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Abstract

Objective The purpose of this study was to evaluate the

diagnostic performance of 18F-fluoro-2-deoxy-D-glucose

positron emission tomography (FDG PET) as a single

imaging agent in neuroblastoma in comparison with other

imaging modalities.

Methods A total of 30 patients with pathologically pro-

ven neuroblastoma who underwent FDG PET for staging

were enrolled. Diagnostic performance of FDG PET and

abdomen CT was compared in detecting soft tissue lesions.

FDG PET and bone scintigraphy (BS) were compared in

bone metastases. Maximal standardized uptake value

(SUVmax) of primary or recurrent lesions was calculated

for quantitative analysis.

Results Tumor FDG uptake was detected in 29 of 30

patients with primary neuroblastoma. On initial FDG PET,

SUVmax of primary lesions were lower in early stage (I–

II) than in late stage (III–IV) (3.03 vs. 5.45, respectively,

p = 0.019). FDG PET was superior to CT scan in detecting

distant lymph nodes (23 vs. 18 from 23 lymph nodes). FDG

PET showed higher accuracy to identify bone metastases

than BS both on patient-based analyses (100 vs. 94.4 % in

sensitivity, 100 vs. 77.8 % in specificity), and on lesion-

based analyses (FDG PET: 203 lesions, BS: 86 lesions).

Sensitivity and specificity of FDG PET to detect recurrence

were 87.5 % and 93.8, respectively.

Conclusion FDG PET was superior to CT in detecting

distant LN metastasis and to BS in detecting skeletal

metastasis in neuroblastoma. BS might be eliminated in the

evaluation of neuroblastoma when FDG PET is performed.

Keywords Neuroblastoma � 18F-fluoro-2-deoxy-D-

glucose positron emission tomography (18F-FDG PET) �
Bone metastasis � Bone scintigraphy

Introduction

Neuroblastoma is the most common solid extracranial

malignancy of childhood [1]. Primary neuroblastoma can

arise from the pelvis to the neck [2], but adrenal medulla is

the most common primary site for neuroblastoma. In

approximately 70 % of patients, metastasis is present at the

time of diagnosis and most commonly involves cortical

bone and bone marrow (BM). Less frequently, there is

involvement of liver, skin, and lung [3, 4]. Accurate stag-

ing at the time of diagnosis is the most important factor to

determine treatment planning and to predict clinical out-

come [5]. Surgical excision is the preferred treatment for

localized neuroblastoma. In locally extensive disease,

intensive preoperative chemotherapy may be administered.

When distant metastases are present, high dose chemo-

therapy, total body irradiation, and bone marrow reinfusion

are beneficial for some children [1, 3].

Because of high incidence of metastasis, diagnostic

studies include multiple imaging studies. Ultrasonography

(US), chest X-ray, computed tomography (CT), magnetic
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resonance imaging (MRI), bone scintigraphy (BS), and

metaiodobenzylguanidine (MIBG) scintigraphy are the

formally recommended imaging studies [6, 7]. CT has a

fundamental role in the evaluation of patient with sus-

pected neuroblastoma. CT is useful for defining the extent

of the primary tumor and for evaluating regional or distant

lymph node metastases. CT is also important in presurgical

assessment of tumor respectability [7–9]. MRI is good for

visualization of anatomic details of primary tumor,

including relationships with the blood vessels [1, 7–10].
99mTc-hydroxymethylene diphosphonate BS is the tradi-

tional test to detect bone metastasis. Compared with plain

radiographs, BS has superior sensitivity for detecting

metastatic sites in bone [11].

MIBG is the guanethidine derivative which is an analog

of norepinephrine, and specifically enters neuroendocrine

cells. Thus MIBG scintigraphy has played an important

role in the assessment of neuroblastoma showing high

sensitivity and specificity for identifying bone metastasis

and lymph node metastasis. In addition, MIBG scintigra-

phy allows functional evaluation to differentiate active

tumor and post-therapy change. Especially, superior accu-

racy of MIBG over BS in detecting bone metastasis has

been reported [12].

