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        Neuroblastoma, ganglioneuroblastoma, and gan-
glioneuroma are tumors derived from primitive 
neural crest cells of the sympathetic nervous sys-
tem. Neuroblastoma and ganglioneuroblastoma 
are usually grouped together for clinical purposes 
as both contain undifferentiated neuroblasts with 
malignant or potentially malignant behavior. 
In contrast, ganglioneuroma is a benign tumor 
containing only mature ganglion cells and other 
mature tissues [ 1 ]. 

 Neuroblastoma is the most common extracra-
nial solid tumor of childhood, comprising 
approximately 8 % of pediatric cancers. Median 
age at diagnosis is 15 months, with the vast 
majority of patients presenting during infancy or 
early childhood [ 2 ]. 

 Neuroblastoma can arise anywhere along 
the sympathetic chain. Primary tumors most 
commonly occur in the adrenal gland (35 %), 
retroperitoneum (30–35 %), or posterior medias-
tinum (20 %) with pelvic and cervical primary 
sites less frequently seen (<5 %), respectively. 
Neuroblastoma rarely can present with metastatic 
disease without an identifi able primary tumor [ 1 ]. 

 Metastatic disease is seen in more than half of 
neuroblastoma patients at diagnosis. Bone mar-
row and cortical bone are the most frequent meta-
static sites, with lymph node and hepatic 
metastases also commonly seen. Lung and cen-
tral nervous system metastases are rare and asso-
ciated with very poor outcomes [ 3 ]. 

 Neuroblastoma is staged using the 
International Neuroblastoma Staging System 
(INSS) which was developed in 1988 and 
revised in 1993 as summarized in Table  19.1  [ 4 ]. 
Presurgical staging of localized disease cannot be 
performed using the INSS, as staging is based on 
the extent of tumor resection and surgical assess-
ment of lymph node involvement.

   In 2009, the International Neuroblastoma Risk 
Group Staging System (INRGSS) was described, 
allowing presurgical staging of localized tumors 
as summarized in Table  19.2  [ 5 ]. The INRGSS 
uses imaging-defi ned risk factors to help predict 
surgical risk and surgical outcome [ 5 – 7 ]. The 
INRGSS also raises the age cutoff for the special 
stage used in infants with distant metastatic 
involvement limited to liver, skin, and/or bone 
marrow. This change refl ects recent literature 
which suggests that a cutoff of 18 months more 
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accurately predicts outcome [ 8 – 12 ]. The INRGSS 
is meant to be used in conjunction with, but not 
replace, the INSS [ 5 ,  6 ].

   The prognosis of neuroblastoma is widely 
variable. Some neuroblastomas spontaneously 
regress or mature without therapy, while oth-
ers progress to widespread and fatal disease in 
spite of intensive multimodality therapy [ 8 ,  13 , 
 14 ]. Neuroblastoma patients are divided into risk 
groups to guide therapy and predict outcomes. 
Risk groups are based on stage, age, and biologic 
tumor factors (such as histology, DNA ploidy, 
and MYCN amplifi cation) [ 8 ,  13 ,  15 ]. 

 Low-risk disease is treated with surgery or 
supportive care alone with survival rates of 
greater than 95 % [ 15 – 21 ]. Intermediate-risk dis-
ease is treated with surgery and chemotherapy 
with survival rates of greater than 90 % [ 15 ,  16 , 
 22 – 24 ]. In contrast, high-risk disease is treated 
with intensive multimodality therapy (including 
high-dose chemotherapy, radiation therapy, and 
stem cell transplantation) with long-term sur-
vival rates of approximately 30–40 % [ 15 ,  16 , 
 25 ,  26 ]. 

 Multiple clinical and imaging tests are used in 
neuroblastoma, both at diagnosis and during fol-
low- up, to ensure accurate disease assessment. 
Clinical testing includes bone marrow biopsy and 
urine catecholamine levels. Imaging evaluation 
includes both anatomic and functional imaging 
modalities [ 27 ,  28 ]. 

 CT and MRI are the anatomic imaging modal-
ities recommended for neuroblastoma. They are 
used to evaluate the primary tumor and involved 
lymph nodes, including 3D measurements and 
assessment of imaging-defi ned risk factors [ 4 – 6 , 
 29 – 34 ]. MRI is the preferred anatomic imaging 
modality for tumors which extend into the spinal 
canal [ 33 – 35 ]. 

