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Staging of Neuroblastoma at
Imaging: Report of the
Radiology Diagnostic
Oncology Group1

PURPOSE: To compare the accuracies of computed tomography (CT), magnetic
resonance (MR) imaging, and bone scintigraphy in staging disease in patients with
neuroblastoma.

MATERIALS AND METHODS: Ninety-six children with newly diagnosed neuro-
blastoma were enrolled in a multicenter prospective cohort study. CT, MR, and
bone scintigraphy were used to evaluate tumor stage. Sensitivity and specificity
values and receiver operating characteristic (ROC) curve analyses were used to
compare the accuracy of CT, MR, and scintigraphy for tumor staging.

RESULTS: Eighty-eight patients were eligible for staging analysis, and 45 patients
who underwent surgery at initial diagnosis were eligible for analysis of local tumor
extent. CT and MR had sensitivities of 43% and 83%, respectively (P � .01), and
specificities of 97% and 88%, respectively (P � .05), for detection of stage 4 disease.
Areas under the ROC curves for CT and MR were 0.81 and 0.85, respectively (P �
.06); that for scintigraphy was 0.83. Addition of scintigraphy to both CT and MR
increased the areas under the ROC curves to 0.90 and 0.88, respectively. Accuracy
of CT and MR for staging disease confined to the chest or abdomen (stages 1, 2, and
3) was poor.

CONCLUSION: MR alone and CT and MR combined with bone scintigraphy enable
the accurate detection of stage 4 disease. Both CT and MR perform poorly for local
tumor staging.
© RSNA, 2002

Neuroblastoma accounts for 8%–10% of all childhood cancers in the United States (1,2).
The treatment of neuroblastoma is determined by the stage of the tumor at time of
diagnosis (1–5). Disease that is regionally limited is potentially resectable, while disease
that is locally extensive or disseminated is usually not resectable. The staging and moni-
toring of disease in patients with neuroblastoma are major areas of application for diag-
nostic imaging methods. Thus, diagnostic studies that enable accurate tumor staging
should help in treatment planning and reduce unnecessary surgery.

The current staging evaluation of patients with neuroblastoma consists of computed
tomography (CT) or magnetic resonance (MR) imaging of the primary tumor, a skeletal
survey and either bone scintigraphy or metaiodobenzylguanidine scintigraphy for skeletal
metastases, and bone marrow aspiration and biopsy for marrow disease (6–14). CT has a
reported accuracy of about 80% in tumor staging; when CT is complemented with
scintigraphy or bone marrow aspiration, the accuracy has been reported to increase to 97%
(15). MR imaging has also yielded high sensitivities (85%–100%) in the detection of
abdominal disease and distant metastases (6,7,13,16,17). However, these imaging studies
were performed with older-generation equipment, were retrospective, and each imaging
modality was evaluated in isolation.

To our knowledge, no large prospective studies have compared CT, MR imaging, and
scintigraphy in the staging of neuroblastoma. The purpose of our multiinstitutional
Radiology Diagnostic Oncology Group study, sponsored by the National Cancer Institute,
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was to compare the relative accuracies of
CT, MR, and bone scintigraphy in the
staging of disease in patients with neuro-
blastoma.

MATERIALS AND METHODS

Study Subjects and Setting

Six institutions participated in this
study: Mallinckrodt Institute of Radiol-
ogy, Washington University School of
Medicine (St Louis, Mo); St Jude’s Chil-
dren’s Hospital (Memphis, Tenn); C. S.
Mott Children’s Hospital (Ann Arbor,
Mich); Boston Children’s Hospital (Mass);
Children’s Hospital of Philadelphia (Pa);
and Children’s Hospital of Detroit (Mich).
The study was approved by each of the
corresponding institutional review boards.

Children under 18 years of age who
were suspected of having neuroblastoma
of the chest or abdomen and pelvis on
the basis of results of chest radiographs or
abdominal sonograms were eligible for
inclusion in the study. Patients with a
history of other malignancies and those
with newly diagnosed tumors who had
received chemotherapy or radiation ther-
apy for longer than 48 hours before the
imaging examinations were ineligible for
the study. Other exclusion criteria were
contraindications to sedation, a history
of major allergic reaction to intravenous
contrast material, and the presence of
cardiac pacemakers or intracranial vascu-
lar clips. The parents gave written in-
formed consent prior to each patient’s
participation in the study. After parental
permission was obtained and the consent
form was signed, each participating pa-
tient was enrolled by telephone at the
American College of Radiology office in
Philadelphia, Pa.

Study Protocol

The age, sex, and race of all patients
were recorded on demographic forms.

All patients were to undergo CT, MR
imaging, bone scintigraphy, and bone
marrow aspiration and biopsy at the time
of initial presentation. All studies were to
be performed within 2 weeks of each
other and within 2 weeks of any surgical
procedure. Patients who underwent de-
layed surgery after diagnosis were in-
cluded in the analysis of staging but not
in the analysis of the extent of local dis-
ease.

