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Abstract

Background

The purpose of this study was to determine whether whole-body MRI (WBMRI) with diffu-
sion-weighted sequences, which is free of ionizing radiation, can perform as well as tradi-
tional methods when used alone for staging or follow-up of pediatric cancer patients.

Methods

After obtaining approval from our institutional research ethics committee and appropriate
informed consent, we performed 34 examinations in 32 pediatric patients. The examinations
were anonymized and analyzed by two radiologists with at least 10 years’ experience.

Results

The sensitivity and specificity findings, respectively, were as follows: 100% and 100% for
primary tumor; 100% and 86% for bone metastasis; 33% and 100% for lung metastasis;
85% and 100% for lymph node metastasis; and 100% and 62% for global investigation of
primary or secondary neoplasias. We observed excellent interobserver agreement for
WBMRI and excellent agreement with standard staging examination results.

Conclusions

Our results suggest that pediatric patients can be safely imaged with WBMRI, although not
as the only tool but in association with low-dose chest CT (for subcentimeter pulmonary nod-
ules). However, additional exams with ionizing radiation may be necessary for patients who
tested positive to correctly quantify and locate the lesions.
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Introduction

Most of the imaging methods used in the initial evaluation and follow-up of pediatric cancer
patients emit ionizing radiation, which has been shown to cause DNA damage and, conse-
quently, increases the risk of carcinogenesis. In addition, its effects are cumulative, and must
be used judiciously in pediatric patients due to their longer life expectancy [1-5].

The capacity of magnetic resonance imaging, which is free of ionizing radiation, to differen-
tiate between benign and malignant tumors, to help in staging and to assess therapeutic
response in cancer patients has been described in a number of studies [6-12].

Oncological studies of whole-body magnetic resonance imaging (WBMRI) have demon-
strated that it is superior to bone scintigraphy for detecting bone metastases and that its perfor-
mance is comparable to metaiodobenzylguanidine (MIBG) scintigraphy in detecting extra-
osseous metastases of neuroblastoma [3, 6, 13, 14]. In 2012, Marylin et al. published a multi-
center prospective study comparing the accuracy of WBMRI vs. standard staging in pediatric
oncology patients, concluding that the noninferior accuracy for diagnosis of distant metastasis
in patients with common pediatric tumors was not established for the use of whole-body MR
imaging compared with conventional methods [15]. An important limitation of this study was
that diffusion sequences were not used since they were not available for whole body imaging
when the study began in 2006. In an effort to reduce up to 70% of the radiation dose, studies
have compared the fusion of PET images with WBMRI (PET-MRI) vs. PET-CT. Their results
indicated that this modality could become a future reference in pediatric cancer patients [16-
18].

Other studies have established comparisons similar to ours, between WBMRI versus
PET-CT or bone scintigraphy, but in the setting of specific types of cancer or clinical situations
(for example, detection of bone metastasis) [23-27]. We resume this discussion, correlating to
our findings later in this manuscript.

We believe that WBMRI with diffusion can serve as an alternative tool that avoids the risks
of ionizing radiation in the staging and post-therapeutic follow-up of children and adolescents,
with results comparable to currently used imaging tests. Therefore, the purpose of this study
was to evaluate whether the performance of WBMRI with diffusion is comparable to tradi-
tional methods in the staging and follow-up of pediatric patients.

Materials and methods

This cross-sectional, prospective, single-centered, non-randomized study was conducted
between February 2013 and July 2014 at the A. C. Camargo Cancer Center (Séo Paulo, Brazil)
with pediatric oncology patients who, after obtaining approval from our institutional research
ethics committee and appropriate informed consent, underwent imaging examinations for
staging or follow-up. The inclusion criteria were: 1) a confirmed histological diagnosis of can-
cer in patients up to 18 years of age; 2) scheduled imaging tests for cancer staging or follow-up;
3) written informed consent by parents or guardians. The exclusion criteria were: 1) contrain-
dications to MRI; 2) pregnancy or lactation; 3) lack of cooperation regarding the requested
maneuvers or patients who could not maintain a decubitus position; 4) the need for sedation
to perform the exam, except when requested by the attending physician.

Eligible patients were recruited to undergo WBMRI with the T1, T2 STIR and diffusion
sequences in a 1.5T system (Signa Excite HD; GE Healthcare, Milwaukee, USA) with a body
coil and maximal gradient power of 33 mT/m and a pulse rate of 160 mT/m/s.