 Iodine-123-MIBG is the recommended fi rst-
line functional imaging agent for neuroblastoma, 
allowing visualization of the primary tumor and 
metastatic sites. Technetium-99m-MDP bone 
scans and/or  18 F-FDG PET scans are recom-
mended for evaluation of MIBG-negative patients 
[ 4 – 6 ]. 

 Multiple novel PET radiopharmaceuti-
cals have been investigated for use in neuro-
blastoma, including  11 C-hydroxyephedrine 
( 11 C- HED),  11 C-epinephrine,  18 F-fl uorodopamine 
(F-18 DA),  18 F-dihydroxyphenylalanine 
( 18 F-DOPA),  18 F-fl uorothymidine ( 18 F-FLT), 

   Table 19.1    Summary of the International Neuroblastoma 
Staging System (INSS)   

 Stage  Description 

 1  Localized tumor with complete gross excision. 
Negative ipsilateral lymph nodes (unless 
adherent to and removed with the tumor) 

 2A  Localized tumor with incomplete gross 
excision. Negative nonadherent ipsilateral 
lymph nodes 

 2B  Localized tumor with or without complete 
gross excision. Positive nonadherent ipsilateral 
lymph nodes 

 3  Unresectable tumor infi ltrating across the 
midline with or without positive regional 
lymph nodes, localized unilateral tumor with 
positive contralateral lymph nodes, or midline 
tumor with bilateral extension by infi ltration or 
lymph node involvement 

 4  Any primary tumor with distant metastatic 
disease (except stage 4s) 

 4s  Localized primary tumor (as defi ned by stage 
1, 2A, or 2B) with distant metastatic disease 
limited to the skin, liver, and/or bone marrow 
in patients less than 12 months of age 

  From Brodeur et al. [ 4 ]. Reprinted with permission. 
Copyright 1993 American Society of Clinical Oncology. 
All rights reserved  

   Table 19.2    Summary of the International Neuroblastoma 
Risk Group Staging System (INRGSS)   

 Stage  Description 

 L1  Localized tumor without image-defi ned risk 
factors a  and confi ned to one body 
compartment b  

 L2  Locoregional tumor with one or more 
image-defi ned risk factors a  

 M  Distant metastatic disease (except stage MS) 
 MS  Distant metastatic disease confi ned to skin, 

liver, and/or bone marrow in patients less than 
18 months of age 

  From Monclair et al. [ 5 ]. Reprinted with permission. 
Copyright 2009 American Society of Clinical Oncology. 
All rights reserved 
  a Imaging defi ned risk factors include, but are not limited 
to, encasement of major vascular structures and invasion 
of adjacent organs 
  b Body compartments include the neck, chest, abdomen, 
and pelvis. Contiguous disease involvement of more than 
one body compartment (e.g., upper abdominal tumor with 
positive ipsilateral inferior mediastinal lymph nodes) 
would make a patient stage L2  
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 68 Ga-DOTA-Tyr3-octreotide ( 68 Ga-DOTATOC), 
  18 F-fl uoro-3- iodobenzylguanidine (FIBG), and 
P- 18 F-fl uorobenzylguanidine (PFBG) [ 36 – 50 ]. 
However, regulatory issues and the PET chem-
istry expertise needed for synthesis limit avail-
ability of these novel radiopharmaceuticals, 
making it unlikely that they will have a major 
role in neuroblastoma imaging in the near future. 
The remainder of this chapter will discuss 
 123 I-MIBG,  99m Tc-MDP, and  18 F-FDG imaging of 
neuroblastoma. 

    Metaiodobenzylguanidine (MIBG) 
Scintigraphy 

 MIBG is related to norepinephrine, entering neu-
ral crest cells via the type I catecholamine reup-
take system with concentration in the cell 
cytoplasm. MIBG is highly specifi c for neuroen-
docrine tumors, such as neuroblastoma and pheo-
chromocytoma [ 51 – 55 ]. 

 Iodine-131-MIBG was initially used for 
neuroblastoma imaging [ 56 ,  57 ], as  123 I-MIBG 
was not FDA approved in the USA until 2008. 
However,  123 I-MIBG is now commercially 
available and preferred for diagnostic imaging 
as it gives superior image quality at a lower 
patient radiation dose [ 58 ]. Administered doses 
of  131 I-MIBG are limited by its relatively long 
physical half-life (8 days), high-energy photon 
(364 keV), and beta particle emission. In con-
trast,  123 I-MIBG has a shorter physical half-life 
(13 h) and an ideal photon energy for gamma 
camera and SPECT imaging (159 keV), with-
out beta particle emission. 