Imaging Protocols

CT protocol.—All patients underwent
CT of the chest or abdomen and pelvis,

depending on the site of the primary tu-
mor. The osseous structures of the pelvis,
including the femoral heads, were rou-
tinely included in examinations of the
abdomen. The thoracic spine, the ribs,
and the shoulders were examined in pa-
tients with chest tumors. The original
study design did not provide for evalua-
tion of the pelvis and proximal femurs in
patients with chest disease.

The CT scans were obtained with
fourth-generation scanners (Somatom Plus
or Plus-S, Siemens Medical Systems, Ise-
lin, NJ; or 9800 GE Advantage or HiSpeed
Advantage, GE Medical Systems, Milwau-
kee, Wis). Patients under 5 years of age
underwent sedation with either oral
chloral hydrate or intravenous pentobar-
bital sodium (Nembutal; Abbott, North
Chicago, Ill). All patients received non-
ionic intravenous contrast medium at a
dose of 2 mL per kilogram of body
weight, given either by a rapid push by
hand or by a mechanical injector. The
examinations were begun after 80% of
the intravenous contrast material had
been injected. Chest examinations ex-
tended from the lung apices to the lower
edge of the liver. Abdominal examina-
tions extended from the level of the dia-
phragm to the pubic symphysis. Scans
were obtained with 8–10-mm collima-
tion, an 8–10 mm/sec table speed, and an
8–10-mm reconstructed section thick-
ness, except in neonates and in infants
under 2 years of age. In these patients,
the scan parameters were reduced by
half. Scan time was 1 second per section.
The time for the entire CT examination
was approximately 30 seconds.

All CT studies were photographed at
window width and level settings that
best enabled evaluation of soft-tissue
structures (ie, �300 to �400 HU width;
�30 to �40 HU level), lungs (ie, �1,450
to �1,200 HU width; �450 to �250 HU
level), and bones (ie, �2,000 HU width;
�300 HU level). The exact settings were
individualized for each patient with each
scanner.

MR imaging protocol.—MR imaging
studies were performed with 1.5-T units
(Signa, GE Medical Systems; or Magne-
tom, Siemens Medical Systems). All pa-
tients underwent MR imaging of the
bone marrow (pelvis, proximal femora,
and spine) and the chest or abdomen and
pelvis, depending on the site of the pri-
mary tumor. The pelvis was routinely
imaged as part of the abdominal exami-
nation. Either the thoracic or the lumbo-
sacral spine was studied, depending on
the site of the primary tumor.

Examination of the pelvic and femoral

marrow included images obtained from
the iliac crests to the middle of the fe-
murs with coronal T1-weighted spin-
echo (repetition time msec/echo time
msec, 500–650/10–15) and transverse
T2-weighted fat-saturated fast spin-echo
(3,000–4,000/90–100) sequences. The lum-
bosacral spine was imaged with a sagittal
fast short inversion time inversion-recov-
ery sequence (repetition time msec/echo
time msec/inversion time msec, 4,000/
10/150). The chest and abdomen were
examined with coronal T1-weighted spin-
echo and transverse fat-saturated T2-
weighted fast spin-echo sequences (per-
formed with same parameters as for
pelvic and femoral marrow) and a trans-
verse T1-weighted gradient-echo se-
quence (25/5–10; flip angle, 30°–60°).
The T1-weighted sequence (650–700/10–
15) was repeated with fat suppression af-
ter intravenous injection of 0.2 mL/kg of
gadopentetate dimeglumine (Magnevist;
Berlex Laboratories, Wayne, NJ). Section
thickness varied from 5 mm with a 1-mm
intersection gap to 8–10 mm with a
2-mm gap and was determined by pa-
tient size and the desire to cover the en-
tire tumor in a limited number of se-
quences. Head or Helmholtz coils were
used for neonates and infants under 2
years of age; body coils were used for
older children.

Images were recorded on film with
brightness scaled by machine. The time
for the entire MR imaging examination
was approximately 60 minutes.

Scintigraphy protocols.—The study pro-
tocol required that bone scintigraphy
be performed in all patients and allowed
for additional metaiodobenzylguanidine
scintigraphy as an option at the discre-
tion of the clinicians and surgeons at
each institution. Metaiodobenzylguani-
dine imaging was performed in patients
who had a negative bone marrow aspi-
rate or biopsy or equivocal bone scans.
An equivocal bone scan was defined as
one that showed fewer than three le-
sions.

For bone scintigraphy, technetium
99m methylene diphosphonate was given
at a dose of 280 �Ci per kilogram (10.4
MBq/kg) of body weight (minimum dose,
2 mCi [74 MBq]), and imaging was begun
2 hours after injection. Examinations
were performed with a large-field-of-view
gamma camera, with a high-resolution
collimator in children over 2 years of age,
and a high-resolution or converging col-
limator in younger children. Multiple
overlapping spot images were obtained
of the entire body.
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Quality Control

Copies of the CT, MR, and scintigraphic
images were submitted to study headquar-
ters for storage and subsequent review. A
quality-control committee composed of
the study chair (M.J.S) and two principal
investigators (J.S.M., F.A.H.), met three
times during the period of the study to
review the submitted images for image
quality and adherence to study proto-
cols. If the CT or MR images did not
adhere to technical standards defined in
the protocol or were of poor technical
quality, they were excluded from the fi-
nal analysis. Technical exclusions were
related to incomplete anatomic coverage
or incomplete imaging sequences. Unac-
ceptable quality referred to images that
were degraded by patient motion or that
had insufficient intravenous contrast en-
hancement or poor opacification of the
bowel.

