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SA-CME LEARnIng OBjECtIvES 

 
After completing this journal-based SA-CME  

activity, participants will be able to:  
■ Understand the technical principles of 

whole-body MRI, including commonly 

used pulse sequences. 
 

■ Discuss the emerging role of whole-body 

MRI in imaging of sporadic pediat-ric 

cancers. 
 

■ Describe the role of whole-body MRI in 

screening of children with CPSs.  
See rsna.org/learning-center-rg.  

  
Imaging is fundamental to diagnosis and management of pediatric 

patients with cancer and cancer predisposition syndromes (CPSs). 

Whole-body MRI has emerged as a versatile tool for pediatric on-

cologic imaging, with the potential to spare children from ionizing 

radiation imparted by conventional modalities such as CT and PET. 

Whole-body MRI also enables simultaneous high-resolution local-

regional staging and wide field-of-view distant staging in the same 

imaging session, with superior evaluation of the brain, spine, liver, and 

marrow. Recent technical advances have reduced imag-ing times and 

enhanced image quality, with continued advances on the near horizon. 

Pulse sequences such as whole-body diffusion-weighted imaging have 

also broadened the range of diagnostic information obtainable. In 

addition, increasing identification of children with CPSs has 

compelled efforts to establish surveillance imaging strategies for 

affected individuals, with whole-body MRI playing a pivotal role in 

screening algorithms for several CPSs. In light of these emerging 

trends, a working knowledge of oncologic whole-body MRI 

applications and evolving CPS surveillance algo-rithms is vital to 

providers who participate in the care of pediatric patients affected by 

or predisposed to cancer. Recognizing both the strengths and 

limitations of whole-body MRI not only enables more thoughtful 

implementation but also improves the accuracy of image 

interpretation.  
 

©
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Introduction  
Imaging is fundamental to evaluation and management of pediat-ric 

patients with cancer. While CT and PET are well established imaging 

modalities for several pediatric malignancies, the number of serial 

examinations required throughout the course of cancer therapy and 

subsequent surveillance has prompted concern regard-ing cumulative 

ionizing radiation exposure. Consequently, there has been considerable 

interest in identifying imaging modalities for comprehensive oncologic 

evaluation that do not involve ionizing ra-diation, therefore making them 

suitable for frequent application over extended periods in children. 

 
Whole-body MRI, by enabling wide field-of-view imaging with high 

spatial and contrast resolution to provide robust soft-tissue 

characterization in the absence of ionizing radiation, has emerged as a 

viable oncologic imaging technique. Recent technical advances al-lowing 

faster imaging, higher signal-to-noise ratio, and free-breathing technique 

have further improved the practicality of whole-body MRI in children and 

facilitated whole-body MRI evaluation in a single visit (1). Furthermore, 

the multiparametric capabilities of MRI, in tandem with emerging 

techniques such as PET/MRI and newer contrast agents such as ultrasmall 

paramagnetic iron oxide (USPIO) 
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tEACHIng POIntS   
■ In its strictest sense, the term whole-body MRI signifies serial 

imaging from vertex to toes in the same examination. For 

clarity, modifiers such as “CAP” (chest, abdomen, pelvis), 

“NCAP” (neck plus CAP), or “NCAPPE” (NCAP plus proximal 

extremities) should be specified where appropriate. 
 

■ Coronal short τ inversion-recovery (STIR) imaging is widely 

considered the cornerstone of most whole-body MRI proto-

cols owing to robust fat suppression and excellent pathologic 

lesion conspicuity, particularly for marrow lesions. 
 

■ Importantly, several normal tissues appear bright at DWI 

ow-ing to restricted diffusion or high T2 signal intensity, 

including the lymph nodes, salivary glands, spleen, 

thymus, gonadal tis-sue, prostate gland, endometrium, 

red marrow, and central nervous system structures. 
 

■ Whole-body MRI allows simultaneous interrogation of 

ana-tomic sites susceptible to LCH involvement, with far 

higher sensitivity for skeletal disease than plain 

radiography and skel-etal scintigraphy. 
 

■ On the basis of these findings, LFS is regarded as the arche-

type for whole-body MRI screening in CPSs, and surveillance 

recommendations advocate its use in conjunction with 

clinical and biochemical evaluation. On the basis of the 

distribution of incident lesions in LFS, particular attention in 

whole-body MRI screening examinations should be directed 

to the brain (with dedicated MRI), musculoskeletal system, 

adrenal glands, and soft tissues. 

 

 

nanoparticles, have introduced novel means of 

tissue characterization that augment traditional 

anatomic imaging.  
In addition, it is now recognized that up to 10% of 

pediatric cancers result from an inher-ited germline 

pathogenic mutation associated with one of many 

known cancer predisposition syndromes (CPSs) (2). 

