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Foreword

Sabine Sarnacki and Luca Pio have created a comprehensive text on neuroblastoma. 
This is a timely submission. The roster of authors are all international experts on the 
diagnosis and management of neuroblastoma. Drs. Sarnacki and Pio have compiled 
a text that provides information extending from the epidemiology of this disease to 
its imaging and, most importantly, the clinical management and surgery. This text 
will provide the reader a single source of the most current knowledge on all aspects 
of neuroblastoma. They are to be congratulated for this singular effort providing us 
a veritable wealth of information on neuroblastoma. I believe it will serve as an 
invaluable reference text for readers of all levels.

 Robert C. Shamberger
Surgery, Boston Children’s Hospital

Harvard Medical School 
Harvard, MA, USA

 Robert E. Gross
Professor of Surgery

Harvard Medical School 
Harvard, MA, USA

Chief of Surgery
Boston Children’s Hospital 

Boston, MA, USA
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1Epidemiology

Jacqueline Clavel, Brigitte Lacour, and Paula Rios

Neuroblastomas are rare diseases, and as such their surveillance requires specific 
large-scale reliable population registries. We are more and more able to describe 
neuroblastomas and other embryonal tumors all over the world, but information is 
still insufficient and fragile in low-income countries, now prioritized in the interna-
tional strategies of cancer surveillance. Epidemiological research on risk factors, 
also, is limited by the rarity of the disease and mostly relies on case–control studies, 
that is, studies performed at the time of diagnosis, getting information by interview 
and, in some countries, from databases like birth certificates. Lack of knowledge 
about risk factors is important, and the international epidemiology consortiums are 
currently strengthening their efforts on etiological research.

1.1  Descriptive Epidemiology

In the International classification of disease for oncology (ICD-O-3) [1], neuroblas-
tomas are classified into the two morphologic codes 95003 (neuroblastoma, the most 
frequent) and 94903 (ganglioneuroblastoma, the best differentiated form of neuro-
blastoma). Both are grouped in the category IV (Tumors), subgroup IV.a (neuroblas-
tomas) of the International classification for childhood cancers (ICCC) [2].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-18396-7_1&domain=pdf
mailto:jacqueline.clavel@inserm.fr
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In this chapter, the epidemiological features of neuroblastomas are described 
using the 2000–2013 data extracted from the French National Registry of Childhood 
Cancer (RNCE) (http://rnce.inserm.fr). The RNCE registers 130–150 new cases of 
neuroblastoma aged under 15 years every year.

1.1.1  Incidence and Epidemiological Features

The annual age-standardized incidence rate is around 14 cases per million of children 
aged 0–14 years (Table 1.1). Neuroblastomas are mostly diagnosed before the age of 
5 years (85%), and 40% occur in infancy. They are very uncommon after the age of 
10 years. Annual incidence rates vary from 73 cases per million in infancy to 1 case 
per million after the age of 10 years. Neuroblastomas are the most frequent tumors 
diagnosed in neonates (<28 days). One out of ten cases of neuroblastomas is neonate. 
Most of them (65%) are diagnosed before birth by routine ultrasonography.

According to ICD-O categories, 11% of the French cases are ganglioneuroblasto-
mas and 89% are neuroblastomas. Half of the tumors are located in the adrenal glands, 
20% in other abdominal sites, 16% in mediastinum, and the remaining 15% are dis-
tributed in pelvis, cervical, or lumbar chains of the sympathetic nervous system.

Almost half of the cases have distant metastases at diagnosis. The proportion is 
smaller in infants, but most of them (nearly a quarter of the cases under 1 year) are stage 
4S, a specific pattern of metastatic disease spread to skin, liver, and bone marrow.

Amplification of MYCN oncogene is present in less than 10% of infant neuro-
blastomas, but in more than 20% of neuroblastomas after the age of 1 year.

In France, incidence has remained stable since 2000, and no spatial heterogene-
ity has been observed. Increase in incidence has been reported for Europe as a whole 
over the earlier period of 1978–1997 with an average change of 1.5% per year [3].

Table 1.1 Number of cases of neuroblastomas and annual incidence rates in France from 2000 to 
2013, by age groups, according to MYCN status and tumoral extension

Age groups (years)
Total<1 1–4 5–9 10–14

Incidence rate
IR (/million year) 73.1 22.2 4.0 1.1 12.5
ASR (/million year) 14.1
Mean annual numbers 55 67 15 4 141

39.0% 47.5% 10.6% 2.8% 100.0%
MYCN amplification
Amplified 7.2% 26.4% 16.6%
Nonamplified 78.1% 59.8% 67.8%
Unknown 14.7% 13.8% 15.6%
Tumoral extension
Nonmetastatic 61.7% 44.8% 49.1% 44.3% 51.8%
Metastatic not 4S 24.4% 54.9% 50.5% 55.7% 42.6%
Metastatic 4S 13.9% 0.2% 5.6%

IR incidence rate, ASR age standardized rate

J. Clavel et al.
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The highest incidence rates have been reported in countries with greater medical 
surveillance such as western Europe, the USA, Canada, Japan, and Australia which 
may reflect better diagnostic facilities [4]. Incidence rates reported by low- and 
medium-resource countries are generally lower, which may reflect true risk factors, 
as well as differences in diagnosis and registration practices [5, 6]. Racial differ-
ences have been suggested in previous periods. Nevertheless, annual incidence rate 
in black children in the USA is now 10.2 per million for 2001–2010, closer to that 
of white children, while very low rates are reported in the mostly black population 
of Sub-Saharan Africa [6].

1.1.2  Survival

The overall survival rates in France are 92% at 1 year and 75% at 5 years after diag-
nosis (Table 1.2). Survival varies strongly with age, with best figures among infants. 
MYCN amplification and metastases are associated with poor prognosis.

Treatment protocols have followed one another over the last 40 years to better 
account for poor prognostic factors and to intensify the treatment of high-risk 
groups [4, 7, 8]. However, recent data show a stagnation and even a significant fall 
in survival for neuroblastoma in Central Europe [9] and the USA [10].

There are still survival disparities between countries, even within Europe [9]. A 
5-year overall survival estimate of 59% was recently reported for Southern and 
Eastern European countries [11]. Disparities could be, at least partly, attributed to 
differences in detection or registration since more elaborate healthcare systems may 
capture more low-risk cases, including, for example, spontaneously regressive cases.

1.2  Etiology

Because neuroblastoma is rare, literature on etiology is more limited than for leuke-
mia or brain tumors, and studies often lack power. The characteristics of the cells 

Table 1.2 Five-year overall survival by age groups, according to MYCN status and tumoral exten-
sion (France, 2000–2013)

5-year survival [95% CI]
Total<1 year old ≥1 year old

Total 90.3 [88.0–92.2] 66.0 [63.2–68.7] 75.3 [73.3–77.2]
MYCN
Amplified 40.0 [27.0–52.7] 44.1 [38.0–50.0] 43.3 [37.8–48.7]
Nonamplified 95.1 [93.1–96.6] 71.9 [68.4–75.2] 82.4 [80.2–84.4]
Unknown 89.4 [82.1–93.8] 71.7 [64.6–77.6] 78.1 [72.9–82.4]
Tumor extension
Nonmetastatic 96.5 [94.3–97.8] 89.7 [86.6–92.2] 93.0 [91.1–94.4]
Metastatic not 4S 71.3 [61.4–79.1] 45.2 [41.2–49.2] 48.7 [44.9–52.4]
Metastatic 4S 84.6 [78.6–89.0] 48.6 [19.2–73.0] 82.5 [76.5–87.1]

1 Epidemiology
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and the early onset suggest a role of genetic factors and perinatal exposures. In rare 
cases, neuroblastoma can occur in a context of malformation syndromes (e.g. 
Hirschsprung’s disease) or genetic diseases (e.g. neurofibromatosis type 1) and pre-
disposing constitutional mutations (e.g. NF1, ALK, or PHOXB). These factors are 
addressed in Sect. 1.1.2. So far, genetic studies are still rare for low-risk low- 
penetrance susceptibility alleles, and neither gene–environment interactions, nor 
epigenetic effects of environment are covered yet.

1.2.1  Perinatal Characteristics

1.2.1.1  Gestational Age, Birth Weight, and Size for Gestational Age
Several case–control studies have analyzed the relationship between gestational 
age, birth weight, and neuroblastoma, some of them based on maternal interview at 
the time of diagnosis [12–16] and some using information from birth certificates 
[17–22]. They are summarized in Table 1.3.

Table 1.3 Relative risk estimates for the association between neuroblastoma and birth 
characteristics

Study Exposure Prevalence Reference group OR [95% CI]
Interview-based case–control studies
US-Canada, 
1992–1994
504 cases 
<19 years [12]

<32 weeks 2% 37–42 weeks 1.9 [0.7–4.4]
33–36 weeks 6% 0.5 [0.3–1.0]
>42 weeks 1% 0.9 [0.3–3.0]
<1500 g 1% 2501–4000 g 2.6 [0.7–10.3]
1500–2500 g 6% 1.1 [0.6–2.0]
4001–4499 g 11% 1.1 [0.7–1.7]

≥4500 g 1% 1.4 [0.6–3.2]

Germany, 
1988–1994,
183 
cases<15 years 
[13]

<37 weeks 4% 37–42 weeks 2.5 [1.3–4.6]
<2500 g 3% 2500–4000 g 2.4 [1.2–4.7]
>4000 g 11% 1.3 [0.8–2.2]

Germany, 
1992–1994,
160 cases 
<14 years [14]

SGA
LGA

11%
8%

AGA 1.2 [0.7–2.1]
1.6 [0.9–2.7]

Italy, 
1998–2001,
207 cases 
<15 years [15]

≤37 weeks 15% 38–42 weeks 0.8 [0.5–1.3]

>42 weeks 5% 0.8 [0.3–2.2]
<2500 g 6% 2500–4000 g 0.6 [0.2–1.6]
>4000 g 8% 1.1 [0.6–2.0]

France, 
2003–
2004/2010–
2011,
357 cases 
<6 years [16]

<37 weeks
≥42 weeks
<2500 g
≥4000 g
SGA
LGA

7%
2%
6%
9%
11%
11%

37–39 weeks
2500–400 g
AGA

1.2 [0.8–1.9]
0.4 [0.1–1.3]
1.2 [0.9–1.7]
1.4 [0.9–2.2]
1.4 [1.0–2.0]
1.5 [1.1–2.2]

J. Clavel et al.
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Regarding gestational age, no pattern of a positive or inverse association has 
emerged, despite homogeneous definitions. By contrast, a slight positive relationship is 
observed with high birth weight, with an estimated increase of 20% in a meta-analysis 
(pooled OR 1.2 [95% CI 1.0–1.4]) [24]. The relation seems less clear in the studies 
based on interview than in those based on birth certificates, which suggest that a bias in 
maternal recall or in study sampling is possible. Only six studies [14, 16, 19–22] con-
sidered birth weight for gestational age, and they did not show clearer associations.

Table 1.3 (continued)

Study Exposure Prevalence Reference group OR [95% CI]
Record linkage studies
Norway, 
1967–2004, 
≤18 months
178 cases 
<15 years [18]
>18 months

<37 weeks N/S 40–41 weeks 0.6 [0.2–2.0]
>42 weeks N/S 1.2 [0.7–2.0]
<2500 g N/S 3000–3499 g 1.1 [0.3–3.7]

≥4000 g N/S 1.8 [1.0–3.1]

<37 weeks N/S 40–41 weeks 0.7 [0.2–2.8]
>42 weeks N/S 1.6 [0.8–3.0]

≥4000 g N/S 3000–3499 g 0.9 [0.4–1.8]

US New-York 
state, 1976–1987
155 cases 
<6 years [17]

<37 weeks 11% 37–42 weeks 0.4 [0.1–0.9]
>42 weeks 12% 0.3 [0.1–0.7]
<2500 g 7% 3000–3499 0.9 [0.4–2.2]
>4000 g 12% 1.2 [0.6–2.2]

US Minnesota 
state, 
1976–2004,
155 cases 
<14 years [19]

<37 weeks 9% ≥37 weeks 1.0 [0.6–1.8]

<2500 g 7% 2500–4000 g 1.2 [0.6–2.3]
>4000 g 15% 1.1 [0.7–1.7]
SGA 7% AGA 2.1 [1.1–4.0]
LGA 24% AGA 1.0 [0.7–1.5]

US California 
state, 
1988–1997,
508 cases 
<5 years [21]

<37 weeks 12% 37–41 weeks 0.8 [0.6–1.2]
>42 weeks 11% 1.1 [0.8–1.5]
<2500 g 5% 2500–3999 g 1.0 [0.6–1.6]

≥4000 g 12% 1.2 [0.9–1.7]

term/<2500 g 2% term/2500–
3999 g

1.4 [0.6–3.0]

term/≥4000 g 10% 1.2 [0.9–1.8]

US Washington 
state, 
1980–2004,
240 cases 
<15 years [20]

<37 weeks 8% 37–42 weeks 0.6 [0.3–1.1]
>42 weeks 4% 1.2 [0.9–1.8]
<2500 g 5% 2500–3999 g 0.7 [0.4–1.5]
>4000 g 13% 1.2 [0.9–1.8]
SGA 9% AGA 0.9 [0.6–1.5]
LGA 10% 1.3 [0.8–1.9]

US New-York 
state, 
1983–2001,
529 cases 
<15 years [22]

<38 weeks 14% 38–40 weeks 0.9 [0.7–1.2]
<2500 g 7% 2500–4500 g 1.5 [1.0–2.1]
>4500 g 2% 1.4 [0.7–2.5]
SGA 6% AGA 1.0 [0.5–1.9]
LGA 2% 1.1 [0.8–1.6]

%E proportion of exposed, SGA small for gestational age, LGA large for gestational age, AGA 
appropriate for gestational age, N/S not stated

1 Epidemiology
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1.2.2  Maternal Vitamin or Folic Acid Intake Around Pregnancy

Periconceptional folic acid supplementation has been shown to reduce the risk of 
neural tube defects by almost three-quarters [25]. It was therefore hypothesized that 
the risk of neuroblastoma could also be reduced by maternal folic acid supplemen-
tation before conception and in the first trimester of pregnancy. Five studies [16, 23, 
26–28] have investigated the association between vitamin/folic acid supplementa-
tion during pregnancy and neuroblastoma, four [16, 23, 26, 27] of which reporting 
an inverse association with supplementation during preconception or during preg-
nancy, based on maternal interview.

1.2.3  Breastfeeding

Breastfeeding was reported to reduce risk of neuroblastoma in the COG North- 
American study (0.6 [0.5–0.9]) [29] and in the French study (0.7 [0.5–1.0]) [16], 
with no trend with increasing breastfeeding duration. Two other studies [24, 30] 
based in less than 50 cases did not report significant associations.

1.2.4  Congenital Malformations

Nine studies which investigated the link between congenital malformations and neu-
roblastoma reported positive associations (Table 1.4). Detailed analyses are limited by 
small numbers, given the rarity of both congenital malformations and neuroblasto-
mas. The associations with malformations, taken as a whole, are consistently reported 
by interview-based studies and by studies based on birth certificates. Two studies sug-
gest that the association could be limited to children under 18 months [16, 18].

1.2.5  Parental Smoking and Alcohol Consumption

Overall, literature suggests that maternal tobacco smoking is associated with a 
slight increase in risk of neuroblastoma (Table  1.5), as suggested by two recent 
meta-analysis [43, 44]. Fewer studies report data on paternal smoking, and no con-
sistent pattern is observed to date. Findings on maternal alcohol drinking are also 
heterogeneous.

1.2.6  Pesticides Exposures

Exposures to pesticides have been the most investigated environmental exposures, 
and published papers are summarized in Table 1.6. Maternal occupational expo-
sures during pregnancy were addressed by five case–control studies, and all but one 

J. Clavel et al.
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reported increased risk of neuroblastoma with farming or pesticides use. Two 
cohorts and seven case–control studies investigated paternal exposure with incon-
sistent results, as summarized by a meta-analysis showing no association with neu-
roblastoma [53].

Increased risk of neuroblastoma was associated to self-reported use of household 
pesticides before or after birth [13, 51, 52].

Table 1.4 Relative risk estimates for the association between congenital malformations and risk 
of neuroblastoma

Study Exposure %E
RR [95% 
CI]

Interview-based case–control studies
US and Canada, 
1992–1994,
538 cases <19 years [31]

Any malformation (ICD-10) 5.0% 2.5 
[1.6–4.2]

Major malformation 1.0% 7.5 
[2.2–25.5]

Italy, 1998–2001,
207 cases <15 years [15]
France, 2003–2004
357 cases <6 years [16] 
<18 months
≥18 months

N/S
Major malformations (ICD-10)

1.3%
2.5%

4.9 
[1.8–13.6]
3.6 
[1.3–8.9]
0.8 
[0.3–2.3]

Record linkage studies
England, Scotland, and 
Wales, 1971–1986,
1208 cases <15 years [32]

Spina bifida (ICD-10) N/S 1.4 (ns)
Cardiac septal defects (ICD-10) N/S 1.5 (ns)
Genitourinary (ICD-10) N/S 1.5 (ns)
Spine malformations (ICD-10) N/S 1.7 (ns)

Canada, 1977–1993
141 cases <15 years [33]

Any malformation (ICD-9) N/S p < 0.001

Norway, 1978–1997,  
<18 months
178 cases<15 years [18] 
≥18 months

N/S N/S 3.7 
[1.7–8.0]

N/S 0.7 
[0.1–4.7]

Australia, 1984–1993,
52 cases <15 years [34]

Any malformation (ICD-9, British 
Paediatric Association modification)

2.5% 7.9 
[3.3–18.8]

US, Washington state, 
1980–2004,
240 cases <20 years [20]

Any malformation
Major malformations

4.8% 2.1 
[1.3–3.4]

0.6% 6.7 
[2.9–16.1]

US, California state, 
1988–1997 <5 years
508 cases <5 years [21]  
<1 year
US Washington state, 
1984–2013
327 cases <20 years [35]

Nonchromosomal malformations 14% 1.0 
[0.4–2.7]

5% 1.6 
[0.8–3.3]
1.9 
[1.3–2.8]

%E proportion of exposed, CI confidence interval, N/S not specified, RR relative risk estimate 
(odds ratio or standardized incidence ratio)

1 Epidemiology
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Table 1.6 Relative risk estimates for the association between parental pesticides exposures and 
neuroblastoma

Study Exposure Parent Period
%E 
(controls) RR [95% CI]

Parental occupational exposures—cohorts
Norway, 
1952–1991,
27 cases [45]

Field vegetable 
farming
(agricultural 
census)

Any 
parent

Any time
Any time

N/S 2.5 [1.0–6.1]

US, 1993–1997,
3 cases [46]

Farming Any 
parent

N/S 1.3 [0.4–3.9]

Parental occupational exposures—case–control studies
US Greater 
Philadelphia area, 
1970–1979, 104 
cases [47]

Farming Any 
parent

Pregnancy
Preconception

N/S
N/S

0.7 [0.1–5.8]
3.5 [0.7–35]

US and Canada, 
1992–1996,
504 cases [48]

Farming Maternal Any time N/S 2.2 [0.6–8.8]
Paternal Any time N/S 0.9 [0.4–1.8]

US New-York 
state, 1976–1987,
183 cases [49]

Field vegetable 
farming

Maternal Pregnancy N/S 0.8 [0.2–3.2]
Paternal Pregnancy N/S 1.0 [0.2–3.9]

Insecticides use Maternal Pregnancy N/S 0.8 [0.2–3.2]
Paternal Pregnancy N/S 2.3 [1.4–3.7]

Germany, 
1988–1994,
183 cases [13]

Farming Maternal After birth 3% 1.2 [0.4–3.7]
Any occupational 
use

Maternal Any time 1% 5.1 [1.1–23.4]
Paternal Any time 4% 1.8 [0.8–3.7]

Great Britain, 
1962–1999,
2920 cases [50]

Agriculture Paternal Pregnancy 2% 0.9 [0.6–1.3]
Agrochemical 
industry

Paternal Pregnancy 3% 1.0 [0.7–1.4]

Parental nonoccupational exposures—case–control studies
US and Canada, 
1992–1994,
390 cases [51]

Household use Both 
parents

Ever 31% 1.6 [1.0–2.3]
Preconception- 
pregnancy

18% 1.3 [0.8–3.3]

After birth 18% 1.4 [0.9–2.2]
Garden Both 

parents
Ever 22% 1.7 [0.9–2.1]
Preconception- 
pregnancy

13% 1.3 [0.8–2.0]

After birth 12% 1.8 [1.0–3.1]
Germany, 
1988–1993,
183 cases [13]

Household insecticides use After birth 6% 1.8 [0.9–3.4]
Garden 
pesticides

After birth 10% 0.9 [0.5–1.6]

France, 2003–
2004; 2010–2011
357 cases [52]

Household use
Insecticides use

Pregnancy
Pregnancy

30%
28%

1.5 [1.0–2.1]
1.4 [0.9–2.0]

RR [95%CI] RR estimated (Standardized incidence ratio or odds ratio) and its 95% confidence 
interval, N/S not stated

J. Clavel et al.
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1.2.7  Other Factors

Associations with maternal medication use, perinatal infections, parental occupa-
tional exposures to magnetic fields, hydrocarbons, or other chemicals [46, 48–50], 
or residential exposure to air pollutants have been investigated reported, and no 
consistent pattern has emerged yet [54, 55].
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2Biology of Neuroblastoma

Gudrun Schleiermacher

2.1  Introduction

To date, the precise etiology of neuroblastoma is unknown, and unlike many adult 
malignancies, environmental factors are not thought to play a major role, although 
predisposing effects of prenatal exposures to potentially toxic substances warrant 
further investigation. However, genetic factors, both at constitutional and somatic 
levels, are thought to play a major role in neuroblastoma development [1].

2.2  Hereditary Genetic Factors

Several observations corroborate the hypothesis of a role of underlying hereditary 
genetic factors in the etiology of neuroblastoma.

First, although rare and representing less than 1% of all cases [2], familial neu-
roblastomas have been described. Mutations of gain of function in the tyrosine 
kinase domain of the ALK anaplastic lymphoma kinase gene have been detected in 
the majority of familial cases [3, 4]. This is thought to be associated with an 
autosomal- dominant pattern of inheritance with incomplete penetrance.

Second, neuroblastoma can appear in association with different clinical syn-
dromes. Neural crest-related developmental disorders associated with an increased 
risk of developing neuroblastoma have been linked to inactivating mutations in the 
PHOX2B gene, a major regulator of neural crest development, identified as the first 
neuroblastoma predisposition mutation [5, 6]. While expansions of the second 
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polyalanine sequence of PHOX2B are mainly observed in patients with a curse of 
Ondine (also called CCHS, Congenital Central Hypoventilation Syndrome) associ-
ated with a low risk of peripheral neuroblastic tumors, non-expansive mutations 
with Hirschsprung’s disease are associated with a higher risk of developing neuro-
blastoma. Other associations between neuroblastic tumors and cancer susceptibility 
syndromes include neurofibromatosis type 1 (NF1) [7], characterized by constitu-
tive activation of the RAS–MAPK pathway, as well as Noonan syndrome with 
PTPN11 gene involvement.

Third, genome-wide association studies have shown that peripheral neuroblastic 
tumors may occur in the context of underlying genetic factors, as it has been dem-
onstrated that different polymorphic alleles, localized at different genome loci, 
influence oncogenesis [8–13]. Of a weak individual impact on the initiation of the 
disease (with a relative risk of 1.5–2.0 compared to the global population), these 
polymorphic alleles can cooperate in an individual patient to promote malignant 
transformation during neurological development, and some genes targeted by these 
polymorphic alleles play a role in the pathogenesis of neuroblastoma, including 
BARD1, LMO1, DUSP12, DDX4, HACE1, and LIN28B. The polymorphic alleles 
described show a correlation with high-risk or low-risk disease, indicating that 
favorable and unfavorable forms of neuroblastoma may represent distinct entities in 
terms of genetic events that initiate tumorigenesis.

In addition, rare cases with various aberrant constitutional karyotypes have been 
described in patients with neuroblastoma, including constitutional copy-number 
abnormalities, balanced and unbalanced translocations, and specific chromosomal 
deletions, including deletions of chromosome 1p [14]. In total, there are probably as 
yet undiscovered additional genes that predispose to neuroblastoma when they are 
altered in the germline. It is important to note that, to date, there are no clinically 
validated guidelines for determining who should be screened for germline muta-
tions, nor how to monitor patients or families with known susceptibility alleles.

2.2.1  Somatic Genetic Alterations

2.2.1.1  Copy-Number Alterations
With only 1–2% of neuroblastomas occurring in a familial context or predisposition, 
over 98% of all cases occur sporadically. A large number of recurrent somatic genetic 
alterations have been found in neuroblastoma, the most common being quantitative 
genomic alterations with gains or losses in genetic material. These genetic abnor-
malities are related to distinct biological and clinical subgroups of the disease.

The amplification of the oncogene MYCN, located at chromosome 2p24.1, is 
observed in about 25% of neuroblastomas and 40% of high-risk tumors [15]. It 
remains one of the most important genetic alterations associated with advanced 
stages of disease, with an aggressive phenotype and poor survival [1]. It is the first 
genetic marker used in clinical practice for risk stratification and treatment adapta-
tion [16]. Closely associated with poor survival in patients with localized disease 
and in infants, its prognostic impact in metastatic disease of older children with an 
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overall poor outcome is less clear [16, 17]. At a cytogenetic level, amplification of 
the MYCN oncogene occurs either as double-minute chromosomes (DM) or homo-
geneously staining regions (HSR), which contain between 10 and over 100 ectopic 
copies of the MYCN oncogene. The oncogenic role of MYCN has been clearly dem-
onstrated as its ectopic expression in the neural crest is sufficient to drive neuroblas-
toma tumorigenesis in zebrafish and mice models [18]. Its oncogenic role is based 
on an enhancement of the expression of genes involved in cell proliferation, and on 
the repression of genes involved in differentiation and apoptosis [19].

Other recurrent amplifications concern the ALK gene on chromosome 2p23, as 
well as amplicons of chromosome 12q13–14 encompassing, among others, the 
MDM2 and CDK4 genes [20]. Recent data indicate that NB with focal amplifica-
tions other than MYCN might present with atypical clinical features and a poorer 
outcome [21].

Other recurrent structural alterations recurrently observed in neuroblastoma con-
cern segmental chromosome alterations (SCA) corresponding to unbalanced chro-
mosome translocations, including deletions of chromosome arms 1p, 3p, 4p, and 
11q, and gains of 1q, 2p, or 17q. Although several recurrently altered chromosome 
regions have been identified, chromosome breakpoints are not recurrent but lie scat-
tered over wide genomic regions. Deletion of 1p36 is observed in 20–35% of cases 
and is associated with poor survival in multivariate analyses as well as with aggres-
sive disease markers [22, 23]. Deletions of 11q in a consensus region at 11q23 occur 
in approximately 40% of cases and are inversely correlated with MYCN amplifica-
tion, identifying a molecularly distinct high-risk patient subset, characterized by 
advanced stage, older age, as well as a higher genomic instability with a higher 
number of chromosome breakpoints [24, 25]. Gains of chromosome 17q21-qter 
represent the most frequent genetic alteration in neuroblastoma, occurring in 70% 
of tumors. Numerous studies have reported that 17q gain is significantly associated 
with advanced stage of disease, increased patient age, MYCN amplification, as well 
as other unfavorable genetic parameters [26].

Although intense decade-long research has focused on the identification of hypo-
thetical tumor-suppressor genes or oncogenes in recurrently altered regions of chro-
mosome loss or gain, the smallest regions of overlap remain quite extensive and to 
date do not point to single-gene candidates as tumor suppressors or oncogenes, 
suggesting that an overall imbalance of copy-number regions is of importance in 
neuroblastoma oncogenesis.

Although the individual segmental chromosome alterations have been shown to 
correlate with outcome, importantly, the overall genomic profile has been shown to 
be of prognostic impact in neuroblastoma [27–30]. Whereas an overall genomic 
copy-number profile characterized by numerical chromosome alterations, consist-
ing of gains or losses of whole chromosomes, is associated with a favorable out-
come, segmental chromosome alterations of any chromosome region, without or 
with numerical chromosome alterations, are associated with advanced stage of dis-
ease, with an increased age at diagnosis and, importantly, a higher risk of relapse in 
multivariate analyses [27, 28, 31]. In addition to the determination of MYCN ampli-
fications status, the overall genomic copy-number profile determined by array 
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comparative genomic hybridization (CGH) or single nucleotide polymorphism 
(SNP) array is now considered part of routine work up in particular in low- and 
intermediate-risk neuroblastoma and might be used for treatment stratification 
within prospective clinical protocols [1].

Higher-resolution copy-number analyses have also revealed smaller recurrent 
interstitial events. Indeed, SNP arrays have identified alterations on chromosome 
9p, with homo- or hemizygous deletions encompassing the CDKN2A gene [32]. 
Other sporadic copy-number alterations include focal TERT gains [33] and micro-
deletions encompassing the PTPRD gene [34].

More complex rearrangements resulting from chromothripsis, corresponding to 
massive genomic rearrangements acquired in a single catastrophic event, have been 
described in neuroblastoma, but their association with other genomic and clinical 
subtypes remains to be determined [35, 36].

2.2.1.2  Single-Gene Mutations
Recent next-generation sequencing approaches have indicated that most neuroblas-
tomas harbor only few mutations, with an average of 10–20 predicted non- 
synonymous variations in coding regions per genome, indicating an exonic mutation 
frequency of 0.2–0.4 per Mb. [35, 37–39] The frequency of somatic events strongly 
correlates with tumor stage, higher-stage tumors harboring a higher number of 
mutations.

The most frequent recurrent somatic mutation in neuroblastoma concerns the 
gene ALK (anaplastic lymphoma kinase), with mutations activating the tyrosine 
kinase domain in approximately 10% of all cases at diagnosis. [3, 4] The somatic 
ALK-1174 mutation appears to contribute to a more aggressive phenotype, but 
unlike ALK-1275 mutations, these specific mutations are not found in familial neu-
roblastoma, suggesting that they are not tolerated in the germline [40, 41]. The 
oncogenic role of activating ALK mutations in neuroblastoma has been demon-
strated in vitro and in vivo in both zebrafish and mouse models, with coexpression 
of ALK-F1174L and MYCN producing a synergistic effect for neuroblastoma 
tumorigenesis in mice. New-generation small-molecule inhibitors targeting the acti-
vated kinase domain of ALK are now available, making this a promising target for 
molecular therapy, possibly in combination therapies, but still requiring more spe-
cific development [40, 42, 43].

Other recurrent mutations in neuroblastoma target distinct cellular pathways and 
include PTPN11 mutations (in 3% of cases), as well as genes involved in cytoskele-
ton maintenance, neuritogenesis, and other regulators of the RAC/Rho pathway [35].

Interestingly, genes involved in chromatin remodeling have been found to be 
targeted in a significant number of cases, either by mutations or by structural varia-
tions, including mutations in the ARID1A/ARID1B genes [38]. Somatic alterations 
of ATRX, consisting either of mutations or small interstitial deletions, are associ-
ated with an increase in telomere length and with an absence of the ATRX protein 
in the nucleus. ATRX alterations appear to be more frequent in older children and 
occur in mutually exclusive fashion with MYCN amplifications [39]. ATRX muta-
tions are associated with activation of a telomere maintenance mechanism termed 
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alternate lengthening of telomeres (ALT), which may be associated with primary 
chemotherapy resistance.

Recurrent genomic rearrangements of the promoter region of the telomerase 
reverse transcriptase (TERT) gene on chromosome 5p15.33 have been described in 
>10% of neuroblastoma cases, with structural rearrangements of TERT resulting 
from chromothripsis in some cases [44, 45]. These rearrangements, which are asso-
ciated with increased TERT expression, target regions immediately up- and down-
stream of TERT, and position the TERT coding sequence to strong enhancer 
elements, resulting in massive chromatin remodeling and DNA methylation of the 
affected region. [44] Occurring in mutually exclusive fashion with MYCN amplifi-
cation and ATRX mutations, these rearrangements define a further subgroup of high- 
risk disease, with TERT rearrangements (23%), ATRX deletions (11%), and MYCN 
amplifications (37%) identifying three almost non-overlapping groups of high-stage 
neuroblastoma, each associated with very poor prognosis.

Thus, a large number of high-risk neuroblastomas are affected by genetic altera-
tions of either MYCN, TERT, or ATRX, all of which converge to an activation of 
telomere-lengthening mechanisms either by direct activation or by ALT, leading to 
a capacity of near-infinite cell proliferation. [46] Advances in the development of 
inhibitors of these pathways and their evaluation in clinical trials will lead to new 
treatment opportunities.

Future studies will determine if the association between these major players in 
neuroblastoma oncogenesis with distinct genetic profiles and mutational patterns 
might serve for the definition of different risk groups in particular in high-risk 
neuroblastoma.

Overall, large-scale sequencing efforts have highlighted distinct mutational sig-
natures which are thought to reflect distinct biochemical cellular processes [47]. In 
neuroblastoma, in some cases a predominance of C > T transitions, termed muta-
tional signature 1, are observed, with an association with age. Other mutational 
signatures observed in neuroblastoma, although rarer, concern the canonical double- 
stranded break signature linked to mutations in BRCA1 or BRCA2 or to a 
“BRCAness” phenotype [48]. Altogether, these studies underline the heterogeneity 
of somatic genetic alterations in neuroblastoma and highlight the importance to 
pursue efforts of molecular characterization.

2.2.1.3  Expression Profiles
In addition to genetic changes, neuroblastoma can also be characterized by specific 
expression profiles. Indeed, to date, a large number of studies have focused on the 
analysis of differential expression patterns in NB, seeking to identify expression 
patterns that might be enable to distinguish patients with different clinical courses 
and thus define different prognostic groups in high-risk disease, and to potentially 
identify new therapeutic targets.

Thus, different expression signatures, based on 144-gene or 59-gene signatures, 
reliably distinguished patients with distinct clinical courses, with the strongest dif-
ference observed in non-high-risk disease [49, 50]. Using real-time PCR expression 
data, an expression signature based on only three genes (CHD5, PAFAH1B1, and 
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NME1) has been able to discriminate patients with different outcomes [51]. Among 
high-risk patients, an expression profile based on 55 genes defined patient popula-
tions with divergent outcome [52]. Differential expression signature depending on 
MYCN has led to a definition of a 157-gene signature which identified NB patients 
with poor prognosis independent of the genomic MYCN status, those without MYCN 
amplification presenting stabilization of MYCN at the protein level [53].

More recently, based on the hypothesis that tumor-associated inflammatory cells 
might contribute to the differences in age-dependent outcome of patients with meta-
static NB, expression of genes representing tumor-associated macrophages, such as 
CD33/CD16/IL6R/IL10/FCGR3, contributed to a novel 14-gene tumor classifica-
tion score. Progression-free survival was 47% versus 12% for patients with a low- 
versus a high-risk score, indicating that interactions between tumor and inflammatory 
cells may contribute to an aggressive metastatic NB phenotype [54].

In addition to messenger RNA, expression levels of non-coding RNAs are also 
highly variable. Micro-RNAs function as regulators of gene expression at the post-
transcriptional level in diverse cellular processes and constitute the most widely 
studied non-coding RNA molecules in NB. MYCN modulates the expression of sev-
eral classes of non-coding RNAs, especially some micro-RNAs, and it can also 
regulate the expression of long non-coding RNAs such as T-UCRs (Transcribed 
UltraConserved Regions) and non-coding RNA, whereas other long non-coding 
RNAs remain to be characterized in NB. The landscape of T-UCRs in NB has been 
studied recently and has revealed a correlation with the MYCN status, and prelimi-
nary studies have suggested that T-UCR-based expression signatures might distin-
guish short-from long-term survivors in high risk NB [55].

The miRNA expression pattern can also be used to classify NB patients accord-
ing to survival [56, 57]. An advantage of the study of miRNA rather than mRNA 
expression signatures is linked to the greatest stability of miRNAs, and thus to an 
analytical feasibility even with formalin-fixed, paraffin-embedded (FFPE) samples 
as opposed to frozen samples [57]. The miRNA expression pattern can also be used 
to classify NB patients according to survival [56, 57].

The paucity of recurrent genetic mutations as compared to adult tumors indicates 
that additional mechanisms such as epigenetic alterations may play an important 
role in the molecular pathogenesis of these developmental tumors. Alterations in 
DNA methylation represent one of the most common molecular events in neoplasia, 
and CpG-island hypermethylation of gene promoters is a frequent mechanism for 
functional inactivation of relevant tumor-associated genes in neuroblastoma. 
Promoter methylation patterns which are associated with patient subgroups and dis-
tinct clinical features have been identified [58]. Further studies are now necessary to 
determine whether these genome-wide methylation patterns correlate with outcome 
and other prognostic molecular markers in NB patients.

Taken together, to date, many studies have demonstrated the feasibility of expres-
sion profiling of mRNA, miRNA, other non-coding RNAs, or epigenetic modifiers 
in order to determine different prognostic subgroups among NB patients. However, 
there is little, if any, overlap between the genes of the different signatures rendering 
cross-study comparisons unfeasible. Furthermore, although most expression signa-
tures clearly distinguish prognostic groups in the overall population, differences in 
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survival among high-risk patients are frequently not very marked. The routine setup 
of real-time determination of expression profiles in a prospective clinical trial set-
ting, and their interpretation, remains a clear challenge.

2.2.1.4  Spatial and Temporal Heterogeneity
Neuroblastoma presents important spatial and temporal heterogeneity. Spatial het-
erogeneity has been recorded for several recurrent somatic genetic alterations in 
neuroblastoma. Indeed, MYCN alterations might occur only in a subset of neuro-
blastic cells of a given tumor [59]. Segmental chromosome alterations might also 
vary between different neuroblastic cell populations [60, 61]. Furthermore, muta-
tions can also be observed at a heterogeneous level. In some tumors, low-level 
mutated allele fractions for ALK driver mutations have been observed [62].

In neuroblastoma, temporal heterogeneity can also occur. Indeed, genetic altera-
tions may evolve over time and clonal evolution is common, leading to the acquisi-
tion of somatic alterations in known oncogenic pathways, some of which may be 
targeted. ALK-activating mutations, in some instance present in a minor subclone at 
diagnosis, might emerge at relapse [63]. Furthermore, activation of the MAPK path-
way and other signaling pathways for epithelial–mesenchymal transition (EMT) 
processes may appear during a relapse and represent promising targets for targeted 
molecular treatment approaches [64, 65]. In total, spatial and temporal genetic het-
erogeneity plays an important role in neuroblastoma.

However, multi-site tumor biopsies, or sequential biopsies from the same tumor, 
can only rarely be realized, and recently liquid biopsies have emerged as a very 
promising tool to explore somatic genetic alterations with regards to both spatial 
and temporal heterogeneity. Indeed, circulating tumor DNA, a fraction of cell-free 
DNA, can readily be extracted from plasma of neuroblastoma patients. This can 
serve for the detection of MYCN amplification [66]. Copy-number alterations or 
mutations such as ALK can also be detected in ctDNA. [67–69] More recently 
application of whole-exome sequencing techniques to sequential ctDNA samples 
from NB patients has provided further evidence of the importance of clonal evolu-
tion in the progression of neuroblastoma, enabling the description of resistant clones 
emerging at the time of relapse [70].

Altogether, as neuroblastoma is in general associated with a low mutational bur-
den and only few recurrently occurring mutations, it might be considered a copy- 
number disease, with large chromosome segments contributing to oncogenesis by 
gene dosage effects. Further ongoing efforts will enable to determine whether epi-
genetic changes also play a role in neuroblastoma oncogenesis.
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3Neuroblastoma Pathogenesis

Isabelle Janoueix-Lerosey

3.1  Neuroblastoma, a Disease of the Neural Crest

The neural crest is a transient cell type that arises from the neural tube once this tube 
is closed during development. Through an epithelial-to-mesenchymal transition, 
neural crest cells (NCCs) are able to delaminate and migrate from their initial loca-
tion to numerous and distant sites throughout the embryo ([1]; for a review see [2]). 
NCCs can differentiate into an incredibly diverse range of cell types that contribute 
to various anatomical structures, including neurons and glia of the peripheral ner-
vous system, pigment cells of the skin, and cartilage and bone cells of the craniofa-
cial skeleton. According to their position along the axial level, four main functional 
types of NCCs may be distinguished: cranial, cardiac, trunk as well as vagal and 
sacral [1]. NCCs from the trunk part migrate ventrolaterally toward the dorsal aorta. 
Cells remaining at this location differentiate into sympathetic progenitor cells in 
response to extrinsic and intrinsic factors. Adrenal chromaffin progenitors have 
been described to migrate further ventrally. These progenitor cells will generate the 
cells of the sympathetic ganglia and the adrenal gland, from where neuroblastoma 
tumors develop. However, a very recent study revised the current hypothesis regard-
ing the origin of adrenal chromaffin cells describing that they are rather generated 
from Schwann cell precursors [3]. Therefore, two types of different progenitors may 
be proposed as the cells of origin of neuroblastoma.

In addition of being a disease of cells derived from the neural crest, neuroblas-
toma has been shown to be associated with other neural crest derivatives patholo-
gies, named neurocristopathies. In these diseases, an abnormally high frequency of 
neuroblastic tumors (including ganglioneuroma, ganglioneuroblastoma, and 
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neuroblastoma) is observed compared to the general population. This is the case for 
the Hirschsprung disease (HSCR, aganglionosis of the colon), the type 1 neurofi-
bromatosis, a well-known condition characterized by a predisposition to a large 
spectrum of tumors including neuroblastomas and the Congenital Central 
Hypoventilation Syndrome (CCHS), also called Ondine’s curse [4, 5]. Ondine’s 
curse is a disease characterized by respiratory arrest during sleep and impaired or 
absent response to hypercapnia [6].

Bone morphogenic factors (BMPs) are the major extrinsic factors secreted from the 
dorsal aorta that are essential for the generation of the sympathoadrenal lineage [7]. 
Specification of cells toward sympathetic neurons relies on extremely precise tran-
scriptional programs involving a network of cross-regulatory key transcription factors, 
including ASCL1, PHOX2B, HAND2, and GATA3 among others [8]. The sequential 
onset of expression starts with Phox2b and Ascl1, followed by Hand2, Phox2a, Gata2/3, 
and finally the specific enzymes for catecholamine biosynthesis Th (tyrosine hydroxy-
lase) and Dbh (dopamine-β-hydroxylase) and several generic neuronal markers such as 
SCG10 and NF160. These factors which are crucial for the initial neuron specification 
and differentiation are also involved in the control of proliferation, survival, and main-
tenance of differentiated functions of sympathetic neurons [8].

3.2  Key Genes Involved in Neuroblastoma Pathogenesis

3.2.1  PHOX2B, a Transcription Factor Involved in Syndromic 
and Familial Neuroblastoma Cases

The PHOX2B gene has been identified as the causal gene of the Ondine’s curse in 
2003 [9]. The PHOX2B gene encodes a homeobox transcription factor containing a 
homeodomain domain and two polyalanine repeat domains of 9 and 20 residues, 
respectively (Fig. 3.1). PHOX2B is a master regulator of the development of the 
autonomic nervous system composed of the sympathetic and parasympathetic gan-
glia [14]. Germline mutations observed in patients affected with Ondine’s curse are 
heterozygous and correspond to expansions of 5–13 alanines in the second polyala-
nine repeat domain [9]. Following the identification of PHOX2B mutations in these 
CCHS syndromic forms, mutations in the same gene were reported in familial forms 
of neuroblastoma [15–18]. In these patients, germline PHOX2B mutations are also 
heterozygous but are either missense mutations in the homeodomain or missense or 
frameshift mutations located between the homeodomain and the first polyalanine 
repeat domain. A large series investigating genotype/phenotype correlations 
between the occurrence of CCHS with or without Hirschsprung’s disease and with 
or without neuroblastic tumors reported that Ondine’s patients with PHOX2B poly-
alanine expansions rarely developed ganglioneuroma tumors, whereas malignant 
tumors were observed more frequently in patients with PHOX2B missense or frame-
shift mutations [19].

The functional impact of the various PHOX2B mutations has been investigated 
in several model systems. A first study showed that the various mutant forms are 
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Fig. 3.1 Functional domains of key proteins involved in neuroblastoma pathogenesis. The 
PHOX2B transcription factor contains a homeodomain (HD) and two repeat domains of 9 and 20 
alanines (respectively R1 and R2). In MYCN, the four MYC boxes (I, II, III, IV) [10, 11] are 
depicted (pink), and the basic helix-loop-helix and leucine zipper domains are indicated. The ALK 
receptor contains a signal peptide (pink) at its N-terminus. Its extracellular domain includes two 
MAM (meprin/A5/protein tyrosine phosphatase Mu) domains flanking an LDLa (low-density 
lipoprotein class A) domain (violet—AA 453–471) and a G-rich region (yellow). The transmem-
brane domain of the ALK receptor is shown in blue (AA 1030–1058) together with the juxtamem-
brane (JM, AA 1058–1122) and tyrosine kinase domain (TK) [12]. TERT is composed of a 
telomerase “essential” N-terminal (TEN) domain, an RNA-binding domain (TRBD), a Reverse 
Transcriptase (RT) domain, and a C-Terminal extension (CTE). The functional domains of ATRX 
comprise an ADD (ATRX, DNMT3, DNMT3L) domain (violet) sharing homology with de novo 
methyltransferases, a SNF2 family N-terminal domain highlighted in blue that includes a DEAD- 
like helicase superfamily domain shown in green and a helicase C-terminal domain (pink). The 
LIN28B protein contains several RNA-binding regions, including a cold-shock domain (CSD) and 
two CCHC Zn finger domains (ZF1 and ZF2) [13]
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correctly localized in the nucleus [20]. In vitro, the overexpression of wild-type 
(WT) PHOX2B decreases proliferation and induces differentiation of sympathetic 
neuroblasts of the chick cultured at E7, but mutant forms of PHOX2B do not show 
these properties [21]. However, a concomitant expression of mutated PHOX2B and 
decreased level of WT PHOX2B results in an increased proliferation, demonstrating 
that PHOX2B mutations are gain-of-function mutations. Frameshift nonpolyalanine 
repeat expansion mutations (NPARM) of PHOX2B observed in neuroblastoma cell 
lines have been further investigated using knock-in (KI) mouse lines bearing the 
mutation at the heterozygous level [22] (Table 3.1). The two obtained mouse lines 
showed early postnatal lethality due to breathing disorders and also presented with 
aganglionosis of the colon, therefore recapitulating the clinical features of CCHS 
and Hirschsprung disease. The NPARM mutations resulted in reduced sympathetic 
ganglia, and no overt tumor formation was detected in these mice. Detailed study of 
the WT and mutated forms of PHOX2B by a combination of various approaches 
highlighted an impaired regulation of Phox2b on its own transcription as well as a 
decreased regulation of Sox10 expression. This imbalance results in an excess and 
loss of progenitors developing toward the glial and neuron lineages, respectively. 
These mouse lines therefore do not provide a preclinical model of neuroblastoma 
linked to germline NPARM Phox2b mutations, and the exact mechanism explaining 
how such mutations account for neuroblastoma susceptibility still remains unknown. 
Zebrafish has also been used as a model to explore the functional consequences of 
two neuroblastoma-associated PHOX2B NPARM [30]. Overexpression of the 
mutant forms impaired terminal differentiation of sympathetic neuron progenitors 
as revealed by decreased Th and Dbh expression. Altogether, the data obtained in 
mouse and fish models suggest that Phox2b-mutant forms are responsible for a dif-
ferentiation blockage that may in turn provide a source of cells vulnerable to addi-
tional genetic events.

The role of PHOX2B in neuroblastoma pathogenesis seems mostly linked to its 
germline mutations since somatic PHOX2B mutations occurring in sporadic tumors 
are extremely rare [15, 17, 31].

3.2.2  MYCN, a Transcription Factor Associated with High-Risk 
Neuroblastoma

MYCN is the most frequent gene targeted by amplifications in neuroblastoma. First 
described in 1984, MYCN amplification is observed in primary tumors and cell 
lines, mainly as double minute chromosomes or hsr, and is associated with high 
level of MYCN transcript expression [32, 33]. The MYCN gene encodes a transcrip-
tion factor of the basic-helix-loop-helix-zipper class (Fig. 3.1) that is a master regu-
lator of transcription. MYCN exhibits a very restricted expression pattern and is 
critical in the development of the central and peripheral nervous systems. Disruption 
of the MYCN gene in mouse embryos is lethal between 10.5 and 12.5 days of gesta-
tion due to cardiac development abnormalities and reduction of the cranial and spi-
nal ganglia [34]. The conditional disruption of MYCN in neural progenitor cells 
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demonstrates its crucial role during neurogenesis with proliferation and differentia-
tion defects of progenitor cells [35].

Several in vitro and in vivo models have sought to model MYCN amplification 
through overexpression in mammalian cells.

Overexpression of MYCN has been studied in one model of murine neural crest 
progenitor cells called JoMa-1 cells, generated by immortalization of neural crest 
cells by a tamoxifen-inducible Myc-ERT [36, 37]. Expression of MYCN allowed 
cells to grow independently of Myc-ERT in vitro, and injection of these cells in mice 
resulted in formation of neuroblastoma-like tumors [38]. More recently, MYCN 
overexpression was investigated in neural crest cells isolated from mouse embry-
onic day 9.5 trunk neural tube explants [39], derived from wild-type or p53+/− mice. 
Cells were injected subcutaneously into nude or C57Bl/6 mice, and tumor develop-
ment was assessed in the mice. Overexpression of MYCN in WT neural crest led to 
the development of tumors exhibiting features of neuroblastoma in around one third 
of the mice. The obtained tumors presented with copy-number aberrations syntenic 
to those observed in human tumors with MYCN amplification, including 17q gain 
and 1p loss. Yet, when using p53+/− neural crest cells, primitive neuroectodermal 
tumors with various differentiations were observed, among which osteosarcoma. 
Macroscopic metastases were observed in a subset of these mice in lymph nodes, 
lung, and liver and frequently showed a mixed morphology similarly to the primary 
tumors.

The first mouse line characterized by MYCN overexpression (referred to as 
TH-MYCN) was engineered by Weiss and colleagues who generated transgenic 
mice exhibiting the human MYCN gene under the control of the rat Tyrosine 
Hydroxylase promoter in order to drive MYCN expression in neural crest cells [23] 
(Table 3.1). Tumors resembling human neuroblastoma in terms of histology, loca-
tion, and acquisition of genetic abnormalities in regions syntenic to those seen in 
patients with MYCN-amplified tumors indeed developed in this mouse line. 
Although an incomplete penetrance of tumor development was observed in this 
model, this first study demonstrated that MYCN is an oncogenic driver in neuroblas-
toma. However, the occurrence of other chromosomal aberrations in the obtained 
tumors suggested that MYCN alone is not sufficient to drive transformation. This 
model has been and is still largely used by the scientific community to explore many 
aspects of neuroblastoma biology and investigate novel therapies. However, two 
main limitations of these models may be highlighted, with respect to the character-
istics of the human disease: first, the absence of metastasis in the mice in which only 
locally aggressive tumors are observed and also the absence of tumors occurring in 
the adrenal medulla, a very frequent localization in neuroblastoma patients (47%) 
[40, 41]. Of note, the initial study reported the crucial role of the genetic back-
ground in tumor development, suggesting that intrinsic factors in various mouse 
strains may act as modifiers of MYCN-induced oncogenesis [23]. More recently, a 
different model has been set up by the team of J. Schulte [24] (Table 3.1). This 
model allows expression of a MYCN-IRES-Luciferase cassette downstream of the 
chicken β-actin gene (CAG) promoter in Dbh-expressing cells (LSL-MYCN;Dbh- 
iCre). This resulted in the development of tumors from the adrenals as well as from 
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the superior cervical or celiac ganglia that may be detected by bioluminescent imag-
ing. Chromosomal aberrations in this model were syntenic to those observed in 
human neuroblastomas, as it has been shown for the TH-MYCN model.

Zebrafish has also been used to model neuroblastoma. Indeed, the peripheral 
sympathetic nervous system of this fish includes a superior cervical ganglia and an 
interrenal gland, analogous to the superior cervical ganglia and adrenal medulla of 
mammals, respectively [42]. MYCN overexpression in the sympathetic nervous sys-
tem of this animal model was obtained using a Dbh promoter fragment [43]. Tumors 
exhibiting neuroblastoma features developed in the interrenal gland of the trans-
genic Dbh-MYCN line but with a low penetrance below 20%. One interesting prop-
erty of the Zebrafish model is linked to the possibility of high-throughput screenings 
of chemical compounds.

There is no doubt on the oncogenic properties of MYCN in neuroblastoma, 
which could therefore serve as an interesting therapeutic target. As a proof of prin-
ciple, Burkhart and colleagues demonstrated that MYCN antisense oligonucleotides 
impaired tumorigenesis in the murine TH-MYCN model [44]. Unfortunately, there 
are currently no drugs that could target MYC or MYCN proteins directly. Indeed, 
these proteins can adopt many conformations and therefore do not present with 
druggable pockets. One interesting alternative may be to act indirectly on the stabil-
ity of these proteins. In the case of MYCN, this can be achieved by using different 
types of molecules involved in the control of MYCN stability. It has been shown 
indeed that the stability of MYC proteins (comprising MYC, MYCN, and MYCL) 
is regulated by phosphorylation within conserved sequence motifs called MYC 
boxes (Fig.  3.1) and further ubiquitinylation and proteolysis. MYCN has been 
shown to be first phosphorylated by the CDK1/Cyclin B complex on Ser62 and then 
phosphorylated on Thr58 by GSK3β [45]. Dephosphorylation of the Ser62 by the 
PP2A phosphatase then allows MYCN ubiquitination by the E3 ubiquitin ligase 
SCFFBxW7 [46, 47] resulting in its degradation. Consistently with these observations, 
PI3K inhibition, that results in GSK3β activation, has been shown to destabilize 
MYCN protein and block tumor progression in the TH-MYCN model [48].

MYCN stability is also controlled by the cell-cycle-regulated serine/threonine 
kinase Aurora-A. Aurora kinases (A, B, and C) are key regulators of chromosomal 
segregation and cytokinesis during mammalian cell division [49]. Several small- 
molecule inhibitors of Aurora kinases have been discovered as anticancer drugs and 
may be of interest to treat neuroblastoma with MYCN amplification. Indeed, in 
2009, AURKA was identified as a gene that is required for the growth of MYCN- 
amplified neuroblastoma cells but largely dispensable for cells lacking MYCN 
amplification [50]. The mechanism underlying this effect relies on Aurora-A form-
ing a complex with MYCN, resulting in MYCN being protected from proteasomal 
degradation during mitosis. This effect of Aurora-A on MYCN stability does not 
depend on the catalytic serine/threonine kinase activity of Aurora-A.

The pan Aurora inhibitor CCT137690 is able to inhibit cell proliferation of 
MYCN-amplified neuroblastoma cell lines in  vitro and decreases MYCN protein 
levels [51]. The efficacy of this compound was also demonstrated in the TH-MYCN 
model. MLN8237 (Alisertib) is a small-molecule inhibitor specific of Aurora-A, 
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that has been tested in the Pediatric Preclinical Testing Program (PPTP) in vivo 
panel [52]. Antitumor effects of this inhibitor were reported in three of seven neuro-
blastoma xenograft models. A phase I trial in children with refractory/recurrent 
solid tumors was performed to define the maximum-tolerated dose, toxicities, and 
pharmacokinetic properties of MLN8237 [53]. In this study, two patients with neu-
roblastoma had prolonged stable disease. MLN8054 is another selective small- 
molecule Aurora-A kinase inhibitor [54]. Both MLN8054 and MLN8237 inhibitors 
have been shown to disrupt the Aurora-A/MYCN complex and promote degradation 
of MYCN mediated by the SCFFbxW7 ubiquitin ligase [55]. This study demonstrated 
that disruption of the Aurora-A/MYCN complex inhibits MYCN-dependent tran-
scription and induces tumor regression and prolonged survival in the TH-MYCN 
mouse neuroblastoma model. Another compound, CD532 is an ATP-mimetic ligand 
that binds Aurora-A and maintains the protein in its inactive conformation. It blocks 
both its kinase-dependent and -independent functions [56]. CD532 is efficient at 
low nanomolar concentrations to induce the proteolytic degradation of 
MYCN. However, this compound has not been evaluated in in vivo models of neu-
roblastoma. Recently, a direct interaction has been identified between the catalytic 
domain of Aurora-A and a site flanking Myc Box I (residues 61–89) that also binds 
SCFFbxW7 [57]. Both MLN8237 (Alisertib) and CD132 compounds induce a confor-
mation of Aurora-A that is not compatible with MYCN binding, allowing binding 
of MYCN with SCFFbxW7 that triggers MYCN Lys48-linked polyubiquitination, 
leading to proteasomal degradation.

Additional in vitro and in vivo studies have shown that Aurora-A kinase inhibi-
tors result in enhanced cytotoxicity when used in combination with chemotherapy 
[58]. A phase I study of alisertib with irinotecan and temozolomide in patients with 
advanced neuroblastoma has recently reported promising response and progression- 
free survival rates [59]. A phase II trial of this combination (ClinicalTrials.gov 
Identifier: NCT01601535) is ongoing. The data obtained with Aurora-A inhibitors 
in neuroblastoma preclinical models as well as those from early clinical trials sug-
gest that these compounds may be of benefit for neuroblastoma patients. It remains 
however to determine whether these compounds do not induce significant damages 
to normal tissues through their general function in the control of the mitotic 
spindle.

In addition to the compounds acting on MYCN stability through the control of its 
posttranslational modifications, the BET (Bromodomain and extraterminal) inhibi-
tor JQ1 has been identified as a promising candidate for clinical development for 
neuroblastoma patients with MYCN amplification [60]. Open chromatin and tran-
scriptional activation are associated with acetylation of lysine residues on histone 
tails [61]. Acetylated lysines are mostly recognized by bromodomains that are pres-
ent in many proteins including the BET family composed of BRD2, BRD3, BRD4, 
and BRDT. JQ1 is a thienotriazolo-1,4-diazepine that is able to displace BET bro-
modomains from chromatin by competitive binding to the acetyl lysine recognition 
pocket. BET inhibition has been identified as a therapeutic strategy in several types 
of adult cancers including numerous hematologic malignancies. A high-throughput 
screening of more than 650 cancer cell lines revealed neuroblastoma as among the 
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most JQ1-sensitive cell lines and MYCN amplification as the most predictive marker 
of sensitivity [60]. Further analysis demonstrated that JQ1 induced cell-cycle arrest 
and apoptosis in MYCN-amplified neuroblastoma cell lines. BET inhibition was 
associated with downregulation of the MYCN transcriptional program accompa-
nied by suppression of MYCN transcription. JQ1 treatment impaired tumor growth 
in several types of neuroblastoma preclinical models. Treatment of a cell line estab-
lished from a murine neuroblastoma tumor derived from the LSL-MYCN;Dbh-iCre 
mouse neuroblastoma model with JQ1 demonstrated oncogene addiction to MYCN 
[24]. It should be noted, however, that JQ1 acts not only at the MYCN enhancer and 
not only on cells with MYCN amplification [62, 63].

The MYCN locus also encodes an antisense transcript called MYCNOS (MYCN 
Opposite strand) and encoding the N-CYM protein [64]. MYCNOS is always coex-
pressed with MYCN. The N-CYM protein is able to inhibit GSK3β involved in the 
posttranslational control of MYCN stability, resulting in stabilization of the MYCN 
protein [65]. In addition, it has been showed that treatment with BET inhibitors 
reduced NCYM expression, suggesting that such inhibitors are relevant for therapy 
of neuroblastoma exhibiting amplification of both MYCN and NCYM [66].

3.2.3  Implication of the ALK Tyrosine Kinase Receptor 
in Sporadic, Familial, and Syndromic Cases 
of Neuroblastoma

The ALK (Anaplastic Lymphoma Kinase) gene was identified as a major neuroblas-
toma gene in 2008, following the discovery of germline and somatic activating 
mutations in a subset of familial and sporadic cases, respectively [67–70]. This gene 
encodes a tyrosine kinase receptor (Fig. 3.1) belonging to the insulin receptor sub-
family, the LTK and ROS genes being its closest homologs [12]. Importantly, 
mutated ALK rapidly appeared as a tractable therapeutic target for precision medi-
cine in neuroblastoma patients with ALK-mutated tumors since inhibition of the 
mutant receptors led to growth inhibition. Importantly, further analysis by next- 
generation sequencing technologies revealed the presence of subclonal ALK muta-
tions in a number of cases at diagnosis and relapse [71, 72].

The ALK gene is extremely conserved throughout evolution. ALK homologs are 
present in Drosophila, zebrafish, and chick among other species. In mammals, ALK 
expression is mostly restricted to the developing central and peripheral nervous sys-
tem, including thalamic nuclei, several motor nuclei of the brainstem, and sympa-
thetic and enteric ganglia (for a review, [73]). Alk knockout mice are viable and do 
not display any strong phenotype [74–77]. Yet few abnormalities have been reported, 
including reduced hippocampal neurogenesis, subtle behavioral defects, and defects 
in the testis function in males. However, no precise evaluation of the sympathetic 
ganglia and adrenal medulla has been performed in these loss-of- function models. 
The absence of a strong phenotype in Alk and Alk/Ltk knockout mice may be 
explained by compensatory mechanisms involving the third member of the Alk sub-
family, that is, Ros or other members of the insulin receptor subfamily.
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In mammals, the ALK receptor has been considered as an orphan receptor for 
quite a long time, and the identification of its ligand(s) has been for long a matter of 
debate. Midkine (MK) and pleiotrophin (PTN), two heparin-binding growth factors, 
have been described as activating ligands for the ALK receptor [78, 79]. However, 
other groups did not confirm ALK activation upon PTN treatment in neuroblastoma 
cells or ALK-transfected cells [80–82]. More recently, heparin (but not MK and 
PTN) was described as an ALK ligand able to induce its dimerization, auto- 
phosphorylation, and subsequent downstream signaling [83]. Also, FAM150A and 
FAM150B, two highly basic proteins, have been described as ALK and LTK ligands 
[84, 85]. Interestingly, FAM150B is able to transform ALK-expressing NIH3T3 cells 
and allows the growth of Ba/F3 cells expressing ALK in the absence of IL-3 [85].

Evidences demonstrating a physiological function of the normal Alk receptor in 
sympathetic neurogenesis have been obtained using the chick embryo as a model. 
Indeed, in vitro and in vivo knockdown of Alk in chick sympathetic neuroblasts led 
to a decreased proliferation [86]. The same study also documented high expression 
of Mk in chick sympathetic ganglia and functional effect of Mk knockdown.

The ALK gene has been initially identified through the characterization of a 
t(2;5) translocation in anaplastic large-cell non-Hodgkin’s lymphoma leading to a 
NPM–ALK fusion protein [87]. Many translocations involving the ALK gene and 
various partners have been extensively characterized in a variety of children and 
adult cancers, leading to fusion proteins bearing a constitutive activation of the ALK 
tyrosine kinase domain [12]. In neuroblastoma, ALK activation results from point 
mutations in the full-length ALK receptor. Figure 3.1 shows the structure of the 
ALK receptor: in sporadic cases, the great majority of the mutations are observed in 
the kinase domain with three main hotspots of mutations at positions 1174, 1245, 
and 1275 [88]. Several ALK inhibitors, including NVP-TAE684 [89] and crizotinib 
[90], characterized through their effect on ALK fusion proteins were already 
described when ALK mutations were reported in neuroblastoma in 2008. These 
small molecules are competitive inhibitors of the ATP binding within the kinase 
domain. The availability of these molecules allowed the setup of a first phase I/II 
clinical trial of crizotinib in neuroblastoma patients at the relapse stage [91]. 
Although the ALK status was not systematically known in this first trial, the results 
showed that a number of neuroblastoma patients may benefit from ALK-targeted 
therapies but also informed that inhibition of full-length ALK was more difficult to 
achieve compared to ALK fusion proteins.

Of note, the spectrum of germline ALK mutations in familial cases is different 
from that of the somatic mutations in sporadic cases. Indeed, only mutations at posi-
tion R1275, one of the three hotspots of somatic mutations, have been recurrently 
observed in familial cases [69, 70]. No germline mutations have been reported in 
familial forms of the disease at positions 1245 and 1174, the two other somatic 
hotspots. This suggested that germline mutations at these two positions may be 
embryonic lethal and potentially more aggressive than mutations at position R1275. 
This hypothesis revealed to be at least partially true with the discovery of ALK 
germline and de novo mutations at positions 1174 and 1245 in two unrelated patients 
affected by severe neurological disorders and congenital neuroblastoma [92]. 
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Several lines of evidences also further documented the lower kinase activity and 
oncogenic potential of ALK R1275 mutants compared to ALK F1174 mutants, both 
in  vitro [88] and in  vivo (see below). Interestingly, the characterization of the 
genomes of more than 1000 children affected with cancer by next-generation 
sequencing redemonstrated the involvement of ALK germline mutations in neuro-
blastoma [93].

Several in vitro and in vivo models have been developed to investigate the role of 
ALK-activating mutations in neuroblastoma oncogenesis. Overexpression of WT or 
mutated ALK was studied in two different lines of murine neural crest progenitor 
cells, the MONC-1 cells, generated by immortalization of neural crest cells by 
v-Myc [36, 37] or the JoMa-1 cells. In vitro, ALK overexpression induced prolifera-
tion and survival even in the absence of Myc signaling [38, 94]. Whereas the paren-
tal MONC-1 cells were able to generate various tumor types including neuroblastoma 
after orthotopic injections, only highly malignant undifferentiated tumors devel-
oped from MONC-1 cells expressing ALK F1174L, suggesting that activated ALK 
altered their differentiation capacity [94]. In this study, undifferentiated tumors 
were also obtained upon injection of JoMa-1 cells expressing WT ALK, ALK 
F1174L, and ALK R1275Q, providing the first and still only demonstration that WT 
ALK can drive malignant transformation when expressed in neural crest cell pro-
genitors. Using the same JoMa-1 model, Schulte and colleagues described a weak 
tumorigenic potential of ALK F1174L but obtained neuroblastoma-like tumors 
in vivo [38]. The differences observed between both studies may be linked to pas-
sage numbers of JoMa-1 cells or different ALK expression levels.

In the chick model, sympathetic neuron proliferation is increased upon overex-
pression of WT or activated Alk [62, 86]. In this model, Mk is expressed in early 
sympathetic ganglia, and its expression decreases during chick embryonic develop-
ment. In vitro, sympathetic neuron proliferation depends on Mk levels, and the 
effect on proliferation of Mk knockdown may be rescued by ALKF1174L but not by 
ALKWT. A subsequent study investigating long-term effect of MYC, MYCN, and 
ALKF1174L overexpression demonstrated that MYC and MYCN overexpression elic-
its increased proliferation but does not sustain neuroblast survival [62]. In contrast, 
activated ALKF1174L leads to a transient proliferation increase followed by cell-cycle 
arrest and neuronal differentiation, resulting in increased survival. The combined 
expression of ALKF1174L and MYC proteins results in both neuroblast proliferation 
and survival. Proliferating MYCN/ALKF1174L neuroblasts show a differentiated phe-
notype similar to ALKF1174L neuroblasts but differ from them by the upregulation of 
SKP2, CCNA2, E2F8, and DKC1 among other genes. Furthermore inhibition of 
SKP2, which targets the CDK inhibitor p27 for degradation, reduced proliferation 
of MYCN/ALKF1174L cells [62, 86]. Together, these in vitro data provide evidences of 
MYCN/ALK cooperation leading to neuroblast proliferation and survival, that may 
be critical steps in neuroblastoma development.

Different genetically engineered mouse models (GEMMs) have been set up by 
various teams to study the function of mutated ALK in vivo. The role of ALK muta-
tions in development and oncogenesis has been addressed using KI mice bearing the 
two most frequent mutations observed in neuroblastoma patients (ALK R1275Q 
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and ALK F1174L, corresponding to Alk R1279Q and Alk F1178L in the mouse Alk 
receptor), expressed in a physiological context under the control of its endogenous 
promoter [27] (Table  3.1a). The analysis of the sympathetic ganglia of the KI 
AlkF1178L animals, at several stages of development, at birth and at adult stages, 
documented an enhanced proliferation from E14.5 to birth in sympathetic ganglia 
and an extended neurogenesis period. However, these KI mice did not develop any 
tumor. These observations may explain how constitutional ALK mutations may pre-
dispose to neuroblastoma and are consistent with the incomplete penetrance of 
germline ALK mutations observed in neuroblastoma families. Two transgenic 
mouse lines have been generated to induce the expression of the ALKF1174L-mutant 
receptor in sympathetic neuroblasts. A strong expression of ALKF1174L under the 
control of the β-actin promoter in Th- or Dbh-expressing cells elicited neuroblas-
toma formation with a low penetrance and long latency, and many other genetic 
alterations occurred in the obtained tumors, showing that activated ALK alone is not 
sufficient for the oncogenic transformation [26] (Table 3.1a). The expression of the 
same mutant driven by the rat tyrosine hydroxylase promoter was not able to induce 
mouse tumors [25]. Both the KI and transgenic models were used to demonstrate a 
strong oncogenic cooperation between ALK mutations and MYCN overexpression. 
Indeed, breedings of ALK-mutated GEMMs with TH-MYCN mice resulted in full 
tumor penetrance and short latency associated with an absence of additional genetic 
alterations in the obtained tumors [25–27] (Table 3.1b). The comparison of the KI 
AlkF1178L and AlkR1279Q mouse lines provided the first in  vivo evidence that the 
AlkF1178L mutant exhibits a higher oncogenic potential compared to the AlkR1279Q 
mutant, in a MYCN overexpression context [27]. A detailed characterization of 
murine MYCN and MYCN/Alk-mutated tumors highlighted a number of specific 
features of the latter, including a more differentiated histology and an increased 
expression of the Ret tyrosine kinase receptor, associated with a sensitivity to the 
RET inhibitor vandetanib [27]. A further dissection of the underpinning mechanism 
revealed that an ALK/ERK/ETV5 pathway is involved in the control of RET expres-
sion [95].

It is also worth mentioning that whereas the AlkR1279Q KI mouse line was viable 
and did not show any major phenotype at the heterozygous and homozygous state, 
homozygous KI AlkF1178L mice showed a high neonatal lethality associated with a 
strongly reduced milk intake, reminiscent of the severe feeding difficulties observed 
in the patients with the most aggressive ALK germline mutations [96].

3.2.4  Telomere Dysfunction Linked to TERT and ATRX Genomic 
Aberrations

Whole-genome sequencing of neuroblastoma cell lines and tumors has identified 
recurrent rearrangements and/or mutations leading to somatic loss of function of 
ATRX, located on the X chromosome [97, 98] and overexpression of TERT located 
on chromosome 5p15.33 [99, 100]. TERT and ATRX abnormalities are mutually 
exclusive to MYCN amplification in most cases. The ATRX and TERT genes encode 
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a SWI/SNF chromatin-remodeling ATP-dependent RNA helicase and the telomer-
ase reverse transcriptase, respectively (Fig. 3.1), both being involved in the control 
of telomere length. Germline mutations of the ATRX gene are observed in the devel-
opmental disorder called α-thalassemia, mental retardation, X-linked syndrome 
[101, 102]. A number of neuroblastoma cell lines and tumors exhibit TERT rear-
rangements that juxtapose TERT to strong enhancer elements, defined as super-
enhancer, which results in elevated TERT mRNA expression and increased 
enzymatic telomerase activity compared with cell lines without such alterations [99, 
100]. This excess of telomerase activity likely provides cancer cells the ability of 
maintaining long telomeres and sustained proliferation capacity. Strong upregula-
tion of TERT expression is also observed in neuroblastoma with MYCN amplifica-
tion. In high-risk tumors without MYCN amplification or TERT rearrangements, 
activation of the alternative lengthening of telomeres (ALT) pathway has been 
reported. In a subset of these cases, ATRX mutations have been characterized. These 
mutations are preferentially observed in tumors from adolescent and young adult 
patients [97]; they are associated with an absence of the ATRX protein in the nucleus 
and with long telomeres. ATRX mutations observed in neuroblastoma have not yet 
been modeled in the mouse, but loss of ATRX in a mouse model is embryonic lethal, 
and postnatal conditional loss of ATRX in the forebrain impairs cortex development 
but does not induce brain tumors [103, 104]. Whereas no molecular therapies have 
yet been proposed to target the ALT pathway, the development of telomerase inhibi-
tors represents a novel opportunity to target tumors exhibiting increased telomerase 
activity that are associated to a particularly bad prognosis.

3.2.5  LIN28B

Lin28A/B proteins are RNA-binding proteins (Fig. 3.1) highly expressed in early 
development. They are involved in the maintenance of progenitor cells by blocking 
the biogenesis and subsequent differentiation function of Let-7 microRNAs [105, 
106]. LIN28B amplifications have been observed in only a few percent of high-risk 
neuroblastoma tumors; however, high expression of this gene is frequent in these 
tumors [28]. The role of LIN28 in neuroblastoma pathogenesis has been demon-
strated using transgenic mouse models exhibiting Lin28b overexpression in cells of 
the sympathoadrenal lineage that express Dbh [28]. Indeed, neuroblastoma tumors 
developed in sympathetic ganglia and adrenal medulla of the transgenic mice. In 
these tumors, Lin28b upregulation led to Let-7 suppression and MYCN overexpres-
sion [28]. However, no modification of neuroblast proliferation, sympathetic gan-
glion and adrenal medulla size, and Let-7 expression was observed during early 
postnatal development in these transgenic mice [107]. These observations therefore 
suggest that Lin28b functions in a Let-7-independent manner in early development 
of neuroblastoma in this mouse model. In vitro, it has been now demonstrated that 
Lin28A/B and Let-7 are essential for sympathetic neuroblast proliferation during 
normal development in the chick [107]. Indeed, Lin28 knockdown decreases prolif-
eration, whereas Let-7 inhibition increases the proportion of proliferating 
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neuroblasts. Lin28B overexpression enhances proliferation in E8 sympathetic neu-
roblasts, but such an effect was not observed in E7 or E9 neuroblasts.

Interestingly, common variants in LIN28B have been shown to influence neuro-
blastoma susceptibility [108]. Expression of LIN28B and let-7 miRNA correlated 
with rs17065417 genotype in neuroblastoma cell lines, and a significant growth 
inhibition has been reported upon depletion of LIN28B, specifically in neuroblas-
toma cells that were homozygous for the risk allele.

The signaling networks directed by LIN28B have been further explored and 
highlighted the role of the RAN protein [109]. RAN (RAS-related nuclear protein) 
is a member of the RAS family of small GTPases involved in nuclear trafficking and 
also able to promote Aurora-A phosphorylation [110, 111]. LIN28B directly induces 
RAN expression by two distinct mechanisms. One the one hand, LIN28B binds 
directly to RAN transcript and, on the other hand, LIN28B represses Let-7 resulting 
in a RANBP2 increase that stabilizes RAN. LIN28B also induces high levels of 
phosphorylated Aurora-A leading to kinase activation. Moreover, Aurora-A is also 
regulated by Let-7. A complex network connecting LIN28B, RAN, Aurora-A, and 
MYCN therefore emerges from this analysis [112]. Additional studies will allow 
deciphering whether modulating this pathway by single agents or more likely com-
binatorial approaches could provide benefit for neuroblastoma patients.

Of note, another study has explored the role of let-7 disruption in neuroblastoma 
pathogenesis [113]. This study documented a frequent genetic loss of let-7 in neu-
roblastoma, inversely associated with MYCN amplification and independently asso-
ciated with poor outcome. More precisely, chromosome 3p and chromosome 11q 
losses are frequently observed in tumors without MYCN amplification. These 
regions contain the let-7g and let-7a2 loci, respectively. In addition, high levels of 
MYCN transcripts were shown to be able to sponge let-7 microRNA levels. These 
data therefore suggest that that let-7 disruption is a common aberration involved in 
neuroblastoma pathogenesis that may occur through different mechanisms includ-
ing high LIN28B activity, genetic loss, or MYCN sponging.

3.3  Noncoding RNAs in Neuroblastoma Pathogenesis

Noncoding RNAs (microRNAs, lncRNAs, and piRNAs) have now emerged as 
important players in the regulation of the transcriptome in a variety of biological 
processes including stem cell biology, development, and cancer. A number of 
microRNAs and lncRNAs likely play important functions in neuroblastoma 
pathogenesis.