Interpretation of Studies

Three radiologists, one for each modal-
ity, read the CT, MR, and scintigraphic
examinations separately and prospec-
tively at each participating site. The read-
ers had access to the clinical history, but
were unaware of the results of other im-
aging modalities, surgery, or histopatho-
logic examinations.

To assess interreader variability, the
initial CT and MR images were reread by
participating radiologists (M.J.S., B.D.F.,
J.S.M., F.A.H., D.J., R.J.H., S.E.R.) from
other institutions. The rereading was ac-
complished by sending the imaging ex-
aminations to all six institutions. The ra-
diologist who performed the rereadings
had access to the patient’s clinical his-
tory. The design of the original study did
not require that bone scintigrams be re-
read.

All eligible cases were assessed for the
location of the primary tumor and for
features relevant to local and distant stag-
ing. The location of the primary tumor
was recorded on an imaging evaluation
form. The diagnosis of distant spread was
based on the presence of metastases in
bone, bone marrow, liver, lung, and/or
nonregional lymph nodes.

The diagnosis of bone metastases was
based on the following criteria: areas of
cortical bone destruction on CT or MR
images, diffuse or focal changes in the
bone marrow signal intensity on images
obtained with any or all of the MR se-
quences, and the presence of two or more
focal areas of either increased or de-
creased activity on skeletal scintigrams.

The finding of at least two focal lesions
was required for diagnosis to minimize
the likelihood that benign lesions would
falsely be considered to represent meta-
static disease.

Lung metastases were defined as foci of
soft-tissue attenuation at CT or abnormal
signal intensity at MR imaging (ie, inter-
mediate intensity on T1-weighted images
and high intensity on T2-weighted imag-
es). Liver metastases were defined as foci
of abnormally low attenuation at CT or
abnormal signal intensity at MR imaging
(ie, low intensity on T1-weighted images
and high intensity on T2-weighted imag-
es), with or without contrast material en-
hancement. Any visualized nonregional
lymph node was considered abnormal.
This decision was based on a consensus
agreement of the principal investigators
that it is highly unusual to see lymph
nodes, regardless of size, in prepubertal
children on CT or MR images.

The diagnosis of local tumor extension
was based on findings of midline exten-
sion or regional lymph node involve-
ment. These two parameters were chosen
because they affect staging. Vascular en-
casement and intraspinal extension were
not evaluated in the analysis of local tu-
mor extent. They do not affect staging,
although they do influence treatment.
Midline extension was defined as tumor
originating on one side and crossing the
midline to or beyond the opposite side of
the vertebral body. Local lymph node in-
volvement was defined as visualization of
regional lymph nodes regardless of their
size.

Radiologists were instructed to score the
presence of each of the aforementioned
findings by using a five-point confidence
scale: 0 � finding definitely not present,
1 � finding probably not present, 2 � in-
determinate, 3 � finding probably present,
and 4 � finding definitely present. The
readers of the CT and MR images also re-
corded the predicted stage (stage 1–4) on
the basis of all the imaging findings in the
study.

Final Diagnoses

The standard of reference for the final
staging of the tumors was based on a
combination of surgical and histopatho-
logic results. The staging reference was
the International Neuroblastoma Staging
System (Table 1). In all patients included
in the local-extent analysis, results of his-
topathologic examinations were avail-
able at the time of initial diagnosis. Histo-
pathologic findings were recorded on a
pathology examination form. If the tumor

was unresectable, the patient underwent
chemotherapy and subsequent imaging
evaluation. These patients underwent a
delayed-response staging operation and
were not included in the local-extent
analysis.

Patients who were eligible for the stag-
ing analysis underwent marrow aspira-
tion and biopsy of both iliac crests. A
positive bone marrow aspiration or bi-
opsy result was considered proof of dis-
tant tumor (stage 4). Hepatic, lung, or
pleural lesions or nonregional lymph
nodes were selected for biopsy or resec-
tion when the diagnosis of stage 4 disease
was equivocal at marrow examination.
Histocytologic findings were also consid-
ered proof of distant disease in patients
who underwent needle biopsy and/or re-
section of lymph nodes or liver lesions.