    Patient Preparation 

 Thyroid uptake of free iodide should be blocked 
by administration of saturated solution of potas-
sium iodide (SSKI). The dosage and timing of 
SSKI administration vary with local practice. 
Although a single SSKI dose at the time of MIBG 
injection has been shown to adequately block 
thyroid uptake [ 59 ], many sites will administer 
SSKI doses for 2–3 days starting on the day 
before  123 I-MIBG administration [ 60 – 62 ]. 

 Numerous medications interfere with MIBG 
uptake, with potential to affect the results of 
MIBG imaging. Some of these medications (such 
as phenylephrine, tricyclic antidepressants, and 
labetalol) are used in children. Medications 
should therefore be reviewed when scheduling 
MIBG imaging. Any interfering medications 
should be discussed with the referring physician 
with discontinuation for an appropriate time 
frame when possible [ 60 ].  

    Imaging Technique 

 The North American Consensus Guidelines rec-
ommend an  123 I-MIBG administered activity of 
0.14 mCi/kg (5.2 MBq/kg) with a minimum dose 
of 1 mCi (37 MBq) and a maximum dose of 10 mCi 
(370 MBq); alternatively the European Association 
of Nuclear Medicine dosage card may be used for 
patients weighing more than 10 kg [ 63 ]. 

 Planar and SPECT (and/or SPECT/CT) imag-
ing typically is performed 24 h after  123 I-MIBG 
injection. Planar imaging includes anterior and 
posterior whole-body images, which can be per-
formed as overlapping spot images or as a whole- 
body acquisition. Whole-body planar images are 
frequently supplemented with lateral views of the 
skull. Additional planar images can be performed 
at 48 h if needed to clarify uptake abnormalities 
or allow clearance of bowel activity [ 60 – 62 ]. 

 SPECT generally includes the abdomen or the 
primary tumor site if it lies outside of the abdo-
men. SPECT often improves diagnostic accuracy 
and certainty of lesion detection, especially for 
small lesions or lesions near sites of physiologic 
uptake. SPECT also improves anatomic localiza-
tion and facilitates correlation with CT and MRI 
[ 64 – 66 ]. SPECT images can be co-registered and 
fused to separately acquired CT and MRI studies 
if patient positioning is similar. 

 Integrated SPECT/CT (with imaging per-
formed on the same gantry) has more recently 
become an important diagnostic tool in oncology 
patients. In comparison to SPECT alone, SPECT/
CT further improves MIBG uptake localization 
and certainty of lesion detection [ 67 – 70 ]. 

 Medium-energy collimators are preferred over 
low-energy high-resolution collimators for both 
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planar and SPECT acquisition. Approximately 
3 % of photons emitted by  123 I-MIBG have ener-
gies above 400 keV. Medium-energy collimators 
signifi cantly reduce septal penetration from these 
high-energy photons, improving image quality 
(Fig.  19.1 ) [ 71 ]. Sedation is required for children 
who are unable to remain still during planar and 
SPECT imaging. Toilet-trained patients should 
be encouraged to void prior to imaging.

       Clinical Applications 

 Iodine-123-MIBG imaging is recommended to 
evaluate neuroblastoma at diagnosis and to moni-
tor MIBG-avid disease during and after therapy 
(Figs.  19.2  and  19.3 ) [ 4 – 6 ,  62 ]. Iodine-123-
MIBG imaging also is necessary to determine 
eligibility for  131 I-MIBG therapy, as documenta-
tion of MIBG-avid disease is needed prior to 
treatment. The International Neuroblastoma Risk 
Group Task Force recently developed guidelines 
for the evaluation of disease extent by  123 I-MIBG 
scans [ 62 ].

    Iodine-123-MIBG has a sensitivity of 
88–93 % and a specificity of 83–92 % in neu-

roblastoma [ 64 ]. More than 90 % of neuroblas-
tomas will demonstrate MIBG uptake, allowing 
visualization of both the primary tumor and 
metastatic sites. At diagnosis,  123 I-MIBG imag-
ing is a sensitive whole-body method to evalu-
ate both soft tissue and cortical bone/bone 
marrow disease. It is therefore an essential tool 
for initial staging [ 62 ]. 