The importance of miRNAs in neuroblastoma was first highlighted by the dem-
onstration that different miRNA expression profiles are associated with different 
prognostic subgroups of neuroblastoma [114]. Then, evidence was obtained show-
ing that miR-17-5p-92 family members exhibit oncogenic properties while miR-34a 
has tumor-suppressor functions in neuroblastoma. The miR-17-92 cluster is a direct 
target of MYCN that induces tumorigenesis of MYCN-nonamplified neuroblastoma 
cells by downregulating p21, a negative regulator of the cell cycle and BIM, a 
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proapoptotic gene [115, 116]. Treatment of mice presenting with xenografts of 
MYCN- amplified cells with a specific antagomir-17-5p impaired tumor growth 
[115]. A following study documented that each individual miRNA of the cluster is 
upregulated in MYCN-amplified samples and that increased activity of miR-17-92 is 
proportionally correlated to both poor overall and event-free survival [117]. 
Functional analysis uncovered that miR-17-92 activation represses the TGF-β path-
way by acting on multiple key effectors along the signaling cascade and by direct 
inhibition of TGF-β-responsive genes. The cytostatic signals of active TGF-β sig-
naling are therefore inhibited by miR-17-92 activation, which results in a prolifera-
tion phenotype. Whereas miR-17-92 is activated by MYCN, miR-34a directly 
targets MYCN resulting in a decreased expression of the MYCN protein and subse-
quent growth inhibition through increased apoptosis and decreased DNA synthesis 
[118]. The global MYCN-miRNA interactome has been further deciphered in order 
to establish miRNAs controlling MYCN expression levels [119]. Interestingly, some 
of the MYCN- targeting miRNAs showed a decreased expression during murine 
MYCN-driven neuroblastoma tumor development in the TH-MYCN and LSL-
MYCN;Dbh-iCre models, suggesting that these miRNAs are preferentially down-
regulated in MYCN- driven neuroblastoma to maintain MYCN expression.

Several microRNAs are correlated or inversely correlated with unfavorable out-
come in neuroblastoma patients. As an example, the miR181 family has been shown 
to be associated with neuroblastoma aggressiveness as miR181-a and -b are both 
upregulated in high-risk neuroblastomas [120]. This family of microRNA regulates 
the expression of the dependence receptor CDON (cell-adhesion molecule-related/
downregulated by oncogenes) that acts as a receptor for SHH (Sonic Hedgehog). 
High miR181 expression results in low expression of CDON.  Reexpression of 
CDON in neuroblastoma cell lines induces apoptosis in vitro and impairs tumor 
growth in vivo after engraftment of cells to the chorioallantoic membrane of chick 
embryos, indicating that CDON acts as a tumor suppressor in neuroblastoma. In 
contrast, miR-542-3p is downregulated in tumors from patients with adverse out-
come [121]. An inverse correlation between its expression and the expression of 
survivin has been reported, and a direct regulation of survivin by miR-542-3p has 
been further demonstrated. Ectopic expression of miR-542-3p in neuroblastoma 
cell lines in vitro results in decreased proliferation and induces tumor apoptosis in 
xenograft models in vivo. Some microRNAs have been also identified as regulators 
of ALK expression [122]. Comparison of neuroblastoma cell lines and tumors 
expressing ALK high or low levels revealed higher expression of miR-424-5p and 
miR-503- 5p in the ALK low-level groups. Furthermore, direct binding of miR- 
424-5p on ALK 3′-UTR was demonstrated.

LncRNAs participate in diverse cellular processes with distinct regulatory roles, 
and some have been implicated in tumorigenesis. A differential expression analysis 
of lncRNAs between low- and high-risk (or MYCN-amplified) neuroblastomas 
revealed several nonannotated lncRNAs, including LOC729177 (GENCODE anno-
tation, also referred to as CASC14) lncRNA as one of the top-ranked candidates 
[123]. Interestingly, previous genome-wide association studies revealed that neuro-
blastoma patients with homozygous risk G allele at the SNP rs6939340 located in 
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intronic region of this lncRNA at 6p22 are likely to have metastatic disease and poor 
event-free survival [124]. Due to its association with neuroblastoma prognosis, 
LOC729177 lncRNA was subsequently named neuroblastoma-associated transcript 
1 (NBAT-1). Low expression of NBAT-1 significantly correlated with poor overall 
and event-free survival probability in neuroblastoma patients [123]. Functional 
analysis documented that loss of NBAT-1 increases cellular proliferation and inva-
sion and also impairs differentiation of neuronal precursors.

The lncUSMycN gene is coamplified with MYCN in around 25% of human neu-
roblastoma tumors [125]. This lncRNA upregulates MYCN mRNA through a post-
transcriptional mechanism by binding to the RNA-binding protein NonO and 
increases neuroblastoma cell proliferation. Treatment with antisense oligonucle-
otides targeting lncUSMycN in MYCN-amplified neuroblastoma xenografts 
impaired tumor progression, providing the first evidence that amplification of 
lncRNA genes can contribute to tumorigenesis. LncUSMycN is also involved in the 
control of NCYM expression by activating its gene transcription, and NCYM RNA 
upregulates MYCN expression by binding to NonO [66].

3.4  Metastasis Study in Neuroblastoma Models

Treatment of patients with stage 4 metastatic disease remains a challenge. Several 
teams have sought to generate animal models presenting with metastasis that could 
represent relevant models of the metastatic disease frequently observed in patients. 
As mentioned above, the TH-MYCN mouse model unfortunately did not recapitu-
late this form of the disease since only locally invasive tumors develop in the mice. 
Breeding of this mouse line with a caspase-8-deficient mouse line did not modify 
tumor penetrance, but bone marrow metastasis was much more frequently observed 
[29] (Table 3.1b). However, this model has so far not been used in preclinical stud-
ies. Xenografts of human neuroblastoma cell lines or fresh tumor material from 
patients into the mouse represent an alternative to GEMMs in the development of 
metastatic models of the disease. More recently, the zebrafish and chick models 
have been shown to be of special interest in the context of the analysis of the neuro-
blastoma metastatic process, revealing the critical role of LMO1 and SEMA3C 
genes.

3.4.1  Orthotopic Xenografts in the Mouse

Orthotopic xenografts of human neuroblastoma cell lines in the adrenal medulla of 
immunodeficient mice have provided a few models in which metastases have been 
described [126–129]. Metastatic spread after orthotopic graft of MYCN-amplified 
neuroblastoma was observed mainly to the lung, liver, spleen, and adrenals [126]. 
Such models using cancer cell lines previously established in vitro have been largely 
used in preclinical studies aiming at testing various anticancer drugs. However, in 
many cases, the efficacy observed in preclinical studies could not be confirmed in 
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clinical trials. Patient-derived xenografts (PDXs) are generated by direct subcutane-
ous or orthotopic engraftment of intact patient tumor fragments or biopsies directly 
into immunodeficient mice. PDXs of various cancer types recapitulate the histo-
pathological features and mutational patterns of the corresponding patient tumors 
[130]. Importantly, these models have been shown to be predictive of clinical out-
comes highlighting their relevance for preclinical drug evaluation and personalized 
medicine strategies. Recently, a series of pediatric solid tumors have been used to 
generate orthotopic PDXs [131]. Para-adrenal injections were performed for neuro-
blastoma, and several models could be established. At that stage, metastasis has not 
been yet investigated in these models. One limitation of these approaches is related 
to the immunodeficient background of the mice and potential mouse-specific tumor 
evolution during passages [132].

3.4.2  LMO1

In 2011, the LMO1 (LIM domain only 1) gene has been identified as a high-risk 
neuroblastoma susceptibility gene through a genome-wide association study [133]. 
This gene encodes a cysteine-rich transcriptional regulator with two LIM zinc- 
binding domains that is mainly expressed in the nervous system. In sporadic tumors, 
LMO1 gains are observed in 12% of cases, and this abnormality is significantly 
more common in tumors from patients with metastatic disease or advanced age 
[133]. Whereas LMO1 inhibition in neuroblastoma cells expressing high levels of 
LMO1 results in growth inhibition, overexpression of LMO1 in cells with low lev-
els of LMO1 induces increased growth, suggesting that LMO1 may function as an 
oncogene in a subset of human neuroblastoma [133]. Further analysis demonstrated 
that the LMO1 SNPs associated with high-risk neuroblastoma drive high expression 
of LMO1 by a direct modulation in cis through the formation of a super-enhancer in 
the first intron of the LMO1 gene [134].

Recently, the characterization of transgenic zebrafish lines expressing human 
LMO1 under the control of the zebrafish Dbh promoter revealed that LMO1 alone 
was not able to induce tumors in the fish [135]. However, the overexpression of 
LMO1 not only synergizes with MYCN to induce neuroblastoma tumors by increas-
ing the proliferation of sympathoadrenal neuroblast cells, but LMO1 overexpression 
was also associated with metastasis [135]. Indeed, LMO1 promoted hematogenous 
dissemination and distant metastasis in multiple organs including orbit and spleen, 
which are common sites in neuroblastoma metastatic patients. In vitro invasion and 
migration assays with MYCN-amplified neuroblastoma cell lines documented 
increased invasive properties and greater migratory capacity of cells expressing 
high LMO1 levels. The concomitant expression of MYCN and LMO1 leads to 
increased levels of extracellular matrix regulator genes, including LOXL3, ITGA2b, 
ITGA3, and ITGA5, which should result in remodeling of the extracellular matrix 
and subsequent enhanced invasion and motility, explaining the synergy between 
MYCN and LMO1 in neuroblastoma metastasis. LMO1 therefore appears as an 
important oncogene involved in neuroblastoma initiation, progression, and wide-
spread metastatic dissemination.
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3.4.3  SEMA3C

Recently, C. Delloye-Bourgeois and colleagues developed an elegant avian embry-
onic model fully replicating human neuroblastoma tumorigenesis and dissemination 
[136]. This model relies on the engraftment of neuroblastoma cell lines into HH14 
chick embryos at the sympathoadrenal crest level (between somite 18 and somite 
24). Two days after cell graft, almost all cells have migrated away from the initial site 
and accumulated mostly in the sympathetic ganglia and the adrenal gland, which are 
the natural sites that are specifically targeted by endogenous sympathoadrenal neural 
crest cells [137]. The grafted neuroblastoma cells therefore recapitulated a collective 
migratory behavior that is typical of neural crest cells. Seven days after the graft of 
HH14 chick embryos, not only massive tumors were observed in sympathoadrenal 
derivatives, but loco-regional invasion was observed as well as invasion to more dis-
tant sites. These observations indicate that this model recapitulates features of neuro-
blastoma metastasis. The comparison of the transcriptomic profiles of tumor masses 
obtained in sympathetic ganglia 2 days after engraftment with that of neuroblastoma 
cells that had not been engrafted uncovered a decreased expression of SEMA3C, 
SEMA3D, and SEMA3F genes. These genes belong to the Semaphorin gene family 
known to regulate axon and cell migration [138]. Further experiments documented 
that the collective migration of neuroblastoma cells and targeting of embryonic 
structures were impaired upon SEMA3C downregulation, showing that SEMA3C 
provides a procohesion autocrine signal that constrains the tumor mass. The down-
regulation of SEMA3C results in detachment, allowing neuroblastoma cells to col-
lectively evade the tumor. Engraftment experiments with fresh tumor biopsies from 
localized neuroblastoma tumors or bone marrow aspirates from metastatic patients 
showed distant disseminations exclusively for samples derived from metastatic 
cases, although primary tumor masses were detected for all cases in the sympathoad-
renal derivatives. Furthermore, the analysis of this model showed that embryonic 
aorta and nerves are the primary dissemination routes of neuroblastoma cells. This 
avian embryonic model appears as a promising model to further explore the meta-
static process in neuroblastoma and perform preclinical studies.

3.5  Cell Identity and Plasticity in Neuroblastoma

Besides the alterations of the cancer genomes that have been extensively character-
ized for decades, more recently several studies highlighted that specific epigenetic 
states, associated with particular histone modifications and/or DNA methylation, 
may contribute to cancer phenotype. Whereas silencing of tumor-suppressor genes 
may indeed result from chromatin repression and/or promoter hypermethylation 
[139, 140], coordinated long-range epigenetic activation of regions harboring onco-
genes and/or microRNAs is associated with gain of active chromatin marks and loss 
of repressive marks [141].

A recent study reported an integrative analysis of methylomes, transcriptomes, 
and copy-number variations of 105 neuroblastoma cases complemented by the 
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analysis of several histone marks for a subset of primary tumors and cell lines [142]. 
Distinct genome-wide DNA methylation patterns were observed in various patient 
subgroups with respect to survival and clinical and biological features, including 
MYCN amplification. The obtained data further identified intragenic enhancer meth-
ylation as a mechanism for high-risk-associated transcriptional deregulation and 
described a catalog of candidate genes for being transcriptionally deregulated by 
aberrant methylation in high-risk neuroblastomas.

It has also been demonstrated that information on cell lineage identity can be 
obtained through the characterization of the super-enhancer landscape of the cells 
of interest. Super-enhancers are clustered enhancers that can be defined by ChIP 
(chromatin immunoprecipitation)-seq of the H3K27ac histone acetylation mark 
[143]. Core regulatory circuitries (CRCs) containing the key transcription factors 
that govern the gene expression program of a specific cell type may be defined 
from the super-enhancer landscape [144]. The analysis of the super-enhancer land-
scape of a panel of neuroblastoma cell lines and PDXs has recently highlighted two 
different types of cell identity and two distinct transcription factor networks: a 
sympathetic noradrenergic identity, defined by a CRC module including the 
PHOX2B, HAND2, and GATA3 transcription factors, and a more undifferentiated 
identity, close to human neural crest cells driven by a CRC module containing 
AP-1 transcription factors [145, 146]. Importantly, this analysis identified cell lines 
with an intermediate pattern of super-enhancers, including in particular the 
SK-N-SH cell line. This cell line has been described as phenotypically heteroge-
neous, and two different cell lines SH-EP and SH-SY5Y have been subcloned from 
it [147]. The analysis of the super-enhancer landscape revealed that the SH-EP and 
SH-SY5Y displayed a NCC- like and a sympathetic noradrenergic identity, respec-
tively. These two distinct identities are consistent with SH-SY5Y cells displaying 
neurite-like processes and expressing the noradrenergic biosynthetic enzymes Th 
and Dbh, corresponding to a so-called N phenotype, whereas SH-EP cells exhibit 
a substrate-adherent S phenotype without expression of Th and Dbh. Other pairs of 
cell lines have been obtained by the group of R. Versteeg presenting with the same 
characteristics as the SH-EP/SH-SY5Y pair. Indeed, this group derived cell lines 
sharing the same genomic alterations and exhibiting divergent phenotypes, expres-
sion profiles, and super-enhancer landscapes, corresponding to the two aforemen-
tioned identities [146, 148]. Both studies documented that cells of NCC-like/
mesenchymal identity were more resistant to chemotherapy than cells of noradren-
ergic identity in vitro. Additional data documented that sorted cells of each identity 
were able to reconstitute both types of identity when injected in the mouse [146]. 
These observations motivated the analysis of pairs of diagnosis and relapse sam-
ples from neuroblastoma patients. Whereas one study obtained evidences suggest-
ing that mesenchymal cells are enriched in posttherapy patient samples [146], the 
other one did not document a systematic enrichment of NCC-like/mesenchymal at 
the relapse stage [145]. These observations suggest that neuroblastoma cells may 
be able to shift from a noradrenergic to NCC-like cells under chemotherapy, and 
from a NCC-like to noradrenergic identity after treatment. Further analysis on 
larger series of patients at different time points during disease’s course will 
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probably provide additional information on neuroblastoma intratumor heterogene-
ity and plasticity. The mechanisms underlying the plasticity of cell identity still 
remain to be characterized. Interestingly, it has been suggested that the overexpres-
sion of the mesenchymal transcription factor PRRX1 in noradrenergic cells was 
able to reprogram such cells toward a mesenchymal identity, with an increase in 
expression of specific proteins and concomitant decrease of the proteins specific of 
the noradrenergic identity [146]. Finally, functional analysis demonstrated a 
growth dependency of noradrenergic neuroblastoma cell lines on PHOX2B, 
HAND2, and GATA3 transcription factors, evocative of lineage addiction [145]. 
Altogether, these recent data illuminate how epigenetic deregulation may contrib-
ute to neuroblastoma pathogenesis, with novel implications for diagnosis and dis-
ease treatment.

Previous studies based on the analysis of tumor alterations at diagnosis and 
relapse using microarrays or more recently next-generation sequencing technolo-
gies have documented the accumulation of segmental alterations in neuroblastoma 
and increase of the mutational burden in relapsing tumors [71, 72, 149–151]. Clonal 
mutation selection during disease progression was also reported. Understanding the 
interplay between epigenetic rewiring and genetic alterations during tumor evolu-
tion will be crucial to improve neuroblastoma response to therapy and patients 
outcome.
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4Neuroblastoma Pathology

Hiroyuki Shimada, Angela R. Sementa, Bruce R. Pawel, 
and Naohiko Ikegaki

4.1  Introduction

Peripheral neuroblastic tumors, or tumors of the neuroblastoma group, include neu-
roblastoma, ganglioneuroblastoma, and ganglioneuroma. As well defined by Willis 
[1], these are embryonal tumors of neural crest origin. Tumors in this group are 
composed of biologically different subsets. While biologically favorable tumors 
often show spontaneous regression or maturation, biologically unfavorable tumors 
are frequently refractory to chemotherapy/irradiation therapy and show aggressive 
progression. Recent advances in research indicate that molecular/genomic proper-
ties of the individual tumors are closely associated with their unique clinical behav-
iors [2–4]. It is important to note that tumors in this group offer one of the best 
models for investigating the biologically significant relationship between their 
genetic/molecular properties and morphological manifestations [5]. According to 
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our experience of COG (Children’s Oncology Group) Neuroblastoma studies, bio-
logically favorable tumors tend to remain biologically favorable, and biologically 
unfavorable tumors tend to remain biologically unfavorable during the clinical 
course of individual patients. Accordingly, determining the histological/biological 
characteristics of the tumors at the time of diagnosis is critical for patient stratifica-
tion and appropriate protocol assignment. With regard to biologically unfavorable 
tumors, however, molecular characteristics detected at the time of diagnosis may 
not necessarily be the same as those seen at the time of recurrence.

4.2  Historical Considerations

The first pathology description of a tumor we now recognize as neuroblastoma was, 
perhaps not surprisingly, provided by the groundbreaking German pathologist, 
Rudolph Virchow. In his 1864 treatise “Hyperplasie der Zirbel und der Nebennieren,” 
he described a childhood abdominal tumor, suggested that the tumor was of neural 
origin, and diagnosed it as a “glioma” [6]. Dalton, in 1885, was the first to publish a 
case with such microscopic detail that we can confidently diagnose it as a neuroblas-
toma, despite his diagnosis of “lymphosarcoma” [7]. Interestingly, it was Dalton, and 
not James Homer Wright (see below), who first gave attention to neurites and the 
neuroblastic rosette, writing that “cells are mingled with a peculiar finely-granular 
and, in places, perhaps slightly fibrillated substance. In some places the round cells 
are scattered uniformly through this material; in others they are arranged around the 
borders of a small mass of it, something like the nuclei of a giant cell” [7, 8].

Six years after Dalton, the German pathologist Felix Marchand contributed to 
our understanding of neuroblastoma by observing that neuroblastoma cells were 
histologically similar to developing cells of the fetal sympathetic ganglia and more-
over suggesting that mature ganglion cells develop from the more undifferentiated 
tumor cells [9]. However, the theory that neuroblastomas arose from sympathetic 
neural precursors (neuroblasts) was not universally accepted, with many still believ-
ing the tumors to be sarcomas or holding to Virchow’s original idea of glial origin. 
It was James Homer Wright, director of pathology at Massachusetts General 
Hospital, who effectively disposed of both the sarcoma and glial origin theories. In 
his 1910 landmark paper “Neurocytoma or neuroblastoma, a kind of tumor not gen-
erally recognized,” he described and illustrated histologic features of twelve cases 
he personally observed or studied from the literature. Wright championed the neu-
roblastic lineage theory of origin by emphasizing that (1) the fibrillar material did 
not stain like neuroglia or collagen, (2) tumor cells associated with neuropil had 
similar morphology to sympathetic nervous system/adrenal medulla precursors, and 
(3) tumor architecture often mimicked the architecture of the sympathetic nervous 
system at various stages of development [10]. He provided a detailed description of 
the neuroblastic rosettes, which had been previously described by Dalton and others 
[7, 11], and due to the greater impact of his paper, these henceforth became known 
as Homer Wright “pseudo” rosettes. Wright was also the first to use the term “neu-
roblastoma” to describe these tumors [8].
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Following Wright’s influential paper, a flurry of manuscripts provided support 
for the embryonic sympathetic neuroblast origin of neuroblastoma, tracing transi-
tional forms between neuroblasts and mature ganglion cells [12–14]. In 1913, 
Herxheimer, using silver impregnation techniques, demonstrated that neuropil in 
neuroblastoma was composed of primitive nerve fibers arising from tumor cells 
[15]. Building upon observations of others that these tumors often had mixed histol-
ogy, with both malignant neuroblastic and benign ganglioneuromatous components, 
Robertson in 1915 suggested the term ganglioneuroblastoma to include mixed types 
with large amounts of embryonic tissue [16].

The relationship between neuroblastoma and ganglioneuroma was further eluci-
dated by Cushing and Wolbach in 1927, with their description of an extradural neu-
roblastoma that, over a period of 10 years, matured into a benign ganglioneuroma 
[17]. That tumor, extensively sampled, showed no evidence of any residual malig-
nant neuroblastic component. Wolbach described it as solely composed of ganglion 
cells, Schwann cells, and “capsular” or fibroblastic cells. Although the initial tumor 
was treated with Coley’s (bacterial) toxins, a standard treatment at the time, the 
authors could not ascribe the tumor’s maturation to treatment effect. By 1940, the 
relationship between the forms of peripheral neuroblastic tumors was firmly estab-
lished, and, as described by Willis, “every ganglioneuroma must have begun as a 
neuroblastoma, and every nerve cell tumour which is still growing, however mature 
most of its cells, must still contain immature neuroblasts, i.e. must be a ganglioneu-
roblastoma” [1].

Concurrent with increased knowledge of the histologic and embryologic under-
pinnings of neuroblastomas and ganglioneuromas came better understanding of 
clinical behavior. As early as 1910 and 1917, the propensity of neuroblastoma to 
cause massive liver involvement in infants (Pepper syndrome) [18] and to metasta-
size to the orbits and skull (Hutchinson syndrome) [19] was described. The first half 
of the twentieth century also saw vast improvements in surgical techniques, as well 
as the introduction of ancillary diagnostic testing techniques for neuroblastoma, 
such as urine catecholamine metabolite analysis, first described in 1957 [20]. This 
period also saw the introduction of modern chemotherapy and radiation therapy 
techniques. Despite these advances, it was not until the second half of the century 
that histologic grading began to be applied for prognostic purposes. In 1968, 
Beckwith and Martin proposed a four-tier grading system, ranging from Grade I 
(predominantly differentiated) to Grade IV (undifferentiated). Despite a limited 
dataset gleaned from one institutional tumor registry, they were able to recognize 
that differentiation played an important part in prognosis, but were still unable to 
fully account for the more favorable outcome in infancy [21].

The next 15 years witnessed advances in the understanding of neuroblastoma 
biology, including the establishment of the first staging system and elucidation of 
Stage 4S neuroblastoma, as well as the first observations of neuroblastoma cytoge-
netics, with descriptions of gene amplification, chromosome 1p deletions, and dis-
covery of the MYCN oncogene. However, it was not until 1984 that a histopathology 
classification schema that correlated well with clinical behavior was introduced by 
Shimada and colleagues [22]. In 1999, the International Neuroblastoma Pathology 
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Classification (INPC), based upon Shimada system, was established, and it is this 
system which is still in use for neuroblastoma grading. As described in greater detail 
later in the chapter, the INPC subdivides tumors into either favorable or unfavorable 
categories, based upon patient age on diagnosis, degree of neuroblastic differentia-
tion, content of Schwannian stroma, and mitosis-karyorrhexis index [5, 23].

With the advent of the age of “personalized” medicine in the last few decades, 
pathologic evaluation of neuroblastomas, as with many other tumor types, has broad-
ened to include molecular analysis. Careful histopathologic characterization remains 
critically important, but can no longer be considered sufficient. Interrogation of MYCN 
amplification status and ploidy has been a standard since the 1980s, and more recently 
molecular diagnostics has opened avenues to novel therapies, an example being the 
discovery of ALK as the main familial neuroblastoma gene [24, 25]. So, while the 
modern pathologist dealing with a neuroblastoma still uses many of the same nine-
teenth-century tools of Virchow, he or she must also be prepared to carefully triage 
and preserve valuable tumor tissue for twenty-first-century molecular studies.

4.3  Pathology Diagnosis

4.3.1  Tumor Sampling/Handling

At the time of biopsy/surgery, it is critical to secure enough material for histologi-
cal examination, so that pathologists are able not only to make the correct diagno-
sis but also to classify the individual cases into Favorable Histology Group or 
Unfavorable Histology Group (please see Sect. 4.4). To determine the molecular 
characteristics of a given tumor, it is important to save snap-frozen material. 
Making touch preparations is also recommended for MYCN and other analyses, 
such as segmental chromosomal losses/gains, by means of the FISH (fluorescence-
based in situ hybridization) method.

4.3.2  Differential Diagnosis

It is beyond the scope of this chapter to describe the molecular tests used for the 
differential diagnosis of soft tissue tumors in general in the pediatric age group. 
For practical purposes in routine surgical pathology, immunohistochemical stains 
can be utilized to support/confirm the diagnosis of neuroblastoma. Historically, 
many laboratories used neuronal markers (NSE, PGP9.5, synaptophysin, chromo-
granin, CD56, etc.) and so-called neuroblastoma marker (NB84). However, these 
markers are not specific/reliable for neuroblastoma diagnosis. For example, these 
neuronal markers are positive for tumors of neuronal phenotype, such as Ewing/
PNET. On the other hand, markers for neural crest tumors with neuronal and neu-
roendocrine differentiation, which include TH (tyrosine hydroxylase; cytoplasmic 
stain) and Phox2b (nuclear stain), are more specific for neuroblastoma diagnosis 
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[26–28]. Of these two neural crest markers, Phox2b is more stable and can be used 
for the staining of bone and bone marrow samples after decalcification [29]. 
Furthermore, Phox2b is more sensitive than TH, and is positive for all neuroblas-
tomas, including the undifferentiated subtype [29, 30]. In contrast, in some tumors 
of the undifferentiated subtype, TH is positive only in sporadic cells, or may even 
be negative. It should be noted that both Phox2b and TH are positive for neural 
crest tumors of neuroendocrine differentiation, i.e., pheochromocytomas and para-
gangliomas [30]. It is also important to note that neuroblastomas are usually nega-
tive for muscle markers, lymphoma markers, keratins, and CD99. However, rare 
neuroblastomas can be positive for vimentin, and even for desmin.

4.4  International Neuroblastoma Pathology  
Classification (INPC)

The International Neuroblastoma Pathology Classification (INPC), which classifies 
individual cases into Favorable Histology Group or Unfavorable Histology Group, 
is applied only to tumor specimens obtained before chemotherapy/irradiation ther-
apy is started [5, 23]. After chemotherapy, tumor samples, especially of biologically 
unfavorable cases, show acute chemotherapy effects, such as large areas of necrosis 
and extensive hemosiderin deposition. Cytological/morphological changes of the 
tumors after chemotherapy, which could mainly represent epigenetic phenomena, 
are often unreliable in predicting the clinical behaviors of individual tumors. 
However, we should conduct further study on recurrent tumors, since they could 
demonstrate different genetic/molecular characteristics from those detected at the 
time of diagnosis due possibly to clonal selection/evolution or long-term therapy 
effects during the individual clinical courses.

4.4.1  Histological Categories and Subtypes

The International Neuroblastoma Pathology Classification distinguishes four cate-
gories in this group of tumors. The first three categories, i.e., Neuroblastoma 
(Schwannian stroma-poor), Ganglioneuroblastoma, Intermixed (Schwannian 
stroma-rich), and Ganglioneuroma (Schwannian stroma-dominant), represent the 
morphologically defined maturational sequences according to the grade of neuro-
blastic differentiation and the degree of Schwannian stromal development [5, 23, 
31]. We believe that all ganglioneuromas were once neuroblastomas in their early 
stage of tumor development. Tumor maturation from Neuroblastoma to 
Ganglioneuroma is prompted by the “cross-talk” supported by various signaling 
pathways, including TrkA/NGF signaling and Nrg1/ErbB signaling [32–34], 
between neuroblasts and Schwannian stromal cells. The fourth category is 
Ganglioneuroblastoma, Nodular (composite, Schwannian stroma-rich/stroma- 
dominant and stroma-poor), which is defined as multi-clonal tumor.
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 1. Neuroblastoma (Schwannian stroma-poor)—NB: Tumors in this category 
include three subtypes: undifferentiated, poorly differentiated, and differentiat-
ing. NBs are characterized by the typical growth pattern of neuroblastic cells, 
which form groups or nests demarcated by thin fibrovascular stromal tissue 
septa. In these tumors, no or limited (<50% of tumor tissue) Schwannian cell 
proliferation/development is observed.
 (a) Neuroblastoma, undifferentiated (NB-UD) subtype is rare and supplemen-

tary procedures, such as immunohistochemistry and/or molecular tests, are 
required in order to establish the diagnosis. As mentioned above, positive 
Phox2b immunostaining can be useful to support the diagnosis. The prolif-
erating cells are uniformly primitive, without clearly recognizable neurite 
formation (Fig. 4.1a). NB-UD is often associated with biologically unfavor-
able indicators, such as MYCN oncogene amplification, diploid pattern, and/
or 1pLOH.

 (b) Neuroblastoma, poorly differentiated (NB-PD) subtype is the most common 
histological form among the peripheral neuroblastic tumors, and is com-
posed of neuroblasts which display varying amounts of neurite production, 
with or without Homer Wright rosette formation. It is important to note that 
neurites are not “stroma,” but are cytoplasmic extensions from the tumor cell 
bodies. By definition, less than 5% of tumor cells have cytomorphological 
features of differentiating neuroblasts [see (c) NB-D]. Neuroblasts in this 
subtype are often described as having “salt-and-pepper” (sprinkles of het-
erochromatin and a few inconspicuous nucleoli) nuclei (Fig. 4.1b). It should 
be noted, however, that some tumors in this subtype, and more in the undif-
ferentiated subtype, show the presence of one to few prominent nucleoli 
(nucleolar hypertrophy), especially when the MYCN oncogene is amplified 
(Fig. 4.1c).

 (c) Neuroblastoma, differentiating (NB-D) subtype is often characterized by 
the presence of abundant neurites. By definition, more than 5% of tumor 
cells in this subtype have an appearance of differentiating neuroblasts 
(Fig. 4.1d). These differentiating neuroblasts are defined by synchronous 
differentiation of both the nucleus (enlarged, eccentrically located with a 
vesicular chromatin pattern and usually a single prominent nucleolus) and 
the cytoplasm (eosinophilic/amphophilic with a diameter of twice that of 
the nucleus, or more). Nissl substance can be seen in the periphery of the 
cytoplasm.

 2. Ganglioneuroblastoma, Intermixed (Schwannian stroma-rich)—GNB-I: This is 
a transitional form between Neuroblastoma and Ganglioneuroma. Tumors in this 
category have a ganglioneuromatous appearance, but contain well-defined 
microscopic nests of neuroblastic cells whose neuritic processes around their 
cell bodies are still naked and not covered with Schwannian stromal cells. These 
nests are composed of a mixture of neuroblastic cells in various stages of dif-
ferentiation, often dominated by differentiating neuroblasts (Fig.  4.1e). Some 
apoptotic cells may also be seen in the nests. The nests are intermixed or ran-
domly distributed in the ganglioneuromatous tissue, i.e., Schwannian stroma 
containing individually embedded ganglion cells. By definition, more than 50% 
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Fig. 4.1 Histological features of peripheral neuroblastic tumors: Neuroblastoma, undifferentiated 
subtype (a); Neuroblastoma, poorly differentiated subtype (b, inset—Homer Wright rosette); 
MYCN-amplified neuroblastoma showing an appearance of poorly differentiated subtype with a 
high mitosis-karyorrhexis index (c, inset—neuroblasts with nucleolar hypertrophy); Neuroblastoma, 
differentiating subtype (d, inset—high-power view of differentiating neuroblasts); 
Ganglioneuroblastoma, Intermixed (e); Ganglioneuroma (f); and Ganglioneuroblastoma, Nodular 
(g, inset—ganglion cells in ganglioneuromatous component)
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of tumor tissue should have a ganglioneuromatous appearance with Schwannian 
proliferation/development (Schwannian stroma-rich) in this category. Otherwise, 
the tumor should be called Neuroblastoma (Schwannian stroma-poor). GNB-I is 
regarded as one step behind of the final tumor maturation (Ganglioneuroma—
GN; see below), and both GNB-I and GN invariably display a biologically and 
clinically benign behavior [35, 36].

 3. Ganglioneuroma (Schwannian stroma-dominant)—GN: Tumors in this category 
are characterized by the presence of individually distributed ganglion cells in 
Schwannian stroma (Fig. 4.1f). Since the neuritic processes produced by these 
ganglion cells are immediately incorporated into the cytoplasm of Schwannian 
stromal cells, there are no recognizable naked neurites without Schwannian cov-
erage. Two subtypes, maturing and mature, are included in this category. The 
maturing subtype contains both maturing and mature ganglion cells, whereas the 
mature subtype contains only mature ganglion cells covered with satellite cells. 
The stromal portion is usually well organized and shows a fascicular profile of 
Schwann cells bundled with perineurial cells.

 4. Ganglioneuroblastoma, Nodular (composite, Schwannian stroma-rich/stroma- 
dominant and stroma-poor)—GNB-N: The term “composite” implies that the 
tumor in this category is made up of biologically different histological compo-
nents (clones). Tumors are characterized by the presence of grossly visible, often 
hemorrhagic and/or necrotic, NB nodule(s) (stroma-poor component), co- 
existing with GNB-I (stroma-rich component) or with GN (stroma-dominant 
component) (Fig. 4.1g).

4.4.2  Prognostic Grouping (Favorable Histology vs. Unfavorable 
Histology)

The INPC classifies two prognostic groups, Favorable Histology Group and 
Unfavorable Histology Group (Fig.  4.2) [5, 23, 31, 37]. In order to distinguish 
these two groups, each tumor is evaluated and placed either within or outside an 
age- appropriate framework defined by morphological indicators. Morphological 
indicators used in this classification are tumor differentiation/maturation and 
mitotic and karyorrhectic activities. With regard to tumor differentiation/matura-
tion, the categories and subtypes described above are utilized. Another morpho-
logical indicator, mitotic and karyorrhectic activities of neuroblastic cells, is 
applied only to tumors in the NB category [38]. On the basis of these activities, 
each NB tumor is assigned to one of three MKI (mitosis-karyorrhexis index) 
classes: Low (<100/5000 cells), Intermediate (100–200/5000 cells), and High 
(>200/5000 cells). Determination of MKI class is based on averaging the activities 
by counting mitotic and karyorrhectic cells in multiple representative microscopic 
fields. In other words, MKI class is not determined by counting the activities from 
the hottest, i.e., most condensed, fields. Cells with nuclear fragmentation (i.e., 
karyorrhectic) are included in the counting, while simply hyperchromatic (darkly 
stained) nuclei are not included.
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 1. Favorable Histology Group: Tumors in the Favorable Histology Group can fit 
into an age-appropriate framework and display differentiation/maturation from 
NB-PD to NB-D, then to GNB-I, and finally to GN, as a result of the “cross-talk” 
between tumor cells and Schwannian stromal cells. In order to observe tumor 
differentiation/maturation, however, a certain period of time, i.e., in vivo latent 
period, seems to be required in each phase. The INPC defines two critical time 
points: “up to 18 months” from NB-PD subtype to NB-D subtype and “up to 
60 months” to GNB-I or GN.  In other words, even though the tumors in the 
Favorable Histology Group have a potential of differentiation/maturation, they 
follow the age-appropriate framework. Accordingly, (1) patients <18 months of 
age on diagnosis with NB-PD, (2) patients <60 months on diagnosis with NB-D, 
and (3) all GNB-I and GN (usually diagnosed in older children and young adults) 
fall into the Favorable Histology Group with an excellent prognosis [35, 36]. The 
prognostic implications of MKI are also age-dependent: (1) Low MKI tumors in 
patients <60 months of age on diagnosis, and (2) Intermediate MKI tumors in 
patients <18  months of age on diagnosis come within the framework of the 
Favorable Histology Group.

GNB-I and GN tumors are generally well circumscribed. However, micro-
scopic examination may disclose the presence of Schwannian stromal compo-
nent in an “infiltrative” interface with the peri-tumoral tissues or in the inked 

Neuroblastoma Age at Diagnosis
(Schwannian stroma-poor)

Subtype MKI <18 months
18–60
months

≥60 months

Undifferentiated Low
Intermediate
High

Poorly differentiated Low
Intermediate
High

FH**
FH**

Differentiating Low
Intermediate
High

FH**
FH**

Ganglioneuroblastoma, Intermixed Favorable
Histology(Schwannian stroma-rich)***

Ganglioneuroma Favorable
Histology(Schwannian stroma-dominant)***

Ganglioneuroblastoma, Nodular
(composite, Schwannian stroma-rich/
stroma-dominant and stroma-poor)

UH*

UH*

UH

Favorable Histology
Unfavorable Histology****

Fig. 4.2 International Neuroblastoma Pathology Classification: ∗UH (black areas in 
Neuroblastoma category) = Unfavorable Histology; ∗∗FH (white areas in Neuroblastoma cate-
gory)  =  Favorable Histology; ∗∗∗Ganglioneuroblastoma, Intermixed and Ganglioneuroma are 
usually diagnosed in older children and young adults and associated with an excellent prognosis; 
∗∗∗∗Prognosis of Ganglioneuroblastoma, Nodular depends on the characteristics of neuroblas-
toma nodule (please see the text)
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surgical margins. Furthermore, clear and complete resection of those tumors in 
the para-vertebral location is not feasible due to direct adhesion to the vertebral 
bodies. As long as more than 95% of tumor mass is resected and no grossly vis-
ible NB nodule formation is observed, the case is evaluated GNB-I or GN in the 
Favorable Histology Group and has an excellent prognosis [36].

 2. Unfavorable Histology Group: Tumors of the NB-UD subtype in any age group, 
tumors of the NB-PD subtype in patients over 18 months of age, and tumors of 
the NB-D subtype in those over 60 months of age are considered to have no or 
limited differentiating potential: they are outside the age-appropriate framework. 
Moreover, High MKI NB tumors in any age group, Intermediate MKI tumors 
≥18 months of age at diagnosis, and Low MKI tumors ≥60 months of age at 
diagnosis are also outside the framework. A significant correlation between 
MYCN amplification and High MKI has been reported in NB tumors [39, 40]. 
Those tumors with morphology indicators outside the frame are assigned to the 
Unfavorable Histology Group.

While tumors in the GNB-I and GN category are always assigned to the 
Favorable Histology Group [23, 35, 36], tumors in the GNB-N category are clas-
sified as belonging to either the Favorable Histology Group or the Unfavorable 
Histology Group, according to the characteristics of the NB nodule(s) [31]. For 
this purpose, the same criteria of age-linked evaluation of the grade of neuroblas-
tic differentiation and the MKI class that are utilized for the prognostic distinc-
tion of NB tumors are applied to the NB nodule(s) in GNB-N. It should be noted 
here that reaching the correct diagnosis of GNB-N is often difficult on biopsy or 
partial tumor resection, since the NB nodule could be hidden and not sampled for 
pathology examination. In such situations, it is advisable to add the disclaimer 
“Based on Review of Limited Material” in the diagnosis line after “GN or GNB- 
I, Favorable Histology” in the surgical pathology report and to initiate discussion 
with the oncology team in order to look for possible hidden NB nodules. A hid-
den NB nodule may be hemorrhagic/necrotic and MIBG-avid, hence potentially 
identifiable by imaging study. The nodule can constitute a source of highly ele-
vated serum/urinary VMA/HVA levels and even metastasize to the bone marrow 
or other sites. We have experienced multiple occasions of diagnosis change from 
GNB-I/GN to GNB-N after additional biopsy/surgery or even needle biopsy tar-
geting the nodular lesion with help from radiologist colleagues.

4.4.3  Age Factor in Neuroblastoma

In neuroblastoma, the patient’s age at diagnosis is one of the prognostic indicators. 
In the past, 1 year of age was used as the cut-off for distinguishing between groups 
with better (<356 days) and worse (≥365 days) prognosis. London et al. reported 
that (1) the prognostic contribution of age to the clinical outcome is continuous in 
nature: whichever age cut-off is adopted, survival rate of younger patients is always 
better than that of older patients, and (2) there is statistical evidence of an age cut- 
off greater than 1 year for risk stratification [41]. The COG is now in the process of 
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raising the cut-off for prognostic distinction from 1 year (365 days) to 18 months 
(548 days). The age factor should be regarded as a surrogate for other genetic/bio-
logic risk markers. The INPC already has a built-in age cut-off of 18 months, and 
Sano et  al. demonstrated that the INPC was able to add independent prognostic 
information beyond the prognostic contribution of age [42]. In other words, the 
INPC clearly distinguishes two prognostic groups (Favorable Histology Group and 
Unfavorable Histology Group, the former identifying significantly better prognosis 
than the latter) in different age groups, such as < vs. ≥12 months (365 days), < vs. 
≥18 months (548 days), and < vs. ≥24 months (730 days) of age at diagnosis.

4.5  Bone Marrow Involvement in Neuroblastoma

At the time of diagnosis, about 50% of peripheral neuroblastic tumors present with 
metastatic disease, and bone marrow (BM) is the most common site (70.5%) of 
tumor spread [43]. Moreover, it is a frequent site of disease recurrence. The BM 
tissue includes many different cell types: they are both stromal cells and hematopoi-
etic cells. Factors that are released by these cells may play an important role in the 
“homing” of NB cells to the BM by creating a microenvironment favorable to the 
metastatic process [44]. These factors may include clusterin [45], the proto- 
oncoprotein c-myb, the PRAF2 oncogene [46, 47], vascular endothelial growth 
factor-B, and the X-linked inhibitor of apoptosis [48]. Mesenchymal stem cells 
(MSCs) are reported to show transcriptional upregulation of IL-6 production, fol-
lowing collaborative interaction with a galectin protein (Gal-3) secreted by NB cells 
in the BM microenvironment [49]. Recent studies have also shown that 
BM-infiltrating NB cells display up- or downregulation of various proteins, causing 
difficulty in patient management. Upregulated proteins include B7H3, CD56, c-Kit, 
HLA-G, and calprotectin [50, 51], and downregulated proteins include CXCL12 
and other immune-regulating proteins [52].

BM involvement by NB cells at disease onset is well known to have an adverse 
prognostic effect. The persistence of NB cell infiltration in the BM throughout the 
course of the disease and after treatment is also predictive of poor outcome [53, 54]. 
The presence of NB cells in the BM is usually detected by means of imaging tech-
niques, including 123I-metaiodobenzylguanidine (MIBG) scintigraphy, and by mor-
phological examination. For many years, the cytology of BM aspirates and the 
histology of trephine biopsies have constituted the gold standard for the assessment 
of neuroblastoma disease [43, 55, 56]. However, these methods have limited sensi-
tivity, especially when the NB cell population is <10% of background cells, and 
could seriously underestimate the prevalence of BM infiltration [57]. Alternative 
and more sensitive methods of analyzing BM infiltration by NB cells have been 
developed in the last decade, and their potential prognostic value has been the sub-
ject of various investigations. These techniques are the flow cytometry evaluation of 
whole BM aspirates, the immunocytochemistry of BM mononuclear cells (MNCs), 
and the molecular analysis of whole BM aspirates [58] by qualitative or quantitative 
reverse transcriptase polymerase chain reaction (RT-PCR) [60].
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With regard to flow cytometry, this method has been used to quantify NB cell 
content in BM aspirates. However, since the need to analyze large numbers of cells 
reduces its sensitivity, this approach is not currently recommended in the clinical 
setting [58]. The most significant improvement in the sensitivity and specificity of 
NB cell detection in BM aspirates is offered by immunocytology (IC) and quantita-
tive Reverse Transcription Polymerase Chain Reaction (qRT-PCR), which have 
proved able to detect a single neuroblastoma cell among one million (106) normal 
cells. Most importantly, the quantitative approach provided by these two methods 
has shown that the percentage of NB cells detected either by IC or qRT-PCR in BM 
is predictive of outcome.

In 2017, an article entitled “Recommendations for the Standardization of Bone 
Marrow Disease Assessment and Reporting in Children with Neuroblastoma on 
Behalf of the International Neuroblastoma Response Criteria Bone Marrow Working 
Group” [57] presented detailed guidelines for collecting and analyzing BM samples 
in neuroblastoma. It should be noted that these are designed mainly for the evalua-
tion of the response of BM disease during the clinical course of NB patients. These 
recommendations are briefly summarized below:

4.5.1  Sample Collection for Testing

Representative bilateral core needle biopsies for histology/immunohistochemistry 
(IHC) and bilateral bone marrow aspirates for cytology, IC, and qRT-PCR are taken 
from all children at the time of diagnosis and, in high-risk children, at the time of 
response assessment at the end of induction therapy. In very young or small infants, core 
needle biopsies are not recommended, as the size and quality of the biopsy is unlikely to 
be adequate for analysis. When there is insufficient aspirate to complete all analyses, the 
priority for investigations is cytology, followed by qRT-PCR, and, finally, IC.

4.5.2  Trephine Biopsies

The recommendation is to report the estimated percentage areas occupied by tumor 
cells in marrow spaces, in order to minimize the errors that arise when the number 
of hematopoietic cells (background or denominator of non-NB nucleated cells) is 
reduced (hypoplastic marrow) after chemotherapy. Tumor histology should be clas-
sified as undifferentiated, poorly differentiated, or differentiating subtype (Fig. 4.3a, 
b). In rare cases, metastatic tumors may display ganglioneuromatous maturation. 
MKI class is not evaluated in the BM sample, since the amount of tumor tissue is 
usually insufficient for determination, and mitotic and karyorrhectic activities are 
not always the same as those seen in extra-BM tumor tissue in the same patient.

Although it is generally accepted that NB cells can be identified more accurately 
in BM biopsies than in aspirates, it is recommended that analysis of both should be 
performed in order to achieve the most accurate interpretation of BM disease. 
Besides H&E staining, IHC with at least two antibodies should be performed in 
order to detect NB cells in the biopsy specimen. With regard to the IHC test, it is 
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strongly recommended that anti-Phox2b antibody be used for NB cell detection 
(please see Fig. 4.3a, inset). A BM biopsy is regarded as negative for tumor in the 
absence of NB cells after reviewing both H&E and IHC slides.

In reporting the results of BM trephine biopsy analysis, a threshold of 5% BM 
infiltration is considered to be the attainable level of reliable tumor detection. A new 
category of minimal disease is defined by the presence of BM infiltration ≤5%. 
Cases falling into this category may hopefully benefit from the timely introduction 
of emerging therapies that may prove effective in the long term.

4.5.3  Immunocytology (IC)

It should be stressed that, in order to reach a sensitivity of one neuroblastoma cell in 
1 × 106 MNCs, IC should be reported on 3 × 106 MNCs per aspirate, using a mono-
clonal anti-GD2 disialoganglioside antibody, namely, the clone 14G2a. We refer the 
reader to the published criteria for the reliable light-microscopy identification of NB 
cells on immunocytochemically stained slides (Fig. 4.4) [59, 60].

a b

Fig. 4.3 Histology of bone marrow trephine. Metastatic tumor with poorly differentiated subtype 
(a H&E stain, inset—positive nuclear stain for Phox2b, immunostain). Infiltration by differentiat-
ing neuroblasts in a post-chemotherapy sample (b H&E stain)

a b

Fig. 4.4 Immunocytology (IC) on bone marrow aspirate stained for anti-GD2. A clump of criteria- 
positive cells (a immunostain) and a single positive cell (b immunostain)
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4.5.4  Quantitative Reverse Transcription Polymerase Chain 
Reaction (qRT-PCR)

It is recommended that RNA extracted from BM aspirates taken on diagnosis be 
amplified by means of qRT-PCR for the expression of at least the neuroblastoma 
mRNAs, including tyrosine hydroxylase and Phox2b [61, 62].

Finally, BM infiltrated by NB cells is an excellent source of material for tumor 
genome analysis. For example, results of genomic profiling by SNP array for dis-
seminated NB cells in BM have been reported [63]. High-throughput mutation 
analysis using next-generation sequencing technology is suitable for formalin-fixed, 
paraffin-embedded material of various solid tumors [64, 65] and bone marrow tre-
phines [66] in NB cases. The availability of archival material from BM trephine 
biopsies from patients with metastatic NB may enormously expand the potential for 
such analyses.

4.6  Tumor Progression in Neuroblastoma

Importantly, the survival rate of the FH group is estimated to be around or over 90%, 
whereas that of the UH group has remained 50–40% or less [23, 37, 42]. This indi-
cates that at least one in two UH group patients dies from the disease, despite cur-
rent high-intensity multimodal therapy. Detailed information of clinical behaviors 
and genomic/molecular factors associated with tumor progression is provided in 
other sections, and some of the factors are briefly listed here. First of all, MYCN 
oncogene amplification has been reported to be the strongest indicator of aggressive 
neuroblastoma progression [67]. MYCN amplification also causes genetic instabil-
ity in NB cells, leading to secondary genetic aberrations at the chromosomal level. 
Some of these aberrations may further support tumor progression and metastasis 
[68]. Apart from MYCN amplification, other chromosomal alterations in NB cells, 
such as loss of chromosome 1p, 3p, or 11q and the unbalanced gain of chromosome 
17q, appear to promote tumor progression and increase the metastatic potential of 
NB cells [69–72]. Overexpression of TrkB, whose preferred ligand is the brain- 
derived neurotrophic factor, is reported to upregulate several matrix metalloprotein-
ases (MMPs) and serine proteases, such as urokinase and tissue plasminogen 
activators. These proteases contribute to the invasiveness of NB cells by degrading 
the extracellular matrix [73].

4.7  New Directions of Neuroblastoma Pathology Research

New innovative therapeutic approaches are needed for those in the UH group. To 
address this problem, we have been attempting to identify the expression of 
potentially drug-targetable proteins that appear to lay the foundation for the 
aggressive behavior of certain neuroblastomas existing in the UH group. We are 
aiming to refine the current INPC by incorporating immunohistochemical 
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detection/evaluation of these target proteins and to develop a more precise sys-
tem of pathology classification for future patient stratification and protocol 
assignment.

4.7.1  Potential “Actionable/Druggable” Targets 
in Neuroblastoma

 1. ALK (anaplastic lymphoma kinase) overexpression: ALK is a receptor tyrosine 
kinase and expressed in the developing sympathoadrenal lineage of the neural 
crest. In neuroblastoma, mutations in the ALK gene account for the majority of 
familial neuroblastoma cases [25]. ALK mutations/overexpression and amplifi-
cation are also found in around 10% of sporadic neuroblastoma cases [74, 75]. 
ALK abnormalities (mutations and amplification) resulting in its protein overex-
pression seem to cause dysregulation of multiple pathways, including the PI3K, 
AKT, MEKK3, and MEK5 signaling transduction pathways, allowing uncon-
trolled proliferation of neuroblasts [76]. In addition, ALK gene amplification and 
F1174 mutations, which are among the most active forms of the mutations in 
in vitro assay, are associated with MYCN amplification [77]. However, the prog-
nostic significance of ALK mutations/overexpression has been controversial, and 
although ALK protein overexpression can be associated with neuroblastoma 
aggressiveness, it may not be an independent prognostic factor. Passoni et al. first 
reported immunohistochemical detection of ALK protein in neuroblastoma, and 
higher levels of the expression were associated with adverse outcome of the 
disease in 2009 [78]. However, Regairaz M et al. later showed that the expression 
of ALK and its active form pALK were observed immunohistochemically in 
many neuroblastomas independently from ALK mutation/amplification [79].

 2. MYC family protein overexpression: MYCN oncogene is considered a major 
oncogenic driver of neuroblastoma. MYCN amplification is seen in approxi-
mately 20% of all neuroblastomas, and the vast majority of MYCN-amplified 
tumors overexpress MYCN protein. Notably, MYC (aka C-Myc) protein overex-
pression is not associated with MYCN amplification and is observed in ~10% of 
all neuroblastomas. Since MYC oncogene amplification seems extremely rare in 
neuroblastoma [80], further studies are indicated to determine the mechanism(s) 
of MYC protein overexpression in this disease [81]. Apparently, MYCN/MYC- 
MAX protein heterodimers both activate downstream molecular targets through 
binding to E-box sequences, which consequently leads to aggressive tumor 
growth. Indeed, patients with neuroblastomas expressing immunohistochemi-
cally detectable and higher level of MYC family protein (MYCN and MYC) 
expression exhibit dismal outcome, and therefore we have defined these neuro-
blastomas as “MYC family-driven neuroblastomas.” Histologically, these neuro-
blastoma cells often show prominent nucleolar formation (nucleolar hypertrophy) 
[82], which is indicative of hyperactive rRNA synthesis and protein translation 
(Fig.  4.5a, b). The extreme form of the “MYC family-driven neuroblastoma” 
displays large cell appearance with bull’s-eye-like vesicular nuclei containing 
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one to few very prominent nucleoli [83] (Fig. 4.5c–e). Large cell neuroblastoma 
is also reported to express augmented stem cell markers [84].

 3. Telomere maintenance aberrations: In addition to the fact that MYC family 
protein overexpression is the driver of unfavorable and therapy-resistant 
 neuroblastomas, recent studies have shown that telomere maintenance aber-
rations may account for additional mechanisms that drive therapy-resistant 
neuroblastomas [85–87]. Telomere maintenance and elongation could 
prevent neuroblasts from replication senescence and cellular death due to 
telomere erosion. Accordingly, neuroblasts could acquire infinite proliferating 
capability.
 (a) Telomere elongation by increased TERT (telomere reverse transcriptase) 

activity:
Using immunohistochemical assays, we can identify tumors overexpress-

ing TERT (Fig. 4.6a, b) in both MYC family protein-driven and non-MYC 
family protein-driven neuroblastomas in any age groups [88]. These obser-
vations suggest that there are multiple mechanisms for upregulation of TERT 
expression; it can be associated with MYCN/MYC protein overexpression, 
TERT rearrangements, or rare promoter hypermethylation [85, 86, 89].

a

c d e

b

Fig. 4.5 MYC family-driven neuroblastomas: MYC protein overexpressing neuroblastoma (a 
H&E stain, inset—neuroblasts with nucleolar hypertrophy. b immunostain for MYC protein); 
large cell neuroblastoma (c H&E stain, inset—neuroblasts with vesicular nuclei and prominent 
nucleoli. d immunostain for Phox2b. e immunostain for MYCN protein)
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 (b) Alternative lengthening of telomere (ALT) by ATRX (alpha-thalassemia/
mental retardation syndrome X-linked) loss: ATRX mutations are reported in 
older children with neuroblastoma (>5 years of age at diagnosis) who have a 
very poor prognosis [88]. These tumors are almost exclusively found in non- 
MYC family protein-driven neuroblastomas with Unfavorable Histology. 
Most of the tumors with ATRX mutations show the ALT phenotype [90]. 
ATRX mutations causing loss of ATRX expression can easily be detected by 
immunohistochemistry (Fig. 4.6c, d). It has also been reported that there are 
very rare neuroblastomas with DAXX mutations, which can also cause ALT 
as well [91].

 4. Proposed subgroups of Unfavorable Histology neuroblastoma for “precision 
medicine”: As we are gaining additional knowledge about the potential molecu-
lar targets that underlie the therapy-resistant phenotypes in Unfavorable 
Histology neuroblastoma, incorporating such information into the INPC may 
support “precision prognosis and therapy stratification.” By using three (or four) 
immunohistochemical stains with anti-pan-MYC antibody (or anti-MYCN and 
anti- MYC), anti-TERT antibody, and anti-ATRX antibody, we are planning to 
classify Unfavorable Histology neuroblastomas into four subgroups. On the 

a b

c d

Fig. 4.6 Neuroblastomas with telomere maintenance aberration: Neuroblastoma with 
(a immunostain) or without (b immunostain) TERT (telomerase reverse transcriptase) overex-
pression. Neuroblastoma with ATRX (alpha-thalassemia/mental retardation syndrome 
X-linked) loss (c immunostain) or ATRX retained (d immunostain)—note ATRX is retained in 
the endothelial cells
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basis of the proposed sub-grouping (Table 4.1), it is expected that non-respond-
ers (MYC, TERT, and ALT subgroups) to the current high-intensity multimodal 
therapy could be identified and separated from the responders (Null subgroup) 
with a high probability, prior to the initiation of therapy. Accordingly, the next 
question would be: “What therapeutic options could be available for the non-
responder subgroups?” In the following, we will address some of these issues.

4.7.2  Molecular Targeting Therapies for Unfavorable Histology 
Neuroblastoma Resistant to the Current Therapy

Mutually exclusive relationships likely exist among MYC family protein overex-
pression, ATRX loss leading to ALT, and TERT overexpression due to TERT gene 
rearrangements, which constitute the vast majority of therapy-resistant and 
Unfavorable Histology tumors. Thus, targeted therapies against MYC family pro-
teins, TERT, and ALT should improve the outcome of therapy-resistant tumors.

 1. Targeting of MYC family-driven neuroblastoma. In order to develop treatment 
strategies for the “MYC family-driven neuroblastomas,” new targets and poten-
tial therapeutic agents should be clearly defined. However, direct targeting of 
MYC family proteins with small molecules has turned out to be a highly formi-
dable task [92]. Hence, many have sought indirect approaches to downregulate 
MYC family protein expression in cancer cells. The strategies currently under 
consideration include, but are not limited to, transcriptional repression of MYCN/
MYC genes by BET bromodomain inhibitors [93, 94] and CDK (cyclin- 
dependent kinase) inhibitors [95, 96] or destabilization of MYCN by Aurora 
kinase A inhibitors [97].

We have recognized that Unfavorable Histology tumors with high levels of 
MYC family protein expression tend to exhibit hypertrophic nucleoli [82], indicat-
ing that the tumor cells are highly active in rRNA synthesis and protein translation. 
Small molecule inhibitors, including CX-5461 (a potent RNA Pol I inhibitor) and 
halofuginone (a potent protein translation inhibitor) could  therefore effectively tar-
get these pathophysiological features. As we have shown, these inhibitors in fact 
downregulate MYC family protein expression in neuroblastoma cells [98].

 2. Targeting of TERT-overexpressing neuroblastoma: TERT is the protein compo-
nent of telomerase, which also includes TERC (telomerase RNA component). 
For those patients with TERT-overexpressing neuroblastoma, telomerase inhibi-
tors can be considered. Imetelstat (GRN163L) [99] potently and specifically 
inhibits telomerase by binding with high affinity to TERC.  Interestingly, 
sorafenib has been shown to synergize with imetelstat to inhibit the growth of 
mouse xenografts of human cancer [100]. Sorafenib is a FDA-approved kinase 
inhibitor [101], but its synergistic effect with imetelstat appears to be due to the 
p21 attenuating activity [100]. Based on these observations, a combination of 
imetelstat and sorafenib may prove more efficacious than imetelstat alone in 
those neuroblastomas with elevated telomerase activity.
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 3. Targeting of ALT (alternative lengthening of telomere)-phenotype neuroblas-
toma. ALT inhibition could also be considered for those patients with neuro-
blastoma that have ATRX loss. However, because ATRX loss is due to structural 
alterations in ATRX gene [102], it would be difficult to regain the expression of 
ATRX expression in neuroblastoma. If so, is there any other way through which 
the ALT phenotype can be suppressed? To address this question, we need to 
understand the mechanism of how ATRX loss leads to ALT. It has become evi-
dent that the acquisition of the ALT phenotype utilizes the DNA replication 
stress response [103], which involves a cascade of events, including the obliga-
tory activation of ATR (Ataxia Telangiectasia and Rad3 related) kinase. 
AZD6738 is a novel potent and selective inhibitor of ATR kinase with IC50 
values of less than 1 μM in cell-based assays [104] and would effectively target 
ALT tumor cells.

4.8  Conclusions

Tumors of the neuroblastoma group are the most common extra-cranial solid 
tumors in the pediatric age group. Although many patients with neuroblastoma do 
well, those with biologically unfavorable characteristics continue to have a 
guarded prognosis. Currently, pathologists play a crucial role in the diagnosis and 
treatment of these patients by applying the International Neuroblastoma Pathology 
Classification (INPC) and identifying bone marrow involvement, as these are crit-
ical steps in assigning these patients to appropriate treatment regimens. In 
response to the challenge of treating high-risk neuroblastoma, we are prompted to 
explore a new direction of pathology research toward precise pathway-targeting 
medicine for personalized treatment options. In other words, we are shifting our 
focus from “Looking for Prognostic Factors” to “Searching for Actionable/
Druggable Targets.” In this chapter, based on our recent efforts, we propose to 
modify the INPC by incorporating the immunohistochemical status of potentially 
druggable targets, such as MYCN/MYC protein overexpression, TERT (telomer-
ase reverse transcriptase) overexpression, and ALT (alternative lengthening of 
telomere) phenotype.
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5.1  Introduction

Medical imaging plays an essential role in the management of neuroblastic tumours. 
Imaging is usually the first step for initial diagnosis and disease staging, including 
identification of image-defined risk factors (see Sect. 5.4). Imaging is used during 
percutaneous needle biopsy procedures to guide the needle tract and select the opti-
mal target areas (see Sect. 5.4). Response assessment during chemotherapy is based 
on both anatomical (tumour volume) and functional imaging (nuclear medicine). 
Imaging is used for postoperative assessment to identify potential residual disease 
and surgical complications. The treatment planning for radiation therapy that is rec-
ommended for high-risk neuroblastoma (NB) is based on imaging data. Finally, 
long-term post treatment follow-up includes recurrent imaging which should be 
adjusted to the risk of local or distant relapse.

Different imaging modalities can be employed to evaluate disease and have clini-
cal usefulness in different ways. This chapter will give insights into the workings of 
the varying imaging modalities to help the reader understand when to employ which 
modality. The goal is to improve understanding, communication and cooperation 
between paediatric surgeons, paediatric oncologists, radiation oncologists and 
radiologists.
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5.2  Imaging Modalities: Technical Aspects  
and Rational for Use

5.2.1  Plain Films

The role of conventional radiology in NB patients is limited. However, some typical 
radiological patterns should be recognized as they can reveal the disease.

In the chest, NB can manifest as an opacity or mass in the posterior mediasti-
num (Fig.  5.1a, b) and plain radiography is usually relatively sensitive for the 
detection [1]. A posterior mediastinal mass is suspected in case of disturbance of 

Fig. 5.1 A 3-year-old girl with localized chest nodular ganglioneuroblastoma (INSS stage 1, 
INRGSS L2). Chest X-ray (a, b) showing a typical right posterior mediastinal mass (arrows). 
Contrast-enhanced CT-scan (c) transverse view. The tumour (asterisks) arises from the right para-
vertebral sympathetic chain and contains stippled calcifications. It displaces anteriorly the right 
bronchus. Intraspinal epidural invasion is visible as a thin enhanced crescent (arrowhead). MIBG 
scan (d) shows tumour uptake (arrow) without distant metastasis

a

c d

b
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the paraspinal lines or an abnormal contour behind the normal cardio-mediastinal 
opacity. Other manifestations are widened or subtle erosion of the posterior ribs 
or vertebral pedicles, the latter indicating extension into the vertebral canal [1]. 
Thoracic NB can demonstrate calcification on plain film (coarse or finely stip-
pled) in 30% of cases, and such finding in young children leads to a high likeli-
hood of NB [2].

In the abdomen, plain radiographs have very limited usefulness and should be 
avoided as a general rule, ultrasound examination being a far more useful test in the 
setting of a palpable mass. NB in the abdomen usually manifests as a nonspecific 
mass. Calcification may be seen in up to 10% at diagnosis.

Bone metastases may be picked up on skeletal plain films. Bone metastases 
occur in about one half of NB patients; therefore, they are a frequent manifestation 
of the disease. Initial presentation may be with bone pain or a pathological fracture. 
Bone metastases are generally lytic and ill-defined, with or without a periosteal 
reaction. Sclerotic metastases are uncommon. Bone metastases occur in the most 
vascularized growing areas of bones. Therefore, in long bones they occur in the 
metaphysis and may mimic osteomyelitis. Less frequently, they present as lucent 
zones instead of more focal round lesions, mimicking leukemic infiltration [1]. The 
axial skeleton is also frequently involved, especially the pelvic bones, the spine, the 
skull and skull base, typically along cranial sutures. The orbital wall includes many 
sutures and is frequently involved, leading to the classic “raccoon eyes” (periorbital 
eyelid ecchymoses) [3] or exophtalmia with periorbital and cranial bumps 
(Hutchinson syndrome). Intracranial epidural infiltration is common, leading to 
sutural widening [1].

5.2.2  Ultrasonography

Ready availability, real-time imaging and lack of ionizing radiation make ultraso-
nography (US) an effective tool for the study of NB in children. Traditionally, US is 
the first choice imaging modality for the initial evaluation of a possible abdominal 
or cervical NB. US is also the method of choice for image-guided needle biopsy.

The limitations of the technique are (1) a relatively low interobserver reproduc-
ibility, (2) the acoustic shadowing caused by intestinal gas and large calcifications 
and (3) a marked limitation in retrospective review of the data which is mandatory 
for data collection and follow-up in clinical trials. Consequently, NB patients require 
in most cases additional imaging with MRI and/or CT for staging and treatment 
planning.

Abdominal NB commonly appears as an inhomogeneous or homogeneous, 
slightly hyperechoic retroperitoneal mass. It may have well-defined margins and be 
limited in size (Fig. 5.2a), or it can be very large, crossing the midline. Calcifications 
are frequently observed (Fig. 5.3a). On colour Doppler, the mass usually appears 
vascularized (Fig. 5.2b). The tumour may include necrotic areas. A cystic pattern is 
frequently observed in adrenal NB in newborns and infants (Fig. 5.4).
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In addition to mass size, site, echostructure and vascularization, the involvement 
of adjacent vessels and organs (mainly liver and kidneys) can be preliminarily 
assessed.

The liver should be carefully assessed for possible secondary involvement, usu-
ally represented by multiple hypoechoic nodules of varying size.

The kidney can be displaced by a large NB, sometimes causing hydronephrosis, 
but also directly invaded through the hilum or the cortex.

Primary cervical NB is rare and usually observed in infants. Very rarely, a cervi-
cal NB may be part of a thoracic tumour extending to the neck. On US, it is gener-
ally echogenic but, if necrosis occurs, scattered hypoechoic foci may be seen. 

a b

Fig. 5.2 A 10-month-old boy with left adrenal neuroblastoma. Ultrasonography showed a left oval, 
slightly hyperechoic suprarenal mass with sharp margins (a), richly vascularized on colour Doppler (b)

a b

Fig. 5.3 An 18-month-old boy with cervicothoracic neuroblastoma. Ultrasonography showed a 
solid cervical mass with sharp margins and scattered calcifications. The common carotid artery and 
internal jugular vein were not seen (a). On contrast-enhanced CT, coronal image (b) showed a 
large right-sited thoracic mass extending from the postero-superior mediastinum to the neck

H. J. Brisse et al.
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Fig. 5.4 A 6-day-old newborn with detection on ultrasonography of a right cystic suprarenal mass 
(a), associated with slightly increased excretion of urinary catecholamines. Vascularization was 
only peripheral on colour Doppler (b). After 2 weeks, the size of the mass appeared unchanged, 
whereas a large amount of debris was present (c). After 6 weeks, the mass appeared partially solid 
(d), with no evidence of vascularization on colour Doppler (e). At 23  weeks of age, the mass 
appeared mostly solid and slightly reduced in size (f). At 31 weeks of age, the mass was smaller 
and hyperechoic with tiny calcifications (g). Finally, at 45 weeks of age, CT contrast-enhanced 
coronal image showed an almost complete regression of the mass (h). These findings and their 
evolution show the spontaneous regression of a neonatal adrenal neuroblastoma

a

c d

b
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The relationship of the mass with the carotid artery and internal jugular vein should 
also be assessed during the examination (Fig. 5.3).

In newborns and infants, the spinal canal content can be assessed by US. Although 
MRI is the optimal method, assessment of the spinal canal may be immediately 
performed for young children with neurological signs and suspected chest or lum-
bar NB.

5.2.3  Computed Tomography

Computed tomography (CT) is widely available and can usually be rapidly obtained 
in emergency situations. Multi-detector row CT machines allow extremely fast 
acquisitions (about 5–10 s) allowing performing the examination of the whole trunk 
without any sedation and providing excellent image quality without motion arte-
facts. Post-processing softwares allow multiplanar reconstructions (MPR) provid-
ing accurate coronal and sagittal views (Fig. 5.5) and maximum intensity projection 
(MIP) reconstructions for vascular analysis (Fig. 5.6d). The spatial resolution of CT 
is high allowing the analysis of small structures, especially small vessels. For 
patients requiring radiation therapy, most treatment planning systems still use CT 
data. Finally, compared to MRI, the quality of CT scan is still much more reproduc-
ible among centres. As a result, CT is frequently the preferred technique among 
non-radiologist physicians involved in cancer management.

The use of intravenous iodine contrast agent is mandatory in order to enhance the 
soft tissue contrast and for assessing relationships between the tumour and adjacent 
vessels. Except in case of renal failure, contrast agents are well tolerated by children 
and adverse allergic reactions remain exceptional.

However, a major limitation of CT is the associated radiation exposure. Repeated 
examinations may lead to substantial cumulative doses, and children are known to 
have a higher inherent sensitivity to ionizing radiations [4]. Although the risk 

g h

Fig. 5.4 (continued)
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associated with low-dose exposures is still a matter of debate [5], CT scanning 
should be used as sparingly as possible especially in children exposed in parallel to 
drugs which can cause genetic mutations. If done, the CT dose must be optimized 
for each examination; repeated examinations should be avoided by using alternative 
methods such as US and MRI.

a b cc

Fig. 5.5 A 4-year-old girl with localized prerenal neuroblastoma (MYCN non-amplified, segmen-
tal chromosome alterations, INSS stage 3, INRGSS L2). Contrast-enhanced transverse CT scan 
(a), sagittal (b) and coronal (c) views. The tumour demonstrates moderate and heterogeneous 
enhancement. The tumour arises from the periarterial sympathetic fibres. It displaces upwards and 
forward the left renal pedicles (artery, arrow; vein, dotted arrow)

a c d

b

d

Fig. 5.6 A 4-year-old boy with localized lumbar ganglioneuroblastoma (numeric chromosome 
alterations, INSS stage 3, INRGSS L2). Contrast-enhanced transverse CT scan (a, b), sagittal (c) 
and MIP coronal (d) views. The tumour demonstrates intense and heterogeneous enhancement. 
The tumour arises from the left paravertebral lumbar sympathetic chain. It encases left primitive, 
internal and external iliac arteries (arrows), infiltrates the L5-S1 left foramina and adjacent epi-
dural space (dotted arrows)
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In daily practice, sedation is no more used, provided there is adequate immobili-
zation of young children. The use of oral contrast agent (or water) to delineate the 
digestive tract is no more required. Unenhanced series better depict subtle intratu-
moural calcifications but are not mandatory and should only be used in doubtful 
cases and focused on the tumour only. One contrast-enhanced series is usually suf-
ficient to assess the tumour extent. Well-tolerated contrast agents (low osmolarity, 
nonionic with 300–350 mg/L iodine concentration) should be used with a total vol-
ume of 1.5–2 mL/kg. The perfusion rate should be adapted to patients’ age and to 
the IV line diameter, usually between 0.8 and 2 mL/s to ensure appropriate enhance-
ment and preferably performed with an automatic injection device. The scan delay 
should be adjusted in order to get both arterial and venous enhancement and depends 
on the patient’s age, the anatomic region assessed and the acquisition time. The 
beam collimation depends on the CT machine, but the nominal slice thickness 
should be 0.5–1.5  mm and the reconstruction thickness between 2 and 4  mm. 
Recommended pitch values are between 1 and 1.5 providing a reasonable compro-
mise between a short acquisition time and sufficient z-resolution. Tube voltage and 
current should be adapted to the patient’s age and weight and to the anatomic region 
studied. The tube voltage is usually set between 70 and 100 kVp. The mAs must be 
adjusted to obtain a final mean absorbed dose (CTDIvolume) in agreement with the 
current paediatric recommendations or dose reference levels [6, 7] without jeopar-
dizing image quality. Iterative reconstruction is very useful to increase the signal-to-
noise ratio and the low-contrast detectability and optimize the radiation dose [8].

The CT pattern of NB is very variable according to the patients’ age, histologic sub-
type and tumour size. Slow-growing and well-differentiated tumours appear as well-
delineated homogeneous soft tissue masses (Fig. 5.7), with or without calcifications and 
usually with limited and low enhancement. Rapidly growing large NBs are more fre-
quently heterogeneous, commonly contain necrosis and calcifications (Fig. 5.8.). As 

Fig. 5.7 A 16-year-old boy with retroperitoneal ganglioneuroma (INSS stage 3, INRGSS L2). 
Contrast-enhanced  transverse CT scan views. The tumour arises from the periaortic sympathetic 
chains and typically demonstrates low density with little enhancement. The mass encases (arrow-
heads) the major aortic branches (celiac, hepatic, splenic, superior mesenteric and the right renal 
arteries), as well as the inferior vena cava (arrow). The duodenopancreatic bloc and the portal vein 
(dotted arrow) are anteriorly displaced
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previously described for US, a cystic pattern is common in newborns and infants with 
adrenal primaries. The enhancement after contrast injection of the solid part of the 
tumour is variable and usually moderate. These findings are nonspecific. The radiologi-
cal diagnosis of NB is not based on specific measurable densities or enhancement but 
rather on the anatomic location of the mass and typical pattern of locoregional or distant 
extensions, interpreted with the background clinical information.

5.2.4  Magnetic Resonance Imaging

MRI has been long recognized as an effective imaging method for assessing neuro-
blastoma (NB) [2, 9–13]. Compared to CT, MRI provides a higher contrast resolu-
tion in soft tissues and offers the main advantage of not using ionizing radiation. In 
patients with intraspinal extension, MRI is the recommended imaging modality 
because of the excellent visualization of the spinal cord, nerve roots and subarach-
noid spaces [13].

However, MRI is also associated with some limitations: (1) a lower availability 
in many countries, compared to CT, and (2) the need for sedation or general anaes-
thesia in young children because of a long acquisition time (several minutes) and a 
high sensitivity to motion artefacts. A downside of anaesthesia is the complex logis-
tics such as providing MRI-safe equipment, an anaesthesiologic team and arranging 
for pre-MRI sedation and post-MRI recovery. Another possible disadvantage is a 
potential neurotoxic effect of anaesthesia on the developing central nervous system, 
although this is still controversial [14–16]. Therefore, the risk associated with seda-
tion or general anaesthesia must be balanced with the risk of radiation exposure 
from CT. This safety issue is currently a matter of debate in the paediatric radiology 

a b

Fig. 5.8. A 14-month-old boy with localized left adrenal neuroblastoma (MYCN non-amplified, 
segmental chromosome alterations, INSS stage 3, INRG L2). Contrast-enhanced transverse CT 
scan (a) and MPR coronal (b) views. The tumour demonstrates low central calcifications (arrow-
heads) and moderate and heterogeneous enhancement. The mass displaces the upper pole of the 
left kidney and the renal pedicle (arrows)
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literature [17]. As such, anaesthesia should be employed whenever necessary, but 
alternative measures such as a child-friendly environment allowing the child to try 
out the MRI before the examination itself can in some cases avoid anaesthesia. 
Babies up to 6 months usually do not need anaesthesia because they tend to do well 
by using the “feed and wrap” technique. This is done by feeding the baby just before 
the MRI and wrapping them comfortably, causing them to sleep through the exami-
nation with little to no movement artefacts.

The need for intravenous gadolinium contrast injection to assess NB extension is 
still a matter of debate [13]. Gadolinium actually improves the assessment of infiltra-
tion into adjacent tissues and tumour vascularity. However, T1- and T2-weighted 
sequences provide excellent contrast resolution, and sufficient display of vessels can 
be achieved without the use of contrast media [9]. In one study, the accuracy of 
T2-weighted and post-gadolinium T1-weighted sequences in defining local regional 
extent were compared, and no difference was found [18]. The increasing use of dif-
fusion-weighted imaging (DWI) may also reduce the need for injected contrast 
agents in a near future. In one recent study [19], lesion conspicuity, as measured by 
signal intensity ratio, was found to be superior on DWI compared to contrast- 
enhanced T1 sequences. Moreover, recent safety concerns raised since the repeated 
use of gadolinium-based contrast agents can lead to free gadolinium deposits in nor-
mal tissues, especially in the brain [20, 21]. Since reported cases were associated 
with “linear” agents, the so-called “macrocyclic” gadolinium contrast agents are now 
preferred [22–24]. Lastly, gadolinium should be avoided in children with renal func-
tion impairment because of the risk of secondary nephrogenic systemic fibrosis [25].