2-[18F] fluoro-2-deoxy-D-glucose positron emission

tomography (FDG PET) is a relatively new, useful imaging

technique in oncology field [13]. However, it has limited

role in pediatric oncology due to problems such as radia-

tion, intravenous access, sedation and bladder catheteriza-

tion [3, 14, 15]. Despite these problems, FDG PET has

many advantages in evaluating both soft tissue and bone

metastasis from neuroblastoma. Neuroblastoma and their

metastases avidly concentrate FDG before chemotherapy

or radiation therapy [16]. Because of higher spatial reso-

lution of the PET scanner and the tomographic nature of

PET images, PET was better than BS for detecting small

lesions. Therefore, FDG PET can be used to delineate

primary tumors, to detect regional and distant metastases

and to detect early recurrence. Several studies have com-

pared diagnostic accuracy of FDG PET with MIBG in

neuroblastoma. But some studies reported that FDG was

better and others reported that MIBG was better [17–19].

FDG PET was found to be most useful in neuroblastoma

which fails to accumulate MIBG [16].

FDG PET, MIBG scintigraphy and BS have same

advantages in detecting bone metastasis because of whole

body assessment. However, it is necessary to omit unnec-

essary studies to lessen the radiation hazard. There have

been some reports that compared FDG PET with MIBG or

MIBG with BS, but there are limited studies that compare

FDG PET and BS in neuroblastoma. In this study, we

attempted to compare the diagnostic accuracy of FDG PET

with other imaging modalities in neuroblastoma.

Materials and methods

Patients

This retrospective study was approved by the local insti-

tutional review board. Thirty patients (18 males and 12

females; median age 2.7 years) with pathologically proven

neuroblastoma were enrolled in a single institute during the

period of January 2003–August 2010. All patients under-

went pretreatment FDG PET. All patients underwent con-

trast-enhanced abdomen CT, and 27 patients underwent BS

within 14 days of FDG PET. For staging, we used inter-

national neuroblastoma staging system (INSS) [20]. Patient

characteristics are summarized in Table 1.

Imaging procedure

For FDG PET scan, all patients fasted for at least 4 h and

serum glucose levels were less than 140 mg/dl before FDG

administration. At 60 min after intravenous injection of

FDG, PET scanning was initiated. Images from the neck to

the proximal thighs were obtained either on a GE PET

scanner with a spatial resolution of 5 mm in the center of

the field of view (GE Advance, GE Healthcare) or on a

Philips PET system with a spatial resolution of 5.3 mm in

the center of the field of view(Allegro, Philips-ADAC

Medical Systems). For the GE Advance scanner, approxi-

mately 5–10 MBq/kg of FDG was injected IV and PET

was performed at 5 min per bed position in a 2D mode.

The Allegro scanner acquired data in a 3D mode after the

IV administration of 5.18 MBq/kg of FDG. Transmission

scans (3 min per bed position) using 68Ge for the GE

Table 1 Patient characteristics

Patients characteristics Number

Total 30

Age (years)

[1.5 13

\1.5 17

Sex

Male 18

Female 12

Pathology

Neuroblastoma 28

Ganglioneuroblastoma 2

Treatment

Surgery and chemotherapy 20

Chemotherapy alone 10

Stage

I, II 7

III, IV 23
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Advance scanner or 137Cs for the Allegro scanner were

obtained to correct for non-uniform attenuation correction.

Transmission scans were interleaved between the multiple

emission scans for the Allegro scanner. The obtained ima-

ges were reconstructed using an iterative reconstruction

algorithm, specifically either the ordered-subset expectation

maximization (OSEM) for GE Advance or the row-action

maximal likelihood algorithm (RAMLA) for Allegro.

The standardized uptake value (SUV) was calculated as

follows: SUV = [decay-corrected activity (kBq)/ml of

tissue volume]/[injected 18F-FDG activity (kBq)/body

mass (g)].The SUV of the lesion was obtained by placing

regions of interest (ROI) manually around the lesion and

the maximum SUV within an ROI was used to minimize

partial volume effects.

BS were performed using a dual-head gamma camera

(ADAC Dual Genesys, ADAC Laboratories, Milpitas, CA)

equipped with general-purpose collimators. Anterior and

posterior whole-body images were acquired approximately

3–4 h after intravenous administration of 9–11 MBq/kg

(minimum of 20–40 MBq) of 99mTc-hydroxymethylene

diphosphonate. Additional static planar images were

acquired at the discretion of the attending nuclear physi-

cian. Single-photon emission computed tomography was

not performed routinely.