 During therapy,  123 I-MIBG imaging is useful 
for assessing disease response. At the primary 
tumor site, MIBG imaging differentiates residual 
active tumor from post-therapy changes which 
may be seen on CT or MR [ 62 ]. MIBG imaging 
depicts response of cortical bone metastases to 
therapy, while bone scan and CT may give false- 
positive results due to continued bone healing in 
the absence of tumor [ 27 ,  72 ]. MIBG imaging 
also depicts response of bone marrow metastases 
to therapy, while interpretation of MRI and  18 F-
FDG PET scans may be complicated by post-
therapy bone marrow changes [ 73 – 76 ]. 

 During surveillance,  123 I-MIBG has been 
shown to be highly sensitive for relapsed bone 
metastases, with a detection rate of 94 % 
( compared to 43 % for  18 F-FDG PET) [ 62 ,  77 ]. 
Iodine-123-MIBG imaging also has been shown 

a b

  Fig. 19.1    Lateral planar  123 I-MIBG images of the skull 
obtained with ( a ) medium-energy and ( b ) low-energy 
high- resolution collimators. Use of medium-energy 

 collimation gives higher image quality. Differences in 
image quality occur at all body masses but become more 
apparent as patient size increases       
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to be a sensitive method to evaluate for unsus-
pected disease relapse, with a detection rate of 
82 % (compared to 36 % for bone scan and 
34 % for bone marrow biopsy) [ 78 ]. 

 The results of  123 I-MIBG imaging can have 
prognostic implications. At diagnosis, the extent 
of MIBG-avid disease may predict response to 
chemotherapy in children over 1 year of age 
who have metastatic disease [ 79 ]. After initial 
chemotherapy, persistence of  123 I-MIBG uptake 
in cortical bone and bone marrow may be asso-
ciated with poor prognosis [ 80 – 82 ]. During sur-
veillance, high-risk patients with unsuspected 
relapses detected by  123 I-MIBG may have lon-
ger survival times than high-risk patients with 
symptomatic relapses [ 78 ]. 

 Semiquantitative scoring systems have been 
described for MIBG imaging of neuroblastoma, 
with scores correlating with response and sur-
vival in some but not all studies [ 79 ,  83 – 89 ]. 
Although not yet widely used in clinical practice, 
scoring systems have been used in research trials 
to improve interobserver agreement and preci-
sion of reporting. Scoring systems divide the 
skeleton into 6–12 compartments, with each 
compartment scored for disease extent. The 
 individual compartment scores are added 
together to give a cumulative score. The 
Children’s Oncology Group (COG) and the New 
Approaches to Neuroblastoma Therapy (NANT) 
consortium use the Curie scoring system 
(Fig.  19.4 ) [ 62 ,  83 ].

a b c d

  Fig. 19.2    Serial anterior planar  123 I-MIBG images 
obtained in a stage 4 patient. ( a ) At diagnosis, uptake is 
seen in the midline upper abdominal primary tumor and 
extensive metastases throughout the appendicular and axial 

skeleton, including the skull. ( b ) At 6 weeks and ( c ) at 6 
months, persistent uptake is seen in both the primary tumor 
and diffuse skeletal metastases. ( d ) At 12 months, some 
improvement is seen in skeletal metastatic disease       
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       Potential Pitfalls 

    False-Positive Studies 
 Physiologic MIBG uptake is normally seen in 
the salivary glands, olfactory mucosa, myocar-
dium, liver, and bowel. Physiologic adrenal 
gland activity also may be demonstrated, espe-
cially after contralateral adrenalectomy. Urinary 
excretion of  123 I-MIBG results in physiologic 
accumulation in the kidneys and bladder. Low-
level uptake also may be seen in the lungs on 
24-h images [ 90 ,  91 ]. More focal lung uptake 
has been described in areas of atelectasis and 
pneumonia, but this is rarely seen [ 92 ,  93 ]. 
Physiologic uptake of  123 I-MIBG in brown adi-
pose tissue is, most often seen in the neck and 
supraclavicular regions [ 94 ,  95 ]. 