In routine practice, safety rules include systematic auditory protection (to reduce 
the noise from gradient commutators) and monitoring of the specific absorption rate 
(SAR), especially in infants and newborns. Although no radiation is involved, the 
radiofrequency pulses contain energy and will give off part of that energy as heat. 
This is measured using the SAR (expressed in W kg−1, 1 W kg−1 applied for 1 h 
would increase the body temperature by 1 °C). All MRIs are built in such a way that 
the amount of energy given in the form of radiofrequency pulses is monitored and 
limited according to the patients’ weight. In addition, the imaging protocols and 
sequences will take this limitation into account, and the radiographer controlling the 
machine monitors the SAR reading.

There are a variety of MR sequences that can be utilized. Sequences and settings 
vary between manufacturers, specific machines, technical specifications and the 
preferences of the local radiologist. However, T1- and T2-weighted sequences still 
are the basis of any protocol. Table 5.1 is an example of a routine protocol used in a 
paediatric MR unit. Most sequences are—unlike CT—not 3D datasets but instead 
acquired as slabs of data with small gaps of missing data in between slices. Three 
dimensional datasets can be acquired with MRI and then, like CT, allow for multi-
planar reconstruction, but 3D sequences are more time consuming and therefore 
more susceptible to movement artefacts. For each sequence, a compromise must be 
obtained between spatial resolution, signal-to-noise ratio and acquisition time. 
When performed, gadolinium-enhanced sequences are always T1-weighted, and a 
fat-suppression technique (based on spectral saturation or selective water excitation, 
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inversion-recovery or Dixon technique) is ideally applied to allow for better detec-
tion of enhancement, especially against fatty tissues. T2-weighted sequences can 
also benefit from fat suppression.

Artefacts are related to diaphragmatic or cardiac movement and vessel pulsation. 
Cardiac and diaphragmatic movement artefacts can be reduced or resolved by gat-
ing the heart rate and diaphragmatic movement (heart gating, respiratory triggering 
or echo-navigator).

Acquisition planes should always include the axial plane and at least one longi-
tudinal (mostly coronal) plane [13]. A three-plane study is recommended for para-
spinal NBs to assess foraminal and intraspinal invasion with coronal views showing 
all foraminal and intraspinal tumour extent on the same image [13] and a sagittal 
view to precisely define the vertebral levels involved.

Signal intensity of NB is usually high on T2 and intermediate on T1 at diagnosis 
[2]. After treatment, the tumour may be fibrotic and variably calcific, which results 
in a decrease of signal intensity on both T1 and T2 sequences [26]. The mass lesions 
may contain calcifications or necrosis and so may have a heterogeneous appearance 
on all sequences. The lesions demonstrate homogeneous or heterogeneous enhance-
ment after gadolinium administration.

Diffusion-weighted imaging (DWI) is a functional MRI technique increasingly 
used, especially in oncology. Since the acquisition time is short, those sequences 
can be easily added to routine protocols. DWI assesses the random movement (so- 
called Brownian motion) of water protons located in the extracellular space of living 
tissues [27]. In a relative unrestricted container of water (e.g. the urinary bladder), a 
high degree of free movement will be shown. However, in a tightly packed piece of 
tissue with a high concentration of small cells such as a malignant tumour, diffusion 
in the extracellular spaces will be restricted and thus a high signal will be seen [28]. 
Information is provided by both native sequences obtained with variable motion- 
probing gradients (“b-values”, expressed in sec mm−2) and reconstructed parametric 
maps based on the calculated ADC values (apparent diffusion coefficient, expressed 
in mm2 sec−1). In oncology, DWI is considered as an in vivo marker strongly related 
to cellular density (Fig. 5.9b). However, interpretation of DWI should always be 
performed by comparison with conventional T1 and T2 sequences. Possible pitfalls 
include tumour necrosis which, both at presentation and in response to treatment, 
can have restricted diffusion because of cell degradation products limiting water 

Table 5.1 Example of MRI protocol

Sequence Plane Gadolinium Fat suppression Voxel dimensions (mm)
STIR Coronal No Yes 0.6 × 0.6 × 6

Transverse No Yes 0.5 × 0.5 × 9
3D-T2 Isotropic No No 0.9 × 0.9 × 0.9
DWI Transverse No No 2 × 2 × 5
T1 Transverse No No 0.5 × 0.5 × 5
T1 TSE Transverse No Yes 1.2 × 1.2 × 5

Transverse Yesa Yes 1.2 × 1.2 × 5
aOptional
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diffusion, fibrosis which also lead to apparent restriction because of low water con-
tent or haemorrhage which can mimic restrictive diffusion because of blood degra-
dation products.

Several studies specifically focused on DWI in neuroblastic tumours. One pre-
liminary study [29] reported ADC values and confirmed the link between ADC and 
cellular density. Another study [30] demonstrated a significant difference of the 
ADC of NB compared to the ADC of ganglioneuroma/ganglioneuroblastoma. 
Recent studies [19, 31] suggested that DWI can distinguish between NB and gan-
glioneuroblastoma versus ganglioneuromas with high certainty and could provide 
plausible quantitative data (ADC) on tumour response to therapy. The rationale for 
use of this technique for NB is still a matter of research but could further help for 
both diagnostic and response assessment.

5.2.5  Nuclear Medicine

123I-metaiodobenzylguanidine (mIBG) scintigraphy is a major imaging technique 
for the study of NB, especially to assess the metastatic disease. Guidelines have 
been published for mIBG scanning in children [32–34]. Since there is no physiolog-
ical uptake of mIBG in the bone and bone marrow, mIBG is an accurate method for 
detecting osteomedullary metastases, its sensitivity and specificity being estimated 
at 90% and 100%, respectively [35, 36].

The role of nuclear medicine in NB is described in Part III.

5.2.6  DICOM Data Storage

Since almost all NB patients are included in national or international trials including 
retrospective reviews of imaging, it is of major importance that all imaging data are 
stored in a picture archiving and communication system (PACS). The recommended 

a b

Fig. 5.9 (a) Coronal T2W image shows a central lower and upper abdominal mass lesion, which 
is encasing the descending thoracic aorta. There is a right pleural effusion, oedema in the right 
chest and lymphadenopathy in the left supraclavicular area, a further area of neuroblastoma. (b) 
Axial ADC map of the same patient at the left of the right kidney shows widespread dark signal 
indicating restricted diffusion and high cellularity in the neuroblastoma masses
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format is the internationally accepted DICOM format (Digital Imaging and 
Communications in Medicine, http://medical.nema.org/).

5.3  Diagnostic Imaging at Diagnosis

5.3.1  Classical Imaging Patterns

Imaging patterns of neuroblastic tumours have been thoroughly described [1–3, 9–
11, 37–40]. Ganglioneuroma is a slow-growing localized and usually relatively 
homogeneous tumour and without significant enhancement or MIBG uptake. Apart 
from this specific benign histologic subtype, the anatomical imaging characteristics 
of other neuroblastic tumours are relatively similar [1]. The histological subtypes 
cannot be discriminated by imaging and still rely on pathologic analysis.

However, the diagnosis of neuroblastic tumour is usually suspected with a high 
degree of confidence on the basis of both the patient’s age and the anatomic 
location:

• The median age at diagnosis is about 16 months, and 95% occur by 7 years of 
age [41, 42].

• The most common sites of origin are the adrenal region (48%), extraadrenal 
retroperitoneum (25%) and chest (16%). Less common sites are the neck (3%) 
and the pelvis (3%) [41].

Recent studies [43] suggested using an anatomic classification based on the sym-
pathetic origin of the tumour rather than the anatomic compartment only. Actually, 
imaging efficiently depicted the sympathetic origin of the tumour and is signifi-
cantly related to the tumour genomic profile and patients’ outcome [43]:

• Cervical NBs typically arise from the superior cervical sympathetic chain 
(Fig. 5.10) located in the vascular (retrostylian) space behind the internal carotid 
artery. These tumours extend anteriorly and laterally, displacing the carotid 
artery and internal jugular vein, or medially, compressing the airway and upwards 
to the skull base.

• Cervicothoracic NBs arising from the stellate ganglion (located above the sub-
clavian artery at the level of the origin of the vertebral artery) are rare but associ-
ated with particular imaging patterns [44]. Foraminal and intraspinal extensions 
may be associated.

• Chest NBs chiefly arise from the paraspinal sympathetic chains in the posterior 
mediastinum (Fig. 5.1). The descending aorta may be displaced or even encased. 
Foraminal and intraspinal extensions (“dumbbell” tumours) are often present 
and may lead to spinal cord compression. Infiltrating mediastinal tumours aris-
ing from the periaortic sympathetic plexuses occur less commonly.

• Abdominal NBs arise either from the adrenal gland (Figs. 5.8., 5.11, 5.12, and 
5.13), from sympathetic ganglia (celiac, superior and inferior mesenteric gan-
glia) or from sympathetic fibres and plexuses located along the aorta and its main 
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Fig. 5.10 A 3-year-old 
girl with localized cervical 
intermixed 
ganglioneuroblastoma 
(INSS stage 1, INRG L1). 
Contrast-enhanced 
transverse CT scan view. 
The tumour (asterisk) 
arises from the right 
cervical sympathetic chain 
and displaces anteriorly the 
carotid artery (arrow) and 
the internal jugular vein 
(arrowhead). The tumour is 
not calcified and partially 
enhanced by iodine 
contrast

a b

c

Fig. 5.11 An 11-month-old boy with metastatic left adrenal neuroblastoma (MYCN amplified, 
INSS stage 4, INRGSS M). Contrast-enhanced CT-scan coronal (a) and transverse views (b, c). 
The tumour demonstrates moderate and heterogeneous enhancement. The mass displaces the 
upper pole of the left kidney and encases the renal pedicle (arrows). Regional lymph node involve-
ment in the lower mediastinum is visible (dotted arrows)
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branches (Figs. 5.5, 5.7, and 5.14). Therefore, detailed analysis of all arteries and 
veins is critical (aorta, celiac axis, superior and inferior mesenteric arteries, renal 
arteries and veins, inferior vena cava, iliac arteries and veins, portal vein). The 
tumour may invade the adjacent organs and structures (liver parenchyma or 
hilum, diaphragm, kidneys, duodeno-pancreatic block). The mesentery may be 
infiltrated, especially by tumours arising from the Zuckerkandl organ (at the ori-
gin of the inferior mesentery artery) (Fig. 5.15).

a b

Fig. 5.12 (a) Axial T2W image in a 19-month-old child shows a right suprarenal mass and retro-
crural tumour also. (b) More inferiorly the mass is seen to be displacing the aorta anteriorly with 
encasement of the aorta and IVC also. Tumour extends to the left renal hilum with left-sided 
hydronephrosis

a b

Fig. 5.13 (a) Coronal T2W image showing a mainly left-sided mass encasing the abdominal aorta 
and both renal arteries. The mass is causing left-sided hydronephrosis. (b) More posteriorly the 
heterogeneous appearances to the vertebral marrow are due to vertebral bone marrow metastases
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• Lumbar paraspinal NBs are less common. Frequently classified as “abdominal” 
locations because of their anterior extension (Fig. 5.6), these tumours are associ-
ated with foraminal and intraspinal extension (dumbbell tumours) sharing the 
same pattern as mediastinal primaries.

• Pelvic NBs mainly arise from either the upper hypogastric sympathetic plexus or 
presacral sympathetic ganglia. Pelvic organs are usually anteriorly displaced. 
Extensions occur along the iliac vessels and into lumbosacral foramina and, less 
frequently, laterally into the gluteal region through the greater sciatic foramen.

• Multifocal primary NBs are rare and may be familial [45, 46]. They can manifest 
as synchronous or metachronous non-contiguous tumours.

a

c d

b

Fig. 5.14 (a) Coronal T2W image showing numerous liver metastases (the darker liver signal is 
normal liver) with a central abdominal mass in a 2-year-old. (b) Axial T2W image in the same 
patient better depicting the central abdominal mass which is encasing the aorta and superior mes-
enteric artery. (c) Follow-up MRI at day 70. There has been considerable tumour shrinkage and the 
mass is less conspicuous than at diagnosis. (d) Contrast-enhanced CT done at the same time, for 
surgical planning purposes, reveals widespread calcification in the residual tumour, which was not 
apparent on the MRI
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5.3.2  Specific Diagnostic Issues

5.3.2.1  Differential Diagnosis of Retroperitoneal Solid Tumours 
During Childhood

A common challenge for radiologists is the differential diagnosis between renal and 
extrarenal retroperitoneal tumours, i.e. between NB and nephroblastoma, since both 
occur within the same age group [47]. Actually, nephroblastoma may be exophytic 
and associated with enlarged lymph nodes, whereas NB may directly invade the 
renal parenchyma leading to relatively similar radiological patterns (Fig. 5.16). In 
nephroblastoma, the mass rarely crosses the midline, the vessels are much more 
frequently displaced than encased, and calcifications are rarely seen. Although those 
criteria are helpful, none is 100% specific. Therefore, in difficult cases the final 
diagnosis relies on specific tests (urinary catecholamines, MIBG scan) or on histol-
ogy after percutaneous needle biopsy.

5.3.2.2  Suprarenal Masses of the Foetus and Newborns
Imaging has gained a pivotal role in the antenatal evaluation of suprarenal masses. 
The routine use of foetal US has made the observation of prenatally detected supra-
renal masses a relatively common situation. In most cases, they are observed in the 
third trimester of pregnancy [48]. Not all suprarenal foetal masses are NBs, but most 
NBs observed in the foetus or newborn appear as suprarenal masses [49]. The dif-
ferential diagnosis of these masses mostly includes benign conditions such as adre-
nal haemorrhage, congenital adrenal hyperplasia, subdiaphragmatic extralobar 
pulmonary sequestration and bronchogenic cysts.

Prenatally detected or neonatal NB represents a relatively benign condition, 
the survival rate being more than 90%, with INSS stage 1 at presentation in most 
cases, with generally favourable biological and histological features in most 
cases [50].

Fig. 5.15 A 4-year-old boy with localized abdominal intermixed ganglioneuroblastoma (INSS 
stage 1, INRGSS L1). Contrast-enhanced transverse CT scan view. The tumour demonstrates mod-
erate and heterogeneous enhancement. It probably arises from the Zuckerkandl organ and encases 
partially the aorta (arrow) and totally the inferior mesenteric artery (dotted arrow)
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On US, the appearance of prenatal or neonatal adrenal NB can be cystic (55%), 
solid (17.5%) or heterogeneous (27.5%) [51]. However, these findings may not dif-
fer from those observed in other suprarenal neonatal masses, especially adrenal 
haemorrhage (Fig. 5.17). Furthermore, the role of urinary assay in pinpointing NB 
is very limited, having a sensitivity of 52% and a negative predictive power 46% in 
newborns and 36% and 72%, respectively, in prenatally detected NB [48]. Similarly, 
the sensitivity and negative predictive power of MIBG may be limited, being 70% 
and 55%, respectively [48].

Therefore, the differential diagnosis of a neonatal suprarenal mass can be diffi-
cult at the first observation. In order to facilitate the diagnosis, a series of features 
should be thoroughly assessed with US including mass size and echostructure and 
their evolution during follow-up, and mass vascularization [52]. A palpable or large 
(diameter >5 cm) mass is probably a NB [48]. During follow-up, a mass remaining 

a

b d

c

Fig. 5.16 The differential diagnosis between neuroblastoma and Wilms tumour may be difficult. 
Contrast-enhanced transverse CT scan (b, d) and coronal (a, c) MPR views. (a, b) A 6-year- old girl 
with exophytic upper pole Wilms tumour of the right kidney (intermediate-risk histology, local stage 
3, lung metastases). Inferior vena cava thrombosis (arrows) is seen in about 10% of Wilms tumour 
and remains exceptional in neuroblastoma. (c, d) A 3.5-year-old boy with left adrenal neuroblas-
toma (MYCN non-amplified, segmental chromosome alterations, INSS stage 3, INRGSS L2). The 
renal pedicle is encased within the tumour (arrows) which is uncommon in Wilms tumour. The 
cortex of the left kidney (arrowhead) is still visible in relation to extrarenal origin of the tumour
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stable or increasing in size is probably a NB, while a mass becoming heterogeneous 
with internal echoes and late appearance of calcifications and/or progressively 
decreasing in size on serial US is very probably an adrenal haemorrhage [53] 
(Fig. 5.17). Even a non-metastatic neonatal adrenal NB can regress in a few months, 
especially when it is initially cystic [54] (Fig. 5.4).

US Doppler may also play a role in differential diagnosis, showing vasculariza-
tion within a solid NB, peripheral vascularization in a cystic NB, a systemic vessel 
originating from the aorta in an extralobar pulmonary sequestration [54] (Fig. 5.18) 
or the absence of vascularization within an adrenal haemorrhage. However, none of 
these findings are pathognomonic or consistently observed.

The awareness that foetal or neonatal asymptomatic suprarenal masses—non- 
metastatic NB included—have a benign course in most cases and may often 
regress led to a recent trial based on the European Low and Intermediate Risk NB 
protocol (https://clinicaltrials.gov/ct2/show/NCT01728155). According to this 
protocol, an observational approach is recommended in case of suprarenal masses 

a
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b

Fig. 5.17 A 5-day-old newborn with adrenal haemorrhage. At 5 days of age, ultrasonography 
showed a solid mass in the right suprarenal region (a). After 40 days, the same mass appeared more 
hypoechoic and surrounded by a hyperechoic shell; vascularization of the mass was not seen with 
colour Doppler (b). After further 2 months, the suprarenal mass was smaller, whereas the echo-
structure appeared unchanged (c). At 6 months of age, ultrasonography showed a very small, cal-
cific mass (d)

5 Radiology

https://clinicaltrials.gov/ct2/show/NCT01728155


106

smaller than 5 cm and observed during pregnancy or within 90 days from birth. 
This approach is based on a wait-and-see attitude until 48 weeks of age, a period 
in which there could be a spontaneous regression of the mass, making it possible 
to avoid surgical resection and its possible complications. US plays a pivotal role 
during this observation period in detecting mass shrinkage, or persistence, or 
increase in size. The mass will be resected in case of persistence after 48 weeks of 
age or increase in size.

5.3.2.3  Occult Neuroblastoma: Imaging Strategy
Imaging has a major role in the depiction of the primary tumour especially in case 
of disease revealed by metastases, or in patients presenting with paraneoplastic 
opsoclonus- myoclonus syndrome (OMS) [39]. Although chest X-ray and abdomi-
nal US are traditionally performed upfront, CT/MR imaging of the chest and abdo-
men are considered the most accurate tests to detect occult neuroblastoma [55]. 
MIBG is also usually performed in OMS [56], but poorer sensitivities have been 
noted for MIBG and urine catecholamines, reflecting the low metabolic activity of 
these tumours [55].

5.4  Imaging for Initial Staging

The rationale for use of the various imaging techniques is currently based on the 
international consensus published in 2011 [13] although these recommendations 
will certainly be further updated according to technical improvement. Imaging 
guidelines of the numerous trials should rely on such consensus reports to ensure 
appropriate recommendations.

aa bb

Fig. 5.18 A 5-day-old newborn with left pulmonary subdiaphragmatic sequestration. 
Ultrasonography showed a hyperechoic mass in close relationship with the adrenal gland (a); the 
hyperechogenicity of the lesion results from the many interfaces produced by multiple microscopi-
cally dilated structures such as bronchioles, ducts and alveoli. A systemic arterial vessel feeds the 
mass (b)

H. J. Brisse et al.



107

The mandatory examinations for initial staging are:

• MRI or contrast-enhanced CT of the primary tumour compartment
• Chest X-ray
• MIBG scan

Optional examinations are:

• FDG-PET if the primary tumour is not MIBG avid or has been previously removed 
[57]

• Localized bone plain film if single equivocal skeletal uptake on MIBG
• Liver imaging (US, CT or MRI) if not assessed with the primary (outside the 

abdomen)
• Contrast-enhanced chest CT if pleuro-pulmonary clinical or radiological 

abnormalities
• Brain MRI or contrast-enhanced CT if abnormal neurologic symptom (other 

than spinal cord compression) or abnormal skull base or orbit uptake on MIBG

Disease staging is based on two different classifications (see tables Part II) which 
are currently used in parallel: (1) the International Neuroblastoma Staging System 
(INSS) developed in 1988 [58] and modified in 1993 [59] and based on surgico- 
pathological findings and (2) the International Neuroblastoma Risk Group Staging 
System (INRGSS) published in 2009, designed for staging before any treatment 
[60] and allowing better comparison between international trials. Both classifica-
tions are relatively similar for metastatic stages, whereas, for localized tumours, the 
INRGSS is totally based on imaging and considered more robust and reproducible 
than the INSS [13].

5.4.1  Primary Tumour Assessment

MRI and CT are routinely used depending on local availability, physicians’ prefer-
ence, patient’s age and tumour location.

Radiologists have to assess:

• The primary anatomic location of the tumour (anatomic compartment and, as far 
as possible, the most probable origin of the tumour, i.e. the adrenal gland or the 
paravertebral, periarterial or cervical sympathetic chains [43])

• The initial tumour volume (three dimensions or at least the longest tumour diam-
eter in accordance with the INRC and RECIST guidance [57])

• The potential invasion of adjacent compartments (Figs. 5.3 and 5.11)
• The potential invasion of the spinal canal for paravertebral primaries
• The relationships between the tumour and adjacent vessels (Fig. 5.19), organs 

(Fig. 5.20) and structures with a specific attention to IDRFs (see Part II)
• The occurrence of regional or distant lymph nodes (occurring in about 30%)
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• The potential metastases included in the field of view (mainly in the bone and 
liver)

5.4.2  Metastatic Disease

Metastatic disease is observed in 48% of patients at diagnosis [41]. Distant metas-
tases are mainly located in the bone marrow (56%) or bone (47%); metastatic dis-
ease involving soft tissue sites includes lymph nodes (24%), liver (21%) and, less 
commonly, skin (4%), lung (3%) and CNS (1%) [57].

Bone and bone marrow involvement is currently assessed by bilateral bone 
marrow aspirate and biopsy and by 123I-metaiodobenzylguanidine (mIBG) scintig-
raphy [32–34] (see Part III). Whole-body MRI (WB-MRI) is not recommended 
although one small series [61] provided encouraging results, although because of its 
low specificity it has only limited value in assessing therapeutic response compared 
to MIBG.

Skeletal surveys are no more recommended in infants; however, painful bone 
location should be assessed by plain films to depict pathologic fractures.

Skull metastases depicted by MIBG do not require specific imaging unless there 
are neurologic symptoms. However, brain MRI or CT should be obtained when 
skull base or orbit involvement is clinically suspected or depicted on MIBG in order 
to detect optic nerve compression [62] which may require emergency treatment 
(Figs. 5.21 and 5.22).

Fig. 5.19 A 2-year-old boy with metastatic abdominal neuroblastoma (MYCN amplified, INSS 
stage 4, INRGSS M). Contrast-enhanced transverse CT scan view. The tumour demonstrates mod-
erate and homogeneous enhancement. It arises from the periaortic sympathetic fibres and encases 
both renal pedicles (arrowhead), the superior mesenteric artery (arrow) and the inferior vena cava 
(dotted arrow)
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Fig. 5.20 A 4-year-old girl with localized right adrenal neuroblastoma (MYCN amplified, INSS 
stage 3, INRGSS L2). Contrast-enhanced transverse CT scan (a, b) and MPR sagittal views (c). 
The tumour demonstrates moderate and heterogeneous enhancement with necrotic low densities. 
The mass infiltrates the upper pole (arrow) and the hilum (dotted arrow) of the right kidney and 
encases the renal pedicle (arrowhead)

Fig. 5.21 A 10-month-old boy with metastatic adrenal neuroblastoma (MYCN amplified, INSS 
stage 4, INRGSS M). Contrast-enhanced transverse CT scan views of the brain and orbits. Typical 
bone metastases occurring along bone fissures of the skull and facial bones. Soft tissue invasion is 
visible in the external temporal fossa (arrow), in the epidural space along the great sphenoid wings 
(double arrows) and in the orbit (arrowheads). Invasion of the left optic canal (dotted arrow) repre-
sents an emergency situation because of possible optic nerve compression
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Liver and subcutaneous metastases are mainly observed in infants (Pepper syn-
drome, stage 4S/MS) [63]. Liver metastases are assessed by either US, CT or 
MRI. Liver metastases may present as focal masses or diffuse infiltration (Figs. 5.14 
and 5.23).

Distant (non-regional) lymph nodes depicted by CT, MRI or MIBG scan (e.g. 
supraclavicular lymph node associated with a retroperitoneal primary) are consid-
ered metastatic disease (Fig. 5.9a).

Lung and pleural metastases are uncommon and usually observed among 
patients with MNA tumours [64] and therefore are not routinely screened for by CT 
unless there is an abnormal chest X-ray.

Pleural disease is associated with reduced survival rates in patients with meta-
static disease [65]. However, an isolated pleural effusion is not considered meta-
static disease.

CNS parenchymal or meningeal metastatic spread is exceptional and usually 
observed in metastatic patients with recurrences [66, 67]. Therefore, it is usually not 
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Fig. 5.22 A 27-month-old boy with metastatic abdominal neuroblastoma (MYCN non-amplified, 
segmental chromosome alteration, INSS stage 4, INRGSS M). Contrast-enhanced transverse CT 
scan (a) and coronal (b) views of the abdomen, sagittal (c) view of the spine and transverse (d) and 
coronal (e) views of the brain and skull. The primary tumour arises from the right adrenal gland (a, 
b). Spinal bone and bone marrow metastases (c) are depicted by CT which demonstrates both 
decreased and increased density areas (arrows). Skull metastases (d, e) typically occur around the 
coronal fissure: the right frontal and parietal bones appear heterogeneous with cortical destruction 
and spiculated periosteal reaction (dotted arrows). In this patient, intracranial soft tissue invasion 
crosses the dura and directly invades the frontal lobe (arrowheads)
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systematically screened for at diagnosis unless specific symptoms are present. The 
radiologic features of CNS metastases vary from single, large, parenchymal lesions 
with possible cystic or haemorrhagic features or calcifications, to diffuse meningeal 
involvement [66, 68–70].

5.5  Prognostic Value of Imaging

Apart from stage, imaging data can provide additional information related to prog-
nosis. The primary tumour location is a prognostic criterion. Abdominal locations 
are associated with poorer prognosis. Adrenal tumours are more likely than non-
adrenal tumours to have MYCN amplification, and thoracic tumours are less likely 
than non- thoracic tumours to have MYCN amplification [71].

Chest location is associated with better outcome among the extra-abdominal 
sites [72, 73]; however, multivariate analysis did not identify the chest location as an 
independent prognostic factor [74].

a b

c

Fig. 5.23 A 2-month-old boy with metastatic abdominal neuroblastoma (INSS stage 4S, INRGSS 
MS). Contrast-enhanced CT-scan coronal (a) and transverse (b, c) views. The primary tumour 
arises from the right adrenal gland and demonstrates low density and limited enhancement (aster-
isk). The liver is dramatically enlarged and diffusely invaded by multiple metastases appearing as 
low- density nodules compared to normal parenchyma on portal phase
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Cervical and pelvic NBs are also associated with better prognosis although this 
information is based on limited data [75–80].

Links between initial tumour volume, tumour shape, volume decrease and 
genomic profile and outcome have been recently described: a small tumour volume, 
a single mass (as opposed to multiple confluent masses), and a limited number of 
IDRFs are associated with better prognosis [43]. Tumour volume reduction during 
the early phase of induction chemotherapy in high-risk NBs was reported as associ-
ated with a better outcome [81], but this critera was not confirmed by another study 
including any risk-group tumours [43].

5.6  Disease Assessment During Treatment

The International Neuroblastoma Response Criteria (INRC) have been defined and 
recently updated by an international working group [57].

For metastatic disease, the follow-up during treatment is based on both bone 
marrow aspirate/biopsies and on MIBG with specific scoring systems [57, 82, 83] 
(see Part III).

For the primary tumour, 1D, 2D or 3D measurements can be obtained. 
Unidimensional measurements according to RECIST (Response Evaluation Criteria 
in Solid Tumours) have been proposed for tumour response assessment [57, 84, 85]. 
However, this is still a matter of debate since a 3D assessment provides a more real-
istic tumour volume, especially for infiltrative tumours. In a recent study [86], 3D 
measurements (versus volumetric change) were found to most accurately quantify 
NB size response in patients with stage 3 and 4 NB, whereas 1D and 2D measure-
ments underrepresented tumour response.

5.7  Imaging for Long-Term Follow-Up

Since patients’ follow-up potentially results in high cumulative exposure to ionizing 
radiation, mostly because of repeated CT, the role of surveillance imaging in the 
detection of relapse is a major issue.

Surveillance of the primary tumour site in localized disease should be performed, 
as far as possible, by techniques not using ionizing radiation, i.e. US or MRI. There 
is currently no consensus about the periodicity of examinations, usually provided by 
protocol guidelines. This periodicity should be driven by the occurrence or not of a 
local residue, and the risk of local relapse, which should be based on the major 
prognostic criteria such as the age at diagnosis, initial stage, histology and genomic 
abnormalities.

US should be preferred for children less than 5 years who require sedation for 
MRI, provided that the initial tumour area can be assessed by this technique (i.e. 
abdomen or lower cervical area). When the primary tumour occurred in the upper 
cervical chains, in the chest or in the presacral pelvic area, or is associated with 
intraspinal residue, MRI is the preferred technique.
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In infants with liver metastases, usually associated with adrenal primary, US is 
the method of choice.

Among non-thoracic high-risk NB, progression or recurrence in the chest is rare 
and often presents with symptoms or is identified using standard non-CT imaging 
modalities [87]. Therefore, chest CT can be omitted without compromising disease 
detection.

Among children with high-risk NB, a recent series [88] assessed a cohort of 183 
patients in which 50 experienced a recurrence. Most patients (92%) had metastatic 
relapse. The mean cumulative effective dose prior to relapse was 125.2 mSv (range, 
24.5–259.7), 64% of which was from computed tomography (CT) scans. Among 
relapse patients, 74% had clinically evident or measurable disease detected by 
X-ray, US or urinary catecholamines. The addition of MIBG identified eight addi-
tional recurrences. Thus, cross-sectional imaging (CT/MRI) was only required to 
identify 10% of relapses. These results support the rationale of a reduced use of CT 
imaging in post-therapy surveillance and refinement of surveillance imaging, which 
may be further guided by risk stratification, disease sites and potentially biomolecu-
lar markers.
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6Image-Defined Risk Factors

Giovanni Cecchetto, Tom Monclair, and Hervé J. Brisse

6.1  Image-Defined Risk Factors (IDRFs): What They Are, 
and Why They Were Introduced

About one half of patients with neuroblastoma (NBL) present with disseminated 
disease for whom the currently recommended initial approach is limited to diagnos-
tic biopsies. The other half of the patients have localized disease, and if complete 
excision of the tumor can be achieved at the time of diagnosis, the majority of these 
patients are cured by operation alone [1]. Accordingly, proper initial approach in 
NBL covers the range from percutaneous needle biopsies to complete excision of 
the primary tumor. However, bearing in mind that NBL is a chemosensitive tumor, 
the latter alternative should only be attempted if complete removal of the tumor can 
be achieved without mutilation of the patient. If this goal cannot be predicted with 
reasonable certainty, neoadjuvant chemotherapy is usually considered a better ini-
tial treatment alternative aiming at shrinkage of the tumor mass which may both 
facilitate surgical removal at a later stage and make the operation safer.

The choice between initial excision and biopsy in localized NBL has been based 
on several factors, among which imaging has a central position. Also the experi-
ence, ability, and attitude of the surgeons involved have played a key role. With 
successful initial tumor excision, the negative effects of chemotherapy are avoided, 
a fact which may have pushed surgeons to attempt initial operations in inappropriate 
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situations, with undue risks for the patient. For example, nephrectomy during sur-
gery at diagnosis is today considered a too high price for obtaining complete tumor 
removal. With kidneys at risk, there are good reasons to believe that the chance of 
retaining two functioning kidneys increases when operations are done after neoad-
juvant chemotherapy.

Taking into account that treatment decisions to a large extent were based on sub-
jective considerations, it is not surprising that patients with similar clinical condi-
tions have received different treatment depending on where they were treated. 
Obviously more precise definitions of the criteria of operability would be useful in 
order to choose the best treatment alternative and to discourage inappropriate opera-
tions with risks of morbidity or leaving gross residual disease. In addition, common 
terminology and definitions are considered prerequisites for conducting multicenter 
trials. With rare diseases like NBL, progress in treatment is highly dependent on 
multicenter studies.

In line with the considerations above, one of the objectives of the LNESG1 study 
on localized non-MYCN-amplified NBL, run by SIOPEN from 1995 to 1999, was 
the identification and evaluation of preoperative radiological features that could 
help the physicians in deciding whether initial safe, non-mutilating, and complete 
tumor excision was feasible or not [2]. In LNESG1 these features were called surgi-
cal risk factors (SRF). Later the major international cooperative children’s cancer 
groups COG, GPOH, INRG, JNBSG, and SIOPEN have agreed to use the term 
image-defined risk factors (IDRFs) to emphasize that the assessment based on risk 
factors has to be taken on preoperative evaluation of imaging studies [3, 4]. The 
SRF/IDRFs (hereafter called IDRF only) describe the relationship between the pri-
mary tumor mass and the surrounding organs and structures. They are listed in 
Table 6.1. The LNESG1 study, with more than 700 evaluable patients undergoing 
surgical tumor excision at diagnosis, showed that presence of one or more of these 
factors was associated with higher frequencies of incomplete tumor excisions and 
surgery-related complications [2], as well as lower survival [5]. These findings have 
been confirmed by others [6, 7]. In recent years IDRFs have been shown to be 
equally well suited to predict success with operative treatment also when tumor 
excisions are done with minimal invasive surgery [8, 9] or after neoadjuvant chemo-
therapy [10, 11]. However, what applies to patients participating in trials does not 
necessarily apply to individual patients treated outside of a research protocol. In 
LNESG1 the differences in outcome were relatively small, and the possibility that 
patients with IDRF who underwent tumor excision at diagnosis in fact received the 
best treatment available cannot be excluded. An answer to that question would 
require a randomized study between two groups of patients with IDRF, one receiv-
ing neoadjuvant chemotherapy versus one treated with tumor excision at diagnosis; 
and this study we do not have. Therefore, in order not to inadvertently exaggerate 
the impact of IDRF, it is currently safe to consider presence of IDRF a warning sign 
justifying the term advanced locoregional disease. As a practical precaution, the 
presence of IDRFs should call for a more critical evaluation of the operative risks 
before embarking on surgery.

G. Cecchetto et al.



121

Another valuable asset with the concept of IDRF is that imaging investigations 
can be reviewed centrally, hereby allowing uniform evaluation of the preoperative 
condition of patients from different centers. Together with the use of common defi-
nitions and terminology, the latter issues support the use of IDRF in treatment 
planning.

In summary the concept of IDRF has been proven to be a valuable tool assisting 
in the decision on whether tumor excision can be considered safe and should be 
attempted or not; and evaluation of IDRF has currently become an integrated part of 
treatment planning.

Table 6.1 Image-defined risk factors (IDRF) (from Monclair et al., JCO, 27; 298–303, 2009)

Image-defined risk factors in neuroblastic tumors

Ipsilateral tumor extension within two body compartments
  Neck-chest, chest-abdomen, abdomen-pelvis
Neck
  Tumor encasing carotid and/or vertebral artery and/or internal jugular vein
  Tumor extending to the base of skull
  Tumor compressing the trachea
Cervicothoracic junction
  Tumor encasing brachial plexus roots
  Tumor encasing subclavian vessels and/or vertebral and/or carotid artery
  Tumor compressing the trachea
Thorax
  Tumor encasing the aorta and/or major branches
  Tumor compressing the trachea and/or principal bronchi
  Lower mediastinal tumor, infiltrating the costovertebral junction between T9 and T12
Thoracoabdominal
  Tumor encasing the aorta and/or vena cava
Abdomen/pelvis
  Tumor infiltrating the porta hepatis and/or the hepatoduodenal ligament
  Tumor encasing branches of the superior mesenteric artery at the mesenteric root
  Tumor encasing the origin of the coeliac axis and/or the superior mesenteric artery
  Tumor invading one or both renal pedicles
  Tumor encasing the aorta and/or vena cava
  Tumor encasing the iliac vessels
  Pelvic tumor crossing the sciatic notch
Intraspinal tumor extension whatever the location provided that:
  More than one third of the spinal canal in the axial plane is invaded and/or the 

perimedullary leptomeningeal spaces are not visible and/or the spinal cord signal is 
abnormal

Infiltration of adjacent organs/structures
  Pericardium, diaphragm, kidney, liver, duodeno-pancreatic block, and mesentery
Conditions to be recorded, but not considered IDRFs
  Multifocal primary tumors
  Pleural effusion, with or without malignant cells
  Ascites, with or without malignant cells

IDRFs image-defined risk factors
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6.2  The International Neuroblastoma Risk Group Staging 
System (INRGSS): A Clinical Classification Based on IDRF

Since Evans’ staging in 1971 [12], several systems have been used for clinical clas-
sification of neuroblastoma. The International Neuroblastoma Staging System 
(INSS), which was introduced in 1988 [13] and revised in 1993 [14], had by the turn 
of the century become the most widely used classification (Table 6.2). The INSS is 
based on a combination of clinical, radiological, surgical, and pathologic findings, 
and patients with localized tumors have to be operated for proper staging (see 
below).

When introduced the INSS represented a major milestone in international coop-
eration, and it was anticipated that the system would constitute a foundation upon 
which future modifications and improvements could be based [13]. Maybe because 
it was tailored to the predominant treatment principle with operation at diagnosis 
(for biopsy or tumor excision) from the 1980s and onward, the INSS has functioned 
well for the vast majority of patients. However, INSS is a postsurgical staging sys-
tem, and when the International Neuroblastoma Risk Group (INRG) project was 
initiated in 2004 (see below), the need for pretreatment staging was solved with the 
International Neuroblastoma Risk Group Staging System [4].

6.2.1  Staging Definitions of INRGSS

Stage L1: tumors are localized tumors that do not involve vital structures as defined 
by the list of IDRFs (Table 6.1). The tumor must be confined within one body com-
partment, neck, chest, abdomen, or pelvis. The isolated finding of intraspinal tumor 

Table 6.2 The International Neuroblastoma Staging System (INSS) (from Brodeur et al., J Clin 
Oncol 11; 1466–1477, 1993)

Stage Definition
1 Localized tumor with complete gross excision, with or without microscopic residual 

disease; representative ipsilateral lymph nodes negative for tumor microscopically 
(nodes attached to and removed with the primary tumor may be positive)

2A Localized tumor with incomplete gross excision; representative ipsilateral nonadherent 
lymph nodes negative for tumor microscopically

2B Localized tumor with or without complete gross excision, with ipsilateral nonadherent 
lymph nodes positive for tumor. Enlarged contralateral lymph nodes must be negative 
microscopically

3 Unresectable unilateral tumor infiltrating across the midline, with or without regional 
lymph node involvement; or localized unilateral tumor with contralateral regional 
lymph node involvement; or midline tumor with bilateral extension by infiltration 
(unresectable) or by lymph node involvement

4 Any primary tumor with dissemination to the distant lymph nodes, bone, bone marrow, 
liver, skin, and/or other organs (except as defined for stage 4S)

4S Localized primary tumor (as defined for stage 1, 2A, or 2B), with dissemination 
limited to the skin, liver, and/or bone marrow (limited to infants <1 year of age)
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extension that does not fulfill the criteria for an IDRF (Table 6.1) is consistent with 
stage L1.

Stage L2: tumors are locoregional tumors with one or more IDRFs. The tumor 
may be ipsilaterally continuous within body compartments (i.e., a left-sided abdom-
inal tumor with left-sided chest involvement should be considered stage L2). 
However, a clearly left-sided abdominal tumor with right-sided chest (or vice versa) 
involvement is defined as metastatic disease.

Stage M is defined as distant metastatic disease (i.e., not contiguous with the 
primary tumor) except as defined for MS. Nonregional (distant) lymph node involve-
ment is metastatic disease. However, an upper abdominal tumor with enlarged lower 
mediastinal nodes or a pelvic tumor with inguinal lymph node involvement is con-
sidered locoregional disease. Ascites and a pleural effusion, even with malignant 
cells, do not constitute metastatic disease unless they are remote from the body 
compartment of the primary tumor.

Stage MS is metastatic disease in patients younger than 18 months (547 days) 
with metastases confined to the skin, liver, and/or bone marrow. Bone marrow 
involvement should be limited to less than 10% of total nucleated cells on smears or 
biopsy. MIBG scintigraphy must be negative in the bone and bone marrow. Provided 
there is MIBG uptake in the primary tumor, bone scans or PET-CT are not required. 
The primary tumor can be L1 or L2, and there is no restriction regarding crossing or 
infiltration of the midline [4].

The short version of the four INRGSS stages is listed in Table 6.3 [4].
Since built on a similar template as the INSS (and Evans’ staging), but limited to 

a specific description of the extent of disease based on imaging, the INRGSS can be 
considered a simplified modification of the older systems. However, whereas the 
INSS and Evans’ staging also served as risk classifications, the INRGSS is restricted 
to constitute one of seven parameters used to define 16 pretreatment risk groups in 
the INRG system, the other six being age, histologic category, grade of tumor dif-
ferentiation, MYCN status, aberration of chromosome 11q, and tumor DNA ploïdy 
[15] (see Chap. 15). If these parameters are included in the diagnostic workup, 
patients with neuroblastic diseases can be risk grouped according to INRG, not only 
prospectively at diagnosis but also retrospectively.

Table 6.3 The International Neuroblastoma Risk Group Staging System (INRGSS) (from 
Monclair et al., J Clin Oncol 27; 298–303, 2009)

International Neuroblastoma Risk Group Staging System
Stage Description
L1 Localized tumor not involving vital structures as defined by the list of image-defined 

risk factors and confined to one body compartment
L2 Locoregional tumor with presence of one or more image-defined risk factors
M Distant metastatic disease (except stage MS)
MS Metastatic disease in children younger than 18 months with metastases confined to the 

skin, liver, and/or bone marrow

Note: See text for detailed criteria. Patients with multifocal primary tumors should be staged 
according to the greatest extent of disease as defined in the table
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The aim of the INRG project was to develop a classification system that would 
facilitate the comparison of risk-based clinical trials conducted in different regions 
of the world [15]. The INRG Task Force consisted of 52 investigators with expertise 
in neuroblastoma, and the Task Force members were appointed by the American, 
European, and Japanese cooperative children’s cancer groups. The major goal of the 
project was to define homogenous pretreatment patient cohorts and to develop a 
consensus approach for pretreatment risk stratification of neuroblastoma based on 
statistical analyses of prognostic factors. The need for a pretreatment staging system 
precluded the postsurgical INSS, and the INRG Task Force designed the INRGSS 
for this purpose [4].

Since 1995 SIOPEN had classified locoregional tumors as resectable or unre-
sectable dependent on the absence or presence of surgical risk factors (SRF) but 
independent of INSS stage [2]. The SIOPEN principle for stratifying patients with 
locoregional tumors by imaging features was adopted by the INRG Task Force. 
However, to avoid confusion with the INSS, the terms resectable and unresectable 
were not used in the INRG system. Further, the Task Force agreed upon using the 
SIOPEN list of SRF (with minor modifications), but preferred the term IDRF to 
SRF (Table 6.1). Detailed guidelines for imaging and description of the IDRF and 
staging of neuroblastic tumors were published in a consensus report from the INRG 
project in 2011 [3]. Whereas a patient’s stage according to INRGSS is established 
once and for all at the time of diagnosis, his or her IDRF status can be reassessed 
throughout the course of the disease. A patient with INSS stage 1 must by definition 
have undergone “complete gross excision” of a localized tumor. Not only has a 
stage 1 patient been treated before staging, today we also know that 98% of patients 
with INSS stage 1 disease are cured by surgery alone [16]. This fact exemplifies that 
INSS and INRGSS are designed for different purposes and that direct comparison 
between the prognostic power of the two systems is not meaningful. A comparison 
between patients with INRGSS stage L1 and INSS stage 1 is in fact between 
untreated patients and patients who have already been cured. The more relevant 
counterpart to INSS within the INRG system is therefore not the INRGSS, but the 
INRG pretreatment risk classification; either the 16 risk groups (A–R) or the four 
lumped categories designated: very low risk (A, B, C), low risk (D, E, F), intermedi-
ate risk (G, H, I, J), or high risk (K, N, O, P, Q, R) [15] (see Chap. 15).

Since the turn of the century, an increasing number of patients that would have 
had INSS stage 1 disease (if properly staged by operation) are followed with a “wait 
and see” regimen of observation only [17, 18]. A substantial number of these 
patients have tumors that regress spontaneously, and most of them are cured without 
ever being operated upon and without ever having undergone proper INSS staging. 
Furthermore, the same localized tumor can be either stage 1 or 3 depending on the 
extent of surgical excision, a fact making direct comparison of clinical trials based 
on INSS difficult [19].

The INRGSS differs from INSS in five important ways. First, it is based on pre-
operative imaging and IDRFs, not surgicopathological findings. Second, whereas 
INSS has four stages (and Evans’ three stages) of non-metastatic disease, the 
INRGSS has two. With time improved treatment had almost eliminated the 

G. Cecchetto et al.



125

differences in survival rates among the stages of localized disease. From the 1960s 
and until the turn of the century, survival in all stages of localized neuroblastoma 
had increased from 50% [12] to more than 90% [20–22]. Accordingly, for predic-
tion of outcome in patients with localized neuroblastoma, the use of many clinical 
stages was no longer practical, and the INRG Task Force decided that the extent of 
localized disease was sufficiently described with two stages, localized disease (L1) 
and advanced locoregional disease (L2). Third, the midline is not included in the 
staging criteria of the INRGSS. Fourth, lymph node status is not included in the 
staging of localized disease. Fifth, whereas INSS stage 4S has an upper age limit of 
12  months, the Task Force decided to extend the age group for stage MS up to 
18 months [15]. The extension to 18 months also made the clinical INRG staging 
and pretreatment risk grouping more in tune with the International Neuroblastoma 
Pathology Classification [23, 24].

Figure 6.1 shows the distribution of INRGSS stages L1 and L2 among the three 
INSS stages of localized disease. Four out of five patients with INSS stage 1 have 
INRGSS stage L1, and 19 out of 20 INSS stage 3 patients have INRGSS stage L2.

Since the INRGSS was not intended to substitute for the INSS, the INRG Task 
Force anticipated that most cooperative groups would continue to use INSS in paral-
lel with INRGSS [4].

Finally, it must be emphasized that the INRGSS and the pretreatment risk group-
ing were developed by consensus among more than 50 international neuroblastoma 
experts on a background of statistical analyses of data from 8800 patients with 
neuroblastic diseases [15]. Obviously not everyone will find the list of IDRF and the 
INRG systems ideal. One must, however, keep in mind that consensus is never 
reached without compromises; and hitherto the systems seem to have been well 
received.
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Fig. 6.1 Percentage distribution of 661 SIOPEN patients with locoregional neuroblastoma by 
INRGSS versus INSS. INSS 1, n = 303; INSS 2, n = 147; INSS 3, n = 211. Diagram based on data 
from Monclair et al., J Clin Oncol, 27; 298–303, 2009
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6.3  Description of IDRF by Tumor Site and Relationship 
with Vital Structures

In the LNESG1 as well as in the SIOPEN High-Risk Neuroblastoma Studies 1–5, 
presence of IDRF contraindicated attempt at initial tumor excisions [2, 5, 16]. Other 
reports are in favor of this strategy [6, 7, 25, 26]. However, outside of a research 
protocol, the presence of IDRF itself does not imply that surgery is contraindicated. 
The concept of IDRF should rather be regarded as a way to facilitate a thorough 
assessment of the locoregional extent of the tumor prior to decision of the assumed 
best initial management. This is of special relevance for patients with non-meta-
static tumors in order to choose between initial operation and secondary surgery 
after chemotherapy, as well as to evaluate the possibility of minimally invasive sur-
gery [10]. Secondly, IDRFs are prognostic criteria significantly associated with sur-
vival [4, 5] and therefore included in the current INRG staging system. Moreover, 
recent studies have also demonstrated a significant link between the number of 
IDRF and the genomic profile of the tumors, i.e., the number of IDRF being signifi-
cantly higher in MYCN-amplified NBL [27].

Local extension of neuroblastoma mainly consists of vascular involvement 
(mainly along arteries), infiltration of adjacent soft tissues and organs (mainly kid-
neys and liver), and infiltration of foramina and epidural space when NBL arise 
from paraspinal sympathetic chains. Accurate analysis and description of all vessels 
and adjacent organs or structures is therefore a critical part of the imaging report. 
However, numerous and variable terms are commonly used to describe the relation-
ships between tumors and normal anatomic structures. Therefore and taking into 
account that few radiologists are specifically involved in pediatric oncology and 
aware of the most frequent complications associated with neuroblastoma surgery, in 
2011 an international group of neuroblastoma experts published a special report [3] 
aiming to optimize imaging and uniform reporting, including specific definitions of 
terms recommended to be used as well as a checklist of all relevant structures to be 
assessed.

Although IDRFs were designed to be used at diagnosis, this method of detailed 
radiological assessment can also be used after neoadjuvant chemotherapy to preop-
eratively reassess the residual disease [8, 9]. Actually, in patients with initially 
“unresectable” NBL operated after chemoreduction, complete resection or minimal 
residual disease is more frequent among children who have reduction of IDRF [11].

6.3.1  Recommended Terms to Describe IDRFs in Imaging 
Reports

For adjacent organs and vessels, the terms “separation” and “contact” should be 
used according to the visibility or not of at least a thin fatty layer between the tumor 
and the adjacent structure. “Encasement” is the recommended term indicating that 
the neighboring structure is surrounded by the tumor. “Encasement” of a vessel was 
arbitrarily defined by a contact with the tumor of 50% or more of the vessel’s 
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circumference in a plane perpendicular to the long axis of the vessel (less than 50% 
should be called “contact” only). The term “flattened” is used for veins with reduced 
diameter but still partially visible lumen. When the lumen is no more visible, veins 
are also classified as “encased.” The distinction by imaging between a simple con-
tact and a true infiltration of an organ remains difficult. If the margins between the 
organ and the tumor are ill-defined, the term “infiltration” is used, whereas when 
margins are well delineated, the term “contact” is used. When a tumor is “sepa-
rated” or “in contact” only with a vital structure or is “flattening” a vein without 
“encasement,” an IDRF is not present. One exception is for renal vessels: a “con-
tact” with the tumor is classified IDRF [3] since surgical dissection of the renal 
pedicle is particularly risky in neuroblastoma patients [2, 28]. “Encased” or “infil-
trated” structures are classified as IDRF. The term “compression” is also used to 
describe relationships between cervicothoracic NBL and airways. When the short 
axis of the airways is reduced, IDRF is present. The term “invasion” is used for 
NBL extending into the epidural space of the spinal canal, mainly observed in para-
vertebral thoracic or lumbar “dumbbell” NBL.  IDRF is present when the tumor 
invades more than one third of the spinal canal in the axial plane, when the lepto-
meningeal fluid spaces are no longer visible, or when the MR signal of the spinal 
cord is abnormal. NBL frequently involve two adjacent anatomical compartments 
(neck and chest, or abdomen and mediastinum, or abdomen and pelvis). This condi-
tion is also considered an IDRF.

6.3.2  IDRFs According to Anatomic Location 
of the Primary Tumor

According to the location of the primary tumor, radiologists should look carefully at 
specific anatomical structures [3]:

 – In the neck (Fig. 6.2), NBL arise from the posterior carotid space. An IDRF is 
present when the internal carotid artery or internal jugular vein is encased, when 
the tumor reaches the skull base (along the carotid artery), or when it compresses 
the pharyngo-laryngeal lumen.

 – Cervicothoracic NBL arises from the stellate ganglion above the subclavian 
artery at the level of the origin of the vertebral artery. IDRFs are present when the 
tumor encases the vertebral or carotid artery, the subclavian vessels, and the 
 brachial plexus roots or when it compresses the trachea. Some of these tumors 
can also invade the spinal canal.

 – In the chest (Figs. 6.3, 6.4, and 6.5), NBL usually arise from the paraspinal sym-
pathetic chains in the posterior mediastinum and frequently invade one or more 
foramina or even epidural space in the spinal canal (“dumbbell” tumors) associ-
ated with the risk of spinal cord compression. IDRF is present when more than 
one third of the canal in the axial plane is invaded. Since mediastinal NBL 
located between T9 and T12 levels are associated with a theoretical risk of spinal 
cord ischemia during surgery, this situation is also considered an IDRF, although 
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the risk of injury to the spinal cord is regarded as very low in children. Encasement 
of the descending aorta, compression of the trachea or principal bronchi, and 
infiltration of the diaphragm or pleura are also considered IDRF.

 – In the abdomen (Figs. 6.6, 6.7, 6.8, 6.9, 6.10, 6.11, and 6.12), NBL arise either 
from the adrenal gland or from sympathetic ganglia (celiac, superior, and inferior 
mesenteric ganglia) or from sympathetic fibers along the aorta and its branches. 
Main abdominal vessels (aorta, celiac axis, superior and inferior mesenteric 
arteries, portal vein, renal vessels, inferior vena cava, iliac vessels) must be 
assessed using the relevant terms. IDRFs are present when vessels are encased 
(or at least in contact for renal pedicles). IDRF is also present when the tumor 
infiltrates the porta hepatis (liver hilum) or directly the liver parenchyma, the 
diaphragm, the kidney, the duodeno-pancreatic block, or much less frequently 
the mesentery. Also paravertebral lumbar NBL (Figs. 6.11 and 6.12) are usually 
classified as “abdominal” NBL, the local extension is usually comparable to that 
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Fig. 6.2 A 5-month-old boy with nonsymptomatic localized left cervical neuroblastoma. MR 
transverse fat-saturated T2 (a) and coronal (b) T2-weighted sequences, enhanced transverse (c) 
and sagittal fat-saturated T1-weighted (d) sequences, and lateral MIP reconstruction of contrast- 
enhanced MR angiography. The tumor (asterisks) arises from the left posterior carotid space and 
displaces anteriorly the internal carotid artery (arrows), without encasement (not IDRF), and later-
ally the airways (dotted arrows) but without reduction of the laryngotracheal lumen (not IDRF)
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of chest NBL with frequent spinal canal invasion, infiltration of the psoas mus-
cle, and uncommonly the abdominal vessels.

 – In the pelvis (Fig. 6.13), NBL arise from presacral sympathetic ganglia or along 
the lumbosacral junction (upper hypogastric sympathetic plexus). IDRF is pres-
ent when the tumor encases the termination of the aorta, the origin of the inferior 
vena cava, or the iliac vessels. Lumbar or sacral foraminal extensions are not 
IDRF; intraspinal extension may also occur, but below the level of the L2, only 
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Fig. 6.3 A 5-month-old boy with nonsymptomatic localized left thoracic neuroblastoma. MIBG 
scan (SPECT-CT) (a) shows uptake of the primary tumor without distant metastasis. MR trans-
verse (b) and coronal (c) T2-weighted sequences show the tumor (asterisks) in the posterior medi-
astinum encasing (curve arrow) the descending thoracic aorta over 180° (Ao, IDRF), but without 
infiltration of foramina or spinal canal

Fig. 6.4 A 15-month-old 
boy with nonsymptomatic 
localized right thoracic 
neuroblastoma. MR 
transverse T1-weighted 
sequence shows the tumor 
(asterisks) originating from 
the posterior mediastinum 
without infiltration of 
foramina or spinal canal 
but compressing the 
trachea (Tr, arrow) (IDRF)
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radicular involvement can occur, and this condition is therefore not classified as 
IDRF. Tumors extending in the gluteal region through the greater sciatic foramen 
are also considered to be IDRF positive.

Since established by consensus and not by evidence-based rationale, the list of 
IDRFs and definition of terms recommended are arbitrary and of course debatable. 
Truly, neither the number of risk factors nor the type of IDRFs is taken into account 
in the INRGSS. New IDRFs have been suggested [29], and the guidelines [3] have 
also been accused of overestimating the surgical risks which “might lead to unnec-
essary chemotherapy” [30]. These criticisms are definitely valid, and the issue of 
overestimating surgical risks can be supported by data from the LNESG1 study: 
whereas patients with stage L1 disease had a 5-year EFS of 92% with primary 
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Fig. 6.5 An 11-month-old girl with symptomatic localized left thoracic neuroblastoma. Contrast- 
enhanced CT scan with transverse view (a) and coronal minimal intensity projection (b) and coro-
nal MPR reconstruction (c, d). The calcified tumor (asterisks) arises from the lower posterior 
mediastinum (IDRF) and compresses the main left bronchus (MLB) (IDRF). The tumor displaced 
the descending thoracic aorta (Ao) without encasement (not IDRF) and invades the foramina 
(arrowheads) and the épidural space of the spinal canal but less than 30% in transverse plane (not 
IDRF)
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Fig. 6.6 A 12-month-old girl with localized (MYCN-amplified) right adrenal neuroblastoma 
(asterisks). Contrast-enhanced CT scan with transverse view (a) and coronal MIP reconstruction 
(b). IDRFs are present: encasement of the right renal artery (arrow), infiltration of the hilum of the 
right kidney (RK), and encasement of the inferior vena cava (arrowhead). Some relationships with 
adjacent organs are not IDRF: the liver (L) is displaced without direct infiltration; the celiac artery 
(dotted arrow) is separated from the tumor; the portal vein (double arrowhead) and the aorta are in 
contact with the tumor, without encasement

a

c d

b

Fig. 6.7 A 9-month-old girl with localized left adrenal intermixed ganglioneuroblastoma (aster-
isks). Contrast-enhanced CT scan with transverse views (a, b) and axial (c) and coronal (d) MIP 
reconstructions. IDRFs are present (arrows): encasement of the aorta, the celiac, hepatic and 
splenic arteries, both renal arteries, and the left renal vein. The tumor is in contact with the IVC 
(dotted arrow), but its lumen is still visible (not IDRF). The duodeno-pancreatic bloc is invaded 
(arrowheads) (IDRF)
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Fig. 6.8 A 3-year-old boy with localized left extra-adrenal retroperitoneal neuroblastoma (aster-
isks). Contrast-enhanced CT scan with transverse view (a) and coronal MIP reconstruction (b) 
show the displacement of the right kidney without infiltration (dotted arrow) (not IDRF), a contact 
with the aorta (arrowheads) without encasement (not IDRF), and a contact with the renal artery 
(arrow) (IDRF)

a b
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Fig. 6.9 A 2-month-old girl with localized left adrenal neuroblastoma. MIBG scan (anterior view) 
(a) shows uptake of the primary tumor (asterisk) without distant metastasis. MR coronal 
T2-weighted sequence (b) shows a contact (not IDRF) with the splenic artery (dotted arrow), and 
contrast-enhanced transverse fat-saturated T1-weighted sequences (c, d) show displacement of the 
right kidney without infiltration (double dotted arrow) (not IDRF) and a contact with the renal 
artery (arrow) and the renal vein (arrowhead) (IDRF)
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Fig. 6.10 A 3-month-old girl with multifocal neuroblastoma (chest and both adrenal glands) with 
distant metastases in the liver, pancreas, and bone marrow. Contrast-enhanced CT scan with trans-
verse view (a) and coronal MPR reconstruction (b). IDRFs are present: infiltration of the liver 
hilum (arrowhead) and encasement of many vessels (arrows): the aorta, the mesenteric artery, both 
renal arteries, left renal vein, IVC, and portal vein
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Fig. 6.11 A 6-month-old girl with localized left lumbar neuroblastoma. MR transverse 
T2-weighted (a) and enhanced fat-saturated T1-weighted transverse (b) and sagittal (c) sequences 
show the tumor (asterisks) infiltrating the psoas muscle (IDRF, arrow), infiltrating the foramina 
and the spinal canal (50% in axial plane, i.e., IDRF, arrowheads), displacing the left kidney (LK) 
(dotted arrow) without infiltration (not IDRF), and separated from the aorta (Ao)
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tumor excision, the group of patients with stage L2 disease who (contrary to proto-
col recommendations) also underwent initial surgery had a 5-year EFS of 86% [5]. 
Evidently, a subset of patients with presence of IDRFs had almost equally good 
outcome with initial tumor excision as patients without IDRFs. In this setting it is 
therefore important to get rid of the misconception that presence of IDRFs is auto-
matically linked to neoadjuvant chemotherapy. Rather it is important to keep in 
mind that the INRG concept was primarily designed to facilitate communication 
and comparisons between international clinical trials. It is anticipated that the list of 
IDRFs will be revised and further improved with time. However, matters like this 
must necessarily take time, and it is assumed that a future revision of the INRG 
concept will be better when more information on the impact on outcome of indi-
vidual risk factors have been collected.

a c

b

Fig. 6.12 A 10-month-old girl with paraplegia related to a localized right lumbar neuroblastoma. 
MR transverse (a), coronal (b), and sagittal (c) T2-weighted sequences show the tumor (asterisks) 
infiltrating the psoas muscle (IDRF, arrow), infiltrating the foramina and the spinal canal (75% in 
axial plane, i.e., IDRF, arrowheads), compressing the spinal cord (SC), displacing the right kidney 
(RK) (dotted arrow) without infiltration (not IDRF), and separated from the inferior vena cava 
(IVC, not IDRF)
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7.1  Diagnostic Context

Neuroblastoma (NB) is an embryonic tumor deriving from the peripheral sympa-
thetic nervous system [1]. It is the most frequent extra-cranial solid tumor in child-
hood, often presenting with large retroperitoneal masses detected on morphological 
imaging modalities, such as ultrasound, contrast-enhanced CT (ceCT), or magnetic 
resonance imaging (MRI).

Due to the heterogeneous profile of the disease, prognosis of NB patients is 
linked to several clinical and biological factors. In 2005, the International 
Neuroblastoma Risk Group (INRG) Task Force established criteria for an interna-
tionally risk group stratification system based on clinical factors (age, tumor stage) 
and genetic determinants (MYCN gene amplification, chromosome 1p36 abnor-
malities) [1, 2].

More recently, the INRG Task Force also released the consensus recommenda-
tions on molecular techniques, on the criteria of minimal residual disease, on neu-
roblastoma response criteria, and on radiographic techniques [2–6].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-18396-7_7&domain=pdf
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The high-risk phenotype, which affects nearly 50% of newly diagnosed patients 
and is related to poor long-term survival, is characterized by age >18 months on 
diagnosis, widespread disease dissemination, and MYCN amplification Conversely, 
patients with a low-risk phenotype (no MYCN amplification and age <18 months) 
have an excellent long-term survival [7–9].

Localized unresectable neuroblastoma in children >12  months and no MYC 
amplification constitute an intermediate-risk group [10].

Since risk group stratification is an essential step to select the most appropriate 
treatment option, diagnostic imaging is determinant in the initial assessment of dis-
ease extension.

Currently, no evidence-based criteria have defined the optimal imaging 
modality in evaluating the extent of NB disease. The recent INRG Consensus on 
imaging guidelines in neuroblastic tumors reported advantages and limitations 
of CT and MR imaging modalities in evaluating primary tumor and metastatic 
disease [6].

So far, contrast-enhanced CT (ceCT) represents the reference standard technique 
for the evaluation of primary tumor extent concerning eligibility to surgery, for the 
detection of residual disease after surgery, and to guide radiotherapeutic planning. 
Nevertheless, it may underestimate the extent of bone metastases and is unable to 
detect bone marrow involvement [11]. On the other side, magnetic resonance (MR) 
gained has been increasingly adopted in the last 20 years due to the high contrast 
resolution in evaluating soft tissue and bone marrow metastases and to the lack of 
ionizing radiation [12–15]. Furthermore, MR represents the recommended imaging 
modality for the study of spinal or paraspinal primary disease and metastases. 
Nevertheless, known limitations of MR are the limited field of view (FOV) and long 
acquisition time frequently requiring patient sedation.

The principal limitation of MRI, however, is related to treatment response evalu-
ation, which is not well defined by this morphologic imaging modality especially 
when bone marrow involvement is considered in NB [16]. Indeed false-positive 
results have been described after treatment [16, 17].

In NB diagnostic setting, nuclear medicine procedures have demonstrated major 
accuracy for both staging and treatment response assessments, including the evalu-
ation of bone and bone marrow involvement [18]. 123I-MIBG scintigraphy has been 
extensively used in research and clinical practice for over 35 years, representing the 
most important functional imaging modality in NB assessment.

Furthermore, therapy with 131I-MIBG has been extensively employed in neuro-
blastoma since the late 1980s, with a systematic review analyzing 1121 patients 
treated with 131I-MIBG [19].

131I-MIBG was used as single agent (monotherapy) in patients with a poor prog-
nosis, in particular those with recurrent/refractory disease, as a palliative treatment. 
So far, 131I-MIBG therapy is included in multicentric trials on high-risk neuroblas-
toma patients [20].

However, in recent years, different types of “new” PET tracers have been intro-
duced in the diagnostic workup of NB showing very promising results [21, 22]. In 
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this new diagnostic scenario, it seems important to identify strengths and limitation 
of each different functional diagnostic modality.

The aim of this chapter is to analyze, in terms of availability and accuracy, the 
principal nuclear medicine procedures used in NB.  In addition, the prevalent or 
complementary role of each functional imaging method is highlighted.

7.2  MIBG Scintigraphy

Metaiodobenzylguanidine (MIBG) is a guanethidine derivative developed in the 
late 1970s as diagnostic agent for imaging of adrenal medulla [23]. Being chemi-
cally analogue to norepinephrine, MIBG is taken up by NB cells through type 1 
active uptake and stored in cytoplasmic vesicles [24].

123I- and 131I -MIBG scintigraphy are both well-established diagnostic imaging 
modalities for diagnosis, staging, and restaging of NB. However, for clinical prac-
tice, the superiority of 123I- over 131I-labelled MIBG for the diagnosis of NB has 
been ascertained. Indeed, 123I physical properties allow to perform planar, whole-
body, and SPECT high-count scans providing better spatial resolution than 
131I-MIBG [25].

7.2.1  Staging

Owing to the high specificity and sensitivity in detecting primary NB and distant 
metastases, MIBG imaging is recommended as standard modality to assess disease 
extent at diagnosis in accordance with the International Neuroblastoma Risk Group 
(INRG) guidance [26].

Worthy to remember, in INRG recommendations, the presence of a single, 
unequivocal MIBG-positive lesion at a distant site is sufficient to define metastatic 
disease [5]. Consequently, since 1996, MIBG scan has been utilized to create a risk 
factor scoring system focusing on the extent and treatment response of bone disease 
[5, 27–31] [Fig. 7.1].

Considering the primary site of disease, it should be highlighted that MIBG 
imaging is not able to discriminate between well-differentiated ganglioneuroma 
from undifferentiated neuroblastoma or ganglioneuroblastoma [32]. These three 
histological types may all concentrate MIBG, even though the uptake pattern may 
differ on the basis of tumor cell differentiation [33]. An intense MIBG uptake is in 
fact observed in ganglioneuroblastoma, where ganglioneuroma elements are pre-
dominant, suggesting that the radiopharmaceutical uptake is influenced by tumor 
cell differentiation [21].

False-positive findings on MIBG scan can result from the misinterpretation of 
physiologic uptake foci, namely, distributed in the salivary glands, nasal mucosa, 
myocardium, liver, and bowel. Adrenal glands may also demonstrate MIBG uptake, 
especially after contralateral adrenalectomy. As a result, most of the false-positive 
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MIBG findings are related to a nonspecific tracer accumulation in the urinary tract 
or gastrointestinal structures [34, 35]. Low-level uptake may also be seen in the 
lungs on 24-h images [36, 37]. Physiologic uptake in brown adipose tissue has also 
been described, most commonly leading to activity in the neck and supraclavicular 
regions [38, 39].

False-negative scans may occur in 10% of the cases [28] depending on several 
variables: (1) modifications of the active uptake mechanism due to the differentia-
tion and maturation of tumor cells [40–42], (2) a prevalent necrotic component in 
primary tumor, (3) pharmacological interference [43, 44], and (4) low MIBG 
injected activity [45]. A further issue concerns the correct interpretation of the nor-
mal distribution pattern of MIBG in children. In these patients, the quality of MIBG 
scintigraphy may be conditioned by pathological changes in abdominal anatomy 
often caused by the disease [46].

123I-MIBG scintigraphy commonly contemplates planar acquisitions, implying 
in most of the cases a difficult correlation with radiological examinations (i.e., ceCT 
or MRI). However, the wider use of SPECT or SPECT/CT imaging allows a greater 
accuracy, thanks to a more precise anatomical localization, avoiding false-positive 
findings and most importantly reducing false-negative findings both for visceral and 
bone metastases [47–49]. In this context, the essential intrinsic information pro-
vided by functional imaging (i.e., assessment of the viability of morphologically 
detectable lesions) may be associated with those of MRI such as high soft tissue 
resolution an definition of intraspinal tumor extension [50, 51].

a b

c

Fig. 7.1 A 6-year-old male affected by stage 4 NB. 123I-MIBG scan at the time of first staging (a, 
b) identified primary tumor (arrows), well visualized by CT (coronal view, c), and bone-bone mar-
row metastases
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7.2.2  Assessment of Treatment Response

Although primary staging is a “cornerstone” to correctly address the prognosis of 
children affected by NB, the assessment of treatment response after induction 
chemotherapy in high-risk NB patients is another important prognostic factor able 
to identify patients at higher risk of disease progression and death [12, 52]. Indeed, 
as mentioned before, the ability of MIBG scan in evaluating persistence of disease 
after therapy is higher than that of other imaging modalities (MRI and TC). 
Specifically, MIBG scan is particularly effective in the assessment of persistent 
bone marrow metastases [Figs. 7.2 and 7.3]. For this purpose, over time different 
skeletal scoring methods were developed based on MIBG scan images able to cor-
rectly address the skeletal tumor load at the time of first diagnosis and after treat-
ment. The introduction of these criteria has improved the reproducibility with 
good concordance between readers and has allowed to distinguish a simple 
improvement from complete response [53, 54]. The most common scoring meth-
ods divide the skeleton into anatomical sectors and then give each sector an indi-
vidual score for extension (quantity of metastases) and intensity (strength of 
uptake). The sum of the scores for each sector gives a separate MIBG score for 
extent and for intensity. The two principal scoring systems are the Curie score and 
SIOPEN score dividing the skeleton into 9 and 12 segments, respectively. The 

a b c d

Fig. 7.2 A 4-year-old female affected by stage 4 NB. 123I-MIBG scan at the time of first staging 
(a, b) identified primary tumor (arrows) and bone-bone marrow metastases. Partial but good 
response was observed after therapy (c, d). Primary tumor showed significant reduction in terms of 
MIBG uptake, and only two sites of bone marrow uptake were still detectable (dotted arrows)
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maximum score achievable for Curie score was 30, and that of SIOPEN was 70. 
These two scores have been tested and validated in large trials as independent NB 
risk factors. Indeed patients with Curie score >2 and SIOPEN score >3 after 
induction chemotherapy have extremely poor outcomes and should be considered 
for alternative strategies [12, 24, 28, 52].

7.2.3  123I-MIBG Scintigraphy for NB Surveillance During 
the Follow-Up

As more than 50% of patients affected by high-risk neuroblastoma (NB) may 
relapse after initial treatment [52], the long-term cure rate is low, ranging from 
25% to 30% [53, 54]. The principal prognostic factor for post-relapse survival, 
which has recently been investigated, is the length of time to first relapse (TTFR) 
[55]. Although relapsing NB is often cause of death, it has been observed that an 
unsuspected and asymptomatic relapse with a smaller tumor load may be associ-
ated with a longer survival [56, 57]. On the contrary, prolonged survival and pos-
sibly effective treatment would be less likely if relapse involves extensive or bulky 
disease [56] [Fig. 7.4]. In this context, 123I-MIBG scan is a sensitive biomarker able 

a b c d

Fig. 7.3 A 5-year-old male affected by stage 4 NB. 123I-MIBG scan at the time of first staging (a, 
b) identified primary tumor (arrows) and bone-bone marrow metastases. Incomplete response was 
observed after therapy (c, d). Primary tumor showed significant reduction in terms of MIBG 
uptake, but multiple sites of bone marrow uptake were still detectable

A. Piccardo et al.
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to evaluate an early NB relapses (detection rate 82%), even when they are asymp-
tomatic and unsuspected [56, 58]. In other words, 123I-MIBG scan is able to cor-
rectly estimate the TTFR and at the same time to evaluate the tumor load at the 
time of recurrence. Indeed these two parameters are strictly related to disease pro-
gression and death [56, 57]. In addition, it was also reported that patients whose 
monitoring included 123I-MIBG scan were significantly less likely to have an exten-
sive osteomedullary relapse and had a significantly longer survival from relapse 
and from diagnosis [56].

7.3  18F-Fluorodihydroxyphenylalanine (18F-DOPA)

On a functional point of view, NB cells display an increased metabolism of cate-
cholamines, which determines their ability to produce biologically active hormones 
and some of their precursors [59, 60]. Dihydroxyphenylalanine (DOPA) and its 
Fluorine-18-labelled form (18F-DOPA) are direct precursors of dopamine and cate-
cholamine metabolism; therefore, they represent the potential PET substitute for 
123I-MIBG imaging. This radiopharmaceutical is actively transported into cells 
through the large amino acid transporter (LAT1) and then converted into dopamine 
by the amino acid decarboxylase (AADC) [61]. Subsequently, dopamine enters the 
vesicular storage system and is later on converted into norepinephrine and epineph-
rine [Fig. 7.5]. 18F-DOPA PET is already regarded as a valuable tool for the assess-
ment of neuroendocrine tumors, in particular pheochromocytoma, paraganglioma, 

a b

c

Fig. 7.4 A 15-year-old female affected by NB soft tissue relapse. The patient, after achieving 
complete remission (a), at 1 year follow-up, showed multiple peritoneal localizations detected by 
123I-MIBG scan (b) and CT (c)
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and medullary thyroid carcinoma [61–64]. In this context, the modality shows a 
better diagnostic performance compared to 123I-MIBG scintigraphy and other con-
ventional imaging modalities, such as CT and MRI, particularly in the case of 
tumors with high excretion of catecholamines [62–64].

18F-DOPA PET has been recently enlisted in the recommended imaging tech-
niques for NB assessment [http://www.eanm.org/publications/guidelines/], espe-
cially in the case of disease relapse and for the assessment of response to induction 
therapy [11, 22, 65–67]. Already during one of the first pilot studies conducted in 
primary/relapsed high-risk NB patients, 18F-DOPA distribution in pathological sites 
resulted similar to that of 123I-MIBG [66], but 18F-DOPA PET displayed a higher 
accuracy than 123I-MIBG scintigraphy, especially in smaller lesions (<1.5 cm). This 
influenced patient management and treatment decisions in 32% of the cases. In 
another publication from Lu et al. [68], on a retrospective analysis of 34 children 
with neuroblastic tumors (50 tumors: 26 neuroblastomas, 11 ganglioneuroblasto-
mas, five ganglioneuromas, and eight lesions without viable tumor cells), 18F-DOPA 
PET successfully detected viable tumors at a sensitivity of 97.6% (87.4–99.9%) and 
a specificity of 87.5% (47.3–99.7%) (Table 7.1). In the studies mentioned above 
[66, 68], 18F-DOPA was injected at an activity of 4 MBq/kg, while image acquisi-
tions were performed at different timings after tracer injection, more specifically 
60 min for Piccardo et al. [66] and 90 min for Lu et al. [68]. Nevertheless, both 

Active transport

LAT

AA precursors

Dopamine

Norepinephrine

Epinephrine

Dihydroxyphenylalanine (DOPA)/
18F-DOPA

Intravescicular storage

Phenylethanolamine-N-methyltransferase (PNMT)

Dopamine beta hydroxylase (DBH)

Aromatic Acid decarboxylase (AADC)

18F-DOPA

Fig. 7.5 Metabolic pathway of dihydroxyphenylalanine (DOPA) and 18F-DOPA in tumor cells of 
neural crest origin; LAT = large amino acid transport; AA = amino acid

A. Piccardo et al.
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studies report a very high sensitivity and accuracy for 18F-DOPA with respect to 
123I-MIBG scintigraphy, while there was no significant difference in terms of speci-
ficity, as a consequence of the ability of 18F-DOPA to detect NB localizations [Figs. 
7.6 and 7.7]. This fact is furthermore confirmed by an interesting case report from 
Piccardo et al. [68] illustrating the clear visualization of positive bone and nodal 
metastases on 18F-DOPA PET and post-therapy 131I-MIBG scan, which were com-
pletely undetectable on diagnostic 123I-MIBG scintigraphy. In this case, the differ-
ence in injected dose between 131I- and 123I-MIBG can explain the gap in sensitivity 
[Fig. 7.8].