Oncologic staging and follow-up examinations (reference standard) included PET-CT (in a
16-channel GE Discovery 600 scanner after intravenous administration of 0.12 mCi of
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'"E-FDG per kg) bone scintigraphy with *’mTc-MDP, and CT with nonionic venous contrast
(in a 16-channel Philips Brilliance Big Bore scanner).

Further detail on imaging exams protocol can be found in S1 Appendix.

The interval between the reference exams and WBMRI was less than 30 days.

Image analysis

The images were analyzed by two examiners with more than ten years’ experience in oncologi-
cal radiology, who only obtained information about neoplasm type during staging or follow-
up. Each examiner performed the evaluation independently and was asked to record the num-
ber, size and location of the lesions. When divergent findings were reported by the observers, a
joint assessment of the images was performed to reach a consensual opinion.

Statistical analysis

The image exams involved in diagnostic or follow-up protocols (PET-CT, CT and scintigra-
phy), associated with clinical evaluation and occasional invasive procedures (bone marrow
biopsy), were considered the reference standard, and their results were compared to those of
WBMRI with diffusion.

Categorical variables were described as frequencies and percentages, while quantitative var-
iables were described as measures of central tendency (mean and median) and dispersion
(standard deviation and interquartile range).

To evaluate the agreement between WBMRI and clinical-radiological staging exams, we
used the Kappa statistic (K). A K-value of 0 as indicating no agreement and 0-0.20 as slight,
0.21-0.40 as fair, 0.41-0.60 as moderate, 0.61-0.80 as substantial, and 0.81-1 as almost perfect
agreement 28. All statistical analyses were performed with SPSS version 17.

Results and discussion

We performed 34 WBMRI exams in 32 patients (two patients underwent two exams). The
mean patient age was 13.3 years (range: 3-18) and 50% were male. A total of 14 malignant
tumors were found in the sample, with osteosarcoma being the most frequent (Table 1).
Table 2 shows the distribution of cases in order of entry into the study, the diagnoses and the
reference exams.

Table 1. Frequency of neoplasms in the study.

Neoplasia Frequency
Osteosarcoma 12 (35.2%)
Lymphoma 7 (20.5%)
Rhabdomyosarcoma 3 (8.8%)
Li-Fraumeni and multiple tumors 2 (5.8%)
Ovarian tumor 2 (5.8%)
Peritoneal Pseudomyxoma 1(2.9%)
Wilms’ Tumor 1(2.9%)
Chondroblastoma 1(2.9%)
Retinoblastoma 1(2.9%)
Ewing sarcoma 1(2.9%)
Neuroblastoma 1(2.9%)
Endodermal sinus tumors 1(2.9%)
PNET 1(2.9%)

https://doi.org/10.1371/journal.pone.0238166.t001
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Table 2. The distribution of cases, diagnoses and exams performed in standard staging.

Case Diagnostic Exams performed Age (years)/Sex
1 Embryonal Rhabdomyosarcoma PET-CT/Bone scintigraphy/Thorax CT 3/F