a b c d

  Fig. 19.3    Serial anterior planar  123 I-MIBG images 
obtained in a stage 4 patient. ( a ) At diagnosis, uptake is 
seen in the right upper quadrant primary tumor ( black 
arrow ) and scattered skeletal metastases. ( b ) At 1 month, 
no abnormal skeletal uptake is seen with only minimal 

residual uptake at the primary tumor site ( black arrow-
head ), better demonstrated on SPECT imaging (not 
shown). ( c ) At 6 months,  123 I-MIBG images have normal-
ized. ( d ) At 18 months, an unsuspected recurrence is seen 
in the left temporal bone ( blue arrows )       
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  Fig. 19.4    The Curie scoring system divides the skeleton 
into nine compartments with a tenth compartment used 
for soft tissue disease. Each compartment is scored for 
disease extent, where  0  no disease sites,  1  one disease site, 
 2  more than one disease site (<50 % involvement), and  3  
diffuse disease (>50 % involvement). Compartment 
scores are added together to give a cumulative score       
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 Misinterpretation of physiologic foci of 
uptake can result in false-positive MIBG  studies 
[ 64 ,  96 ,  97 ]. Alternatively, areas of physiologic 
uptake can obscure small areas of tumor uptake 
[ 28 ]. SPECT and SPECT/CT can improve diag-
nostic accuracy in areas where physiologic 
uptake and tumor are both common, espe-
cially the retroperitoneum and upper abdomen 
(Fig.  19.5 ) [ 64 – 70 ].

   The right and left hepatic lobes normally 
demonstrate signifi cant differences in uptake, 
with relatively higher uptake in the left hepatic 
lobe [ 98 ]. Physiologic  123 I-MIBG uptake in the 
liver is often heterogeneous, especially on 
SPECT images. Liver uptake must therefore be 
interpreted with caution to avoid false-positive 
studies [ 66 ]. Hepatic metastases can be demon-
strated with  123 I-MIBG, although small metasta-
ses may be diffi cult to visualize. Correlation 

with CT or MRI is often helpful when hepatic 
metastases are suspected (Fig.  19.6 ).

   Iodine-123 MIBG uptake in mature ganglio-
neuromas or other neuroendocrine tumors can be 
falsely interpreted as uptake in neuroblastoma 
[ 64 ,  96 ].  

    False-Negative Studies 
 Less than 10 % of neuroblastomas demonstrate 
no MIBG uptake, resulting in false-negative stud-
ies. Some neuroblastomas will be MIBG- negative 
at diagnosis, while others become MIBG-
negative during therapy. Patients can have both 
MIBG-avid and non-avid disease sites at the 
same time [ 99 – 101 ]. 

 False-negative MIBG studies are also seen 
in patients with minimal residual disease after 
therapy [ 64 ]. Iodine-123-MIBG can fail to detect 
subtle bone marrow involvement, usually when 

a

b

c

  Fig. 19.5    Iodine-123-MIBG SPECT/CT images in 
three  different patients with focal uptake in the left 
 retroperitoneum. ( a ) Physiologic uptake in the  normal 
left adrenal gland. ( b ) Physiologic accumuation in the 
left renal pelvis refl ects urinary excretion of tracer. 

( c ) Abnormal uptake in a residual left retroperitoneal soft 
tissue mass in the region of the renal vessels represents 
neuroblastoma; the left kidney is noted to be atrophic with 
compensatory hypertrophy of the right kidney       
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involvement is less than 10 %. Bone marrow 
biopsy is therefore a standard part of neuroblas-
toma evaluation [ 28 ,  77 ,  82 ,  97 ,  102 ]. Interestingly, 
to be  classifi ed as a stage 4S or MS, infants must 
have less than 10 % bone marrow involvement 
with bone marrow which is  123 I-MIBG negative 
[ 4 ,  5 ]. 

 The sensitivity of disease detection with MIBG 
increases with increasing administered activities. 
This is seen when  123 I-MIBG pre- therapy diag-
nostic scans are compared with immediate post-
therapy  131 I-MIBG scans, which often demonstrate 
more disease sites [ 62 ,  70 ,  103 ,  104 ].    

     99m Tc-Methylene Diphosphonate 
( 99m Tc-MDP) Bone Scan 

 Technetium-99m-MDP is taken up primarily 
in the mineral phase of bone, with relatively 
increased uptake at sites of bone formation and 
increased blood fl ow. Uptake abnormalities are 
 demonstrated at sites of trauma, infection/infl am-
mation, and benign or malignant bony lesions. 
Technetium-99m-MDP is therefore less specifi c 
for neuroblastoma than  123 I-MIBG, which uti-
lizes the type I catecholamine reuptake system 
for uptake into neural crest cells. 