Also in comparison with morphological imaging, 18F-DOPA PET outperformed 
CT/MRI in NB assessment [11]. In this later study, the authors prospectively 
enrolled 21 patients affected by high-risk NB, with overall 129 pathological sites 
involved. On a site-based analysis, sensitivity, specificity, and diagnostic accuracy 
for 18F-DOPA PET resulted 90.6%, 90%, and 90.5%, respectively, while the same 
rates for CT/MRI were 47.5%, 27.5%, and 43%. In particular, the authors found that 
18F-DOPA PET had a significantly higher detection rate than CT/MRI in the bone 

a c

b

Fig. 7.6 Pictorial example of a patient with recurrent NB showing no pathological uptake in the 
123I-MIBG scintigraphy (a, b lateral views of the head); the same patient investigated with 
18F-DOPA PET/CT documented clear submandibular right node metastases (c, fused axial view; 
red arrow)
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a b

c d

Fig. 7.7 Example of a patient with primary NB diagnosis showing an ancillary nodal involvement 
in the left supraclavicular region easily visualized with gadolinium-enhanced MRI (a) and 
18F-DOPA PET/CT (b); the corresponding lesion seen on 123I-MIBG scintigraphy (c, d) is indi-
cated with the red arrow

a

d e

b c

Fig. 7.8 Example of a patient with recurrent NB showing a clear pathological uptake on the right 
ischial bone on 18F-DOPA PET/CT (a–c: red arrows); on counterpart, there is only a faint uptake visible 
in the posterior view (e) in the 123I-MIBG scintigraphy while undetectable on anterior projection (d)
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and bone marrow (90%), in lymph nodes (94%), and in soft tissue lesions (100%) 
[11, 22]. There were anyhow some false-positive cases (four lesions), all attributed 
to biliary stasis mimicking liver lesions. These cases were better characterized by 
morphological imaging, although the overall accuracy of 18F-DOPA PET in either 
site-based or lesion-based analysis was superior [11].

Comparison with 18F-FDG PET has been also performed, but the experience is 
limited to the paper from Lu et al. in 46 NB lesions [68]. In this report, 18F-DOPA 
PET shows an overall better sensitivity (97.4% vs. 86.6%), specificity (87.5% vs. 
62.5%), and diagnostic accuracy (95.6% vs. 82.6%), in detecting neuroblastic 
tumors. Another specific advantage reported is the better detection of skull and 
brain lesions, much is more difficult with 18F-FDG PET due to the physiologic 
tracer uptake in the gray matter. With this regard, it is important to know that brain 
metastases are a real pitfall also for 123I-MIBG scintigraphy, while 18F-DOPA is 
already reported to detect brain metastases in a previously treated high-risk NB 
patient [69].

At the time of recurrence, 18F-DOPA PET demonstrates a similar prognostic 
potential to that of 123I-MIBG scintigraphy [58], which is well known as an unfavor-
able prognostic factor after induction therapy in case of scan positivity. In particular, 
patients with a score >3 at post-induction scintigraphy are reported to have a signifi-
cantly worse event-free survival (EFS) [70]. The group from Piccardo et al. [58] 
investigated this prognostic potential in 24 relapsed NB patients. The authors at first 
found that patients with 123I-MIBG score >3 had a significantly higher risk of dis-
ease progression and death. In the meantime, also patients with a 18F-DOPA whole- 
body metabolic burden (WBMB) >7.5 presented a significantly higher risk of 
disease progression and death. Both cutoffs were significantly associated with 
progression- free survival (PFS), but 18F-DOPA PET was better related to PFS than 
123I-MIBG scan (HR 37 vs. HR 17), and its score could better stratify patients based 
on risk of progression or death. These very results get even more promising if we 
consider that 18F-DOPA PET can be used also in response assessment after induc-
tion therapy. So far, however, only one case report has described the application 
[71], and clearly the data need to be confirmed in larger series and possibly in mul-
ticentric studies.

All the abovementioned diagnostic and prognostic advantages for 18F-DOPA 
PET in NB compared to other imaging modalities are strengthened also by the 
fact that this modality is patient-friendly, requires no specific preparation except 
few hours of fasting, and can be performed in the majority of the cases without 
patient sedation. There is one limited evidence that carbidopa premedication 
might improve image quality [72], but today this preparation is not routinely used 
nor is it recommended [http://www.eanm.org/publications/guidelines/]. On the 
other side, potential limitations and technical issues related to 18F-DOPA applica-
tion in NB exist. At first, the overall radiation exposure is higher when compared 
to the diagnostic 123I-MIBG scintigraphy [73, 74]. The radiopharmaceutical is 
moreover costly, and some attention must be paid to its electrophilic synthesis, 
since residual 18F-fluoride levels can lead to false-positive skeletal uptake mim-
icking metastases [75].
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7.4  18F-FDG PET/CT

The current standard imaging studies for the staging and follow-up of neuroblastic 
tumors include CT/MR imaging and 123I-MIBG scintigraphy [25]. Indeed, 123I-MIBG 
scintigraphy is also a well-established diagnostic method to assess response to treat-
ment [7]. However, the assessment of MIBG scans presents some difficulties. False- 
negative MIBG scans were reported as early as 1990 [76, 77], and false-negative 
123I-MIBG scintigraphy is still a problem and may lead to an incorrect downstaging 
[7, 77].

Other disadvantages of this modality such as limited spatial resolution, limited 
sensitivity in small lesions, and the logistic need of two or—in the case of SPECT—
even more acquisition sessions should be also considered. Furthermore, in most of 
the cases, MIBG imaging is not sufficient for operative or biopsy planning.

Most of these disadvantages can potentially be overcome by PET/CT imaging, 
which is performed by using a glucose analogue PET tracer (i.e., 18F-FDG) widely 
available in clinical practice. Indeed, cancer cells avidly take up glucose and metab-
olize it to lactate even when oxygen is abundantly present. This glucose metabolism 
in cancer cells enables specific detection by PET with the glucose analogue FDG.

The principal advantages of PET/CT images over planar and SPECT images are 
higher spatial resolution and the possibility to perform whole-body acquisitions in 
shorter time. Indeed, high-resolution images of 18F-FDG PET/CT have excellent 
anatomical delineation comparable to that of CT and MRI. In addition, the limited 
scanning time of PET has the potential for reducing the number of sedations.

As for other malignancies, NB is often characterized by a high18F-FDG. Although 
data about the role of 18F-FDG in NB are limited and no prospective multicentric 
studies have been conducted, 18F-FDG PET/CT represents an important and widely 
available alternative to 123I-MIBG scan, especially in case of non-MIBG- 
concentrating NB.

As described in the literature, in about 10% of patients with histologically proven 
NB, the primary tumor does not accumulate 123I-MIBG (false-negative results) [46, 
78, 79]. For these patients, it is advisable to perform additional tests especially at the 
time of first staging.

Although there is no evidence to support the routine use of 18F-FDG PET/CT in 
the initial diagnosis and staging of NB, it was found that 18F-FDG PET identified 
disease sites in stage 1 and 2 NB better than123I-MIBG and detected more sites of 
primary tumors or loco-regional metastases [20, 80]. Moreover, 18F-FDG PET/CT 
better detected sites of disease in stages 3 and 4 when tumors did not accumulate 
123I-MIBG or did so only weakly. In addition, 18F-FDG PET/CT could provide 
important information about disease extension in the chest, abdomen, and pelvis 
and should be used when CT or MRI seems to show more extensive disease than 
that revealed by 123I-MIBG scan [80].

However, 123I-MIBG seems to be superior to 18F-FDG PET/CT in staging high- 
risk NB (i.e., stage 4), owing to its better accuracy in detecting bone and bone mar-
row metastases, which are the most frequent sites of disease progression [80, 81]. 
This situation may be particularly evident during induction chemotherapy or under 
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granulocyte colony-stimulating factor, when bone marrow FDG uptake may mask 
or mimic metastatic disease, thus reducing the sensitivity of 18F-FDG PET tech-
niques [80, 81]. Another limitation of 18F-FDG PET/CT is the normal high uptake 
of FDG in the brain, which makes this technique less effective for imaging cranial 
vault lesions [81].

Another issue is that MIBG imaging was overall considered more specific and 
superior to FDG-PET, particularly in the delineation of residual disease. Indeed, NB 
avidly concentrate 18F-FDG before cytoreductive therapy, but the intra- and post- 
therapeutic uptake is variable [20, 80].

When detection of NB relapse is considered, 123I-MIBG proved superior to 18F- 
FDG in depicting the bone-bone marrow component of disease [81, 82]. In this 
field, 18F-FDG can sometimes play a complementary role, particularly in soft tissue 
lesions. Indeed, it has been hypothesized that 18F-FDG might be better in detecting 
liver lesions, due to the high physiologic liver uptake of 123I-MIBG [83].

Which is the best tracer during the follow-up surveillance of NB is still under 
debate. Indeed, in the same cases, the behavior of NB is difficult to predict. There 
are reports of lesions that had been 123I-MIBG-positive at the initial diagnosis, which 
became negative when the disease relapsed or vice versa [56, 83–85].

Some authors suggested that, in the absence of cranial vault disease, 18F-FDG 
PET and bone marrow biopsy might be sufficient for follow-up [86]. However, no 
data are still available to support this conclusion, and in the follow-up, it is prudent 
to repeat 123I-MIBG scans in patients deemed to be at high risk of relapse, especially 
those with previous cranial bone involvement. 18F-FDG PET/CT has also been rec-
ommended during follow-up as an additional imaging modality (Fig.  7.9) in the 
event of discrepancies between 123I-MIBG scan and morphological imaging [77].

18F-FDG PET/CT imaging is able to monitor treatment response, especially in 
patients with 123I-MIBG-negative tumors [87]. In this setting, it has been demon-
strated that the majority of NB are able to concentrate 18F-FDG both before and 
after cytoreductive therapy [88].

The principal limitation of 18F-FDG PET/CT remains the nonspecific bone mar-
row uptake during chemotherapy or administration of granulocyte colony- 
stimulating factor. This problem can be avoided by scheduling 18F-FDG PET just 
before the scheduled course of chemotherapy.

In this context, it is important to determine the prognostic implications of 
123I-MIBG-positive residual NB tumors. If 18F-FDG PET/CT is negative but 
123I-MIBG scan is still positive, biopsy might confirm whether the tumor has 
matured or has only been temporarily stunned in terms of metabolic activity [81]. 
The combined use of 18F-FDG PET/CT and 123I-MIBG scintigraphy might better 
depict residual disease in this clinical scenario, thus adding important information, 
especially before stem cell transplantation.

Beyond disease detection, it is not known whether 18F-FDG PET is able to pro-
vide prognostic information or whether the imaging results correlate with survival; 
similarly, it is unclear whether, within this cohort of patients with high-risk, aggres-
sive tumors, 18F-FDG PET can identify those who are likely to fail multimodality 
treatment.
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Some studies have shown that 18F-FDG PET/CT would seem to have significant 
prognostic implications in high-risk NB patients undergoing 131I-MIBG treatment. 
Tumoral metabolic activity (SUVmax) and extent of 18F-FDG-avid bone-bone mar-
row disease (18F-FDG skeletal scores) were identified as poor prognostic factors 
associated with decreased survival [82]. A pattern of increased 18F-FDG activity, 
surpassing tumoral avidity for 123I-MIBG, corresponded to more aggressive disease 
and worse outcome [82]. It is unknown whether this pattern mirrors NB cell dedif-
ferentiation. In a significant number of preclinical and clinical studies, 18F-FDG 
uptake was found to correlate with high proliferative activity, cellular dedifferentia-
tion, and aggressive behavior of neuroendocrine tumors [82, 89, 90]. However, pre-
clinical models have failed to verify any association between 18F-FDG and NB 
proliferation [91].

The practical incorporation of 18F-FDG-PET/CT in treatment decision-making 
would require the development of novel effective treatments [82, 92]. In such a set-
ting, 18F-FDG-PET/CT could aid in identifying patients for whom a more aggres-
sive treatment strategy would be required.

In conclusion, any fixed scheme regarding the use of 123I-MIBG scintigraphy and 
18F-FDG-PET in NB will have frequent exceptions. 18F-FDG imaging is a not spe-
cific tracer for NB, but it is an important diagnostic resource especially in challeng-
ing diagnostic contexts.

a b c d

Fig. 7.9 A 16-year-old female affected by stage 3 poorly differentiated abdominal NB. Residual 
and unresectable abdominal mass remained stable over time after treatment (chemotherapy and 
131I-MIBG therapy). 123I-MIBG scintigraphy (planar anterior and posterior images a, b) showed 
inhomogeneous uptake correspondent to the big abdominal mass (arrows). The absence of 18F- 
FDG uptake shown by coronal PET/CT images (dotted arrows) confirmed the suspected progres-
sive maturation of this neuroblastic tumor (c, d)
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7.5  Somatostatin Analogues

Five different types of somatostatin receptors (SSTR) have been discovered so far, 
and radiolabelled somatostatin analogues have been introduced as imaging agents 
for neuroendocrine tumors in the last decade, starting with 123I-Tyr3-octreotide and 
111In-pentetreotide [93].

Somatostatin derivatives bind to SSTR, and then, they are internalized via endo-
cytosis in endosomes/lysosomes [20].

Like other neuroendocrine tumors, NB can be also characterized by an overex-
pression of somatostatin receptors, more precisely SSTR types 1 and 2 [94, 95]. For 
this reason, 111In-pentetreotide scintigraphy or somatostatin receptor scintigraphy 
(SRS) has been investigated in the past for the assessment of NB [96, 97], and the 
same concept has been readopted recently with the PET technology.

SSTR imaging can now be performed with positron emission tomography/com-
puted tomography (PET/CT) by using -68-radiolabelled somatostatin analogues. 
PET provides superior imaging resolution and speed, as well as multislice CT for 
anatomic correlation.

In addition, more effective somatostatin analogues, characterized by a higher 
affinity for SSTR subtype 2 (SSTR 2), have been introduced in the last years (e.g., 
68Ga DOTATATE) [98]. Some clinical studies reported discordant findings between 
MIBG scans and somatostatin analogue imaging in NB tumors. However, SRS has 
not proven to be superior to 123I-MIBG, but SRS has been considered as a comple-
mentary method of 123I-MIBG scintigraphy [19].

Indeed, Kroiss et  al. [99], in a small group of patients (n = 4), compared the 
accuracy of 123I-MIBG scintigraphy with that of 68Ga DOTATOC PET/CT in the 
diagnosis and staging of metastatic NB.  On per-lesion-based analysis, 
68Ga DOTATOC PET/CT was able to detect additional sites of NB in two patients.

More recently, Kong and colleagues confirmed that 68Ga-somatostatin analogues 
are able to identify additional sites of disease when compared with MIBG scan. In 
addition, 68Ga DOTATATE PET/CT demonstrated high tumor-to-background uptake 
at all known disease sites paving the way for peptide receptor radionuclide therapy 
(PRRT) [100]. The theranostic implications of the somatostatin analogue imaging 
seem to be very promising especially for NB at very high risk not responding to 
conventional treatments.

In this context, Gains and colleagues demonstrated that 68Ga DOTATATE PET 
could be used to image children with relapsed or primary refractory high-risk NB 
and 68Ga DOTATATE PET could be used to identify potential candidates for 
177Lu-DOTA-TATE treatment [101]. In this study, six out of eight children demon-
strated high uptake of 68Ga DOTATATE and proceeded to treatment. Patients 
received two or three administrations of 177Lu-DOTA-TATE (0.3 GBq/kg; 8.1 mCi/
kg per dose) at a median interval of 9 weeks and a median administered activity of 
7.3 GBq. Five of these patients had stable disease as assessed using the Response 
Evaluation Criteria in Solid Tumors (RECIST). This study, while limited in the 
number of patients studied, provided proof of principle that children with NB can be 
imaged and treated with somatostatin receptor-targeted agents.
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In the same field, Kong et  al. treated six patients with palliative intent by 
using PRRT. They did not find significant toxicity attributed to PRRT, and they 
reported that all patients achieved early symptomatic and partial imaging 
response [100].

7.6  Other PET Tracers

In the last 10 years, at least other three PET tracers have been tested in children 
affected by neuroblastoma. However, limited data are available to support or not 
their use in clinical practice.

7.6.1  11C-Hydroxyephedrine

The first pioneering experience was that of 11C-hydroxyephedrine (HED). 
11C-Hydroxyephedrine (HED) is a catecholamine analogue whose uptake reflects 
the catecholamine transport, storage, and recycling. Biodistribution studies in 
experimental animal and human studies have demonstrated selective uptake in 
organs with rich sympathetic innervation, including the heart and adrenal medulla. 
Shulkin and colleagues [102] investigated the feasibility and role of 11C-HED PET 
in localizing NB in humans. The authors showed that HED was promptly accumu-
lated by NB and, in all patients investigated, HED was able to identify NB lesions. 
In comparison to 123I-MIBG requiring at least 18–24  h for adequate tumor-to- 
nontumor ratios, early HED tumor uptake was relatively high, and, thus, NB can be 
imaged within minutes. Whole-body exposure to radiation, and especially thyroid 
exposure, was considerably lower on 11C-HED PET as compared to 123I-MIBG. A 
drawback reported by these authors, however, was that hepatic and renal uptake 
were prominent and liver uptake often exceeded tumor concentration [102]. In two 
patients, tumor deposits in the abdomen were better visualized with MIBG scintig-
raphy due to a relatively lower hepatic accumulation of MIBG than HED. One other 
group [103] compared 11C-HED PET/CT with 123I-MIBG SPECT/CT in NB, and 
they found that both tracers were able to identify NB lesions with a high sensitivity 
(96% and 100%, respectively). However, in one patient, 11C-HED PET/CT missed 
a large abdominal recurrence, which was confirmed on histopathology. Moreover, 
MIBG uptake proved to be more intense than HED uptake in 10 out of 14 soft tissue 
metastases.

In conclusion, despite the higher spatial resolution of PET, 11C-HED PET/
CT has some disadvantages in comparison to 123I-MIBG scan. Indeed, the high 
renal excretion of the HED can reduce the possibility to localize tumor close 
the urinary tract. Moreover, the high physiologic liver uptake may hinder the 
detection of small liver metastases [103]. Indeed same false-negative results 
have been reported [102, 103]. Finally, another important limitation is related 
to the short half-life of 11C, which requires an on-site cyclotron and a rigid time 
schedule.

7 Nuclear Medicine Procedures in Neuroblastoma



156

7.6.2  124I-MIBG PET/CT

No clinical pilot studies on the diagnostic role of 124I-MIBG PET/CT in NB are 
available, but one case study was published on this issue [104]. Cistaro et al. reported 
two interesting cases of children affected by metastatic NB scheduled for 131I-MIBG 
therapy who underwent 124I-MIBG PET/CT before MIBG treatment. In this series, 
124I-MIBG PET/CT identified the same NB lesions detected by high-dose post- 
therapy 131I-MIBG scan. In addition, 124I-MIBG PET/CT provided more accurate 
evaluation of disease extension in one patient affected by spine metastases with 
intraspinal and extraspinal involvement. The authors suggested performing 
124I-MIBG PET/CT as a pre-therapy examination, given the high diagnostic accu-
racy. Indeed it should be useful in case of suspected NB relapse, with doubtful find-
ings on 123I-MIBG scan [104].

Beyond this very limited clinical experience, 124I-MIBG represents several advan-
tages in image quantification, radionuclide characteristics (124I half-life of 4.2 days, 
that is, more similar to the 8.02-day half-life of 131I), and whole-body PET acquisi-
tion [105], which can be exploited for both diagnostic imaging and dosimetry.

In the clinical setting, 124I-MIBG has been used for dosimetric purposes [106, 
107]. When radiation dose exposure is considered, Lee et al. [107] reported that 
124I-MIBG is significantly more advantageous than other 124I compounds, especially 
124I-NaI, and that the estimated effective dose of 124I-MIBG is more than ten times 
lower than that of 124I-NaI (0.25 mSv/MBq radiation dose estimated for 124I-MIBG 
vs. 6.5 mSv/MBq for 124I-NaI). However, these effective dose values are tenfold 
higher than those obtained with 123I-MIBG (0.019 mSv/MBq) [105, 107]. Therefore, 
some authors recommend administering of low doses, especially in small children, 
and suggested that the best indication for 124I-MIBG PET is pre-therapy dosimetric 
study before 131I-MIBG treatment [105]. However, the additional dose can be con-
sidered negligible when 124I-MIBG is performed as a pre-therapy evaluation tool 
before 131I-MIBG treatment.

In conclusion, more extensive investigation of 124I-MIBG is needed before defin-
ing the correct use of this tracer in NB patient. An ongoing phase I/II trial of 
124I-MIBG in NB, supported by the Cancer Research UK’s Centre for Drug 
Development (CDD), was implemented to compare this PET imaging with 
123I-MIBG scan. The results are expected to validate the role of this interesting pro-
cedure. Indeed, this tracer seems to be very promising considering that is able to 
provide important implicit theranostic implication.

7.7  Conclusions

In the current era of a growing number of available PET tracers, pediatric imaging 
may benefit from the combined use of different metabolic and receptor-specific 
tracer. However, in children, the selective and conscious use of tracers based on the 
evidence of specific cost-effective analyses is highly suggested to reduce futile radi-
ation exposure. Planar and SPECT imaging with 123I-MIBG remains the first step 
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procedure to evaluate NB. PET/CT imaging by using 18F-FDG may be useful espe-
cially in case of suspected MIBG-negative NB component at the time of first stag-
ing. The uptake mechanism and the physiologic distribution of 18F-DOPA seem in 
favor of its use in NB. Indeed, DOPA and MIBG have very similar uptake mecha-
nisms, and they show the same pathological distribution in soft tissue and bone/
bone marrow metastases. Its principal application seems to be very promising to 
evaluate disease persistence after chemotherapy and to detect NB relapse. Among 
the other PET tracers available, the somatostatin analogues seem to be very promis-
ing in NB imaging. Indeed 68Ga-somatostatin analogues are able to detect more sites 
of disease when compared with MIBG scan and to select patients for PRRT.
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8Radiotherapy for Neuroblastoma

Tom Boterberg

8.1  Introduction

Radiotherapy has a long history of use in neuroblastoma treatment protocols, espe-
cially in high-risk disease. However, most evidence is biological or indirect as there 
are almost no randomised trials specifically addressing the role of radiotherapy in 
neuroblastoma.

Neuroblastoma originates from the adrenergic neuroblasts in neural crest and 
sympathetic nervous system tissue. The cells of this tissue are usually very radio-
sensitive. In addition, radiotherapy reduces local failure in almost any cancer type. 
This is also the case in neuroblastoma, with even rather low doses compared to other 
diseases like sarcoma. Finally, molecular radiotherapy with 131I-mIBG (metaiodo-
benzylguanidine) has also shown to be beneficial in neuroblastoma. mIBG is con-
centrated by neurosecretory granules of cells originating from the neural crest. 
Radio-labelled 131I-mIBG is also taken up by the tumour cells, resulting in efficient 
killing of these cells by radiation originating from 131I coupled to mIBG.

However, convincing randomised evidence for the use of radiotherapy in the 
treatment of neuroblastoma is not available. Comparing the results of the different 
reports on the role of radiotherapy is challenging as well. Several trials and collab-
orative groups used different end points and different staging systems over time, 
multiple stages were grouped in a single trial or study, and different target volumes 
and multiple radiotherapy schedules were used, even within the same trial or study. 
Despite this lack of randomised evidence, radiotherapy is an important part of mul-
timodality treatment schedules. Moreover, as treatment results have improved sig-
nificantly over the past decades, local control may even become more important 
since metastatic disease can be cleared better by more appropriate systemic and 
immunological therapy.
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As neuroblastoma is commonly subdivided in low-, intermediate- and high-risk 
disease, the use of radiotherapy in these risk categories will be discussed 
separately.

8.2  Radiotherapy for Low-Risk Disease

Patients with low-risk disease have an excellent prognosis after surgery alone, and 
some patients don’t even need surgery at all, but just careful observation. Adjuvant 
chemotherapy or radiotherapy does not improve the outcome in these patients. 
Some tumours may need chemotherapy or very occasionally radiotherapy to make 
them resectable or to stabilise them.

8.3  Radiotherapy for Intermediate-Risk Disease

Most patients with intermediate-risk disease can be managed with chemotherapy 
and/or surgery. However, some patients clearly benefit from radiotherapy, like those 
with unfavourable histology. Castleberry et al. [1] published the only randomised 
radiotherapy trial in neuroblastoma so far. In patients older than 1 year with positive 
lymph nodes, post-operative chemotherapy alone was compared with post- operative 
chemotherapy, followed by radiotherapy. The EFS at 5 years was 32% and 59% 
(p = 0.009), respectively, clearly demonstrating the benefit of radiotherapy in these 
patients. This was also demonstrated in OS at 5 years with 41% and 73%, respec-
tively (p = 0.008). Radiotherapy at a dose of 21 Gy is currently recommended in 
patients over 18 months and with poorly or undifferentiated histology. The ongoing 
SIOPEN LINES trial investigates if intensified treatment (including radiotherapy) 
can improve the treatment results in these patients.

Patients with spinal cord compression pose a separate problem in this patient 
category and were historically treated with laminectomy with or without radiother-
apy and chemotherapy. However, the morbidity (especially spine deformities) of 
this strategy may be significant, and currently most patients are treated with upfront 
chemotherapy [2, 3]. Although the optimal treatment strategy for these patients is 
still unclear, the role of radiotherapy is usually limited, but should not be forgotten 
if other treatment modalities fail.

8.4  Radiotherapy for High-Risk Disease

Despite the lack of convincing randomised treatment data of radiotherapy versus no 
radiotherapy, this treatment modality now has an established role in the manage-
ment of high-risk neuroblastoma, mainly based on indirect, but substantial clinical 
evidence. Over the past decades, several international groups have used several 
treatment strategies. These include radiotherapy in all patients, total body irradia-
tion (TBI) in addition to local irradiation, intraoperative radiotherapy and local 
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radiotherapy in case of residual disease only. The most optimal treatment strategy is 
still unclear.

In the CCG-321P3 study, Matthay et al. [4] used a rather low dose of 10–20 Gy 
only if disease was present immediately prior to bone marrow transplantation 
(BMT). This resulted in a quite high reported relapse rate at the primary site in 32 
of 68 (47%) patients with disease progression following BMT. Kremens et al. [5] 
used chemotherapy and BMT and systematically increased the dose to 21 Gy to the 
primary site of all 26 patients investigated. They observed (only) 4/14 (29%) 
relapses involving the primary site. Kushner et al. [6] investigated 25 patients treated 
with myeloablative combination chemotherapy and surgery without total body irra-
diation but local irradiation up to 21 Gy. Ten relapses of any kind occurred, but only 
one of these ten relapses involved the primary site, again suggesting a beneficial 
effect of local radiation. A Japanese study [7] in 36 patients examined the role of 
intraoperative radiotherapy and did not find any relapse at the primary site after 
surgery and intraoperative radiotherapy.

In addition to local radiotherapy, TBI has also been used in the treatment of 
neuroblastoma. Twelve gray TBI followed or not by a 8–24  Gy local boost 
resulted in a PFS at 5 years of 68% versus 33% in case 12 Gy TBI was not fol-
lowed by a boost [8]. However, with a p-value of 0.24, the difference was only 
marginally significant. One of the largest series (on 539 patients) investigated 
the sequence of chemotherapy, surgery and 10 Gy local radiotherapy in case of 
residual disease followed by further chemotherapy, or followed by 10 Gy TBI as 
part of the conditioning regimen for an autologous bone marrow transplantation 
[9]. Addition of TBI resulted in a 5-year local recurrence rate of 22%, while 
patients treated with further chemotherapy had a local recurrence rate of 52% 
(p = 0.022). It is obviously impossible to separate the effect of radiotherapy from 
the effect of the more intensified systemic treatment patients received in the 
transplantation arm, but these results suggest once more that a dose around 
20 Gy is needed to obtain an effect on neuroblastoma. However, despite its ben-
eficial effect on local control, acute and especially long- term complications of 
TBI in the treatment of neuroblastoma turned out to be significant. TBI resulted 
in endocrine deficiencies, hearing and visual disturbances, lung toxicity, height 
deficiency and an almost threefold increase in secondary tumours [10]. This was 
even more pronounced in very young children. Therefore, this strategy has now 
been abandoned.

Local radiotherapy on the primary tumour may not only improve local control 
but also have an impact on overall survival, which may obviously be even more 
important. A retrospective analysis on 44 patients by Pai Panandiker et  al. [11] 
showed that locoregional tumour control may impact the overall survival in high- 
risk neuroblastoma. The influence of locoregional control reached borderline statis-
tical significance (p = 0.06). The overall survival at 5 years was 48.3 ± 14.2% for 
patients without locoregional failure versus 21.8 ± 19.3% for patients with locore-
gional failure.

Currently, different treatment strategies for radiotherapy are or have been fol-
lowed by different international groups.
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In the USA, the Children’s Oncology Group (COG) ANBL0532 trial (which 
closed in 2012) prescribed 21.6 Gy in 12 fractions of 1.8 Gy to the pre-surgical 
primary tumour bed, after chemotherapy, surgery and high-dose chemotherapy, 
followed by autologous stem cell transplantation. In case of incomplete resec-
tion, a boost of 14.4 Gy in 8 fractions of 1.8 Gy (resulting in a cumulative dose 
of 36 Gy) was given to the residual tumour. The systematic use of 131I-mIBG 
treatment in addition to local external beam radiotherapy is currently under 
investigation.

The recently closed SIOPEN High-Risk Neuroblastoma Study 1 prescribed a 
dose of 21 Gy in 14 fractions of 1.5 Gy to the pre-surgical primary tumour volume, 
including regional lymph nodes if invaded, for all patients. Treatment consisted first 
of chemotherapy, surgery and high-dose chemotherapy, followed by autologous 
stem cell transplantation. A compromise to dose or volume was allowed to respect 
normal tissue tolerance in case of very large volumes. This dose was given regard-
less of the disease extent and the extent of surgery. Preliminary retrospective results 
presented at ASCO 2018 [12] showed that the 5-year EFS for patients with com-
plete macroscopic excision who received radiotherapy was 44 ± 2%, but 31 ± 6% 
without radiotherapy (p  =  0.013), again pointing towards an important role for 
radiotherapy in  local control. However, some bias may play a role as delivery of 
radiotherapy or not was not randomised. Reasons not to give radiotherapy included 
very young age and very large primary tumours.

In Germany, it has been standard practice to give radiotherapy only in patients 
above 1 year old with local mIBG-positive residual disease after induction chemo-
therapy, surgery and high- dose chemotherapy, followed by stem cell transplanta-
tion. Thirty-six Gy is administered post-operatively to the residual tumour volume. 
A retrospective analysis [13] on 110 patients showed that 13 patients who received 
EBRT for local residual disease had a similar outcome (3-year EFS 85  ±  10%, 
3-year OS 92 ± 7%) as 74 patients without any mIBG-positive residual (3-year EFS 
61  ±  6%, 3-year OS 75  ±  6%). The outcome was worse in 23 children without 
EBRT to the residual primary (3-year EFS 25  ±  10%, 3-year OS 51  ±  11%).  
However, once more, the omission of radiotherapy was not randomised and results 
could be biased by unknown factors.

Based on these results and the previous SIOPEN experience, the SIOPEN High- 
Risk Neuroblastoma Study 2 (SIOPEN/HR-NBL2, due to open in 2019) will inves-
tigate if dose escalation beyond 21 Gy would translate into better outcomes in terms 
of local control and survival for patients with residual disease. This randomised 
question (21 Gy to the preoperative tumour bed only versus 21 Gy to the preopera-
tive tumour bed + a 15 Gy boost to the residual tumour) will be asked for patients 
with macroscopic residual disease after induction chemotherapy, surgery and high- 
dose chemotherapy, followed by autologous stem cell rescue.

In addition to irradiation of the primary tumour site, radiotherapy with curative 
intent to (a limited number of) metastatic sites is still controversial as no solid data 
are available. A recent single institution study by Casey et al. [14] retrospectively 
analysed 159 patients with 244 metastatic sites irradiated. The dose ranged between 
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10 and 36 Gy. Metastatic sites that cleared with induction chemotherapy had improved 
local control (LC) compared with sites with persistent uptake on mIBG scans (LC 
rate, 92% vs. 67%; p < 0.0001). Patients who had LC at irradiated metastatic sites had 
improved overall survival compared with those who did not (overall survival rate, 
71% vs. 50%; p < 0.0001). The authors concluded that response to chemotherapy is 
an important prognostic factor for LC at irradiated metastatic sites in neuroblastoma. 
An earlier retrospective study by Polishchuk et al. [15] on 43 patients showed that 
metastatic bone relapse in neuroblastoma usually occurs at anatomic sites of previous 
disease. Metastatic sites identified at diagnosis that did not receive radiation appeared 
to have a higher risk of involvement at first relapse relative to previously irradiated 
metastatic sites. Currently, the SIOPEN strategy is not to irradiate metastatic disease, 
as this approach has not been studied systematically, while this is more common in 
the USA and actually recommended in COG trials. Based on these findings, ran-
domised trials seem to be needed to more accurately define the role of radiotherapy 
with curative intent for metastatic sites in neuroblastoma.

Radiotherapy also provides excellent palliation for symptomatic metastatic sites 
like bone or brain metastases, even at low doses and using convenient hypofraction-
ated schedules with minimal burden for the patient [16]. Symptomatic visceral 
metastases (like liver or lung) have also been successfully palliated with 
radiotherapy.

8.5  Radiotherapy Techniques

Specific technical details on radiotherapy are beyond the scope of this book. 
However, it is important to know that radiotherapy has evolved significantly since 
the 1990s and now allows to deliver a highly conformal dose, clearly reducing side 
effects to surrounding organs. Traditional techniques with parallel-opposed antero-
posterior and postero-anterior fields (commonly known as “APPA”) sometimes irra-
diated more normal tissue than actual tumour volume. Modern techniques like 
intensity-modulated radiotherapy (IMRT), intensity- modulated arc therapy (IMAT) 
or proton therapy allow to increase the dose to the target volume and decrease acute 
and long-term side effects [17–19].

However, these new techniques also pose other and new challenges like dealing 
with fluctuating air cavities or organ motion in proton therapy. While an APPA tech-
nique inherently resulted in homogeneous irradiation of vertebrae (and hence 
avoided asymmetrical growth), more conformal techniques need to reconsider how 
to deal with the dose or dose gradients to certain normal tissues [20].

Quality assurance is an important issue that may impact local control and even 
survival. In a retrospective analysis of patients treated in the SIOPEN High-Risk 
Neuroblastoma Study 1, Gaze et al. [21] found 17% unjustified deviations, with a 
risk of an adverse outcome. Therefore, the SIOPEN/HR-NBL2 study will imple-
ment prospective radiotherapy quality assurance using the SIOPE/EORTC 
QUARTET platform.

8 Radiotherapy for Neuroblastoma
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8.6  Side Effects of Radiotherapy

Taking into account the rather low dose that is commonly used for radiotherapy in 
neuroblastoma, the short-term side effects are usually mild. However, when higher 
boost doses are applied, toxicity may also increase. In most cases gastrointestinal 
toxicity can easily be dealt with using standard anti-emetics like setrons. In case of 
irradiation of large volumes, haematological toxicity (or slower recovery after stem 
cell transplantation) may occur. Irradiation of large liver volumes may be accompa-
nied by sinusoidal obstruction syndrome (SOS, formerly called veno-occlusive dis-
ease, VOD), especially if busulfan has been used earlier in treatment.

Long-term side effects depend on several factors: total dose, dose per fraction, 
location, volume, concomitant chemotherapy and age. Spinal deformities like 
kyphosis or scoliosis may occur, but can usually be prevented by use of an appropri-
ate technique avoiding an inhomogeneous dose distribution over the vertebrae. 
Reduced height is more difficult to avoid if a large volume (including several verte-
brae) has to be irradiated. Kidney failure and hypertension may develop and can be 
aggravated by the chemotherapy used [22]. A more recently recognised long-term 
side effect of especially abdominal radiotherapy is the metabolic syndrome. It is 
characterised by higher blood pressure, increased levels of triglycerides, cholesterol 
and free fatty acids and increased adiposity [23].

Although the acute side effects of radiotherapy for neuroblastoma are usually 
mild, taken together with the effects of chemotherapy and surgery, long-term side 
effects may be an issue in neuroblastoma survivors. Those patients should be offered 
a careful long-term follow-up programme.
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Abbreviations

MRI Magnetic resonance imaging
NB Neuroblastoma
PNT Peripheral neuroblastic tumor
SCI Spinal canal invasion
SDI Symptom-diagnosis interval
SIOPEN International Society of Paediatric Oncology Europe Neuroblastoma

9.1  Introduction

Peripheral neuroblastic tumors (PNTs) represent a family of tumors mostly of early 
childhood originating from cells of the primitive neural crest that migrate to eventu-
ally populate the paravertebral, celiac, and mesenteric sympathetic ganglia and the 
inner adrenal gland [1]. PNTs arising in the sympathetic ganglia are anatomically 
connected with the spinal cord (Fig. 9.1). By growing along this connection, the 
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tumor may infiltrate the adjacent intervertebral foramina and enter the spinal canal. 
Despite the fact that tumor growth remains extradural, it may eventually compress 
the spinal cord and/or the intraspinal part of the spinal nerves [2, 3]. About 15% of 
all PNT patients develop spinal canal involvement (SCI) (Fig. 9.2). The majority of 
them have favorable clinical features, i.e., are diagnosed during infancy 
(0–11 months) and have the primary tumor more often in the thorax. In addition, the 
histologic and main biologic features of tumor cells (involving, in particular, MYCN 
gene status, chromosome 1p, and DNA content) are usually in the normal range. 
Approximately half of these patients are symptomatic at time of diagnosis [4–6] and 
present with one or more of the following: pain and irritability, bowel and bladder 
dysfunction, and neurologic and motor deficits (weakness, loss of sensibility, gait 
disturbances, paralysis) that may progressively aggravate, ending sometimes in the 
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potentially irreversible pattern of transverse myelopathy (quadriplegia or paraple-
gia). PNT patients with SCI are highly susceptible to develop late health problems, 
which may significantly alter the quality of life [7–10].

Both symptomatic and asymptomatic PNT patients presenting with SCI docu-
mented by imaging must be promptly investigated in adequate medical structures 
and properly managed to avoid the establishment of permanent sequelae. While 
SCI in asymptomatic patients may sometimes require only careful observation, 
symptomatic SCI must be treated on an emergency basis. Specific therapeutic 
measures include neurosurgical decompression, chemotherapy, and radiation ther-
apy. However, the optimal treatment to relieve epidural compression remains a 
controversial issue. In particular, there are remarkably different opinions on which 
therapeutic modality should be preferred in a given situation [11]. This is reflected 
in the limited number of series regarding PNT children diagnosed with SCI.

9.1.1  Review of Series of Children with PNT and SCI

In 1980, Punt et al. [2] described 21 PNT patients with symptomatic SCI diagnosed 
in a 17-year period. Thirteen (61%) survived disease-free. Eleven/21 were infants. 
Late morbidity affected 6/13 evaluable patients, mostly diagnosed early in life. All 
patients underwent laminectomy, and 12 received also chemotherapy and 17 radio-
therapy. AA concluded that decompressive neurosurgery was essential part of thera-
peutic approach, while chemotherapy was indicated in case of metastases and 
unresectable primary tumor. Radiation therapy was recommended in case of known 
residual disease. In 1984, Hayes et  al. [3] described 14 patients with small 
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blue- round cells (of which nine PNTs) with intraspinal extension of the tumor. Five 
underwent laminectomy with neurologic recovery in only one. Other nine patients 
were given chemotherapy without radiotherapy, and all recovered. For the AA, che-
motherapy was a feasible alternative to laminectomy and radiation therapy in the 
management of epidural disease. In 1996, Plantaz et al. [4] reported a series of 42 
French PNT patients with SCI diagnosed between 1990 and 1994. There were 27 
symptomatic (64%) and 15 asymptomatic patients. Thirty-two received chemother-
apy as first-line treatment with complete regression in 13/15 asymptomatic and par-
tial regression in 5/27 symptomatic. In 2001, De Bernardi et al. [5] described 76 
Italian PNT cases with symptomatic SCI diagnosed between 1979 and 1998 (5.2% 
of the total PNTs), of whom 33 underwent chemotherapy first, 32 laminectomy, and 
11 radiation therapy. Neurosurgery was preferred in patients with severe motor defi-
cit and chemotherapy in those with advanced disease. Full recovery was achieved in 
33 patients and partial recovery in 14, while 22 remained stable and eight did worse. 
None of the ten paraplegic patients recovered or improved. In the other 66, response 
to therapy was comparable for the three treatment modalities. Of 76 patients, 54 
survived. Twenty-six of 54 survivors (44%) developed sequelae, mainly scoliosis and 
sphincter deficits. In the same year, Katzenstein et al. [6] described 83 Pediatric 
Oncology Group PNT patients with intraspinal extension diagnosed between 1990 
and 1998, of whom 43 (52%) had neurologic symptoms at diagnosis. Six/15 severely 
affected patients fully recovered vs. 2/5 with moderate deficits and 17/22 with mild 
symptoms. Seven/24 who underwent laminectomy developed scoliosis vs. 1/49 man-
aged without laminectomy. AA concluded that severity of presenting symptoms cor-
related with quality of recovery, with similar results for chemotherapy and 
laminectomy. The latter was definitely associated with more orthopedic sequelae. In 
2003, Sandberg et al. [12] described 46 patients diagnosed between 1987 and 1998. 
Thirteen high-risk (HR = stage 4) patients were asymptomatic, of whom 12 were 
treated by chemotherapy (one worsened). Of 18 HR symptomatic patients, 7/10 
treated with chemotherapy and 6/6 treated by operation improved or remained sta-
ble. Nine low-risk (LR = <stage 4) asymptomatic patients remained neurologically 
intact, independently of the treatment given. In the AA’s opinion, both asymptomatic 
and symptomatic HR patients should be offered chemotherapy, with some of the lat-
ter not responding and thus requiring laminectomy. Chemotherapy should be 
avoided in favor of laminectomy in LR patients, although some of them may develop 
spinal deformities. In 2003, Yiin et al. [13] described 13 Chinese PNT patients with 
symptomatic SCI diagnosed between 1985 and 2000. All received chemotherapy 
first, of whom three recovered, four improved, and six aggravated. Of the last six, 
two were operated and recovered. AA recommends neurologic decompression for 
patients who develop neurologic deterioration during chemotherapy. In 2005, De 
Bernardi et al. [11] wrote a mini-review of a 2004 Workshop on PNTs with SCI held 
in Genova, at the 2005 ANR.  A number of experts from France, Italy, United 
Kingdom, Japan, Poland, and Memorial Sloan Kettering and Children Oncology 
Group from the United States reported their own experience. Remarkable discrep-
ancies emerged regarding several important issues, i.e., terminology of neurologic 
deficits, optimal imaging, role and efficacy of the various therapeutic modalities, 
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and follow-up strategies to pick up and manage late complications. The participants 
agreed to create “an International Registry to collect a complete and uniform set of 
data which would hopefully lead to the development of an evidence-based approach” 
to SCI in children with PNT. In 2014, De Bernardi et al. [14] described 34 infants 
with PNT and SCI, all symptomatic, diagnosed between 2000 and 2011. Symptom-
diagnosis interval was 12 days (IQR, 7–34) with frequency of grade 3 motor deficit 
and bladder dysfunction increasing with the increase of the interval. First treatment 
for SCI was neurosurgery in 14 patients and chemotherapy in 20. Symptoms 
regressed in 11 patients, improved in nine, and remained stable in 14 without differ-
ence in relation to the treatment administered. At last visit, 11 patients were 
sequelae-free, while 23 had sequelae, including motor deficit (56%), bladder dys-
function (50%), bowel dysfunction (28%), and spinal deformities (28%). Sequelae 
were severe in 50% of patients and prevailed in those presenting with SCI >66% and 
grade 3 motor deficit. AA stated that both neurosurgery and chemotherapy were 
ineffective when paraplegia had established. In 2015, Fawzy et al. [15] described 51 
Egyptian patients diagnosed between 2007 and 2012, of whom 34 symptomatic, the 
majority for >4 weeks. Complete recovery occurred in 16 and partial in 11, while 
seven did not improve. Patients with short interval from diagnosis to therapy did 
better. Response was not influenced by the type of therapy, patient age, and tumor 
site. AA concluded that SCI can be effectively managed by upfront chemotherapy 
and that surgical decompression should be reserved for benign variants.

This body of information clearly demonstrates the uncertainty existing regarding 
time and modality of diagnosis, therapeutic strategy, and long-term follow-up of 
children with PNT who present or develop SCI. Herewith we will analyze the status 
of the art of these issues.

9.1.1.1  Recognition of Symptoms of SCI
The interval between appearance of symptoms and diagnosis (SDI) varied remark-
ably from one patient to another and from one series to another. Infants (about half 
of these patients) more easily escaped recognition with delay of diagnostic work-up 
and initiation of therapy. In the early Punt et al. paper [2], the SDI ranged from 
1 day to 36 months (median, 6 weeks). In the 2001 series, De Bernardi et al. [5] 
reported that the SDI was less than 2 weeks in 54% of patients, between 2 weeks and 
2 months in 18% and >2 months in 28%. In the recent Kraal et al. series [10], SDI 
ranged from 1.5 to 12 weeks (median, 6). None of these AA clearly stated that a 
longer SDI corresponded to more severe presenting symptoms, poor response to 
therapy, and worse outcome. However, in the 2012 Simon et al. paper [9], where the 
SDI was highly variable (0–1838 days; median, 12), the length of SDI had no clear 
impact on likelihood of recovery. In synthesis, the published papers provide contrast-
ing data on the effect of a short SDI over efficacy of treatment and establishment of 
late effects. Despite that, it seems reasonable that children with symptoms of epi-
dural compression secondary to tumors should benefit from timely recognition and 
prompt referral to a physician. We suggest that widespread information at public 
level and greater awareness by pediatricians regarding this rare but important clinical 
pattern could translate into shortening of the SDI and better functional outcome [16].
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9.1.1.2  Patient Referral to Medical Institutions
Once symptoms of SCI have been recognized, patient should be considered as a true 
emergency and addressed to an “expert” pediatric institution. Ideally, a center tak-
ing care of these patients should have a multidisciplinary team, composed of expert 
neurosurgeons, neuroradiologists, and pediatric oncologists, capable to meet in few 
hours to organize the appropriate imaging studies and define treatment strategy.

9.1.1.3  Imaging of SCI
At the present, myelography and lumbar puncture are considered risky and poorly 
informative and are thus contraindicated. Computed tomography does not provide 
optimal imaging. Instead, magnetic resonance imaging (MRI) represents the gold 
standard technique to document SCI [17] (Figs.  9.3 and 9.4). At the best, MRI 
should include sagittal and transverse T1-weighted imaging (Sag&Tra T1WI), three 
planar T2WI, and three planar contrast-enhanced T1WI (three planar CET1WI). 
The field of view (FOV) of the scan should cover the whole extent of the backbone, 
from the cervical vertebrae to coccyx, in order to detect multiple levels of 

a b c

d e

Fig. 9.3 Complete MRI scan in a baby harbouring a PNT with evidence of SCI. A reliable three 
planar T2WI sequence should avoid 3D acquisition with postprocessing reconstruction; native 
coronal (a), sagittal (b) and tranverse (c) sequences have to cover the whole length of the backbone 
in order to depict multiple levels of invasion and coexisting abnormalities. A typical dumbbell 
appearance of PNT invasion is shown (asterisk), passing trough the enlarged foramina and dislo-
cating/compressing the spinal cord. Magnification views (d, e) show the normal appearance of the 
central canal (less than sign), often misread as T2WI hyperintensity of the spinal cord
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involvement as well as other coexisting abnormalities. However, even a well-done 
MRI may fail to accurately assess the volume of the intraspinal tumor component 
due to its half- moon configuration. As indicated in the Imaging Guidelines in the 
SIOP Europe LINES protocol, “… it is suggested to consider the ratio between the 
maximum axial diameter of the tumour within the spinal canal and the diameter of 
the spinal canal itself. When more than a third of the spinal canal is invaded by the 
tumor, an Image Defined Risk Factor (IDRF) is present. The cranio-caudal extent of 
the intraspinal component is measured in relation to the number of the involved 
vertebrae. The subdural space (between the compressed dura mater and neuraxis) 
must be assessed by T2WI sequences in order to determine the relationship of the 
tumor with the spinal cord/cauda equina. The spinal cord MRI signal has to be 
evaluated as an off-midline T2WI hyperintensity is likely to express a poorer prog-
nostic value, regardless of other MRI scan features.” In selected cases, notably PNT 
with SCI at medium-low thoracic level, angiography can be useful to depict the 
origin of the Adamkiewicz artery, major responsible of blood supply to the anterior 
spinal artery [18] (Fig. 9.5). Although normally arising from the IX, X, or XI left 
intercostal vessels, the Adamkiewicz artery shows a wide anatomical variability and 
must be detected as its damage occurring at surgery may lead to an anterior spinal 
artery syndrome [19].

a b c

d

Fig. 9.4 A three planar T1WI acquisition after gadolinium injection completes the basic MRI 
scan (a–c) and shows a mild contrast-enhancing (CE) of the tumour, compared to not-enhanced 
T1WI (d)
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9.1.1.4  Treatment
Asymptomatic SCI not always require specific treatment besides that planned for 
the tumor itself. However, according to the LINES protocol, if the spinal cord com-
ponent occupies greater than 33% of the spinal canal, recommendation is given to 
treat these patients with chemotherapy even in the absence of symptoms of SCI. The 
therapeutic approach includes neurosurgical decompression, chemotherapy, and 
radiation therapy.

 1. Neurosurgical decompression. The only therapeutic approach before the advent 
of radiation therapy and chemotherapy, neurosurgery may rapidly relieve the 
symptoms of SCI. In addition, it allows the removal of almost all the intraspinal 
tumor and provides tissue material suitable for diagnostic histology and biologic 
investigations [20, 21]. The operation consists of either laminectomy or lami-
notomy (laminoplasty). Technically, laminectomy (Fig.  9.6) is based on the 
removal of the lamina, i.e., the posterior component of the vertebra covering the 
spinal canal. Laminotomy (Fig. 9.7) represents a less invasive approach, as the 
removed bone is repositioned after tumor removal, thus restoring the original 
vertebral anatomy [22]. In expert hands and proper environments, both tech-
niques are presently considered devoid of major risks [23]. However, both seem 
to imply greater risk of late spinal deformities, especially in infants, perhaps less 
with laminotomy [24].

 2. Chemotherapy. The first evidence that chemotherapy may effectively relieve the 
symptoms of SCI and substitute for neurosurgery goes back to 1984 [3] and 
then confirmed by others. A number of chemotherapeutic agents have been used 
over time, in particular the association of vincristine and cyclophosphamide 
with or without the complement of doxorubicin. Since at least a decade, the pre-

Fig. 9.5 Angiographic 
study to identify the 
origin of the Adamkiewicz 
artery. Selective 
trans- aortic catheterization 
of the X left intercostal 
artery shows the classical 
hairpin appearance of the 
great anterior 
radiculomedullary artery, 
that contraindicates a 
surgical approach at that 
level
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ferred combination is carboplatin and etoposide, easy to administer and less 
toxic than other combinations [4–6]. In the past, the administration of chemo-
therapy had to be delayed until histologic diagnosis, considered a prerequisite 
to start therapy. However, the time lapse could be of several days, during which 
a significant worsening of symptoms could occur. In the early 2000, an interna-
tional agreement was reached to allow initiation of treatment in absence of his-
tologic report. On this basis, a patient showing progressive symptoms of SCI 
may undergo positioning of a central catheter and start chemotherapy. Clearly, 
parents must be fully informed and give their consent before any chemothera-
peutic drug be injected. At the present, the chance that a provisional diagnosis of 
PNT, or other small blue cell tumor, finds no histologic confirmation is very 
uncommon.

 3. Radiation therapy. The irradiation of a small paravertebral tumor with intraspinal 
extension can be delivered easily and promptly through the use of a single poste-
rior field. A straightforward technique is to deliver 300 cGy to the target on each 

Laminectormy

Before procedure

Nerve
pinched

Nerve no
longer pinched

After procedure

Entire lamina
removed

Spine

Spine
cord

Entire lamina
removed

Fig. 9.6 Laminectomy: it is based on the removal of the lamina, i.e., the posterior component of 
the vertebra covering the spinal canal
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of 3 successive days. The effect on normal growth and development after such a 
dose is given to field 3–5 vertebral bodies in length is negligible even in babies 
(D’Angio, in [11]). Perhaps 3 cm of shortening in total height at maturity can be 
expected after such irradiation is given to an infant. Late effects on the thyroid are 
of major concern when the neck or upper thoracic spine is treated. This is because 
even very low scattered doses of radiation can cause trouble with function, and/
or give rise to growths, both benign and malignant. More modern techniques are 
available that localize the radiation therapy very precisely to the tumor volume. 
However, these methods require more elaborate planning, which may take days, 
and longer time the child must lie still on the table. In addition, thyroid problems 
after upper spine irradiation are not obviated, because the gland receives scattered 
radiation even under the most stringent limitations of filed edges. On balance, 
simpler field arrangements are quicker and easier to do (D’Angio in [11]).

 4. Steroid treatment. Although no solid prove exists that corticosteroids exert a sig-
nificant antitumor effect, nor improve the long-term outcome, their use is wide-
spread and recommended, as they rapidly alleviate pain and reduce peri-tumor 

Laminotomy

Before procedure

Nerve
pinched

Damaged
disk

After procedure

Part of lamina
removed

Spine

Spinal
cord

Nerve no
longer pinched

Part of lamina
removed

Fig. 9.7 Laminotomy: the removed bone is repositioned after tumour removal
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inflammation. Dexamethasone is commonly used as an initial intravenous bolus 
of 0.5 mg/kg followed by 0.2 mg/kg/day in three divided daily doses for 4–7 days 
(SIOPEN LINES protocol).

In summary, a child who presents clear symptoms of SCI requires immediate 
and accurate imaging studies and therapeutic decisions in a matter of 1–2 days. 
The choice whether to operate or administer chemotherapy should be taken after 
urgent discussion between oncologist, neurosurgeon, and radiation therapist in 
front of imaging. A neurosurgical approach should be preferred only in infants 
showing very rapid neurologic deterioration. This however occurs infrequently. If 
chemotherapy is considered necessary, it should be initiated with/without per-
forming tumor biopsy. There is no urgent indication to remove the extraspinal 
tumor (which is likely to be unresectable, and such an operation runs the risk to 
worsen the neurologic deficit). The tumor can be biopsied (by Tru-Cut, fine nee-
dle, or open biopsy) when patient has improved under effect of chemotherapy. 
Initial chemotherapy in this situation should never be postponed in order to obtain 
a biopsy.

9.2  SCI at Birth and in the Neonate

The occurrence of PNTs with symptoms of SCI at birth and in the neonate 
(0–28  days) is rare but requires even greater attention and prompt care to limit 
severe late complications. However, no established guidelines are available regard-
ing the management of these patients.

9.2.1  Review of the Literature on Neonatal and Congenital 
PNTs Presenting with SCI

In 2012, Fischer and Tweddle [25], in an UKCCSG Registry Study of neonatal 
PNTs, showed that 6 of 33 neonates (18%) had symptomatic SCI. The overall sur-
vival of the group was 91%. Long-term complications occurred in ten children 
including all six presenting with SCI.

In 1997, Asabe et al. [26] described a case of a paraplegic newborn with con-
genital intraspinal neuroblastoma and reviewed the related literature. They col-
lected 38 such cases, of whom 26 underwent laminectomy and 12 did not. Treatment 
with or without laminectomy was associated with a poor neurologic recovery, sug-
gesting that irreversible damage occur antenatally. The AA concluded that laminec-
tomy is not indicated for these patients. In 2008, Blackman et al. [27] and Walter 
et al. [28]. independently described the only two cases with congenital PNT and 
SCI who survived without sequelae being delivered prematurely, following detec-
tion by ultrasound (US) of an extraspinal tumor mass in late pregnancy. The AA 
suggested that prenatal detection of a tumor mass entering the spinal canal might 
induce anticipation of delivery and timely treatment may lead to good functional 
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outcome. However, Suffia et al. described in 2016 [29] a female born by caesarian 
section at the 36th week following discovery by US of oligohydramnios. At birth 
patient had motor deficit and urine incontinence secondary to a PNT not picked up 
at US. Tumor responded to therapy, but no neurologic improvement occurred, sug-
gesting that anticipation of delivery is not always sufficient to prohibit the develop-
ment of late sequelae. Again in 2016, Gigliotti et al. [30] reported three newborns 
with PNT and motor deficit for whom prenatal US had failed to detect any tumor 
mass and were delivered at term of pregnancy. Tumors responded well to chemo-
therapy, but all patients developed severe motor deficit and bladder dysfunction. 
Scoliosis developed in the case with longest follow-up.

Despite the above reports appear contradictory, the importance of early diagnosis 
of a tumor mass in late pregnancy must be stressed. Neonatologists should be aware 
of this rare clinical entity and take it into account in the differential diagnosis with 
other conditions, including early-onset hypotonia. On the other hand, obstetric 
sonologists should be aware of the possibility to detect such rare tumors in late 
pregnancy, as anticipation of delivery might reduce the risk of late sequelae. In the 
case symptomatic SCI is evident at birth, initiation of chemotherapy on an emer-
gency basis even in the absence of histologic diagnosis may translate into lesser risk 
of long-term sequelae and better quality of life for some of these patients.

9.3  Late Sequelae

Children with PNTs and SCI are susceptible to develop long-term sequelae caused 
both by epidural compression and treatment. The most common sequelae include 
motor impairment, spasticity, kyphoscoliosis (Fig. 9.8), and bladder and bowel dys-
function. There are difficulties in comparing long-term side effects of different 
treatment modalities because neurosurgical decompression is more likely to be used 
in severely symptomatic patients and long-term outcome reflects both the severity 
of functional impairment at presentation and treatment modalities. Few papers have 
focused on the late functional outcome of PNT patients with SCI at diagnosis.

9.3.1  Review of the Literature Concerning Late Sequelae 
in Children with PNT Presenting with SCI

In 1999, Hoover et al. [7] reported on long-term outcome of 26 children with intra-
spinal PNTs diagnosed between 1967 and 1994. Twenty-four/26 patients survived 
with a follow-up of 2–29 years. A low incidence of neurologic recovery was seen in 
patients with long-standing severe epidural compression regardless of treatment 
modality. In case of partial neurologic deficit, recovery was seen in most patients 
following chemotherapy or neurosurgical intervention. Eleven/15 patients who 
underwent laminectomy developed mild to severe spinal deformities. Four of 11 
patients with intraspinal tumor who did not undergo laminectomy have mild to 
severe scoliosis. A higher incidence of spinal deformities was seen in patients 
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treated with laminectomy. In 2011, Angelini et al. [8] described late sequelae and 
their correlations with presenting clinical features and tumor treatment in 98 chil-
dren with symptomatic SCI. Initial treatment was chemotherapy in 66 (especially 
younger patients and stage 3 disease), neurosurgery in 29, and radiotherapy in 
three. After a median follow-up of 7 years, 57 children (58.2%) had one or more 
sequelae, with motor deficit involving 50 of them, correlated with young age, severe 
motor deficit, and neurosurgical operation at onset. Spine deformities involved 
20/57, more frequent in those presenting with severe motor deficit and treated with 
neurosurgery or radiotherapy. Sphincter dysfunctions involved 31/57 children, more 
often in those with sphincter symptoms and severe motor deficit at diagnosis. AA 
concluded that late sequelae occurred in more than half of their patients with severe 
motor deficit at diagnosis being the main risk factor. In 2012, Simon et  al. [9] 
described 122 PNT patients who had symptoms of epidural compression, of whom 
99 were included in the final analysis. AA noticed better survival in these patients 
compared to other PNTs. The main presenting symptoms were motor deficit (95%), 
impaired cutaneous sensibility (58%), neuropathic pain (56%), and bladder and 
bowel dysfunctions (44% and 34%). Symptoms improved after upfront neurosurgery 
in 36/52 patients and after chemotherapy in 30/47 (not significant). After a median 
observation of 8  years, the large majority of patients (71/99) still had residual 
impairment: motor deficit (43%), impaired sensibility (31%), scoliosis (31%), 

a

d

b c

Fig. 9.8 Left thoracic neuroblastoma with spinal canal invasion in a 3-years old girl diagnosed in 
1998 (a, b). Treated by initial laminectomy and chemotherapy. Severe kyphoscoliosis and thoracic 
asymmetry at 22 years, after 19 years follow-up (c, d).

9 Spinal Canal Involvement in Peripheral Neuroblastic Tumors



186

bladder dysfunction (26%), constipation (19%), growth delay (14%), and neuro-
pathic pain (5%). AA concluded that the initial treatment had no clear impact on 
frequency of late effects. In 2016, Kraal et al. [10] published the results of a Dutch 
retrospective single-center study that evaluated the prevalence of health problems 
(HPs) in 5-year survivors of PNT patients with SCI diagnosed between 1980 and 
2007. The cohort study involved 19 such patients, of whom seven had no neurologic 
symptoms at diagnosis, median age 1.2 years, median follow-up 16 years. Ninety-
five percent of survivors had at least one HP with a mean of four HPs per survivor. 
Fifty-three percent of survivors had at least one severe HP, the three most prevalent 
being kyphosis and/or scoliosis (68%), motor deficit (32%), and sensory neuropathy 
(26%). Of 13 who underwent laminotomy, seven (54%) developed grade 4 
HP. Among six patients who avoided neurosurgery, one developed grade 3 and one 
grade 4 HP. AA concluded that grade 3 and 4 HPs prevail in the laminectomy group 
and emphasize the importance of specialized long-term multidisciplinary follow-up 
for these patients.

From the above publications, it appears evident that children diagnosed with a 
PNT presenting with SCI have a concrete risk of developing permanent severe 
sequelae. The risk appears greater for younger patients and in case of prolonged 
SDI. Neurosurgical interventions may increase the risk of spine deformities, but this 
has not been exactly quantified. In addition, improved surgical techniques could 
limit the damaging potential of operating on the spine. Finally, careful multidisci-
plinary follow-up may be effective in significantly reducing the occurrence and 
entity of sequelae.

9.4  Multidisciplinary Follow-Up of Patients 
with Intraspinal PNT

The optimal follow-up of children diagnosed with intraspinal PNT has not been 
defined so far. Given the complexity of problems these children offer, the establish-
ment of a specific multidisciplinary outpatient clinic and follow-up is seen with 
great favor by all subjects involved, including parents and patients themselves. The 
aim of this clinic is to develop and propose to the pediatric oncology community a 
common strategy for children who survive after treatment for a PNT presenting 
with SCI, focused on both short-term results (tumor reduction) and prevention of 
late HPs, in particular neurologic and musculoskeletal. By actively following these 
subjects, a better insight in their quality of life would possibly be achieved. To this 
purpose, the definition of shared guidelines for follow-up of patients and survivors 
with intraspinal PNT is in progress based on the indications derived from SIOPEN 
LINES protocol, the DCOG 2009 treatment protocol, and COG guidelines.

A model of multidisciplinary clinic for patients with intraspinal PNT has been 
established 3  years ago at the Princess Maxima Centre (PMC) for Pediatric 
Oncology in Utrecht. This institution is the unique center in the Netherlands treating 
patients with PNTs (and other pediatric tumors of the chest/abdomen). This outpa-
tient clinic is currently taking place monthly under the coordination of one of the 
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AA of this chapter (KK) in the context of a multidisciplinary outpatient clinic for 
patients/survivors. This multidisciplinary team dedicated to patients who have been 
treated for an intraspinal PNT consists of pediatric medical oncologists, orthope-
dics, neurosurgeons, psychologists, rehabilitation medicine physicians, and physio-
therapists. The goals of this clinic are to report symptoms/HPs uniformly and 
ultimately develop targeted follow-up programs for patients treated for an intraspi-
nal PNT that could translate into a better defined treatment strategy. Patients are 
seen at least once at diagnosis and after 5 years of follow-up. Depending on the 
peculiarity and severity of symptoms, visits can be intensified. The clinic visit is 
started with a presentation of the medical history of the patient, for the involved 
health professionals, and then each member of the multidisciplinary team sees the 
patient. The findings/HPs (if any) are discussed at the end of the clinic, and appro-
priate course of action is then taken.

9.5  The SIOPEN NB-SCI Study Registry

The SIOPEN (International Society of Paediatric Oncology Europe Neuroblastoma) 
is coordinating an international, observational, prospective study registry for data 
collection regarding children with PNT presenting with symptomatic and asymp-
tomatic SCI (NB-SCI Study Registry). The Study, opened on June 2014, aims to 
collect data at minimum of 150 patients by June 2020. In this Study, management is 
not indicated but will be decided by individual clinicians and institutions.

The NB-SCI Study Registry primary aims are to describe the natural history of 
PNTs presenting with SCI and evaluate the combined effects of different risk fac-
tors on neurologic and orthopedic outcomes. Secondary aims are to (1) describe the 
diagnostic and therapeutic approaches adopted in participating centers; (2) correlate 
pathologic and biologic characteristics with clinical features, response to therapy, 
and sequelae; (3) develop common guidelines for management of children with any 
PNTs presenting with SCI; and (4) increase the awareness regarding symptoms 
indicative of SCI.

To this purpose, patient data at the time of diagnosis will be collected from cen-
ters of both SIOPEN and non-SIOPEN National Neuroblastoma Groups. Data will 
include patient demographics, clinical features, and length of SDI. Disease charac-
teristics include pathology, biology (MYCN gene status and segmental chromosome 
aberrations), and stage and level of tumor intraspinal invasion. Imaging studies at 
the time of diagnosis and of best response will also be evaluated by a panel of expert 
neuroradiologists. Information will also be collected on (1) initial treatment (obser-
vation, chemotherapy, neurosurgery, and/or radiation therapy) and (2) symptoms/
signs of SCI including neurologic and orthopedic dysfunctions and neuroradiologic 
findings. Age-related, standardized tools for symptom grading and functional 
impacts are being used, including the Common Toxicity Criteria for Adverse Events 
(CTCAE), FLACC (Face, Legs, Activity, Cry, Consolability) pain scores, and 
American Spinal Injury Association (ASIA) impairment scales. The early response 
following treatment decision will be documented at 72 h, 1 week, 2 weeks, 4 weeks, 
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and 2  months. A management summary will be collected including all SCI 
treatment(s), the evolution of SCI symptoms/signs, and the best clinical and neuro-
radiologic responses.

Prospective, detailed clinical follow-up data will be collected at standardized 
intervals (6 months from diagnosis, annually up to 10 years from diagnosis) to doc-
ument long-term functional outcomes. It is expected that prospective collection of 
standardized data on PNTs and SCI, and that correlation of clinical, pathologic, 
biologic features with response to therapy and sequelae, will generate an improved 
evidence base to evaluate the impact of different risk factors on long-term outcome 
including neurologic functioning and orthopedic consequences. The ultimate goal is 
to develop better evidence-based guidelines for the management of PNTs and SCI 
to improve early management of epidural compression and reduce the incidence and 
severity of long-term disabilities.

References

 1. Luksch R, Castellani MR, Collini P, et al. Neuroblastoma (Peripheral neuroblastic tumors). 
Crit Rev Oncol Hematol. 2016;107:106–81.

 2. Punt J, Pritchard J, Pincott JR, Till K. Neuroblastoma: a review of 21 cases presenting with 
spinal cord compression. Cancer. 1980;45:3095–101.

 3. Hayes FA, Thompson EI, Hvizdala E, O’Connor D, Green AA. Chemotherapy as an alternative 
to laminectomy and radiation in the management of epidural tumor. J Pediatr. 1984;104:221–4.

 4. Plantaz D, Rubie H, Michon J, et al. The treatment of neuroblastoma with intraspinal extension 
with chemotherapy followed by surgical removal of residual disease: A prospective study of 42 
patients—Results of the NBL 90 study of the French Society of Pediatric Oncology. Cancer. 
1996;78:311–319.

 5. De Bernardi B, Pianca C, Pistamiglio P, et al. Neuroblastoma with symptomatic spinal cord 
compression at diagnosis: treatment and results with 76 cases. J Clin Oncol. 2001;19:183–90.

 6. Katzenstein HM, Kent PM, London WB, Cohn SL. Treatment and outcome of 83 children 
with intraspinal neuroblastoma: the Pediatric Oncology Group experience. J Clin Oncol. 
2001;19:1047–55.

 7. Hoover M, Bowman LC, Crawford SE, et al. Long-term outcome of patients with intraspinal 
neuroblastoma. Med Pediatr Oncol. 1999;32:353–9.

 8. Angelini P, Plantaz D, De Bernardi B, et al. Late sequelae of symptomatic epidural compres-
sion in children with localized neuroblastoma. Pediatr Blood Cancer. 2011;57:473–80.

 9. Simon T, Niemann CA, Hero B, et al. Short- and long-term outcome of patients with symp-
toms of spinal cord compression by neuroblastoma. Dev Med Child Neurol. 2012;54:347–52.

 10. Kraal K, Blom T, Tytgat L, et al. Neuroblastoma with intraspinal extension: health problems in 
long-term survivors. Pediatr Blood Cancer. 2016;63:990–6.

 11. De Bernardi B, Balwierz W, Bejent J, et al. Epidural compression in neuroblastoma: diagnostic 
and therapeutic aspects. Cancer Lett. 2005;228:283–99.

 12. Sandberg DI, Bilsky MH, Kushner BH, et al. Treatment of spinal involvement in neuroblas-
toma patients. Pediatr Neurosurg. 2003;39:291–8.

 13. Yiin JJ, Chang CS, Jan YJ, Wang YC. Treatment of neuroblastoma with intraspinal extensions. 
J Clin Neurosci. 2003;10:579–83.

 14. De Bernardi B, Quaglietta L, Haupt R, et al. Neuroblastoma with symptomatic epidural com-
pression in the infant: the AIEOP experience. Pediatr Blood Cancer. 2014;61:1369–75.

 15. Fawzy M, El-Beltagy M, Shafei ME, et al. Intraspinal neuroblastoma: treatment options and 
neurological outcome of spinal cord compression. Oncol Lett. 2015;9:907–11.

S. Ash et al.



189

 16. Trahair T, Sorrentino S, Russell SJ, et al. Spinal canal involvement in neuroblastoma. J Pediatr. 
2017;188:294–8.

 17. Hoffer FA. Magnetic resonance imaging of abdominal masses in the pediatric patient. Semin 
Ultrasound CT MR. 2005;26:212–23.

 18. Yoshioka K, Tanaka R, Takagi H, et al. Ultra-high-resolution CT angiography of the artery of 
Adamkiewicz: a feasibility study. Neuroradiology. 2018;60:109–15.

 19. Boglino C, Martins AG, Ciprandi G, Sousinha M, Inserra A. Spinal cord vascular injuries fol-
lowing surgery and advanced thoracic neuroblastoma: an unusual catastrophic complication. 
Med Pediatr Oncol. 1999;35:349–52.

 20. Sainte-Rose C, Roux FX, Pierre-Kahn A, Renier D, Hirsch JF. Congenital intraspinal neuro-
blastomas. A propos of 7 cases treated surgically. Neurochirurgie. 1982;28:409–15.

 21. Sundaresan N, Sachdev VP, Holland JF, et al. Surgical treatment of spinal cord compression 
from epidural metastasis. J Clin Oncol. 1995;13:2330–5.

 22. Meyer NJ, Flatley TJ, Dunn DK.  Superiorly based laminoplasty in children. J Spin Disor 
Techn. 2003;16:156–62.

 23. Ozerov SS, Samarin AE, Andreev ES, et al. Neurosurgical aspects of the treatment of neuro-
blastoma patients. Zh Vopr Neirokhir Im N N Burdenko. 2016;80:50–7.

 24. McGirt MJ, Chaichana KL, Atiba A, et al. Incidence of spinal deformity after resection of 
intramedullary spinal cord tumors in children who underwent laminectomy compared with 
laminoplasty. J Neurosurg Pediatr. 2008;1:57–62.

 25. Fischer JP, Tweddle DA. Neonatal neuroblastoma. Semin Fetal Neonatal Med. 2012;17:207–15.
 26. Asabe K, Handa N, Tamai Y, Kajiwara M, Hide T. A case of congenital intraspinal neuroblas-

toma. J Pediatr Surg. 1997;32:1371–6.
 27. Blackman SC, Evenson A, Voss SD, et al. Prenatal diagnosis and subsequent treatment of 

an intermediate-risk paraspinal neuroblastoma: case report and review of the literature. Fetal 
Diagn Ther. 2008;24:119–25.

 28. Walter KN, Kratz C, Uhl M, Niemeyer C. Chemotherapy as a therapeutic option for congenital 
neuroblastoma complicated by paraplegia. Klin Padiatr. 2008;220:175–7.

 29. Suffia C, Sorrentino S, Vetrella S, et al. Neuroblastoma presenting with symptoms of epidural 
compression at birth: a case report. Ital J Pediatr. 2016;42:52.

 30. Gigliotti AR, De Ioris MA, De Grandis E, et al. Congenital neuroblastoma with symptoms of 
epidural compression at birth. Pediatr Hematol Oncol. 2016;33:94–101.

9 Spinal Canal Involvement in Peripheral Neuroblastic Tumors



191© Springer Nature Switzerland AG 2020
S. Sarnacki, L. Pio (eds.), Neuroblastoma, 
https://doi.org/10.1007/978-3-030-18396-7_10

D. Plantaz (*) · C. Freycon 
Department of Pediatrics, Hôpital Couple Enfant, University Hospital Centre  
of Grenoble- Alpes, Grenoble Cedex, France
e-mail: Dplantaz@chu-grenoble.fr

10Neonatal Neuroblastoma

Dominique Plantaz and Claire Freycon

10.1  Introduction

Neuroblastoma is the most common solid extra-cranial malignant tumor in child-
hood and infants, with an overall incidence of 1 case per 100,000 children in Europe 
and in the United States [1]. The french of childhood cancer registry estimates that 
neonatal neuroblastoma, defined as neuroblastoma diagnosed prenatally or within 
28  days after birth, accounts for approximately 5% of all cases of the diseases 
(E. Desandes, RNTE, personal communication).

Overall, the 5-year survival for children with neuroblastoma is 72% [2], while 
patients younger than 1 year of age have a 5-year survival of around 90% [3–5].

Neuroblastoma accounts for approximately 8% of all malignancies diagnosed in 
children. However, it is a very heterogeneous disease with some tumors spontane-
ously regressing or maturing, while others are aggressive with a malignant pheno-
type and poor response to therapy. Several important clinical factors are associated 
with prognosis such as stage and age at diagnosis [6]. Biologic factors such as 
MYCN status and pathologic classification are also strong prognostic factors [7, 8]. 
On the basis of these factors, patients with neuroblastoma can be stratified into 
groups that have been shown to have different risks of recurrence and can be treated 
according to these risk groups from simple observation to heavy multimodal com-
bined therapy. Age at diagnosis is one of the most powerful risk factors in such risk 
group stratifications, with age less than 18 months generally associated with better 
prognosis [9]. In this review, we discuss the clinical presentation, staging, screen-
ing, biology of regression, and treatment options and risks of sequelae for neonates 
with neuroblastoma.
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10.2  Clinical Presentation

Neonatal neuroblastomas can be diagnosed in the prenatal or postnatal period, 
although more than 70% are first noted in the postnatal period [10]. Regarding the 
prenatal diagnosis, antenatal suprarenal masses can be identified as incidental solid, 
cystic, or mixed adrenal masses on 20-week or later screening ultrasounds [11, 12]. 
There are also cases of maternal or fetal symptoms of neuroblastoma (e.g., catechol-
amine surge, spinal cord compression) which serve as the initial presentation [13–
15]. The increased use of fetal ultrasonography has led to an increase of the 
suprarenal masses [11], which can be localized neuroblastomas but also other diag-
noses which can present similarly such as adrenal hemorrhage, extrapulmonary 
sequestration, bronchogenic cyst, and urologic abnormalities [12].

Localized neuroblastomas in neonates not diagnosed prenatally by imaging are 
usually found incidentally when obtaining an imaging study for other medical 
issues. These are asymptomatic masses arising from the adrenal gland or the sym-
pathetic chain [16]. Paravertebral tumors presenting with spinal cord compression 
with the possibility of flaccid leg paralysis and bladder or bowel dysfunction were 
reported in more than 13% of neonates with localized neuroblastoma [10]. Lastly, 
although very uncommon, neonatal patients can also present with paraneoplastic 
syndromes such as opsoclonus-ataxia syndrome [17].