All patients underwent multi-detector CT scanning

(four detector row; Lightspeed Plus, GE Medical Systems,

Milwaukee, WI or sixteen-detector row; Sensation 16,

Siemens, Erlangen, Germany) according to a following

protocol. The parameters were 80 kVp, 155 mA, 5 mm

collimation and 10 mm/s table feed. A 60 % iodinated

contrast material (Xenetix� 300 injection; Guerbet Asia

Pacific) was administered intravenously at a rate of

1–1.5 ml/s using an automatic power injector with a vol-

ume of 2 ml/kg, up to a maximum volume of 150 ml. CT

scans were obtained 70 s after initiating the contrast

material injection, and the abdomen and pelvis, from the

level of the hepatic dome to the ischial tuberosities, were

scanned with a pitch of 2 and a reconstruction thickness of

2 mm. The transverse images were reconstructed with a

soft-tissue algorithm.

Imaging interpretation

Time-matched FDG PET and BS were retrospectively

reviewed by two nuclear medicine physicians with 5 and

14 years of experience. The evaluation was conducted

visually and without any clinical information. Data

regarding anatomic location and type of lesion (soft tissue,

LN and bone) were recorded. FDG PET findings were

Fig. 1 A 28-day-old boy with

stage 1 neuroblastoma. a 18F-

FDG PET anterior maximum-

intensity projection image

demonstrates mild uptake at

right upper quadrant of

abdomen. b On axial CT image,

a mass is seen in right

paraspinal area. c This mass

corresponds with

hypermetabolic lesion on
18F-FDG PET

306 Ann Nucl Med (2014) 28:304–313
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considered positive if they demonstrated lesions with

increased uptake as compared with background uptake.

Positive imaging findings were classified into 4 categories:

primary lesion, regional LN, distant LNs, and distant

metastasis. All imaging findings were compared with his-

tologic reports and clinical notes. Maximum standard

uptake value (SUVmax) was calculated using a manually

drawn region of interest (ROI) around the primary lesions.

Skeleton was divided into seventeen categories (C-

spine, T-spine, L-spine, sacrum, right pelvic bone, left

pelvic bone, right rib cage, left rib cage, sternum, right

scapula, left scapula, right humerus, left humerus, right

radius/ulna, left radius/ulna, right femur and left femur)

and the findings were described according to their location

on FDG PET and BS. The definition of abnormal bone

uptake was the lesion with higher increased uptake than

surrounding bone uptake. To confirm the bone metastases,

we analyzed another images such as MRI and evaluated

bone marrow biopsy. A lesion was classified ‘false-posi-

tive’ or ‘true-negative’ if it was not detected on MRI

images or got negative result on bone marrow biopsy. A

lesion was classified as either ‘true-positive’ or ‘false-

negative’ if there were matched lesions on MRI images or

got negative result on bone marrow biopsy.

We analyzed concordance and discordance of soft-tissue

lesions and abnormal LNs on FDG PET and CT. The

definition of concordance was a single lesion identified by

both modalities (FDG PET and CT) at one time point. And

the definition of discordance was identified by one of the

two modalities, but not the other at a single time point. To

confirm the discordant lesions, we analyzed another images

such as MRI, follow-up CT scans or follow-up FDG PET.

Statistical analysis

Independent sample t test was used to compare the clinical

stage and SUVmax of primary lesions. A p value \0.05

was considered significant. The sensitivity, specificity,

positive predictive value (PPV), negative predictive value

(NPV) and accuracy of PET/CT were computed for bone

metastasis. All analyses were performed using SPSS soft-

ware (Version 18.0; SPSS Incorporation, Chicago, IL).

Fig. 2 Images of a 7-day-old

boy with stage 1 neuroblastoma.

a 18F-FDG PET anterior

maximum-intensity projection

image demonstrates no

abnormal focal uptake at

abdomen. There are diffuse

muscle uptakes, due to crying.