    Imaging Technique 

 The North American Consensus Guidelines 
 recommend a  99m Tc-MDP administered activity 
of 0.25 mCi/kg (9.3 MBq/kg) with a minimum 
dose of 1 mCi (37 MBq); alternatively, the 
European Association of Nuclear Medicine dos-
age card may be used [ 63 ]. 

 Planar imaging is typically performed 2–4 h 
after  99m Tc-MDP injection. Planar imaging 
includes anterior and posterior whole-body images, 
which can be performed as overlapping spot 
images or as a whole-body acquisition. Whole-
body planar images are frequently supplemented 
with lateral views of the skull, oblique views of the 
torso, or lateral views of the extremities if needed 
to clarify uptake abnormalities. Sedation is 
required for children who are unable to remain still 
during planar imaging. Toilet- trained patients 
should be encouraged to void prior to imaging.  

    Clinical Applications 

 In patients with neuroblastoma,  99m Tc-MDP bone 
scans traditionally have been used to assess for 
cortical bone metastases. Bone scans also can 
demonstrate uptake in the primary tumor, partic-

a

b

  Fig. 19.6    Iodine-123-MIBG SPECT/CT images in two 
different patients. ( a ) Relatively increased uptake is seen 
within the left hepatic lobe, a common normal fi nding. 

( b ) Focal increased uptake is seen at the hepatic dome, 
 corresponding to a hypodense liver metastasis       
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ularly in areas of calcifi cation. In contrast to 
MIBG scans, bone scans do not demonstrate 
bone marrow metastases unless they are large 
enough to affect adjacent cortical bone. 

 A bone scan often is performed at diagnosis, 
as studies have shown discrepancies between 
MIBG and bone scans that can affect staging [ 81 , 
 105 ,  106 ]. However, neuroblastoma patients usu-
ally are followed with MIBG scans alone, as 
bone scans provide little or no additional infor-
mation during follow-up of patients with MIBG- 
avid disease [ 102 ,  107 ,  108 ]. Bone scans are 
recommended for assessment of patients with 
MIBG-negative tumors [ 4 – 6 ].  

    Potential Pitfalls 

 Physiologic  99m Tc-MDP bone uptake can compli-
cate detection of metastatic disease. Intense 
physiologic uptake at the growth plates can be 
problematic, making metaphyseal metastases dif-
fi cult to visualize. Neuroblastoma often symmet-
rically involves the long bones, so abnormalities 
appear similar on side-to-side comparison 
(Fig.  19.7 ). False-positive bone scans can be seen 
after trauma. During and after therapy, persistent 
uptake at sites of prior metastases can also be 
seen in the absence of tumor [ 27 ,  72 ].

         18 F-Fluorodeoxyglucose (FDG) PET 
and PET/CT 

 FDG is a glucose analog that is concentrated in 
metabolically active sites, including most tumors 
and areas of infection/infl ammation. Fluorine-
18-FDG is therefore less specifi c for neuroblas-
toma than  123 I-MIBG, which utilizes the type I 
catecholamine reuptake system for uptake into 
neural crest cells. 

    Patient Preparation 

 Appropriate patient preparation is important before 
 18 F-FDG PET or PET/CT (see Chap.   3    ). Patients 
should be warmed for 30–60 min prior to  18 F-FDG 

administration to limit uptake in brown adipose 
tissue, with premedication also used at some cen-
ters [ 109 – 113 ]. Patients should fast for 4 h prior 
to  18 F-FDG injection. Any glucose-containing 
intravenous fl uids should be discontinued 4 h prior 
to  18 F-FDG administration [ 114 ]. After adminis-
tration, patients should limit physical activity to 
avoid  muscular uptake of  18 F-FDG [ 114 ].  

    Imaging Technique 

 The North American Consensus Guidelines rec-
ommend an  18 F-FDG administered activity of 
0.10–0.14 mCi/kg (3.7–5.2 MBq/kg) with a mini-
mum dose of 1.0 mCi (37 MBq); alternatively, 
the European Association of Nuclear Medicine 
dosage card may be used [ 63 ]. Appropriate pedi-
atric CT settings should be utilized to minimize 
radiation dose. PET or PET/CT is performed 
approximately 1 h after  18 F-FDG injection. The 
lower extremities and skull should routinely be 
included in the scan, as disease involvement com-
monly occurs in these areas. Sedation is required 
for children who are unable to remain still during 
PET and PET/CT imaging. Toilet-trained patients 
should be encouraged to void prior to imaging.  