2 Osteosarcoma PET-CT/Bone scintigraphy/Thorax CT 11/M
3 Osteosarcoma Bone scintigraphy/Thorax CT 7/F

4 Endodermal sinus tumors Bone scintigraphy/Thorax, abdominal and pelvic CT 3/F

5 Hodgkin’s Lymphoma PET-CT/Neck, thorax, abdominal and pelvic CT 5/F

6 Osteosarcoma Bone scintigraphy/Thorax CT 13/M
7 Osteosarcoma PET-CT/Bone scintigraphy/Thorax CT 18/ M
8 Osteosarcoma PET-CT/Thorax CT 6/M
9 Osteosarcoma PET-CT/Bone scintigraphy/Thorax CT 11/F
10 Osteosarcoma Bone scintigraphy/Thorax CT 11/F
11 Osteosarcoma Bone scintigraphy/Thorax CT 18/ M
12 Hodgkin’s Lymphoma PET-CT 12/M
13 Osteosarcoma PET-CT/Bone scintigraphy/Thorax CT 18/ M
14 Li-Fraumeni and multiple tumors Bone scintigraphy/Thorax CT 18/F
15 Hodgkin’s Lymphoma PET-CT/ Thorax, abdominal and pelvic CT 14/ F
16 Osteosarcoma PET-CT/Bone scintigraphy/Thorax CT 11/F
17 Hodgkin’s Lymphoma PET-CT/ Thorax, abdominal and pelvic CT 11/M
18 Ewing Sarcoma PET-CT/Thorax CT 16/M
19 Bone Lymphoma Thorax, abdominal and pelvic CT 16/ M
20 PNET Thorax, abdominal and pelvic CT 7/F
21 Peritoneal Pseudomyxoma Thorax, abdominal and pelvic CT 17/ M
22 Hodgkin’s Lymphoma PET-CT/Thorax, abdominal and pelvic CT 17/ M
23 Alveolar Rhabdomyosarcoma PET-CT/Cranial and thorax CT 17/ M
24 Wilms’ Tumor Thorax, abdominal and pelvic CT 4/M
25 Chondroblastoma PET-CT/Bone scintigraphy 14/M
26 Retinoblastoma PET-CT 6/F
27 Ganglioneuroblastoma PET-CT/ Thorax CT 14/ F
28 Hodgkin’s Lymphoma PET-CT 12/M
29 Osteosarcoma PET-CT/Bone scintigraphy/Thorax CT 18/M
30 Osteosarcoma PET-CT/Bone scintigraphy/Thorax CT 15/M
31 Alveolar Rhabdomyosarcoma PET-CT/Thorax CT 16/ F
32 Osteosarcoma PET-CT/Bone scintigraphy/Thorax CT 6/M

https://doi.org/10.1371/journal.pone.0238166.t002

A total of 21 (61.8%) staging and 13 (38.2%) oncological follow-up procedures were per-
formed (Table 3), of which 25 (73.5%) involved primary and/or secondary neoplasms, 13

Table 3. Distribution according to demographics.

Parameters Values
Total cases 32
Total exams 34
Staging 21
Follow up 13
Age (years) Mean 13.3
Median 14
Gender Female 16
Male 16

https://doi.org/10.1371/journal.pone.0238166.t003
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(38%) presented local or locally advanced disease without evidence of distant metastases, 12
(35.2%) involved metastatic disease (including lymphoma), and nine (26.4%) involved follow-
up patients without current disease according to radiological staging). Of the 16 patients with
metastases at diagnosis, three had pulmonary metastases, seven had lymph node dissemination
and three had bone metastases.

To further illustrate the aforementioned cases, we selected the following: an eighteen-year-
old male patient with primary mucinous adenocarcinoma of the transverse colon and perito-
neal pseudomyxoma (Fig 1), a fifteen-year-old female with Hodgkin’s lymphoma, nodular
sclerosis type (Fig 2), a thirteen-year-old male with osteoblastic osteosarcoma (Fig 3), an eight-
year-old female with chondrosarcoma (Fig 4) and a sixteen-year-old male with Ewing’s sar-
coma with detectable lung metastasis in WBMRI. Further discussion about those cases is pro-
vided later.

The interobserver agreement for WBMRI was almost perfect for identifying the primary
tumor (K = 0.947) and lung metastases (K = 1) and good for bone metastases (K = 0.727) and
lymph node dissemination (K = 0.718).

Regarding the agreement between WBMRI after observer consensus and radiographic-clin-
ical staging (Table 4), a perfect agreement was found in identifying the primary tumor, with
WBMRI able to diagnose 100% of the cases (K = 1). There was also excellent agreement
regarding bone metastases (K = 0.927). There was a good agreement for lymph node dissemi-
nation (K = 0.616) and moderate agreement for secondary pulmonary lesions (K = 0.477).
Among the four patients whose lymphoma was being staged, there was excellent agreement
(100%), with lymph node disease identified in two or more chains on the same side of the dia-
phragm (K =1).

Regarding the primary tumor, we found a 100% sensitivity and specificity for WBMRI
(PPV and NPV of 100%) in comparison to the reference standard. Regarding sites of second-
ary involvement, the sensitivity and specificity of WBMRI were the following: 100% and 90%,
respectively, for the presence of bone metastases (PPV and NPV of 42% and 100%, respec-
tively); 33% and 100% for the presence of pulmonary metastases (PPV and VPN 100% and
94%, respectively); and 85% and 100% for the presence of lymph node metastases (PPV and
NPV of 100% and 96%, respectively).

When the presence or absence of primary or secondary neoplasia was investigated together,
i.e., when patients with active neoplasm were separated from currently disease-free patients,
we found a good correlation between WBMRI and the reference standard (k = 0.718), with
WBMRI sensitivity and specificity of 100% and 62.5%, respectively (PPV and NPV of 89% and
100%, respectively, Table 5).