b About 3-cm-sized mass in the

right adrenal gland is seen on

axial CT image. c 18F-FDG PET

image shows no definite

abnormal hypermetabolism in

right adrenal gland

Fig. 3 The distribution of maximum SUV of primary neuroblastoma

lesion
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Fig. 4 Image findings of a 14-month-old girl with stage 4 neuro-

blastoma. a 18F-FDG PET anterior maximum-intensity projection

image demonstrates intense uptake at right upper quadrant of

abdomen. b Multiple nodules in the right lower lung base are seen

on axial CT image. c 18F-FDG PET image shows no definite

abnormal hypermetabolism at lung area. This lesion was confirmed to

be lung metastasis from neuroblastoma

Fig. 5 Image findings of a

13-month-old boy with stage 4

neuroblastoma. a On axial CT

image, a low attenuation is seen

in segment 6 of liver. b FDG

PET image shows no definite

abnormal hypermetabolism at

corresponding liver area. c On

gadolinium-enhanced MRI

image, there was a peripheral

enhancing nodule in segment 6

of liver. This lesion was

confirmed to be metastasis from

neuroblastoma

308 Ann Nucl Med (2014) 28:304–313
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Result

Evaluation of primary sites

FDG PET scans were performed in 30 patients for staging.

Twenty-five patients had adrenal mass and 5 patients had

retroperitoneal mass. Primary tumor FDG uptake was

detected in 29 of 30 primary lesions with sensitivity of

96.7 %. Mean SUVmax of primary sites was 4.89 (range

0.94–13.72) and mean size was 6.25 cm (range 1.7–10.7)

(Fig. 1). One false-negative case of FDG PET was 3.1-cm-

sized cystic lesion with faint FDG uptake in the right

adrenal gland (SUVmax 0.94) (Fig. 2).

Seven of enrolled patients for staging had stage I or

II, and 23 patients had stage III or IV. Mean of SUVmax

of stage I/II patients was 3.03 (range 0.94–7.49), and that

of stage III/IV patients was 5.45 (range 1.23–13.72)

(Fig. 3). The SUVmax of stage I/II was significantly

lower than that of stage III/IV (p = 0.019).

Evaluation of soft tissue metastasis

There were two cases of confirmed liver metastases and

one case of confirmed lung metastasis. In one case, FDG

PET revealed multiple hypermetabolic lesions in liver,

which were concordant on CT scan (Fig. 4). In other

cases, there were discordant lesions with FDG PET

negative/CT positive in liver and lung (Fig. 5). A lung

metastasis was detected at lung base which imaged on

abdomen CT. However, there were no significant

abnormal FDG uptakes on PET images. CT tended to be

superior to 18F-FDG PET in evaluation of soft tissue

metastasis (Table 2).

Evaluation of lymph node metastasis

LN metastases were detected in 24 from 30 patients

(80 %). 18F-FDG PET and CT scans showed concordant

result to evaluate regional LNs both at ipsilateral and

contralateral sites. For the detection of distant LN, CT scan

had inferior results to FDG PET. CT scan missed 6 distant

LN metastases, which were well detected on FDG PET

Table 2 18F-FDG PET and CT in soft-tissue metastasis

PET positive PET negative

CT positive 1 2

CT negative 0 27

Fig. 6 Images of a 22-month-old boy with stage 3 neuroblastoma.

a 18F-FDG PET anterior maximum-intensity projection image

demonstrates intense uptake at mid abdomen and left supraclavicular

fossa (red arrow). b An enhanced chest CT image shows enlarged LN

in the left supraclavicular fossa (blue arrow), which was not imaged at

initial abdomen CT. Chest CT was taken after 18F-FDG PET reading.

This LN was confirmed to be metastasis (color figure online)
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(Fig. 6). When only CT scans were used, 3 of these patients

were undervalued in clinical stage (Table 3).

Evaluation of bone metastases

Of 18 patients with confirmed bone metastasis, all patients

were identified on FDG PET (Table 4) on patient-based

analysis. BS detected 17 patients and missed only one case.

Two cases were identified as discordant lesions of BS

positive/FDG PET negative. These cases were identified as

false positive on additional images such as MRI. On patient

base analysis, the sensitivity, specificity, positive predictive

value (PPV) and negative predictive value (NPV) of FDG

PET were 100, 100, 100 and 100 %, respectively. The

sensitivity, specificity, PPV and NPV of BS were 94.4,

77.8, 89.5 and 87.5 %, respectively. Overall accuracy of

FDG PET was not significantly higher than of BS

(p = 0.25).

On lesion base analysis, 203 bone lesions were identified

on 18F-FDG PET (Table 5). However, only 86 lesions were

detected on 99mTc-HDP BS. FDG PET detected more

metastatic lesions than BS in most cases. Even in concor-

dantly detected cases, most of the lesions were more easily

detected and more discernable in FDG PET scans than BS

(Fig. 7).