    Clinical Applications 

 The majority of neuroblastomas concentrate  18 F-
FDG both before and after therapy, with uptake 
seen in both soft tissue and skeletal disease sites 
[ 28 ,  97 ,  115 ]. Findings on  18 F-FDG scans have 
been shown to correlate with disease status with 
serial scans accurately depicting treatment effects 
and disease evolution [ 28 ]. 

 However, when compared to  123 I-MIBG,  18 F-
FDG is often inferior for neuroblastoma evalua-
tion. Fluorine-18-FDG can show lower tumor to 
non-tumor uptake ratios, especially after therapy 
[ 115 ]. Fluorine-18-FDG PET is less sensitive for 
neuroblastoma detection, especially in high-risk 
or relapsed disease. The inferiority of  18 F-FDG 
PET often is due to poorer depiction of cortical 
bone/bone marrow metastases, especially during 
therapy [ 76 ,  77 ,  116 ]. 
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 Fluorine-18-FDG PET is most useful for 
imaging neuroblastomas that fail to or weakly 
accumulate  123 I-MIBG [ 76 ,  97 ,  115 ,  116 ] and is 
recommended as an option for evaluation of 
MIBG-negative tumors (Fig.  19.8 ) [ 5 ,  6 ]. Use of 
 18 F-FDG PET should be considered when CT/

MR or clinical fi ndings suggest more disease 
than demonstrated by  123 I-MIBG scans [ 97 ,  116 –
 118 ]. A study of patients with MIBG-negative 
tumors or discrepancies between their  123 I-MIBG 
scans and CT/MRI or clinical fi ndings showed 
that  18 F-FDG PET was more sensitive (78 % 

a b c

  Fig. 19.7    Stage 4 patient imaged at diagnosis. ( a ) Iodine-
123-MIBG anterior planar image shows diffuse  metastatic 
disease throughout the axial and appendicular skeleton, 
including the skull. ( b ) Technetium-99m-MDP anterior 
 planar image shows multiple bony metastases in the skull, 
pelvis, and long bones; however, extent of involvement in 
the spine and long bones is somewhat diffi cult to judge 

given the physiologic uptake in bone and diffuse symmet-
ric disease involvement. ( c ) Fluorine-18-FDG PET MIP 
shows diffuse metastatic disease throughout the axial and 
appendicular skeleton; extent of skull involvement is dif-
fi cult to visualize due to adjacent brain activity, although 
the larger skull lesions can be visualized on tomographic 
images (see Fig.  19.10 )       
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versus 50 %) and specifi c (92 % versus 75 %) 
than  123 I-MIBG in this  population, although 
review of both  123 I-MIBG scan and  18 F-FDG PET 
together gave the highest sensitivity (85 %) [ 97 ].

   Fluorine-18-FDG PET and  123 I-MIBG scans 
can be complimentary, with each study some-
times demonstrating disease sites not identifi ed 
with the other [ 28 ,  76 ,  97 ,  115 ]. Concurrent 
 123 I-MIBG scans and  18 F-FDG  PET or PET/CT 
may therefore be useful to evaluate the full extent 

of disease involvement, especially at therapeutic 
decision points [ 76 ]. 

 The intrinsic tomographic nature and higher 
spatial resolution of  18 F-FDG PET and PET/CT 
improves disease localization and detection of 
small lesion [ 28 ,  77 ]. Fluorine-18-FDG PET can 
be useful especially for identifying disease sites 
in the chest, abdomen, and pelvis [ 76 ]. 

 A study including 10 patients with stage 1 and 
2 neuroblastoma suggested that  18 F-FDG PET 

a b

  Fig. 19.8    Stage 3 patient imaged at diagnosis ( a ). FDG 
anterior projection MIP image demonstrates marked 
uptake in the large abdominal primary tumor; mild  diffuse 
physiologic uptake in the bone marrow is also noted. 
( b ) Iodine-123-MIBG anterior planar image demon-

strates  minimal uptake in the large abdominal primary 
tumor, slightly above background (This fi gure/research 
was originally published in JNM. Sharp et al. [ 76 ] © by 
the Society of Nuclear Medicine and Molecular Imaging, 
Inc., with permission)       
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may be superior to  123 I-MIBG in this population. 
In this study, 6 patients had better depiction of 
their primary tumor and/or regional metastases 
with  18 F-FDG PET [ 76 ]. A study including 17 
soft tissue lesions suggested that  18 F-FDG PET 
may have higher sensitivity than  123 I-MIBG scans 
for soft tissue lesions. In this study, 6 lesions 
were seen only on   18 F-FDG PET [ 77 ]. However, 
larger studies are needed to confi rm these 
fi ndings. 