Statistical Analysis

CT and MR images obtained at the
time of initial evaluation were used in
the analysis of staging and detection of
distant metastases. The following analy-
ses were conducted: (a) comparison of
CT, MR, and bone scintigraphic images
alone and CT and MR images in combi-
nation with scintigraphic images in the
detection of stage 4 disease; (b) compari-
son of CT, MR, and scintigraphic images
in the detection of bone and bone mar-
row metastases; and (c) comparison of
the positive predictive values of CT and
MR images in the detection of stage 1, 2,
3, and 4 disease. Because skeletal metas-
tases account for the majority of stage 4
disease, we believed it important to ana-
lyze separately the detection of bone and
bone marrow lesions and the detection of
all stage 4 disease.

We used the predicted stage provided
by the reader to create receiver operating
characteristic (ROC) curves to compare
the accuracy of the imaging modalities in
the detection of all stage 4 disease. The
confidence scale ratings were used to create
ROC curves to compare the accuracy of the
modalities in the detection of stage 4 dis-
ease characterized only by bone or bone
marrow metastases. Areas under the ROC
curves, tests for differences in areas, and
confidence intervals were derived by
means of a multivariate bootstrap ap-
proach (19,20). Because the area under
the ROC curve is related to the Mann-
Whitney U statistic, the technique amounts
to a multivariate bootstrap technique for
U statistics (21). In this approach, we
bootstrapped the original ROC data by
patient and then computed the ROC
curve for each reader from the boot-
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strapped data. Each bootstrap sample
generated one ROC curve and one ROC
area for each reader. From the resulting
vector of areas for the readers, we com-
puted an overall averaged ROC area for
the imaging modality, using weights in-
versely proportional to the number of
cases read by each particular reader. The
same method was also used to compute
differences in areas. The multivariate fea-
ture of the approach automatically ac-
counts for the correlation in the data due
to the multiple readings per image. Using
all readings, we also calculated the true-
positive and true-negative values for CT
and MR imaging for stage 4 disease.
These data were also presented as the fre-
quency (percentage) with which the dis-
ease was understaged with each of the
modalities considered.

Interreader variability in accuracy was
assessed for each modality by means of a
root-mean-square-error (RMSE) measure
of variability. This value is on the scale of
the area and was computed for each
bootstrap sample by taking the square
root of the weighted squared difference
between each reader’s bootstrap ROC
area and the overall bootstrap-averaged
ROC area. As before, we used weights in-
versely proportional to the number of
cases read by the particular reader. RMSE
values below 10% indicate low inter-
reader variability, while values above
20% are evidence of high variability.

The reference standard for construct-
ing the ROC curves for accuracy of dis-
ease staging was defined as the presence
or absence of stage 4 disease (including
4S disease). Sensitivity was the probabil-
ity that stage 4 disease was correctly iden-
tified at each imaging modality, and

specificity was the probability that stage
1, 2, or 3 disease was correctly identified
at each imaging modality. In obtaining
an ROC curve for the combinations of CT
and scintigraphy and MR and scintigra-
phy, we created a new ordinal scale by
adding the number 4 to each of the CT
and MR ratings whenever the companion
scintigraphic studies had a rating of 3 or
4. Any number greater than 4 would suf-
fice for the purpose of denoting the
greater likelihood of disease than that
maximally achievable at CT alone or MR
alone. For example, a patient given a rat-
ing of 1 at CT alone and 3 or 4 at bone
scintigraphy would be given a rating of 5
(1 � 4) for the combination of CT and
scintigraphy. Nothing was added to the
CT or MR rating when the scintigraphic
study rating was less than 3. The result-
ing ordinal scales for CT and scintigraphy
and MR and scintigraphy had values
ranging from 1 to 8.

The diagnostic value of CT and MR
imaging in the assessment of specific sites
of local disease that affected local staging
(eg, midline extension and nodal in-
volvement) was also calculated with ROC
curves derived with a multivariate boot-
strap approach and the confidence scale
ratings for each of the specific findings.
In patients with a false-negative diagno-
sis of stage 4 disease, the MR and CT
studies were retrospectively reviewed by
the study chair to determine the reason
for the diagnostic errors.

RESULTS

Study Cohort

Between January 1994 and April 1997,
129 patients suspected of having neuro-

blastoma were enrolled into the study.
Eighteen patients were excluded because
they did not have neuroblastoma at
pathologic examination. The diagnoses
in these patients included ganglioneu-
roma (n � 4), rhabdomyosarcoma (n �
3), pulmonary sequestration (n � 1), pe-
ripheral nerve sheath tumor (n � 1), neu-
roendocrine tumor (n � 1), neuroecto-
dermal tumor (n � 1), round blue cell
tumor (n � 1), malignant rosettes (n � 1),
Ewing sarcoma (n � 1), benign mesen-
chymal tumor (n � 1), and nonneuro-
blastoma or lesion of unknown histo-
logic type (n � 3).