Routine genetic testing of pediatric cancer patients 

and asymptomatic relatives is allowing earlier 

diagnosis of CPSs, motivating efforts to develop 

multifaceted screen-ing strategies to detect incidental 

cancers at an earlier stage, when cure rates are 

highest. Accord-ingly, an interdisciplinary expert 

consensus panel recently issued preliminary 

surveillance recom-mendations across a variety of 

CPSs (3), several of which include whole-body MRI 

screening (4).  
In light of these emerging trends, a working 

knowledge of oncologic whole-body MRI appli-

cations and evolving CPS surveillance algorithms is 

vital to providers who participate in the care of 

pediatric cancer patients. In this review, we discuss 

(a) state-of-the art technical principles of whole-

body MRI, (b) applications in sporadic pediatric 

cancers, and (c) surveillance in CPSs. 
 

technical Principles  
In its strictest sense, the term whole-body MRI 

signifies serial imaging from vertex to toes in the 

same examination. For clarity, modifiers such as 

“CAP” (chest, abdomen, pelvis), “NCAP” (neck 

 

 

plus CAP), or “NCAPPE” (NCAP plus proximal 

extremities) should be specified where appropriate  
(4). Understanding the technical aspects of whole-

body MRI, including hardware configurations, 

commonly used sequences, strengths, limitations, 

and emerging techniques, facilitates a more dy-

namic appreciation of its clinical applications. 
 

Hardware  
Given the large field of view of whole-body MRI, 

hardware that minimizes the need for patient and coil 

repositioning and maximizes signal-to-noise ratio 

(SNR) is necessary for keeping imaging duration 

manageable (ideally 60 minutes or less). The 

combination of a moving table platform and a 

modular array of dedicated multichannel, 

multielement coils covering the entire body has 

become the preferred hardware configuration for 

whole-body MRI. With this setup, all required 

coils—including any combination of a dedicated 

head/neck coil, body surface coil, in-table spine coil, 

and flexible lower extremity surface coils— can be 

positioned simultaneously at the begin-ning of the 

examination, with exact configura-tions varying 

among vendors.  
Acquisition then proceeds while the table moves 

serially between multiple static body sta-tions, the 

number of which depends on patient height. Long 

axis (eg, coronal) images from each station can later 

be digitally merged to produce a composite whole-

body image for ease of analysis (Fig 1).When 

difficulty arises with upper extrem-ity coverage in 

wider-bodied teens, an additional station can be used 

with the patient prone and the arms extended 

overhead. If there is adequate space in the 

anteroposterior plane in the supine position, 

especially if the prone position cannot be tolerated, 

another option is to place the patient’s arms across 

the torso, although signal loss can occur if the arms 

are far from the magnetic isocenter.  
Imaging with continuous table movement, thus far 

applied primarily to MR angiography and PET/MRI, 

is also increasingly available for whole-body MRI 

with newer hardware (5). For imaging units not 

equipped with a modu-lar whole-body surface coil 

system, alternative ergonomic strategies exist. One 

example involves use of a tabletop spacer to create a 

gap between the patient and table and allow fast 

surface coil repositioning without moving the patient 

(6). Alternatively, the body coil integrated into the 

bore of the imaging unit can be used for whole-body 

imaging, albeit with lower signal-to-noise ratio and 

spatial resolution compared with use of surface coils 

(7). Whole-body MRI is feasible at both 1.5 T or 3.0 

T, with a recent study suggest-ing that 1.5-T imaging 

may produce better image quality in children (8). 
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Figure 1. Composite image creation for 

whole-body MRI with data acquisition at 

serial stations in a 13-year-old boy with 

acute lymphoblastic leukemia treated 

with high-dose steroids. Coronal short  
τ inversion-recovery (STIR) images ac-

quired at each imaging station (left) are 

digitally merged into a wide field-of-view 

composite STIR image for ease of analysis 

(center). Right: Composite T1-weighted 

fast spin-echo image. The body can be 

covered in fewer stations (three or four) in 

smaller patients. The STIR hyperintensity 

in the left lateral and medial femoral con-

dyles and right medial femoral condyle 

(arrowheads), with corresponding T1 hy-

pointensity (arrows), is suggestive of early 

osteonecrosis. 

 

 

Pulse Sequences  
The specific pulse sequences and imaging planes 

comprising a whole-body MRI examina-tion vary on 

the basis of institutional prefer-ence, hardware 

capabilities, resource availability, patient tolerance, 

and study indication. A typical whole-body MRI 

protocol is summarized in Table 1, alongside other 

published protocols. Most examinations can be 

completed within a 45-minute time slot. 

 

Coronal acquisition is standard for most 

sequences owing to reduced imaging time, al-though 

axial images are variably added for some sequences, 

as limited data suggest that they may improve lymph 

node evaluation and sensitivity for pathologic 

lesions (14,15). Coronal short  
τ inversion-recovery (STIR) imaging is widely 

considered the cornerstone of most whole-body MRI 

protocols owing to robust fat suppression and 

excellent pathologic lesion conspicuity, par-ticularly 

for marrow lesions. Use of respiratory triggering to 

reduce motion artifact is beneficial for stations 

covering the thorax and abdomen, although with an 

approximately two- to three-fold increase in imaging 

time compared with nontriggered acquisition. 

