Radiology

Note: This copy is for your personal non-commercial use only. To order presentation-ready
copies for distribution to your colleagues or clients, contact us at www.rsna.ovglrsnarights.

Whole-Body MR Imaging for
Staging of Malignant Tumors
in Pediatric Patients: Results of
the American College of Radiology
Imaging Network 6660 Trial’

Marilyn J. Siegel, MD
Suddhasatta Acharyya, PhD
Frederic A. Hoffer, MD

J. Brad Wyly, MD

Alison M. Friedmann, MD, MSc
Bradley S. Snyder, MS

Paul S. Babyn, MD

Geetika Khanna, MD, MS
Barry A. Siegel, MD

1From the Mallinckrodt Institute of Radiology and Siteman
Cancer Center, Washington University School of Medicine,
510 S Kingshighway Blvd, St Louis, MO 63110 (M.J.S.,
G.K., B.A.S.); Center for Statistical Sciences, Brown Univer-
sity, Providence, Rl (S.A., B.S.S.); Department of Radiology,
University of Washington, Seattle, Wash (FA.H.); Depart-
ment of Radiology, Egleston Children’s Hospital CHOA,
Emory University School of Medicine, Atlanta, Ga (J.B.W.);
Massachusetts General Hospital for Children, Boston, Mass
(A.M.E); and Department of Medical Imaging, University of
Saskatchewan, Saskatoon, Sask, Canada (P.S.B.). Received
November 24, 2011; revision requested January 4, 2012;
revision received June 5; accepted July 20; final version
accepted August 15. Address correspondence to M.J.S.
(e-mail: siegelm@mir.wustl.edu).

©RSNA, 2012

Purpose:

Materials and
Methods:

Results:

Conclusion:

To compare whole-body magnetic resonance (MR) im-
aging with conventional imaging for detection of distant
metastases in pediatric patients with common malignant
tumors.

This institutional review board—approved, HIPAA-compli-
ant, multicenter prospective cohort study included 188
patients (109 male, 79 female; mean age, 10.2 years;
range, < 1 to 21 years) with newly diagnosed lymphoma,
neuroblastoma, or soft-tissue sarcoma. Informed consent
was obtained and all patients underwent noncontrast ma-
terial-enhanced whole-body MR imaging and standard-
practice conventional imaging. All images were reviewed
centrally by 10 pairs of readers. An independent panel
verified the presence or absence of distant metastases.
Detection of metastasis with whole-body MR and con-
ventional imaging was quantified by using the area under
the receiver operating characteristic curve (AUC). The ef-
fects of tumor subtype, patient age, and distant skeletal
and pulmonary disease on diagnostic accuracy were also
analyzed.

Of the 134 eligible patients, 66 (33 positive and 33 neg-
ative for metastasis) were selected for image review and
analysis. Whole-body MR imaging did not meet the nonin-
feriority criterion for accuracy when compared with con-
ventional imaging for detection of metastasis (difference
between average AUCs was —0.03 [95% confidence inter-
val: —0.10, 0.04]); however, the average AUC for solid tu-
mors was significantly higher than that for lymphomas (P
= .006). More skeletal metastases were detected by using
whole-body MR imaging than by using conventional imag-
ing (P = .03), but fewer lung metastases were detected (P
< .001). Patient age did not affect accuracy.

The noninferior accuracy for diagnosis of distant metasta-
sis in patients with common pediatric tumors was not es-
tablished for the use of whole-body MR imaging compared
with conventional methods. However, improved accuracy
was seen with whole-body MR imaging in patients with
nonlymphomatous tumors.

©RSNA, 2012
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n the evaluation of malignant dis-

eases, the accurate determination of

tumor burden at diagnosis is a crit-
ical factor in planning treatment and
predicting outcome. The frequency of
distant metastasis of malignant tumors
in pediatric patients varies according to
disease type, from 10%-12% for sar-
comas to 70% for neuroblastomas with
unfavorable prognostic factors (1-4).
Computed tomography (CT), magnetic
resonance (MR) imaging, various scin-
tigraphic methods and, more recently,
positron emission tomography (PET)
with fluorine 18 fluorodeoxyglucose
(FDG) are important techniques for
the staging and management of pe-
diatric solid tumors. CT, scintigraphy
and FDG PET, and PET/CT all involve
exposure to ionizing radiation, which
has been associated with an increased
lifetime risk of cancer (5). As survival
rates for childhood malignant tumors
continue to improve, with 80% of pa-
tients expected to reach adulthood, the
long-term sequelae of ionizing radiation
are increasingly important (6,7). Thus,
alternative imaging methods that do not

Advances in Knowledge

B The study results did not estab-
lish that diagnostic accuracy with
whole-body MR imaging was
noninferior to that with conven-
tional imaging for detection of
distant metastatic disease in
patients with common pediatric
tumors.

® Whole-body MR imaging allows
for more accurate detection of
metastatic disease in pediatric
patients with solid tumors than
in those with lymphomas (av-
erage area under the receiver
operating characteristic curve,
0.92 vs 0.72, respectively; P =
.006).