 A study reviewing neuroblastoma staging 
evaluations (including  18 F-FDG PET,  123 I-MIBG, 
 99m Tc-MDP bone scans, CT/MRI, urine catechol-
amines, and bone marrow biopsy) suggested that 
 18 F-FDG PET and bone marrow sampling may 
be suffi cient to monitor for progressive disease 
after tumor  resection, as long as there were no 
skull lesions [ 28 ]. However,   123 I-MIBG remains 
a standard part of neuroblastoma assessment 
with a later study from this institution stating that  

 123 I-MIBG is essential for valid estimation of 
relapse-free survival in  high-risk  neuroblastoma 
patients [ 78 ].  

    Potential Pitfalls 

 Fluorine-18-FDG is a less-specifi c imaging agent 
than  123 I-MIBG. Physiologic uptake and uptake at 
sites of infl ammation/infection can complicate 
image interpretation [ 28 ,  115 ]. Benign fi bro-
osseous lesions can also demonstrate variable  
 18 F-FDG uptake and mimic cortical bone metas-
tases [ 119 ,  120 ]. 

 Assessment of bone marrow involvement can 
be especially problematic. Physiologic  18 F-FDG 
uptake in bone marrow is seen in the absence of 
tumor [ 77 ,  115 ,  116 ]. Bone marrow metastases 
also sometimes produce  18 F-FDG uptake patterns 
that are indistinguishable from normal or physio-

a b

  Fig. 19.9    Serial  18 F-FDG anterior projection MIP and 
axial PET/CT images in a patient with stage 4 neuro-
blastoma. ( a ) At diagnosis,  18 F-FDG uptake is seen in 
the primary partially calcifi ed left retroperitoneal tumor, 
retroperitoneal lymphadenopathy, and multiple skeletal 
metastases (most notably involving the right glenoid, L1 
vertebral body, right sacrum, and right iliac bone). ( b ) 
After chemotherapy and G-CSF therapy, intense diffuse 

bone marrow uptake is seen, potentially obscuring or 
mimicking metastatic disease; the primary left retroperi-
toneal tumor has decreased in size and no longer demon-
strates FDG avidity (This fi gure/research was originally 
published in JNM. Sharp et al. [ 76 ] © by the Society of 
Nuclear Medicine and Molecular Imaging, Inc., with 
permission)       
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logic bone marrow activity [ 76 ]. During or after 
granulocyte colony-stimulating factor (G-CSF) 
therapy, extensive  18 F-FDG uptake in bone marrow 
can obscure or mimic metastatic disease [ 76 ,  77 , 
 116 ] (Fig.  19.9 ). Like  123 I-MIBG,  18 F-FDG also 
can fail to detect minimal bone marrow disease 
[ 28 ,  77 ]. For example, cranial vault lesions can be 
diffi cult to identify near adjacent brain activity [ 28 , 
 77 ,  115 ,  116 ], although large skull lesions usually 
can be identifi ed (Figs.  19.7  and  19.10 ).    

     131 I-MIBG Therapy 

 Targeted therapy for neuroblastoma utilizing 
 131 I-MIBG is made possible by the radiosensitiv-
ity and MIBG avidity of most tumors. Clinical 
studies have evaluated the use of  131 I-MIBG in 
neuroblastoma therapy, both as a single agent and 
in combination with other agents including radia-
tion sensitizers and cytotoxic chemotherapy 
[ 121 ]. Initial studies focused on use in patients 
with refractory or recurrent neuroblastoma, with 
objective responses seen in a signifi cant minority 
of patients. More recent studies have investigated 
the use of  131 I-MIBG therapy in newly diagnosed 
high risk patients. In North America,  131 I-MIBG 

therapy currently is administered as an investiga-
tional agent at several sites in the United States 
and Canada. Myelosuppression is the main toxic-
ity of  131 I-MIBG therapy. The maximum adminis-
tered dose may depend upon the availability of 
autologous stem cells that can be used for bone 
marrow rescue.   
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