 

Fast T2-weighted sequences such as single-shot 

fast spin echo (SSFSE) or half-Fourier ac-quisition 

single-shot turbo spin echo (HASTE), and balanced 

steady-state free precession (bSSFP) sequences that 

have a mix of T1 and T2 weighting, are commonly 

employed for further anatomic evaluation and 

superior delineation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

of the gastrointestinal tract compared to that achieved 

with STIR imaging. These sequences are typically 

performed in 15–30 seconds and can be performed as 

a single breath-hold acquisition, but if necessary can 

be performed as either mul-tiple breath-hold 

acquisitions or free-breathing acquisitions without 

respiratory triggering.  
T1-weighted fast spin-echo and/or gradient-echo 

imaging is variably applied for further tissue 

characterization and can improve both sensitiv-ity 

and specificity for marrow lesions, as STIR is known 

to be insensitive for sclerotic lesions (16). Dixon-

based T1-weighted in-phase/opposed-phase imaging 

has improved sensitivity for de-tecting bone lesions 

in older children with yellow marrow, since the 

lesions do not demonstrate in-creased signal intensity 

on in-phase images (17).  
To reduce unnecessary gadolinium-based 

contrast agent (GBCA) exposure in children, 

intravenous gadolinium contrast material is 

typically omitted from routine whole-body MRI 

screening protocols. However, postgadolinium  
T1-weighted fat-suppressed imaging is a useful 

addition for targeted evaluation of suspicious 

findings detected with screening sequences and is 

especially helpful in scenarios that require robust 

focused evaluation of the brain or liver. Respira-tion 

suspension is helpful for reducing respiratory motion 

in the lower thorax and abdomen during postcontrast 

imaging.  
Diffusion-weighted imaging (DWI) has been 

increasingly incorporated into whole-body MRI 

protocols, concomitant with growth in data sup- 
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 Table 1: Whole-Body MRI Protocols for Pediatric Oncology   
      

  Imaging  Approximate Imag- 
 Authors (Reference) Planes Pulse Sequences* ing Time (min) 
      

 Current authors Coronal STIR, T1W in-phase and opposed-phase GRE
† 45 (variable de- 

  Axial SSFSE/HASTE, DWI pending on spe- 
  Sagittal STIR (if LCH evaluation) cific indication) 

 Villani et al 2016 (9) Coronal STIR 18  

 Eutsler and Khanna Coronal STIR 40  
2016 (10) Axial STIR, HASTE, DWI   

 Davis et al 2016 (11) Coronal STIR, HASTE, T1W (optional MR angiography) Not available 
  Axial STIR, HASTE   

 Nievelstein and Lit- Coronal STIR, T1W TSE 32  
 tooij 2016 (12) Axial DWI, T2W SPAIR   

 Anupindi et al 2015 Coronal STIR, T1W, HASTE 72 (average) 
(13) Axial STIR (head, neck, lower extremities), T2W fat sup- 

   pressed (chest, abdomen, ± pelvis), HASTE   

  Sagittal HASTE     
*DWI = diffusion-weighted imaging, GRE = gradient echo, HASTE = half-Fourier acquisition single-shot turbo spin 
echo, LCH = Langerhans cell histiocytosis, SPAIR = spectrally adiabatic inversion recovery, SSFSE = single-shot fast 
spin echo, T1W = T1-weighted, T2W = T2-weighted, TSE = turbo spin echo.  
†
T1-weighted fat-suppressed postgadolinium sequence optional for targeted characterization of known lesions or at-risk 

organs; plane(s) best suited to region of interest. 
 
 

 

porting its value for oncologic applications. In 

addition to improving the conspicuity of malignant 

lesions, DWI has the potential to enable functional 

tissue characterization to augment anatomic evalu-

ation. DWI does not require intravenous gado-linium 

contrast material and, more important, has been 

actively studied as a possible radiation-free 

alternative to PET.  
Diffusion-weighted whole-body imaging with 

background body signal suppression (DWIBS) is a 

specialized DWI technique that is often used in 

whole-body MRI, involving continuous free-

breathing axial acquisition, high b values (800– 1000 

sec/mm2), and fat suppression using either a 

presaturation pulse or STIR (7). Axially acquired 

diffusion-weighted images are later reconstructed 

into the coronal and sagittal planes for multipla-nar 

viewing, with gray-scale inversion producing an 

appearance resembling PET images (7) (Figs 2, 3). 

Importantly, several normal tissues appear bright at 

DWI owing to restricted diffusion or high T2 signal 

intensity, including the lymph nodes, salivary glands, 

spleen, thymus, gonadal tissue, prostate gland, 

endometrium, red marrow, and central nervous 

system structures (18).  
Apparent diffusion coefficient (ADC) maps, 

calculated using DWI images acquired at multiple b 

values, are essential for determining whether 

increased DWI signal intensity signifies restricted 

diffusion (corresponding areas of decreased signal 

intensity on ADC maps) or T2 shine-through (sig-nal 

intensity remaining increased on ADC maps). In 

addition, ADC quantification has been prelimi- 

 
 
 
 

narily investigated as a means of distinguishing 

benign and malignant tissue (19) or monitoring 

therapeutic response (20–22). However, reliable 

ADC thresholds for these purposes have not yet 

been established, and current limitations include 

interobserver variability in ADC measurements 

and overlap between ADC values in benign and 

malignant tissues (23,24). 
 