Of 111 patients with histologically
proven neuroblastoma, 15 were ineligi-
ble for the study because they had pri-
mary tumors arising in the neck (n � 2),
had undergone surgical resection prior to
study entry (n � 1) or radiation or che-
motherapy more than 48 hours prior to
imaging (n � 10), or had technically in-
adequate MR examinations (n � 2). Thus,
96 patients were potentially available for
the staging analysis. However, according
to the inclusion criteria, all patients had
to undergo imaging with all three modal-
ities (CT, MR, and scintigraphy) and also
had to have undergone bone aspiration
or biopsy. An additional four patients
were not eligible for the staging analysis
because they did not undergo bone scin-
tigraphy, and three more patients were
ineligible because they did not undergo
bone aspiration biopsy. One patient had
negative bone biopsy results and positive
bone scintigraphy results and was as-
signed a disease stage solely on the basis
of imaging, leaving 88 patients who
could be included in the analysis of stag-
ing. The mean difference in imaging time
was 4.4 days between CT and MR, 4.7
days between CT and bone scintigraphy,
and 4.4 days between MR and bone scin-
tigraphy. Imaging studies were performed
within 3 days of surgery in 84 patients
and within 10 days of surgery in four
patients.

Forty-five patients underwent surgery
at the time of initial diagnosis. These in-
cluded 38 of the 88 patients in the stag-
ing analysis cohort and seven patients
who were excluded from the staging
analysis but were eligible for the analysis
of local determinants of stage. The rea-
sons these seven patients did not qualify
for the staging analysis were as follows:
No bone scintigraphy was performed
(n � 3), no bone marrow aspiration was
performed (n � 3), or stage was assigned
only on the basis of imaging findings
(n � 1). These patients underwent sur-
gery immediately after initial imaging

TABLE 1
International Neuroblastoma Staging System

Stage Description

1 Localized tumor confined to the area of origin; complete gross resection with or
without microscopic residual disease; identifiable ipsilateral and contralateral
lymph nodes negative macroscopically.

2A Localized tumor with incomplete gross excision; identifiable ipsilateral and
contralateral lymph nodes negative microscopically.

2B Unilateral tumor with complete or incomplete gross resection with positive
ipsilateral regional lymph nodes; contralateral lymph nodes negative
microscopically.

3 Tumor infiltrating across the midline with or without regional lymph node
involvement; unilateral tumor with contralateral regional lymph node
involvement; or midline tumor with bilateral regional lymph node involvement.

4 Dissemination of tumor to distant lymph nodes, bone, bone marrow, liver, or
other organs (except as defined in stage 4S).

4S Localized primary tumor (as defined for stage 1 or 2A or 2B) with dissemination
limited to skin, liver, or bone marrow (�10% tumor cells, and
metaiodobenzylguanidine scan negative in the marrow). Limited to infants �1
year of age.
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and did qualify for the analysis of extent
of local disease.

There were 52 boys and 44 girls in the
study population, which included 88
staging patients and 45 local-determi-
nant patients; 38 patients qualified for
both analyses. One of the 96 patients did
not undergo bone scintigraphy and did
not undergo surgery at the time of initial
diagnosis and therefore did not qualify
for either analysis. Approximately 79%
were white, 13% were African American,
4% were Hispanic, and 4% were of other
or unknown race. The median age was
32.2 months, and the age range was 9
days to 12.4 years; 75% of the patients
were 4.1 years of age or younger.

The primary tumors were located in
the adrenal glands in 50 patients (52%),
in the abdominal sympathetic ganglia in
16 (17%), in the presacral region in five
(5%), in the posterior mediastinum in 22
(23%), and in another location (not spec-
ified) in three (3%). The histologic nature
of the tumors was undifferentiated neu-
roblastoma in 14 patients (15%), differ-
entiated neuroblastoma in 44 (46%),
neuroblastoma not otherwise specified in
seven (7%), and ganglioneuroblastoma
in 31 (32%).

Of the 88 patients in the staging co-
hort, 10 had stage 1 disease, 14 had stage
2 disease, 14 had stage 3 disease, and 50
had stage 4 disease. The final diagnosis in
the 88 patients in the staging analysis
was determined on the basis of positive
bone marrow biopsy results (n � 43); pos-
itive pleural (n � 3), liver (n � 2), or
distant lymph node (n � 2) biopsy re-
sults; or with surgical and pathologic
findings in patients with negative bone
marrow aspiration results (n � 38).

The initial CT and MR studies were
read by one CT reader and one MR reader
at the patient’s institution and were then
sent to be reread by one CT reader and
one MR reader at each of the other five
institutions, for a possible total of six CT
readings and six MR readings per patient.
All images were read at the patient’s in-
stitution. However, images in some pa-
tients were not read at all of the other
participating institutions. Therefore, some
patients had fewer than six CT readings
and/or fewer than six MR readings. On av-
erage, the CT images were read by 3.9 read-
ers, and the MR images were read by 3.6
readers. There was no apparent pattern to
the missing readings. They appeared to be
missing at random, so adjustments were
not made for bias. The absent readings
were mostly problems of logistics (eg, a
reader was unavailable when images ar-
rived).