® Whole-body MR imaging allows
for detection of more skeletal
lesions, on average, than does
conventional imaging (P = .03)
but does not enhance detection
of lung metastases (average sen-
sitivity, 0.53 vs 0.83, respec-
tively; P < .001).

use ionizing radiation but allow similar
diagnostic accuracy would be particu-
larly attractive. Because of its inher-
ently high contrast resolution, MR im-
aging is the most important alternative
imaging method.

Results of several studies in adults
have shown the usefulness of whole-
body MR imaging in oncologic evalua-
tion (8-15). Results of several studies
in children with a variety of tumors
showed that whole-body MR imaging
was superior to bone scintigraphy for
allowing detection of skeletal metasta-
ses (16-22). Whole-body MR imaging
also has been shown to be as effective
as scintigraphy with radioiodine-labeled
meta-iodobenzylguanidine (MIBG) in
the detection of extraskeletal metasta-
ses of neuroblastomas (17,22). Impor-
tant limitations of these studies were
small sample size, the absence of his-
tologic confirmation, pretreatment of
some patients, and nonuniformity of
experimental or reference-standard im-
aging for individual patients or cohorts.

The potential of whole-body MR
imaging led us to propose a study com-
paring diagnostic accuracy when whole-
body MR imaging versus when conven-
tional imaging modalities are used for
detection of distant metastases in pa-
tients with common pediatric tumors.
We believed that if whole-body MR
imaging could allow accurate detection
of distant metastases, this technique
could be a substitute for ionizing radi-
ation-based imaging methods for the
staging of common malignant tumors in
the pediatric population.

Materials and Methods

The American College of Radiology
Imaging Network (ACRIN), a cooper-
ative group that is funded by the Na-
tional Cancer Institute, conducted a

Implication for Patient Care

® Whole-body MR imaging as the
initial study of choice for staging
of pediatric malignant tumors is
not justified, especially for
tumors that have spread to the
lungs and solid organs.

prospective multi-institutional study of
whole-body MR imaging for the eval-
uation of pediatric malignant tumors
(ACRIN 6660). Twenty institutions
participated in the study. Each par-
ticipating site obtained institutional
review board approval before patient
recruitment and conducted the trial in
compliance with the Health Insurance
Portability and Accountability Act (or
with applicable equivalent regulations
for sites outside of the United States).
Parental written informed consent was
obtained for participants younger than
18 years old, and assent was obtained
from older minors. Written informed
consent was obtained from participants
aged older than 18 years.

Study Patients

Study participant recruitment began
in November 2004 and was completed
in June 2007.

Inclusion criteria.—Inclusion cri-
teria were male and female patients
aged 21 years or younger; a clinically
suspected or pathologically proved
diagnosis of neuroblastoma, Hodgkin
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or non-Hodgkin lymphoma, rhabdo-
myosarcoma, nonrhabdomyosarcoma
soft-tissue sarcoma, one of the Ewing
sarcoma family of tumors, or a newly
diagnosed mass strongly suspected to
be one of the aforementioned tumors;
and willingness to undergo imaging
studies specified in the protocol.

Participants with prior CT, conven-
tional MR imaging, MIBG or gallium
scintigraphy, or FDG PET studies that
were performed before registration in
the trial, either at the participating
site or at an outside institution, were
eligible for inclusion if these studies
met the technical standards specified in
the protocol. Participants were eligible
if they had undergone protocol imaging
within 2 months of a biopsy or surgical
procedure performed at the participat-
ing site or at an outside institution if the
diagnosis was verified by a pathologist.

Exclusion  criteria.—Nontechnical
exclusion criteria were contraindica-
tions for MR imaging (including cardiac
pacemakers or intracranial vascular
clips), nonprotocol tumors determined
at pathologic examination; previous ma-
lignant tumors, pregnancy or nursing,
and claustrophobia. Patients for whom
there were protocol violations includ-
ing technically inadequate MR imaging,
greater than 21-day time frame for all
imaging studies, greater than 2-month
time frame between whole-body MR
imaging and biopsy or surgical proce-
dure, radiation or chemotherapy before
imaging, and incomplete clinical data,
were also excluded.

Study Protocol

All patients underwent whole-body MR
imaging with fast turbo short tau inver-
sion-recovery (STIR) and the required
conventional staging examinations at
initial presentation. A panel of pediat-
ric oncologists determined the staging
requirements on the basis of standard
clinical practice at the time and exist-
ing clinical trials through the Children’s
Oncology Group for which patients may
have been eligible. CT of the neck, chest,
abdomen, and pelvis and either gallium
scintigraphy or FDG PET were required
for patients with lymphomas. Chest CT,
CT or MR imaging of the primary site,

and bone scintigraphy were required
for patients with sarcomas. CT or MR
imaging of the primary site, abdomi-
nal and pelvic CT or MR imaging, and
bone scintigraphy or MIBG scintigraphy
were required for patients with neuro-
blastomas. FDG PET was optional for
patients with sarcomas, non-Hodgkin
lymphomas, and neuroblastomas. Bone
marrow aspirates and biopsies were
also required for patients with sar-
comas, neuroblastomas, non-Hodgkin
lymphomas, and advanced-stage or
symptomatic Hodgkin lymphomas.

All studies were required to be per-
formed within 21 calendar days of each
other, before treatment, and within
2 months of any diagnostic or surgical
procedure. Details of the imaging pro-
tocols are given in Appendices E1 and
E2 (online).