Strengths of Whole-Body MRI  
Several notable strengths of whole-body MRI, be-

yond the lack of ionizing radiation, have propelled its 

growth for oncologic indications. MRI enables 

exquisite soft-tissue characterization, in part owing to 

its multiparametric capabilities. Consequently, it has 

become the preferred imaging modality for certain 

body regions such as the brain, liver, and 

musculoskeletal system, irrespective of radiation 

exposure considerations. Therefore, whole-body MRI 

is superior for detecting disease involvement in these 

locations compared with most other imag-ing 

techniques.  
Owing to its versatility, whole-body MRI is also 

highly adaptable to patient and indication. Wide 

field-of-view acquisition is optimized for efficient 

whole-body screening, such as when surveying 

patients with CPSs or probing for distant metasta-ses 

in patients with a known primary malignancy. 

Targeted regional examinations with smaller field of 

view and higher-resolution technique can then be 

used to either interrogate findings detected with 

screening sequences or provide higher sensitiv-ity for 

at-risk organs. In addition, as new MRI 
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Figure  2.  Whole-body MRI of Hodgkin 

lymphoma in a 17-year-old boy. (a) Axial 

HASTE (half-Fourier acquisition single-shot 

turbo spin-echo) image shows bi-lateral 

supraclavicular lymphadenopathy (arrows), 

greater on the left than on the right. T2 

hyperintensity on the right and T2 

hypointensity on the left reflect vari-ability 

in the signal intensity characteris-tics of 

lymphomatous nodes. (b) Axial diffusion-

weighted image with inverted gray scale 

shows improved conspicuity of the bilateral 

supraclavicular lymphade-nopathy (arrows) 

and visually resembles a fluorine 18 

fluorodeoxyglucose (FDG) PET image. (c, 

d) Corresponding CT (c) and FDG PET (d) 

images obtained at the same time point 

show the bilateral su-praclavicular 

lymphadenopathy (arrows). (e, f) Axial 

HASTE image (e) and corre-sponding CT 

image (f) show multistation mediastinal 

lymphadenopathy (*) with lymphomatous 

involvement of the para-mediastinal left 

upper lobe (arrow). 
 
 

 

techniques and sequences emerge, they can be 

appended readily to existing whole-body MRI pro-

tocols for both investigational and clinical use. 
 

Limitations of Whole-Body MRI  
Several diagnostic limitations of whole-body MRI 

are worthy of mention and will be further dis-cussed 

alongside clinical applications. For screen-ing whole-

body MRI examinations, radiologists must be aware 

of locations prone to false-negative findings. Coronal 

images have reduced sensitiv-ity for osseous lesions 

in the ribs, scapula, and sternum, underscoring the 

benefit of including at least one axial sequence. 

 

In addition, whole-body MRI is not considered 

reliable for detecting lung nodules smaller than 6–8 

mm, although newer ultrashort echo time se-quences 

may lower this size threshold (25). There-fore, at 

present, we continue to use CT to screen 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

for pulmonary metastases. Subcentimeter lymph 

nodes can also be missed or misclassified as benign. 

Increased awareness of at-risk sites for each tumor 

can help minimize false-negative and false-positive 

findings, particularly for surveillance of CPSs (4).  
As with all whole-body imaging techniques, 

detection of false-positive findings—nonspecific or 

incidental—can also prompt further diagnostic eval-

uation with ionizing radiation or invasive sampling. 

Because MRI evaluation is primarily anatomic, lack 

of specificity for certain types of findings, such as 

posttreatment changes and borderline enlarged lymph 

nodes, can lead to diagnostic uncertainty. Although 

DWI can provide functional data, reliable ADC 

thresholds for distinguishing benign from malignant 

tissue have yet to be widely validated.  
Red marrow, which is frequently present in the 

developing skeleton and increases in extent after 

administration of hematopoietic growth factors, 
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Figure 3.  Whole-body MRI of Hodgkin lymphoma in a 14-year-old boy. (a) Composite coronal STIR 

image shows T2-hyperintense right cervical lymphadenopathy (arrow). (b) Composite whole-body 

diffu-sion-weighted image (b = 800 sec/mm2) with inverted gray scale shows the right cervical 

lymphadenopa-thy (arrow) more clearly owing to background suppression. (c) Corresponding coronal 

FDG PET image shows intense FDG uptake by the right cervical lymphadenopathy (arrow). 
 
 

can appear hyperintense on STIR images and 

confound evaluation for STIR-hyperintense mar-row 

metastases. Knowledge of the typical order of bone 

marrow reconversion (metaphysis to diaphy-sis to 

epiphysis; axial to appendicular), along with the 

more confluent appearance of red marrow as 

opposed to the focality of malignant lesions, can aid 

in distinguishing red marrow from malignancy (26). 

For malignancies that can involve the mar-row 

diffusely, such as lymphoma and leukemia, T1-

weighted in-phase/opposed-phase imaging has 

demonstrated utility in differentiating infiltrating 

tumor from red marrow (27). 
 

Use of newer Contrast Agents  
USPIO particles are an emerging tool for strength-

ening the diagnostic capability of DWI in nodal and 

other reticuloendothelial (liver, spleen, mar-row) 

tissues (28). While increasingly studied as a non-

GBCA (gadolinium-based contrast agent) blood pool 

contrast agent for vascular imaging, USPIO agents 

also accumulate in the reticuloen-dothelial tissues 

and produce susceptibility-related loss of T2 signal 

intensity, which allows confirma-tion of benignity. 