10.3  Staging

The current staging system for neuroblastoma is based on the International 
Neuroblastoma Staging System (INSS). The INSS is a surgical-pathologic staging 
system that takes into account several variables including completeness of resection 
of the primary tumor, ipsilateral and contralateral involvement of lymph nodes, and 
tumor location in relation to the midline [18]. Complete evaluation for metastatic 
disease must also be undertaken for accurate staging. The extent of metastatic dis-
ease can be measured by a methyliodobenzylguanidine (MIBG) scan positive for 
approximately 90% of neuroblastomas. MIBG scan measures the uptake of cate-
cholamine precursors by these tumors, both at the primary site and in metastatic 
sites such as the bone, bone marrow, and lymph nodes. The presence of metastatic 
disease can also be assessed by performing bone marrow aspiration and by assess-
ing lymph nodes through imaging studies, including computed tomography (CT) or 
magnetic imaging scans (PRI), or surgical exploration. Table 10.1 summarizes the 
overall distribution of stage by patient age (less than 30 days versus more than or 
equal to 30 days in the Children Oncology Group experience) [19]: patients younger 
than 30 days present more less with metastatic disease (12% with stage 4 and 25% 
with stage 4s) than children over 30 days of age (46% with stage 4 and 4% with 
stage 4s) (Table 10.1); more than 30% of the neonates are with stage 1 disease. Of 
particular interest are patients younger than 1 year of age with metastatic disease 
who have a localized primary tumor with tumor dissemination limited to the skin 
and liver and/or less than 10% of neuroblastoma cells in the bone marrow (stage 4s) 
with generally an excellent prognosis with the exception of those harboring a tumor 
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with MYCN amplification. Of patients with stage 4s disease, 20% are younger than 
30 days at diagnosis.

More recently, other staging systems have sought to stage patients before treat-
ment: the International Neuroblastoma Risk Group (INRG) (Table 10.2) task force 
proposed a staging system that included the absence (L1) or the presence (L2) of 
one or more of 20 image-defined risk factors (IDRFs) [20]. This staging system was 
initially designed to enable comparison of risk-based clinical trials worldwide and 
allows for the staging on the basis of tumor imaging rather than the extent of surgi-
cal resection. Table 10.3 details the IDRFs that use preoperative, diagnostic images 
to stratify patients on the basis of these imaging features [20].

Finally, SIOPEN introduced the notion of life-threatening symptoms in order to 
choose the adequate treatment for patients with “unresectable” tumors (L2), par-
ticularly for those who should receive emergent chemotherapy, rather than those 
who can be closely observed without any treatment for spontaneous regression 
(Table 10.4).

The stratification for the risk of disease relapse is shown in Table 10.5. Patients 
are stratified in low, intermediate, and high risk, with the probability of disease-free 
survival being >95%, >90%, and <30%, respectively. Recently, the concepts of very 
low risk have been defined for neonatal adrenal masses less than 5 cm diameter, 
without lymph node involvement which can be observed without any treatment with 
a 3-year disease-free survival of >80% (ref). It is important to observe that although 
low- and intermediate-risk patients account for approximately 36% and 21%, 
respectively, of patients of all stages, neonatal patient presents with low- and inter-
mediate-risk disease in 58% and 40% of cases, respectively [19]. Patients younger 
than 28 days, as patients younger than 365 days are at low risk of relapse if histo-
logic INSS stage 1, non-MYCN-amplified stage 2A/2B, or non-MYCN- amplified 
favorable histology aneuploid stage 4s disease.

Table 10.1 Distribution of 
neonatal patients versus 
patients older than 30 days by 
the International 
Neuroblastoma Staging 
System from a total of 7217 
patients

INSS staging Age <30 days (%) Age <30 days (%)
Stage 1 32% 20%
Stage 2A 6% 6%
Stage 2B 9% 9%
Stage 3 16% 15%
Stage 4 12% 46%
Stage 4s 25% 4%
Total 5% 95%

Adapted from RB Interiano (reference [19])

Table 10.2 International Neuroblastoma Risk Group staging system (reference [43])

Stage Description
L1 Localized tumor not involving vital structures as defined by the list of image-defined 

risk factors and confined to one body compartment
L2 Locoregional tumor with presence of one or more image-defined risk factors
M Distant metastatic disease (except stage Ms)
MS Metastatic disease in children younger than 18 months with metastases confined to the 

skin, liver and/or bone marrow
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Table 10.3 Image-defined risk factors (IDRFs) in neuroblastic tumors [20]

Neck Tumor encasing carotid and/or vertebral artery and/or internal jugular 
vena cava
Tumor extending to the base of the skull
Tumor compressing the trachea

Cervico-thoracic 
junction

Tumor encasing brachial plexus roots
Tumor encasing subclavian vessels and/or vertebral and/or carotid 
artery
Tumor compressing the trachea

Thorax Tumor encasing aorta and/or major branches
Tumor compressing the trachea and/or principal bronchi
Lower mediastinal tumor, infiltrating the costo-vertebral junction 
between T9 and T12

Thoraco-abdominal Tumor encasing the aorta and/or vena cava
Abdomen/pelvis Tumor infiltrating the porta hepatis and/or the hepatoduodenal 

ligament
Tumor encasing branches of the superior mesenteric artery at the 
mesenteric root
Tumor encasing the origin of the coeliac axis and/or the superior 
mesenteric artery
Tumor invading one or both renal pedicles
Tumor encasing the aorta and/or vena cava
Tumor encasing the iliac vessels
Pelvic tumor crossing the sciatic notch

Intraspinal tumor 
extension

Whatever the location, provided that more than one third of the spinal 
canal is invaded and/or the perimedullary leptomeningeal spaces are 
not visible and/or the spinal cord signal is abnormal

Infiltration of adjacent 
organs/structures

For example, pericardium, diaphragm, kidney, liver, duodeno-
pancreatic block, and mesentery

Table 10.4 List of life-threatening symptoms (LTS)

Respiratory Not infectious distress
Polypnea superior in 60/mn
Oxygen requirement
Assisted ventilation

Cardiovascular Arterial high blood pressure
Superior cava syndrome

(Gastro)intestinal Food intolerance
Needs enteral or parenteral nutritional support

Renal Oliguria
Uretero-hydronephrosis

Sphincter dysfunction Anorectal
Vesical

Dumbbell 
neuroblastoma

Motor deficit
Tumor occupying more of 1/3 of the width of the canal in the axial 
plan
Not visible lepto-meningeal spaces
Abnormal spinal signal
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10.4  Screening

The prognosis of patients with neuroblastoma depends considerably on patient age 
and stage at diagnosis, with younger patients having the best prognosis. Therefore, 
several groups hypothesized that early screening for neuroblastoma would improve 
the survival of children with this disease by detecting the presence of neuroblastoma 
in patients at an earlier stage. Thus, several trials conducted mass population screen-
ing for neuroblastoma by evaluating urinary catecholamine level [21]. These studies 
were performed in Japan and later in Germany and North America. These studies 
reported an increase in the incidence of lower-stage neuroblastoma, but they were 
discontinued because they did not provide any survival benefit for the patient popu-
lation [22, 23]. These findings implied that if younger patients with non-high- risk 
disease have been identified, many of them have had never been detected, because 
of spontaneous regression.

10.5  Spontaneous Regression

Spontaneous regression of “in situ neuroblastoma” was first hypothesized by 
Beckwith et al. when they reported necropsies on infants younger than 3 months of 
age who died from other causes [24]; they encountered incidental adrenal tumors 
that were histologically identical to malignant neuroblastoma without any evidence 
of metastases; they observed a higher incidence (1 in 200) of these “in situ neuro-
blastomas” that would have been predicted from the known clinical incidence of 
neuroblastoma (1 in 8000 live births), suggesting that the natural history of these 
lesions may often involve spontaneous regression. Moreover, the Children Oncology 
Group study conducted a prospective trial of the expectant observation of infants 
with small adrenal tumors identified either prenatally or within the first 6 months of 
life [25]; the vast majority of the patients who completed the observation arm had a 
decrease in the volume of the adrenal mass: among 56 patients, 27 (48%) had no 
residual mass, 13 (23%) had a mass larger than 0 but 1 mL or less, 8 (14%) had a 
mass larger than 1 but 2 mL or less, and 8 (14%) had a mass larger than 2 mL. The 
3-year survival was 100%. In Germany, a prospective cooperative trial on observa-
tion of unresectable localized neuroblastoma was conducted without cytotoxic 
treatment [26]; of 93 patients with unresected tumors, spontaneous regression was 
seen in 44; time to regression was variable with first signs of regression noted 
1–18 months after diagnosis. The idea that many of these incidentally and some of 
the clinically detected neuroblastomas in neonates tend to spontaneously regress 
and are likely to have a favorable prognosis has been the premise for current treat-
ment options for the management of neonatal neuroblastoma.

10.6  Biology

Three major genetic 1, 2A, and 2B subtypes can be designed in neuroblastoma 
tumors on the basis of cytogenetic abnormalities detected by comparative genomic 
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hybridization profiles [27]. Neuroblastomas of subtype 1 are characterized by 
numeric chromosome alterations but no or few segmental abnormalities (SCAs), 
and patients with these tumors have favorable features and prognosis. Neuroblastomas 
of subtypes 2A and 2B are characterized by near diploid with recurrent SCAs and 
occur in patients of older age, advanced tumor stage, and poor clinical outcome. 
These genomic profiles can be now determined by circulating free tumor DNA anal-
ysis (liquid biopsies) avoiding a tumor biopsy which can be difficult or impossible 
or dangerous in fragile patients, such as neonates [28].

10.7  Biology of Spontaneous Regression

There is evidence to support several possible mechanisms of spontaneous regres-
sion in neuroblastoma [29]. The developmental program in sympathetic neuronal 
precursor is primarily regulated by the TrkA neurotrophin receptor and the limiting 
availability of its ligand, nerve growth factor (NGF), at their target site; the neuronal 
precursor survives, migrates, and proliferates in the absence of NGF during early 
embryogenesis followed by a putative developmental switch from an NGF- 
independent to an NGF-dependent state. Tumors of infants generally have a high 
level of TrkA expression. Taken together with the pivotal role of TrkA and NGF of 
the sympathetic system, tumors undergo neuronal differentiation to a ganglioneu-
roma, or they undergo spontaneous regression (apoptosis), depending on the pres-
ence or the absence, respectively, in the microenvironment. Loss of telomerase 
activity and telomerase shortening has been proposed as another possible mecha-
nism for spontaneous regression of neuroblastoma. Another potential explanation of 
spontaneous regression is tumor destruction mediated by an anti-tumor immune 
response. Epigenetic regulation (promoter methylation, histone modification, and 
chromatin remodeling) may affect neuroblastoma cell survival or differentiation.

10.8  Treatment

10.8.1  Low-Risk Disease

Neonatal patients with INSS stage 1, 2A, and 2B non-MYCN-amplified favorable 
histology neuroblastoma account for more than 50% of neonatal neuroblastoma and 
have a favorable prognosis after surgical resection [30]. However if surgical resec-
tion has been the mainstay of therapy for patients with low-risk disease, these pro-
cedures may be associated with significant morbidity in neonates, including major 
vascular injuries, raising the question as to whether surgery is really indicated in 
low-risk patients [31]. Image-defined risk factor helped to define patients (L2) for 
which chemotherapy or observation should be considered first [32], with an excel-
lent outcome in the SIOPEN experience [33]. Chemotherapy based on low doses of 
vincristine and cyclophosphamide or carboplatin-vepesid may allow to switch for 
resectable tumor [33] or serve as a trigger for the tumor regression [34]. However, 
chemotherapy should be administered very cautiously in newborns with reduction 
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dose (33% of normal dose) and adaptation by weight [33]. Currently, SIOPEN 
LINES protocol recommends observation for patients with unresectable (L2) tumor 
harboring only numerical chromosomal abnormalities (Fig. 10.1).

10.8.2  Very Low-Risk Disease

Based on previous studies showing that tumor of small size and with a cystic com-
ponent shows spontaneous regression, Holgersen et  al. found that the expectant 
observation of four patients with adrenal masses revealed that all tumors spontane-
ously resolved with no recurrence [35]. With these previous findings, a prospective 
protocol was developed to expectantly observe infants with small adrenal masses 
that were clinically consistent with neuroblastoma [25]. This study evaluated obser-
vation alone in infants less than 6 months of age who had a sonography that identi-
fied adrenal mass of 16 mL or less in volume if solid, or 65 mL or less if the mass 
was at least 25% cystic, and did not cross the midline with a disease limited to the 
adrenal gland as shown by imaging work-up. Follow-up investigations included 
measurement of urinary catecholamine levels and serial abdominal ultrasound stud-
ies. Infants with an increase of 50% in tumor volume were referred for surgery. Of 
the 87 patients of this study, 83 were enrolled in the observation arm, of whom 56 
completed the observation; 16 patients underwent surgical resection after observa-
tion; 67 out of 83 patients were spared surgery.

A prospective SIOPEN study of patients <90 days, with suprarenal masses <5 cm, 
no midline extension, nor lymph node/distant spreading, was performed within the 
LINES protocol (data unpublished). Initial evaluation included sonography, MRI, 

L2 ≤ 18 months

Absence of LTS Presence of LTS

Absence of SCA
Randomisation

Trial1 

Presence of SCA
Trial3

Observation only

In case of progression
or clinically indicated

2-4 VP/Carbo +/-
CADO

Surgical resection at 1
year if IDRF negative

Surgical resection when
IDRF negative; if IDRF
positive discuss with

coordinator

Absence of SCA
Trial2

2x VP/Carbo to resolve
LTS.
If LTS persist after 2
VP/Carbo then 2 CADO

Surgical resection when
IDRF negative

No LTS:4x VP/Carbo
LTS:4VP/Carbo; if LTS persist
after 2 VP/Carbo then 2 CADO

Fig. 10.1 Response and biology-based risk factor-guided therapy in treating younger patients 
with non-high risk neuroblastoma
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urinary catecholamines, and MIBG scintigraphy. Sera were collected for MYCN 
analysis. Observation with US and urine catecholamines (if elevated at diagnosis) 
during a 48-week period was suggested. Infants experiencing >40% volume increase, 
L2 progression, or metastases were considered events and were fully restaged for 
appropriate treatment (Fig. 10.2). Surgical resection was performed for patients with 
>40% volume increase remaining resectable or for patients with residual mass at 
week 48. One hundred twenty-six infants were registered by 2012 and 2017. Masses 
were described as cystic (28%), solid (37%), or mixed (35%). Antenatal diagnosis 
was evident in 54 cases. Of 119 patients, 36 (28%) underwent resection, 17 during 
observation and 19 at the end of the observation period, and 25 proved neuroblasto-
mas (73%). Ninety-seven sera were collected and analyzed, and all were negative for 
MYCN amplification, although one tumor at excision after 1 year observation was 
found MYCN amplified. The 1- and 3-year EFS was 89% and 86%, respectively, and 
OS was 100%, with a median follow-up of 27 months. Sixteen events were observed: 
progression to MS (n = 6) or L1/L2 tumors (n = 10). In conclusion, expectant obser-
vation for infants <90 days with diagnosed localized suprarenal masses <5 cm dis-
covered antenatally or postnatal proved safe. The value of MYCN serum analyses is 
not definable. Close monitoring is effective, without jeopardizing overall outcome, 
and most patients can avoid surgery.

10.8.3  Intermediate-Risk Disease

Infants younger than 1 year of age with INSS stage 3, stage 4, or stage 4s disease 
with non-MYCN-amplified tumors are designated as intermediate-risk patients and 

Diagnosis:
ultrasound
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MRI
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et/ou catéchol élevées
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rédsidue at W
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MRI and surgery 

No regression
US and catechol.

Monthly untill w 48 
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US and catechol.

by 2 Monts untill w
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MRI and surgery

W 48   

Progression
catechol:

Exit of the observation

Low probability of NB
(MiBG – and/or catéchol -)
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W 18,30 42 

W 48
Surgery if residue  

W 18
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discussion of surgery  

Nb: Restaging
according INRGSS. 

Treatement

Non
Neuroblastoma

progression
MRI and surgery 

US and catechby
3 weeks

Untitll week 12  

Fig. 10.2 Work-up and surveillance of antenatal supra-renal masses
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make up 40% of neonatal neuroblastomas. Infants with 4s non-MYCN-amplified 
disease are also considered intermediate risk if they are either symptomatic or have 
unfavorable histology. The use of chemotherapy for all infants with stage 3 disease 
is not uniform as already mentioned: several prospective studies have reported 
excellent outcome for infants with nonresectable non-MYCN-amplified neuroblas-
toma, who received chemotherapy [33, 36]. Hero et al. [26] reported observing 93 
infants with non-MYCN-amplified unresected neuroblastoma: 44 (47%) exhibited 
regression and 35 (38%) progressed locally or to stage 4s or 4 (4%) requiring high-
risk therapy. Schleiermacher et al. demonstrated that regression is mainly observed 
in tumors with favorable biology and SIOPEL LINES protocol recommends to treat 
patients with segmental abnormalities with chemotherapy [27].

Finally, patients with stage 4 non-MYCN-amplified tumors also have a favorable 
outcome with chemotherapy and surgery [37].

10.8.4  Stage 4S Disease

Stage 4s is a “special” group of patients who have a special pattern of diffuse 
involvement and carry a good prognosis [38]. Infants younger than 1 year with dis-
semination limited to the skin or liver or less than 10% of neuroblasts in the bone 
marrow, without bone metastases, are considered to have a stage 4s disease. Gigliotti 
et al. reported 45 of 134 newborns (33%) having stage 4s disease [4]. Although these 
patients have extensive metastatic disease, these tumors generally undergo sponta-
neous regression even without treatment. Therefore, patients are generally treated 
with supportive therapy only and have excellent outcome [39]. However, this disease 
can cause significant life-threatening complications, particularly in the neonatal 
period [40]. The signs and symptoms of organ distress caused by hepatomegaly can 
occur in the lungs, the kidneys, the gastrointestinal tract, the inferior vena cava, and 
the liver [41]. A scoring scale reflecting organ compromise was developed, the 
scores ranging from 0 to 10. Scores were derived for 32 of 35 patients; 13 were 
neonates when first seen, and 19 were infants aged 1–12 months. Neonates were 
more likely than infants to develop increasing symptomatology (50% versus 25%) 
and were more likely to die when a score of 2 or more developed. None of the six 
neonates who did so survived despite treatment, compared with three of four infants. 
Early intervention is recommended for 4s neonates who develop a score of 1.

10.8.5  High-Risk Disease

Infants younger than 1 year of age with stage 2, 3, 4, or 4s disease with MYCN 
amplification are considered to be at high risk and so are treated with a combination 
of chemotherapy, surgical resection, high-dose chemotherapy with autologous 
hematopoietic stem cell transplantation, radiation therapy, and immunotherapy with 
anti-GD2. This group however accounts for less than 2% of neonatal neuroblastoma 
[19]. Neonates with high-risk disease have a 2-year overall survival of only 30% 
despite the treatment regimen [42].
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10.9  Conclusion

Neonatal neuroblastoma accounts for less than 5% of all neuroblastoma and carries 
a favorable prognosis with more than 98% of patients having a low or intermediate 
risk of tumor recurrence and an overall survival over than 95%. Low-risk neonatal 
patients can most often be observed expectantly without further exposure to surgery 
or chemotherapy. Ongoing studies are aiming to reduce the therapy given to the 
non-high-risk patients. Further studies will help to dictate the careful selection of 
patients for observation as well as for aggressive therapy. Long-term follow-up is 
needed for these patients.
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11Low- and Intermediate-Risk 
Neuroblastoma

Vanessa Segura and Adela Cañete

11.1  Introduction

The new International Neuroblastoma Risk Group (INRG) classification system 
takes into account the clinical heterogeneity of this disease and provides the clini-
cians with a powerful and robust tool for treatment stratification. This tool combines 
clinical parameters such as age and INRG staging as well as the data obtained by the 
analysis of tumour tissue (histology, molecular data such as MYCN oncogene status, 
DNA ploidy and 11q deletion). Based on these features, the system defines 16 pre-
treatment groups stratified (labelled A to R) [1].

According to this classification, 28.2% of the patients are considered very low 
risk with an estimated 5-year EFS of more than 85%, 26.8% are considered low risk 
with an estimated 5-year EFS >75% to ≤85% whereas 9% are classified as interme-
diate risk with an estimated 5-year EFS ≥50% to ≤75% [1]. The INRG classifica-
tion has been valuable, guiding systematic therapy decisions suggested by 
international cooperative groups [2]. In this review, we compare the past and current 
therapeutic strategies for low- and intermediate-risk populations based on this tool.

Strictly speaking, low-risk patients are INRG pretreatment risk groups D, E and 
F and intermediate-risk patients are groups G, H, I and J. For most clinicians from 
the International Society of Paediatric Oncology European Neuroblastoma 
(SIOPEN), “low risk” refers to patients of any age that have L1 tumours and can be 
treated only with surgery but also children younger than 18 months with stage L2 
and MS without MYCN amplification (no-MNA). On the other hand, intermediate- 
risk patients are those children over 18 months with no-MNA stage L2. Besides, the 
SIOPEN group includes also in this risk category infants with no-MNA M disease.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-18396-7_11&domain=pdf
mailto:segura_van@gva.es
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11.1.1  Low Risk

11.1.1.1  Children with L1 Tumours (Equivalent to INRG 
Pretreatment Risk Group A and B): «High Survival Rates 
in This Population Were Reached with Surgery Alone 
in All Cooperative Groups in the Last Decades»

The LNESG1 trial, which ran from 1995 to 1999, was the first European multicentre 
study that confirmed a 5-year EFS of 94.3% and an excellent OS of 98.9% in 288 
INSS stage 1 patients with surgery alone. Likewise, for the 123 INSS stage 2 
patients, the 5-year EFS and OS was 82.8% and 93.2%, respectively [3]. It was fol-
lowed by a confirmation trial (LNESG2) run by SIOPEN group with 380 patients 
(manuscript in preparation). In the low-risk COG P9641 study (Children’s Oncology 
Group P9641; ClinicalTrials.gov identifier NCT00003119), a 5-year OS rate (±stan-
dard deviation [SD]) of 96 ± 1% was achieved with surgery alone for patients with 
asymptomatic INSS stage 2a or 2b tumours [4]. Other studies have demonstrated 
that subsets of infants with localised tumours can be cured without any treatment, 
including surgery [5, 6].

The INRG database showed less favourable EFS and OS in patients with MNA 
INSS stage 1 and 2 tumours than in patients with non-amplified tumours (53% ± 8% 
and 72% ± 7% vs. 90% ± 1% and 98% ± 1%, p < 0.0001, respectively) [7]. The 
question regarding this very scarce group of patients with L1 neuroblastoma tumours 
with MNA remains to be solved [8].

11.1.1.2  Infants and Children Aged 12–18 Months 
with Neuroblastoma (Equivalent to INRG 
Pretreatment Risk Group C, D, G and Q)

The age cut-off in INRG is referred to 547 days (18 months), but all the former 
published experiences refer mostly to infants, that stand for the largest number of 
patients in this age group. The current ongoing trials such as SIOPEN LINES study 
(ClinicalTrials.gov Identifier NCT01728155) in Europe will show the real impact of 
age as a continuous variable in prognosis.

Here, we summarise the former SIOPEN experience described in two out of four 
trials devoted to infants with low-risk neuroblastoma:

• Infants with localised unresectable disease without MYCN amplification were 
eligible for SIOPEN INES99.1 study and represent INRG pretreatment risk 
group D and G. In INES99.1 study, they received upfront chemotherapy in order 
to achieve surgery of the primary tumour. Five-year OS and EFS were excellent, 
and in 61% of the cases, anthracyclines were avoided [9]. These excellent results 
were the basis to propose a randomised study in the SIOPEN low-risk trial 
(LINES, Group 1), which is still ongoing.

• Infants with disseminated neuroblastoma without MYCN amplification are 
equivalent to INRG pretreatment risk group C and Q, and historically, it is well- 
known that they are a “special cohort” with an excellent prognosis. INES 99.2 
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trial dealt with 4 s patients that received chemotherapy or not according to the 
presence or absence of life-threatening symptoms (LTS). Surgery was to be per-
formed only in the absence of surgical risk factors. The 125 infants treated on 
INES99.2 study had a 2-year overall survival (OS) of 97.6% with no difference 
between asymptomatic and symptomatic patients (97.7% vs. 97.3%), patients 
with or without unresectable primary tumours (96.8% vs. 100%) and patients 
with or without positive skeletal scintigraphy without radiologic abnormalities 
(97.2% vs. 100%). No patients died of surgery- or chemotherapy-related compli-
cations. Infants with disseminated disease without MYCN amplification have 
excellent survival with minimal or no treatment. Asymptomatic infants with an 
unresectable primary tumour or positive skeletal scintigraphy without radiologic 
abnormalities may undergo observation alone [10]. Special features of infants 
and neonates with 4s disease have already been described in other parts of this 
chapter.

The International SIOPEN study LINES (Low and Intermediate Risk 
Neuroblastoma European Study; Eudract number:2010-021396-81) groups together 
in a single protocol the treatment of all patients with “non-high-risk” neuroblas-
toma. Image-defined risk factors, the presence or absence of symptoms and the 
presence or absence of segmental chromosome aberrations are being used in the 
decision-making process to stratify treatment. It is an “umbrella” type of trial that 
consists in 11 different studies, six of them related to “low-risk” patients. Low-risk 
patients are included after informed consent, diagnostic evaluation, stage assign-
ment and centrally reviewed biological studies, whose results drive “patients’ road” 
to inclusion in one of the six low-risk groups. Treatment by protocol oscillates 
between a “wait and watch approach” and mild chemotherapy either to resolve LTS 
or to prevent relapses (as per LINES group 2 [L2] and 6 [Ms], both tumours with 
segmental chromosomal abnormalities [SCA], corresponding to INRG pretreat-
ment risk group G and Q [Fig. 11.1]).

Finally, if successful, the low-risk LINES study will demonstrate the following:

• It is feasible to minimise the amount of treatment (chemotherapy and surgery) 
for all appropriate low-risk patients (by clinical and pangenomic data), who in 
previous studies have been shown to have an excellent long-term outcome (as in 
the SIOPEN INES99.1 study). This treatment reduction is supported by the pre-
vious INES trial and the excellent results reported from the German group who 
in a non-randomised study reduced chemotherapy in certain situations, thus 
showing that these selected patients do not require chemotherapy [5].

• Survival in L2 and Ms patients who have segmental chromosomal changes in 
their tumour genomic profile is improved by electively treating these patients 
with chemotherapy despite the absence of symptoms [11].

While SIOPEN is recruiting low-risk patients in the LINES trial, other coopera-
tive groups are following their own trials. For instance, the German group will 
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implement a new neuroblastoma treatment stratification system that integrates gene 
expression-based classification and established prognostic markers in prospective 
clinical trials, in a very similar way as SIOPEN [12].

11.1.2  Intermediate Risk

This is a very heterogenous population that represents 9% of the total neuroblas-
toma patients, with an expected 5-year EFS over 50% and below 75%. Here, we 
review only the patients with neuroblastoma that are considered intermediate risk 
by the SIOPEN group.

11.1.2.1  Children Aged 18 Months or Older with L2-Stage 
Neuroblastoma or Nodular Ganglioneuroblastoma, Poorly 
Differentiated/Undifferentiated or Differentiating, 
11qdeleted No-NMA (Equivalent to INRG Pretreatment 
Risk Group H)

Patients with these features are in the “border” between being treated either with 
high-intensity multimodal or intermediate treatment strategies. So far, there have 
not been randomised trials trying to answer this question: which is the best approach 
for these patients? The answer still remains unknown, and the different groups fol-
low different strategies. In the past, the intermediate-risk COG A3961 study demon-
strated a 3-year OS rate of 96% ± 1% with substantial reductions in the duration of 
treatment and dose of chemotherapeutic agents compared with regimens used in 
earlier American clinical trials [13]. The impact of additional decreases in therapy 

LINES: Low-risk groups
Biopsy proven NB

Stage L2 ≤ 18 months, no MNA

Group 1
(−) LTS
NCA 

Randomisation:
observation vs.
chemotherapy

±surgery 

Group 2
(+) LTS

NCA

chemotherapy
±surgery

Group 3
(+/−) LTS

SCA

Chemotherapy
±surgery

Stage Ms ≤ 12 months, no MNA 

Group 4
(−) LTS

NCA

Observation

Group 5
(+) LTS

NCA

chemotherapy

Group 6
(+/−) LTS

SCA 

chemotherapy
±surgery

Fig. 11.1 Treatment stratification overview for low-risk neuroblastoma in LINES study. LTS life- 
threatening symptoms, NCA numerical chromosomal abnormalities, SCA segmental chromosomal 
abnormalities, − absence, + presence
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intensity for specific subsets of patients is being evaluated in the current COG study 
for non-high-risk disease. The SIOPEN European Unresectable Neuroblastoma 
Study (EUNS) (2001–2006) recruited 164 eligible patients aged more than 
12 months with MYCN non-amplified unresectable NB [14]. After biopsy, patients 
received six courses of chemotherapy (three of carboplatin–etoposide and three of 
CADO) and a surgical resection of the primary tumour, without further treatment 
(no radiotherapy). Five-year OS and EFS were not satisfactory (79% and 68%, 
respectively) although age was the most important prognostic factor, significantly 
improved in younger patients (age 12–18 months) vs. older patients (OS 100% vs. 
70%, p = 0.006, and EFS 78% vs. 62%, p = 0.001). Histology (central review in 
127/164 cases) also proved to be of significant prognostic value. OS in the “differ-
entiating” histology group (46% of patients) reached 100% vs. 63% in the “poorly 
differentiated or undifferentiated” cases (p = 0.004), and EFS was 91% vs. 62% 
(p = 0.002). Local relapses were worrisome, reporting 28 cases (19 isolated and 9 
combined with metastatic sites) involving primary site. This indicates that a more 
intensive regimen including radiotherapy is warranted for older patients with unre-
sectable tumours of unfavourable histology, although in previous studies radiother-
apy has not consistently demonstrated a clear improvement in survival. These results 
comply with the INRG conclusions and were taken into account while designing the 
following SIOPEN trial. Given the fact that there are not enough patients to do a 
randomised study unless all cooperative groups join in a global trial, the SIOPEN 
group considers radiotherapy as part of the scheduled regimen for patients with 
poorly differentiated or undifferentiated histotypes. Although not many, there were 
nine metastatic relapses, and that prompted the SIOPEN group to add 13-cis reti-
noic acid (13-cis-RA) to the strategy while preserving high-dose treatment (HDT) 
as rescue therapy. Although mortality related to HDT has decreased enormously, 
this procedure is not exempt of severe acute and long-term effects and its role is not 
so clearly demonstrated for stage 3 patients [15, 16]. The fact that 11 out of the 30 
relapses were metastatic (2 isolated and 9 both local and metastatic) could mean that 
there is a need not only to intensify local treatment but also to introduce a mainte-
nance treatment for minimal residual disease that could persist after chemotherapy, 
surgery and radiotherapy. Our hypothesis is that 13-cis-RA could prevent metastatic 
relapses, avoiding the intensity and toxicity of megatherapy in a non-amplified 
MYCN non-metastatic population [17]. At the time of LINES design (Fig. 11.2), no 
other minimal residual disease (MRD) treatments were approved and available in 
Europe [18, 19].

Therefore, groups 7 and 8 of LINES trial are those devoted to these IR patients 
and are proposed in order to

• Reduce the amount of chemotherapy for differentiating histology INRG stage L2 
NB and ganglioneuroblastoma nodular patients who have been shown to have an 
excellent long-term outcome.

• Increase the amount of treatment (radiotherapy and 13-cis-RA) for poorly dif-
ferentiated or undifferentiated histology INRG stage L2 NB or ganglioneuro-
blastoma nodular patients in order to improve the EFS.
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11.1.2.2  Patients Younger Than 12 Months with M Stage Tumour, 
Diploid, No-NMA (Equivalent to INRG Pretreatment 
Risk Group I)

This group includes in SIOPEN those infants with overt metastases to skeleton, 
lung, or central nervous system (CNS) and no-NMA tumours. SIOPEN trial 
INES99.3 was designed to treat them with chemotherapy until complete metastatic 
response was obtained followed by surgery only in the absence of surgical risk fac-
tors [10]. The 45 infants treated on this trial had a 2-year OS of 95.6%. No patients 
died of surgery- or chemotherapy-related complications. Infants with disseminated 
disease without MYCN amplification have excellent survival with a moderate- 
intensity chemotherapy and surgery alone, without high-dose chemotherapy. The 
current group 10 in LINES will confirm these results.

In conclusion, collaborative efforts of international cooperative groups have led 
to refinements in risk classification to guide therapies, resulting in improved out-
come in neuroblastoma, although further work is needed to continue this progress.
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12High-Risk Neuroblastoma and Current 
Protocols

Katherine K. Matthay and Dominique Valteau-Couanet

12.1  Definition of High-Risk Neuroblastoma

12.1.1  COG

High-risk neuroblastoma comprises nearly half of all neuroblastoma and continues 
to have a long-term survival of <50%. The first classification of high-risk neuroblas-
toma defined in North America in the 1980s included children >1 year of age at 
diagnosis with metastatic neuroblastoma or invasive unresectable tumor crossing 
the midline [1] with unfavorable histology [2] or elevated ferritin [3]. Similar sys-
tems with minor variation were used by the Children’s Oncology Group, by St. Jude 
[4], and by the Pediatric Oncology Group. An international group of clinical and 
translational investigators then convened to more precisely define stage and response 
as the International Neuroblastoma Staging System (INSS) [5]. Finally, in a second 
iteration of international consensus, the International Neuroblastoma Risk Group 
(INRG) workforce replaced the surgical staging with a system based upon radio-
logical risk factors rather than surgical resectability since surgical resection at diag-
nosis is rarely used in high-risk neuroblastoma [6]. The combination of INRG 
staging with age, histological risk factors [7], and molecular features (MYCN gene 
amplification, ploidy, segmental chromosome aberrations) was then analyzed to 
define subgroups of patients with differing prognoses [8–10]. Thus, the exact defini-
tion of high risk has evolved over the past four decades, and the details of risk clas-
sification should be kept in mind in any comparison of outcomes in various trials.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-18396-7_12&domain=pdf
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Major factors continue to be metastatic disease (INSS 4; INRG, M) in patients 
>547  days (18  months), although an intermediate-risk group age 12–18  months 
with metastatic disease but non-amplified MYCN tumors has been identified who 
should not be included in the high-risk protocols. Any patient with MYCN amplified 
tumors and stage L2, M, or MS regardless of age is high risk [11]. Thus, for current 
North American cooperative trials in high-risk neuroblastoma, eligibility usually 
includes (1) all patients with INRG stage M disease and age >547 days or stage M 
<547 days with tumor MYCN amplification (>4 copies relative to reference signal); 
(2) INRG stage MS with tumor MYCN amplification; (3) INRG L2 with MYCN 
amplification; (4) patients >547 days of age initially diagnosed with INRG L1, L2, 
or MS who progress to stage M without chemotherapy; and (5) patients ≥365 days 
of age initially diagnosed with MYCN amplified INRG stage L1 disease who prog-
ress to stage M without systemic therapy (may enroll within 4 weeks of progression 
to stage M). In prior trials, patients with L2 tumors >547  days and unfavorable 
histology were also considered high risk, but the current active trial excludes L2 
without MYCN amplification.

12.1.2  SIOPEN

12.1.2.1  Difference Between North American and SIOPEN Criteria 
for HR Treatment at Diagnosis and During Treatment

The definition of high-risk patients is based on the rationale described in the North 
American approach but is slightly different between COG and SIOPEN.

Patients >18 months with INSS stage 4 disease and those with a tumor INSS >1 
with MYCN amplification are considered as patients with a high-risk disease in both 
groups. Patients with a stage 4 disease between 12 and 18 months are considered to 
have a high-risk disease in the SIOPEN group only if segmental abnormalies are 
displayed in their tumor. In addition, patients with a localized disease are included 
in high-risk protocols only in case of MYCN amplification. Presently, based on the 
results of the different studies performed during the past 3 decades, the HR-NBL 
treatment strategy combines four treatment phases: induction chemotherapy aiming 
to decrease the tumor burden, local treatment combining surgery of the primary 
tumor and radiotherapy of the primary tumor site, a consolidation phase with high-
dose chemotherapy (HDC) ± other myeloablative treatments and autologous stem 
cell rescue (ASCR), and a maintenance treatment.

The metastatic response evaluated at the end of the induction treatment with a 
scoring method of the 123I metaiodobenzylguanidine (MIBG) scans has been identi-
fied as a pronostic factor on both groups whatever the scoring methods, Curie score, 
or SIOPEN score used [12, 13].

When in North America, only patients with progressive disease were excluded 
from the different protocols, in the SIOPEN group, patients had to reach at least a 
partial response (PR) and less than three skeleton spots on the MIBG scans to 
receive the HDC and ASCR planned in the HR-NBL1 protocol [14]. In the next 
HR-NBL2/SIOPEN protocol, the criterium will be metastatic PR and SIOPEN 
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score ≤  3 on MIBG scans. Patients failing to reach this criterium are currently 
included either in innovative treatments or treated according to a “very-high-risk 
protocol.”

In the future, one of the tasks of the INRG workforce will be to define additional 
criteria to identify specific risks that will allow testing early innovative adapted 
treatments. These criteria could be additonal biological risk criteria identified at 
diagnosis such as 6q loss [15], ATRX, and TERT [16, 17]. In addition, the best 
response criteria using MRD (Burchill), and MIBG score will have to be defined as 
well as the right timing to use them to propose a modified therapeutic approach.

12.2  Evolution of High-Risk Neuroblastoma Therapy

12.2.1  COG

12.2.1.1  Intensive Combination Chemotherapy and Myeloablative 
Therapy

The 5-year overall survival (OS) probability for patients 0–30 years of age with 
high-risk neuroblastoma in the era prior to myeloablative therapy was well below 
15%. In more recent eras, the 5-year OS has been estimated as 29% (patients diag-
nosed between 1990 and 1994; n = 356), 34% (patients diagnosed between 1995 
and 1999; n = 497), 47% (patients diagnosed between 2000 and 2004; n = 1015), 
and 50% (patients diagnosed between 2005 and 2010; n = 1484). This increase in 
overall survival has been attributed to the addition of induction chemotherapy and 
local control, and the introduction of myeloablative therapy, differentiation therapy, 
and immunotherapy [18–20].

Most patients presented in the late 1970s with inoperable or metastatic disease, 
which was uniformly fatal. Cyclophosphamide and vincristine were evaluated, but 
neither improved survival [21]. Other agents available during the 1970s, including 
doxorubicin, DTIC, and peptichemio improved the outcome of metastatic disease 
only in infants <1 year of age, while epipodophyllotoxins and CDDP were shown to 
produce tumor responses in patients with neuroblastoma [22, 23]. By the early 
1990s, the role of combination chemotherapy with increasing dose intensity came 
into use, yielding response rates after 5–6 months of induction of 70–80% [24–28]. 
The COG initially adopted the intensive induction chemotherapy N7 piloted at 
Memorial Sloan Kettering [29], but then piloted the substitution of two cycles of 
pharmacokinetically guided topotecan/cyclophosphamide which was more tolera-
ble than the very-high-dose cyclophosphamide with continuous vincristine and one 
of the cisplatin cycles, and incorporated this into the ANBL0532 phase III study 
[30]. Local control was generally achieved during or at the end of induction therapy 
with delayed surgical resection and radiation of the tumor bed, shown to decrease 
local relapse [31, 32].

In order to further increase dose intensity, the concept of very-high-dose chemo-
therapy or chemoradiotherapy was proposed, with hematopoietic cell reconstitu-
tion, either with autologous or allogeneic bone marrow or later with autologous 
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peripheral blood stem cells. Therefore, initially, three pilot single arm trials were 
done in North America Children’s Cancer Group suggesting feasibility of both allo-
geneic bone marrow transplant and autologous bone marrow transplant with condi-
tioning with etoposide, cisplatin, melphalan, and total body radiation. The 
autologous bone marrow had reduction of potential residual tumor with immuno-
magnetic purging [33]. Relapse rate was actually apparently higher for the alloge-
neic group, and there was greater toxicity, leading to a general disinterest in 
allogeneic approach. A comparison was then done between two concurrent CCG 
studies using identical induction therapy and different consolidations: one with 
autologous purged bone marrow transplant (321P3) and the other with continuation 
of standard dose chemotherapy (321P2). Using Cox regression analysis, the relative 
risk (RR) of an event after chemoradiotherapy/ABMT was estimated to be 58% of 
that for patients who continued chemotherapy (p = 0.01). Similarly, Kaplan–Meier 
analysis estimated EFS at 4 years for the chemoradiotherapy/ABMT and chemo-
therapy groups to be 40% and 19%, respectively (p = 0.019) [34].

Based on these pilot trials showing apparent improvement in EFS with the use of 
myeloablative therapy, the CCG undertook a randomized trial comparing myeloab-
lative therapy with carboplatin, etoposide, melphalan, and TBI to an intensive non- 
myeloablative consolidation with cisplatin, doxorubicin, ifosfamide, and etoposide. 
Both the early and 5-year follow-up showed a significantly higher EFS with the 
autologous transplant arm but no significant difference in OS. The superiority of 
myeloablative therapy to standard chemotherapy was further validated by two 
European randomized trials [35, 36]. To further capitalize on this advantage, and to 
eliminate the TBI portion of the conditioning, known to be associated with acute 
and late toxicity, a pilot trial showed a similar disease outcome using higher doses 
of carboplatin, etoposide, and melphalan (CEM) without the TBI [37]. Therefore, 
the COG undertook a randomized trial that eliminated TBI and tested whether the 
use of purged PBSC would improve outcome [38]. The results showed no improve-
ment with purging of PBSC and showed a similar outcome to prior trials with TBI.

Therefore, the next group of trials proceeded to further test myeloablative ther-
apy by using a tandem ASCT. Pilot trials both separately and in the COG showed 
the feasibility and favorable outcomes [25, 39–41], so a randomized trial compar-
ing tandem transplant with thiotepa/cyclophosphamide followed 6 weeks later by 
CEM was compared to a single CEM transplant. The results showed a significant 
improvement in 3-year EFS and OS, as reported at the ASCO meeting in 2016 
(Table 12.1) [42].

Due to the results of the SIOPEN trial which showed a significantly better out-
come for patients randomized to conditioning with busulfan and melphalan (Bu–
Mel) compared to CEM [14], a COG pilot trial was recently completed to gain 
further results in North America with this regimen (ANBL12P1, Table 12.1). This 
trial also showed the ability to test for tumor ALK mutations and amplifications in 
real time, in order to later incorporate ALK inhibitors into therapy of newly diag-
nosed patients. The COG also decided to try to improve the response to induction 
by testing the addition of a targeted radiotherapy with 131I-metaiodobenzylguandine 
(131I-MIBG). Despite intensification of induction chemotherapy for metastatic 
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high-risk neuroblastoma over the past three decades, 15–20% of patients will not 
achieve a complete or partial response. 131I-MIBG has shown promise in the treat-
ment of relapsed and refractory neuroblastoma, with 30–40% responses [43, 44]. 
Therefore, another pilot trial, ANBL09P1, tested the addition of 131I-MIBG therapy 
at the end of induction followed by consolidation with Bu–Mel. This trial showed 
that incorporating 131I-MIBG therapy into a multi-institution induction regimen was 
feasible and tolerable in preparation for a phase III randomized trial, ANBL1531.

The new ANBL1531 trial activated in May 2018 has the aims of testing in a ran-
domized trial whether 131I-MIBG given after cycle 3 of an induction that includes 

Table 12.1 Completed cooperative group trials in North America for newly diagnosed high-risk 
neuroblastoma

Trial/Ref. Group Years Primary aim EFS (years) OS (years)
321P1/P2/P3
[33, 34]

CCG 1985–1994 Comparison of 
allogeneic to 
autologous BMT and 
to chemotherapy

25/40/19%
4-year

NR

P9341/41/42
[28]

POG 1993–1995 Phase II window, 
multi-agent induction, 
myeloablative therapy

27%
7-year

29%

3891
[27]

CCG 1991–1996 Randomized trial of 
autologous BMT vs. 
chemotherapy

30 vs. 19%
5-year

39 vs. 30%
5-year

3891
[27, 50]

CCG 1991–1996 Randomized trial of 
MRD therapy with 
13-cis-RA vs. none

42 vs. 31%
5-year

50 vs. 39%
5-year

A3973
[38]

COG 2001–2006 Randomized trial of 
purged vs. unpurged 
ASCT

40 vs. 36%
5-year

50 vs. 51%
5-year

ANBL00P1
[41]

COG 2001–2004 Pilot study of tandem 
ASCT

45%
3-year

59%
3-year

ANBL0032
[56]

COG 2001–2009 Randomized trial of 
MRD therapy with 
13-cis-RA vs. 
ch14.18 + cytokines

66 vs. 46%
2-year

86 vs. 75%
2-year

ANBL0931 COG 2009–2011 Further safety study of 
ch14.18 + cytokines

NR NR

ANBL09P1 COG 2010–2016 Feasibility trial of 
adding 131I-MIBG at 
end of induction prior 
to ASCT

74%
1-year

NR

ANBL12P1 COG 2013–2015 Pilot trial of 
induction + Bu–Mel 
ASCT

NR NR

ANBL0532
[42]

COG 2007–2012 Randomized trial of 
tandem vs. single 
ASCT

62 vs. 49%
3-year

74 vs. 69%
3-year

Abbreviations: BMT bone marrow transplant, MRD minimal residual disease, 13-cis-RA 13-cis-
retinoic acid (isotretinoin), NR not yet reported, ASCT autologous stem cell transplant, Bu–Mel 
busulfan–melphalan conditioning
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five cycles of chemotherapy will improve outcome in patients compared to chemo-
therapy induction without 131I-MIBG. Patients on both arms will receive consolida-
tion with tandem transplant, followed by standard maintenance with immunotherapy 
and isotretinoin. A third arm will incorporate the 131I-MIBG into induction but use a 
single Bu–Mel transplant as consolidation followed by standard maintenance as 
above. There will be two non-randomized arms, one for patients with ALK aberra-
tion who will receive crizotinib throughout the therapy and otherwise receive the 
standard five-cycle induction chemotherapy, and tandem myeloablative consolida-
tion and maintenance. The other non-randomized arm is for patients whose tumors 
do not take up MIBG and who do not have an ALK aberration. They will receive 
standard induction, tandem consolidation, and maintenance. A pilot trial in newly 
diagnosed patients with high-risk neuroblastoma combining anti-GD2 antibody 
with induction chemotherapy is planned to open this year, based upon data from a 
St. Jude clinical trial [45].

12.2.1.2  Therapy for Minimal Residual Disease
Approximately 30–50% of patients will relapse despite induction chemotherapy, 
surgery, radiation, and myeloablative therapy. Therefore, investigations have 
increasingly focused on detection of minimal residual disease and on ways to elimi-
nate minimal residual disease (MRD). Currently, MRD testing in the COG uses 
both pathology of bilateral bone marrow and is studying bone marrow and blood 
samples with a 5-gene TaqMan low-density array, shown to correlate with outcome 
in relapsed patients [46]. 123I-MIBG scans are another important test for MRD, as 
any positivity on an MIBG scan at the end of induction or after myeloablative ther-
apy portends a worse outcome [47].

One of the early attempts to treat MRD involved the use of isotretinoin, a drug 
known to induce differentiation of neuroblastoma cells in vitro. Since this is a rela-
tively non-toxic oral drug with established in  vitro activity at concentrations 
>5–10  μM, the CCG tested isotretinoin in a high-dose interrupted schedule of 
160 mg/m2/day for 14 days followed by a 14-day rest for six cycles [48, 49]. Patients 
who were progression-free after myeloablative therapy or after intensive chemo-
therapy consolidation on the CCG-3891 trial were randomized to receive isotreti-
noin or no further therapy. The EFS for the isotretinoin arm was significantly better 
than no further therapy, and a post hoc analysis also showed the greatest benefit was 
seen in patients who received isotretinoin after myeloablative therapy (Table 12.1) 
[27, 50]. The small number of patients who had measurable disease at the time of 
randomization did not benefit, suggesting that this agent was only effective in MRD.

Meanwhile, phase I and II studies with anti-GD2 antibodies showed promising 
activity in relapsed neuroblastoma, since the GD2 ganglioside is widely expressed 
on the surface of most neuroblastoma tumors [51–54]. The next phase III study to 
test an MRD agent, therefore, added the chimeric form of the anti-GD2 monoclonal 
antibody (ch14.18) along with two cytokines to improve the ADCC response 
(GM-CSF) and stimulate natural killer cells (IL-2) [55]. The study randomized 
patients with evidence of progressive disease after myeloablative therapy and local 
radiation to receive isotretinoin alone or isotretinoin interspersed with five cycles of 
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ch14.18 with GM-CSF or IL-2 alternating with each antibody course (Table 12.1) 
[56]. The study was closed earlier than planned, as the results were highly signifi-
cant after 2 years favoring the antibody arm. The 2-year EFS for the ch14.18/cyto-
kine arm was 66% compared to 46% for the isotretinoin alone (p = 0,01), and the 
OS was 86% vs. 75% (p = 0.02) [56]. Further studies are ongoing to investigate the 
safety of this agent, recently approved for neuroblastoma by the FDA.

12.2.1.3  Relapse Therapy
Table 12.2 details the phase II studies of particular interest for neuroblastoma since 
the 1990s in cooperative groups in North America, which tested newer chemother-
apy, radiopharmaceutical therapy with MIBG, immunotherapy, and small-molecule 
inhibitors. The chemotherapy trials showed the activity of camptothecins alone and 
topotecan combined with cyclophosphamide [57], and irinotecan combined with 
temozolomide [58], although for the latter it has not been shown whether the irino-
tecan adds activity to the combination, since a small phase II study of temozolomide 
alone in Europe showed a 20% response rate [59]. Nonetheless, the combination of 
irinotecan with temozolomide and the combination of topotecan with cyclophos-
phamide has become the backbone for addition of other agents to enhance response. 
Multiple other COG phase II novel chemotherapy trials for solid tumors have not 
shown significant single activity in neuroblastoma to date, including paclitaxel, 
ABT-751 [60], rebeccamycin [61], oxaliplatin [62], navelbine [63], taxotere [64], 
pemetrexed [65], and ixabepilone [66].

131I-MIBG has been a long-standing active therapy for relapsed neuroblastoma 
with 30–40% responses in single institution and in NANT consortium trials, alone 
and in combination [43, 44]. However, only recently, the increasing number of insti-
tutions capable of safely administering and monitoring this radioactive drug to 
young children has been brought into up-front trials, as discussed above. A phase II 
trial in NANT (N1101) has focused on testing in a randomized “pick-the-winner” 
strategy on testing two combination therapies, vorinostat (HDAC inhibitor) vs. iri-
notecan (radiosensitizer) that were promising in phase I setting and comparing these 
to MIBG alone [67–69]. An upcoming NANT trial will test the combination of 
dinutuximab with MIBG.

Targeted inhibitors of interest in neuroblastoma have also been tested as single 
agents in phase II COG trials. Two of particular interest targeting pathways in neu-
roblastoma were the aurora kinase A inhibitor, MLN8237 (alisertib), and the ALK 
inhibitor crizotinib. Aurora kinase A stabilizes MYCN, and therefore, inhibition 
increases degradation of MYCN, an important oncogene amplified in 30–40% of 
high-risk neuroblastoma. Although no responses were seen with a single agent, a 
combination of alisertib with irinotecan and temozolomide in preclinical studies 
and a phase I and phase II New Approaches to Neuroblastoma Therapy (NANT) 
trial elicited a significant number of responses [70, 71]. Crizotinib targets ALK 
mutations, found in up to 15% of neuroblastoma. In a phase I trial, this was very 
active against anaplastic large cell lymphoma (ALCL) and IMRT, where there is a 
translocation, but showed one response in neuroblastoma, with a phase II trial ongo-
ing as a single agent and combined with chemotherapy [72]. Newer ALK inhibitors 
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may be more effective in overcoming resistant mutations, with ongoing phase I tri-
als [73]. Fenretinide was also of interest from preclinical studies and the MRD suc-
cess of isotretinoin. Although the results with the capsular formulation were 
disappointing, much higher plasma levels and some bone marrow responses were 
seen in a NANT trial with a new oral suspension of a lipid complex formulation, 
4HPR-LXS [74]. However, to date, this agent does not have a clear path to approval. 
Future investigations will test combinations of inhibitors targeting molecular path-
ways in neuroblastoma as well as combinations with chemotherapy.

Immunotherapy trials based on targeting the GD2 ganglioside have been a major 
focus to capitalize on the prior phase I and II trials of ch14.18 and the positive results 
in MRD on ANBL0032. There have been responses using an immunocytokine, 
Hu14.18-IL2, although mainly in bone and bone marrow sites, rather than bulky soft 
tissue measurable disease [75]. The most impressive results to date in relapsed neu-
roblastoma have been with the combination of ch14.18 (dinutuximab) with irinotecan 
and temozolomide in the recent phase II randomized trial of this combination com-
pared to irinotecan/temozolomide with temsirolimus (an mTOR inhibitor) [76]. In 
this phase II randomized trial, 9/17 patients on the arm with dinutuximab had CR or 
PR, including some with prior exposure to dinutuximab or to the same chemotherapy. 
Only 1/18 on the temsirolimus arm responded. As reported by abstract this year 
(ANR2018; abstract #339), in the expansion of the phase II study, the impressive 
response rate of 40% continues to be seen in patients with first relapse/refractory 
neuroblastoma, although the mechanism of this synergy has not been elucidated. This 
success has led to the incorporation of dinutuximab into induction therapy in a new 
pilot COG trial opening this year. There are also ongoing phase I and II investigations 
into GD2 vaccine therapy for neuroblastoma [77], NK cell infusions, and COG trials 
testing the PD1/PDL1 inhibitors, but these are too early for definitive results.

12.2.2  SIOPEN

12.2.2.1  HR-NBL1 Rationale and Different Steps
The first SIOPEN/HR-NBL protocol opened in 2002 and was designed taking into 
account the national expertise of the 18 participating countries.

Different questions have been sequentially asked.

Induction Chemotherapy
The first randomized study conducted by the European Neuroblastoma Study Group 
(ENSG), between 1990 and 1999 (ENSG5), investigated the effect of dose intensity 
of induction therapy on EFS in patients over the age of 1 year with metastatic dis-
ease. Patients (n = 262) were randomized to receive either COJEC (rapid) or OPEC/
OJEC (standard) induction regimens [81]. Each regimen utilized the same drugs—
cisplatin, carboplatin, etoposide, cyclophosphamide, and vincristine—at the same 
dose, but the dose intensity (in mg/m2 per week) of COJEC was 1.8-fold higher. 
Therapy in the COJEC arm was administered every 10 days, regardless of hemato-
logical recovery, while it was delivered every 21  days in the OPEC/OJEC arm, 
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dependent on hematological recovery. Complete (CR) and very good partial (VGPR) 
responses were achieved in 53% patients assigned to standard treatment and in 74% 
patients assigned to COJEC treatment (p = 0.002).

The intensified regimen (RAPID COJEC) was therefore adopted as the “stan-
dard” induction regimen for the SIOPEN/HR-NBL1 trial and was administered to 
all patients recruited to the trial between 2002 and 2013. The addition of granulo-
cyte colony–stimulating factor (G-CSF) to COJEC induction was randomized (R0), 
showing a significantly reduced toxicity profile when G-CSF was used [82].

From April 2007 to October 2009, 65 patients with metastatic HR-NBL who had 
not achieved the SIOPEN criteria for HDC after induction received two courses of 
topotecan 1.5  mg/m2/day for 5  days, followed by a 48-h infusion of vincristine, 
2 mg/m2, and doxorubicin, 45 mg/m2 (TVD). Following two courses of TVD, four 
(6.4%) patients had an overall CR, while 23 patients achieved the metastatic criteria 
to receive HDC [83]. Two courses of TVD were then proposed for patients with an 
insufficient metastatic response.

In 2013, a randomization (R3) was introduced to compare the standard SIOPEN 
induction regimen RAPID COJEC with the modified N7 regimen [29, 84, 85], 
developed in North America. This intensive induction chemotherapy regimen com-
bined initially seven courses and then five courses of two putatively non-cross- 
resistant drug combinations: high-dose cyclophosphamide plus doxorubicin/
vincristine (CAV) and high-dose cisplatin/etoposide (P/E). The initial results 
reported by the Memorial Sloan Kettering Cancer Center (MSKCC) (overall CR/
VGPR of 83%) have not been replicated by two randomized studies conducted by 
the French (SFOP) and Austrian neuroblastoma groups, although both groups 
reported that patients achieving CR have higher long-term EFS [86–88]. The pri-
mary aim of the R3 randomization was to compare metastatic response rates and 
event-free survival (EFS) of both arms. The results of this randomization showed no 
difference in terms of survival and metastatic response rates between the two arms 
(Garaventa, ANR 2018). RAPID COJEC having less acute toxicity than the modi-
fied N7 has been selected to be the SIOPEN reference induction regimen.

Consolidation Phase
HDC followed by ASCR has improved outcomes in patients with HR-NBL in 
European and North America randomized trials, becoming the standard of care for 
these patients [27, 35, 36].

Busulfan–melphalan (Bu-Mel) was the conditioning regimen mainly used in 
Europe basing on results showing a significant advantage of Bu-Mel in patients with 
high-risk neuroblastoma [89]. The long-term results of this single institution cohort 
of patients with HR-NBL treated with HD Bu-containing regimens confirmed the 
good results of this regimen, with 5-year EFS and OS rates of 35% and 40%, respec-
tively [90].

These data provided the rationale to widely implement the use of Bu-Mel, which 
was then compared with CEM in the HR-NBL1/SIOPEN randomized trial (R1). Of 
the 1577 patients with HR-NBL, 563 were randomly assigned in a 1:1 ratio to either 
Bu-Mel or CEM following rapid induction therapy with COJEC.  The trial was 
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stopped because a prespecified interim analysis showed a 49% EFS rate with 
Bu-Mel vs 33% for CEM (p < 0.001) [14]. The 3-year OS was 60% with Bu-Mel vs 
48% for CEM (p = 0.003), and the rate of relapse or progression was significantly 
lower in the Bu-Mel group (47% vs 60%; p < 0.001). The rate of acute toxic death 
was 3% for Bu-Mel and 5% for CEM, and severe toxicity was not significantly dif-
ferent in the two arms. Therefore, HD Bu-Mel has now become the standard HD 
regimen in the SIOPEN HR strategy.

Local Treatment
Surgery aimed to achieve complete primary tumor excision, to improve local con-
trol as shown in the analysis of the SIOPEN cohort (K Holmes submitted). Usually 
performed prior to HDC, it could be postponed in case of surgical risk factors. 
Radiotherapy was performed at the dose of 21-Gy radiotherapy on the presurgical 
primary tumor volume to all patients as a standard dose regardless of the disease 
extent and the quality of surgery.

Maintenance
Based on the CCG results [27], retinoic acid (13-cis-RA) maintenance was admin-
istered with the same dose and schedule in HR-NBL1. In addition, SIOPEN devel-
oped dinutuximab beta, the ch14/18/CHO antibody, in several successive trials 
since 2009. The benefit of IL-2 given in addition to dinutuximab beta was investi-
gated in a prospective phase III trial [91]. Four hundred and six patients were ran-
domized (R2) to receive five cycles of dinutuximab beta (100 mg/m2/cycle as five 
daily 8-h infusions) or in combination with IL-2 (6 × 106 IU/m2 on days 1–5 and 
8–12 of each cycle). Outcomes were favorable compared to historical controls 
(13-cis-RA alone as maintenance treatment), but no survival benefit was found with 
the addition of IL-2 with a significantly increased toxicity in the combination arm. 
The long-term infusion (LTI) study was designed as a phase I/II dose-finding study 
administering continuous infusion dinutuximab beta over 10  days (100  mg/m2/
cycle) in patients with relapsed/refractory neuroblastoma with the objective of 
determining a tolerable treatment schedule, while maintaining satisfactory immu-
nomodulatory efficacy. The 10-day continuous infusion schedule combined with 
IL-2 at a dose of 6 × 106 IU/m2/day was found to be tolerable (HN [92]). The proto-
col met the primary efficacy endpoint. With the improved tolerance and favorable 
immunomodulatory effects of the LTI schedule demonstrated in the LTI study, 
SIOPEN elected to adopt the LTI schedule into the HR-NBL1 trial and to random-
ize a decreased dose of IL-2 (R4) to clarify whether there is a benefit to adding IL-2 
to dinutuximab beta.

12.2.2.2  Very-High-Risk (VHR) Strategy: Veritas
A SIOPEN protocol, Veritas (EudraCT N°: 2015-003130-27), has been designed for 
patients with a poor response at the end of induction, defined as less of metastatic 
PR or a MIBG SIOPEN score >3, identified to have a low survival with a 3-year 
survival of 15% with the ongoing HR protocols. Tandem HDC with thiotepa and 
Bu-Mel has been demonstrated in a single institution cohort of 26 VHR patients to 
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improve the survival with a 3-year EFS of 36% [93]. Topotecan is a topoisomerase 
I inhibitor which has activity against neuroblastoma and it is a radiosensitizer. There 
is evidence from laboratory studies that the combination of 131I-mIBG and topote-
can is synergistic when topotecan is given simultaneously or secondarily to 
131I-mIBG [94].The combination of topotecan with 131I-mIBG, secondarily sup-
ported by peripheral blood stem cell transplantation, has been demonstrated to be a 
feasible treatment in both patients with relapsed, heavily pretreated neuroblastoma, 
and also in patients with primary refractory high-risk disease [94, 95]. The toxicity 
of a second course of Bu-Mel administered 2 months after a first course of topotecan- 
131I- mIBG and ASCR is acceptable [96].

The main objective of the Veritas randomized study is to evaluate the efficacy of 
two intensified consolidation strategies, a tandem HDC with a first course of thio-
tepa (900 mg/m2) or topotecan/131I-mIBG followed by ASCR. In both arms, in the 
absence of disease progression, patients will receive a second course of Bu-Mel 
with ASCR.

GPOH
From the very first GPOH NB79 trial on high-risk neuroblastoma that was initiated 
in 1979, multiple chemotherapy regimens have been evaluated by the German coop-
erative group. The NB79 induction chemotherapy consisted of three ACVD cycles 
(doxorubicin, cyclophosphamide, vincristine, and dacarbazine) followed by 
5 AC cycles (doxorubicin and cyclophosphamide). In the subsequent NB82 trial, a 
total number of ten alternating chemotherapy cycles, ACVD and PCVm (cisplatin, 
cyclophosphamide, and etoposide), was scheduled. In the NB85 trial, the combina-
tion of ifosfamide and etoposide was introduced (IVp). It consisted of nine chemo-
therapy cycles by repeating the sequence IVp, ACVD, PCVm three times. After 
three chemotherapy cycles, the objective response rate was 89% (12% complete 
response, 77% partial response) but with an increased toxic death rate of 8.6%. The 
5-year EFS rate of the NB85 trial was 14% [97, 98]. In the NB90 trial, short infu-
sions of cytotoxic drugs were substituted by continuous infusions aiming to increase 
efficacy. Further, the cytotoxic drugs were rearranged into two different cycles 
referred to as N1 (cisplatin, etoposide, and vindesine) and N2 (ifosfamide, vincris-
tine, dacarbazine, and doxorubicin). Among the 230 evaluable patients, the com-
plete and partial remission rate was 31% and 44% after four cycles, and 58% and 
11% after eight cycles, respectively. The toxic death rate was 5.1%. The 5-year EFS 
rate of all patients treated in NB90 was 27% [98]. The improvement of the outcome 
of patients with HR-NBL was mostly related to the evolution of induction chemo-
therapy since only a limited number of patients underwent consolidation by HDC 
and ASCR. In the NB97 trial, the NB90 induction chemotherapy was modified to 
decrease toxicity, with lower etoposide dose, shorter doxorubicin infusion time, and 
reduced number of chemotherapy cycles from 8 to 6. The modified chemotherapy 
cycles were referred to as N5 (cisplatin, etoposide, and vindesine) and N6 (ifos-
famide, vincristine, dacarbazine, and doxorubicin). The response rate at the end of 
the NB97 induction chemotherapy was maintained and the toxic death rate during 
induction chemotherapy decreased to 0.6% [35].
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The GPOH NB2004-HR trial was opened between 2004 and 2016. Patients with 
HR-NBL were either randomized for standard induction chemotherapy identical to 
the NB97 trial or experimental induction chemotherapy having two additional 
topotecan- containing cycles (cyclophosphamide, topotecan, and etoposide—N8). 
Topotecan-containing chemotherapy was chosen because of its proven efficacy in 
previous phase II trials [26, 99, 100]. Preliminary data from NB2004-HR trial were 
extracted for the design of HR-NBL2 trial. In this data cutoff (October 2017), com-
plete metastatic response rate at the end of induction was 40% and 3-year EFS was 
36%. Of note, most of the patients received HD melphalan–etoposide–carboplatin 
(MEC) and had no immunotherapy.

12.2.2.3  Next Steps

HR-NBL2/SIOPEN
GPOH has joined SIOPEN. The design of the next SIOPEN study aims to answer 
three questions on the induction chemotherapy, the consolidation phase, and the 
local treatment. Patients will receive a maintenance treatment with six courses of 
retinoic acid and five courses of dinutuximab beta. The combination with IL2 will 
depend on the HR-NBL1/R4 results. As the metastatic response has been identified 
as a major prognostic factor, the first randomization will compare the response rate 
and 3-year EFS of two induction protocols, rapid COJEC, and the GPOH one. The 
second randomization will evaluate the impact of an intensified consolidation in 
standard HR neuroblastoma comparing Bu-Mel with the tandem HDC, thiotepa/
Bu-Mel. In case of persistent macroscopic residual primary tumor, the dose of 
radiotherapy on the tumor bed will be randomized (R-RTx) between 21 Gy and 
21 Gy plus a boost of 15 Gy on the residual disease (up to 36 Gy). In case of no 
macroscopic residual tumor, radiotherapy at 21 Gy will be performed at the preop-
erative tumor bed.

The tumor ALK status will be evaluated prospectively but no specific treatment 
will be added in case of ALK aberration.

Pilot Studies
Evidence of the feasibility and the efficacy of the combination of immunotherapy 
with chemotherapy has been demonstrated both in relapse patients [76] and at diag-
nosis [101]. SIOPEN is currently designing pilot studies to define the best schedule 
to combine long-term infusion of dinutuximab beta with the two regimens used in 
the SIOPEN group, the GPOH, and the rapid COJEC induction chemotherapies. 
The defined schedule will be compared in the future with chemotherapy alone to 
evaluate the impact of a combined immunotherapy on the metastatic response rate 
and survival.

12.2.2.4  Relapse Strategy
Based on the results of a phase I study on the combination of topotecan and temo-
zolomide (TOTEM) in pediatric tumors [102] ITCC (Innovative Therapies for 
Children with Cancer) conducted a single arm phase II trial of TOTEM in patients 
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with a refractory or relapsed neuroblastoma, the response rate was 24% with a 
12-month progression free survival of 45% with an acceptable toxicity profile [103].

A phase II COG study displayed a 19% objective response in 55 patients with a 
relapsed or refractory neuroblastoma [58]. Bevacizumab improved delivery and 
efficacy of chemotherapy in neuroblastoma models and treatment with bevacizumab 
alone [104] or combined with topotecan decreased tumor growth in neuroblastoma 
xenografts [105]. The combination of bevacizumab and topotecan showed enhanced 
preclinical activity.

Based on these results, ITCC designed an ongoing randomized study with six 
arms, the BEACON protocol comparing the efficacy of temozolomide, TOTEM, 
and irinotecan–temozolomide alone or in combination with bevacizumab. The next 
step will compare the best arm to the combination of the best chemotherapy with 
dinutuximab beta.

The GPOH is currently conducting a randomized study in refractory/relapsed 
neuroblastoma patients comparing the combination of irinotecan–temozolomide 
with or without dasatinib and rapamycin (RIST-rNB 2011 trial) [106].

Different programs of precision medicine are currently conducted in the ITCC 
centers—MAPPYACTS in France, Italy, Spain, and Israel, INFORM in Germany, 
and iTHER in the Netherlands. A tumor biopsy is performed at relapse with a 
genetic analysis (whole exome sequencing, RNA sequencing). Data interpretation 
is discussed in a molecular tumor board between biologists, bio-informaticians, and 
pediatric oncologists to identify actionable targets. The treatment is then discussed 
in a clinical molecular board to define a treatment according to the identified targets 
with access to either phase I/II protocols or linked in the MAPPYACTS program to 
the ESMART (European Proof-of-Concept Therapeutic Stratification of Molecular 
Anomalies in Relapsed Refractory Tumors in children) multi-arm trial with cur-
rently eight and soon ten arms combining either targeted drugs, immunotherapy, or 
chemotherapy.

The Neuroblastoma New Drug Development Strategy (NDDS) has established a 
group with expertise in drug development, prioritized targets, and drugs according 
to tumor biology (target expression, dependency, preclinical data; potential combi-
nations; biomarkers), identifying as priority targets ALK, MEK, CDK4/6, MDM2, 
MYCN (druggable by BET bromodomain, aurora kinase, mTORC1/2), BIRC5, and 
checkpoint kinase 1 and promoted clinical trials with target-prioritized drugs. Drugs 
showing activity can be rapidly transitioned via parallel randomized trials into 
frontline studies. The objective of this approach is to accelerate development of 
neuroblastoma drugs [107].

The potential benefits of haploidentical stem cell transplantation has been 
explored in Germany in refractory relapsed patients with a disease controlled by a 
previous relapse treatment [108].

A phase I study of 131I MIBG followed by nivolumab and dinutuximab beta anti-
body in children with relapsed/refractory neuroblastoma is proposed in some 
European centers (MiNiVan study). The rationale is to combine the direct cytotoxic 
effect of the anti-GD2 antibody with immunomodulatory effects of anti-PD1  in 
addition to the depletion of T regulator lymphocytes and direct tumor cell killing by 

12 High-Risk Neuroblastoma and Current Protocols



228

131I MIBG. GD2-targeting CAR T cells is evaluated in preclinical models and early 
development trials [109].

A working group linking representatives from SIOPEN, NDDSand ITCC) is 
working to identify new drugs to be administered in very-high-risk patients and to 
define the best strategy that could allow to cure high-risk neuroblastoma patients 
after relapse.

12.3  Conclusion

In summary, the current standard North American and European approach to therapy 
of high-risk neuroblastoma involves an intensive induction therapy with local control 
using surgery and radiation, a consolidation phase with single or tandem HDC and 
autologous transplant, and differentiating and immunotherapy for MRD.  Future 
improvements will depend on more extensive tumor molecular profiling at diagnosis 
and relapse, improvement of the quality of response using immunotherapy or other 
targeted therapy such as tyrosine kinase inhibitors or 131I-MIBG, and further improve-
ments of the MRD therapy with more targeted small molecules, guided by more 
precise methods of ascertaining the patients at higher risk of relapse with MRD 
assays and their molecular profile. Complementary approaches are currently devel-
oped and shared to improve survival of these patients with HR neuroblastoma.
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13Immunotherapy

Francesca del Bufalo and Franco Locatelli

13.1  Neuroblastoma Immunology

The role played by the immune system in the biological behavior of neuroblastoma 
(NBL) has been long postulated, especially in consideration of some peculiar fea-
tures of this tumor: the well-known phenomenon of spontaneous regression of 
widespread lesions; the wide age-related and stage-related differences in outcome; 
and the association with paraneoplastic syndromes.

Spontaneous regression of cancer occurs when either a primary tumor or meta-
static disease undergoes a decrease in size, until disappearance, without therapeutic 
intervention. It has been described for few other tumors, such as carcinoma of the 
kidney, malignant melanoma, choriocarcinoma, and some lymphoid malignancies 
[1–3].

The prevalence of this phenomenon in NBL is very hard to define precisely and 
remains largely unknown. However, a more detailed insight into its magnitude was 
recently provided by large studies conducted in Europe, Canada, and Japan on 
wide mass screening of infants by measuring urine catecholamines (homovanillic 
acid—HVA—and vanillylmandelic acid—VMA) [4–7]. These studies revealed a 
substantial increase in the prevalence of neuroblastoma in the screened population, 
reaching 1:2000 live births, as compared with the unscreened population (1:7000 
live births). Despite these results, overall mortality remained unchanged. These 
data strongly suggest that spontaneous regression of neuroblastoma without clini-
cal detection of the disease occurs even more frequently than the clinically detected 
neuroblastoma.
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Although several mechanisms take place in this complex phenomenon, a large 
body of evidence for the involvement of the immune system has been published to 
date [8]. It has been reported that spontaneous regression of cancer is sometimes 
observed after an acute infection [1, 9, 10]. This association has been described in 
several different cancers and has been the basis for the work of Dr. Coley who began, 
in the late nineteenth century, to treat cancer patients with bacterial vaccines, obtain-
ing 5-year survival rates that were considered impressive for the time [11]. It has 
been, subsequently, shown that the interactions between the pathogen- associated 
molecular patterns (PAMP) and the Toll-like receptors (TLR) on various immune 
cells, including T cells and dendritic cells, result in the production of pro- inflammatory 
cytokines that, in turn, activate the cytotoxic T-cell response [12]. Similarly, several 
reports showed the induction of the regression of experimental tumor metastases by 
immunomodulatory cytokines [13–15]. It is, therefore, plausible that spontaneous 
regression could be mediated by the host immune response (Fig. 13.1).

The involvement of the immune system has been implicated also in the different 
age-related and stage-related outcomes of NBL, revealing that the inflammatory 
response and the immunosuppressive tumor microenvironment might have important 
effects on the natural history of the disease. It has been shown that patients older than 

NBL cell

TAAs

Antibodies

NK cell

HLA-I

KIR

CD16

DNAM-1

PVR

Granulocytes

HLA-I

Cytotoxic T cells

Fig. 13.1 Immunological mechanisms of spontaneous regression of NBL. NB express ligands 
that are recognized by several players of the immune system which are thought to have a relevant 
role in the spontaneous regression of the tumor. NK receptors can have activating or inhibitory 
function and DNAM-1/PVR interactions, together with the binding of CD16 to the FC fragment of 
the opsonizing antibodies, play a pivotal role in triggering NK cell-mediated killing, HLA-I recog-
nition through KIR dampens NK cell function. NB usually lack or express low, non-protective 
levels of HLA class I molecules. However, these molecules might be recognized by cytotoxic T 
cells, important in mediating the NBL cell lysis and controlling tumor growth. Lastly, antibody- 
dependent cell-mediated cytotoxicity involves also macrophages and granulocytes. The concert 
between innate and adaptive immunity is therefore essential in inducing NBL regression
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18 months of age presenting with MYCN non-amplified metastatic disease display a 
higher expression of tumor-associated macrophage (TAM) genes in the tumor (IL6R, 
IL10, CD16, CD33, FCGR3) than those younger than 18 months of age, this signa-
ture correlating with a worse outcome [16]. The same study also revealed that, regard-
less of patient age, there is a significantly higher infiltration of CD163+ M2 cells in 
stage 4 NBL biopsies than in those patients with stage 1–3 and stage 4s disease. 
Another study revealed that high-risk, MYCN non-amplified NBL with 11q deletions 
represents an inflammatory subset of tumor with increased levels of the prostaglandin 
E2 (PGE2) compared with low-risk tumors, suggesting also an implication of the can-
cer-associated fibroblasts (CAF) as mediators of this process [17]. PGE2 has an 
important role in favoring tumor progression since it enhances neuroblast growth and 
chemoresistance and recruits additional suppressive myeloid populations [18].

The very well-known role of MYCN amplification as prognostic predictor for 
NBL has also important correlation with the tumor immunology. The group of 
Metelitsa clearly showed that non-amplified MYCN high-risk tumors produce the 
chemoattractant CCL2, which acts on invariant natural killer T (iNKT) cells, an 
evolutionary conserved subset of T cells recognizing glycolipids presented by the 
HLA class I molecule CD1d, whereas MYCN pos tumors did not, and, therefore, 
were not infiltrated by iNKT cells [19]. Subsequently, MYCN was found to down-
regulate CCL2 expression, providing the explanation for the different compositions 
of tumor-infiltrating lymphocytes observed in MYCN amplified (lower numbers of 
NKT, T cells, and monocytes) versus non-amplified high-risk NBL [20]. Another 
important role of MYCN in the modulation of the immunogenicity of NBL cells is 
mediated through the downregulation of the major histocompatibility complex class 
I (MHC I) molecules, by transcriptional inhibition of the p50 subunit of the NF-kB 
transcription factor [21, 22]. NBL cells from patients with high-risk disease have 
been shown to evade immune recognition through this mechanism, whereas most 
tumors from patients with 4s NBL express normal levels of MHC I [23, 24]. It must 
be noted, however, that a study on human NBL cell lines questioned the direct role 
of MYCN expression in MHC I downregulation, revealing a complex interplay 
between a low transcriptional availability of NF-kB and the imbalance in the expres-
sion of both MHC I and two antigen-processing gene products (the endoplasmic 
reticulum aminopeptidases ERAP 1 and ERAP2) [25]. On the other side, several 
defects in multiple antigen-processing machinery (APM) components, the molecu-
lar complex responsible for the conversion of the protein antigens into short pep-
tides that are then presented by MHC I, have been involved in the process of 
impaired antigen presentation [23]. If, on one hand, downregulation of MHC I ham-
pers the recognition of NBL cells by cytotoxic T cells, on the other hand, it might 
render tumor cells highly susceptible to natural killer (NK)-mediated cytolysis, as 
they do not express the class I ligand of NK-cell killer inhibitory receptors (KIR) 
[26]. This evidence needs to be carefully evaluated in planning approaches of immu-
notherapy of NBL. Downregulation of MHC I was, in fact, shown to be reversed, 
in vitro, by treatment of the cells with interferon (IFN)-γ, this finding providing the 
rationale for improving T-cell clearance of the tumor in vivo [27]. However, although 
T cells can mediate potent and, most of all, long-lasting antitumor immunity, the 
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role of NK cells in immune-surveillance of these tumors must not be underesti-
mated. For example, the combination of IL-2 and anti-GD2 monoclonal antibody 
(mAb) in NBL immunotherapy clinical trials has been shown to potentiate NK-cell- 
mediated antibody-dependent cell-mediated cytotoxicity (ADCC) [28].