Central Interpretation of Studies (Reader
Studies)

A reader study was used to achieve
sufficient statistical power to enable
establishment of noninferior diagnostic
accuracy with whole-body MR imaging
compared with conventional imaging
for staging. For the whole-body MR
imaging, a reference set showing exam-
ples of interpretation data was created
to standardize interpretation quality
among the study radiologists.

For the central image interpreta-
tion, there were 10 pairs of readers
(Appendix E3 |online]), each consisting
of an experienced pediatric radiologist
and an experienced nuclear medicine
physician (to mimic clinical practice).
The median experience of the pediat-
ric radiologists, seven of whom were
from participating sites, was 11.5 years
(range, 5-31 years). The median ex-
perience of the nuclear medicine
physicians, five of whom were from
participating sites, was 135.5 years
(range, 4-38 years).

The central image interpretation
for each reader pair occurred dur-
ing two sessions. In one session, the
pediatric radiologist interpreted the
whole-body MR imaging studies, and in
the other session the pair interpret-
ed the conventional imaging tests

(CT, conventional MR imaging,

scintigraphic studies, and optional
FDG PET). To minimize recall bias, a
period of at least 1 month was required
between interpretation of the whole-
body MR imaging studies and those of
conventional CT and/or MR imaging
studies for the same case. The reader
pairs were the same throughout the en-
tire study. The readers were aware of
the location and type of the primary
tumor for each patient but were blind-
ed to the reference standard informa-
tion throughout all reading sessions.

Pediatric radiologists interpreted
the whole-body MR imaging and con-
ventional imaging studies in separate
sessions; their readings were used to
determine the accuracy with whole-
body MR imaging. For the interpre-
tations of the conventional imaging
studies, the pediatric radiologist first
independently interpreted the CT and
conventional MR imaging studies, while
the nuclear medicine physician inde-
pendently interpreted the scintigraphic
and PET studies of the same set of
patients. After the independent in-
terpretations, a paired reading of the
conventional imaging tests (ie, exclud-
ing whole-body MR imaging) was done,
and this joint interpretation was used
to determine accuracy with conven-
tional imaging.

All imaging tests were assessed for
distant tumor extent, including metas-
tases to the skeleton, nonskeletal sites,
and nonregional lymph nodes. Distant
disease was considered to be disease
beyond what was thought to be the pri-
mary site(s) or regional nodal sites of
disease. However, in lymphoma, only
extranodal and extrasplenic sites of
disease were considered to be distant
disease.

The diagnosis of skeletal (either
bone or bone marrow) metastases with
T2-weighted and STIR
sequence MR imaging was based on
demonstration of one or more areas
of diffuse or focal high signal intensity
compared with adjacent muscle and
bone marrow. The diagnosis of bone or
bone marrow metastases on scintigra-
phy (bone, MIBG, or gallium) or FDG
PET was based on demonstration of one
or more focal areas of increased activity

conventional
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on the images. Skeletal metastases in-
cluded those to the skull, cervical spine,
thoracic spine, lumbar spine, sternum,
scapulae, clavicles, ribs, pelvis, humeri,
radii, ulnae, hands, femora, tibiae, fibu-
lae, and feet.

Nonskeletal sites of distant met-
astatic disease included the common
sites of metastases (lung, liver, spleen)
and other parenchymal sites (brain,
head and/or neck, soft tissues of up-
per and lower extremities, chest wall,
pleura, abdominal wall, pancreas, ad-
renal glands, kidneys, bowel, and/or
mesentery system). In patients with
lymphoma, splenic involvement was
considered local disease. Lung metas-
tases were defined as foci of high signal
intensity on MR images and as soft-
tissue attenuating lesions at CT. Other
nonskeletal metastases were defined
as foci of high signal intensity on MR
images and low or high attenuation at
CT. Diagnosis of nonskeletal metasta-
ses at scintigraphy or PET involved the
identification of greater than normal
uptake of radiopharmaceuticals.

In children younger than 10 years,
any visualized intrathoracic or intraab-
dominal lymph node was considered
abnormal, regardless of size. In older
children, a lymph node was considered
abnormal on CT, conventional MR, or
whole-body MR images if the largest
transverse diameter exceeded 1 cm. The
diagnosis of lymph node involvement of
tumor at scintigraphy or PET was based
on the identification of uptake that was
greater than normal activity. Nodal sites
evaluated included cervical, hilar, supra-
clavicular, axillary, mediastinal, abdomi-
nal, pelvic, the upper and lower extrem-
ities, and other sites.

The readers recorded their findings
on standardized case report forms and
included the location of metastases,
lesion size, and degree of suspicion of
distant metastatic disease. These find-
ings were recorded separately for each
imaging examination. For conventional
imaging, each reader pair provided
joint assessment of the degree of sus-
picion of distant metastatic disease on
a five-point ordinal categorical scale
(1 = definitely not present; 2 = prob-
ably not present; 3 = indeterminate;

4 = probably present; and 5 = definitely
present).