As noted, we have obtained a sample with a variety of neoplasms, which demonstrated that
WBMRI can detect different tumor types. There was a predominance of bone tumors, due to
the fact that they are more common in adolescence, the age group in which we could perform
the test without sedation. We do not that this high prevalence has interfered with the results.

Among the neoplasms, a case of peritoneal pseudomyxoma was observed in an eighteen-
year-old male patient, with primary mucinous adenocarcinoma of the transverse colon, which
is a rare clinical condition with an incidence of 1-2 cases per million and is characterized by
the dissemination of mucinous implants on the peritoneal surface and by the progressive accu-
mulation of gelatinous ascites (Fig 1). These findings contradict reports in the literature that it
is more common in women in the fifth decade of life and is primarily located in the ovaries
and appendix [14, 19-21].

We found an excellent interobserver agreement for WBMRI regarding the presence or
absence of lesions at the different sites studied, which shows reproducibility of the results.
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Fig 1. Coronal STIR sequence demonstrating multiple disseminated peritoneal lesions with high signal. No
lesions were found at any other sites in this exam.

https://doi.org/10.1371/journal.pone.0238166.g001
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Fig 2. Female patient, fifteen-year-old, with Hodgkin’s lymphoma, nodular sclerosis type. These images in the
coronal plane, (A) diffusion and (B) PET-CT, show mediastinal and supraclavicular lymph node enlargement.

https://doi.org/10.1371/journal.pone.0238166.g002
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Fig 3. Male patient, thirteen-year-old, with osteoblastic osteosarcoma. (A) STIR image in the coronal plane
showing large expansive formation in the right distal femur with infiltration of bone marrow and extension to adjacent
soft tissues.

https://doi.org/10.1371/journal.pone.0238166.g003

There was a perfect agreement between WBMRI and standard staging in identifying the
primary tumor, with WBMRI able to diagnose 100% of the cases, which demonstrates that the
method can diagnose different tumor types.

WBMRI could detect lymph node involvement in six of the seven cases in the sample, with
no false positives (sensitivity 85% and specificity 100%). The patient who had a negative
WBMRI result was diagnosed with a Wilms’ tumor, including mesenteric and retroperitoneal
lymph node compromise up to 14 mm. These dimensions, although above the cutoff (10 mm)
commonly used to predict probable lymph node disease, are small and difficult to detect due
to non-use of oral contrast, which would erase the fluid signal from intestinal loops, or even
anti-peristaltic agents. Despite this, the results demonstrated good performance, thus agreeing
with the findings of other authors [22, 23].

The sample included seven patients diagnosed with Hodgkin’s lymphoma, four of whom
were undergoing staging and had lymph node disease. Among these four patients, WBMRI
identified lymph node disease in two or more chains on the same side of the diaphragm, a sim-
ilar result to standard staging (Fig 2). The small sample limited precise evaluation of the
exam’s role in this specific neoplasm, especially at other stages, but demonstrated excellent per-
formance with the patients in this study (sensitivity and specificity 100%). This result agrees
with the findings of Littooij et al., [23] who in 2014 published a prospective study of 36 chil-
dren recently diagnosed with lymphoma, comparing WBMRI findings with PET-CT (gold
standard) and finding sensitivity and specificity of 93% and 98%, respectively, for lymph node
staging and 89% and 100%, respectively, for extranodal staging. They concluded that WBMRI
is feasible and a good alternative for lymphoma staging. We also had a patient with primary
bone lymphoma, whose disease was correctly detected by WBMRL

Regarding bone lesions, the most frequent type observed, all 14 primary lesions were diag-
nosed precisely by WBMRI (Figs 3 and 4). There was 100% sensitivity in patients with bone
metastases, although indeterminate lesions, whose standard staging suggested a benign nature,
were detected in three patients. In one of these patients, who was diagnosed with Li-Fraumeni
syndrome and had a history of multiple tumors (Hodgkin’s lymphoma, a high-grade sarcoma
on the left scapula, malignant fibrous histiocytoma, left adrenal carcinoma and three soft tissue
sarcomas), bone lesions in the left clavicle and iliac lesions near the sacrum were indeterminate
with WBMRI, although they demonstrated characteristics of low aggressiveness by standard
staging and were considered probably benign. There was, however, no histological confirma-
tion of the lesions. This patient underwent WBMRI a second time. Of the other two cases of
false-positive WBMRI, one occurred while staging a retroperitoneal alveolar rhabdomyosar-
coma, with indeterminate lesions in the proximal diaphysis of the right femur and the middle
third of the right tibia. The other case occurred in retinoblastoma follow-up, with an altered
distal metaphyseal signal in the right femur, which, as in the first case cited, presented an
aspect of low aggressiveness and a lack of uptake during PET-CT. Both cases were being man-
aged as benign lesions. Many studies in the literature agree with our results, showing extremely
high sensitivity for WBMRI, many times higher than bone scintigraphy and similar to
PET-CT [24-26].In 2011, Wu et al., [27] published a meta-analysis involving 11 studies and
495 patients, finding excellent sensitivity and overall specificity WBMRI and concluded that it
is certainly a tool with good accuracy, although the diffusion sequence seemed very sensitive
but with low specificity.
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Fig 4. Female patient, eight-year-old, with chondrosarcoma. STIR image in the coronal plane showing the lesion in
the right foot. There was no characterization of secondary lesions.