Delayed imaging at 24 hours after USPIO injection is 

generally considered best for suppression of benign 

nodes, although data suggest that a delay of 30–60 

minutes may 

 
 
 
be sufficient in children (28). However, the risk of 

hypersensitivity reactions with existing USPIO 

agents has limited their widespread use, and in the 

United States use of ferumoxytol as an MRI con-trast 

agent is currently an off-label indication.  
Combined whole-body PET/MRI also has an 

emerging role in oncologic evaluation, leveraging 

the complementary value of robust tissue 

characterization with whole-body MRI and 

functional metabolic evaluation with FDG PET, with 

substantial radiation dose reduction compared with 

PET/CT (29). Specific pediatric PET/MRI 

applications are beyond the scope of this review 

(30). 
 

Sedation and Rapid MRI techniques 
Another logistical hurdle with whole-body MRI is the 

frequent requirement for sedation in infants and 

young children, primarily in the age range of 6 

months to 6 years (1). While sedation is consid-ered 

safe in conjunction with a dedicated pediat-ric 

anesthesiology team, potential risks are non-

negligible (31), and resource utilization is higher 

compared with that of awake examinations (32). The 

need for general anesthesia may also delay access to 

MRI; on the basis of our anecdotal ex-perience, wait 

times are typically longer for MRI examinations 

requiring general anesthesia. 



522   March-April 2019 radiographics.rsna.org  

 

Several emerging MRI techniques can enable faster 

and more motion-robust imaging, with the potential 

to reduce the duration and/or depth of sedation and 

possibly even the frequency of its use (1,33). 

Simultaneous multisection (SMS) imaging, in which 

a multiband excitation pulse concurrently stimulates 

multiple anatomic sections, has recently been 

introduced into clinical practice. Importantly, SMS 

imaging functions in tandem with standard parallel 

imaging techniques for multiplicative gains in speed 

(34). We routinely acquire free-breathing whole-body 

diffusion-weighted images at an SMS imaging factor 

of two and a parallel imaging factor of three, for a 

combined sixfold acceleration factor. Non-Cartesian 

acquisition methods (eg, radial, spiral), in addition to 

their ability to correct for ro-tational and translational 

patient motion, can also sample k-space more 

efficiently (33). While more widely employed as a 

motion-correction technique  
for T2-weighted imaging (35), radial acquisition has 

recently been introduced for T1-weighted imaging in 

conjunction with an undersampling technique known 

as compressed sensing, produc-ing synergistic 

reductions in both imaging time and motion artifact. 

Combined use of compressed sensing, radial 

acquisition, and parallel imaging has been 

demonstrated for free-breathing motion-corrected 

pediatric abdominal MRI, with far higher 

acceleration factors than are possible with 

conventional parallel imaging (36). Newer coil 

designs are also likely to further accelerate image 

acquisition (37).  
MRI protocols will increasingly incorporate 

these techniques in coming years, further im-

proving the practicality of whole-body MRI for 

widespread use. 
 

Billing and Reimbursement  
One issue related to whole-body MRI, particu-larly 

in the United States and other countries in which 

patients’ medical expenses may be covered by 

private insurance, is billing and re-imbursement. In 

the United States, there is cur-rently no consensus 

Current Procedural Terminol-ogy (CPT) medical 

code for whole-body MRI. Most imaging centers 

that perform whole-body MRI bill these 

examinations under one of three billing models: (a) 

unlisted MRI, (b) diagnostic MRI 

chest/abdomen/pelvis, or (c) MRI bone marrow 

evaluation (38). As whole-body MRI becomes more 

widely incorporated into routine clinical practice, 

there will hopefully be more standardization related 

to billing code terminol-ogy for these examinations. 
 

 

Sporadic Pediatric neoplasms  
The majority of pediatric tumors are sporadic and 

idiopathic, with no genetic cause or environmental 

 

 

agent identified, although genetic testing is not 

universal for pediatric cancer patients (39,40). 

Whole-body MRI in predominantly sporadic 

tumors will be discussed first, followed by use of 

whole-body MRI in known or suspected CPSs. 
 

Lymphoma  
While FDG PET/CT remains the standard of care for 

staging and treatment response evaluation in pediatric 

lymphoma, the large cumulative radia-tion dose 

incurred over the course of therapy has prompted 

interest in using whole-body MRI as a radiation-free 

alternative. Multiple studies evaluat-ing whole-body 

MRI for initial staging in pediatric lymphoma 

patients found good concordance (κ = 0.91–0.97) 

with a PET/CT reference standard for staging of 

nodal disease (14,41). However, they emphasized the 

limitation of anatomic staging on the basis of nodal 

size criteria alone, noting instances in which nodal 

disease was either over-staged or understaged at 

whole-body MRI when using a size cutoff of 1 cm 

(14,41). Therefore, pure anatomic staging is 

insufficient to supplant func-tional evaluation with 

PET.  
While DWI is beneficial in improving the con-

spicuity of nodal lesions (Figs 2, 3), its ability to 

allow reliable distinction of benign from malig-nant 

nodes on the basis of functional data (eg, diffusion 

restriction) remains limited in clinical practice at 

present. This limitation is due in part to the overlap 

of ADC values between benign and malignant nodes 

as well as the difficulty in reliably measuring ADC 

in subcentimeter nodes, particularly in areas such as 

the mediastinum and hilum, where cardiac and 

respiratory mo-tion may impede accurate 

quantification (18). In an attempt to improve on the 

functional capabilities of DWI, Klenk and colleagues 

(28) demonstrated use of a USPIO contrast agent to 

suppress benign reticuloendothelial tissue signal 

intensity (nodes, marrow, spleen, liver), achieving 

diagnostic performance with USPIO-enhanced 

whole-body MRI that matched that of PET/CT for 

staging of pediatric lymphoma. 