Accuracy in Detection of All Stage 4
Disease

Fifty patients had stage 4 disease. Of
the 50 patients, 43 had skeletal involve-
ment and seven had nonskeletal involve-
ment (involvement of the pleura in
three, of the liver in two, and of distant
lymph nodes in two). On the basis of the
area under the ROC curves, MR imaging
was slightly more accurate than CT in the
detection of stage 4 disease; the areas un-
der the ROC curves for CT and MR imag-
ing were 0.81 and 0.85, respectively (P �
.06) (Table 2). The true-positive values
(sensitivity) for CT and MR imaging in
the detection of stage 4 disease were 43%
and 83%, respectively (P � .01), and the
true-negative values for CT and MR im-
aging were 97% and 88%, respectively
(P � .05). The area under the ROC curve
for the 88 scintigraphy readings was 0.83.
The addition of scintigraphy to both CT
and MR imaging increased the areas un-
der their respective ROC curves to 0.90
(P � .05 compared with CT alone) and
0.88 (not significantly different com-
pared with MR alone).

When a simple proportion analysis
was conducted, it was determined that
neuroblastoma had been understaged at
CT alone with a frequency of approxi-
mately 57% in patients with stage 4 dis-
ease (Table 3). With the addition of scin-
tigraphic data, disease was understaged at
CT in 11%. Disease was understaged at
MR alone with a frequency of approxi-
mately 17% in patients with stage 4 dis-

ease. With the addition of scintigraphy,
this value changed to 12%. The results
show that MR alone is comparable to CT
and scintigraphy and is superior to CT
alone.

The interreader variability was greater
at CT (RMSE, 0.09) than at MR imaging
(RMSE, 0.06). An RMSE of 0.09 for CT
indicates that CT readers have accuracies
that differ by roughly 9%.

Diagnostic Value for Stage 4 Disease
Involving Bone or Bone Marrow

Of the 50 patients with stage 4 disease,
43 had skeletal involvement at aspiration
or biopsy. The diagnostic value of CT,
MR, and bone scintigraphy in the detec-
tion of skeletal disease was analyzed sep-
arately with ROC curves.

The areas under the ROC curves for CT
and MR imaging in the diagnosis of bone
and bone marrow metastases were 0.59
and 0.86, respectively (P � .05) (Table 4).
The corresponding area for bone scintig-
raphy was 0.85.

Errors in Diagnosis of Stage 4
Disease

A retrospective review of the false-neg-
ative diagnoses of stage 4 disease showed
that disease was understaged at MR im-
aging in approximately 38% of patients
with pleural, liver, or nodal involvement
and in 15% of those with marrow re-
placement by tumor. Disease in 25% of
patients with nonskeletal metastases and

TABLE 2
ROC Results for Detection of Stage 4 Disease

Modality
Area under
ROC Curve

95% CI
for Area

Range
of Areas

RMSE
for Areas

Bone scintigraphy 0.83 0.74, 0.91 NA* NA*
CT 0.81 0.74, 0.87 0.65–0.87 0.09
CT and bone scintigraphy 0.90 0.83, 0.96 0.77–0.95 0.06
MR imaging 0.85 0.79, 0.91 0.77–0.92 0.06
MR and bone scintigraphy 0.88 0.80, 0.95 0.81–0.92 0.04

Note.—CT and bone scintigraphy (0.90) was significantly better than CT alone (0.81), P � .05.
* NA � not applicable.

TABLE 3
Understaging of Stage 4 Disease at Imaging

Result CT

CT and
Bone

Scintigraphy
MR

Imaging

MR and
Bone

Scintigraphy
Bone

Scintigraphy

Understaged 57 11 17 12 22
Correctly staged 43 89 83 88 78

Note.—Data are percentages.
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in 60% of those with skeletal metastases
was understaged at CT.

Our study did not allow examination
of the pelvis and femurs in patients with
thoracic tumors, but this did not appear
to have an adverse affect on lesion detec-
tion at CT. Of the total population, 22
patients had chest disease; seven (32%) of
these had marrow disease on the basis of
positive biopsy results. All seven patients
had lesions of the ribs or thoracic spine
depicted on scintigrams.

Predictive Accuracy for Stages 1, 2,
3, and 4

CT and MR imaging were approxi-
mately equally accurate in the prediction
that patients had stage 4 disease (Table
5). For example, when CT results indi-
cated stage 4 disease, the final diagnosis
was stage 4 disease 94% of the time; for
MR, this number was 90%. The agree-
ment between the two modalities de-
creased in predictions of lower stages.
When CT results indicated stage 3 dis-
ease, 61% of the time the disease was
stage 4; for MR imaging, this number was
20%. For predictions of stage 2 disease,
these numbers were 54% and 20%, re-
spectively. Thus, when CT results indi-
cated stage 2 or stage 3 disease, patients
were nearly three times more likely to

have stage 4 disease than when MR re-
sults indicated stage 2 or stage 3 disease.
When either CT or MR predicted stage 1
disease, the chance that the patient had
stage 1 or 2 disease was approximately
75%.

Overall, CT and MR imaging had sta-
tistically similar, but relatively poor, per-
formance in the assessment of features of
local disease that affected staging (Table
6). This may explain the poorer perfor-
mance of CT and MR imaging in the stag-
ing of local disease versus the staging of
distant disease.