https://doi.org/10.1371/journal.pone.0238166.9004

We had three patients with secondary pulmonary lesions in the sample, and the presence of
only one was detected by WBMRI (Fig 5). This low sensitivity differs from studies recently
published in the literature [28-30] and could be explained by the small sample and by the size
of the secondary pulmonary lesions, which were 12 mm or less in the two false-negative
patients. Moreover, the tests were performed using the two-dimensional spin-echo sequence
and not the volumetric three-dimensional gradient-echo sequence, which reduces spatial reso-
lution and may impair the detection of subcentimetric pulmonary nodules.

When analyzing the presence or absence of primary or secondary neoplasia, i.e., separating
patients with active neoplasms from currently disease-free patients, we found a good correla-
tion between WBMRI and the reference standard (K = 0.718). In this circumstance, WBMRI
was extremely sensitive (100%) and had acceptable specificity (62%). This feature denotes its
great value as a screening test since patients with a negative result do not require further inves-
tigation with whole-body exams that use ionizing radiation.

Regarding the reference standard, we did not compare the WBMRI to any specific gold-
standard imaging method, but instead, it was compared to the imaging assessment judged
appropriated by the attendant physician. Also, as we aimed to compare the WBMRI with other
ionizing radiation emitting imaging methods commonly offered, the researchers did not inter-
fere in the decision-making process of the attendant physician in the sense of what tests were
appropriated for each case.

The good interobserver agreement and consensus with traditional diagnostic methods, as
well as the high sensitivity and acceptable specificity in a global investigation of neoplastic
lesions, demonstrate that WBMRI can be an excellent qualitative method for patients without
neoplastic disease. However, one exception to this would be subcentimetric pulmonary nodules,
which, according to the results of this study, would be better assessed by low-dose chest CT, thus
avoiding excessive exposure to ionizing radiation. For patients with positive WBMRI results, tra-
ditional radiological examinations are essential to precisely quantify and locate the lesions.

This study has certain limitations that should be considered. First, it had a small number of
patients. Second, the exclusion of patients requiring sedation means that the sample did not
reflect the actual incidence of major tumors in this pediatric population. Third, despite the
excellent interobserver agreement, it was not possible to compare lesion-by-lesion detection in
each patient, but only the presence or absence of a lesion in a certain organ or system, since
due to the small sample we could not obtain symmetrical curves for the lesions to calculate the
Kappa coefficient.

Conclusions

Our results suggest that pediatric patients can be safely imaged with WBMRI, although not as
the only tool but in association with low-dose chest CT (for subcentimeter pulmonary

Table 4. Agreement between WBMRI and reference standard.

Variable AGREEMENT
Primary tumor ExcellentK =1
Bone metastasis Excellent K = 0.927
Lymph node metastasis Good K =0.616
Pulmonary metastasis Moderate K = 0.477

https://doi.org/10.1371/journal.pone.0238166.t1004
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Table 5. WBMRI performance in relation to the reference standard.

Variable Sensitivity
Primary T 100
Bone metastasis 100
Lymph node metastasis 85
Pulmonary metastasis 33
Presence of neoplasia 100

https://doi.org/10.1371/journal.pone.0238166.t005

Specificity PPV NPV
100 100 100
90 42 100
100 100 96
100 100 94
62 89 100

Fig 5. A well-characterized pulmonary nodule in a pediatric patient during follow up for Ewing’s sarcoma.

https://doi.org/10.1371/journal.pone.0238166.9005

nodules). However, additional exams with ionizing radiation may be necessary for patients
who tested positive to correctly quantify and locate the lesions.
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