Reference Standard Information

The final diagnosis of metastatic disease
was established by an independent
diagnosis verification panel, which in-
cluded four pediatric oncologists and
one diagnostic radiologist (Appendix E3
[online]). The chairperson of the panel
was a pediatric oncologist (A.M.F,
with 15 years of experience) and the
panel included three other pediatric
oncologists with expertise in each of
the major tumor groups included in
the study and with at least 10 years of
clinical experience. The panel reviewed
all available clinical history and initial
and 3-month and/or 6-month follow-up
images (CT, conventional MR imaging,
bone, MIBG or gallium scintigraphy, or
FDG PET) and other diagnostic tests
(bone marrow aspiration or biopsy,
surgical biopsy of skeletal or visceral
lesions) and surgical reports. The
whole-body MR images were not used
to determine proof of diagnosis. The
panel used their best clinical judgment
and all available information to arrive at
a consensus about the reference stan-
dard for each case.

Lesions suspected of being me-
tastases on the basis of the imaging
examinations were diagnosed as metas-
tases by the diagnosis verification panel
either when the imaging findings were
sufficiently convincing or when tissue
was sampled and proved to be metastatic
disease. The results of follow-up imaging
studies were also reviewed in patients
with equivocal images and with lesions
diagnosed as metastases when the le-
sions became larger during the follow-up
period or smaller after treatment.

A post hoc review of patients who
had metastasis was performed (M.J.S.,
F.A.H., and J.B.W., with 31, 21, and
25 years of experience, respectively) to
further categorize sites of disease into
skeletal, lung, liver, distant node, and
other sites. This information was only
used for secondary analyses.

Statistical Analysis
The primary goal of the study was
to establish noninferior diagnostic

accuracy with whole-body MR imaging
compared with conventional imaging
for the detection of distant metasta-
ses in the staging of common pediat-
ric tumors. The primary endpoint was
diagnostic accuracy with whole-body
MR imaging and conventional imaging,
as quantified by the area under the re-
ceiver operating characteristic curve
(AUC) obtained in the reader study, av-
eraged among readers (whole-body MR
imaging) or reader pairs (conventional
imaging).

For the primary analysis, the com-
parison of average AUC between the
experimental (whole-body MR imaging)
and control (conventional imaging) mo-
dalities was done by using the mixed
effects model proposed by Obuchowski
and Rockette (25,26). To establish non-
inferior diagnostic accuracy of whole-
body MR imaging, the lower bound of
the 95% confidence interval (CI) for
the difference in average AUC (AUC
for whole-body MR imaging minus AUC
for conventional imaging) was required
to to exceed —0.03. The study was de-
signed to ensure sufficient enrollment
so that the lower bound of the 95% CI
was greater than —0.03 when 10 reader
pairs read the images of 64 participants
(32 positive and 32 negative for metas-
tasis). This provided more than 82%
power for testing the primary noninfe-
riority hypothesis when the true AUCs
for whole-body MR imaging and con-
ventional imaging were 0.85 and 0.80,
respectively. The noninferiority margin
of 0.03 implied that a difference in AUC
of 3.75% (or less) for whole-body MR
imaging compared with conventional
imaging would not be considered to be
clinically important. The rate of enrolled
patients who were positive for metasta-
sis turned out to be higher than that
initially assumed, and as a result, the
diagnosis verification panel determined
that more than 32 patients were pos-
itive for metastasis. Primary endpoint
analysis was ultimately done for a set of
66 patients (33 positive and 33 negative
for metastasis) selected from among
the 134 patients who met inclusion and
exclusion criteria and had available ref-
erence standard information. To allow
for initiation of the reader study before
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the diagnosis panel completed patient
assessment, patients were selected in
two stages (Appendix E2 [online]).

Patients in whom metastasis was
most commonly missed at whole-body
MR imaging were defined as those for
whom a majority (= five readers) of
whole-body MR imaging readers re-
corded an incorrect diagnosis. These
patients were further examined at image
re-review by two radiologists (M.J.S.
and F.A.H.). On the S5-point ordinal
scale for suspicion of distant metastatic
disease, patients who were understaged
(ie, received a false negative diagnosis)
received diagnoses of 3 = indetermi-
nate, 2 = probably not present, or 1
= definitely not present. Patients who
were overstaged (ie, received a false
positive diagnosis) received diagnoses
of 4 = probably present or 5 = definitely
present. In particular, location and size
of missed disease were reported for pa-
tients who were understaged.

Secondary analyses are described
in Appendix E2 (online). Statistical
computations were performed by using
SAS software v9.2 (SAS Institute, Cary,
NC), S-plus software v8.0 (Insightful
Corporation, Seattle, Wash), ROCKIT
software (University of Chicago, Chica-
go, Ill) (23,24), and OBUMRM software
(Cleveland Clinic, Cleveland, Ohio)
(25,26). For all reported analyses, P
values less than .05 were considered
to indicate a statistically significant
difference.

Study Cohort

A total of 188 patients from 20 sites
(Appendix E3 [online]) were enrolled
and 54 patients were excluded (Fig 1).
Among the 134 remaining patients for
whom reference standard information
was obtained, there were 49 patients
who were positive and 85 patients who
were negative for metastasis, from
which 33 patients with positive and
33 patients with negative diagnoses for
metastasis were included in the central
reader study.