DISCUSSION

Neuroblastoma is the most common
small round blue cell malignancy in the
pediatric population. Successful plan-
ning of an individual patient’s therapy
requires precise delineation of the local
extent of neoplasm in soft tissues, lymph
nodes, and solid organs and the evalua-
tion of distant spread. CT, MR imaging,
and bone scintigraphy have been the pri-
mary imaging modalities used in staging
disease in children with neuroblastoma.
Contrast-enhanced CT alone has been re-
ported (15) to be 82% accurate in reveal-
ing tumor extent. The addition of bone
scintigraphy reportedly increases the ac-

curacy to 97% (15). In small series, MR
imaging has also been shown to be sen-
sitive in the detection of local disease
(17,18).

To the best of our knowledge, ours is
the first prospective multiinstitutional
study to compare the performances of CT
and MR imaging, alone and in combina-
tion with bone scintigraphy, in the over-
all staging of neuroblastoma. In this
study, 69% of neuroblastomas arose in
the abdomen or pelvis and 23% arose in
thoracic sites, a finding that agrees with
prior reports. The percentage of stage 3
and 4 tumors was high at approximately
73% (ie, 64 of 88 patients). However, the
rate was equal to that reported in previ-
ous studies (1,2). Bone marrow involve-
ment has been reported to range from
26% to 58% of cases (10). In our series,
the frequency was 56%.

The imaging techniques used at the
participating institutions were all state
of the art. Recruitment patterns were sim-
ilar, and there were no statistically signif-
icant differences in the stages of the
neuroblastomas among the institutions.
These facts suggest that the results are
reproducible and can likely be general-
ized to other centers.

Our results show that MR imaging is
more accurate than CT for detection of
all stage 4 disease, with sensitivities of
83% and 43%, respectively. When only
skeletal metastases are evaluated, MR im-
aging alone and scintigraphy alone yield
similar estimated areas under the ROC
curve for discrimination of distant spread
to bone or bone marrow, with mean ar-
eas of 0.86 and 0.85, respectively. In
comparison, the mean ROC curve area
for CT in the staging of distant bone or
bone marrow metastases is 0.59.

The considerable understaging of stage
4 disease at CT is not surprising because
CT is known not to be a sensitive method
for detecting small areas of cortical de-
struction. The finding of a poorer accu-
racy for CT supports the prevailing wis-
dom that MR imaging is better than CT
for the detection of bone or bone marrow
metastases. Although we recognized when
we designed this study that MR imaging
has been embraced as being superior to
CT, this advantage had yet to be proved
by direct comparison. Thus, we made a
conscious decision to include it in our
comparative analysis of imaging modali-
ties.

Differences between ROC areas and
simple sensitivities and specificities, as
observed in this study, can occur because
the area under the ROC curve takes into
account discrimination among all cate-

TABLE 4
ROC Results for Detection of Bone and Bone Marrow Metastases

Modality
Area under
ROC Curve

95% CI
for Area

Range
of Areas

RMSE
for Areas

CT 0.59 0.54, 0.65 0.42–0.69 0.10
MR imaging 0.86 0.79, 0.92 0.77–0.92 0.06
Bone scintigraphy 0.85 0.76, 0.93 NA* NA*

Note.—MR imaging (0.86) and bone scintigraphy (0.85) were significantly better than CT (0.59),
P � .05.

* NA � not applicable.

TABLE 5
Predictive Values for CT and MR Imaging for All Stages

Final Stage Stage 1 (%) Stage 2 (%) Stage 3 (%) Stage 4 (%)

Determined at CT

1 39 (n � 34) 5 (n � 3) 2 (n � 2) 0 (n � 0)
2 39 (n � 34) 23 (n � 13) 12 (n � 13) 2 (n � 2)
3 3 (n � 3) 17 (n � 10) 25 (n � 27) 4 (n � 4)
4 17 (n � 15) 54 (n � 30) 61 (n � 65) 94 (n � 84)

Determined at MR Imaging

1 27 (n � 14) 25 (n � 12) 6 (n � 4) 1 (n � 2)
2 47 (n � 24) 34 (n � 16) 20 (n � 11) 2 (n � 4)
3 6 (n � 3) 19 (n � 9) 53 (n � 29) 7 (n � 11)
4 19 (n � 10) 20 (n � 10) 20 (n � 11) 90 (n � 146)
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gories or stages of disease (eg, the ability
to differentiate among stages 1 through
4), whereas the simple proportions in
this study aggregated the results, taking
into account only the most clinically
meaningful decision (ie, differentiation
of stages 1–3 from stage 4).