Bone marrow examinations were performed in 29 of the

patients. Of these patients, 15 patients were confirmed to

have bone metastasis. On FDG PET, there were abnormal

spine uptakes in all patients (Table 6), and diffuse uptakes

in proximal long bones and pelvic bones were seen in 14

patients. On BS, irregular uptakes of spines were observed

in 13 patients and diffuse uptakes in pelvic bones were

shown in 12 patients. However, abnormal uptakes in long

bones were seen in only 5 patients. The extent of bone

marrow involvement was better defined in FDG PET than

in BS in all patients.

Discussion

This study demonstrates that FDG PET is superior to CT in

detecting distant lymph nodes and to BS in detecting bone

metastasis in pediatric neuroblastoma.

In our 30 patients for staging work-up, most primary

lesion and metastatic LNs were FDG avid. CT and FDG

PET had similar results to evaluate primary lesions and

regional LN metastases. However, FDG PET had better

result than CT to evaluate distant LN metastases, which

was due to the result of whole body screening. CT often

missed the distant LNs such as supraclavicular LNs.

However, in patients with hepatic or pulmonary metastasis,

CT had superior result to FDG PET. FDG PET missed 1

liver metastasis and 1 lung metastasis. These false nega-

tives can undervalue clinical stage of disease and might

influence treatment plans. In our study, most of the patients

did not undergo FDG PET/CT but underwent FDG PET.

PET/CT had been shown to be superior to PET alone due to

anatomic information of CT scan [21]. Therefore, using the

PET/CT, the sensitivity and specificity of distant metastasis

will be improved.

Our results showed that primary neuroblastoma with

low stages had lower SUVmax than that with higher stages.

Table 3 18F-FDG PET and CT in LN metastases evaluation

PET positive PET negative

CT positive 17 1

CT negative 6 6

Table 4 18F-FDG PET and bone scintigraphy in cortical bone and

BM metastases

TP TN FP FN Total

FDG PET 18 12 0 0 30

BS 17 7 2 1 27

TP true positive, TN true negative, FP false positive, FN false

negative

Table 5 18F-FDG PET and CT in cortical bone and BM metastases

Patient ID Numbers of affected skeleton

FDG PET Bone scintigraphy

1 1 1

2 13 2

3 17 14

4 11 5

6 0 1 (FP)

8 2 0

9 1 1

13 0 1 (FP)

14 11 1

15 14 3

17 9 4

18 17 14

19 11 7

20 9 5

21 2 1

24 17 6

26 17 5

27 17 7

28 17 4

29 17 4

Total 203 86

FP false positive

310 Ann Nucl Med (2014) 28:304–313
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There was a study about correlation of FDG PET findings

and disease status of neuroblastoma [17]. FDG PET find-

ings correlated well with disease status as determined by

standard imaging modalities, BM biopsy, urine vanillyl-

mandelic acid (VMA) and homovanillic acid (HVA) levels

and clinical history. FDG uptake is directly proportional to

tumor burden and to tumor cell proliferation. Thus, maxi-

mal SUV of primary lesion can reflect the aggressiveness

of tumor and have some relationship with prognosis.

Recently, the role of BS in neuroblastoma had reduced

because of superior sensitivity of MRI and FDG PET in

evaluating bone metastasis from neuroblastoma. Several

studies had shown that BS was less sensitive to detect bone

metastases than MRI in pediatric malignancy [22, 23]. In

other studies, FDG PET was superior to BS in the detection

of osteolytic bone lesions in breast cancer and BM

metastases in melanoma [24, 25]. However, there were

limited clinical researches to compare FDG PET and BS

for detecting bone metastases in patients with neuroblas-

toma. Kushner et al. [17] showed that FDG PET identified

more osteomedullary abnormalities than BS. In our study,

FDG PET was superior to BS for detecting bone metasta-

ses. Physiologic uptake of FDG in the BM may give false-

positive result in staging of neuroblastoma [4]. However,

clinical history and physical examination can help prevent

misinterpretation of FDG PET finding. BS has been

thought to be sensitive to detect cortical bone metastasis

from neuroblastoma. However, on both patient-based

analyses and lesion-based analysis, there was no case

where BS identified more lesions than FDG PET in the

present study. Therefore, FDG PET might replace BS to

identify cortical bone and BM metastases in

neuroblastoma.