The patients in the eligible (n = 187)
and analysis (n=66) sets had comparable

Ineligible N

Participants Enrolled
N=188

1 - MRI Contraindication
L4

Inevaluable Participants
19 — Non-protocol tumor

-

Eligible Participants
N=187

~
13 — WBMRI not completed

9 - Imaging window violation
(>21 days)

2 —WBMRI performed post-RX

Y

1 - Biopsy window violation

Evaluable Participants
N =143

(>60 days)

No DVP Committee review

Evaluable Participants
with DVP review
N =135

2 — WBMRI inadequate quality
3 - No follow-up data
3 - Miscellaneous

:

I '

Positive
N =49

J

Indeterminate

Negative
N=1

N =85

!

Selected for Central

N
Removed from

Analysis Review

1- Not all required N =36

Selected for Removed from
Analysis

1-Notall

Central Review
N =36

CRF’s completed

during central review
<

2 — Disease confined
r

Used in Analysis
N=33

to the CSF l

conventional imaging
read by all readers

A 4

1 - Biopsy window
v

Used in Analysis
N=33

1-WBMRI performed
post-treatment

J violation (>60 days)

Figure 1:
panel, WBMRI = whole-body MR imaging.

sociodemographics, medical history,
and biopsy verification (Table 1). The
mean * standard deviation difference
in imaging time between whole-body
MR imaging and conventional studies
was 9.5 days = 9.5 for the eligible
patients and 7.2 days * 4.7 for the
analyzed patients. The mean imaging
time between whole-body MR imaging
and bone marrow aspiration, biopsy, or
surgical biopsy was 8.1 days = 15.9 for
the eligible patients and 6.6 days * 9.7
for the analyzed patients.

Final Pathologic Examination
Other than a higher percentage of neu-
roblastomas in the analysis set compared

Study flowchart. CRF = case report form, CSF = cerebrospinal fluid, DVP = diagnosis verification

with that in the eligible set (19 of 66
[29%] vs 34 of 187 [18%]), the final
pathologic examination results did not
differ substantially between the two
groups (Table 1). Conventional imaging
according to tumor subset for patients in
the analysis set is shown in Table 2.

Primary Analysis: Location and Size of
Distant Disease

On the basis of the final diagnosis, the
distribution of disease in the evaluable
and analysis sets was similar. In the
analysis set, five of 33 (15%) had only
skeletal metastases, 14 of 33 (42%)
had only nonskeletal disease, and 14
of 33 (42%) had both skeletal and
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Table 1

Characteristics of Eligible and Analysis Sets in the Study

Eligible Set Analysis Set Eligible, Not Analyzed Set
Participant Characteristic (n=187) (n = 66) (n=121) PValue®
Age (y) .0355
Mean = standard deviation 10.2 = 6.1 9.0+6.4 109 =58
Range <1-21 <1-21 <1-20
Sex 5118
Male 108 (58) 36 (54) 72 (60)
Female 79 (42) 30 (45) 49 (40)
No. of biopsy procedures .9281
Mean = standard deviation 2716 27 +141 27+18
Range 0-10 0-7 0-10
Length of biopsy window (d)* .2916
Mean = standard deviation 81*+159 6.6 97 92 +19.2
Range 0-168 0-58 0-168
Length of imaging window (d)* .0601
Mean =+ standard deviation 95+95 72+47 94 +104
Range 0-64 0-18 0-64
Final Tumor Type 2184
No pathology report 4(2 0(0) 4(3)
Nonprotocol tumor 19 (10) 0(0) 19 (16)
Rhabdomyosarcoma 21 (11) 9(14) 12 (10)
Ewing sarcoma 26 (14) 7(11) 19 (16)
Neuroblastoma 34 (18) 19(29) 15(12)
Non-Hodgkin lymphoma 25 (13) 7(11) 18 (15)
Hodgkin lymphoma 53 (28) 22 (33) 31 (26)
Other 5(@3) 2(13) 312

Note.—Unless otherwise indicated, data are number of patients with percentages in parentheses.

* Pvalues are for comparison of analysis set to those patients eligible but not analyzed.

T One patient with a recorded interval from biopsy to whole-body MR imaging outside of protocol limits was excluded.
* One patient with a CT scan reportedly obtained before consent (possibly incorrectly recorded) was excluded.

nonskeletal metastases. Among the pa-
tients in the analysis set, seven of 33
(21%) had liver involvement, 16 of 33
(48%) had lung involvement, 11 of 33
(33%) had distant node involvement,
and 15 of 33 (45%) had other involve-
ment (Table 3).

Primary Analysis: Tumor Subset versus
Location of Distant Disease

For analysis of the results according to
tumor type, the data were divided into
two groups, those with Hodgkin or non-
Hodgkin lymphoma (n = 29) and those
with all other tumor types (n = 37). For
the lymphoma group, the diagnosis ver-
ification panel determined that distant
metastatic disease was present in 11 of
29 (38%) and not present in 18 of 29
(62%) patients. For other tumors, dis-
tant metastatic disease was determined

to be present in 22 of 37 (59%) and not
present in 15 of 37 (41%) patients.
Among the 33 analyzed patients who
were positive for metastasis, skeletal me-
tastases were present in six of 10 (60%)
patients with neuroblastomas, eight of
12 (67%) with sarcomas, and five of 11
(45%) with lymphomas (Table 3). Non-
skeletal metastases were present in the
lung, liver, and distant nodes, respec-
tively, in O of 10 (0%), five of 10 (50%),
and four of 10 (40%) neuroblastomas,
and in 10 of 12 (83%), 0 of 12 (0%) and
seven of 12 (58%) sarcomas. Lung and
liver metastases were present in six of 11
(55%) and two of 11 (18%) lymphomas.