One limitation of this study was that
histopathologic proof, other than that
obtained at aspiration and biopsy of mar-
row in the iliac crest, was not available
for most lesions seen on MR images.
Hence, the sensitivity and specificity es-
timates for MR imaging may be impre-
cise. However, this weakness in design is
one confronted in most studies in which
detection of bone metastases at imaging
is evaluated. Although biopsy of individ-
ual lesions identified at imaging would
be the most reliable method of establish-
ing the diagnosis of metastatic disease,
this is not possible for obvious reasons.
The next best method to establish the
nature of the lesions detected on an im-
aging study is to compare the findings
with those of another study or to reeval-
uate the patients during the course of
treatment. Thus, in support of the valid-
ity of our results is the finding that the
results of MR and bone scintigraphy were
similar.

A second limitation was that the MR
examination assessed only limited areas
of the marrow-bearing skeleton. Thus,
the total amount of disease was not de-
termined at MR imaging. This was based
on our intent to determine if imaging
can be used to help stage neuroblastoma;
this design does not require that all le-
sions be identified. A third limitation is
that gadolinium chelates were not used
in the evaluation of the appendicular
skeleton for marrow disease. Results of
small series have suggested that contrast-
enhanced MR imaging can facilitate
identification of marrow lesions (22–25).

It also could be argued that the crite-
rion used to detect metastatic disease at
scintigraphy, namely, that there be two
lesions, may have resulted in underdetec-

tion of bone or bone marrow disease.
However, all patients in this study with
stage 4 disease had more than two skele-
tal lesions at scintigraphy.

Another limitation in our study design
was that it did not allow statistical eval-
uation of the performance of CT versus
MR imaging for detecting metastases in
the pelvis and proximal femora in pa-
tients with thoracic tumors. However,
this comparison would have required
more radiation exposure than we could
have ethically justified. Patients did un-
dergo MR imaging of these areas. How-
ever, this weakness of the study may not
be as important as it appears. Seven
(32%) of 22 patients with thoracic pri-
mary lesions in this series had bone or
bone marrow metastases, and these were
always in the field of view of the primary
tumor. Hence, the failure to examine the
pelvis and femurs with CT cannot ex-
plain the poorer lesion sensitivity of CT
compared with MR imaging.

As regards the primary tumor, the in-
tent of this study was not to evaluate
the accuracy of detection of masses.
Our study design did not allow for eval-
uation of the performance of CT and
MR imaging versus that of ultrasonog-
raphy (US) in the detection or staging
of neuroblastoma. However, the rela-
tively poor performance of US has been
discussed in a prior report of a study
that compared US with CT (15). Rather,
because all of our patients had a mass
detected at US or at chest radiography,
the primary intent was to evaluate the
abilities of CT and MR imaging in the
staging of tumor.

The prevalence of determinants of lo-
cal disease was relatively low in this
study because patients who had exten-
sive disease at time of entry underwent
delayed surgery after induction chemo-
therapy. Because of the small number,
positive predictive values were used to
compare the accuracy of MR imaging
and CT in local tumor staging (stages 1,
2, and 3). In this approach, the data

were analyzed according to the way
they are actually received and used by
the referring clinicians. Although the
numbers are small, the data suggest the
following: (a) For stage 1 tumor, readers
were more likely to stage abdominal ex-
tent correctly at CT than at MR imag-
ing, where they often overstaged tu-
mors; (b) for stage 2 and 3 tumors,
readers of both CT and MR images were
more likely to understage than to over-
stage tumor; and (c) for stage 2 tumor,
readers were more likely to understage
tumor at CT than at MR imaging. It was
not the intent of this study to evaluate
the relative accuracy of CT and MR im-
aging in revealing individual features
of local extension (eg, midline exten-
sion, nodal involvement, vessel encase-
ment).

Factors such as the relative costs and
availability of these imaging modalities
and physician preference undoubtedly
will continue to influence whether MR
imaging or bone scintigraphy is per-
formed in an individual patient. The re-
sults of this study suggest that MR imag-
ing can replace the combination of CT
and bone scintigraphy for overall assess-
ment of stage 4 disease in children with
neuroblastoma. This approach would re-
duce the radiation exposure in these chil-
dren and likely would reduce the number
of sedation procedures required for stag-
ing. It also has the potential to decrease
the use of hospital resources and the cost
of imaging children with neuroblastoma.

Recent advances in MR imaging, par-
ticularly the development of fast imaging
techniques, have markedly reduced im-
aging time without compromising image
quality. Whole-body imaging with faster
MR sequences can be performed in only a
few minutes and has been shown to ac-
curately depict metastases in adults (26–
28). It is likely that further improvement
in the results we have reported for MR
imaging as a staging tool for neuroblas-
toma can be achieved with these recently
developed techniques.

TABLE 6
ROC Results for Detection of Local Extension

Local Extension
No. of

Readings
True-Positive

(%)
Area under
ROC Curve

Area
Range

RMSE
for Areas

Positive
Predictive
Value (%)

Negative
Predictive
Value (%)

CT
Tumor crosses midline 175 31 0.80 0.56–0.94 0.14 73 83
Nodal involvement 183 11 0.67 0.61–0.77 0.11 20 96

MR imaging
Tumor crosses midline 164 32 0.79 0.73–0.86 0.09 81 79
Nodal involvement 173 12 0.74 0.67–0.83 0.07 19 99
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