In a study by Venstrom et al., patients with relapsed/refractory NB were geno-
typed for KIR and HLA alleles, in order to identify the potential correlation between 
the KIR–HLA genotype and the response to autologous hematopoietic stem cell 
transplantation (HSCT). Interestingly, they showed that the response to treatment 
was correlated with autologous KIR/KIR-ligand mismatch, this finding supporting 
a role played by NK cells in NB-cell elimination [29].

Finally, another relevant immunosuppressive mechanism associated with MYCN 
amplification has very recently been demonstrated: the oncogene acts by negatively 
regulating the expression of relevant ligands of NK-cell activating receptors, such as 
NKG2D and DNAM1, lessening tumor recognition by NK cells [30, 31].

Further evidence for the strict correlation between NBL and immune- surveillance 
arises from the association of this tumor with paraneoplastic syndromes, such as 
opsoclonus-myoclonus syndrome (OMS) or anti-ANNA-1 (anti-Hu) syndrome. 
OMS is the only commonly recognized paraneoplastic syndrome in pediatrics and 
is present at diagnosis in 1:200 children with NBL. Multiple authors reported that 
NBL and ganglioneuroblastoma in children with OMS have unique histopathologi-
cal and biological features: these tumors are typically extensively infiltrated by lym-
phocytes and show a benign behavior, being often very small, minimally active, and 
without high rate of catecholamine secretion [32–34]. The clinical presentation of 
OMS includes various combinations of opsoclonus, ataxia, myoclonic movements, 
marked irritability, regression of speech and language, and sleep disturbances. The 
autoimmune nature of the syndrome is sustained by the findings of pro- inflammatory, 
predominantly Th2, cytokines and chemokines patterns in both serum and cerebro-
spinal fluid (CSF) of these patients, and by the clinical response after administration 
of immunosuppressive treatments. Typically, the CSF of these patients display a 
high percentage of B-lymphocytes and oligoclonal bands [35]. Moreover, several 
autoantibodies against intracellular and surface structures of the brain and NBL tis-
sue are often detected in patients with OMS [36–41]. Taken together, these findings 
suggest that OMS is mainly mediated by an abnormal humoral autoimmunity.

Anti-Hu1 syndrome is characterized more frequently by limbic encephalitis but 
can present with brainstem encephalitis or posterior cord syndrome [42–44]. As 
reported for OMS, NBL associated with this syndrome is usually not very aggres-
sive and frequently is small in size. Autoantibody titers in these patients are usually 
high in both serum and CSF, but, since anti-Hu antibodies are directed against intra-
cellular antigens, they are unlikely to be pathogenic. These syndromes are in fact 
mainly T-cell mediated [45].

The observation of the peculiar, benign, behavior of NBL in children with para-
neoplastic syndrome suggests that, in these cases, NBL cells have been recognized 
by the immune system and eliminated, on one side, whereas, on the other side, they 
induced the production of cross-reactive antibodies and/or T cells, responsible for 
the clinical autoimmune manifestations.
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Interestingly, NBL shows, in general, high lymphocytic infiltration, with variable 
distribution and characteristics, the most striking infiltration being observed, as 
mentioned, in OMS-associated tumors [31]. The presence of tumor-infiltrating lym-
phocytes (TILs) in tumor masses represents a favorable prognostic factor in NBL, 
as for many other cancers, indicating tumor recognition by cells involved in 
immune-surveillance. Characterization of the NBL-associated TILs is difficult, 
considering the low frequency of these cells. However, Facchetti and colleagues 
have been able to investigate immunophenotypic and functional features of these 
cells, documenting the presence of CD4 and CD8 T cells, with a polyclonal Vß gene 
expression repertoire, as well as CD56+ NK cells [46]. In OMS-associated NBL, 
TILs not only are overall more abundant but also frequently organize in complex 
structures resembling follicles of lymphoid organs, with germinal center, follicular 
mantle, and follicular dendritic cells [47].

Another subset of tumor-infiltrating immune cells with particular relevance is 
represented by NKT cells, whose infiltration of primary tumors has been shown to 
predict a better prognosis for NBL patients, as mentioned previously [19]. These 
cells are thought to provide very early signals, through cytokines production, for 
other cells of the immune system to initiate innate and adaptive responses [48]. The 
role of NKT cells in NBL is complex and not yet fully understood. It is, in fact, 
known that these cells mediate the tumor immune-surveillance indirectly via activa-
tion of NK cell cytotoxicity [49]. However, the extremely low levels of NK cell 
infiltrates in primary NBL suggest that other mechanisms mediate NKT cell func-
tion in established tumors. An interesting insight into these mechanisms has been 
provided by Song et al. who demonstrate that NKT cells mediate killing of CD68+ 
tumor-associated monocytes/macrophages (TAMs), a subset of cells expressing 
CD1d in primary NBL tumors and known to promote the emergence of a tumor- 
induced immune-suppressive microenvironment [50]. The authors suggested that 
this mechanism might explain the association between NKT-cell infiltration of the 
tumor and a more favorable patient outcome.

13.2  Rationale for Immunotherapy

Notwithstanding more risk-refined treatment of children with NBL, the prognosis 
for patients belonging to the high-risk group (i.e., children older than 18 months 
with metastatic diseases—stage IV—at diagnosis or with MYCN amplification) 
remains grim, their 5-year probability of disease-free survival (DFS) still being 
35–40% [51–53]. Disease recurrence remains the main cause of treatment failure, 
despite the integrated use of chemotherapy, including myeloablative therapy with 
autologous HSCT, surgery, and radiotherapy, followed by differentiation therapy 
with isotretinoin [54].

In light of these observations, there is an urgent need to implement and develop 
novel therapeutic approaches able to change this poor outcome, possibly sparing the 
relevant long-term toxicities associated with conventional treatments. Taken 
together all the evidences for the interactions between NBL cells and the immune 
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system, immunotherapy represents a promising opportunity for advancement in the 
field.

The concept of treating tumors by harnessing the immune system finds its basis 
in the physiological, complex phenomenon known as cancer immunoediting [55]. 
Physiologically, the immune system has the potential to recognize and eliminate 
malignant cells by inducing their apoptosis. The innate and adaptive mechanisms 
taking place in this cancer immune-surveillance cooperate synergistically in the first 
phase of the process, namely the elimination phase. During this phase, tumor cells 
are eliminated because transformed cells often co-express both ligands for activat-
ing receptors present on cells of innate immunity and antigens recognized by lym-
phocyte of adaptive immunity (Fig. 13.2). A fundamental basis of immunosurveillance 
is that, in order for a cancer cell to be immunogenic, it must express antigens that 
differ from the non-transformed counterparts. Such antigens, known as tumor- 
associated antigens (TAAs), can derive from different mechanisms active during the 
malignant transformation of the cell. In particular, they can be mutational antigens, 
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Fig. 13.2 The phases of cancer immunoediting: elimination, equilibrium, and escape. Cancer 
immunoediting is a dynamic process encompassing three different phases. In the first phase, the 
concerted action of the innate and adaptive immunity efficiently eliminates the newly formed can-
cer cells in a sophisticated cancer immunosurveillance mechanism restoring the normal tissue 
(elimination). If rare cancer cells variants are not destroyed, however, the second phase starts, and 
there is a fine balance between the tumor persistence and the prevention of the tumor overgrowth 
mediated mainly by the adaptive immune system (equilibrium). This phase might represent the end 
stage of the immunoediting process, with the cancer maintaining an occult status for the lifetime 
of the host; it might also revert to the elimination phase and lead to the spontaneous regression of 
the tumor, as observed for NBL. Lastly, the constant pressure of the immune system might induce 
the editing of the tumor cells, which might develop mechanisms of resistance to the immunosur-
veillance, and select genetic variants that can evade the elimination. The tumor cells themselves 
can therefore induce an immunosuppressive state in concert with the microenvironment and favor 
the tumor overgrowth, entering the third phase (escape)
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originated from the acquisition of new genetic aberrations, or be overexpressed cel-
lular antigens or viral antigens. Alternatively, they can be embryonal antigens that 
persist, instead of being silenced after birth, with the exception of the germ cells of 
the testis and ovary (the “cancer/testis antigens”—CTAs). In NBL, some TAAs have 
been described, such as the CTAs of the antigen families of the melanoma antigen–
encoding gene (MAGE) transcripts or NY-ESO1, the diasialoganglioside GD2, or 
the tumor-promoting B7-H3 molecule [56–59].

In this phase of cancer immunoediting, several immune cells and soluble factors 
interact to control the tumor growth, including macrophages, dendritic cells (DC), 
NK cells, CD4 and CD8 T cells, NKT cells, and IFN-γ, IFN-aß, IL12, and TNF 
[60].

For mechanisms not completely understood, however, in certain subjects, cancer 
cells can enter an immune-mediated dormancy, which defines the equilibrium 
phase. This phase is poorly understood since it has been very difficult to model in 
mice and has been described occasionally in humans [56]. Studies on the cellular 
microenvironment of tumors in equilibrium revealed a higher proportion of CD8+ T 
cells, NK cells, and γδTcells and a lower proportion of NKT cells, Tregs, and 
myelosuppressive dendritic cells as compared with tumors that escaped surveillance 
and undergoing overgrowth and progression [61]. These data indicate that the bal-
ance between immunosuppressive and antitumor effector functions is associated 
with maintaining the tumor in the dormancy state. T cells, IL12, and IFN-γ have 
been shown to be necessary in this phase; conversely, innate immunity is not; the 
latter appears as an obligate requirement for the elimination phase [62]. During this 
phase, the tumor mass is edited by the immune system and selection of highly or 
poorly immunogenic clones in such a genetically unstable cell population occurs, 
defining the fate of the tumor. If the immune pressure induces the selection of cell 
variants that are no longer recognized by the immune system, they acquire the abil-
ity to escape this recognition (escape phase) and, therefore, cancer develops. 
Otherwise, the equilibrium phase may potentially last for the entire lifetime, result-
ing in a definitive control of tumor growth. Several, complex and partly understood 
mechanisms are responsible for the escape, and encompass antigen loss variants/
defects in the antigen presentation, resistance to immune effector mechanisms, and 
the development of an immunosuppressive tumor microenvironment [63]. Part of 
the escape mechanisms of NBL have been discussed above. Several other strategies 
developed by NBL cells to avoid immune-surveillance have been highlighted in the 
last two decades. They were shown to express high levels of gangliosides containing 
negatively charged epitopes that are poorly immunogenic or even immunosuppres-
sive [64]. In addition, it has been documented that NBL can exploit protectin 
(CD59), a membrane protein that inhibits membrane attack complex (MAC) forma-
tion, to resist complement-mediated cytotoxicity (CMC) [65]. Moreover, the tumor 
can express and release inhibitory factors and proteins that induce apoptosis of T 
cells and NK cells (such as FasL, calprotectin, and HLA-G) [66–68].

The actual knowledge of the immune-editing process clearly reveals that, in 
order for the immune system to clear the tumor, immune tolerance has to be over-
come. Immunotherapy finds its basis on these evidences, encompassing several 
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different strategies aimed at breaking this tolerance and restoring the clearance of 
the tumor.

Interestingly, analyses performed on cancer patients treated with immunothera-
pies reveal that part or the entire immune-editing process reoccurs as an effect of the 
treatment, with patients entering the elimination phase, others showing evidence of 
a therapeutically induced equilibrium, and still others developing additional escape 
mechanisms [56]. The same mechanisms can even be present contemporarily in the 
same patient with different lesions displaying different responses [69].

13.3  Preclinical and Translational Approaches 
of Immunotherapy for Neuroblastoma

The main strategies explored to achieve the objective of the immune eradication of 
a clinically evident tumor include vaccination approaches to elicit specific immune 
responses to tumor antigens in the host; therapeutic administration of monoclonal 
antibodies to target and eliminate tumor cells; adoptive transfer of in vitro expanded, 
naturally arising or genetically engineered, tumor-specific lymphocytes.

13.3.1  Tumor Vaccination Strategies

Vaccination, a strategy aimed at inducing cytotoxic T lymphocytes (CTLs) able to 
recognize the desired antigens, has been, and remains, an effective strategy to pro-
tect animals and humans from infection for a long time [70, 71]. This approach has 
the advantage of being an “active” form of immunotherapy that acts by eliciting an 
immune response in the host, rather than by passively transferring it, therefore 
being, in principle, able to induce long-lasting memory and response. It can be 
effective especially for those tumors that are antigenic (i.e., they express TAAs), but 
not highly immunogenic (i.e., they fail to activate an effective immune response). In 
order to induce CTL responses, antigen presentation to the cytotoxic lymphocytes 
must occur, either through professional antigen-presenting cells (APCs) or by the 
tumor cell itself exerting an APC function. Several approaches of vaccination have 
been developed, and the strategy of choice depends on whether (1) the genetic 
sequence of the TAA is known, (2) the immunogenic epitopes recognized by the 
CTLs are known, or (3) tumor material is available and amenable to genetic modi-
fications (Table 13.1).

Constructing an effective vaccine strategy for NBL, considering its highly immu-
nosuppressive microenvironment and the multiple mechanisms of immune escape, 
is extremely daunting. Several preclinical studies have shown that DNA vaccines 
encoding NBL antigens offer a safe and effective therapy in murine models [72–74]. 
Huebener et al. developed a DNA vaccine targeting tyrosine hydroxylase, an enzyme 
highly expressed in NBL, delivered orally, using attenuated Salmonella typhimurium 
as a carrier [74]. The choice of this cellular carrier is aimed at helping stimulate the 
immune system through the presence of lipopolysaccharides on the bacterial 
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membrane and CpG motifs within the bacterial genome, known to activate TLRs. 
This study demonstrated a clear antitumor effect of the approach, with reduction of 
the tumor growth and prevention of metastatic spread. Moreover, the induced 
immune responses were specific to NBL tissue and no infiltration of T cells was 
detected in normal tissues expressing tyrosine hydroxylase. Promising results were 
obtained using the same vector to deliver a minigene DNA vaccine encoding for 
survivin-derived peptides [75]. Using this approach in a syngeneic mouse model, 

Table 13.1 Most relevant vaccination strategies for tumor immunotherapies

Vaccine 
strategy

Mechanism of 
action Requirements Advantages Disadvantages

DNA 
vaccines

The sequence of a 
known TAA is 
injected inducing 
the expression of the 
encoded TAA and 
activating both CTL 
and humoral 
response

•  Well 
characterized 
sequence of 
the TAA

•  Presence of 
APCs in the 
injected area

• Stable
• Inexpensive
•  Simple to 

administer
•  No require-

ments for viral 
vectors

•  Possible 
autoimmune 
disease

• Weak responses

Dendritic 
cell (DC) 
vaccines

In vitro generation 
of DCs from the 
patient’s precursors 
and loading with 
TAA peptides, 
tumor lysate/
proteins, RNA, viral 
vectors or 
recombinant 
bacteria

•  Identification 
of the 
immunogenic 
epitopes

•  Manufacturing 
facilities for 
generation of 
DCs

•  Simple to 
administer

• Inexpensive

•  Possible 
autoimmune 
disease

• Weak response
•  Possible time 

consuming 
manufacturing

Tumor 
vaccines

Ex vivo or in vivo 
genetic 
modifications of the 
tumor cells in order 
to render them more 
immunogenic, 
therefore improving 
one or multiple 
phases of the CTL 
activation and 
response

•  Availability of 
tumor material

•  Tumor 
material 
amenable for 
genetic 
modifications

•  Manufacturing 
facility for 
gene 
modifications

Ex vivo
•  Early 

evaluation of 
transgene 
expression

•  Control of the 
number of 
transduced 
tumor cells 
injected

In vivo
•  Fully 

representative 
of the whole 
tumor 
population

•  Elicitation of 
systemic 
responses that 
can eradicate 
metastatic 
tumors

Ex vivo
•  Possibly not fully 

representative of 
the in vivo tumor 
population

In vivo
•  Low control of the 

number of 
transduced cells

•  Variability in the 
transduction of the 
different portion of 
large masses

•  Interpatient 
variability

•  Immunosuppressive 
microenvironment
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the group of Fest et al. showed a reduction of both the tumor mass and the metastatic 
lesions and a significantly increased infiltration of CTLs in the tumors. Other target 
antigens explored have been the CTAs MAGE and NY-ESO1 and MYCN [76, 77]. 
Promising preclinical data were obtained using DCs pulsed with tumor lysate and 
modified to express IL4/GM-CSF or IL2 to boost the immune activation of CTLs 
[78, 79]. Finally, interesting preclinical results were obtained also with the use of 
tumor cell vaccination strategies, which are considered particularly appropriate for 
tumors such as NBL, considering that it can be relatively easily expanded in culture 
[80, 81]. In 2008, Croce et al. developed a vaccine based on NBL cells engineered 
to express IL21. When injected into immunocompetent mice, NBL-IL21 cells pro-
duced a significant reduction of tumor vascularity and improved the overall survival 
of tumor-bearing mice [82].

13.3.2  Monoclonal Antibodies

An important step in the development of immunotherapies has been the introduction 
of mAbs targeting TAAs. These biological agents act through the binding of the 
antigen and the induction of both an antibody-dependent cellular cytotoxicity 
(ADCC) and a complement-mediated cytotoxicity (CMC). Several antibodies 
designed to target tumor-specific antigens have been developed, and their efficacy 
has been variously tested in clinical trials. Examples of successful immunotherapies 
based on mAbs in solid cancers include the epidermal growth factor receptor anti-
body (cetuximab) for head and neck cancers and the human epidermal growth 
receptor 2 (HER2 or HER2/neu) antibody for breast cancer [83, 84]. Whereas the 
first mAbs were entirely derived from an animal host (mouse, rabbit, or chimeric) 
with the relative risk of immunization, leading to potentially fatal reactions and 
increased clearance from the serum when infused in humans, new generations 
mAbs have been humanized or are entirely human, reducing this risk [85].

In the context of NBL, antibodies targeting the cell-surface ganglioside GD2 
have been developed and, based on the promising preclinical results, have been 
extensively explored in the clinical setting. As mentioned previously, GD2 is a dia-
sialoganglioside representing a good TAA target since it is largely and stably 
expressed on the cell membrane of human NBL cells, with little evidence of down-
regulation or tumor escape in response to immunotherapies targeting this molecule 
[86]. Being an oncofetal antigen, GD2 is expressed during fetal development and in 
some normal tissues, mainly mature neurons, pain fibers and skin cells [87]. Three 
anti-GD2 IgG Ab have been extensively clinically tested: chimeric Ch14.18, murine 
14G2a, and 3F824. All these mAbs have shown activity in preclinical studies, in 
particular when administered with IL2 and granulocyte-macrophage colony- 
stimulating factor (GM-CSF), but only chimeric Ch14.18 proved to be efficacious 
in a randomized clinical trial [88, 89]. A relevant understanding of the mechanisms 
of action of these mAbs has been provided by the clinical trials, showing a relevant 
role of NK- and granulocyte-mediated ADCC, and will be further discussed in the 
relative section [90].
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For further improving the cytotoxicity of mAbs, they have been modified through 
the conjugation to cytokines, cytotoxic chemotherapeutic agents, radioisotopes, or 
toxins [91].

Immunocytokines are genetic fusion proteins derived from the combination of 
the humanized ch14.18 mAb with cytokines, aimed at targeting the tumor tissue and 
acting as immune-stimulants [92, 93]. Interestingly, in an immunocompetent murine 
model of metastatic NBL, the administration of the ch14.18-IL2 fusion protein 
showed a more efficient eradication of bone marrow and liver metastases than the 
administration of the equivalent mixture of the single components [94]. Moreover, 
the authors clearly showed that the eradication was mediated by NK cells since NK 
cell ablation abrogated entirely the antitumor effect, which remained, conversely, 
conserved when CD8+ cells were deficient. Despite the interesting results observed 
in the preclinical models, the clinical translation revealed only modest therapeutic 
improvements, while significant increase of toxicities, including nerve pain, hypo-
tension, and capillary leak syndrome was recorded, leading to the withdrawal of the 
approach [95].

The mostly studied and exploited TAA for NBL is undoubtedly the GD2 and, 
despite decades of research on this antigen, the remainder of the NBL cell-surface 
proteome (or surfaceome) remains unexplored. Other potential neuroblastoma cell- 
surface targets have been the O-acetylated GD2, GD3, ALK, L1 cell adhesion mol-
ecule (L1CAM), and B7-H3 [96–99].

The antigen B7-H3 is a member of the B7 family of immune regulators, such as 
CD80, CD86, PD-L1, and PD-L2 and, in addition to a subset of NBL tumors, is 
expressed on many normal tissues such as spleen, lymph nodes, thymus, and fetal 
liver, as well as other tumors [100]. The cognate ligand of B7-H3 has not been iden-
tified yet and is induced on activated T and NK cells, and blockade of this interac-
tion results in reduced interferon-γ production and loss of cytotoxic activity of these 
cells. It represents a promising novel target for cancer immunotherapy [101].

In order to develop effective immune-based therapies for NBL, the identification 
of surface TAAs with limited expression on normal childhood tissues and, possibly, 
required for tumor sustenance is extremely important. Through an RNA sequence- 
based approach and a protein-level validation, associated with tumor functional 
studies, high-risk NBL tumors have been recently screened in order to respond to 
this unmet need [102]. Thanks to a multistep discovery and prioritization algorithm, 
the extracellular glycosylphosphatidylinositol (GPI) anchored signaling co-receptor 
glypican 2 (GPC2) was identified as a promising immunotherapeutic target, being 
highly expressed in NBL due to MYCN-driven mechanisms (such as transcriptional 
activation and/or somatic gain of the GPC2 locus). GPC2 was not detectable at rel-
evant levels in normal childhood tissues (including normal neural crest-derived tis-
sues) and required for tumor proliferation. Lastly, a GPC2 drug–conjugate antibody 
was developed; it showed a high affinity for the target and potent cytotoxic activity 
against tumor cells [100].

One of the main limitations of monoclonal antibodies relates to their inability to 
engage the most powerful agent of the immune system, namely T cells. In order to 
incorporate this essential component of the immune response, the bispecific T-cell 
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engager (BiTE) technology has been developed. The mechanism of action of engag-
ers relies on the formation of an immunological synapsis between T cells and tumor 
cells, resulting in an activation of T lymphocytes and the consequent induction of 
apoptosis of the tumor target [103]. BiTEs specific for CD3 and tumor antigens, 
such as CD19, HER2, or EGFR, successfully proved able to retarget T cells in sev-
eral preclinical and clinical tumor models [104, 105]. In NBL, interesting preclini-
cal results have been shown in vitro with the use of a BiTE directed against the 
neural cell adhesion molecule (NCAM, CD56), an antigen expressed on nearly 
100% of NBLs [106]. This antigen is also expressed on NK cells and the group of 
Jensen et al. proved that, in the presence of NK cells, the NCAM-BiTE is able to 
induce T cells to proliferate and mount cytotoxic action against NCAM-positive 
NBL cells [107]. Although NK cells were almost completely depleted during T-cell 
activation, representing a possible pitfall of the strategy, they surprisingly observed 
a positive correlation between the number of NK cells present during T-cell activa-
tion and the strength of the cytotoxicity against NBL cells, suggesting the hypoth-
esis of an “enhancement function” exerted by NK cells on T cells in this particular 
model [108]. GD-2-directed BiTE have also been developed and studied, showing a 
significantly improved tumor control and survival in the treated mice and a relevant 
infiltration of the tumor tissues with T cells and monocytes [109].

13.3.3  Adoptive Therapies

Although widely used to induce antitumor responses, cancer vaccines and monoclo-
nal antibodies may be blocked in vivo by the multiple immune evasion strategies of 
the tumor. The generation and engineering of cells for adoptive immunotherapies 
offer several advantages over these strategies, including the following: (1) the char-
acteristics of the cells, such as phenotype, activity, and specificity, can be evaluated 
and eventually tuned before infusion; (2) ex vivo expanded cells can be modified to 
express a marker, enabling their in vivo tracking; and (3) the cells can be engineered 
to improve their function or modify their antigen specificity. Adoptive therapies, 
therefore, encompass all the approaches that involve the adoptive transfer of manip-
ulated immune cells targeting tumor cells in  vivo. For NBL, the main strategies 
studied have been chimeric antigen receptor (CAR) T cells, NK cells, and NKT 
cells.

13.3.3.1  Adoptive T-Cell Therapies
Adoptive immunotherapy based on T cells has been under investigation for several 
years, arising from the use of non-gene-modified donor lymphocyte infusions 
(DLIs) for leukemia relapse after HSCT to optimize/implement the graft-versus- 
leukemia (GvL) effect [110]. This strategy has led to sustained remissions in patients 
with chronic myelogenous leukemia, while results in acute leukemia have been less 
successful [111]. Moreover, it has the significant risk of inducing graft-versus-host 
disease (GvHD). This risk could be removed by the use of autologous T cells but 
requires a means of breaking tolerance. The group of Rosenberg et al. provided a 
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demonstration of the possibility of harnessing the cytotoxic ability of autologous T 
cells more than 20 years ago. In their clinical trial, they proved that tumor- infiltrating 
T cells adoptively infused after in vitro expansion in patients affected by metastatic 
melanoma had an antitumor effect, obtaining an objective response in 34% of the 
patients [112].

Through the antigen-specificity of mAb, the range of potential targets is 
extremely wide, including potentially any cell-surface molecule to which an anti-
body can be made, regardless of their nature (protein, glycoprotein, or glycolipid). 
As mentioned, an ideal target should be tumor specific, not expressed by normal 
cells, ubiquitously expressed on tumor cells and possibly required for tumor sus-
tainment and expansion. Such ideal antigens are hard to find, but valuable alterna-
tives include either antigens that are expressed at a different level on tumor cells 
compared with normal cells or that are expressed on a single-cell lineage whose 
function is replaceable. Considering the experience developed on the targeting of 
GD2 for NBL, this antigen represents an attractive target also for the development 
of more advanced adoptive T-cell approaches, such as the engineering of T cell with 
chimeric antigen receptor (CAR T cells).

The concept of combining the major histocompatibility complex (MHC)-
independent antigen recognition of mAb and the effector function of T cells has 
been a complete revolution in the field of immunotherapy. Originally ideated by 
Eshhar et al. in 1989, it consists in the engineering of T cells to express a CAR 
resulting from the fusion of the heavy and light chain variable regions of a mAb to 
the cytotoxic zeta chain (ζ) of a T-cell receptor (TCR), named first-generation CAR 
(Fig. 13.3) [113]. In detail, the single-chain Ab fragments (scFv) are obtained from 
a variable heavy (VH) and a variable light (VL) chain isolated from an antibody. 
The signaling endo-domain is derived from the CD3ζ chain or the γ-chain of the 
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Fig. 13.3 First-generation CAR. The heavy and light chain variable regions of a monoclonal anti-
body are fused, through a spacer/hinge region and a transmembrane (TM) portion, with the ζ chain 
of a TCR to create a chimeric molecule that can be activated upon antigen recognition in an MCH- 
independent fashion
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high-affinity IgE Fc receptor (FcεRI). The scFv determines the CAR antigen speci-
ficity and binds the target protein in an MHC-independent/unrestricted manner. 
Adjacent to the binding region, there is a hinge, sometimes derived from the 
CH2CH3 portion of immunoglobulin G1 (IgG1) that confers flexibility to the con-
struct, in order to improve the binding. After engagement of the target, T cells are 
activated by the endo-domain signaling and induce the tumor cell lysis by activation 
of the cytotoxic machinery (granzyme-B and perforin) [111]. Using this strategy, it 
is now possible to target a wide range of tumor-associated targets and to potentially 
overcome the low immunogenicity of tumor related to the low levels of antigen and 
their poor presentation by MHC molecules at the tumor surface.

The advantages of CAR T cells over mAb are multiple and rely on the ability of 
CAR T cells to eliminate the tumor cells even at low levels of antigen expression, to 
self-amplify upon activation and to be better distributed in the tissues. Moreover, cyto-
kine secretion upon T-cell activation by tumor antigen recruits additional components 
of the immune system, improving the antitumor response. Lastly, CAR T cells may 
enter the memory pool and provide long-lasting protection against tumor recurrence.

Engagement of the CAR by its ligand expressed by tumor cells results in tyrosine 
phosphorylation of immune-receptor activation motifs present in the cytoplasmic 
domain, initiating T-cell signaling and specific tumor cell lysis via the perforin/
granzyme pathways. However, tumors rarely express costimulatory molecules. The 
presence of the signal 1 (ζ chain of the TCR) in the absence of signal 2 (costimula-
tory molecules signaling) enables CAR T cells to be activated and kill tumor cells, 
but not to proliferate and expand. This observation led to the development of second- 
generation CARs, incorporating signaling domains of the T-cell costimulatory mol-
ecules in frame with the CD3 ζ chain so that upon ligation, T cells both kill and 
proliferate [114]. Intracytoplasmic signaling domains of CD28, CD134 (OX40), 
CD137 (4-1BB), inducible costimulatory (ICOS), CD27, DAP10, or CD244 (2B4) 
in various combinations have been used [115, 116].

Unfortunately, it has been shown that, in the setting of solid tumors, second- 
generation CARs do not always expand properly after infusion into patients, and it 
is well accepted that antitumor efficacy requires adequate expansion and persistence 
in vivo [117]. Evidences of the primary role of T-cell exhaustion in limiting the 
antitumor efficacy of T cells in the setting of chronic antigen exposure are emerging 
[118, 119]. Recently, the central role of the CAR structure in predisposing chronic 
T-cell activation and exhaustion has been demonstrated, proving that CD28 costim-
ulation augments, whereas 4-1BB costimulation reduces, exhaustion induced by 
persistent CAR signaling [120].

In the search for the optimal design for a CAR, even more potent constructs have 
been developed, containing two costimulatory domains (Fig. 13.4). These so-called 
third-generation CARs provide more potent proliferation in response to tumors than 
either first or second generations; moreover, higher T-cell resistance to several 
tumor evasion strategies was observed [121]. However, while the superiority of 
second-generation CAR over the first has been clearly proved, whether the incorpo-
ration of additional costimulatory domains in the third generation provides further 
benefits remains unknown [122].
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The optimal design of a given CAR remains an area of active investigation and 
should be empirically evaluated case-by-case for the treatment of different malig-
nancies [123].

In the setting of NBL, two main antigens have been targeted by CAR constructs: 
L1 cell adhesion molecule (L1CAM, mAb CE7) and GD2. L1CAM is a glycopro-
tein belonging to the immunoglobulin superfamily whose expression is relatively 
specific to NBL, although the molecule is also found on some cells of the central 
nervous system, sympathetic ganglia, and adrenal medulla, as well as on other types 
of cancer cells [124]. The L1CAM-CAR construct tested by Gonzalez et al. is a 
first-generation CAR that has been transduced in human T cells using naked DNA 
electrotransfer of the vector [125]. In the preclinical setting, this approach was 
shown to be effective, in vitro, in recognizing NBL cells and inducing their lysis, 
with release of Th1 cytokines, leading to the initiation of the clinical testing of the 
platform (see further for details) [122]. On the other side, the experience with GD2 
CAR revealed a low persistence of first-generation CAR T cells and the need of 
further improving potency and persistence of these cells. Several strategies have 
been developed. Before moving to constructs of further generation, in fact, the use 
of Epstein–Barr virus (EBV)-specific CTLs instead of polyclonal activated T cells 
(ATCs) has been tested, to exploit the continuous antigenic stimulus of EBV-CTLs. 
This approach has been tested in the clinical setting, as explained further, showing 
an improved persistence of EBV-CTLs expressing the CAR construct [126]. Based 
on the well-known physiological mechanism of activation of T cells, requiring 
CD28 engagement followed by costimulation through other T-cell-signaling mole-
cules, the same group developed a third-generation GD2 CAR incorporating the 
CD28 and OX40 costimulatory endodomains [127]. The introduction of the two 
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Fig. 13.4 Second- and third-generation CARs. Incorporation of the intracytoplasmic domains of 
costimulatory molecules (i.e., CD28, 4.1BB, OX40) generate second and third generations of CAR
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costimulatory signals induced an increased and prolonged proliferation and cyto-
kine release upon in vitro engagement of GD2+ NBL cells, and a potent cytotoxic 
activity against the tumor cells that is maintained after multiple encounters with 
NBL cells.

Despite the improvement obtained by the use of more potent constructs, how-
ever, it is clear that, in order to be effective in the treatment of solid tumors such as 
NBL, a CAR T-cell approach must take into account the relevant role of the tumor 
microenvironment and the relevant immunosuppressive properties displayed by the 
tumor. For this reason, Caruana et al. evaluated the interaction between CAR T cells 
and the tumor stroma through the analysis of the infiltrative ability of CAR T cells 
in the NBL context, revealing that ex vivo manipulation of these cells resulted into 
a reduced capacity to penetrate the tumor stroma [128]. In particular, cultured T 
cells were found to display an impaired degradation of the extracellular matrix 
(ECM) related to a culture-induced, downregulation of the enzyme heparanase 
(HSPE), responsible for the degradation of the main components of the ECM, the 
heparin sulfate proteoglycans. The authors also showed that forcing the expression 
of HPSE by the engineering of GD2 CAR T cells, facilitated tumor infiltration sig-
nificantly enhances the antitumor activity [125].

13.3.3.2  Adoptive NK- and NKT-Cell Therapies
Based on the key roles played by NK and NKT cells in the antitumor immunity of 
NBL, these cells represent a promising platform for developing adoptive approaches. 
Moreover, NK cells display their antitumor effects without induction of GvHD, 
therefore representing an appealing strategy to develop off-the-shelf treatments. 
Several preclinical studies have shown the efficacy of NK cells for the treatment of 
NBL. The infusion of human NK cells, activated in vitro by selected cytokines, such 
as IL-2 or IL-15, improves the survival of mice in xenograft models [129, 130]. 
Some limitations of the approach, however, emerged also in the preclinical setting, 
including the low number of activated NK cells that reach the tumor sites as well as 
the low persistence of the cells, revealing the need for a further implementation of 
the strategy for its clinical application [131]. Strategies to induce a broader expan-
sion and a stronger activation of NK cells ex vivo have been, therefore, developed, 
such as culturing and expanding with artificial APCs expressing IL-21 [132]. This 
approach provided promising results, determining the propagation of large numbers 
of NK cells that maintain potent antitumor activities. Because of this enhanced anti-
tumor efficacy, mice bearing the NBL xenograft displayed a significantly improved 
survival. The anti-NBL activity of NK cells can be further enhanced by transducing 
the cells with a CAR construct targeting an antigen expressed by tumor cells. 
Interestingly, in an NBL xenograft model developed using an aggressive, drug- 
resistant NBL cell line, the infusion of NK cells transduced with a first-generation 
GD2-CAR mediated a significant antitumor response, proving the validity of the 
approach [133].

NKT cells can also be exploited for cancer treatment, considering their ability to 
induce NK-cell-mediated killing of NBL cells [134]. Several features make these 
cells an attractive platform for adoptive immunotherapies, such as their effective 
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trafficking to tumor sites and their pleiotropic antitumor activity, mediated through 
direct killing of CD1d+ tumor cells, inhibition of TAMs, and transactivation of NK 
cells [135]. Therefore, human iNKT cells have been engineered with a third- 
generation GD2-CAR expressing 4.1BB and CD28 costimulatory domains and 
tested in a human xenograft model of metastatic NBL, showing a significant tumor 
control, translating into an increased survival of the mice [136]. Moreover, the 
group of Metelitsa identified a subset of NKT cells with a high proliferative poten-
tial, the CD62L+ NKT cells. They clearly showed that the expansion and transduc-
tion of this subset of cells with a second-generation GD2-CAR provides significantly 
higher expansion of the cells and a superior persistence and therapeutic activity 
in vivo, as compared to the PBMCs-derived GD2-CAR+ NKT cells [137].

13.4  Clinical Trials of Immunotherapy for Neuroblastoma

Taking into account the promising preclinical evidences previously discussed, sev-
eral clinical trials have explored the different immunotherapy approaches in order to 
improve the grim prognosis of children affected by high-risk, relapsed/refractory 
NBL. The main challenge now lies in determining which patients are the most suit-
able to receive these immunotherapies and how we can use information about their 
tumors and microenvironments to inform us about the most effective treatment on a 
personalized basis.

13.4.1  Clinical Trials on NBL Vaccines

One of the first immunotherapy tested in patients has been based on different plat-
forms of cancer vaccinations. Few clinical trials have been developed and/or are 
ongoing and are listed in Table 13.2. Despite the good safety profile and the feasibil-
ity of the approach, RNA-pulsed, DC-based vaccine showed scarce immune 
response, mainly humoral, and no objective response, revealing one of the main 
intrinsic limitations of these approaches, namely the strong immunosuppression of 
the patients at the time of administration impairs the possibility of inducing an 
effective antitumor immune response [143]. Similar results were obtained by the 
use of a similar strategy, namely tumor lysate pulsed DC [138].

More recently, in a phase I/II trial open at Memorial Sloan Kettering Cancer 
Center (Clinicaltrials.gov NCT00911560), relapsed patients have been treated in 
second or subsequent remission with a bivalent vaccine combining the antigens 
GD2 and GD3, covalently linked to the protein keyhole limpet hemocyanin (KHL) 
and associated to the immunologic adjuvant OPT-821 and to ß-glucan, a potent 
immune-stimulant. The results of the phase I trial showed a good safety profile of 
the treatment, exempt from major toxicities, and an encouraging antitumor immune 
effect, with 12/15 patients displaying antibody responses against GD2 and/or GD3 
and 6/10 assessable patients with a disappearance of MRD; relapse-free survival at 
24 months was reported to reach 80% ± 10% [142].
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Another vaccine strategy tested in clinical trials employed patient-derived, autol-
ogous, NBL tumor cells, engineered to express the T-cell stimulating cytokine IL-2 
[139]. Tumor-specific immune response was elicited in 4/10 patients and 3 children 
showed tumor response (1 CR, 1 PR, 1 sustained SD). Also, this study did not show 
significant toxicity in any of the patients [142]. The feasibility of preparing indi-
vidualized autologous vaccines for each patient is limited by the labor-intensive 
preparation of these products, and therefore, in order to develop an “off-the-shelf,” 
universal, vaccine strategy, the same group tested, in a phase I trial, the same vac-
cine based on allogeneic, irradiated, NBL cell lines [140]. The results were, unfor-
tunately, disappointing, with fewer antitumor immune responses than with the 
autologous strategy [139]. To improve the approach, the T-cell attractant lympho-
tactin has been added to the allogeneic vaccine with encouraging responses: not 
only tumor-specific, T-cell and humoral, immune responses were documented but 
also an increase in the circulating NK cells [141]. Moreover, 11/28 treated children 
showed objective responses, with 4 CR, 2 PR, and 5 SD, all of them heavily pre-
treated and with extensive disease [140].

Overall, the results obtained so far with vaccination strategies in pediatric NBL 
trials reveal that a subset of patients respond to this approach. Therefore, the ques-
tion of identifying the variables predicting the occurrence of response in this subset 
of patients remains open, in order to predictively stratify the population and select 
the patients that have the chance to benefit from these approaches, on one side, and 

Table 13.2 Clinical trials using vaccine strategies for treatment of NBL

Vaccine Comments Reference #
Tumor RNA pulsed 
DC

11 patients with newly diagnosed stage 4 NBL. 2/3 pts. 
tested with tumor-specific humoral response; no objective 
responses

[129]

Tumor cell lysate 
pulsed DC

15 patients with pediatric solid tumors including 
neuroblastoma (3a), fibrosarcoma (1), PNET (2), renal 
cell cancer (1), osteosarcoma (1), inflammatory 
myofibroblastic sarcoma (1), hepatic sarcoma (1), 
desmoplastic round cell sarcoma (1), Ewing’s sarcoma 
(2), clear cell sarcoma (1), Wilms’ tumor (1)
Outcome: 9 PD, 5 SD, 1 PR

[138]

Autologous 
neuroblastoma cells 
expressing IL-2

10 patients; 1 CR, 1 PR, 3 SD, 5 PD; 4/5 with clinical 
response had detectable antitumor T-cell response

[139]

Allogeneic 
neuroblastoma cells 
expressing IL-2

15 patients; 1 PR, 7 SD, 4 PD; no increase in direct 
cytotoxic effector function against immunizing cell line

[140]

Allogeneic 
neuroblastoma 
expressing IL-2 and 
lptn

21 patients; 2 CR, 1 PR; increased numbers of T and NK 
cells and eosinophils in peripheral circulation; induction 
of Th2 helper T cells

[141]

GD2/GD3-KHL 
combined with 
b-glucan

13 treated patients with NBL in ≥second CR/
VGPR. Outcome: 12/13 patients remaining relapse-free 
at a median of 32 months; 1 relapse at 21 months; 6/10 
disappearance of MRD. Still recruiting

[142]
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to develop new strategies that can be effective also in those patients that are actually 
considered non-responders, on the other side.

13.4.2  Clinical Trials on Monoclonal Antibodies

Targeted immunotherapy using a monoclonal antibody directed against GD2 repre-
sents an important advancement in the treatment of high-risk NBL and usually takes 
place after patients have received autologous stem-cell transplantation (auto-SCT).

As mentioned previously in the preclinical section, three version of the antibody 
have been developed. The first anti-GD2 mAb to be clinically tested was the murine 
IgG3 3F8, described in 1985 and first tested in a phase I trial in 1987, on 8 patients 
with refractory high-risk NBL [144]. The promising results of this first trial, namely 
two long-lasting CR, led to the further extension of the study to a phase II trial, with 
16 more patients treated in relapse and obtaining one durable CR and one mixed 
response [145]. The subsequent shift to the use of the mAb 3F8  in patients with 
MRD after consolidation lead to more promising results, with 38% of the patients 
remaining free of progression for 40 to >130 months. Further improvement was 
obtained by combining the treatment with the administration of GM-CSF and 
isotretinoin, leading to 5-year PFS and OS of 62% and 81%, respectively, more than 
doubling the historical rates obtained with the standard of care [146, 147]. A major 
limitation of the approach emerged already with the first patients and is related to 
the development of human anti-mouse antibodies (HAMA), responsible for the 
elimination/inactivation of the antibody. Therefore, although, during the 1990s, a 
second murine anti-GD2 with promising antitumor efficacy had been evaluated in 
phase I and II trials, research on these first two mAbs ceased after the less immuno-
genic chimeric preparation ch14.18 became available [148, 149]. Two phase I trials 
reported highly encouraging results: the first showed 5/9 objective responses (2 CR, 
2 PR, and 1 minor response) in relapsed/resistant high-risk NBL patients and no 
HAMA production; the second trial obtained 5/10 responses including 1 PR and 4 
minor responses [150, 151]. The next phase of clinical development of ch14.18 
occurred with the addition of GM-CSF (in the Pediatric Oncology Group—POG—
trials) or GM-CSF, IL-2, and isotretinoin (in the Children’s Oncology Group—
COG—trial). Several phase I and II trials on multiple-relapsed patients first, and 
then after auto-SCT in frontline-treated patients, showed sustained responses [152–
154]. In particular, the COG trial reported an estimated 3-year survival of approxi-
mately 78%, opening to the evaluation of the approach in a large, randomized, phase 
III trial. This study compared treatment with ch14.18, IL-2, GM-CSF plus isotreti-
noin with isotretinoin alone, at the end of the consolidation phase, and confirmed 
the efficacy of the approach in preventing NBL relapse among patients in first com-
plete remission [88]. The study enrolled 226 patients and showed a 2-year EFS of 
66% vs 46% for the immunotherapy arm vs the standard arm, respectively (p = 0.01); 
the 2-year overall survival was also significantly higher in the immunotherapy arm 
(86% vs 75%, p = 0.02). Based on these results, ch14.18 has become the standard 
of care in the COG centers. The recently closed phase III trial for high- risk NBL of 
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the International Society of Paediatric Oncology European Neuroblastoma Group 
(SIOPEN) (EudraCT number 2006-001489-17; ClinicalTrial.gov NCT01704716) 
also includes the association of isotretinoin and the ch14.18 GD2-antibody in the 
post-consolidation maintenance phase of the treatment, randomizing patients to 
receive ch14.18, either alone or in combination with IL-2. The results of the trial 
have not yet been published.

GD2 mAbs have a more complex activity than the passive opsonization of NBL 
cells for ADCC and CMC. Based on the evidence that the clinical antitumor response 
to monoclonal antibodies has been associated with specific polymorphic-FcγR 
alleles, in the COG phase II trial, patients were genotyped for KIR, HLA, and FcγR 
to determine whether KIR receptor-ligand mismatch of specific FcγR alleles corre-
late with antitumor response. An association of an improved response and a KIR/
KIR-ligand mismatch was documented, confirming the role of NK cells in this clini-
cal response [155].

Noteworthy, several relevant treatment-related toxic effects were recorded in the 
clinical trials. The main toxicities included pain (reported to be of grade 3–4 in up 
to 52% of the patients in the randomized, phase III, clinical trial), hypotension, 
capillary leak syndrome, and hypersensitivity reactions [88]. Pain reactions tended 
to occur more frequently in the first cycle of treatment and has been related to the 
recognition of the GD2 antigen expressed by nociceptive fibers (determining a so- 
called “on-target, off-tumor” toxicity). Hypersensitivity reactions and capillary leak 
syndrome were more frequent during the courses involving the coadministration of 
IL-2, suggesting a cytokine-mediated pathogenesis. Other common side effects 
reported were fever, electrolytic alterations, liver dysfunction, diarrhea, iridoplegia 
(usually transient), urticaria, and hypoxia. Considering that IL-2 can induce adverse 
effects in patients, the European SIOPEN phase III trial included a randomization 
of the patients, in the maintenance phase with immunotherapy, in two arms: with or 
without coadministration of IL-2.

Considering the efficacy of GD2-mAb in binding to NBL cells, this strategy has 
been implemented to selectively target the metastatic sites that can be very hard to 
reach, such as the central nervous system (CNS). Therefore, following the demon-
stration of the feasibility of the approach in a phase I trial, the efficacy of 3F8 or the 
B7-H3 mAb radiolabeled with iodine-131 (131I) and delivered intrathecally through 
an Ommaya device has been tested in patients with CNS metastases (ClinicalTrials.
gov NCT00445965 and NCT00089245, respectively; the latter is actively recruit-
ing) [156]. It has been reported that 17/21 treated patients remained free of CNS 
NBL and alive 7–74 months after CNS relapse, showing an increased survival and 
improved quality of life in these patients, considering that the treatment was well 
tolerated also by young patients [157].

Despite the improvement shown by these strategies, however, several pitfalls 
emerged. For instance, tumor cells can escape the toxic effects of mAb if the 
targeted antigen has a dim or heterogeneous expression or if the binding is sub-
optimal, thus failing to recruit the effector cells [158]. Moreover, mAbs are gen-
erally administered via intravenous (i.v.) infusion and their biodistribution can 
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be altered by the presence of physical barriers; also, the relatively limited half-
life reduces the exposition of the tumor to therapeutic levels of the compounds 
[159, 160].

13.4.3  Clinical Trials on Adoptive Therapies

The first phase I clinical trial using CARs for children with NBL investigated the 
feasibility, safety, and antitumor efficacy of a first-generation CAR targeting 
L1CAM in patients with relapsed/refractory disease [161]. Autologous CD8+ CAR+ 
T cells were generated by electroporating patient T cells and infused in refractory/
relapsed high-risk NBL patients. Of the ten patients initially enrolled in the trial, 
only six could be treated: two patients became ineligible prior to cell infusion and 
in two additional children the cell product did not meet the release criteria. No grade 
IV or V toxicities were reported and only 1/6 antitumor response (PR) was detected, 
in the patient with MRD prior to infusion [160]. Importantly, short persistence of 
the CAR T cells in the blood was noted in all patients.

The results of a larger phase I clinical trial for patients with NBL and using a 
GD2-specific, first-generation CAR have been published preliminarily by Pule 
et al. in 2008 and subsequently updated in 2011 by Louis et al. [126, 162]. In order 
to improve the persistence of CAR T cells, in this study, the CAR was introduced 
by retroviral transduction not only into autologous ATCs but also into EBV-
specific CTLs and both cell products were infused in 19 patients. Persistence, 
immunophenotypic changes, safety, and efficacy of the treatment were monitored. 
The treatment was well tolerated, with no dose-limiting toxicities (DLTs); mild 
pain at sites of disease and low-grade fever were only reported. Neither neurologic 
abnormalities nor peripheral neuropathy were experienced by any patient. 
Significant antitumor efficacy was detected in the 11 patients with evaluable dis-
ease at the time of enrollment (including 3 complete remissions—CR—1 partial 
response—PR—and 1 stable disease—SD) with a median OS of 931 days and a 
median follow-up of 329 days. Moreover, the analysis of the persistence of the 
CAR T cells revealed that the presence of both central memory cells and CD4 
T-cell subsets in the product is critical for long-term CAR T-cell persistence and 
that the latter is significantly associated with improved tumor control [127]. 
Interestingly, since the infused ATCs and EBVs CAR T cells expressed geneti-
cally distinguishable CAR constructs, the authors showed that the initial persis-
tence was greater in children given EBV- specific CTLs. This difference might be 
attributed to the physiologic costimulation received by EBVs T cells during 
engagement of the virus-specific endogenous TCR with APCs expressing viral 
antigens in seropositive recipients.

In view of these results, efforts have been made to increase the persistence of 
CAR T cells. Two main methods are under evaluation at the moment: the use of a 
lymphodepleting regimen prior to adoptive transfer and the utilization of second- 
and third-generation CARs.

13 Immunotherapy



258

The lymphodepletion proved able to create a better homeostatic environment for 
the transferred cells to expand [163]. In fact, it has become clear that the host’s 
immune system needs to be properly conditioned in order to create an appropriate 
“lymphoid space” that is devoid of regulatory mechanisms. Thus, lymphodepletion 
enables the host to accommodate transferred T lymphocytes and gives these cells an 
advantage over other competing cellular populations [164].

As mentioned above, newer generation CARs have the ability to provide both 
activation and costimulation after binding, improving the antitumor activity of 
these cells and their survival. The use of second-generation CAR T cells directed 
against CD19 to target B-cell malignancies resulted in striking antitumor effects 
with high response rates and long-term persistence of the infused cells resulting in 
significantly improved EFS in heavily pretreated patients [165–168]. Several 
groups, including ours, are therefore testing the safety and efficacy of third-gener-
ation GD2 CAR T cells, variously associated with lymphodepleting regimens 
(Table 13.3). Recently, the results of a phase I trial on a third-generation GD2 CAR 
incorporating both the CD28 and the OX40 costimulatory endodomains, adminis-
tered after a lymphodepleting regimen based on cyclophosphamide plus fludara-
bine, in patients with relapsed/refractory NBL have been published (ClinicalTrials.
gov NCT01822652) [169]. No relevant toxicities were detected in any of the 11 
treated patients and the use of the lymphodepleting chemotherapy was showed to 
induce a significant increase in the circulating levels of the homeostatic IL-15 and 
in the CAR T cells expansion by up to three logs. Antitumor responses, however, 
were modest at 6 weeks, and the association with a mAb targeting PD-1 in the last 
cohort of patients did not improve both persistence of the infused T cells and the 
antitumor response [168].

These results underline the need to further optimize this approach and to identify 
the best CAR construct design providing longer in vivo persistence and, ultimately, 
antitumor efficacy.

It must be noted, however, that more potent CAR T cells carry the risk of induc-
ing more toxicity, in terms of cytokine release syndrome. Additional safety mea-
sures, such as the incorporation of a safety switch such as the inducible caspase 9 
(iC9) in the construct, are therefore highly encouraged.

The iC9 suicide gene is an engineered human caspase 9, whose binding 
domain was modified with a drug-binding domain derived from human FK506-
binding protein (FKBP). This chimeric caspase is quiescent inside cells until 
administration of a chemical dimerizing drug, AP1903 [170]. The dimerizer, an 
inert and nontoxic compound, induces the cross-linking and dimerization of the 
FKBP domains and the subsequent activation of the caspase cascade, which 
induces apoptosis of the cell within minutes to hours. The iC9 suicide gene is 
entirely human derived and therefore has a low immunogenic potential. It has 
been widely used in the clinic proving safe and effective, with a rapid clearance 
of iC9-expressing cells also in vivo [171, 172]. Our group has introduced the iC9 
suicide gene in the CAR construct in order to increase the safety of these treat-
ments by the means of a switch that can be rapidly activated in case of uncon-
trolled toxicity.
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13.4.4  Evaluation of Response According to the Immune-Related 
Response Criteria (irRC)

The mode of action of conventional cytotoxic agents implies a direct activity that 
leads to measurable, meaningful effects within a few weeks of initial administra-
tion. It is well established in the oncology field that the response achieved after the 
initial cycles of chemotherapy is predictive of the tumor response and ultimately of 
survival. Therefore, response criteria for solid tumors were developed by the WHO 
first and by the RECIST group later in 2000 [173, 174]. For NBL, the convention-
ally adopted International NBL Response Criteria (INRC) follow the same princi-
ple: these guidelines assume that an early increase in tumor growth and/or the 
appearance of new lesions indicate progressive disease (PD) and, therefore, drug 
failure [175].

The increasing clinical experience with immunotherapies, however, including 
vaccines, interleukins, mAbs, and checkpoint inhibitor–targeting drugs, reveals that 
the response observed with these agents might be different and display novel, 
unprecedented, patterns. The conventional response criteria might, therefore, be 
inadequate in the evaluation of the efficacy of these agents and in the prediction of 
long-term survival. Several studies have shown indeed that CR, PR, or SD can occur 
after an increase in tumor burden classified and judged as PD by conventional 
response criteria [176, 177].

In 2004 and 2005, a group of experts convened in a series of workshops to dis-
cuss their experiences with immunotherapeutic agents in cancer patients and draw 
some important conclusions, which can be summarized as follows: (a) the appear-
ance of measurable antitumor activity may take longer for immune therapies than 
for cytotoxic therapies; (b) response to immune therapies may occur after conven-
tional PD; (c) “allowance for clinically” insignificant PD is recommended, for 
example, in case of appearance of small new lesions in the presence of other respon-
sive lesions; and (d) durable SD may represent antitumor activity [178].

Based on these observations, the immune-related response criteria (irRC) have 
been developed to provide more rigorous characterization of the atypical response 
patterns observed (specifically in the phase II development program for ipilim-
umab in melanoma) [176]. Four patterns of response to ipilimumab were observed 
and only two of these were captured by conventional response criteria: response 
in baseline lesions evident by week 12, with no new lesions, and stable disease 
followed by a slow, steady decline in tumor burden in some patients. The other 
two patterns were new and involved responses after an initial increase in total 
tumor burden and a reduction in total tumor burden during or after the appearance 
of new lesion(s). The initial increase in tumor burden may reflect either continued 
tumor growth until a sufficient immune response develops (late-responding 
patients) or transient immune-cell infiltrate with or without edema (pseudo-pro-
gression) [179]. For patients who seem to develop new lesions, they may represent 
T-cell infiltration into established, radiographically undetectable, tumor deposits 
present at baseline. As a result, inflammation in baseline lesions may be misinter-
preted as PD.
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Therefore, for the irRC, the antitumor response is based on total measurable 
tumor burden and both index and new measurable lesions are taken into account. At 
baseline, the total tumor burden is calculated on the index lesions and, at each sub-
sequent tumor assessment, the new measurable lesions are incorporated into the 
total tumor burden. The change of the tumor burden relatively to the baseline mea-
surements defines the response at each tumor assessment.

With these criteria, new lesions do not necessarily represent irPD if the total tumor 
burden does not increase by ≥25%. Moreover, if a patient is classified as having irPD 
at a tumor assessment, confirmation of irPD by a second scan at least 4 weeks apart 
is required, if the patient is clinically stable. In fact, this system allows for the iden-
tification of the late-responding patients, which have a trend toward response within 
4 weeks after initial irPD, and of patients experiencing pseudo- progression. Data 
from the phase II study on ipilimumab in melanoma patients revealed that irRC can 
identify at least an additional 10% of patients with favorable survival among those 
characterized as WHO PD and for whom interruption of the ongoing immunotherapy 
and/or start of a new treatment would have represented a wrong therapeutic decision 
[178]. Similarly, a recent study on the evaluation of the treatment of patients with 
advanced melanoma with pembrolizumab revealed that atypical responses occurred 
in 7% of patients and that conventional RECIST might underestimate the benefit of 
pembrolizumab in approximately 15% of the patients, leading to premature cessation 
of treatment [180]. New clinical trials using immunotherapies are therefore strongly 
encouraged to include also the irRC in the evaluation of the response of the patients, 
in order to offer the best therapeutic approach to the patients.
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14.1  Introduction

Prognostic factors have been used to guide neuroblastoma therapeutic approaches 
for more than three decades. The most commonly used and statistically well- 
validated prognostic clinical risk factors are age and stage, as well as components of 
histopathology. Additional prognostic biomarkers include MYCN status, ploidy or 
DNA tumour content, and segmental chromosome aberrations (SCA) [1, 2]. NGS- 
based studies have provided exciting early data examining prognostic roles for other 
genomic alterations. The majority of prognostic factors incorporated into current 
risk classification systems are patient and/or tumour characteristics at diagnosis. 
However, there are increasingly examples of measures of response to therapy that 
correlate with outcome, such as semi-quantitative MIBG score following induction 
chemotherapy or minimum residual disease (MRD) as detected by neuroblastoma 
tumour-specific transcripts in the peripheral blood or bone marrow at various time 
points. Ultimately, inclusion of response criteria into risk classifiers may follow the 
examples of other cancers such as MRD detection in ALL or PET-imaging avidity 
in patients with Hodgkin’s Disease, both of which are used to refine prognosis and 
risk groups to further tailor therapy.

There are many clinical features and expression of genes, proteins and other 
biomarkers that have been reported to correlate with outcome. In the following sec-
tions, we will review the data supporting the most well-validated and robust prog-
nostic factors and describe how they are used in international risk classification 
systems. It is important to recognize that the significance of any prognostic factor 
depends on the therapies received by patients. In other words, poor prognostic fac-
tors can be “treated away” by adopting more intensive therapies for patients defined 
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as poor prognosis. The concept that treatment itself is a risk factor is important to 
consider when interpreting prognostic data over several decades, during which 
patients may have received different therapies.

14.2  Current Prognostic Factors in Neuroblastoma

In the following sections, we will review each of the well-validated clinical risk fac-
tors and biomarkers and present data for emerging biomarkers referencing the larg-
est retrospective and prospective studies supporting the inclusion of these biomarkers 
as prognostic factors in risk classifiers. In each section, there will be discussion of 
the particular value of an individual prognostic factor in specific subset of patients 
(e.g. metastatic vs. non-metastatic) and how it may overlap with other risk factors. 
In the final part of this chapter we will describe the currently used international risk 
classifiers that incorporate subsets of these clinical and biological risk factors in 
order to predict prognosis, risk groups and guide choice of therapies.

14.2.1  Stage

Many studies have demonstrated that stage is a powerful independent prognostic 
marker. There have been multiple neuroblastoma staging systems, but since 1993, 
the International Neuroblastoma Staging System (INSS) had been used by most 
cooperative groups [3] (Table 14.1). Analyses of the INRG database of 8800 patients 
diagnosed between 1990–2002 demonstrated superior EFS for patients with non- 
metastatic (INSS 1, 2 and 3) as compared to metastatic neuroblastoma (INSS 4) 
(83% vs. 35%) [4]. The INSS is a post-surgical staging system that relies, in part, on 
degree of resection. Based on data from the SIOPEN, the INRG Staging System 
(INRGSS) was developed as a presurgical/pretreatment staging system in which 
loco-regional disease is categorized as resectable or unresectable based on the pres-
ence or absence of Image Defined Risk Factors (IDRFs), previously referred to as 
surgical risk factors (SRFs) [5] (see Chap. 7 and Table 14.2). L1 and L2 are loco-
regional tumours with or without IDRFs, respectively [5–7]. The majority of L1 
tumours are INSS 1 and 2, and most L2 tumours are INSS 3 [6]. INSS 4 (distant 
metastases) is equivalent to INRG M and there are only minor differences between 
4S and MS including extending the age cut-off from 12 to 18 months. The INRG SS 
has been adopted by most groups and will be validated prospectively in clinical tri-
als across North America and Europe.

14.2.2  Age

Age was one of the earliest neuroblastoma prognostic factors identified. Historically, 
patients <12 months have superior outcomes compared to those >12 months [4, 8–
11]. Older patients, including rare adolescents and young adults, have a more 
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indolent course; however, studies have not identified any cut-offs (e.g. >5 or 
10 years) that correlate with overall survival (OS) [12]. While the impact of age is 
independent of other risk factors, the subset of children >18 months with metastatic 
disease (stage 4/M) have the poorest outcome. Since age is a continuous variable 
analyses to determine optimal age, cut-offs have been performed using a COG 
cohort of >3600 patients. The most significant age cut-off was 460  days (15.1 
months) [11]. Subsequently, the INRG determined that the age cut-off could be 

Table 14.1 International Neuroblastoma Staging System (INSS)

INSS stagea

1 Localized tumor with complete gross excision, with or without microscopic 
residual disease; representative ipsilateral lymph nodes negative for tumor 
microscopically (nodes attached to and removed with the primary tumor may be 
positive)

2A Localized tumor with incomplete gross resection; representative ipsilateral 
nonadherent lymph nodes negative for tumor microscopically

2B Localized tumor with or without complete gross excision, with ipsilateral 
nonadherent lymph nodes positive for tumor; enlarged contralateral lymph nodes 
must be negative microscopically

3 Unresectable unilateral tumor infiltrating across the midline,b with or without 
regional lymph node involvement; or localized unilateral tumor with contralateral 
regional lymph node involvement; or midline tumor with bilateral extension by 
infiltration (unresectable) or by lymph node involvementc

4 Any primary tumor with dissemination to distant lymph nodes, bone, bone 
marrow, liver, skin, and/or other organs (except as defined for stage 4S)

4S Localized primary tumor (as defined for stage 1, 2A or 2B) with dissemination 
limited to skin, liver, and/or bone marrowd (limited to infants <1 year of age)

aMultifocal primary tumors (e.g., bilateral adrenal primary tumors) should be staged according to 
the greatest extent of disease, as defined above, and followed by a subscript “M” (e.g. 3M)
bThe midline is defined as the vertebral column. Tumors originating on one side and crossing the 
midline must infiltrate to or beyond the opposite side of the vertebral column
cProven malignant effusion within the thoracic cavity if it is bilateral or the abdominal cavity 
upstages the patient to INSS 3
dMarrow involvement in Stage 4S should be minimal, i.e., less than 10% of total nucleated cells 
identified as malignant on bone marrow biopsy or marrow aspirate. More extensive marrow 
involvement would be considered to be Stage 4

Table 14.2 International Neuroblastoma Risk Group Staging System (INRGSS)

Stage Description
L1 Localized tumor not involving vital structures as defined by the list of image-defined 

risk factors and confined to one body compartment
L2 Locoregional tumor with presence of one or more image-defined risk factors (IDRFs) 

(see Chap. 7)
M Distant metastatic disease (except stage MS)
MS Metastatic disease in children younger than 18 months with metastases confined to 

skin, liver, and/or bone marrow

Note: Patients with multifocal primary tumors should be staged according to the greatest extent of 
disease as defined in the table

14 Prognostic Factors and Risk Stratification



274

extended to 18  months, which increases the favourable group by approximately 
11% [4, 11]. This cut-off is supported by additional studies, which demonstrate that 
for INSS 4 patients with MYCN-NA the 6-year EFS was 92% for <12 months, 74% 
for 12–18 months and 31% for >18 months [13]. The most difficult age range to 
determine risk group is the 12–18 months INSS 4 toddlers. Although the outcome 
for 12–18 months is superior to those >18 months, this group appears to be very 
heterogeneous. Retrospective studies suggest that one or more biomarkers, includ-
ing SCAs, ploidy and/or histology, may help distinguish which toddlers with meta-
static disease should receive more intensive high risk treatments [10, 13, 14]; 
however, prospective trials for these relatively rare patients have not confirmed 
which of these marker(s) can reliably distinguish Stage 4/M toddlers with high risk 
from those with intermediate-risk disease. Thus, current risk classifiers described 
below utilize different age cut-offs of 12 and 18 months to stratify patients, depend-
ing on the presence of additional prognostic factors such as stage.

14.2.3  MYCN Status

Amplification of the MYCN oncogene is the strongest independent negative prog-
nostic factor for neuroblastoma. MYCN, localized on chromosome 2p24, is ampli-
fied in 16–25% of tumours and has been used in risk classification for more than two 
decades [15, 16]. MYCNA can be detected in double minutes (DMs), which are extra 
chromosomal chromatin bodies, or integrated into chromosomes to form homoge-
neously staining regions (HSRs); however, the effect of MYCNA on outcome is not 
influenced by the presence of DMs or HSRs [17]. MYCN status was initially detected 
using Southern blotting [15, 16], but more recently, the standard method used in 
most laboratories is fluorescence in situ hybridization (FISH) on tumour or meta-
static bone marrow with infiltration of tumour cells (>30%). The international con-
sensus for MYCNA is defined as >four-fold increase in the signal of the MYCN gene 
as compared to the signal detected for the control centromeric probe (for chromo-
some 2q) [18]. The international recommended guidelines are that MYCN copy 
number data should be reported  as 4–10, >10 or >30 copies. The prognostic impor-
tance of MYCN copy gain and heterogeneity of amplification have been studied, but 
currently, there are not enough data to support separating out these small groups or 
using this information to inform risk classification schemas [19–21]. Newer tech-
niques used to detect other copy number alterations (CNAs), including CGH (com-
parative genomic hybridization) or SNP (single nucleotide polymorphism) arrays 
may eventually replace FISH for detection of MYCN copy number.

MYCN, is one of three MYC genes (MYCN, c-myc, L-myc) and encodes a tran-
scription factor that is involved in various cellular processes, including growth, dif-
ferentiation, proliferation, apoptosis, metabolism and metastasis (reviewed in [22, 
23]). MYCN has important roles in neural crest cells and sympathetic neurons dur-
ing development and modulating its expression in neuroblastoma cells has effects 
on cell death, differentiation and chemosensitivity. Importantly, overproduction of 
MYCN transgene in neural crest precursors, alone or in conjunction with mutant 
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forms of ALK, in mice and zebrafish results in the development of neuroblastoma 
[24–26]. The MYC family of transcription factors regulate thousands of genes and 
identifying specific targets of MYCN [27], mechanisms that regulate its ability to 
bind DNA and stability have been active areas of study in neuroblastoma. Although 
historically pharmacological targeting of MYCN had been challenging and consid-
ered “undruggable,” newer strategies that focus on inhibiting MYC complexes, and 
specifically targeting the transcriptional co-factor BRD4, such as BET bromodo-
main inhibitors, have shown promising results in pre-clinical models [28]. Other 
drugs that target MYCN degradation via inhibition of Aurora Kinases also demon-
strate MYCN selectivity in vitro and in animal models and have been tested in early 
phase clinical trials in children with relapsed neuroblastoma [29–31].

The majority of studies of MYC status in neuroblastoma have focused on MYCN; 
however, small retrospective studies suggest that high levels of MYC (c-MYC), as 
determined by immunohistochemistry (IHC), may also correlate with poor out-
come, in particular in patients with tumours that have normal levels of MYCN [32, 
33]. Further studies are needed to determine if c-MYC might have an independent 
prognostic role and thus could be integrated into future risk classifiers.

14.2.3.1  MYCN as Prognostic Factor
In the majority of large studies of patients with neuroblastoma, including the INRG 
[4], MYCNA is one of the most powerful independent risk factors that predicts poor 
outcome. In the original INRG cohort, the 5-year EFS for patients whose tumours 
harboured MYCNA was 29% as compared to 74% for those who had no amplifica-
tion detected. This included patients of all ages and stages revealing the significance 
of MYCNA as an independent prognostic factor. Similarly, for patients diagnosed 
between 2007–2016  in Children’s Oncology Group (COG), the 5-year EFS was 
76.4% (MYCN-NA) compared to 48.1% (MYCNA) [19]. However, it is important to 
recognize that MYCN status also correlates with other clinical and biological fea-
tures. Although, approximately 20% of all tumours harbour MYCNA, the incidence 
of MYCNA is higher in more advanced stage (INSS 3,4) disease (40%) as compared 
to 2–3% of loco-regional low stage (INSS 1,2) neuroblastoma  [34]. In addition, 
MYCNA varies according to the primary tumour location and is more common in 
adrenal compared to thoracic tumours [35, 36]. MYCNA is also more commonly 
detected in tumours with unfavourable histological features such as high mitosis- 
karryorhexis index (MKI) [37–40], and other unfavourable genomic features such 
as diploidy [41–43] and presence of SCAs [14, 44]. Interestingly, while MYCNA 
correlates with a general pattern of SCA, alterations of specific loci, such as loss of 
heterozygosity (LOH) of 1p or 11q show distinctive patterns. 1p LOH is common in 
MYCNA tumours, while 11q LOH occurs almost exclusively in MYCN-NA tumours 
[45–49].

As discussed below in Sect. 14.4, the majority of high-risk (HR) neuroblastoma 
patients are >18 months with stage M/4. Within this cohort, the presence of MYCNA 
does not significantly affect overall outcome and thus is not used to further sub- 
stratify this common HR cohort. In contrast, based on numerous retrospective and 
prospective studies, the presence of MYCNA has a critical role in predicting 
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outcome for the following subgroups of patients who have other more favourable 
characteristics: (1) infants (<12 months) and toddlers (12–18 months) with stage 
M/4, (2) patients with loco-regional INSS 2/3 (usually INRG L2).

Prior to the discovery of the importance of MYCNA, all stage 4/M patients were 
treated as HR.  However, several European and North American studies demon-
strated that infants <12 months with MYCN-NA tumours had an improved outcome 
compared to those with MYCNA [50–53]. These studies led to trials that demon-
strated that classifying (and treating) infant patients with MYCN-NA tumours as 
intermediate risk (IR), with regimens that do not include stem cell transplant, main-
tain 5-year EFS rates of approximately 80% [51, 54].

Patients with loco-regional MYCNA have also been shown to have inferior out-
comes than other patients with loco-regional disease regardless of age, stage or 
other factors. Most of these studies reported on outcomes based on INSS staging. 
The difference in 5-year EFS for INSS 1,2,3,4S patients based on MYCN status was 
46 ± 4% vs. 87 ± 1% [4]. MYCNA also had prognostic significance for infants with 
loco-regional disease [55] and for the subsets of patients with resectable loco- 
regional disease (INSS 1,2) [34]. Currently, most patients with MYCNA are treated 
according to HR protocols, although for the rare INSS 1/INRG L1 patients with 
MYCNA, the approaches (and risk classification) are not consistent across all coop-
erative groups.

14.2.4  Histology

The International Neuroblastoma Pathology Classification (INPC) is based on a 
prognostic system that was initially developed by Shimada et al. [39] and uses mor-
phological characteristics of the tumour cells (grade of differentiation) and stroma, 
mitosis-karyorrhexis index (MKI) and age to divide tumours into favourable (FH) 
or unfavourable histology (UH) categories. Large retrospective cooperative group 
studies have validated the prognostic significance of INPC FH/UH classification 
and have helped to identify specific subgroups of patients for whom histology may 
have particular relevance [39, 40, 56]. For example, in a COG study of INSS 1 and 
2 patients, the majority of whom received surgery but no chemotherapy, FH corre-
lated with an improved outcome as compared to those with UH (EFS 90 ± 3 vs. 
72 ± 7%) [57]. UH is also prognostic for subsets of patients with INSS 3 MYCN-NA 
tumours. Although the 5-year EFS was 81% for the entire INSS 3 UH cohort in the 
INRG database, those patients >18 months had an inferior 5-year EFS (64% vs. 
90%) [58]. These patients (>18 months) with unfavourable INPC and MYCN-NA 
are classified as HR in North America (COG), but intermediate risk according to 
SIOPEN and INRG classifiers. Since INPC uses age (which is an independent prog-
nostic factor), other outcome analyses, including the INRG studies, have looked at 
separate components of histology such as grade of differentiation. The INRG risk 
classifier uses these components rather than the INPC, which is still used by the 
COG.  In general, risk classifiers mostly utilize INPC or histology components 
mainly for loco-regional disease [4].

M. S. Irwin



277

14.2.5  Ploidy

DNA ploidy (number of chromosome copies) has been shown to have prognostic 
importance, in particular in specific subgroups with otherwise favourable features. 
DNA content is most commonly analysed by flow cytometry, though it can also be 
determined using newer technologies that are being developed to detect copy num-
ber alterations in specific genes (e.g. CGH and SNP arrays). Diploid status (DNA 
index = 1) is often associated with other unfavourable features such as MYCNA and 
SCAs such as LOH or 1p or 11q. Hyperdiploid tumours (DNA index > 1) usually do 
not have structural abnormalities, but, instead, have gains or losses of whole chro-
mosomes and are associated with more favourable outcomes [41, 42, 59]. Although 
in the INRG, ploidy was prognostic for the total neuroblastoma cohort (5-year EFS 
of 76% (hyperdiploid) vs. 55%, (diploid)), the independent significance for ploidy 
as a prognostic marker is highest in patients <18 months [4, 42, 59], and in particu-
lar has been shown to help distinguish those with differential outcomes among the 
12–18 months toddlers with Stage 4/M MYCN-NA disease [10]. The status of ploidy 
has been recently used in trials for patients with IR neuroblastoma to determine 
therapy duration or number of chemotherapy cycles [18, 54, 60]. For most risk clas-
sification systems, including the INRG, ploidy is used only to distinguish risk group 
among <18 months patients with stage 4/M with MYCN-NA tumours [4]. Patients 
with DNA index >1 or =1 are classified as LR and IR, respectively.

14.2.6  Segmental Chromosome Aberrations

There are two general patterns for neuroblastoma genomes—(1) whole chromo-
some gains and losses or numerical chromosome alterations (NCAs) and (2) SCAs, 
which often include partial gains and losses of chromosome regions [44]. NCA and 
SCA patterns are associated with favourable and poor outcomes, respectively, and 
have been detected using both CGH and SNP arrays. Historically, most SCAs were 
analyzed individually by examining the gains or losses at specific chromosome loci 
(using PCR or FISH-based methods), and these loci were predicted to encode onco-
genes and tumour suppressors, respectively. These included gain of 17 q, and 1p and 
11q LOH. 17 q gain is detected in more than 50% of patients and is associated with 
other unfavourable characteristics [61, 62]. 1p36 LOH is detected in 23–30% of 
tumours and predicts poor outcome [45, 63]. 1p LOH correlates with other unfa-
vourable features including MYCNA, unfavourable INPC and presence of metasta-
ses, and its use as a prognostic factor is strongest in infants and MYCN-NA patients 
[45, 64]. 11q LOH correlates with poor outcome, but in contrast to 17q gain and 1p 
LOH, 11q loss is more common in MYCN-NA tumours, supporting its use as an 
independent prognostic marker [45, 49, 65], which has been incorporated into the 
INRG risk classifier where it is specifically used in L2 and MS patients.

More recent studies, mainly from the SIOPEN and INRG, have analyzed the 
impact of SCAs and showed that presence of one or more SCAs is more significant 
than particular loci [66]. In addition to the specific loci mentioned above, other 
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common SCAs in neuroblastoma include gains of 1q and 2p and losses of 3p, 4p 
and14q. The specific subgroups in which SCAs have been shown to have prognostic 
value include patients >12 months with unresectable loco-regional MYCN-NA 
tumours [67]and infants (<12 months) with unresectable loco-regional and meta-
static MYCN-NA tumours [14].

While the only SCA included in the INRG risk classifier is 11qLOH (for L2 and 
MS patients), newer classifiers are incorporating the overall presence of ≥1 of the 
following SCAs (gains of 1q, 2p, 17q or losses of 1p, 3p, 4p, 11q, 14q.); however, 
prospective studies will be needed to validate whether all/ any SCAs predict out-
come for homogeneously treated cohorts of patients. Currently, SCAs are detected 
in tumour tissue, but early studies suggest that cell-free DNA harvested from serum 
is another potential source for SCA detection [68, 69].