Primary Analysis: Accuracy in Detection
of Distant Disease

The difference between the
age AUC for the experimental and

aver-

conventional examinations was —0.03
(95% CI: -0.10, 0.04; Table 4). Be-
cause the lower bound of the 95% CI
was not greater than —0.03, noninferi-
ority of whole-body MR imaging com-
pared with conventional imaging could
not be established. This implies that
the accuracy of whole-body MR imaging
could not be shown to be close enough
to that of conventional imaging to pre-
clude a clinically meaningful difference
in performance. In addition, a sensitiv-
ity analysis was performed in which the
four patients whose images were read
by the central readers but were subse-
quently removed from the analysis set
(Fig 1) were included in the primary
comparison. The results were similar
(difference in average AUC, —0.04;
95% CI: —0.11, 0.03) and the overall
conclusion remained the same.

Examples of whole-body MR im-
aging detection of distant metastatic
disease in patients with neuroblastoma
are shown in Figure 2.

Primary Analysis: Errors in Diagnosis of
Distant Disease

Among the 33 patients who were neg-
ative for metastasis, there were no
instances in which a majority of whole-
body MR imaging readers recorded a
false-positive diagnosis. Disease was
understaged (false-negative diagnoses)
at whole-body MR imaging by a major-
ity of readers in eight (24%) of the 33
patients with metastasis in the analysis
set. These patients included two with
neuroblastoma, one with sarcoma, and
five with lymphoma. On a per-patient
basis, distant disease was missed at
whole-body MR imaging in the lung in
four of eight patients, in the liver in two
of eight patients, and in distant node
(axillary) and tonsil in one of eight
patients each. In all of the patients in
whom metastasis was missed except for
the patients with metastasis in the ton-
sil axillary node, lesions were approxi-
mately 1 cm or less in diameter. There
were no false-negative diagnoses based
on missed skeletal lesions at whole-
body MR imaging.

Among the remaining correctly di-
agnosed 25 patients who were positive
for metastasis, there were two patients
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Table 2

Conventional Imaging Included in the Central Reader Study for Patients in the Analysis Set

Tumor Type CT MR Imaging Bone Scintigraphy MIBG Scintigraphy Gallium Scintigraphy PET Total No. of Patients
Rhabdomyosarcoma 9 (100) 7(78) 9 (100) 0(0) 0(0) 1(11) 9
Ewing sarcoma 7 (100) 3(43) 7(100) 0(0) 0(0) 2(29) 7
Neuroblastoma 18 (95) 8 (42) 19 (100) 12 (63) 0(0) 0(0) 19
Lymphoma 29 (100) 3(10) 0(0) 0(0) 17 (59) 15 (52) 29
Other, specify 2 (100) 1 (50) 2 (100) 0(0) 0(0) 1 (50) 2
Total 65 (98) 22 (33) 37 (56) 12 (18) 17 (26) 19 (29) 66

Note.—Data are number of patients with percentages in parentheses.

Table 3

Tumor Subset versus Sites of Distant Disease among Positive Patients in the Analysis Set

Final Tumor Type Skeletal Lung Liver Distant Nodes Other Total
Sarcoma 8 (67) 10 (83) 0(0) 7 (58) 6 (50) 12 (36)
Neuroblastoma 6 (60) 0(0) 5 (50) 4 (40 5 (50) 10 (30)
Lymphoma 5 (45) 6 (55) 2(18) NA 4 (36) 11 (33)

Total 19 (58) 16 (48) 7(21) 11(33) 15 (45) 33 (100)

Note.—Data are number of patients with percentages in parentheses. NA = not applicable.

(8%) in whom most of the readers
identified a lesion of less than 1 cm
in the lung, and no patients in whom
a majority identified a lesion less than
1 cm in the liver.

Secondary Analysis: Tumor Type Subset
Analysis

For whole-body MR imaging, the aver-
age AUC for solid tumors was signifi-
cantly higher than that for lymphomas
(Table 4; P = .006). In particular, both
sensitivity (0.86 vs 0.56; P < .001) and
specificity (0.91 vs 0.84; P = .04) were
significantly higher for solid tumors. For
conventional imaging, although the av-
erage AUC for solid tumors was higher
than that for lymphomas, the difference
was not statistically significant (P = .19).
Of note, the sensitivity was also signifi-
cantly higher for conventional imaging
in the group with solid tumors com-
pared with that in the group with lym-
phomas (0.89 vs 0.68; P < .001), but
there was no significant difference in the
specificity (0.84 vs 0.87; P = .55).