 

Whole-body MRI has also been studied for ex-

tranodal staging of lymphoma. For the spleen, use of 

a positivity criterion based on either spleen size or 

presence of focal lesions is reasonably accurate in 

detecting lymphomatous involvement (14,42).  
Notably, DWI is less useful in this context because 

of physiologically high splenic signal intensity. For 

marrow involvement, MRI has good agreement with 

PET/CT findings, although both are inferior to blind 

bone marrow biopsy (43,44).  
Whole-body MRI for evaluating treatment 

response in lymphoma has been explored primar-ily 

in adults, with multiple studies suggesting rapid 

increases in ADC within days of treatment 



RG  •  Volume 39   Number 2  Gottumukkala et al   523  

 

that far outpace morphologic changes (21,22), 

analogous to the early decrease in metabolism seen at 

FDG PET. In addition, one study dem-onstrated that 

DWI was sensitive for detection of residual disease 

after completion of lymphoma therapy and that an 

ADC threshold of 1.21 3 103 mm2/sec could improve 

specificity for distinguish-ing residual active disease 

from fibrotic tissue  
(19). Whether quantitative ADC can be used as a 

reliable functional surrogate of PET for interim 

treatment response evaluation will require further 

validation as well as technical improvements to 

overcome the aforementioned limitations, par-

ticularly for subcentimeter nodes. 
 

Langerhans Cell Histiocytosis  
Langerhans cell histiocytosis (LCH), character-ized 

by abnormal proliferation of dendritic cells, is now 

considered a neoplasm and is classified into three 

forms depending on the number of lesions and 

affected organ systems (45). The wide spectrum of 

organ involvement encompasses the bones, skin, 

central nervous system, liver, spleen, nodes, and 

lungs.  
Skeletal findings are present in 80% of cases, most 

commonly affecting the skull and variably involving 

the ribs, spine, mandible, pelvis, and long bones (46). 

At MRI, osseous lesions are typically expansile and 

destructive, appearing T2 hyperintense and T1 iso- to 

hypointense, with enhancement after administration 

of gadolinium contrast material. Asymmetric 

destruction of the inner and outer cortices is 

characteristic in the skull, and compression fractures 

progressing to complete vertebral body flattening—

termed verte-bra plana—may result from spinal 

lesions.  
Central nervous system involvement occurs in 

approximately 16% of cases, most commonly af-

fecting the posterior pituitary gland with associated 

pituitary stalk thickening at MRI, as appreciated on 

postgadolinium T1-weighted images (46). Hepa-

tobiliary involvement (hepatomegaly, focal lesions, 

periportal fibrotic tissue) and splenomegaly are also 

seen in a subset of patients, and both portend  
a worse prognosis (46). Lymphadenopathy, if 

present, is more commonly cervical. Pulmonary in-

volvement, classically manifesting as mid to upper 

zone–predominant random nodules that progress to 

cysts, is more frequent in adults.  
Whole-body MRI allows simultaneous inter-

rogation of anatomic sites susceptible to LCH 

involvement (Fig 4), with far higher sensitivity for 

skeletal disease than plain radiography and skeletal 

scintigraphy (47). Seen in isolation, several of the 

aforementioned findings overlap with those of 

other malignant and inflammatory diseases, 

necessitating confirmatory tissue diag-nosis. 

However, findings in one or more classic 

 

 

locations should raise suspicion for LCH. Once the 

diagnosis is established, disease subclassifica-tion 

based on lesion distribution directly affects 

prognosis and management (46,48).  
In addition, whole-body MRI allows evaluation of 

treatment response, which manifests as reduced 

signal intensity on STIR images and/or a decrease in 

gadolinium enhancement (49). Whole-body MRI is 

superior to FDG PET for detection of spine lesions 

(50), which can be facilitated by ad-dition of a 

sagittal STIR sequence. For other sites of disease, 

MRI and PET are likely complemen-tary (51), and 

PET/MRI may enable their syner-gistic use as it 

becomes more accessible. 
 