14.3  Emerging Prognostic Factors in Neuroblastoma

In addition to the well-validated risk factors used in current risk classifiers that are 
described above, there have been numerous reports of new biomarkers and other 
prognostic factors, many of which are being further studied to determine whether 
they improve our ability to distinguish different subgroups of LR, IR or HR neuro-
blastoma. In this section, we will present the subset of novel prognostic factors with 
the most data supporting possible integration into future risk classifiers.

14.3.1  Somatic Mutations

NGS technologies have elucidated the genomic landscape of newly diagnosed and, 
more recently, relapsed neuroblastoma. Although, in comparison to adult-onset tumours 
such as carcinomas, the number of mutations in neuroblastoma and other paediatric 
tumours is relatively low, some targetable genomic alterations have been identified [70].

Sequencing of DNA and RNA at diagnosis, has demonstrated that neuroblas-
toma harbour heterogeneous genomic alterations [71–73]. The most common copy 
number alteration at diagnosis is amplification of the MYCN oncogene (20%) (see 
Sect. 14.2.3) and the most frequent mutations are missense alterations of the recep-
tor tyrosine kinase, anaplastic lymphoma kinase or ALK (8–10%). In addition to 
point mutations, amplifications of ALK are detected in 2–3% [74]. Alterations in 
ATRX are detected in up to 10% of patients, and are more common in older children 
and adults [71, 75, 76]. Other genes that have recurrent, but less frequent, mutations 
(<5%) include PTPN11, MYCN, and p53. At the time of relapse, there are additional 
changes that often include a higher number of mutations (tumour mutation burden) 
as well as clonal selection leading to increased allele frequency for certain altera-
tions such as those involving ALK [77, 78]. The most common missense mutations 
at recurrence include genes that encode members of the RAS/MAPK pathway, 
including, but not limited to, RAS (N-Ras, H-Ras, K-Ras), PTPN11, NF1 and acti-
vating ALK variants [79, 80]. Deletions and missense mutations of AT-rich 
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interactive domain 1A and 1B (ARID1a/1b) were detected in11% of tumours, and 
in small cohorts there appears to be a correlation with poor outcome [73]. In addi-
tion to ARID1A/1B, mutations in other genes encoding chromatin remodelling pro-
teins have also been identified in a small number of cases.

Thus far, no specific mutations have strong independent prognostic significance. 
ALK genomic alterations are identified in tumours from patients in all risk groups. 
In some studies, ALK variants are associated with adverse outcome, and high levels 
of ALK protein or amplification may correlate with inferior outcome, independent 
of mutation status [74, 81–83]. To date, ALK mutation status has not distinguished 
patient outcomes within risk categories and thus, ALK is unlikely to be used as an 
independent prognostic factor, but is a predictive factor for sensitivity to ALK tyro-
sine kinase inhibitors [74, 84, 85].

Most of the studies to date have focused on DNA sequencing, but early RNA and 
whole genome sequencing efforts have identified other potentially targetable altera-
tions including fusions of TERT [86, 87], as discussed below.

14.3.1.1  Telomerase Pathway Alterations
Telomeres are repetitive nucleotide sequences on the ends of chromosomes and, in 
the majority of non-malignant cells, telomeres are not replicated sufficiently, lead-
ing to progressive chromosome shortening and ultimately senescence or cell death. 
Most cancer cells acquire telomere-lengthening mechanisms (TLMs). In neuroblas-
toma, mainly in HR tumours, TLMs that have been detected include high levels of 
expression of the catalytic subunit of the enzyme telomerase (TERT) due to MYCNA 
or TERT rearrangements [27, 86–88]. The subset of HR tumours without upregu-
lated TERT often have activated alternative lengthening of telomeres (ALT), most 
commonly associated with ATRX mutations or deletions. The presence of TLM 
alterations, most notably TERT-fusions, correlates with poor outcome in two small 
studies of HR patients, suggesting a potential role as a prognostic biomarker to fur-
ther distinguish outcome among HR patients to identify those with a particularly 
poor outcome and to determine whether TLMs might identify non-HR patients with 
otherwise favourable features who recur. Future retrospective and prospective stud-
ies are required to validate the role of different TLMs as prognostic biomarkers, 
independent of other well-studied risk factors. It will be important to use methods 
that distinguish different TLM alterations such as C-circle [89] to detect ALT phe-
notype, sequencing or IHC to detect ATRX alterations, RT-PCR or RNAseq to iden-
tify increased TERT expression and /or fusions. TLMs may also have roles as 
predictive biomarkers as studies in non-neuroblastoma cells demonstrate that the 
nucleoside analogue 6-thio-2′-deoxyguanosine [90] and ATR inhibitors [91] selec-
tively target cells with high TERT or ALT activation, respectively.

14.3.2  Expression Signatures

Instead of focusing on specific genes as candidates for biomarkers, several studies 
have reported multigene expression profiles (GEPs) that can predict outcome. Many 
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of the mRNA signatures include genes implicated in neuroblastoma tumorigenesis, 
neural development or immune responses and may reflect genes expressed in neu-
roblastoma or infiltrating immune cells. One goal of such studies is to further refine 
risk categories based on these GEPs. One of the largest studies identified a 59-gene 
signature that could predict survival independent of well-validated risk factors with 
an increased odds-ratio of 19.3 and 3.96 for PFS and OS, respectively [92]. Further 
studies have evaluated different gene classifiers, which range from 3 to more than 
50 genes in unselected neuroblastoma patient cohorts that include patients from all 
risk groups [93–96]. There have been fewer reports identifying GEPs that can dis-
tinguish outcome within a particular risk group. Asgharzadeh et  al. identified a 
14-gene classifier that predicts poor outcome (EFS < 20%) in several HR MYCN-NA 
cohorts [97, 98]. Another study used publicly available datasets to identify a prog-
nostic signature for the subset of patients with MYCNA neuroblastoma [99]. 
Furthermore, within LR and IR groups, Oberthuer et al. were able to improve the 
estimation of risk and optimize stratification by combining standard risk factors 
with GEPs [100]. Additional studies are also ongoing to determine whether 
microRNA profiles may also be prognostic [101–103]. Expression signatures will 
need to be validated in prospective clinical trials to determine whether they provide 
additional ability to discriminate risk groups.

14.3.3  Metastatic Burden and Response as Prognostic Factors

In addition to risk factors at diagnosis, there are studies that suggest that response to 
therapy predicts outcome and thus, might be incorporated into risk stratification 
systems and/or used to further tailor therapy. The main areas of focus to determine 
response have been imaging of metastatic sites and minimal residual disease (MRD) 
detection in peripheral blood(PB) and bone marrow(BM).

14.3.3.1  MIBG
Standard imaging of metastatic response requires I-123 or -131 MIBG (meta- 
iodobenzylguanidine) scans. Many different systems have been developed to semi- 
quantitatively score metastatic involvement by MIBG scan and retrospective studies 
have demonstrated that the relative score of metastatic involvement on MIBG scan 
at diagnosis and/or end of induction chemotherapy has prognostic value [104–107]. 
The two most common—Curie and SIOPEN—scores have been shown to have 
comparable ability to predict outcome. The largest and most recent studies have 
focused on determining whether a particular absolute score or relative score cut-off 
at different time points during treatment, most commonly at the end of induction, 
can be used to predict relapse and thus identify a cohort of patients with HR neuro-
blastoma with a particularly poor outcome. MIBG scans of 280 patients on COG 
A3973 Phase III trial were centrally reviewed. Patients with a curie score >2 at the 
end of induction had an inferior outcome when compared to those with a curie score 
of ≤2, and this effect was independent of other known prognostic factors such as 
MYCN status (3-year EFS: 15.4%  ±  5.3% vs. 44.9%  ±  3.9%) [104]. Although 
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absolute curie scores at diagnosis were not prognostic, any MIBG avid disease post- 
autologous stem cell transplant (curie score > 0) predicted patients with a signifi-
cantly worse outcome 3-year EFS: 28.9% ± 6.8% vs. 49.3% ± 4.9%). Similarly, 
data from 341 patients treated on SIOPEN/HR-NBL-1 study showed that SIOPEN 
cut-off scores >3 at diagnosis were predictive of inferior outcome (5-year EFS 
47 ± 7% and 26 ± 3%) [108]. At the end of induction, the differences were 36 ± 4% 
versus 14 ± 4%. These findings suggest that metastatic response using semi-quanti-
tative scores has strong predictive value in identifying patients who will go on to 
recur. Thus, there are clinical trial consortium groups considering the incorporation 
of semi-quantitative scores into risk stratification systems, and future trials may use 
this response to identify patients to treat with different therapies, including high 
dose MIBG.

14.3.3.2  MRD
Metastatic burden measured by the detection of tumour cells in the PB or BM has 
been shown to be prognostic at different points during treatment. The most common 
assay method for minimum residual disease (MRD) detection is reverse transcrip-
tase polymerase chain reaction (RT-PCR) to measure the levels of two or more neu-
roblastoma cell-specific transcripts, which most commonly include PHOX2B and 
tyrosine hydroxylase (TH), at a sensitivity of approximately one tumour cell per ten 
million normal cells [109]. In the SIOPEN-HRNBL-1, high levels of TH and 
PHOX2BmRNA in PB of INSS 4 patients at diagnosis, but not end of induction, is 
prognostic with inferior 5-year EFS and OS of 0% as compared to EFS of 38% and 
OS of 25% in the patients with lower MRD [110]. MRD in BM and PB also pre-
dicted increased risk for recurrence specifically in the subset of infants (<12 months) 
and toddlers (12–18 months) [111]. For HR patients on the COG A3973 trial, the 
level of neuroblastoma mRNA detected in harvested PB stem cells after two cycles 
of chemotherapy correlated with outcome [112]. Additional studies have shown that 
levels of neuroblastoma mRNA transcripts in PB and/or BM at different time- points, 
including diagnosis, during induction, post consolidation and during treatment for 
relapse have been reported to be prognostic [113] (reviewed in [109]). The levels of 
combinations of TH, PHOX2B and other neuroblastoma-specific genes in PB and/
or BM at different time-points needs to be validated in prospective trials of patients 
treated with modern era therapies in order to enable integration into risk classifiers.

14.4  Risk Classification

The improved understanding of neuroblastoma biology and biomarkers and their 
impact on prognosis, together with studies of large databases of patients with well 
annotated clinical features, has resulted in the development of risk stratification 
approaches that are used to predict outcomes and tailor therapies. Using many of the 
pretreatment clinical and biological risk factors discussed in Sect. 14.2, risk classi-
fication systems have been developed by most large clinical trials cooperative 
groups, including the Children’s Oncology Group (COG) (Table  14.3) and the 
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Society of International Pediatric Oncology Neuroblastoma (SIOPEN) groups. In 
an effort to harmonize risk-based treatment approaches and the criteria used to strat-
ify patients, the INRG developed a pretreatment classifier that has largely been 
adopted universally (Table  14.4) [4]. The analyses of 8800 patients diagnosed 
between 1990–2002 were used to identify seven prognostic risk factors (age, stage, 
MYCN status, ploidy, 11q LOH, and two histologic features) and these factors 
defined 16 groups of very low/low, intermediate and high risk based on their 5 year 
EFS rates. In this section, we review the features that define these risk groups in the 
INRG and COG and highlight the features that are different between the classifiers 
for specific subgroups (Fig. 14.1). Risk-based treatment approaches for these groups 
are outlined in detail in Chap. 12. Notably, the COG is currently revising their risk 
classifier (Table 14.3) to incorporate INRGSS, include additional biomarkers and 
modify certain groups based on newer outcome data for patients treated with mod-
ern era treatments, including immunotherapy. The current approach to risk classifi-
cation of loco-regional and metastatic patients is shown in Fig.  14.1; however, 
treatment decisions also incorporate symptoms (usually for LR and stage 4S/MS 
patients). Although patients are divided into LR, IR and HR groups, the distinction 

Table 14.3 COG Neuroblastoma Risk Stratification (version 1)

Risk group
Stage
(INSS)a Age MYCN Ploidy INPC

Low risk 1 Any Any Any Any
Low riskb 2a/2b Any Non-amp Any Any
High risk 2a/2b Any Amp Any Any
Intermediate risk 3 <547 days Non-amp Any Any
Intermediate risk 3 ≥547 days Non-amp Any FH
High risk 3 Any Amp Any Any
High risk 3 ≥547 days Non-amp Any UH
High risk 4 <365 days Amp Any Any
Intermediate risk 4 <365 days Non-amp Any Any
High risk 4 365–<547 days Amp Any Any
High risk 4 365–<547 days Any DI = 1 Any
High risk 4 365–<547 days Any Any UH
Intermediate risk 4 365–<547 days Non-amp DI > 1 FH
High risk 4 ≥547 days Any Any Any
Low riskc 4s <365 days Non-amp DI > 1 FH
Intermediate risk 4s <365 days Non-amp DI = 1 Any
Intermediate risk 4s <365 days Non-amp Any UH
High risk 4s <365 days Amp Any Any

Courtesy of Children’s Oncology Group
Table 14.2: The Children’s Oncology Group (COG) currently uses INSS stage, age, MYCN status 
(amp = amplification), DNA index (DI) or ploidy, and INPC histology (FH = favorable histology, 
UH = unfavorable histology) to determine patient’s risk category as high, intermediate, or low
aCOG currently modifying to Risk Classification system version 2.0 that will use INRG staging 
and will also incorporate Segmental Chromosome aberrations (SCAs)
bif <50%  resection or patient is symptomatic then classified as Intermediate risk
cif presence of clinical symptoms patient is considered “Intermediate risk”
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Fig. 14.1 (a) Risk assignments for loco-regional neuroblastoma. (b) Risk assignments for meta-
static neuroblastoma
Shown in this schematic are the factors used to risk classify patients using the INRG staging sys-
tem. Differences in risk classification for specific subsets between COG, SIOPEN and INRG are 
noted. Dashed line refers to incorporation of an additional factor to potentially alter risk assign-
ment in one or more group. It should be noted that  size of  primary tumor may be used to assign 
risk group (and therapy) in some trials for L1 tumors. SCAs are increasingly incorporated into 
current classification systems
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between low and IR is becoming less significant and, instead, for the non-high risk 
group, most prognostic factors are used to tailor the type, and in certain cases, 
amount of therapy.

14.4.1  Low Risk (LR)

The majority of patients categorized as LR (and very low risk) are those with local-
ized disease that is usually amenable to surgical resection due to the absence of 
IDRFs. These patients have survival rates of >95% [8, 57, 114–116]. Approximately 
40% of patients are classified as LR and the majority are INSS 1, 2, 4S (usually 
INRG L1) without MYCNA. Most LR patients at diagnosis do not require chemo-
therapy, unless there are organ- or life-threatening symptoms. Many undergo partial 
or complete surgical resection and a subset can be safely observed without resection 
due to high likelihood of spontaneous regression [117]. Increasingly, prognostic 
biomarkers (e.g. SCAs) are used in COG and SIOPEN clinical trials to determine if 
asymptomatic young infants and toddlers with favourable biological features can be 
observed or receive less therapy [54, 60] and whether the small subset of patients 
with LR disease who recur can be identified with specific biomarkers.

14.4.2  Intermediate (IR)

Approximately 20% of patients meet current criteria for the IR group and their OS 
is approximately 90%. The majority of these patients are INSS 3 (mostly INRG L2) 
and infants with stage 4/M disease with favourable biology (mainly lack of MYCNA). 
In most cooperative group trials, IR patients receive between 2–8 cycles of chemo-
therapy and usually surgical resection. Based on small series in which biologically 
favourable localized IR patients were observed without chemotherapy [118, 119] 
increasingly, biological factors are being used to reduce therapy. Classification of IR 
patients is similar across cooperative groups with the exception of INSS 3 UH 
(without MYCNA) which are considered HR in COG but IR in SIOPEN trials [58]. 
The specific biomarkers used to distinguish HR and IR categories in Stage 4/M tod-
dlers 12–18 months without MYCNA also vary among different trials. SCAs or 
newer biomarkers, including alterations of the telomerase pathway, may help pre-
dict outcome in these groups or predict the small subsets that will progress or recur 
following therapy.

14.4.3  High Risk (HR)

The 5  year EFS for the entire group of HR patients is approximately 50%, but 
improving [112, 120, 121]. More than 80% of these patients are Stage 4/M patients 
>18 months or Stage 4/M patients with MYCNA and the remainder are INSS 3(usu-
ally L2) with MYCNA (or UH in North America). Standard therapy for patients 
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classified as HR includes chemotherapy, surgery, autologous stem cell transplant(s) 
and immunotherapy. The outcome for these patient subgroups within HR cohort 
varies and suggests that not all groups may require the same therapy or be eligible 
for more intensive treatments being evaluated on clinical trials. There are significant 
international efforts aimed at further discriminating cohorts of HR patients with the 
most inferior outcomes, often referred to as ‘ultra-high risk’ [122].

14.5  Conclusion

There has been significant progress in identifying prognostic factors to risk classify 
patients with neuroblastoma into LR, IR and HR groups. International collaborations 
and the INRG database have enabled the development of a universal risk classifier 
that will enable comparisons of results across clinical trials and allow for further 
refinement of risk groups. Current classifiers rely on biological and clinical prognos-
tic risk factors at diagnosis. Revisions to risk-stratification systems will likely incor-
porate new biomarkers for specific subgroup, which will include novel genomic 
alterations and potentially imaging or MRD response to upfront therapies. Challenges 
moving forward include defining prognostic features for small rare subgroups, such 
as toddlers with MYCN-NA. The identification of prognostic factors within the HR 
cohort to distinguish patients with particularly poor outcomes may also facilitate 
intensification of therapy only for those subsets of HR patients. Finally, the discovery 
of novel genomic factors (somatic and germ line) that predict response to targeted 
therapies may require additional changes to the current paradigm by which patients 
are classified into LR, IR and HR groups to enable precision medicine strategies 
based on specific predictive biomarkers. These approaches may not only optimize 
our ability to determine prognosis, tumour response and guide therapy decisions but 
eventually may predict late effects and other sequelae of treatment regimens.
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Neuroblastoma is the most common extracranial solid tumour in childhood. This 
enigmatic tumour shows extremely divergent behaviour, ranging from spontaneous 
regression, through maturation into differentiated cell types, to extreme chemoresis-
tance, resulting in high mortality. The prognosis and treatment stratification of 
patients with this tumour is currently based on the International Neuroblastoma 
Risk Group (INRG) Staging System, which categorizes cases into high, intermedi-
ate, low and very low risk groups. In this classification system, tumour histology 
(Shimada) and biology (MYCN, segmental and numerical chromosomal aberra-
tions including 1p, 11q) play a vital role, in addition to the age and extent of disease. 
Therefore, the key role of adequate solid tumour biopsy in the diagnosis and prog-
nostic decision-making of patients with neuroblastoma cannot be overemphasised.

The aim(s) of tumour biopsy are to firmly establish diagnosis and also to obtain 
adequate tissue for molecular testing and biologic risk stratification. There are gener-
ally three types of techniques deployed in the biopsy of neuroblastic tumours. 
Traditionally, European and North American paediatric cancer guidelines had advo-
cated open surgical biopsy (OSB) in all suspected neuroblastic tumours. The 
approaches often utilised involved a mini-laparotomy, thoracotomy or open neck 
dissection, depending on the anatomical location of tumour. The proposed advan-
tages of the open ‘classical’ surgical methods were to ensure wholly adequate sam-
pling of different parts of the tumour lesion (to account for the known heterogeneity 
of this neoplasm) and to obtain adequate volume (minimum 1  cm3) of tissue to 
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suffice for the different histological and molecular biology techniques/tests required 
in addition to tissue tumour banking for vital multinational collaborative research. In 
patients harbouring metastatic tumours, the more superficial ‘metastatic lesions’ may 
be easily accessed as the source of tumour tissue for biopsy. Complications reported 
for open ‘classical’ surgical biopsy in neuroblastoma tumours include (1) intraopera-
tive bleeding, (2) injury to adjacent anatomical organs, particularly bowel and post-
operatively (3) adhesive intestinal obstruction, (4) need for blood transfusion(s) and 
(5) abdominal compartment syndrome. Post-operative hospital stay after open surgi-
cal biopsy is usually 48 h. The current defining role for open surgical biopsy is now 
relatively limited to (1) neuroblastic tumours in those patients with “no safe window” 
for image guided percutaneous access due to vital structures, i.e., gut or major blood 
vessels in the pathway of the biopsy trajectory site required or (2) in cases where 
there is lack of hospital staff adequately trained in interventional paediatric radiology 
wholly familiar with image-guided core biopsy techniques.

In recent years, image-guided core needle biopsy techniques have become well- 
established in specialist units worldwide, caring for children with solid tumour 
malignancies. Boston Children’s Hospital, USA, in 1996, first published their cen-
tre’s preliminary experience on the utility and feasibility of percutaneous needle 
biopsy for diagnosis of neuroblastoma. Several international centres, including 
Alder Hey Children’s Hospital Liverpool, UK, have since published further defining 
reports confirming that core needle biopsy (CNB) has many advantages versus open 
surgical biopsy in terms of recording lower patient complication rates (%), particu-
larly bleeding from tumour and the need for blood transfusion(s). There is now 
sufficient growing evidence to confirm image guided CNB also provides sufficient 
biological tissue material for all diagnostic purposes/testing in neuroblastoma. The 
risk of ‘tumour seeding’ following needle biopsy observed in some other solid 
malignancies has not been recorded in childhood neuroblastoma. A recent system-
atic review study has shown that almost 95% of all image-guided core needle biop-
sies for solid tumours provided adequate tissue sampling for the complete diagnosis 
of malignant childhood diseases. Importantly, post-operative hospital stay for CNB 
is much shorter compared to open ‘classical’ surgical biopsy, and usually no more 
than 6–12 h convalescence after the interventional radiology procedure. Although 
fine needle aspiration cytology (FNA) has been shown to be adequate for FISH 
analyses for neuroblastoma molecular genetic studies, these methods are generally 
not recommended by European and North American cancer protocols due to the 
limited amount of tissue material yielded for full histology required in neuroblastic 
tumours.

A third useful strategy deployed for neuroblastoma tumour biopsy is minimally 
invasive video-assisted core needle biopsy procedures, which have the advantage(s) 
of being able to access different regions of the gross tumour lesion, guided by lapa-
roscopy or thoracoscopy.

All of the tumour biopsy methods for the diagnosis of neuroblastoma herein 
described requires the procedure to be performed safely under general anaesthesia. 
Regardless of the biopsy technique deployed, adequate preoperative patient prepa-
ration is essential, requiring informed signed consent from the patient’s family with 
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a full discussion of the risks/benefits of the procedure, including (1) optimisation of 
coagulation status and (2) availability of blood products as necessary. At the tumour 
board meeting, the multidisciplinary team members, including medical oncology, 
radiology, pathology and surgical oncologists should agree upon the optimal method 
of tumour biopsy on an individual patient basis, given the anatomical site of disease 
and other factors discussed.

15.1  Paediatric Radiology—Image-Guided Biopsy 
Neuroblastic Tumours

15.1.1  Indications for Image-Guided Percutaneous Biopsy

Image-guided percutaneous biopsy is a minimally invasive technique for obtaining 
tissue for diagnosis, which can be employed for suspected neuroblastoma, whether 
in a typical suprarenal location or at other sites, such as the thoracic, pelvic and 
paraspinal regions. Percutaneous biopsy may also be used for confirmation of sus-
pected disease recurrence or metastatic disease, and to monitor residual disease 
following treatment.

Laboratory analysis of tissue obtained by biopsy is important not only for histo-
logical diagnosis but also risk stratification and determination of the biological 
characteristics of the tumour. This helps to inform therapeutic decision-making and 
the choice of the various modalities deployed in the treatment of newly diagnosed 
neuroblastoma, which include surgery, chemotherapy, radiotherapy, differentiation 
therapy, immunotherapy, and, in selected cases (notably infants with 4S disease), 
observation only. Most clinical trials now stratify neuroblastoma patients into low, 
intermediate or high-risk groups based on age of the patient, INSS stage, histology 
according to the INPC, MYCN status, and DNA ploidy. The biological heterogene-
ity of neuroblastoma tumours occurring in childhood has resulted in new therapeu-
tic approaches directed at reducing intensity of treatment in tumours deemed to 
have favourable biology and an intensification of chemoradiotherapy in those 
lesions linked with an adverse prognosis. It is therefore paramount that biopsy tech-
niques obtain sufficient tissue, representative of the whole of the tumour, to ensure 
that diagnosis and risk stratification of neuroblastoma are wholly accurate.

Fine needle aspiration for cytology is widely used as a minimally invasive diag-
nostic procedure for some types of tumours in adults, in whom carcinomas are most 
common, but are not generally recommended in paediatric oncology, as cytology is 
less suitable for distinguishing between the multiple types of small, round blue cell 
tumours encountered in children.

15.1.2  Imaging Modalities

Diagnosis and staging of neuroblastoma involves multi-modality imaging, often 
including ultrasound, radiography, CT, MRI and radionuclide imaging (I-MIBG, 
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Tc99 m methylene diphosphonate bone scan); all of these modalities may be valu-
able in planning the optimal site and approach for biopsy, and all available imaging 
should be carefully assessed before the procedure is performed.

Percutaneous biopsy is usually performed under direct ultrasound guidance, 
which allows continuous real-time visualisation of the position of the tip of the 
biopsy needle in relation to the tumour and adjacent organs. Colour Doppler facili-
tates identification of blood vessels and areas of high vascularity. However, in some 
situations, the field of view of ultrasound is limited, as ultrasound cannot penetrate 
bone and air-filled structures (such as lung and bowel). Young children are generally 
excellent ultrasound subjects because of relative lack of fat, but in older, overweight 
patients, an excess of fatty tissue may reduce the clarity of ultrasound images and, 
in the worst case, cause misregistration of needle position.

In difficult anatomical locations, and in very overweight patients, CT-guided 
biopsy or a combination of CT and ultrasound may be preferred. The field of view 
of CT is not limited by bone, lung, or air-filled bowel, and the position of the tip of 
the biopsy needle is clearly demonstrated, but CT involves exposure to ionising 
radiation and does not provide the same facility of real-time, continuous imaging as 
ultrasound.

MRI guided biopsy is possible, but requires special equipment, as no ferromag-
netic objects or any devices that are not certified as MR compatible can be taken 
into an MRI scanner. In a strong magnetic field, such objects may become danger-
ous missiles, and absorption of radiofrequency energy may result in heating or elec-
trical injury.

15.1.3  Patient Preparation

Percutaneous biopsy in children is usually performed under general anaesthesia, 
and is often combined with other procedures such as bone marrow aspirates and 
trephine biopsies, including central venous catheter insertion for vascular access. 
A multidisciplinary approach, involving close collaboration between radiologist, 
oncologist, surgeon, anaesthetist, pathologist and the nursing team is essential.

Awareness of the needs of the child and parents is of utmost importance, recog-
nising that the diagnosis of a potentially life-threating tumour in the paediatric age 
group is extremely traumatic. The process of obtaining fully informed consent 
should not be rushed and may require more than one interview with the parents and 
other family members; it is important for the interventional radiologist to introduce 
themselves and to explain carefully their role.

The general medical condition of the child should be stabilised, with correction 
of anaemia and any coagulation disorder. Platelet count should ideally be in the 
normal range and INR (international normalised ratio) less than 1.5 before the pro-
cedure, and the necessary blood samples should have been taken to facilitate rapid 
blood transfusion in the event of serious haemorrhage.
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15.1.4  Equipment

Semi-automated, spring-loaded biopsy devices make it possible to obtain diagnostic 
quality specimens, while minimising crush artefact and tissue fragmentation also 
reducing the risk of damage to surrounding tissues. A range of suitable high- 
precision biopsy devices are available—Fig. 15.1. Needle sizes in the range 15–18 G 
are generally most suitable, and variable needle throw length (typically 13–33 mm) 
enhances flexibility and precision; the best tissue samples are obtained with longer 
throw lengths, but shorter throw lengths are helpful for small lesions and difficult 
anatomical locations (for example, lesions in close proximity to bowel or large 
blood vessels).

Coaxial introduction through an introducer needle or sheath makes it possible to 
take multiple biopsies from different parts of the tumour, using a single point of 
entry, and to occlude the biopsy track with a haemostatic agent immediately in the 
event of serious haemorrhage or other high-risk situations.

15.1.5  Operative Technique (Figs. 15.2, 15.3, 15.4, 15.5, 15.6, 15.7, 
15.8, and 15.9)

Fig. 15.1 Temno 
Evolution Co-axial Biopsy 
System (CareFusion, IL, 
USA)

Fig. 15.2 Insertion of 
trocar and cannula under 
ultrasound guidance
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Percutaneous biopsy procedures should be performed under strictly aseptic condi-
tions, and in children, preferably, under general anaesthesia. The biopsy site is cho-
sen with care using the available imaging and the site infiltrated with a long-acting 
local anaesthetic agent (such as levobupivacaine) to aid post-operative pain relief. A 
small skin incision is made with a scalpel blade, and the biopsy device is used to 
take multiple biopsies from different parts of the tumour from a single entry point, 
under direct ultrasound guidance. Fresh tissue samples are sent directly to histopa-
thology or processed immediately by laboratory staff in the Interventional Radiology 
Suite. Haemostasis is then secured with gentle pressure. At the end of the procedure, 
ultrasound is used to check for signs of active bleeding or haematoma formation, 
and a sterile adhesive dressing applied to the needle biopsy wound site (no sutures 
should be required).

Fig. 15.3 Trocar and 
cannula in place

Fig. 15.4 Biopsy device 
prepared for use
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Fig. 15.5 Biopsy needle 
advanced through the 
cannula

Fig. 15.6 Ultrasound 
image of paravertertabral 
neuroblastoma
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Fig. 15.7 Site chosen for 
percutaneous biopsy and 
depth measured

Fig. 15.8 Ultrasound 
image taken as the biopsy 
needle (arrows) is 
deployed

Fig. 15.9 Occlusion of 
biopsy track with 
haemostatic agent as the 
cannula is withdrawn
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15.1.6  Monitoring and Aftercare

Following recovery from anaesthesia, bed rest and careful observation in the ward 
is recommended for a period of at least 6 h, to ensure adequate pain relief and regu-
lar monitoring of pulse and blood pressure to detect signs of internal bleeding.

15.1.7  Safety and Efficacy—Commentary

Open surgical biopsy was previously the preferred method to achieve an adequately 
sized tissue sample for complete histological and molecular characterisation of neu-
roblastoma. At Alder Hey Children’s Hospital, Liverpool, after early success of ini-
tiating tumour needle biopsy, we developed the uniform practice of performing 
needle biopsy for all anatomically accessible neuroblastic paediatric solid tumours. 
All needle biopsies were of sufficient high quality for all the diagnostic procedures, 
including histopathology, immunohistochemistry, molecular pathology and cytoge-
netics, with biology crucially adequate for Shimada histological classification, 
including data on MYCN, 1p and 11q, 17 q, as well as tissue banking for future 
studies.

Heterogeneity is a characteristic hallmark of neuroblastoma, and it is well known 
that samples taken from different regions of a primary tumour are known to vary in 
terms of MYCN, 1p status, stromal, neuronal components and extent of differentia-
tion. Percutaneous needle biopsy, with its capability to obtain cores from multiple 
sites within a tumour has many theoretical advantages over open biopsy in accu-
rately determining disease risk. Several published series indicate that percutaneous 
image-guided needle biopsy yields adequate tissue sampling for the diagnosis, risk 
classification and staging of neuroblastoma and for tissue banking for future 
studies.

Patient safety is of paramount importance in comparing alternative biopsy meth-
ods. No biopsy method is completely without risk. Gupta et al. reported a duodenal 
injury and small bowel obstruction occurring in their series of 13 children having 
open biopsy. Six patients who had open biopsy also required blood transfusions 
within 5 days of biopsy. More recently, Hassan et al. published their early experi-
ence with open and needle biopsy and found a significantly higher number of major 
complications in patients having open biopsy.

The relatively slow uptake of minimally invasive image-guided percutaneous 
biopsy techniques for suspected neuroblastoma may have been due to concerns 
among paediatric surgeons and oncologists that needle biopsy has the potential to 
disseminate tumour in children, a very rare but documented complication in adult 
cancer(s). However, at time of writing, we are aware of no recorded instances of 
dissemination of neuroblastoma attributable to needle biopsy in recent years.

Percutaneous image-guided needle biopsy is therefore a safe and effective tech-
nique for diagnosis of neuroblastoma, and can reliably provide sufficient tissue for 
the full range of investigations, including histopathology, immunohistochemistry, 
molecular pathology and cytogenetics required for diagnosis and prognostic 
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markers, as well as reserving vital tumour material for tissue banking/future col-
laborative studies.

15.2  Pathology—Specimen Handling/Analysis/Reporting

15.2.1  Specimen Handling

Tumour biopsy is undertaken to obtain the diagnosis of suspected neuroblastic 
tumours (NT) and gather full histological and molecular prognostic information 
relevant for treatment stratification. As the understanding of NT and its optimal 
management is still evolving, whenever possible, vital tissue material should also be 
saved for research purposes. Tumour biopsy material has to be carefully handled 
and processed in different ways for routine histopathology, cytogenetics and molec-
ular pathology. With so much to do, it is crucial that the limited tumour tissue avail-
able from a biopsy is triaged adequately—Fig. 15.10.

Biopsies should be rapidly transferred to the pathology laboratory unfixed, and 
wrapped in saline soaked filter paper in a sterile container. In Liverpool, patholo-
gists triage the tumour tissue sample (Fig. 15.10), making sure that there is suffi-
cient material for histological diagnosis, touch preparations for fluorescence in situ 
hybridization (FISH) and snap frozen tissue for molecular biology. If transport time 
to the pathology laboratory is expected to be unduly delayed, adequate measures 
must be absolutely taken to maintain the integrity of tissue samples. An acceptable 
option here is that two separate biopsy tissue samples are submitted to the labora-
tory—(1) RPMI-1640 cell transport medium for a combination of DNA index 
(ploidy) and MYCN analysis and (2) 10% formalin for histopathologic analysis.

Flow cytometry
(Ploidy studies)

Priorty
Histopathology
(Formalin)

Priorty
Snap Freeze
for molecular
biology

Electron
Microscopy
(Gluteraldehyde)

Priorty
Imprint
smears (FISH)

Cytogentics
(Culture
medium)

Fig. 15.10 Specimen triaging. Flow chart diagram illustrating neuroblastoma tissue biopsy speci-
men handling by pathology personnel
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15.3  Morphology and Immunohistochemistry

Morphologically, neuroblastic tumours are heterogeneous lesions composed of 
varying combination of neuroblasts, maturing and mature ganglion cells, schwann-
ian stroma and neuropil. The spectrum ranges from tumours exclusively composed 
of neuroblastic elements (neuroblastoma) to those with dominant schwannian 
stroma with no neuroblasts (ganglioneuroma)—Fig. 15.11a–d.

Diagnosis of neuroblastic tumours showing ganglionic differentiation and/or 
identifiable schwannian stroma is usually straight forward on morphology. On 
the other hand, diagnosis of undifferentiated neuroblastoma is often not pos-
sible on morphology alone. These lesions belong to the so called ‘small round 
blue cell tumours’ with wide differential diagnostic options, including rhab-
domyosarcoma, peripheral primitive neuroectodermal tumour (PNET)/Ewing 
sarcoma(s), blastematous Wilms’ tumour or blastic hematopoietic neoplasms. 
A panel of immunohistochemical markers, ultrastructural examination and/or 
molecular genetics studies is often required to rule in or rule out the diagnosis 
of NTs.

a b

c d

Fig. 15.11 (a) Undifferentiated neuroblastoma composed exclusively of small round blue 
cells. (b) Rosettes in a poorly differentiated neuroblastoma which showed <5% ganglionic dif-
ferentiation. (c) Differentiating neuroblastoma showing wide spread ganglionic differentiation. 
(d) Ganglioneuroma composed of abundant schwannian stroma with mature ganglion cells 
(inset)
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15.3.1  Immunohistochemistry

Neuron specific enolase (NSE), chromogranin A, synaptophysin, Tyrosine hydroxy-
lase, Protein gene product 9.5 (PGP9.5), GD2 (disialoganglioside), PHOX 2B and 
NB84 are positive in a variable proportion of neuroblastomas. As there may be aber-
rant positivity of certain markers in neuroblastoma and in other small round blue 
tumours, various neuronal markers and panels of antibodies should be used to obtain 
a firm diagnosis (Table 15.1). NB84, an antibody raised against an antigen from 
human neuroblastoma tissue is considered to be more sensitive but less specific than 
synaptophysin for neuroblastic differentiation. It can be positive in range of other 
SRCT’s including Ewings/PNET and DSRCT. Phox2b has emerged as relatively 
specific marker in neuroblastoma. Similar to tyrosine hydroxylase (TH), it is a sym-
pathoadrenal marker specific for neural crest tumours with neuronal/neuroendo-
crine differentiation.

15.3.2  Electron Microscopy (EM)

Neuroblastoma on EM ultrastructural examination shows round cells exhibiting 
neural differentiation featuring cell organelles, such as microtubules, neurofila-
ments, neurosecretory granules, glycogen and synaptic vesicles.

15.4  Classification and Grading of Neuroblastoma

Neuroblastic tumours are quite heterogeneous in terms of their biology, genetic, and 
morphologic characteristics. As per International Neuroblastoma Pathology 
Classification System (INPC), there are four major histological categories of 
Neuroblastic Tumours, i.e. Neuroblastoma, Ganglioneuroblastoma intermixed, 
Ganglioneuroma and Nodular Ganglioneuroblastoma. This is based on the relative 
composition(s) and distribution (nodular vs. diffuse) of neuroblastic and ganglio-
neuromatous components. There are further subcategories based on degree of gan-
glionic differentiation.

Table 15.1 Expression of markers in neuroblastoma and paediatric solid tumours

Neuroblastoma Rhabdomyosarcoma Ewing’s/PNET DSRCT Lymphoma
Desmin ++ ++
Myogenin ++
Myo D1 ++
CD99 ++ + Occasional
NKX2.2 ++
Fli1 ++ ++ +
PHOX2 ++
NB84a ++ + +
CD45 +++
NSE + +
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MKI is an important histological prognostic parameter. To determine MKI, sec-
tions of tumour should contain at least 5000 viable tumour cells from multiple 
microscopic fields. Technically, MKI is possible on needle core biopsies and often 
reported on biopsies. Because of tumour heterogeneity, it may not be truly represen-
tative—Fig. 15.12.

Histological subtypes are further linked to age and cellular proliferation index as 
defined by mitotic karyorrhexis index (MKI) to yield clinical prognostic groups as 
shown in the Table 15.2.

Fig. 15.12 Cut surface of 
nodular ganglioneu-
roblastoma with 
haemorrhagic nodule 
representing neuroblastoma 
component and rest of the 
tumour is benign 
ganglioneuromatous 
element. There is a 
theoretical possibility of 
sampling error. Schematic 
representation of biopsy 
system getting the 
diagnostic material  
(Lt. corner) and missing 
malignant component  
(Rt. corner)

Table 15.2 Histological neuroblastic tumour subtypes and prognosis

INPC histology MKI Age Category
Ganglioneuroma mature/
maturing

Any Any Favourable

Ganglioneuroblastoma 
intermixed

Any Any Favourable

Neuroblastoma 
undifferentiated

Any Any Unfavourable

Neuroblastoma poorly 
differentiated

>4% Any Unfavourable
Any >1.5 Unfavourable
<4% <1.5 Favourable

Neuroblastoma 
differentiating

Any >5 years Unfavourable
<4% <1.5 Favourable
>4% <1.5 Unfavourable
<2% 1.5–5 years Favourable
>2% 1.5–5 years Unfavourable

Ganglioneuroblastoma 
nodular

Favourable/unfavourable depending on 
morphology of neuroblastoma nodule
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In clinical practice, tumour biopsy specimens greater than at least 1 cm3, or biop-
sies with at least 5000 viable tumour cells are considered often adequate to provide 
INPC classification. Its value in treatment stratification has declined in recent years. 
The International Society of Paediatric Oncology Europe Neuroblastoma Group 
(SIOPEN) uses age, surgical risk factors defined by imaging and MYCN status for 
risk-group assignment. Histology is of value, but biologic features, such as MYCN 
status, chromosome 1p deletion, and abnormalities of chromosome 17q have a pow-
erful impact on individual patient prognosis that far outweighs the histology in 
many instances. These genetic alterations can be assessed from tumour obtained 
through percutaneous biopsy methods.

15.5  Molecular Genetics

Various genetic abnormalities have been linked to the biologic behaviour of neuro-
blastic tumours. Neuroblastic tumours tend to show whole chromosome gains with 
few, if any, segmental chromosome aberrations and without gene amplification(s). 
Tumour cell hyperdiploidy (usually near-triploid DNA content), is also known to be 
associated with spontaneous maturation and possibly spontaneous regression.

Neuroblastomas with an unfavourable clinical behaviour frequently show seg-
mental aberrations and/or high-level amplification of the MYCN locus. MYCN 
amplification has been shown to be strongly associated with rapid tumour progres-
sion and dismally poor prognosis in patients of all ages, regardless of stage of dis-
ease—Fig. 15.13.

Although MYCN status is central to the risk stratification systems, it is important 
to emphasise that the majority of metastatic neuroblastomas do not always show 
MYCN amplification. Other chromosomal aberrations have been assumed to pre-
dict unfavourable tumour behaviour, including deletion on chromosome regions 1p, 
11q, 3p, 4p, 9p and 12p and unbalanced gain of the long arm of chromosome 17 

Fig. 15.13 FISH—
Numerous green dots 
represent amplified 
MYCN. Two red dot show 
normal copy number for 
CEP 2 (centromeric region 
of chromosome 2) as 
control. (image courtesy 
Mr. Mark Atherton, 
Cheshire and Merseyside 
Genetics Service)
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(17q21 to 17qter). Of these, 11q deletion has emerged as a powerful biomarker of 
outcome in cases without MYCN amplification, as it is inversely associated with 
MYCN amplification. The INRG database has confirmed this finding, and on the 
basis of these studies, 11q status has been included as an important prognostic cri-
terion in the INRG classification system.

The International Neuroblastoma Risk Group Biology Committee (INRG) rec-
ommends the following parameters to assess three obligatory genetic markers 
required for the INRG Consensus Pretreatment Classification.

 1. MYCN: I-FISH, PCR, aCGH, MLPA
 2. 11q23: I-FISH, PCR; pan-/multigenomic techniques: aCGH (oligo, clone or 

SNP based); MLPA
 3. Ploidy: Flow or static cytometry

An adequate amount of tumour material (i.e., 107 tumour cells) from at least two 
different regions of the tumour should be obtained. In collaboration with the 
Pathologist, the tumour cell content must be determined and recorded. The latter is 
an indispensable prerequisite to avoid false results and has to be carried out by the 
Pathologist. A tumour cell content of more than 60% is required for most molecular 
studies and more than 20% for ploidy measurement.

Differentiating/maturing tumours can have fewer tumour cells, and therefore, the 
interpretation of these data needs to be done with caution. It is recognised that, risk 
stratification of neuroblastoma is far from perfect and in future more genetics 
parameters will be included to classify these tumours more accurately. There is now 
a consensus recommendation by INRG to prospectively evaluate larger numbers of 
other markers (i.e. 1p, 2p, DDX1, NAG, ALK, 3p, 4p, 7q, 9p, 12p, 14q, 17q). For 
ongoing and future studies, the application or implementation of technologies that 
provide a more comprehensive picture of the tumour cell genome is essential. 
Therefore, the INRG Biology Subcommittee has also suggested using pan or mul-
tigenomic techniques, enabling an analysis of all relevant genomic loci.

Multiplex ligation-dependent probe amplification (MLPA) allows the simultane-
ous investigation of a large number of loci, covering all currently-known important 
aberrant regions found in neuroblastoma tumours in a single assay. The robust 
nature of the results and the relatively low cost of the MLPA kits make this tech-
nique very attractive for routine neuroblastoma analysis. Ultra-high density (UHD) 
SNP array techniques have high specificity and sensitivity and gives combined copy 
number and allele information, highly appropriate for the genomic diagnosis of 
neuroblastoma.

The INRG classification system will continue to evolve with the possible incor-
poration of molecular diagnostic data from neuroblastoma genome (DNA), tran-
scriptome (RNA) and epigenome for personalised cancer treatment.

In closing, we would like to emphasize that vital co-operation amongst medical 
oncologists, paediatric oncology surgeons, interventional radiologists and patholo-
gists is very essential in the expert multidisciplinary management of childhood 
neuroblastoma.
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16Surgical Techniques

James A. Saltsman III, Nicole J. Croteau, 
and Michael P. LaQuaglia

16.1  History and Current Indications for Surgery 
for Neuroblastoma

A role for surgery in neuroblastoma was first reported in the 1950s by key figures in 
the history of pediatric surgery. In 1953, Robert E. Gross noted in his seminal text, 
The Surgery of Infancy and Childhood, that for neuroblastoma “extensive and radi-
cal surgery has a definite place under certain circumstances and can lead to perma-
nent cure” [1]. C. Everett Koop then explained the positive effect of tumor debulking 
on outcome in his 1955 article “Neuroblastoma in Childhood: Survival after Major 
Surgical Insult to the Tumor” published in the journal Surgery [2].

In the 1970s, there were major advances in pediatric imaging, surgical technique, 
anesthesia, blood banking, and critical care [3–6], all of which expanded the poten-
tial role for surgery in the treatment of neuroblastoma. Also during this time, a 
variety of different staging systems for the disease were developed in Europe, the 
United States, and Japan. With the establishment of pediatric oncology cooperative 
groups, multi-institutional data became available to guide international standardiza-
tion of staging and surgical treatment of neuroblastoma. One such prospective study 
was published in 1988 by investigators from the Pediatric Oncology Group, (POG, 
a predecessor to the current Children’s Oncology Group [COG]), which showed 
that certain localized neuroblastomas could be effectively treated with surgery 
alone, even with involvement of regional lymph nodes [7]. Around the same time, 
the International Neuroblastoma Staging System (INSS) was established, which 
grouped patients into stages (1, 2A, 2B, 3, 4, and 4S) based on the extent and loca-
tion of tumor, as well as completeness of resection [8] (see Table 16.1).
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The International Neuroblastoma Risk Group (INRG) classification system was 
later developed to facilitate patient risk stratification prior to surgical intervention. In 
this system, nonmetastatic tumors are assessed using cross-sectional imaging for spe-
cific image-defined risk factors (IDRFs) that predict unresectability [9, 10] (see Tables 
16.2 and 16.3). Both INSS and INRG staging systems have been combined with other 
factors, including patient age and tumor biology, to create the COG and INRG risk 
groupings. While these risk groupings are similar (and many patients fall into the 
same risk group in both systems), there are some important differences. As a result, 
readers should take note of the risk group stratification system used when evaluating 
the literature on surgical outcomes in various neuroblastoma risk groups [9].

Since early reports, the role of resection in neuroblastoma, in particular the 
extent of resection, has been controversial. With increased experience, the role of 
risk grouping has become paramount, and any analysis of surgery must stratify by 
risk group. Recent data suggest that low risk and intermediate risk neuroblastoma 
without IDRFs are treatable by resection alone [11]. Chemotherapy is usually 
required in intermediate risk tumors with image-defined risk factors. High-risk neu-
roblastoma remains an area of significant debate; however, recent reports from the 

Table 16.1 International Neuroblastoma Staging System (INSS) [8]

Stage Definition
1 Localized tumor with complete gross excision, with or without microscopic residual 

disease; representative ipsilateral lymph nodes negative for tumor microscopically 
(nodes attached to and removed with the primary tumor may be positive)

2A Localized tumor with incomplete gross excision; representative ipsilateral nonadherent 
lymph nodes negative for tumor microscopically

2B Localized tumor with or without complete gross excision, with ipsilateral nonadherent 
lymph nodes positive for tumor. Enlarged contralateral lymph nodes must be negative 
microscopically

3 Unresectable unilateral tumor infiltrating across the midline, with or without regional 
lymph node involvement; or localized unilateral tumor with contralateral regional 
lymph node involvement; or midline tumor with bilateral extension by infiltration 
(unresectable) or by lymph node involvement

4 Any primary tumor with dissemination to distant lymph nodes, bone, bone marrow, 
liver, skin and/or other organs (except as defined for stage 4S)

4S Localized primary tumor (as defined for stage 1, 2A or 2B), with dissemination limited 
to skin, liver, and/or bone marrow (limited to infants <1 year of age)

Table 16.2 International neuroblastoma risk group staging system [10]

Stage Definition
L1 Localized tumor not involving vital structures as defined by the list of IDRFs and 

confined to one body compartment
L2 Locoregional tumor with the presence of one or more IDRFs
M Distant metastatic disease (except stage MS)
MS Metastatic disease in children younger than 18 months with metastases confined to 

skin, liver, and/or bone marrow
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COG and the International Society for Pediatric Oncology Europe—Neuroblastoma 
(SIOPEN) suggest that >90% resection of the primary tumor and regional lymphat-
ics in high-risk cases improves local control [12, 13]. The findings of these studies 
support attempts at aggressive surgical resection in high risk patients, with the 
understanding that the reported benefits of this approach have, thus far, been limited 
to improved event-free survival (EFS) and reduced cumulative incidence of local 
progression (CILP) [13]. Detailed treatment protocols based on risk groupings are 
found in Chap. 12 of this text.

It should be understood that R0 resection is almost never feasible in neuroblas-
toma, and the goal of surgery in these patients is a macroscopic gross total resection 
of tumor (R1). Present data suggest that intermediate-risk neuroblastoma can be 
treated by an R2 resection that removes >50% of the primary mass, although greater 
resections are recommended, if safe and feasible [14].

Table 16.3 Image-defined risk factors (IDRFs) in neuroblastoma [10]

Neck
Tumor encasing carotid and/or vertebral artery and/or internal jugular vein
Tumor extending to base of skull
Tumor compressing the trachea
Cervicothoracic junction
Tumor encasing brachial plexus roots
Tumor encasing subclavian vessels and/or vertebral and/or carotid artery
Tumor compressing the trachea
Thorax
Tumor encasing the aorta and/or major branches
Tumor compressing the trachea and/or principal bronchi
Lower mediastinal tumor, infiltrating the costovertebral junction between T9 and T12
Thoracoabdominal
Tumor encasing the aorta and/or vena cava
Abdomen/pelvis
Tumor infiltrating the porta hepatis and/or the hepatoduodenal ligament
Tumor encasing branches of the superior mesenteric artery at the mesenteric root
Tumor encasing the origin of the celiac axis and/or the superior mesenteric artery
Tumor invading one or both renal pedicles
Tumor encasing the aorta and/or vena cava
Tumor encasing the iliac vessels
Pelvic tumor crossing the sciatic notch
Any location
Intraspinal tumor extension when more than one third of the spinal canal in the axial plane is 
invaded and/or the perimedullary leptomeningeal spaces are not visible and/or the spinal cord 
signal is abnormal
Infiltration of adjacent organs/structures including pericardium, diaphragm, kidney, liver, 
duodenopancreatic block, and mesentery
Ipsilateral tumor extension within two body compartments (i.e., neck-chest, chest-abdomen, 
abdomen-pelvis)
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Although the diagnosis of neuroblastoma can be established by bone marrow 
biopsy and the finding of urinary catecholamines, incisional biopsy is an integral 
diagnostic procedure that is required to establish risk group status, including his-
tologic and molecular analysis of the tumor. With the exception of small, local-
ized, and easily resectable tumors, the initial surgical procedure in all 
neuroblastoma patients should be incisional biopsy. If the patient’s clinical status 
allows, the surgeon should obtain at least one cubic centimeter of viable tumor 
tissue in good condition for an adequate biopsy analysis. Additional information 
regarding biopsy technique and associated diagnostic procedures can be found in 
Chap. 16. Central line placement for delivery of chemotherapy, and staging bone 
marrow aspirations and biopsies can be conveniently performed at the same time 
as incisional biopsy.

16.2  Preoperative Preparation

It cannot be emphasized too strongly that these are very serious resections. They 
should be scheduled early in the day with a fresh operating room team and adequate 
preoperative preparation. Regardless of the staging system used, presurgical assess-
ment of IDRFs should be completed using cross-sectional imaging for detailed 
operative planning (see Table 16.3 for a list of all IDRFs). Imaging should be avail-
able for reference in the operating room. Laboratory values, especially platelet and 
white blood cell counts, should be obtained preoperatively, and comorbidities like 
asthma or cardiac dysfunction should be addressed with appropriate specialty con-
sultation. Consultation with other surgical subspecialties (e.g. vascular surgery or 
neurosurgery) should be initiated preoperatively in cases where the need for intra-
operative collaboration is likely. Blood and blood products should be prepared and 
easily available. The pediatric intensive care unit (PICU) should be notified prior to 
the start of the resection, and a PICU bed should be available for the patient 
postoperatively.

16.3  Anesthesia Considerations

While specific anesthesia considerations vary based on the extent and anatomic 
location of the operation, resuscitative preparedness of the anesthesia team is criti-
cal to safe surgery. The anesthesiologist managing the patient during neuroblastoma 
resection should have experience with this kind of surgery. Single-lung ventilation 
may be required for thoracic and posterior mediastinal lesions. There is a risk of 
hypotension due to blood loss, as well as a risk of hypertensive crisis due to tumor 
catecholamine release. As such, adequate vascular access, and intraoperative arte-
rial monitoring of blood pressure and gases is recommended. Blood products should 
be readily available in all cases. A nasogastric tube should be placed to facilitate 
identification of the esophagus.
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16.4  Surgical Technique

As neuroblastoma can affect a variety of locations in the body, the specific surgical 
techniques for resection vary based on the anatomic site. Specific techniques for all 
common locations will be detailed below. In general, tumor dissection proceeds 
along the pseudocapsule of the mass. Sectioning of the tumor may be required to 
improve visualization or avoid injury to underlying vital structures, especially in 
cases of vascular encasement. This can be done without adverse consequences as 
long as the course of major vessels and nerves is determined.

16.4.1  Cervical Lesions

Most primary cervical lesions occur in infants younger than 1 year and have favor-
able biologic features. These patients occasionally present with various clinical 
findings consistent with Horner’s syndrome and the parents should be informed that 
a permanent Horner’s syndrome will be present postoperatively in almost all cases. 
To facilitate operative planning, it is important to assess the extent of a cervical 
lesion and determine whether the tumor invades the thoracic inlet prior to surgery. 
An MRI of this region with gadolinium will give excellent anatomic detail. Also, we 
have found that intraoperative neurophysiologic monitoring and stimulation is very 
helpful. The patient is placed in a dorsal recumbent position. The head of the table 
is somewhat elevated to reduce venous pressure and a silicone gel roll or towel is 
placed under the shoulders so that the head and neck are extended. The head is 
rotated toward the contralateral side to improve exposure. The entire neck and upper 
chest neck is sterilely prepped from the mastoid process to the nipples or lower. The 
general approach is through a transverse neck incision in Langer’s lines and should 
extend from the posterior belly of the sternocleidomastoid to just beyond the ante-
rior belly of the muscle for large lesions. Care should be taken to identify and pre-
serve the great auricular nerve at the anterior edge of the sternocleidomastoid, as 
well as the spinal accessory nerve which may be in the field. Nerve stimulation 
should be used liberally during the dissection. Large lesions may require division of 
the sternocleidomastoid muscle for adequate exposure. This can be safely done just 
above the clavicle and greatly improves visualization. The mass is centered posteri-
orly in the paravertebral region and should be mobilized away from the carotid 
sheath structures first. The carotid artery or internal jugular vein may be encased, 
but can usually be separated away from the tumor by identifying an uninvolved area 
and working along the media of the vessels. The artery or vein is protected with a 
right-angle clamp or other instrument, and the encasing tongue of tumor is incised. 
Once the vessel wall is exposed, the tumor can be slowly peeled away using a clamp 
or Penfield dissector. Bleeding can be controlled with gentle finger pressure and 
small (6-0) monofilament sutures. Once the course of the vessels is known the vagus 
nerve should also be identified and the tumor then approached from the lateral by 
dissecting along the scalene muscle. The phrenic nerve should be identified and 
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preserved. The trapezius is laterally retracted after the course of the spinal accessory 
nerve is known. In the case of grossly positive lymph nodes, a formal lymphadenec-
tomy with a modified neck dissection technique should be performed (Fig. 16.1).

Fig. 16.1 The cervical incision is performed with the patient in the dorsal recumbent position 
with extension of the head and neck. The transverse neck incision is made above the clavicle, with 
division of the sternocleidomastoid muscle if needed. ©2018, Memorial Sloan Kettering Cancer 
Center
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16.4.2  Cervicothoracic Lesions

Primary cervical lesions may extend into the chest through the thoracic inlet, which 
is a complex of nerves and vessels. Adequate exposure is integral to achieving gross 
total resection of these tumors. This can usually be achieved using some form of a 
cervical incision along with a total or partial median sternotomy in-continuity with 
an anterior thoracotomy (trap-door thoracotomy). The patient is placed in a dorsal 
recumbent position with the head of the table somewhat elevated and a small sili-
cone gel roll or towel roll is placed under the shoulders so that the head and neck are 
extended. The arm, ipsilateral to the lesion, is abducted, and the contralateral arm 
tucked at the side. The head is rotated away from the lesion to expose the ipsilateral 
neck. The entire neck, chest and upper abdomen is prepped and draped. This should 
be extended as far laterally as possible (almost to the operating room table) to 
accommodate chest tube placement or extension of the incision. The neck incision 
can be transverse or along the anterior border of the sternocleidomastoid muscle and 
is extended into the sternal notch. The incision is then extended in the midline ante-
rior to the sternum and then laterally across an ipsilateral anterior interspace. The 
incision is deepened and the anterior interspace and pleura entered. Since the inner-
vation of the pectoralis major comes from above, it is advisable to select a lower 
interspace below the nipple (usually the fifth interspace) so that this muscle, when 
cut, is not denervated. This may also minimize the postoperative cosmetic impact. 
The pectoralis major muscle is divided near its insertion and the chest is entered. 
The internal mammary artery and veins are identified and divided and the retroster-
nal space bluntly dissected. Blunt dissection in the sternal notch allows complete 
isolation of the posterior wall of the sternum, which is now divided. The ipsilateral 
attachments of the strap muscles, and possibly the sternal head of the sternocleido-
mastoid may also be cut to improve exposure. The SCM should be repaired, but this 
is not necessary with the strap muscles (Fig. 16.2). A self-retaining retractor (often 

Fig. 16.2 (a) The trap-door incision requires the ipsilateral arm to be abducted 90° at the shoul-
der. (b) With full exposure of the cervicothoracic structures, gross total resection is possible in 
patients with primary cervical lesions that extend into the chest through the thoracic inlet and may 
involve vascular invasion. ©2018, Memorial Sloan Kettering Cancer Center
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a Finochietto) is placed and nerves and vessels identified. This approach can be 
modified for lesions with a larger cervical component by extending the neck inci-
sion superior along the anterior border of the sternocleidomastoid. Nerve stimula-
tion is often employed to monitor the vagus nerve and the brachial plexus. The 
tumor is often removed in pieces as encased vessels and nerves are dissected out. 
After complete resection of the tumor, one or two chest tubes are placed depending 
on the extent of the dissection and a cervical drain may also be used. The ribs are 
reapproximated and a standard closure is done.

Lesions that extend into both hemithoraces can be reliably exposed using a 
bilateral anterior thoracotomy (clamshell thoracotomy) at the fifth interspace. The 
patient is placed in the dorsal recumbent position with a roll behind the midpor-
tion of the chest. The arms are abducted to 90° at the shoulder and elbow and the 
patient is prepped from the chin to the umbilicus and transversely to the bilateral 
posterior axillary lines. An anterior curvilinear incision is made along the fifth 
interspace bilaterally from each anterior-axillary line, connecting at the midline. 
The pleural space is entered bilaterally and the mammary vessels are isolated, 
ligated, and divided. The retrosternal space is then bluntly dissected, and the ster-
num divided transversely with a sternal saw. A self-retaining retractor is placed, 
allowing for exposure of both pleural cavities, from the pulmonary hilum to the 
posterior aspect of the diaphragm. Dissection of the tumor proceeds, as in other 
cervicothoracic lesions, with careful attention to neurovascular structures. After 
dissection of the tumor is complete and hemostasis is assured, bilateral chest 
tubes are placed and the sternum is either approximated with wire or stabilized in 
the anterior-posterior dimension with a Steinmann pin. A standard closure is com-
pleted (Fig. 16.3).

16.4.3  Mediastinal Lesions

The posterior mediastinum is the second most common primary site for neuroblas-
tomas. These lesions can generally be approached through a muscle-sparing pos-
terolateral thoracotomy (Fig.  16.4). The patient is placed in a lateral decubitus 
position. The lower leg is flexed at the knee, and a pillow is placed between it and 
the extended upper leg. A rolled towel is placed under the axilla to support the 
shoulder and upper chest. The arm on the side of the thoracotomy is extended ante-
riorly and superiorly. The lower arm is extended forward and rested on an arm board 
perpendicular to the operating table. Skin incision starts midway between the medial 
border of the scapula and the vertebral spine. The incision is extended in a gentle 
curve below the inferior angle of the scapula and is continued to the mid-axillary 
line at the level of the submammary crease. Skin flaps are developed superiorly, 
inferiorly, and posteriorly over the trapezius muscle. The plane between the trape-
zius muscle and latissimus dorsi is opened, and the posterior border of the latissi-
mus dorsi is freed from the chest wall teres major. The chest is then entered at the 
sixth interspace and a rib retractor is inserted. The latissimus dorsi and serratus 
anterior are retracted together anteriorly. This exposure provides excellent exposure 
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to the posterior mediastinum to allow gross total resection of the majority of medi-
astinal neuroblastomas.

Infiltration through spinal foramina may require foraminotomy. The risk of pro-
ceeding with foraminectomy may outweigh the potential benefit of gross total 
resection, as patients with intermediate-risk disease and a small amount of residual 
disease still experience good outcomes. After complete resection of the tumor, the 
ribs are reapproximated, an appropriately-sized chest tube is left in place for drain-
age, and a standard closure is completed.

As with cervical lesions, injury to the stellate ganglion and resulting Horner’s 
syndrome is a potential complication of resection of superior mediastinal tumors 
and should be discussed with the patient’s parents/caregivers prior to surgery.

16.4.4  Upper Abdominal and Retroperitoneal Lesions

The majority of neuroblastomas originates from the adrenal gland or sympathetic 
ganglia and is found in the upper abdomen. There is frequent involvement of 
regional lymph nodes in the ipsilateral paraaortic or pericaval chains, as well as 
interaortocaval lymph nodes. The primary tumor and involved lymph nodes often 
create a confluent mass that encases but does not invade the great vessels of the 
abdomen. For these tumors, a thoracoabdominal approach is ideal (Fig. 16.5).

a

c

b

Fig. 16.3 (a) The clamshell incision is achieved with the patient’s arms abducted 90° at the shoul-
der. (b) This illustration presents a patient with a large left-sided pleural tumor involving the pul-
monary hilum with metastatic disease in the right hemithorax. (c) Closure of the sternum is 
achieved using a Steinmann pin and wires. ©2018, Memorial Sloan Kettering Cancer Center
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Fig. 16.4 Neuroblastoma lesions in the posterior mediastinum can be approached using a muscle- 
sparing posterolateral thoracotomy. ©2018, Memorial Sloan Kettering Cancer Center
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The patient is placed in a semilateral position with the affected side elevated. The 
ipsilateral arm is well-supported and extended superiorly and to the contralateral side. 
A roll is placed under the axilla to support the shoulder and upper chest. Additional 
support is placed in the lumbar region to produce mild hyperextension that enhances 
exposure. Padding is placed liberally to avoid nerve injury at all pressure points. A 
right-sided incision is used when the vena cava or right renal hilar vessels are infil-
trated, while a left-sided incision is best for tumors involving the aorta, celiac axis, 
superior mesenteric artery, or left renal hilum. The thoracoabdominal incision allows 
for excellent exposure and control of encased visceral blood vessels.

Fig. 16.5 For a majority of neuroblastomas, a thoracoabdominal approach facilitates exposure of 
the primary tumor, involved lymph nodes, and any encased major vessels of the abdomen. ©2018, 
Memorial Sloan Kettering Cancer Center
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The incision is initiated on the chest at the posterior axillary line along the eighth 
interspace on the left, and ninth interspace on the right. The incision is extended 
medially to the midline of the upper abdomen and then inferior as needed for ade-
quate exposure. The intercostal space is entered and the diaphragm is divided radi-
ally. Care should be taken to avoid injury to the anterior and lateral divisions of the 
phrenic nerve. A Bookwalter self-retaining retractor is placed to facilitate wide 
exposure.

For a left-sided tumor, the dissection is initiated by dividing the peritoneum 
along the lateral peritoneal reflection. The splenorenal, and splenophrenic ligaments 
are also divided and the spleen along with the pancreas, stomach, descending colon, 
and the small bowel are reflected medially, exposing the entire retroperitoneum. For 
right-sided tumors, a Kocher maneuver is performed to mobilize the duodenum, and 
the ascending colon is then reflected medially. If tumor extends into the retrohepatic 
space, the liver can also be mobilized medially by dividing the right triangular liga-
ment. Great care must be taken during this dissection, as vascular injury is possible 
when the aorta and visceral vessels are cleared.

Once the resection is complete, closure is begun with primary reapproximation 
of the diaphragm using nonabsorbable monofilament suture. The ribs are then 
reapproximated and an appropriately sized chest tube is left in place for drainage. 
The abdominal portion of the incision closure is completed in the standard 
fashion.

16.4.5  Pelvic Lesions

Similar to cervical lesions, primary pelvic tumors usually present with favorable 
biology and without distant metastases. However, these tumors can be challenging 
to resect due to encasement of iliac vessels and infiltration of the lumbosacral 
plexus. The patient is placed in a supine position and the abdomen is prepped from 
the costal margin to the pubis. A midline incision is made extending from the umbi-
licus to the pubic symphysis and deepened to enter the peritoneum. This approach 
provides good exposure of the pelvis and allows adequate control of the distal aorta 
and vena cava. Internal iliac vessels, if involved with tumor, may be ligated and 
resected without significant morbidity. Injury to pelvic nerve roots resulting in foot- 
drop is a common complication of pelvic tumor resection and should be discussed 
with parents prior to surgery.

16.5  Conclusion

While outcomes of many patients with neuroblastoma are strongly influenced by 
biological factors, extent of disease, and image-defined risk factors, surgery remains 
an integral part of managing patients with neuroblastoma. Appropriate surgical 
technique is essential for resection without damage to adjacent organs, nerves, and 
vasculature. In performing surgical procedures in such young patients, careful 
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positioning and incision allow for adequate visualization of all internal anatomic 
structures and successful removal of the tumor. While an improved understanding 
of the molecular underpinnings of neuroblastoma and the refinement of patient risk 
stratification will undoubtedly contribute to better care of patients with neuroblas-
toma, surgery will continue to play an essential role in the management of the dis-
ease and determination.
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17Surgical Strategies for High Risk 
Neuroblastoma

Sanjeev A. Vasudevan and Jed G. Nuchtern

17.1  History of Surgical Management of High Risk 
Neuroblastoma

The surgical management of high risk neuroblastoma has evolved from primary 
resection at diagnosis more than 3 decades ago, to a landmark paper written by 
Shamberger et al. showing that major surgical complications can be avoided with 
delayed surgery after neoadjuvant chemotherapy [1]. Interestingly, in the discussion 
when this paper was presented, it was proposed that the tumor is softer and necrotic 
prior to chemotherapy, making it possible to use an ultrasonic dissection technique 
to resect the tumor; however, post-chemotherapy, this was not possible due to the 
fibrotic nature of the tumor. Dr. Shamberger’s response to this question was that 
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the fibrotic nature of the tumor is precisely what makes the surgery safer due to the 
decreased vascularity and achievable plains between the visceral arteries and the 
tumor. In this study they showed the blood loss was significantly less with this 
approach, thus setting the stage for the next three decades. In 1993, the famous 
British surgeon, Ed Kiely, published his series of 46 patients treated with aggressive 
resection of all visible retroperitoneal tumor by skeletonizing all of the visceral ves-
sels [2]. He compared his cohort of patients with a group of 34 patients treated by 
other surgeons none of which underwent such extensive and complete resections. In 
this article, Mr. Kiely showed there was no difference in outcome amongst these 
patients and started to suggest that radical surgery may not change the outcome of 
high risk, metastatic patients. He concludes the paper by stating, “… the surgeon 
needs to be convinced that his/her efforts are worthwhile. The results reported here 
do not provide such reassurance.”

After these first two studies published in the early 1990s, several follow-up stud-
ies were reported from very high volume programs including Children’s Hospital of 
Philadelphia [3], Memorial Sloan Kettering Cancer Center [4], and a multi- 
institution study from Spain [5] with a combined total of 240 patients showing that 
extent of resection did not have an impact on overall survival in the INSS stage IV, 
>1 year of age group children that were recognized to be the highest risk group. In 
particular, in 1994, La Quaglia et al. reported a series of 70 high risk patients that 
did not show an independent effect of radical surgery on outcome [4]; however, a 
follow up paper in 2004 increased the numbers twofold to 141 patients and this 
analysis was the first to demonstrate a significant impact of extent of resection on 
survival [6]. This later study showed a local progression rate of 50% in the subtotal 
resection group, as opposed to 10% in the radical resection group (p  <  0.01). 
Additionally, the overall survival was 50% in the radical resection group compared 
to 11% (p < 0.01). A complimentary CCG study soon followed by Adkins et al., 
showing surgical data on 539 high risk NB patients from the CCG-3891 trial [7]. 
This study showed a statistically significant increase in EFS in stage IV patients 
only, and this increase was modest (26% vs. 19%, p = 0.0278). Extent of resection 
did not have an impact on overall survival.

17.2  Current Surgical Approach to High Risk Neuroblastoma

Dr. La Quaglia’s paper in 2004 led to a standard surgical approach to high risk neu-
roblastoma, in that most high volume centers across the US are routinely perform-
ing >95% resections with thorough skeletonization of the visceral blood vessels for 
thoracic, retroperitoneal, and pelvic neuroblastoma. The previous chapter focuses 
on specific surgical technique for the many primary locations for neuroblastoma. 
The following descriptions will be surgical approaches to the more common loca-
tions, thoracic, retroperitioneal, and pelvic, with an emphasis on surgical consider-
ations for high risk disease.
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17.2.1  Thoracic Lesions

In HR disease, often the thoracic component is either an extension of the retroperi-
toneal/abdominal lesion through the diaphragm hiatus along the aorta and bony 
spine or it can be a separate synchronous lesion in the paraspinous region. For the 
disease that extends from the retroperitoneum into the lower chest, we have been 
able to dissect the tumor away from the aorta and spine through the crus and hiatus. 
This technique should only be used for a minor amount of tumor in the lower chest 
that can be safely removed from the abdominal cavity, since this approach can have 
limited visibility of the thoracic aorta and esophagus. We have incised the dia-
phragm from this approach to improve the visibility and remove these tumors safely 
from the region. The other approach that offers very good exposure to this area is 
the left-sided thoracoabdominal approach described in the previous chapter. For 
synchronous, separate lesions in the paraspinous area, we usually approach these as 
we would localized thoracic disease with a video-assisted thoracoscopic approach 
(VATS). We have had great success in visualizing and extirpating these tumors with 
this approach. In addition, we have utilized this approach in a single setting with the 
bulk of the operation performed through a bilateral subcostal incision for the retro-
peritoneal tumor, followed by a VATS approach for the synchronous paraspinous, 
thoracic lesion. As previously mentioned, we pay special attention to the course of 
the thoracic duct particularly in the aortopulmonary window in a left apical paraspi-
nous lesion. Additionally, in this area, the recurrent laryngeal, vagus, and phrenic 
nerves must be identified and preserved. Our general philosophy on tumor entering 
the neural foramina is to leave this portion alone and transect the tumor above the 
foramina either with bipolar cautery or harmonic scalpel to avoid thermal injury to 
the spinal cord. Additionally, in the lower thoracic spine, we assess the location of 
the artery of Adamkewicz in order to prevent injury and spinal ischemia (Fig. 17.1). 
For this lower thoracic paraspinous location, we often use spinal nerve monitoring 
to prevent any spinal cord ischemia or injury.

17.2.2  Retroperitoneal Lesions

Different approaches have been used for extensive retroperitoneal lymphatic spread 
from adrenal primaries. The thoracoabdominal approach is put forth as giving supe-
rior exposure from complete extirpation of the thoracoabdominal aorta, celiac trunk, 
SMA, and renal hilum. Others use a bilateral subcostal or transverse upper abdomi-
nal incision, giving access to the left and right retroperitoneum in tumors involving 
the central vasculature, as well as bilateral renal hilum or bilateral iliac vessels. The 
midline incision can be limiting in younger children since the transverse dimension 
is usually larger than the longitudinal dimension and the kidney on both sides often 
have to be completely mobilized and medialized in order to free up the more poste-
rior renal artery from a tumor-encased hilum. We usually begin the procedure with 
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left medial mobilization of the small/large bowel and spleen/pancreas. Sometimes, 
the pancreas is quite adherent to the central retroperitoneal portion of the tumor and 
is not as straightforward to mobilize. We gain access to the supraceliac aorta through 
the left crus and place a Rommel tourniquet for proximal control (Fig. 17.2). The 
general strategy is to debulk the tumor piecemeal. Given that the literature does not 
support en bloc removal of involved vasculature or organs, one should not attempt 
to remove the entire specimen in one piece. We begin with resection of the suprare-
nal/adrenal primary tumor bulk. This usually enables identification of the left crus 
and diaphragm in order to gain supraceliac control of the aorta, if it cannot be visu-
alized earlier. Once the left crus and upper aorta are in view, one can then free up 
tumor working down the left side of the aorta toward the left renal hilum. This will 
enable initial identification of the celiac trunk just below the left crus and the SMA, 
a short distance distal to this. A thorough analysis of the preoperative CT/MRI 
should be performed with the radiologist to attain measurements of the distance 
from the celiac trunk to the SMA, the SMA to the renal arteries, the SMA to the 

Fig. 17.1 Artery of Adamkewicz in relation to posterior mediastinal neuroblastoma. Image cre-
ated by Katherine Relyea, MS, CMI and printed with permission from Baylor College of Medicine
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IMA, and the SMA or IMA to the iliac bifurcation. Ultrasound and Doppler can be 
used intraoperatively to see “through” the encasing tumor to try and identify the 
location of these vessels. Once the origins of the celiac or SMA are identified from 
the aorta, a “bivalving” technique can be used by finding the plane between tumor 
and the adventitia of the vessel with a semi-blunt dissector, either a Gemini clamp 
or a gently-curved dissector. Once that plane is achieved and the vessel is kept 
underneath the clamp, cautery can be used on a higher setting for hemostasis to 
divide the tumor parenchyma above the clamp. In some cases, the periadventitial 
plane is obliterated and one may be compelled to pursue a sub-adventitial plane on 
these vessels or the aorta. We would caution this approach as this can weaken the 
vessel and increase the chance of vessel rupture or avulsion during surgery or in the 
postoperative period. We elect to leave small plaques of tumor in place, particularly 
on the celiac/SMA origin or distally. We are usually more aggressive with dissecting 
out the splenic artery and sometimes ligate the gastric artery; however, we often 
leave tumor on the hepatic artery to avoid any injury to this vessel as this amount of 
the tumor tends to be a very small percentage of the total tumor bulk. Special care 
should be taken when dissecting tumor in between the celiac trunk and SMA. This 
block of tumor usually abuts the uncinate process of the pancreas on the right, as 
well as the SMV; therefore, one should avoid taking pancreas tissue when dissecting 
this area of tumor. Also, proper identification of the portal vein/SMV from the right 
will prevent damage to this vessel during this portion of the dissection. Additionally, 

Fig. 17.2 Central retroperitoneal tumor relationships to major vessels. Image created by Katherine 
Relyea, MS, CMI and printed with permission from Baylor College of Medicine
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one has a tendency to pull on the small bowel viscera to expose this portion of tumor 
putting traction force on the SMA. As this vessel is skeletonized there is less and 
less additional surrounding tissue to absorb this force, eventually leading to an 
excessive amount of traction force directly on the SMA. This should be checked and 
monitored throughout this portion of the procedure to avoid avulsion of the vessel. 
The above portion of the dissection focusing on the central, retroperitoneal portion 
of the tumor is illustrated in Fig. 17.2 to show the relationships between the central 
tumor and the many major blood vessel branches.