Secondary Analysis: Age Subset Analysis

To determine the effect of patient age
on diagnostic accuracy with whole-body

Table 4

Subset Analysis: Lymphoma versus Nonlymphoma Patients

Modality and Tumor Type No. of Tumors Average AUC 95% Cl

Whole-body MR imaging
Lymphoma tumors 29 0.72 0.57,0.87
Nonlymphoma tumors 37 0.92 0.85,0.99
Overall 66 0.85 0.77,0.92

Conventional imaging

Lymphoma tumors 29 0.83 0.68, 0.97
Nonlymphoma tumors 37 0.91 0.83,0.99
Overall 66 0.87 0.79,0.96

MR imaging, the analysis set was strat-
ified into two age groups, those with an
age at enrollment of 2 years or younger
(n = 16), and those older than 2 years
(n = 50). The small number of patients
younger than 2 years precluded com-
parison of AUCs. The average sensi-
tivity with whole-body MR imaging for
children 2 years or younger was 0.77
(95% CI: 0.64, 0.86) and the average
specificity for the same group was 0.92
(95% CI: 0.83, 0.96). The average sen-
sitivity with whole-body MR imaging for
children aged older than 2 years was
0.76 (95% CI: 0.70, 0.82) and the aver-
age specificity was 0.85 (95% CI: 0.77,

0.91). There was no statistically signifi-
cant difference in the average sensitivity
(P = .95) or specificity (P = .11) with
whole-body MR imaging between these
two groups.

Secondary Analysis: Skeletal Metastatic
Disease Subset Analysis

The total number of patients who had
disease in skeletal regions as determined
by most of the readers of whole-body
MR images and by most of theread-
ers of conventional images, regardless
of histopathologic results (which were
not available for every lesion), is shown
in Table 5. A per-case analysis among
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Figure 2

a.
Figure 2:

Coronal whole-body MR images show metastatic neuroblastomas. (a) Image in a 4-year-old

girl with right adrenal primary tumor shows multiple foci of increased signal intensity in iliac bones and
proximal femora. Skeletal and iodine 123 MIBG scintigraphy (not shown) results were negative in this patient.
(b) Image in a 3-year-old boy with left adrenal primary tumor shows diffusely increased signal intensity in
both femora. Skeletal and iodine 123 MIBG scintigraphy results (not shown) were positive in this patient.

the 19 of 33 patients who were positive
for distant skeletal metastases (Table
3) showed that, on average, more an-
atomic regions of skeletal disease were
detected with whole-body MR imaging
than with conventional imaging (5.9 vs
3.7; P = .03). The conventional imag-
ing that was used in this comparison
included scintigraphy in 17 patients and
PET in two patients.

Secondary Analysis: Pulmonary
Metastatic Disease Subset Analysis

The total number of nonskeletal re-
gions with disease determined by most
of the readers of whole-body MR and
conventional images, regardless of his-
topathologic results (which were not
available for every lesion), is shown
in Table 5. In the 16 of 33 patients
who were positive for distant pulmo-
nary metastases (Table 3), whole-body
MR imaging was found to be less ac-
than imaging
for detection of pulmonary lesions.
Most of the readers (= five readers)
identified pulmonary metastases on

curate conventional

conventional images of 13 of 16 (81%)
patients versus eight of 16 (50%) on
whole-body MR images. The average
sensitivity of the 10 readers was 0.83
(0.75, 0.89) with conventional imaging
and 0.53 (0.39, 0.67) with whole-body
MR imaging (P < .001).

The results of several studies have
shown that whole-body MR imaging
allows for more accurate detection of
skeletal and extraskeletal metastases
in children than does conventional on-
cologic imaging (16-22,27,28). These
studies were limited by inclusion of pa-
tients from a single site, small sample
sizes, inclusion of patients with prior
treatment, and nonuniformity of the
experimental or reference standard
imaging. Our study differed in that it
was a large, prospective multi-institu-
tional study that used uniform tech-
niques to compare the performance of
whole-body MR imaging and conven-
tional imaging for staging of common

tumors in pediatric patients. In our
study, noninferior diagnostic accuracy
with whole-body MR imaging compared
with conventional imaging for detection
of distant metastatic disease was not
established. However, whole-body MR
imaging was significantly more accurate
for the detection of distant metastatic
deposits in solid tumors than in the de-
tection of lymphomas.

When only skeletal metastases
were evaluated, whole-body MR imag-
ing allowed detection of more skele-
tal metastases than did conventional
imaging. Among the 19 patients with
distant skeletal disease, whole-body
MR imaging allowed detection of sub-
stantially more regions of disease per
patient than did conventional imag-
ing (5.9 vs 3.7, P = .03). On a per-
patient basis, there were no instances
in which most readers recorded an
incorrect diagnosis because of missed
skeletal lesions. These results are in
agreement with prior studies that
have shown that whole-body MR im-
aging with STIR was superior to bone
scintigraphy for detection of skeletal
metastases (16-22).

The role of whole-body MR imag-
ing in the detection of extraskeletal
disease is more controversial. In our
study, there were eight patients with
positive findings at conventional imag-
ing whom most of the readers found
to be negative for metastasis on the
basis of whole-body MR imaging. Six
of eight missed lesions were approxi-
mately 1 cm or less in diameter, and
all were located in the lung or liver.
Among the patients with correctly
staged tumors who were positive for
metastasis, there were only two pa-
tients (8%) in whom lesions were less
than 1 cm. In particular, our results
show lower sensitivity for whole-body
MR imaging compared with that for
conventional imaging for detection of
pulmonary metastases (0.83 vs 0.53;
P < .001).