Solid Malignancy  
Among solid pediatric malignancies, whole-body 

MRI has been studied primarily for staging of small 

round cell tumors, including neuroblastoma, Ewing 

sarcoma, and rhabdomyosarcoma (Figs 5–7). For 

these diseases, the main appeal of whole-body MRI is 

its ability to allow simultaneous characterization of 

the primary lesion and evalua-tion for distant disease 

in the same imaging session. This can be 

accomplished using a smaller field of view and high-

resolution sequences with or without gadolinium 

contrast material for regional evalua-tion, alongside 

the standard whole-body screening sequences such as 

STIR, fast T2-weighted imag-ing (single-shot fast 

spin echo [SSFSE], balanced steady-state free 

precession [bSSFP]), T1-weighted fast spin-

echo/gradient-echo imaging, and DWI. However, 

formal guidelines for use of whole-body MRI in 

evaluating sporadic solid pediatric malig-nancies do 

not yet exist.  
MRI generally excels in local evaluation and 

staging. For neuroblastoma, MRI is superior to CT 

for evaluation of intraspinal extension, which is 

considered one of the imaging-derived risk factors 

that can affect surgical planning (16). In addition, 

recent work suggests the potential for DWI to enable 

discrimination of neuroblastoma from similar-

appearing lesions such as ganglio-neuroblastoma, 

ganglioneuroma, and Wilms tu-mor on the basis of 

ADC measurements (52,53).  
Regarding distant staging, whole-body MRI is 

superior to skeletal scintigraphy and potentially 

equivalent to FDG PET/CT for skeletal metasta-ses, 

which are the primary concern in many small round 

cell tumors (49,54–56). In addition, one study found 

that whole-body MRI had higher sensitivity for 

skeletal lesions in neuroblastoma pa-tients than 

iodine 123–metaiodobenzylguanidine (MIBG), 

although with lower specificity (49). As mentioned 

earlier, whole-body MRI with standard sequences is 

insensitive for subcentimeter pulmo-nary metastases 

and is therefore inferior to CT in this regard (54,56). 

While CT currently remains 
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Figure 4.  Whole-body MRI of LCH in a 9-year-old girl. (a) Composite coronal STIR image shows 

ex-pansile hyperintense lesions centered in the left acromion (white arrow) and right inferior pubic 

ramus (black arrow), both of which demonstrate surrounding edema. Mild splenomegaly is also 

present (*). (b, c) Magnified images show the lesions in the left acromion (arrow in b) and right 

inferior pubic ramus (arrow in c). Biopsy results confirmed the diagnosis of LCH. 
 

 

the standard of care for detection of pulmonary 

metastases, detection of nodules as small as 4 mm 

has been demonstrated with newer ultrafast MRI 

sequences (25), which may be incorporated into 

future oncologic imaging protocols.  
One prospective study of whole-body MRI for 

distant staging in 66 pediatric cancer pa-tients failed 

to show noninferiority compared to conventional 

imaging (CT, limited MRI, scintigraphic studies, 

and/or FDG PET) (56). However, these results were 

limited by use of a STIR sequence in isolation; lack 

of contemporary MRI techniques (eg, DWI, 

accelerated parallel imaging); lack of widespread use 

of FDG PET in children at the time of enrollment 

(2004–2007); and a large proportion of lymphoma 

patients, all of which reduce generalizability. 

 

Whole-body MRI has also been studied for 

evaluating treatment response in solid tumors. 

Morphologic changes such as decrease in lesion 

 
 

 

size most definitively indicate treatment response. 

Various patterns suggesting early treatment response 

in skeletal metastases have also been described, 

including decrease in the extent or intensity of 

abnormalities at STIR imaging/DWI and increase in 

lesion ADC (20). However, late evaluation (ie, >1 

year) after therapy can be more challenging, as 

treated lesions may persist as fo-cal marrow 

abnormalities, making comparison with prior 

imaging studies essential (16). Further prospective 

validation in pediatric patients will be necessary to 

better define treatment response criteria for whole-

body MRI in solid tumors. 
 

Complications of Cancer Therapy: 
Osteonecrosis  
Osteonecrosis is a frequent complication of high-

dose steroid corticosteroid regimens used in pediatric 

leukemia and lymphoma patients, with an incidence 

of 72% in a prospectively screened 
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Figure 5. Whole-body MRI of metastatic neuroblastoma in a 7-year-old boy. (a) Coronal STIR image of the 

thorax and upper extremities shows the ability of whole-body MRI to simultaneously demonstrate a large pri-

mary retroperitoneal mass (*) and osseous metastases in the humeri bilaterally (arrowheads) and in the T11 

vertebral body (arrow). (b) Coronal STIR image of the pelvis and proximal thighs shows additional 

metastatic marrow lesions in the acetabula and proximal femora bilaterally (arrows).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Whole-body MRI of metastatic Ewing sarcoma in a 13-year-old boy. (a) Coronal STIR image of the pelvis and thighs shows an 

expansile hyperintense soft-tissue mass centered in the right iliac bone (primary tumor, dashed box) and a hyperintense metastatic 

marrow lesion in the left proximal femur (arrow). (b) CT image of the left proximal femur shows loss of the medullary cavity trabeculae 

and barely perceptible periosteal reaction (arrow) corresponding to the left proximal femoral lesion, underscoring the comparatively 

higher sensitivity of MRI for marrow lesions. (c, d) Coronal STIR image of the left distal femur (c) shows a hyperin-tense marrow lesion 

(arrow) with corresponding hypointensity on an opposed-phase T1-weighted gradient-echo image (arrow in d), compatible with an 

osseous metastasis. Employing both STIR and T1-weighted imaging in combination can improve specificity for marrow lesions. (e) 

Coronal STIR image of the thorax shows an 8-mm metastatic pulmonary nodule in the lingula (arrowhead), even though this whole-body 

MRI study was not used as the primary means of evaluating for pulmonary metastases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

cohort of patients treated for acute lymphoblastic  
leukemia (57). Owing to poor correlation be-  
tween lesion size and symptoms, many lesions are  
asymptomatic until they reach an advanced stage  
(58), at which point deleterious effects on joint  
integrity and skeletal growth can be life-altering  
for pediatric patients (59). The potential morbid-  
ity associated with treatment-related osteonecro-  
sis has compelled efforts to use whole-body MRI  
as a screening tool, given its high sensitivity for  
detection and the comparatively limited sensitiv-  
ity of radiography (59).  