A full Cattel-Braasch maneuver (right medial visceral rotation) is often required 
for these central tumors in order to fully expose the right renal hilum and the vena 
cava. A similar approach as detailed above should be followed for a right suprarenal 
tumor with central lymph node involvement. The vena cava is thin-walled as com-
pared to the aorta, so special care must be taken to extirpate this vessel from encas-
ing tumor. Particularly, the thin lumbar veins branching from the IVC tend to be 
very fragile and bleed significantly if avulsed. Many of these can be ligated. Some 
areas where there is no plane present for bivalving and dissection, a small rim of 
tumor can be left in place to prevent tearing the IVC. In our experience, the porta 
hepatis disease can be left alone if it constitutes a small percentage of the total tumor 
bulk due to the risk of damage to these vital structures. The disease in the “aortoca-
val” groove is dissected and removed in a similar piecemeal fashion. The underlying 
right renal artery and right side of the SMA must be identified and left unharmed 
when dissecting in this area. This area is also very lymphatic rich; therefore, we use 
suture ligation, hemoclips, or harmonic scalpel to seal these lymphatics to prevent 
chyle leakage. The right side of the aorta can be exposed from this area from the 
iliac bifurcation up to the IMA and then to the SMA. When dissecting posterior to 
the aorta either from the right or left, the lumbar arteries will be encountered, which 
can be ligated as needed. Often, if these vessels lie on the edge of the tumor or a 
small amount of encasing tumor, we bivalve tumor from around these vessels in an 
attempt to preserve them.

17.2.3  Pelvic Lesions

The primarily pelvic lesions can be approached through a lower midline incision or 
a Pfanennenstiel type incision, exposing the area about 1 cm above the pubic sym-
physis to give adequate exposure to the deep pelvis. This becomes more critical for 
the older patient as the pelvis is deeper. Lesions originating from the aortic bifurca-
tion can encase both iliac artery and vein. The artery is often easily identified from 
the aorta and can be followed distally to the profunda/superficial femoral bifurcation. 
The vein is often more difficult to identify, being posterior to the artery and usually 
very fragile. This dissection must be performed very slowly and meticulously to 
avoid injury to this vessel. Preoperative ureteral stent placement is usually not 
required, and the ureter can be followed proximally to this area. The ureter should be 
circumferentially extirpated from the tumor with a bivalving technique as described 
above. The tumor is rarely adherent to the ureter and a plane can be identified. In our 
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experience, small plaques of tumor can be left on the vessels at tightly adherent 
points to avoid injury. The iliac artery in younger children can spasm. We recom-
mend having pulse oximetry on the leg most involved or both sides in order to con-
tinuously monitor distal perfusion and spasm. Topical papaverine or lidocaine can be 
used for spasm. Dissection of the tumor in the presacral space can be performed. One 
should be aware of the location of the hypogastric plexus in order to try and preserve 
these nerves, as well as, the sacral nerves for deeper pelvic tumors. We do not chase 
these tumors into the neural foramina as described above and are willing to leave 
small plaques of tumor in these areas to avoid nerve injury.

17.3  Extent of Resection for High Risk Neuroblastoma 
(Current Literature)

Since the 2004 paper by La Quaglia et al., several follow-up papers were pub-
lished within the next 10  years, showing various single institution experiences 
with complete versus partial resection in high risk neuroblastoma. Among the 
most significant of these studies were a study of 124, greater than 1 year old stage 
4 patients from St. Jude’s Children’s Research Hospital [8], a German study from 
their NB97 trial consisting of 278, greater than 18-month-old stage 4 patients [9], 
and finally a meta-analysis published by Mullassery et al. in 2014 [10]. None of 
these studies showed any increase in EFS or improvement in OS based on extent 
of resection in stage 4 patients. However, the meta-analysis did show a significant 
improvement in EFS and OS in stage 3 patients (non-metastatic) [10]. This find-
ing was again shown in a follow-up study from the German, NB97 trial subanaly-
sis, focusing on 179 patients with localized disease that were greater than 18 
months old, of which 36 patients were HR and 23 IR [11]. Only the HR patients 
that underwent complete surgical resection had a dramatic improvement in EFS, 
local progression free survival and OS. However, again looking at all HR patients 
together in the COG A3973 study, there was only a longer EFS noted with >90% 
resection, but no effect on OS [12].

More recently, an international multicenter study was completed, analyzing 229 
patients from seven centers in Europe and North America, all with high risk disease 
to test whether presence, change, or location of image defined risk factors (IDRF) 
influenced resectability of the primary tumor or EFS/OS. The results showed that 
there was a highly significant correlation with tumor size reduction and decrease in 
number of IDRF’s with induction chemotherapy. This, however, did not translate to 
a correlation in frequency of ≥90% surgical resection of the primary tumor. In addi-
tion, the patients that did not receive ≥90% resection had significantly higher num-
ber of IDRF’s at diagnosis and after neoadjuvant chemotherapy. The presurgery 
IDRFs that most significantly correlated with a <90% resection were those involv-
ing porta hepatis, aorta and branches, vena cava and branches, and both renal pedi-
cles. The survival analysis revealed an event-free (EFS) and overall (OS) 5-year 
survival of 37.9% and 49%, respectively. There was no significant correlation 
between the absence or the presence of any IDRFs either at diagnosis or presurgery 
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and EFS or OS. This was also true for the extent of resection and the absence or the 
presence of IDRFs associated with completeness of resection.

These studies together show that a surgical resection of some kind should be 
performed on metastatic NB, but the eventual overall outcome of these patients is 
highly dependent on biology and response to therapy rather than the extent of surgi-
cal resection. The principal of gross total resection leaving tumor in critical areas 
such as the porta hepatis or on the tightly adherent areas near the celiac trunk, SMA, 
or aorta appears to be a reasonable approach given the current data.

17.4  Timing of Surgery

In the current treatment protocols of the major international cooperative groups for 
high-risk NB, a minimal diagnostic biopsy procedure (open, minimally invasive, or 
image-guided needle core) is performed at initial presentation, and resection of the 
primary tumor is delayed until after three to five cycles of induction chemotherapy. 
(The exception to this approach would be the relatively rare INRGSS L1 tumor in a 
child with obvious metastatic disease.) This approach has evolved from several 
observations and represents a compromise based on the best evidence. The rationale 
for not attempting definitive resection of the primary tumor at the time of diagnosis 
comes from several studies demonstrating a higher rate of surgical complications 
when extirpation is performed at this time. Shamberger’s 1991 paper [1] demon-
strated a higher rate of complications with up-front versus delayed resections with 
no difference in overall survival between these groups. There are at least two poten-
tial explanations for this decrease in morbidity with delayed surgery. First, it is clear 
that the primary tumor almost always decreases in volume during induction chemo-
therapy, with the most significant decrease occurring after the first two cycles [13]. 
This decrease in volume alone likely explains some decrease in length of the sur-
gery and intraoperative hemorrhage, independent of a reduction in IDRFs. A second 
explanation is the observed reduction in IDRFs during induction chemotherapy (see 
Sect. 17.3) and the correlation between the presence of IDRFs and the incidence of 
surgical complications [14, 15].

The optimal timing of definitive resection during induction chemotherapy is not 
certain. Given that the primary tumor volume does not change significantly after the 
third cycle of chemotherapy [13], it is unlikely that there are any changes in the 
IDRF’s after this point in treatment. While it is possible that the tumor consistency 
changes in a positive way after this point, it is our anecdotal impression that 
extremely fibrotic tumors can be more difficult to safely dissect away from delicate 
blood vessels such as the renal artery. Furthermore, single institution studies from 
St. Jude suggest that resection earlier in induction may be associated with better 
prognosis, perhaps because there is less opportunity to develop resistant tumor 
clones when the largest mass of tumor cells is removed earlier in induction [8, 16]. 
In reality, the timing of surgical resection is often a compromise based on the logis-
tics of stem cell harvesting, experimental therapy protocol arms, family conve-
nience, and other factors.
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17.5  Primary Tumor Response Criteria

It is important to have a rational system to assess primary tumor response to treat-
ment. The International Neuroblastoma Response Criteria (INRC) represented the 
original system to assess tumor response. The primary tumor component of that 
response assessment was based on tumor volume. Thus, a very good partial response 
(VGPR) was a 90–99% reduction in tumor volume and a partial response was a 
>50% but less than 90% decrease in volume [17, 18]. More recently, we investi-
gated whether change in tumor volume was preferable to change in the largest tumor 
diameter in measurement of primary tumor response to therapy. In a retrospective 
review of 229 high-risk NB patients from large centers in Europe and North 
America, two measures of tumor volume reduction, >50% and >65%, were com-
pared to >30% reduction in largest tumor diameter (the RECIST guidelines) in 
response to induction chemotherapy in terms of the ability to predict extent of resec-
tion and event-free and overall survival [19]. In a multivariate analysis, no measure 
of primary tumor response was predictive of patient outcome or extent of resection. 
Based on these findings, the INRC was revised to use the >30% reduction in largest 
tumor diameter as the assessment of primary tumor response because it was easier 
to use than tumor volume measurements [20].
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18Surgical Strategies for Neuroblastoma 
with Spinal Canal Involvement

Luca Pio, Thomas Blanc, Christophe Glorion, 
Stephanie Puget, Michel Zerah, and Sabine Sarnacki

18.1  Indications

Since 1984, neurological sign and symptoms at diagnosis of a child with 
Neuroblastoma with spinal canal involvement were started to be managed with 
urgent chemotherapy as described by Hayes et al. [1].

Corticoid therapy and chemotherapy in an urgency setting have proven to be 
effective in reducing neurologic sign and symptoms, in literature neurosurgical pro-
cedures as first treatment were more related to long term orthopaedic and neuro-
logic sequelae, but these results are affected by a selection bias, in fact, in several 
studies, neurosurgical treatment was reserved for those patients with a more severe 
and rapid neurologic deteriorating condition at diagnosis [2].

In the last years, radiotherapy as first treatment was more and more abandoned in 
favour of chemotherapy and neurosurgery because of its effects on spinal growth, 
and development of post-irradiation thyroid problems in case of upper spine treat-
ment [3–6].
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Symptomatic patients represent 65% of children with Neuroblastoma with spinal 
canal involvement [7].

In case of asymptomatic patients, the surgical indication must take into account 
current protocols [8–10], and intraspinal tumour extension must be considered a 
surgical risk factor as stated by Brisse et al. in [11], in fact, an intraspinal tumour 
extension provided more than one-third of spinal canal in axial plane (Fig. 18.1), an 
absence of perimedullary leptomeningeal space visibility or an abnormal spinal 
cord signal intensity are considered as image-defined risk factors (IDRFs). In such 
cases, neoadjuvant chemotherapy is mandatory in order to try to reduce IDRFs.

Recently, a SIOPEN study described the modification of the IDRFs after chemo-
therapy, with a reduction of 100% in case of cervical spinal involvement, 16.7% for 
Dumbbel thoracic tumours and 46.7% for abdominopelvic spinal extension [12].

Even in the absence of large prospective studies, the actual recommendation of 
neurosurgery as first line treatment are the children with a rapid neurologic deterio-
ration and differentiated tumours with a low rate of chemotherapy response or well 
differentiated neuroblastic tumours as ganglioneuroma.

General surgery is provided in case of thoracic, abdominal or pelvic extension.
An evaluation of pre-operative IDRFs is necessary also for the visceral surgeons 

in order to plan a correct surgical timing considering the chemotherapy efficacy and 
in order to set the proper surgical access.

a

b

c

Fig. 18.1 Magnetic resonance imaging with spinal canal involvement. (a) Axial section; (b) coro-
nal section. (c) sagittal section
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18.2  Surgical Techniques

In the last years neurosurgery experienced a rapid evolution in terms of preoperative 
imaging, surgical devices and new techniques.

Magnetic resonance with new powerful 3Tesla system and new sequences pro-
vided a better preoperative surgical planification with more detailed anatomic and 
functional definitions and the possibility of reconstruction of several high definition 
three dimensional models.

The cavitron ultrasonic surgical aspirator (CUSA) radically changes the neuro-
surgeons attitudes in the last years with his effect of cavitation with tumour frag-
mentation providing at the same time suction and aspiration [13, 14].

CUSA was ameliorated in the last years optimizing ergonomics and then the 
instrument control and increased tissue selectivity and margin of control.

Neurosurgical techniques experienced a more conservative orientation, for many 
years laminectomy represented the neurosurgical gold standard technique with lam-
ina complete removal with or without facet joint capsule preservation.

A long-terms spinal deformity sequelae rate was described by several studies 
with scoliosis, kyphosis, kyphoscoliosis, requiring in about 27% of cases a vertebral 
fusion surgical procedure [15–18]. Several independent risk factors for spinal defor-
mity were identified as the age at surgery (<13 years old) with a high ligamentous 
laxity, the high proportion of cartilage and the horizontal facet orientation resulting 
in an alteration of skeletal development.

Preoperative scoliotic deformities, thoracolumbar involvement and extent of sur-
gery (>4 discs) are others independent risk factors of spinal deformities following 
laminectomy [19, 20].

Laminotomy consists in the partial removal of the lamina, usually on one side. 
The support of the lamina is left in place with this technique, providing better results 
in terms of functional sequelae [21].

Recently Menger described a minimally invasive approach to perform pediatric 
laminectomy using 16 up to 22-mm instruments in order to have shorter hospital 
stays, smaller incision, less muscle disruption and reduced infection rates [22].

In recent years thoracic and abdominal paediatric surgery experienced a rapid 
development of minimally invasive procedures with an increasing number of tho-
cacoscopic, laparoscopic and retroperitoneoscopic approaches [23–27].

A new era of minimally invasive surgery it is developing with the application of 
novel robotic systems also for the management of paediatric solid tumours [28].

Almost for the thoracic Neuroblastoma extension, thoracoscopy can give the 
advantage of a good exposition of the surgical site resulting in an absence of muscle 
dissection and subsequent better pain control and shorter hospital stay [29].

During thoracoscopy the surgeon must pay attention to avoid a deep dissection 
of the costo-vertebral space and limit the resection to the superficial neuroblatoma 
roots. An extended costo-vertebral dissection can result in a post-operative peri- 
spinal oedema with transitory or permanent neurological impairment.

The spinal canal neuroblastoma involvement must be treated by neurosurgeons 
before, in combination or after the general surgery procedures. To date in literature 
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no data were provided regarding the timing and/or the association between neuro-
surgical and general surgical procedures.

18.3  Follow Up

Many follow-up studies reported 60–75% rates of long-term functional sequelae 
[20] with spinal deformities, neurological disorders (paraparesis, paralysis, sphinc-
ter disorders radicular permanent back pain).

In an era of multimodal strategy for paediatric solid tumours treatment an ade-
quate follow-up must be provided with multiple specialized controls in addition to 
conventional oncologic follow up.

Orthopaedic follow up is fundamental to check the evolution of spinal develop-
ment and for the early diagnosis and treatment of sequelae.

General surgeon must be involved to assess the eventually sphincter disfunction, 
faecal incontinence can be managed with peristeen [30, 31].

Urologic assessment will be necessary in case of neurologic bladder, and inter-
mitted clean catheterisation with valuation of upper urologic system dilatation and 
bladder evaluation must be planned to preserve the renal function [32, 33].

Neurosurgical follow-up must evaluate the motor and sensitive neurological 
functions.

18.4  Conclusion

Surgical management of patient with intraspinal involvement of Neuroblastoma 
require a complex multimodal strategy with the involvement of different specialist 
[34].

Surgeons must take into the account that these patients represent not only a tech-
nical surgical challenge and preoperative and postoperative assessment must have 
an equivalence attention to reduce long term morbidities.
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19Neuroblastoma: Minimally  
Invasive Surgery

Jörg Fuchs and Steven W. Warmann

19.1  General Considerations

19.1.1  Historical Development

Minimally invasive surgery (MIS) has been applied in children with cancer for over 
20 years. Early multicenter trials or prospective studies reported that the vast major-
ity of procedures were carried out in uncomplicated tumors or for biopsies. Initial 
experiences with MIS in neuroblastoma (NB) stem from that period [1–3]. With the 
development of surgical skills and technical equipment, more and more complex 
procedures were performed. Accordingly, the rate of tumor resections increased rel-
evantly within the spectrum of MIS for oncological conditions. Despite the lack of 
randomized controlled trials regarding the role of MIS in NB, it is, meanwhile, 
widely accepted that under certain conditions, the minimally invasive approach is 
associated with comparable surgical and oncological results as the open approach. 
However, authors generally strongly emphasize a careful patient selection in order 
to achieve these results [4–8]. To date, the main emphasis regarding MIS in NB is 
on the definition of its exact role as compared to open procedures and on the formu-
lation of guidelines in the protocols of national and international multicenter trials.

19.1.2  Imaging and Image-Defined Risk Factors (IDRF)

In addition to the regularities of imaging for NB (see Sect. 19.2), there are some 
peculiarities, which have to be taken into account for MIS in this tumor entity.
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In localized NB, the presence of IDRF has an influence on survival rates and surgi-
cal complications [9]. IDRFs seem to have even more relevance for the minimally 
invasive approach than for open procedures. Numerous authors reported that the pres-
ence of IDRF does not preclude the possibility of gross total tumor resection in NB 
using the open approach [10–12]. On the other hand, recent reports postulated the 
absence of IDRF for a safe and effective minimally invasive resection of abdominal 
NB [13–16]. This fact is further underlined by the SIOPEN experience that there is no 
use in aspiring increased resection rates through prolonged chemotherapy, since, dur-
ing chemotherapy, IDRF patterns remain unchanged in 50% of NB patients, while 
new IDRFs occur in approximately 20% [17]. Taken together, the presence of IDRF 
in L2-neuroblastoma does not represent a contraindication for a minimally invasive 
tumor resection. However, this subgroup represents a relevantly higher surgical chal-
lenge, also from a technical point of view; surgeons should therefore critically assess 
whether the minimally invasive approach is the correct choice for these tumors.

The techniques of diffusion-weighted imaging (DWI) and apparent diffusion coef-
ficient (ADC) values seem to contain promising aspects with regard to tumor biopsy 
and resection. Recent reports described the ability of this imaging to distinguish gan-
glioneuroma from neuroblastoma/ganglioneuroblastoma and also to deliver quantita-
tive data on tumor response to chemotherapy [18–20]. From the reported studies, a 
future development appears realistic, in which these additional imaging data contrib-
ute to directing not only surgical techniques but also the way of surgical approaches 
during tumor biopsy and resection. However, the exact impact of these recently intro-
duced imaging techniques on the approach in NB surgery is yet to be assessed.

19.1.3  Surgical Principles

According to open procedures, possible applications for MIS in NB contain tumor 
biopsies, tumor resection, and oncological follow-up procedures/secondary proce-
dures [21]. In this regard, the surgical principles of MIS in NB have to follow the 
guidelines for open procedures in respective cases. There is no justification for com-
promises in order to realize the minimally invasive technique.

Operative strategies must consider the patients’ individual risk profiles. For 
example, tumor biopsy is reasonable as only a surgical step in some cases of new-
born patients, although complete resection seems feasible with a moderate risk. In 
every case, indications for surgery and the corresponding approach should be estab-
lished after an interdisciplinary decision-making process.

As in open surgery, surgeons must be prepared to face intraoperative hemor-
rhage. The minimally-invasive handling of bleeding during neuroblastoma surgery 
is possible to a certain extent. The principles of managing intraoperative bleeding 
minimally-invasively contain ad hoc closure of the vessel with an atraumatic for-
ceps, intermittent increase of the endoscopic pressure within the abdomen or thorax, 
and usage of a suction/irrigation system for correctly identifying the site of vascular 
injury. Definite bleeding control should be realized using clips or monofilament 
sutures. Plaited sutures should be avoided, since they are more traumatic and may 
cause additional injury to the vessels.
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Another aspect concerns lymph node sampling (LNS). Despite the fact that the 
exact role of LNS during NB surgery has not been definitely clarified, a report from 
the US National Cancer Data Base observed that LN harvesting is carried out sig-
nificantly more often during open surgery than during MIS in children with NB [4]. 
Since this fact has been described in other pediatric tumor entities as well, MIS 
seems to prove difficult for LN sampling during tumor surgery in children [22]. 
However, it is noteworthy that in NB, the different rates of LNS did not result in 
significantly different survival rates.

Despite sporadic reports on port site metastases after minimally-invasive onco-
logic surgery in children, this complication does not seem to be a general issue [23, 
24]. Nevertheless, maximal care has to be taken considering removal of any tumor 
specimen from the respective cavity after minimally-invasive procedures.

19.1.4  Outlook

Current proceedings of MIS in NB are still developing. Technical equipment as well 
as new technologies are being constantly evolved, leading to a wider spectrum of 
applications for the minimally-invasive approach.

Radioguided localization of NB during laparoscopy has recently been described. 
Following tumor labeling with 123I-MIBG, this technique uses a specifically 
designed gamma-probe and has been found to be valuable during NB resection. The 
authors propose this approach for conditions in which the loss of tactile sense dur-
ing laparoscopy becomes imminent [25].

Robot-assisted MIS has been described as a technique for several procedures in 
children; initial case presentations and case series also reported on the use of this 
technique in children with solid tumors. In several analyses, the authors observed 
that adrenalectomies were among the most frequent robot-assisted tumor resections 
in children. Neuroblastoma/ganglioneuroma accounted for a relevant number of 
cases in the analyzed studies; however, overall numbers are still extremely low [26, 
27]. The authors concluded that currently the status of robot-assisted MIS for pedi-
atric solid tumors is rather static and that, by now, there are no apparent index pro-
cedures. However, there is an ongoing development of this technique in oncolocial 
surgery in adults and it remains to be observed how the evolution will further pro-
ceed in the pediatric age group.

19.2  Abdominal Neuroblastoma

19.2.1  Indications/Contraindications for MIS

19.2.1.1  Biopsies
Biopsies of abdominal NB/ganglineuroma are regularly being carried out using 
MIS. Apart from general conditions precluding the minimally invasive technique as 
such, there do not seem to be major contraindications for the use of this technique 
for biopsies. Generally, a sufficient quantity and quality of tumor material can be 

19 Neuroblastoma: Minimally Invasive Surgery



346

obtained for histological and biological analyses from both midline as well as adre-
nal NB. There are no reports on significant disadvantages when compared to the 
open surgical approach [28, 29].

19.2.1.2  Tumor Resections
The most appropriate indication for minimally invasive abdominal NB resec-
tion is an adrenal tumor without the presence of IDRF (Fig. 19.1). Most studies 
reporting on equal surgical and oncological outcomes as compared to open sur-
gery, propose this subgroup of tumors as eligible for MIS [16, 30]. Abdominal 
NB resected minimally- invasively are commonly smaller than tumors resected 
by open surgery. However, so far there has not been a certain tumor size, which 
was generally postulated as a limit for minimally invasive resection. It should 
be taken into consideration that handling of the tumor should not compromise 
the safety during operation, especially with regard to the management of large 
vessels. In selected cases, successful minimally invasive resection can be per-
formed in paravertebral cases or in the presence of IDRF as well [15]. However, 
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Fig. 19.1 Suprarenal right-sided neuroblas-
toma. (a, b) Preoperative MRI Scan. (c) 
Laparoscopic aspect of tumor before dissec-
tion. (d) Tumor dissection with mobilisation of 

the lower and lateral aspect. (e) Management of 
suprarenal vessels. (f) Trocar positions and 
tumor ante situ after complete resection
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in these cases an exceptional expertise of the treating surgical team is essential 
in both fields: neroblastoma surgery and MIS. In general, contraindications for 
resection of NB using MIS comprise the presence of too complex IDRF with an 
expectable elevated risk for major surgical complications, lack of expertise of 
the operating surgeon, and the general contraindications for abdominal MIS in 
children and infants. In addition, MIS should be restrictively applied for tumor 
resection when an adrenocortical carcinoma (ACC) is suspected. Oncological 
outcome of ACC is poor, and even more so, when tumor spillage occurs during 
surgery. Therefore, a thorough preoperative assessment is essential for identify-
ing this entity; the open resection has to be considered as surgical treatment of 
choice for ACC [6, 31, 32].

As in open surgery, decision making for minimally invasive resections of abdom-
inal NB has to take the individual patient’s conditions into account. General recom-
mendations remain valid irrespective of the technical possibilities. Consequently, a 
patient stratified for observation should not undergo tumor resection just because 
there is a less invasive method of removing the tumor. On the other hand, in some 
instances, for example, in some cases of opsomyoclonus syndrome, MIS offers an 
elegant way of resecting tumors, which may be of little surgical challenge and 
would otherwise cause a large operative trauma when removed openly (Fig. 19.2). 
The definite decision when to apply MIS for resection of abdominal NB has to be 
made on an interdisciplinary platform, taking the above-mentioned aspects into 
consideration.

a

c d

b

Fig. 19.2 Paravertebral right-sided abdominal 
neuroblastoma in a child with Opsomyoclonus 
Syndrome. (a, b) Preoperative MRI Scan. (c) 

Laparoscopic aspect of tumor and diaphragm 
during dissection. (d) Tumor mobilized before 
complete resection

19 Neuroblastoma: Minimally Invasive Surgery



348

19.2.2  Technical Aspects

Most authors prefer the laparoscopic approach for resecting adrenal NB minimally- 
invasively; however, the retroperitoneoscopic approach has also been described. 
Some analyses of the latter approach recommended a maximal tumor diameter of 
4 cm as a limit for resection, whereas laparoscopic resections have also been reported 
for larger tumors. Provided there is sufficient expertise of the operating surgeon, both 
approaches seem to encounter no significant differences regarding surgical results 
and outcome. However, notably smaller patient numbers within the retroperitoneo-
scopic groups have to be taken into consideration in this regard [33–35].

Usually, three or four ports are used. Positioning of patients and placement of tro-
cars are crucial for an optimal exposition of the operative field and should be thor-
oughly planned before surgery (Fig. 19.3). Retrieval of the tumors should be carried 
out using an abdominal bag. First choice for tumor removal from the abdominal cavity 
should be through one of the trocar orifices. Usually the subumbilical orifice is used, 
which can be enlarged and cosmetically reconstructed (Fig. 19.4). If this is not pos-
sible, an additional incision (most commonly Pfannenstiel incision) is necessary.

a

c d

b

Fig. 19.3 Variation of patient positioning 
and trocar placement for surgery of a left-
sided (a-c) or a right-sided (d) tumor: (a) 

Anterior laparoscopic, (b) Lateral laparo-
scopic, (c) Prone retroperitoneoscopic, (d) 
Lateral retroperitoneoscopic
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Reports on resection of midline NB are rare [15, 35]. In this subgroup of NB 
patients, a higher rate of surgical complications, incomplete resections, and conver-
sion to open surgery have been observed. Therefore, according to the considerations 
regarding IDRF and indications, MIS should be used reluctantly for resection of 
midline NB.

19.2.3  Complications

Typical complications of open NB surgery have also been reported for minimally- 
invasive procedures. Complication rates of minimally-invasive adrenal NB resec-
tions are comparable to those observed in open procedures [5, 30]. Precondition for 
achieving these results is a careful patient selection, together with experience and 
expertise of the surgical team.

19.2.4  Outcome

The oncological outcome of patients undergoing NB resection via MIS is compa-
rable to those of open surgical procedures [5, 30, 35]. However, in this context, 
several aspects, possibly containing a relevant bias, have to be considered. NB 
undergoing MIS for resection are usually smaller than those removed by open sur-
gery [28]. Furthermore, patients’ cohorts are usually of unequal size with open sur-
gery being by far more often performed; finally, NB patients undergoing 
minimally-invasive tumor resection are a highly selected subgroup, with favorable 
features concerning tumor characteristics and biology, as well as expertise of oper-
ating surgeons.

a b

Fig. 19.4 Trocar placement and extension of 
the subumbilical access for surgery of a right-
sided tumor. (a) Illustration of the subumbilical 

access for the camera port and two additional 
trocars. (b) Extension of the sub-umbilical 
access for retrieval of the tumor
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19.3  Thoracic Neuroblastoma

19.3.1  Indications/Contraindications for MIS in Thoracic NB

19.3.1.1  Biopsies
Biopsies in thoracic NB are regularly being carried out using MIS. As in abdominal 
NB, there does not seem to exist a restriction for using this technique, apart from 
general contraindications for thoracic MIS.

19.3.1.2  Tumor Resections
Thoracic NB most commonly occur within the posterior mediastinum [36]. For 
many of these tumors, the surgical resection represents the most important thera-
peutic step. Accordingly, MIS is increasingly used for tumor resection in a relevant 
number of affected patients [7, 15, 37]. As in abdominal NB, indications depend on 
localization and the conditions of IDRF. It seems noteworthy that localization within 
the lower mediastinum has to be regarded as IDRF, even in the absence of a vascular 
or bronchial affection [9].

In a relevant number of children suffering from Opsomyoclonus syndrome, a 
thoracic NB is the reason behind this neurologic condition (Fig.  19.5). Often, 
these tumors would not necessarily have to be removed for oncological reasons. 

a

c d

b

Fig. 19.5 Paravertebral left-sided thoracic 
neuroblastoma in a child with Opsomyoclonus 
Syndrome. (a, b) Preoperative MRI Scan. (c) 

Beginning of thoracoscopic tumor dissection 
with opening of the parietal pleura. (d) Tumor 
mobilized before complete resection
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However, especially when conservative treatment measures did not bring an 
improvement, resection of these tumors might become necessary. In such cases, 
the minimally- invasive approach represents a good technique being associated 
with a comparably small operative trauma.

The proximity to the intervertebral nerve roots makes interdisciplinary opera-
tion planning necessary, including neurosurgical expertise in some cases. As in 
general, risk stratification of patients and biological characteristics of the tumors 
are especially important in these instances. Usually, it is not justified to risk major 
functional deficits during surgery; tumor resection should be limited by the level of 
the neuroforamina. In this regard, the surgical principles, as applied in open proce-
dures, have to be also respected during MIS. Accordingly, lack of expertise with 
NB surgery or MIS represents an important contraindication for applying this tech-
nique in thoracic NB.

As in abdominal NB, the size of the tumors has to be critically assessed when 
considering minimally-invasive resection of a thoracic NB. On the one hand, han-
dling of the tumors may lead to additional risks during surgery, especially with 
regard to the large vessels and mediastinal nerves; on the other hand, a sufficient 
opening of the thoracic wall has to be created for tumor removal. It is the responsi-
bility of the operating surgeon to judge, up to what size the minimally-invasive 
resection of a thoracic NB is justified and reasonable.

19.3.2  Technical Aspects

The tumors most regularly occur in the posterior mediastinum. Therefore, children 
are positioned in a lateral decubitus or modified prone position. Three or four tro-
cars are used for the procedures, their sizes varying between 3 and 10 mm, depend-
ing on the size of the patients. Trocars are placed forming a triangular shape, with 
the camera usually being positioned in the mid-axillary line. Especially during 
tumor resections, surgeons will benefit largely from contralateral single-lung venti-
lation. Collapse of the ipsilateral lung is achieved using a double-lumen endotra-
cheal tube in older children as well as selective ipsilateral intubation or a bronchus 
blocker in smaller children. In infants, the intrathoracic pressure should be kept at 
moderate levels, since recent studies revealed relevant alterations of the cerebral 
conditions (namely, regional oxygen saturation, arterial paCO2, and pH) during tho-
racoscopy with high intrathoracic CO2 pressure [41].

Regularly, there is a covering pleural layer, which needs to be incised around 
the circumference of the lesions, usually using the monopolar hook. Further dis-
section can then be carried out releasing the tumor from its bed, especially taking 
care to manage intercostal, vertebral, and large mediastinal vessels (Fig. 19.6). 
Once fully mobilized, tumors can be retrieved in a plastic bag through an enlarged 
trocar site.

Special alertness is necessary in cases of tumors in the lower posterior medias-
tinum. These localizations possibly interfere with the course of the Adamkiewicz 
Artery. This vessel is usually located on the left side; however, it displays a wide 
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range of origin from T5-L2. Knowledge of its exact course and spatial relation-
ship contributes to relevantly lower the risk for spinal injury during tumor resec-
tion. It can usually not be detected using standard cross-sectional imaging methods 
and therefore, an additional diagnostic workup (spinal angiography) should be 
considered in affected patients [38–41].

a

c

e f

d

b

Fig. 19.6 Cervico-thoracic left-sided neuro-
blastoma in a child with Opsomyoclonus 
Syndrome. (a-c) Preoperative MRI Scan show-
ing thoracic and cervical tumor compounds. (d) 
View during thoracoscopic tumor dissection; 

tumor released from the parietal Pleura. (e) End 
of thoracoscopic part; tumor transsected, tumor 
rest Marked with stitches. (f) Cervical tumor 
resectio: Tumot (Tu), Trachea (Tr), neuro-vas-
cular bundle (NVB)
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19.3.3  Complications

Reports on minimally-invasive resection of thoracic NB display complication rates 
and adverse events comparable to open procedures [7, 15, 42, 43]. Horner syndrome 
belongs to the most often-reported complications after this procedure. The Harlequin 
syndrome is a rare but notable complication after resection of neuroblastoma of the 
upper thorax, which is caused by a lesion to the sympathetic fibers and which is 
characterized by unilateral flushing and sweating of the face, neck, and upper chest. 
Horner and Harlequin Syndromes are sometimes seen in conjunction [44, 45].

However, the reason for the relatively low rate and severity of complications 
most likely is a careful patient selection together with a relevant expertise of operat-
ing surgeons.

19.3.4  Outcome

Comparative studies as well as retrospective analyses show that there is no differ-
ence in tumor recurrence, survival, or disease-free survival between open and 
minimally- invasive resections of thoracic NB [7, 15, 37, 43]. As in abdominal NB, 
a certain bias within the results can be postulated. Usually, surgeons performing 
MIS for thoracic NB are skilled in the minimally-invasive technique as well as in 
NB surgery. Furthermore, patients are usually selected with regard to age, tumor 
size, biology and histology, and other characteristics.
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20Robotic Surgery for Neuroblastoma

Luca Pio, Thomas Blanc, Girolamo Mattioli, Yves Heloury, 
and Sabine Sarnacki

In the last 20 years, minimally invasive surgery (MIS) has been introduced in the 
treatment of pediatric solid tumors [1–3]. The main indications are certainly neuro-
ectodermic tumors, as this type of tumor could be fragmented without fearing peri-
toneal or thoracic spillage and/or port site engraftment [4]. This feature allows 
cutting the specimen in the bag before retrieval, avoiding an additional subpubic 
incision as it is mandatory in laparoscopic nephrectomy for Wilms tumor [5]. Most 
of the work describes the application of MIS for adrenal and paravertebral locations 
of NB [6–15]. Since the introduction of Image-Defined Risk Factors (IDRFs) [16], 
it has been widely accepted that MIS could be applied to NB without IDRFs and to 
tumors not exceeding a size larger than 5 cm in adrenal locations.

When considering the list of IDRFs [16], which could be related to the NB origin 
according to sympathetic anatomy [17], the most risky ones are certainly the encase-
ment of superior mesenteric artery and coeliac axis. These tumors are usually high- 
risk NB, stage M and/or MYCN amplified, and these IDRFs remain usually the 
same despite induction chemotherapy [18, 19]. Open surgery remains a challenge 
for these perivascular locations and they are certainly an indubitable 
contraindication for any kind of MIS.  NB of the stellate ganglia remains also a 
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challenge in open surgery and is not suitable for MIS. Other vascular or nervous 
IDRFs may, however, be relative contraindications for MIS provided the vision and 
dissection could be improved by robotic assistance. This is the case of contact with 
renal vessels, aorta, or vena cava in the abdomen, contact with aorta and/or lower 
left paravertebral site in the thorax and presacral lesions in the pelvis.

Robotic-assisted resection of malignant tumors must follow the same oncologic 
principles than those applied to open and/or MIS surgery. In the case of neuroecto-
dermic tumors, the completeness of resection is of utmost importance in low and 
intermediate tumors [20] and certainly plays an important role in high-risk tumors, 
although this is still widely debated [21].

In 2012, Meehan described the principles of the robotic approach in pediatric 
oncology [22]. He underlined the importance of patient positioning and trocars 
placement according to the tumor location in order to maximize the tumor exposure, 
while avoiding robotic arms collisions. It was also reported that, like in adult experi-
ence with robotic surgery [23, 24], the lack of tactile feedback was compensated by 
the 3D visualization offered by the robot (Figs. 20.1–20.4). Finally, robotics offer an 

a b

c

Fig. 20.1 Magnetic resonance findings of a pelvic paravaginal ganglioneuroma: (a) Coronal sec-
tion, star: bladder, red narrow: neuroblastic tumor; (b) coronal section, star: uterus, red narrow: 
neuroblastic tumor; (c) axial section, star: bladder, red narrow: neuroblastic tumor, yellow narrow: 
rectum

L. Pio et al.



359

Fig. 20.2 3D image 
magnification of a pelvic 
ganglioneuroma

Fig. 20.3 Mobilization of 
the ganglioneuroma with a 
robotic grasper, dissection 
with a robotic monopolar 
scissor and hemostatic 
control with robotic bipolar 
forceps. Star: uterus; 
narrow: neuroblastic tumor

improvement on surgeon ergonomics (Fig. 20.5), which allows a more precise dis-
section and easy intracorporeal knotting, which may be required in case of vessel 
bleeding during tumor dissection.

Less than 30 cases of robotically-assisted NB resection have been currently 
reported in the literature. The first cases were reported by Meehan in 2008, with two 
thoracic neuroblastic tumors (one ganglioneuroma and one ganglioneuroblastoma) 
and three adrenal NB, one of which required conversion. No data were reported about 
tumor stage and IDRFs presence\absence [22]. Six years later, Uwaydah reported a 
successful resection of an adrenal NB without IDRFs by a robotic approach [25].

In 2017, Mattioli described his preliminary series of pediatric robotic-assisted 
procedures, including five neuroblastomas (one thoracic and four adrenal). One con-
version to a laparoscopic procedure was reported for an adrenal NB with IDRFs [26].

20 Robotic Surgery for Neuroblastoma



360

Fig. 20.4 Pelvic anatomy 
after ganglioneuroma 
removal

Fig. 20.5 Robotic double 
console setting

More recently, Meignan et al. [27] reported their experience in robotic-assisted 
resection of children’s solid tumors. The series included 9 adrenal NB over 12 pro-
cedures with an R0 resection and no intraoperative complications. Our personal 
experience of 164 cases of robotic-assisted surgery over 23 months comprised six 
neuroectodermic tumors out of 41 solid tumors (personal communication). The 
add-value of robotics when compared to classical laparoscopic surgery was demon-
strative in presacral and pelvic lesions, as well as in paravertebral NB extending in 
the intercostal spaces. Patients were discharged within 48 h.

One of the main limitations of robotic surgery is, first of all, the high cost of the 
equipment and maintenance and the need of specific training, with a learning curve 
that is, however, reduced when compared to classical MIS. Robotic-assisted surgery 
will certainly develop in the next years for pediatric cancers and may be of great 
interest in some locations of NB, where classical endoscopy has reached its limits.
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20.1  Conclusions

To date, few data are available regarding indications and feasibility of the robotic 
approach for pediatric solid tumors. NB are good candidates, as tumors may be 
fragmented without jeopardizing the patient’s outcome. Some advantages of robotic 
surgery compared to conventional MIS is 3D visualization, increased maneuver-
ability allowing intracorporeal knotting, and adequate exposure may potentially 
extend the indication for NB surgery to tumors presenting with specific IDRFs, 
while ensuring security and carcinologic resection.
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21Complications of the Surgical 
Management of Children 
with Neuroblastoma

Andrew M. Davidoff

Survival for children with cancer has increased significantly over the past 50 years 
from an overall survival of 10% to nearly 90% currently. With this improvement in 
survival has come the recognition of therapy-related complications; significant long-
term morbidity associated with therapy for childhood cancer has become increasingly 
appreciated as increasing numbers of children with cancer are becoming long-term 
survivors [1]. This, in turn, has led to an effort to minimize the morbidity, both acute 
and long term, from therapeutic interventions, including surgical procedures, while 
maintaining a high likelihood of cure. Surgery plays a critical role in the management 
of pediatric patients with cancer, particularly those with solid tumors. Yet it can con-
tribute to the short term and chronic morbidity of therapy. Thus, an appreciation for 
the potential complications of surgery, both acute and long term, is critical when con-
sidering the risks and benefits of any procedure performed on a child with cancer.

Neuroblastoma is the most common extracranial solid tumor in children. Surgery 
plays a critical role in the treatment of these patients but surgery for neuroblastoma 
is also associated with a number of significant acute and long-term complications 
[2]. Complete resection of a localized neuroblastoma with favorable biology offers 
definitive therapy with generally excellent outcome, although the value of complete 
tumor removal may be overestimated because of the possibility that localized neu-
roblastomas may not require any therapy, including resection. The role of surgery is 
even less clear in the curative treatment of patients with high-risk, metastatic neuro-
blastoma [3], although a recent review of the COG experience suggests that ≥90% 
resection of the primary and regional disease is associated with significantly better 
event-free survival and a lower cumulative incidence of local progression [4]. 
However, overall survival in this study was not significantly impacted. Additionally, 
it has long been recognized that neuroblastoma resection, in part because of its fre-
quently infiltrative growth pattern in young patients, can be associated with a high 
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complication rate [5–10]. Thus, it is crucial that surgeons consider the heteroge-
neous nature of neuroblastoma, and the molecular and biologic characteristics asso-
ciated with good or bad prognoses, as well as the potential complications associated 
with neuroblastoma resection, when determining the role of surgery in any specific 
case [11]. An illustrative example is the very favorable overall outcome for infants 
with metastatic, single-copy MYCN disease, regardless of the extent of surgery, and 
the high risk of complications for infants undergoing major operations [12]. Clearly, 
the excellent prognosis for these patients should not be jeopardized by overly 
aggressive surgery that may lead to significant morbidity or even mortality.

Here we review the most common and significant surgical complications 
(Table  21.1) that occur with different operations for neuroblastoma. Generic 

Table 21.1 Surgical 
complications

Vascular complications
  Hemorrhage
  Need for vascular reconstruction
  End-organ ischemia
Neurologic complications
  Cord compression from intraspinal hematoma
  Cord ischemia from interruption of artery of Adamkiewicz
  Horner syndrome
  Diaphragm paralysis
  Sciatic nerve palsy
  Urinary and/or fecal incontinence
  Neurogenic bladder
  Erectile dysfunction
  Leg weakness
Solid organ complications
  Enterotomy
  Cystotomy
  Renal loss
   Atrophy
    Renal artery spasm
    Renal vein thrombosis
   Nephrectomy
   Ureteral injury
  Compartment syndrome
Biliary complications
  Bile leak
  Bile duct stricture
Lymphatic complications
  Chylothorax
  Chylous ascites
Gastrointestinal complications
  Diarrhea
  Bowel obstruction
   Intussusception
   Adhesive
Musculoskeletal complications
  Scoliosis
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complications such as bleeding, infection, poor wound healing, and complications 
related to anesthesia will not be discussed in detail here.

21.1  Image-Defined Risk Factors

One way to anticipate the likelihood of complications following surgical resec-
tion of neuroblastoma is by assessing the presence or absence of image-defined 
surgical risk factors (IDRFs) on preoperative imaging. IDRFs are listed in 
Table 21.2 and generally reflect encasement of vital structures, primarily vessels 
and nerves, as determined by diagnostic imaging studies. Cecchetto et  al. 
reported that the presence of one or more of these image-defined surgical risk 

Table 21.2 Image-defined risk factors

Anatomic region Description
Multiple body 
compartments

Ipsilateral tumor extension within two body compartments (i.e., neck 
and chest, chest and abdomen, or abdomen and pelvis)

Neck Tumor encasing carotid artery, vertebral artery, and/or internal jugular 
vein
Tumor extending to skull base
Tumor compressing trachea

Cervicothoracic 
junction

Tumor encasing brachial plexus roots

Tumor encasing subclavian vessels, vertebral artery, and/or carotid 
artery
Tumor compressing trachea

Thorax Tumor encasing aorta and/or major branches
Tumor compressing trachea and/or principal bronchi
Lower mediastinal tumor infiltrating costovertebral junction between 
T9 and T12 (may involve the artery of Adamkiewicz supplying the 
lower spinal cord)

Thoracoabdominal 
junction

Tumor encasing aorta and/or vena cava

Abdomen and pelvis Tumor infiltrating porta hepatis and/or hepatoduodenal ligament
Tumor encasing branches of superior mesenteric artery at mesenteric 
root
Tumor encasing origin of celiac axis and/or origin of superior 
mesenteric artery
Tumor invading one or both renal pedicles
Tumor encasing aorta and/or vena cava
Tumor encasing iliac vessels
Pelvic tumor crossing sciatic notch

Intraspinal tumor 
extension

Intraspinal tumor extension (whatever the location) provided that 
more than one-third of spinal canal in axial plane is invaded, the 
perimedullary leptomeningeal spaces are not visible, or the spinal 
cord signal intensity is abnormal

Infiltration of adjacent 
organs and structures

Pericardium, diaphragm, kidney, liver, duodenopancreatic block, and 
mesentery

Adapted from: Monclair T, Brodeur GM, Ambros PF, et al. The International Neuroblastoma Risk 
Group (INRG) staging system: an INRG Task Force report. J Clin Oncol 2009; 27(2): 298–303
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factors was associated with a greater risk of surgery-related complications and 
a lower complete resection rate, when attempting an initial resection of a local-
ized neuroblastoma [13]. In 534 patients with localized, non-MYCN-amplified 
neuroblastomas studied, there was a 17% operative complication rate in patients 
with one or more IDRFs (L2), a rate significantly higher than the 5% incidence 
in patients without an IDRF (L1). In addition, surgery-related complications 
occurred more often in the neck compared with the thorax and abdomen (33.3% 
vs. 10.8% vs. 6.0%), given their proximity to the cranial nerves, critical vascular 
structures including the carotid and vertebral arteries and jugular veins, as well 
as the trachea [14, 15].

21.2  Vascular Injury

Neuroblastoma, particularly when it has unfavorable biologic features, commonly 
grows around major vessels (as well as encasing nerves and infiltrating surrounding 
organs and tissues). As a consequence of this propensity for vascular encasement, 
up to 10% of patients will suffer an injury to a major vascular structure during 
attempts at surgical tumor resection. This can result in significant blood loss, end- 
organ damage or loss due to ischemia, or the need for vascular reconstruction [16]. 
A critical step for avoiding injury to these vessels is their identification before they 
pass through the tumor, either in areas where the aorta and/or vena cava is unin-
volved or at the takeoff of major branches from the aorta or vena cava. This should 
be done as early as possible in the conduct of an operation to minimize subsequent 
risk of vascular injury. The tumor is then usually removed piecemeal after freeing 
the circumference of the artery or vein. Removing a neuroblastoma in a piecemeal 
fashion does not violate any oncologic principals nor does leaving microscopic dis-
ease, or even a small amount of gross residual disease, in patients whose tumor has 
one or more image-defined risk factors. It is very difficult to identify the artery or 
vein by simply dissecting into the middle of the tumor in the hopes of finding the 
encased vessel before injuring it, and so this approach should be avoided. 
Additionally, the course of the vessels may be somewhat distorted and the vessels 
displaced by the tumor, making anticipation of their exact location difficult. Because 
vessel course may be distorted by large tumors, even readily apparent vessels are 
occasionally ligated and divided after mistaking them for vessels that can be sacri-
ficed. Because of this, all sizable vessels should be tracked to their origin at the aorta 
or vena cava, and/or to the organ they supply/drain, in order to ensure their accurate 
identification. Finally, because of their thin wall and collapsibility, dissection along 
veins is often more difficult and dangerous than along thick-walled, muscular arter-
ies. Even with meticulous dissection, however, significant blood loss and resultant 
transfusion requirement is common after resection of high-risk neuroblastoma with 
image-defined risk factors.
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21.3  Neurologic Injury

Extension of neuroblastoma through neural foramina and into the spinal column is 
a fairly common occurrence, especially with paraspinal and thoracic primaries, and 
occurs in 7–15% of cases, although only about 20% are symptommatic [17]. In 
general, there is rarely an indication to remove the intraspinal tumor extension sur-
gically, as the risks of resecting this residual disease, either from an anterior or 
posterior approach, appear to outweigh the benefits. Patients with favorable clinical 
characteristics and tumor biology have an excellent oncologic and neurologic prog-
nosis despite leaving some gross residual disease in the neural foramina and spinal 
column. Patients with unfavorable clinical characteristics and tumor biology will 
receive intensive multimodality therapy, which is a critical component of successful 
treatment. However, children with intraspinal disease and acute, progressive neuro-
logic deterioration may benefit from emergent laminotomy to remove expanding 
intraspinal tumor that is compressing the spinal cord [17]. Complications of aggres-
sive surgery can include the development of an intraspinal hematoma and resultant 
cord compression, often due to injury to and failure to control (and sometimes rec-
ognize) injury to intercostal vessels (or small tumor vessels) that then retract into 
the spinal canal. Resection of intraspinal disease via a posterior approach (laminec-
tomy or laminotomy) may result in scoliosis long term (discussed further below).

Direct injury to peripheral nerves can occur during the conduct of an operation 
for tumor resection, for the same reasons that vessels can be injured, as described 
above—being encased within tumor and not recognized during tumor mobilization 
and resection. Similarly, following the recommendations for avoiding vascular 
injury, identification of unencased nerve and then removing tumor from around the 
encased portion in a piecemeal fashion will help avoid this complication. And again, 
because leaving microscopic or even gross residual disease does not compromise 
oncologic principals or outcomes for neuroblastoma, purposeful resection of major 
nerves should be avoided. Direct injury to nerves may result in deficits including 
swallowing difficulties, diaphragm paralysis, sciatic nerve palsy, urinary and fecal 
incontinence, neurogenic bladder, erectile dysfunction, leg weakness, or nerve root 
injury, depending on the site of the primary tumor. A careful neurologic examina-
tion should be performed prior to surgery to document preexisting neurologic 
deficits.

Ischemia of the spinal cord can occur following resection of a paraspinal neuro-
blastoma, particularly inferiorly located posterior mediastinal tumors. This is due to 
injury to the artery of Adamkiewicz, an artery that arises off the aorta, typically at 
the level of the left 9–12th posterior intercostal artery, but whose origin can be vari-
able, and which serves as the main blood supply to the spinal cord. Because of this, 
some authors have suggested the use of preoperative spinal angiography and intra-
operative cord monitoring in certain circumstances, as they may help guide the con-
duct of tumor resection in avoiding injury to this critical artery [18].
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21.4  Solid Organ Injury

Because of the propensity of unfavorable biology neuroblastoma to grow into sur-
rounding tissues or organs, injury to the organ or its blood supply can occasionally 
occur as a consequence of neuroblastoma resection. However, for the most part, if 
recognized during the conduct of the operation, this is usually of little consequence. 
Enterotomies can usually be repaired with primary closure or resection of a short 
segment of bowel with primary reanastomosis. Because of this possibility some 
surgeons routinely use a preoperative bowel prep. Similarly, a gastrotomy, cystot-
omy, or rent in the liver can be closed primarily.

Compromise of the blood supply to these organs is also usually not problematic 
due to their generally redundant blood supply. However, the one significant excep-
tion is the kidney with its end artery blood supply. Because two of the most common 
locations for neuroblastoma are adrenal and retroperitoneal/periaortic (often in the 
region of the celiac axis), many neuroblastomas encase the renal vessels and/or 
invade the renal parenchyma. Every effort should be made to avoid nephrectomy 
when resecting a retroperitoneal neuroblastoma although resecting a small amount 
of renal parenchyma to remove the tumor may be indicated. Patients with favorable 
clinical characteristics and tumor biology generally have an excellent outcome 
regardless of the completeness of resection, while patients with unfavorable clinical 
characteristics and tumor biology need intensive multimodality therapy for which 
normal renal function is required in order to receive the full recommended doses. 
Nevertheless, for this latter group, some perform nephrectomy when it is required to 
achieve complete tumor resection, at reported rates of 5–10% [19, 20]. The benefit 
of this, when considering the impact on renal function and ability to tolerate high- 
dose chemotherapy, is uncertain, however.

Because neuroblastoma often grows into the renal hilum, encasing the renal ves-
sels, kidney loss due to ischemia is not an uncommon occurrence, particularly in 
patients with high-risk disease. This complication occurs due to injury to the renal 
vasculature rather than to the kidney itself. This can be due to inadvertent ligation 
and division of the renal artery or vein, injury to either of these vessels that cannot 
be successfully repaired, or trauma to the artery from torque that results in spasm 
and renal ischemia. The latter may result in a “disappearing kidney,” a term that 
refers to atrophy of a kidney likely due to vascular injury at the time of surgery. 
However, the consequence of this traumatic injury is generally not noted until later 
in a patient’s clinical course, often months later, when follow-up imaging demon-
strates a diminutive or completely absent kidney. The exact etiology for this compli-
cation is not well understood but is believed to involve spasm and/or intimal 
disruption of the renal artery due to excessive manipulation, particularly torque, on 
the vessel when trying to expose and resect lymphadenopathy from behind the renal 
vein. Thus, great care must be taken when removing tumor from around the renal 
vessels not to apply torque to the artery while retracting the tumor mass. Some 
advocate systemic renal-dose dopamine or intramural lidocaine in an attempt to 
prevent or break the spasm of the artery [21]. Thrombosis of the renal vein may also 
be associated with delayed loss of the kidney. As with occlusion of the renal artery, 
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renal vein thrombosis may be associated with excessive manipulation of the vein 
during surgery or clamping or narrowing of the vein during attempts to repair a 
venotomy. Renal vein thrombosis is often heralded by hematuria several days after 
surgery. Ultrasound can confirm this as the etiology of delayed postoperative hema-
turia. Anticoagulation, thrombolysis, or thrombectomy may be attempted but is 
rarely associated with kidney salvage.

Occasionally neuroblastoma may invade the kidney, potentially leading to the 
misdiagnosis of Wilms tumor at presentation [22]. Distinguishing these tumor types 
is critical, as the surgical management for neuroblastoma and Wilms tumor differs 
significantly. The presence of constitutional symptoms, intratumoral calcification, 
or vascular encasement on preoperative imaging should heighten suspicion for neu-
roblastoma. In addition, laboratory evaluation, including urinary catecholamines, 
and radiographic studies, such as MIBG, should be completed prior to surgery when 
the etiology of an abdominal tumor is uncertain.

21.5  Biliary Injury

Among the most difficult neuroblastomas to resect are those located in the porta 
hepatis. In addition to potential injury to the vascular structures in the region, pri-
marily the hepatic artery and portal vein, injury to the biliary tract can occur. This 
can happen due to direct bile duct injury and resultant bile leak or to ischemic injury 
to the biliary tree and delayed bile leak or bile duct stricture. Depending on the tim-
ing of injury recognition and the exact nature and extent of the injury, these compli-
cations can be managed by external drainage, stenting or dilatation, or with internal 
drainage with a hepaticojejunostomy.

21.6  Chylous Ascites/Chylothorax

Postoperative lymph leak is a well-recognized complication of neuroblastoma sur-
gery that results from disruption of either mediastinal or retroperitoneal lymphatic 
channels during tumor resection [23]. Neuroblastoma often has an infiltrative 
growth pattern around major vessels where lymphatics are also residing, making 
them susceptible to injury or disruption when performing a perivascular dissection. 
Nonsurgical treatment of a postoperative chyle leak is effective for most patients. 
Management includes a low-fat diet or fasting to reduce lymph flow, the latter of 
which often requires the use of total parental nutrition. Drainage via tube thoracos-
tomy or paracentesis may be required to alleviate compressive symptoms. Most 
patients respond to conservative management within 1–2  months although some 
will require operative intervention for failure of conservative management. Surgical 
options to abrogate a persistent chyle leak include primary direct surgical ligation, 
fibrin glue application, embolization, or creation of a peritoneovenous shunt. The 
exact duration that conservative therapy should be tried before surgical treatment is 
undertaken is controversial. Although most leaks will stop with conservative 
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management, this may take a long time; thus, early ligation of the leakage site may 
be preferred in order to avoid metabolic complications, delay in restarting adjuvant 
therapy, and prolonged hospitalization [24].

21.7  Diarrhea

After resection of advanced abdominal neuroblastoma, children may have persistent 
diarrhea, perhaps resulting from disruption of the autonomic nerve supply to the gut 
during clearance of tumor from the major vessels of the retroperitoneum. In one 
series, 30% of patients had postoperative diarrhea [25]. Dissection around the supe-
rior mesenteric and celiac arteries was associated with a significantly higher inci-
dence of diarrhea. Patients such as these may require long-term treatment with 
medication to slow intestinal peristalsis, and a few will have severe and unremitting 
diarrhea. The authors of that series hypothesized that (1) attenuation of inhibition of 
peristalsis resulting from disruption of the sympathetic nerve supply, (2) bile acid 
and fat malabsorption as a result of bacterial overgrowth in stagnant bowel loops 
caused by damage to the parasympathetic supply, and (3) disturbance in gut hor-
mone activity caused by disruption of autonomic fibers all may contribute to the 
development of diarrhea.

21.8  Horner Syndrome

Horner syndrome, consisting of miosis (decreased pupil size), ptosis (drooping eye-
lid), and anhidrosis (decreased sweating on the ipsilateral side of the face) can be 
caused by disruption or trauma to the stellate ganglion which is located at the apex 
of the chest. This constellation of symptoms may be due to the presence of an apical 
thoracic tumor such as neuroblastoma, and may in fact be the presenting sign or 
symptom, or may occur as a consequence of resection of an apical neuroblastoma, 
with iatrogenic disruption during the course of tumor dissection. Because of this 
potential complication, which may be permanent, this possible outcome should be 
discussed with parents prior to surgery for an upper mediastinal neuroblastoma, 
after it has been determined that resection is critical for cure.

21.9  Bowel Obstruction

Although not unique to neuroblastoma resection, potential short- and long-term 
complications, common to all abdominal operations, is intestinal obstruction. 
Intussusception can occur in the immediate postoperative period. Postoperative 
intussusception is a rare complication after a variety of operations, but has an esti-
mated incidence of 0.01–0.25% in children following laparotomy, particularly for 
resection of a retroperitoneal tumor such as neuroblastoma [26–28]. Early recogni-
tion in the postoperative period may be difficult because feeding intolerance may be 
attributed to postoperative ileus. Side effects of chemotherapy may also obscure the 
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diagnosis [29]. However, delayed identification and management may result in sig-
nificant morbidity and so a high index of suspicion should be maintained, particu-
larly if oral intake had been tolerated initially after surgery. Ultrasound may be a 
useful study as the intussusception is most often ileoileal [30]. The etiology of post-
operative intussusception is unclear. The theories to explain mechanisms include 
altered peristalsis, early postoperative adhesions, prolonged and excessive bowel 
manipulation, electrolyte disturbances in lengthy surgeries, anesthetic drugs, opioid 
analgesics, and neurogenic factors [31].

Long-term, bowel obstruction due to intestinal adhesions can occur after resection 
of a retroperitoneal neuroblastoma (and other tumors) [32]. Madenci et al. evaluated 
the occurrence of intestinal obstruction requiring surgery 5 or more years after cancer 
diagnosis in 12,316 5-year survivors in the Childhood Cancer Survivor Study. Late 
obstruction was reported by 165 survivors (median time from diagnosis, 13 years). 
The cumulative incidence of late obstruction at 35 years was 5.8% among survivors 
with abdominopelvic tumors. Treatment with abdominopelvic radiotherapy within 
5 years of cancer diagnosis increased the rate of late obstruction. Importantly, the 
development of late obstruction increased subsequent mortality among survivors.

21.10  Scoliosis

Spinal curvature in children impacts not only musculoskeletal function and self- 
esteem, but it can also impact pulmonary function and exercise capacity long term. 
Scoliosis in children treated for neuroblastoma can result from the frequently para-
spinal location of the primary tumor itself or from efforts at surgical extirpation 
[33]. In fact, scoliosis in a child without an obvious etiology should prompt an 
investigation for the possibility of a paraspinal tumor. In one institutional review, 58 
children surviving a minimum of 5 years had overall 5-, 10-, and 15-year scoliosis- 
free rates of 87.6%, 79.0%, and 76.0%, respectively [34]. Twelve (21%) developed 
scoliosis at a median time of 51 months. The degree of scoliosis was mild (< or 
=20°) in 8 (67%). Four had scoliosis ranging from 30° to 66°. On multivariate anal-
ysis, both history of laminectomy and use of radiation therapy were found to be risk 
factors for development of scoliosis. Children who had a laminectomy were more 
likely to manifest scoliosis earlier (their median time to scoliosis was 23 months). 
Increasing RT dose was found to impact adversely on the development of scoliosis. 
In another study of children with symptomatic intraspinal neuroblastoma, seven of 
24 assessable patients who had undergone laminectomy developed scoliosis, 
whereas spinal deformities were only detected in one of 49 assessable patients man-
aged without laminectomy. Fewer orthopedic sequelae were observed in the chil-
dren managed with chemotherapy than were seen in children managed with 
laminectomy [17]. Other studies have also shown that thoracotomy, particularly in 
younger patients, may be associated with the long-term development of scoliosis, 
including patients with thoracic neuroblastoma. In part because of this, minimally 
invasive approaches to neuroblastoma resection, including thoracoscopic and via 
laminotomy, are being increasingly used. Similarly, indications for and dose of radi-
ation therapy are being reevaluated.
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21.11  Compartment Syndrome

Compartment syndrome is a condition in which increased pressure within one of the 
body’s compartments results in insufficient blood supply to tissue within that space. 
When considering neuroblastoma, this is most commonly within the abdomen and 
may affect perfusion of the kidneys and the lower extremities, in particular, or 
impair ventilation due to limited diaphragmatic excursion. Compartment syndrome 
occurs most frequently due to the large size of the primary abdominal tumor or to 
an extremely enlarged liver due to metastatic tumor burden in infants. However, it 
can occur in the postoperative setting due to tissue edema, particularly in the 
abdominal wall, due to significant fluid resuscitation during a long, complex neuro-
blastoma resection or to extensive intra-abdominal fluid buildup of blood, chyle, 
urine, or third-space losses. Evidence of poor tissue perfusion (acidosis, oliguria, 
lower extremity ischemia) or inadequate ventilation (hypercarbia) in the appropriate 
setting may raise the question of intra-abdominal compartment syndrome, which 
can be confirmed by measuring bladder pressure. An abdominal ultrasound may 
help distinguish abdominal wall edema from intra-abdominal fluid. Paracentesis or 
even opening the abdomen by reopening the abdominal incision may be required to 
relieve the consequences of abdominal compartment syndrome.

21.12  Summary

Surgery plays a critical role in the management of children with neuroblastoma. Yet, 
because of its propensity to invade surrounding structures and encase critical ves-
sels and nerves, often in very young, small patients, it is associated with a number 
of potential complications, some of which are quite significant. The likelihood of 
having a complication with resection of a neuroblastoma relates to whether or not 
an image-defined risk factor is present. In addition, the prognosis for children with 
neuroblastoma can be anticipated based on the presence or absence of certain clini-
cal and biologic risk factors. Thus, an appreciation for (1) the prognosis of the 
patient, (2) the image-defined risk factors, and (3) the potential complications of 
surgery, both acute and long term, is critical when considering the risks and benefits 
of any surgery performed on a child with neuroblastoma.
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22.1  Introduction

Over the last 50 years, the overall survival for children affected by cancer dramati-
cally increased, with 5-year survival rate after diagnosis raised from 50% in late 
1970s to 85% in 2010 [1, 2]. Interestingly, a more notable improvement has been 
observed for some tumors like acute lymphoblastic leukemia (5% in early 1950s to 
90% in 2010) [3, 4], lymphomas (30% in 1960s to around 80% in 2010) [5, 6], and 
Wilms tumor (20–90%) [7, 8]. All those successes have been achieved since the 
concept of multidisciplinary treatment was introduced in the field of pediatric onco- 
hematology. For neuroblastoma, the 5-year survival rate increased over the same 
time, from 86% to 95% for children younger than 1 year and from 34% to 68% for 
children aged 1–14 years [9]. However, despite all those improvement in outcome 
and the fact that cancer is a rare condition in pediatric population, it is the second 
most common cause of death in children older than 12 months [10, 11]. In 2017, 
United States National Institute of Health-National Cancer Institute estimates that 
there will be 10,270 new diagnoses of cancer among children from 0 to 14 years of 
age, and 1190 patients are expected to die from the disease [10, 12]. In this respect, 
there are specific tumor groups that have disappointing survival rates, including 
metastatic solid tumors such as Ewing’s sarcoma, rhabdomyosarcoma, osteosar-
coma, and neuroblastoma. In other words, neuroblastoma accounts for about 15% 
of childhood cancer mortality, with higher percentage for high-risk patients.

Progression of disease determines impossibility to cure but not impossibility to 
have adequate and tailored treatment to control, when possible, the disease and to 
order to improve management of distressing symptoms, to guarantee earlier recog-
nition of prognosis, and to reduce hospitalizations. The final goal is the promotion 
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of both child and family living with inevitable life-shortening disease giving ade-
quate and provision of “effective curative, life-prolonging and quality-of-life 
enhancing care” [13, 14]. In this respect, World Health Organization defines pediat-
ric palliative care as care that “aims to improve the quality of life of patients facing 
life-threatening illnesses, and their families, through the prevention and relief of 
suffering by early identification and treatment of pain and other problems, whether 
physical, psychosocial, or spiritual” [15]. To be effective, it requires a broad multi-
disciplinary approach that includes the family and makes use of available commu-
nity resources. Focusing on the therapeutical approaches available as palliative care, 
after diagnosis of recurrent/in progression neuroblastoma configuring terminal con-
dition, physicians must face two major issues: control of symptoms which have 
direct influence on quality of life and necessity to provide adequate way and enable 
administration of different supportive care. In this respect, chemotherapy, surgery, 
and radiotherapy have different but essential functions in management of children 
affected by neuroblastoma in terminal phases of disease; in fact, patients relapsing 
after intensive therapy for advanced disease are very rarely cured by second-line 
treatment. Nonetheless, judicious use of chemotherapy and radiotherapy can be 
beneficial in terms of symptom control and prolongation of life, and supportive 
measures can often enhance the quality of life of terminally ill children.

22.2  Palliative Therapies

As previously reported, neuroblastomas are diverse in their clinical behavior. 
Certain factors influence the biologic behavior of these tumors and are helpful in 
predicting outcome; some are patient-related (e.g., age at the time of diagnosis), 
while the majority are tumor-related (disease stage, tumor histology, molecular and 
cytogenetic features). Most important factors influencing prognosis are age 
(>1 year), advanced stage (IV disease), and n-myc oncogene amplification [16, 17] 
with overall survival less 50%. Actually, half of the patients diagnosed with high- 
risk disease will necessitate of palliation for both progression of primary tumor and 
for metastatic relapse. For those children, control of disease is the cornerstone of 
palliative measures in order to maximize their quality of life with adequate symp-
toms management [18–20].

22.3  Chemotherapy

The use of oral etoposide, given daily for 3 weeks with a 7-day interval between 
courses, can sometimes produce disease stabilization even in heavily pretreated 
patients, although the response rate is disappointing [21]. As the capsules are very 
large and may be difficult to administer to children, the liquid intravenous prepara-
tion is preferred, although its unpleasant taste must be disguised. Rationale of this 
therapy is to obtain control of tumor growth with continuous/chronic, equally 
spaced, and low doses of etoposide as the administration according to such regimen, 
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called metronomic, takes advantages of antiangiogenic effects and is not affected by 
toxicity induced according to maximum tolerated dose [22]. For these reasons, this 
regimen is well-tolerated and particularly suitable for children in a palliative setting, 
as the main advantage in treatment of metastatic neuroblastoma is the good response 
on pain induced by bone metastases. On the other hand, doses may need to be fre-
quently adjusted in order to avoid myelotoxicity and subsequent high transfusion 
requirement [22, 23].

Five-day courses of intravenous irinotecan is another option for treatment of 
metastatic/advanced neuroblastoma as palliation: infusion does not require hyper-
hydration either before or after administration, gastrointestinal toxicity is low and 
well-tolerated, as well as the activity against tumor is effective also with dosages 
which do not impact bone marrow activity [24, 25]. Moreover camptothecins such 
as irinotecan and topotecan are known for their activity as radiation sensitizers [26, 
27] in treatment of relapsed/refractory neuroblastoma with targeted radiopharma-
ceutical agents such as 131I-MIBG [28]: this radionuclide is an effective and rela-
tively nontoxic therapy when administrated at low dosage in selected patients with 
advanced disease in palliative settings. Sporadic reports [29, 30] showed encourag-
ing results in control of pain induced by bone metastases, for both acceptable toxic-
ity rate and significant reduction of opioid requirement during treatment of terminal 
patients, consequently improving their quality of life.

22.4  Radiotherapy

Approximately one half of prescribed radiotherapy is given for palliation of symp-
toms due to incurable cancer, also in pediatric patients. Distressing symptoms 
including pain, bleeding, and obstruction can often be relieved with minimal toxic 
effects [31]. Painful osseous metastasis is common in pediatric oncologic practice 
and symptomatic bone metastases obtain some pain relief with a low-dose, brief 
course of palliative radiotherapy. Other indications for use in pediatric setting for 
palliative purposes may include local control in brain tumors/metastases, spinal 
cord compression, dyspnea, and neurological issues [32].

Palliative radiotherapy—summary of indication [33]:

• Pain from bone or soft tissue metastases causing tissue or nerve root infiltration.
• Fungating or ulcerating tumor lesions.
• Impending or actual airway obstruction.
• Oncologic emergencies including spinal cord compression.
• Superior vena cava syndrome and superior mediastinal syndrome.
• Obstruction of stomach, gastrointestinal tract, bladder.
• Bleeding in the form of hemoptysis, gastric bleeding, or rectal/vaginal 

bleeding.
• Liver metastases causing pain or decreased infra-diaphragmatic excursion.
• Cranial nerve palsies or increased intracranial pressure from brain or leptomen-

ingeal metastases.
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Regarding neuroblastoma, several studies have been demonstrated over the last 
decades the role of radiotherapy for management of symptoms in palliative setting. 
Paulino [34] showed efficacy of external beam radiation therapy in treatment of 
metastases of liver, brain, bone, and soft tissue, with a median survival time of 
10 weeks and complete/partial response to treatment in 79% of patients with bone 
lesions and 77% in soft tissue lesions. Author also claimed that fractioned external 
beam radiation therapy should be at least 2000 cGy whereas in children unable to 
undergo such treatment 400–800 cGy on painful single lesion should be delivered in 
palliation regimen [34]. Regarding bone metastases, some authors [35, 36] reported 
better outcome with response after single/multiple fractions of radiotherapy ranging 
between 80% and 90%. As a matter of fact, for neuroblastoma as for other children 
malignancies, data about different approaches (e.g., stereotactic models) as well as 
on efficacy of multiple dose fractioning schemes, optimal dose, timing (prophylactic 
or only in presence of symptoms), and setting (anesthesia, mild sedation, etc.) in pal-
liative regimens are scant [2, 36] and still need further studies to be validated.

Another important issue of radiation therapy is the toxicity: Mak et  al. [2] 
reported encouraging results in terms of symptoms/disease control with low and 
well-tolerated toxicity rate (grades 1–2 in 21% of treatments), thus consenting to 
maintain high and upstanding quality of life, necessary prerequisite for palliative 
care. For these reasons radiotherapy should be considered not only as primary ther-
apy but also for palliative purposes in patients affected by progressive neuroblas-
toma [2, 34, 37].

22.5  Surgery

Role of surgery in management of patients affected by neuroblastoma is well- known, 
even if its profile changes according to the different clinical situations. In this respect, 
primary resection is the cornerstone of treatment for localized disease while surgical 
strategies and approaches should be carefully balanced with the risk of potentially 
life-threatening complications related with sacrifice of major vessel and/or vital 
organs for high-risk patients. As a consequence, children with advanced/refractory 
neuroblastoma had always history of previous multiple surgical procedures which 
determines higher risk of bowel obstruction [38]; moreover, progression of abdomi-
nal disease as well as radiation enteritis may also be other causes of this condition 
which may require careful surgical evaluation especially in palliation setting [20]. In 
fact, in case of severe worsening of performance status (dehydration/dyselectrolyte-
mia for continuous vomiting, respiratory failure for abdominal distension, etc.), 
intestinal diversion should be considered as a palliative procedure with the purpose 
to improve quality of life, both relieving from symptoms and avoiding rapid life-
threatening complications (e.g., perforation). On the other hand, ostomies represent 
also useful solution in case of nutritional issues; gastrostomy/jejunostomy should be 
planned in patients who are incapable of adequate oral intake (esophageal mucositis/
stenosis, progression in chest/neck disease, etc.), thus avoiding necessity of nasogas-
tric/jejunal tube as further discomfort (pain, secretion, irritation, etc.) [39–42].
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Nutritional support may be delivered as parenteral nutrition, also in patients 
referred to home/hospice settings of care. In this respect, adequate central venous 
access is a necessary prerequisite especially for these patients. Devices to be eventu-
ally positioned in children undergoing palliative care should be carefully evaluated 
and chosen taking into account different factors: age of patient, history of previous 
vascular access, performance status, coagulation disorders, and experience of both 
family and caregivers in management of central venous lines [43].

Highly pretreated children may also experience, in their terminal phase of the 
disease, urinary complications such as obstructions [44]. Pelvic primitive/recurrent 
tumors and periureteral fibrosis induced by radiation therapy/chemotherapy are the 
main causes and the prognosis of such condition in rapidly poor for the develop-
ment of acute renal failure. Strategies for management of urinary obstruction should 
be tailored on the single patient, according to the performance status and the quality 
of life, and may include open urinary diversion, retrograde ureteral stenting, and 
nephrostomy placement (percutaneous or surgical) [20].

Another important issue of patients with terminal neuroblastoma is management 
of pain, which could be caused by skeletal involvement or by compression/infiltra-
tion from the tumor [45]. Refractory pain is the most common symptom in end- 
stage disease and despite the development of more specific and aggressive 
pharmacological solutions (including a more liberal use of opioids over the last 
decades) with non-negligible influence on quality of life [46, 47]. In fact, one-third 
of patients undergone to prolonged medical therapy for pain control develop drug- 
resistant symptoms, thus necessitating of a different and often more invasive man-
agement. Surgical procedures to control pain include implant of systems for 
epidural/intrathecal drug infusion [48–50] as well as peripheral nerve block/neu-
rolysis. Percutaneous CT-guided neurolysis should be recommended in fact in case 
of abdominal intractable pain for recurrent central neuroblastoma with invasion of 
celiac plexus [20]. More invasive procedures, such as cordotomy and myelotomy, 
have been progressively replaced over the last years by neuromodulation, which is 
the equivalent of surgical ablation performed by interruption of nerves. High- 
frequency electrical stimulation of target nerves determines interference in function, 
thus resulting in interruption of the nervous pathway transmitting nociceptive sig-
nals. Other advantages of neuromodulation are the possibility to customize the 
treatment on the single patient, adjusting stimulation intensity and frequency. On 
the other hand, implant of neuromodulation device is a surgical procedure which 
can be contraindicated/not tolerated in patients with poor performance status and 
terminal disease [20, 50].

22.6  Role of Clinical Trials

Individualized cancer therapies may include, especially for pediatric cancer patients, 
participation to clinical trials; those therapies may offer sometimes advantages in 
terms of quality of life especially in advanced disease. As per adult patients, clinical 
trials may allow to access to promising innovative settings of care also to children 
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who failed first-/second-line treatments and have poor choice of other ones. Last but 
not least, enrolling a patient into a trial is also a contribute to the improvement in 
outcome of future patients as the highly regulated setting of such studies is the cor-
nerstone of research of new therapies.

Focusing on pediatric patients, the most important issue for investigators is the 
selection of treatments to propose as a trial, since the number of patients is smaller 
compared to adult numbers. As a matter of fact, the likelihood of success of a proj-
ect is the principal factor influencing its role in treatment of pediatric malignancies, 
since not every agent and/or combination with proven efficacy in adult patients can 
be tested in children. As noted by Bond and Pritchard [51], new agents to be included 
in clinical trial have usually been previously tested and found to be useful in adult 
cancer patients or may also be chosen for testing after response in preclinical mod-
els as a specific activity against pediatric tumors or based on a novel mechanism of 
action or favorable drug-resistance profile. Drug availability or predicted future 
drug availability is an important factor in the selection of agents for pediatric trials. 
Because pediatric cancers are uncommon, agents that are also effective in adult 
cancer types are more likely to continue to be produced.

Phase 1 and phase 2 clinical trials are experimental trials and are not expected to 
result in a cure, while phase 3 trials evaluate a new drug or drug combination in com-
parison with the current standard treatment, usually within randomized evaluation: 
they include a control arm, which represents the current best treatment, and an exper-
imental arm, which has additional treatments or has been tested in a phase 2 setting.

Regarding palliative therapy for recurrent/advanced neuroblastoma, previously 
mentioned use of irinotecan and topotecan in a 5-day course [24, 52] has been 
shown to be effective in highly pretreated patients. However, no clinical trial for 
palliative therapies in neuroblastoma is currently under investigation.

On the other hand, there are several studies both under ITCC and under NIH 
governance investigating different therapies for recurrent/relapsed, progressive and 
refractory disease as neuroblastoma is a tumor with high rate of recurrence after 
first-line chemotherapy [53].
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