The understaging of pulmonary and
hepatic disease on the basis of whole-
body MR imaging is not surprising and
has been shown by other investigators.
Whole-body MR imaging can help de-
tection of relatively large pulmonary
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nodules, but smaller lesions (< 10
mm in diameter) may go undetected
(15,29). Similarly, prior reports in pa-
tients with lymphoma have shown that
sensitivity with whole-body MR imag-
ing is 92%-100% for detecting nodes
between 10 and 12 mm in diameter,
versus a sensitivity of 67% for nodes
between 6 and 12 mm in diameter and
11% for nodes between 1 and 6 mm in
diameter (28,30).

The advantage of this study was
that all participating institutions used
a state-of-the-art uniform STIR tech-
nique. Recruitment patterns were simi-
lar and there was no statistically signifi-
cant difference in the pathologic results
between the eligible patient set and the
analysis set. These facts suggest that
the results are likely to be reproducible
and generalizable to other centers.

One weakness of this study was
that we did not evaluate other
quences, such as diffusion-weighted or
fast-acquisition parallel-imaging tech-
nology such as sensitivity encoding or
simultaneous acquisition of harmonies,
or 3-T imaging systems, which have the
potential to improve accuracy for le-
sion detection (31,32). However, these
were not available when we started this
study. An additional weakness is that
FDG PET and PET/CT imaging were
not considered in the comparison of
whole-body MR imaging with other
staging procedures. FDG PET was not
widely used in children when this study
was proposed and, therefore, was not
included in the protocol. Future studies
are needed to determine the relative
roles of MR imaging and PET/CT in pe-
diatric oncologic patients.

Another limitation of our study was
that histopathologic proof, other than
aspiration and biopsy of marrow in the
iliac crest, was not available for most
distant metastatic lesions seen on
whole-body MR images. However, this
weakness in design is one confronted in
most studies that evaluate detection of
metastases at imaging. Although biopsy
is the most reliable method of establish-
ing the diagnosis of metastatic disease,
confirmation of every metastatic lesion
will not change therapeutic strategies
and is not possible for ethical reasons.

se-

Total Metastases in 33 Patients by a Majority of Readers

Location of Tumor Skeletal Regions

Whole-body MR Imaging Conventional Imaging

Skeletal regions

Skull
Cervical spine
Humerus (right or left)
Radius and/or ulna (right or left)
Hand (right or left)
Ribs (right or left)
Scapula and/or clavicle
Sternum
T-spine
L-spine
Pelvis
Femur (right or left)
Tibia and/or fibula (right or left)
Foot (right or left)
Nonskeletal regions
Brain
Head and/or neck
Soft tissue, upper extremity (right or left)
Lungs (right or left)
Pleura
Chest wall
Liver
Spleen
Pancreas
Adrenal gland (right or left)
Kidney (right or left)
Bowel, mesentery, and/or peritoneum
Abdominal wall
Pelvis
Soft tissue, lower extremity (right or left)

2 (6) 6 (18)
1(3) 1)
11 (33) 6 (18)
1(3) 0(0)
0(0) 0(0)
39 7(21)
3(9 1(3)
1(3) 4(12)
11 (33) 9(27)
10 (30) 10 (30)
13 (39) 10 (30)
16 (48) 8 (24)
14 (42) 5 (15)
0(0) 0(0)
0(0) 0(0)
0(0) 0(0)
0(0) 0(0)
9(27) 14 (42)
2 (6) 3(9)
0(0) 0(0)
4(12) 4(12)
2 (6) 3(9)
0(0) 1(3)
0(0) 0(0)
0(0) 2(6)
0(0) 0(0)
0(0) 0(0)
1(3) 0(0)
1(3) 0(0)

Note.—Data are number of patients with percentage in parentheses.

The next best method for the establish-
ment of the nature of the lesions de-
tected in an imaging study is to com-
pare the findings with those of another
study or to re-evaluate the patient dur-
ing the course of treatment, which is
the method we used in this study.
Finally, the study design was a po-
tential limitation. Rather than conduct-
ing the usual superiority study (with
a null hypothesis of equality of the
AUCs), we made a choice to test a non-
inferiority hypothesis. In part, this was
based on the practical consideration
that the required sample size would
be unachievable. In addition, although
there was an a priori belief among the

study team that whole-body MR imag-
ing could be as good as conventional
imaging (from a clinical perspective);
there was no strong rationale for as-
suming that it could actually be shown
to be substantially better, especially in
a controlled, multireader study. Fur-
thermore, from a medical perspective,
given the fact that whole-body MR im-
aging involves no ionizing radiation (an
important consideration in a pediatric
population), we felt that establishing
noninferior diagnostic accuracy in de-
tection of distant disease would be suf-
ficient to warrant its clinical use.

In conclusion, because this trial
did not establish that the diagnostic
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accuracy of whole-body MR imaging was
noninferior to that of conventional imag-
ing, whole-body MR imaging cannot be
justified as the study of choice for detec-
tion of distant disease in pediatric pa-
tients with common malignant tumors,
especially those tumors that typically
spread to lung and solid organs.
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