We compared FDG PET and BS by means of 17

regional categories, which did not contain skull and tibia.

Fig. 7 Images of a 5-year-old girl with stage 4 neuroblastoma. This

patient was confirmed bone metastases by bone marrow biopsy at

bilateral iliac crests. a 18F-FDG PET anterior maximum-intensity

projection image demonstrates diffuse intense uptake in axial and

proximal appendicular skeleton. b Anterior and posterior bone

scintigraphy demonstrates focally increased uptake in the skull, right

proximal humerus, left distal femur and left tibia. Skull and tibia were

not imaged on PET scan, but other lesions were more easily detected

in FDG PET images

Table 6 Abnormal uptake in patient with bone metastasis

Bone scintigraphy FDG PET

Spine 13 15

Long bone 5 14

Pelvis 12 14

Ann Nucl Med (2014) 28:304–313 311
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Figure 7 showed the case of diffuse bone metastases

involving skull and left tibia, which were not covered in

FDG PET image. Routine FDG PET protocol recommends

the image acquisition from skull base to thigh. To over-

come this pitfall, image acquisition from head to feet

should be considered.

In this study, FDG PET revealed more distant lymph

nodes than abdomen CT. Due to the advantage of whole

body screening, nuclear imaging studies including FDG

PET show high detection rate in distant lymph node

metastasis in many tumors [26–28]. One example is

supraclavicular lymph node. Detection rate of CT in

supraclavicular lymph node is relatively low, and its lim-

ited value has been reported in many malignancies [29].

However, FDG PET showed high detection rate in supra-

clavicular lymph node in the present study. FDG PET is

expected to be useful in detecting distant lymph node

metastasis in neuroblastoma.

In pediatric oncologic fields, imaging evaluation is

performed repetitively with a relatively short time interval.

There are several problems from repetitive imaging studies.

First, children are more radiosensitive than adults [3].

Therefore, reducing radiation dose is important in pediatric

oncology. Radiation exposure from FDG PET may be

diminished by frequent voiding [15], but more fundamental

method to reduce radiation exposure will be necessary.

Second, children may need sedation/anesthesia for FDG

PET just as other procedure in pediatric radiology. Young

children, typically under 4–6 years of age, may require

conscious sedation or even general anesthesia to insure

they remain stationary during the entire imaging acquisi-

tion [30]. For those reasons, studies to assess feasibility to

reduce the number of the studies, without compromising

patient care, are crucial. In the present study, we suggest

that BS might be eliminated from the routine protocol in

case FDG PET is performed. Contrary to our initial

assumption that BS has clinical role in bone cortex

metastasis, there was little cases where BS is superior to

FDG PET. Although more large-scale studies with pro-

spective design will be needed before excluding BS among

initial tests of neuroblastoma, our result is consistent with

previous studies that compared BS with MIBG or FDG

PET [17].

There were several limitations in the present study. First

of all, this study had relatively small sample size. Neuro-

blastoma accounts for 7.6 % of all childhood cancer and

the prevalence is approximately one in 10,000 live births

which would generate about 525 newly diagnosed cases

annually [1, 31]. However, the absolute number of neuro-

blastoma patient is small in general population. Second,

there was no comparison to MIBG scintigraphy. MIBG is

the nuclear imaging method of choice for neuroblastoma,

which has shown high diagnostic accuracy to evaluate

initial staging and to identify residual and recurrent lesions.

Several studies compared FDG PET with MIBG scintig-

raphy. These studies had shown that FDG PET had supe-

rior results to MIBG scintigraphy in patients with lower

stage neuroblastoma but cannot replace MIBG scintigraphy

in high-risk neuroblastoma [2, 18, 32, 33]. However, the

supply of 123I-MIBG was not available until recent years in

our hospital. Therefore, most patients could not undergo

MIBG scintigraphy.

Conclusion

The present study demonstrated that FDG PET was helpful

in evaluating initial tumor stage in patients with neuro-

blastoma. FDG PET was superior to BS in detecting bone

metastases, and to CT in detecting distant LN metastasis.

FDG PET might substitute for BS to evaluate bone

metastases to reduce the radiation exposure in pediatric

neuroblastoma patients.
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