Long-term follow-up data from the NB97 study 
showed a statistically significant effect of MAT+SCT in the 
“as treated” population with CR/VGPR (10-year OS: HR = 
1.65, 95% CI 1.05–2.61) [40]. Therefore, based on long-term 
evidence, it can be hypothesised that MAT+ASCT improves 
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both EFS and OS in patients with CR/VGPR, though the 
benefit in patients with PR appears to be less pronounced.

Importantly, the studies included in the Cochrane review 
by Yalcin et al. [18] did not include patients treated with 
effective anti-GD2 immunotherapy. In the NB97 study, 
some patients were treated with anti-GD2 immunotherapy 
in maintenance. Although immunotherapy was not a predic-
tor of efficacy [40], the analysis of long-term results showed 
improvement in OS in patients treated with MAT followed 
by immunotherapy in comparison with other groups treated 
without MAT [60]. The anti-GD2 antibody in the study was 
not licensed for use and was administered in cycles every 2 
months, a regimen which most likely did not control mini-
mal residual disease [40]. The NB97 study showed that, with 
anti-GD2 immunotherapy with no proven efficacy (which 
would be equivalent to treatment without anti-GD2 therapy), 
MAT+ASCT improves EFS and OS in patients with CR/
VGPR [40]. With no controlled survival evidence for nax-
itamab in patients receiving it without prior MAT, omitting 
MAT+ASCT before naxitamab immunotherapy for PR/
VGPR/CR patients might lower survival prospects in this 
group. There is also no comparative evidence at present for 
treatment with and without MAT+ASCT followed by any 
anti-GD2 immunotherapy in the refractory setting, and the 
only evidence for patients in CR/VGPR comes from a single-
centre study with an unlicensed antibody [28]. Importantly, 
it needs to be highlighted that evidence from patients treated 
with one particular anti-GD2 immunotherapy should not be 
used to infer efficacy of another, and only immunotherapies 
with demonstrable comparative efficacy should be consid-
ered in the context of MAT+ASCT, as for some, such com-
parative benefit for survival had not been demonstrated (e.g. 
in the GPOH NB97 trial [40] and a compassionate use pro-
gramme with naxitamab as consolidation for patients with 
HRNB in first CR [72]).

At this time, the identified evidence does not support any 
differentiating claims that one particular anti-GD2 immuno-
therapy can be used without prior MAT+ASCT while other 
anti-GD2 therapies cannot. The only evidence for the added 
benefit of MAT+ASCT prior to immunotherapy is available 
for m3F8 (unlicensed murine antibody) and only in a sub-
group of patients with CR/VGPR [28]. This evidence shows 
lack of effect on OS [76% (95% CI 66–88) versus 76% (95% 
CI 68–85), p = 0.975] and a non-significant, although clear, 
trend for EFS [65% (95% CI 54–78) versus 51% (95% CI 
42–62), p = 0.128] [28]. Importantly, it cannot be assumed 
that the same would apply to the humanised antibody 3F8 
[naxitamab (hu3F8)] or chimeric antibodies (dinutuximab 
and dinutuximab beta). As there are no comparative head-
to-head studies of different antibodies, we can only speculate 
that the evidence for one of them may apply to the others.

The only biological factor analysed in most reviewed 
studies is MYCN amplification, and its influence on survival 

differs among studies—varying from worse outcomes [53] 
to better outcomes [12]. It is now known that, in addition to 
MYCN amplification, there are other genetic factors strongly 
influencing survival. Their presence may also cause either 
rapid occurrence of relapses, or long course of the disease, 
with very poor outcomes reported after a long observation 
period. The influence of these genetic factors also needs to 
be taken into consideration, as different genetic risk groups 
may or may not benefit from MAT+ASCT [73–75].

4.1  Limitations

The main limitation of the analysis is the heterogenous and 
historical nature of the therapies used, including different 
induction and consolidation schedules, different approaches 
to radiotherapy (including TBI) and use of isotretinoin. Dif-
ferent induction schedules may influence the response to 
MAT+ASCT and its toxicities, which could in turn affect 
OS outcomes, as the efficacy of a regimen might depend on 
prior, concomitant and subsequent treatment. Another limi-
tation is that baseline characteristics are often not reported in 
detail, and response to treatment is not reported consistently 
and is based on changing criteria. Additionally, the defini-
tion of the high-risk group is not consistent among studies, 
especially inclusion of infants and localised tumours with 
MYCN amplification or unfavourable biology.

Unfortunately, immunotherapy with proven compara-
tive efficacy was not used in studies directly comparing 
MAT+ASCT with maintenance treatment or no treatment 
[39]. Additional factors that may have influenced the com-
parison of studies conducted over a long time include the 
experience of centres in performing the ASCT procedure, 
the source of cells (BMT or PBSCT), and recent improve-
ments of supportive treatment in paediatric oncology and 
transplantology. All these factors may strongly influence 
response to therapy and survival. PBSCT rather than BMT is 
now the procedure of choice due to the more rapid recovery 
after the procedure, easier and more efficient collection of 
cells [76] and probably less contamination with neuroblas-
toma cells [77].

5  Conclusions

The evidence supports the use of MAT+ASCT for reduc-
ing the risk of relapse in patients with HRNB. While the 
OS benefit trend lacks significance, possibly due to post-
relapse treatments, limited evidence suggests poorer PFS/
EFS survival outcomes when MAT+ASCT is omitted prior 
to anti-GD2 immunotherapy. Owing to the high morbidity 
associated with relapse and toxicity of salvage treatment, 
MAT+ASCT should remain an integral part of multimodal 
therapy until further evidence emerges. Early findings hint 
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at sufficient efficacy of anti-GD2 immunotherapy without 
MAT+ASCT in some patient groups, suggesting that omit-
ting MAT+ASCT may be suitable when its administration 
is not feasible owing to toxicity or economic reasons in 
countries where reimbursement is limited. Evidence also 
supports tandem MAT+ASCT, especially when followed by 
anti-GD2 therapy. Limited evidence suggests better survival 
with MAT+ASCT administered post-relapse, and emerg-
ing chemoimmunotherapy may enhance outcomes. Future 
research, ideally using RCTs if feasible, may identify patient 
groups that do not need intensification therapy, such as tan-
dem MAT+ASCT, or those benefiting from earlier anti-GD2 
immunotherapy.
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