A basic whole-body MRI protocol for osteo-  
necrosis consisting of coronal STIR and T1-  
weighted sequences (59) is effective in assess-  
ing the multiplicity, distribution, and extent of 
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Figure 7.  Whole-body MRI of metastatic rhabdomyosarcoma in a 9-year-old boy. (a) Com-

posite whole-body coronal STIR image shows scattered osseous metastases (arrowheads) as 

well as a right upper thoracic paraspinal metastatic lesion (arrow). (b) Axial gadolin-ium-

enhanced T1-weighted image shows an enhancing metastatic lesion in the right apical paraspinal 

region (arrow) that extends into the adjacent right neural foramen (arrowhead).  
(c) Sagittal gadolinium-enhanced fat-suppressed T1-weighted image shows lesions in the 

left calf musculature (arrow) and tibial diaphysis (arrowhead). (d) Image from skeletal scin-

tigraphy with technetium 99m–methylene diphosphonate (MDP) shows scattered areas of 

intense tracer uptake corresponding to skeletal and extraskeletal metastases.  
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articular surface involvement (Figs 8, 9), the latter 

of which is an important predictor of pro-gression. 

Whole-body MRI is advocated for any patient 

experiencing musculoskeletal symptoms during or 

after high-dose steroid therapy for a hematologic 

malignancy (60). For screening in asymptomatic at-

risk patients, whole-body MRI is likely most 

beneficial in patients over the age of 10 years (61), 

although formal guidelines have not been 

established. 
 

Cancer Predisposition Syndromes  
CPSs encompass a spectrum of conditions conferring 

increased risk of neoplasia, with many attributable to 

a known inherited or de novo germline pathogenic 

mutation. Recent evidence from whole-exome 

sequencing suggests that CPSs underlie around 10% 

of pediatric cancers (2). In addition, increasing 

understanding of the genetic underpinnings and 

clinical features of CPSs has propelled interest in 

early diagnosis and screening.  
Concurrently, genetic testing has become more 

robust, cost-effective, and widely available (62). As 

such, testing for CPSs in pediatric cancer pa-tients is 

quickly becoming standard practice, as is screening 

of asymptomatic at-risk relatives when a syndrome is 

identified in the proband. Therefore, the question of 

how best to proceed with regard to follow-up in the 

setting of a new CPS diagnosis will be encountered 

increasingly in clinical practice.  
In response to the need for more structured 

screening recommendations for CPSs, the Ameri-can 

Association for Cancer Research (AACR) organized 

an interdisciplinary consensus panel in October 2016 

that included pediatric oncologists, 

 
 
 
 
 
 
 
 

 
Figure 8. Whole-body MRI of 

steroid-induced osteonecrosis in a 

14-year-old girl undergoing ther-apy 

for acute lymphoblastic leuke-mia 

who presented with bilateral lower 

extremity pain. (a) Coronal STIR 

image of the tibiae shows geo-

graphic peripherally hyperintense 

marrow lesions in the distal tibial 

metaphyses bilaterally (arrows).  
(b) Coronal T1-weighted fast spin-

echo image shows corresponding 

geographic, peripherally hypoin-tense, 

centrally hyperintense lesions 

(arrows), compatible with osteone-

crosis. Corticosteroid therapy was 

subsequently discontinued. 

 
 
 

 

medical geneticists, and pediatric radiologists. On the 

basis of a comprehensive literature review, expert 

opinion, and existing subspecialty society guidelines, 

the panel drafted recommendations across a wide 

range of CPSs.  
Surveillance was advocated for tumors known to 

have an incidence of 5% or more in child-hood and 

adolescence, with a lower threshold for rapidly 

aggressive malignancies (3). For a subset of 

conditions, whole-body MRI was identified as a 

central component of screening (Table 2) (4). 

Suggested imaging protocols were devised to best 

facilitate disease detection—considering the tim-ing 

and location of incident cancers—balanced against 

the potential risks arising from sedation and 

incidental findings where possible.  
For each CPS for which whole-body MRI 

screening was endorsed in these recommen-dations, 

we briefly discuss the salient clinical features as 

well as the role of whole-body MRI. Conditions for 

which whole-body MRI was deemed optional are 

not discussed but are in-cluded in the summary 

table (Table 2). 
 

Li-Fraumeni Syndrome  
Li-Fraumeni syndrome (LFS), which results from an 

autosomal dominant germline mutation in the TP53 

tumor suppressor gene, is among the most 

aggressive CPSs and predisposes to a wide range of 

malignancies beginning early in life. In one study, 

tumors developed in 41% of patients by age 18 

years, with a lifetime penetrance of over 80% (63). 

The distribution of incident LFS-related cancers 

varies by age, with the most common malignancies 

before the age of 18 
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Figure  9.  Whole-body MRI of 

steroid-induced osteonecrosis in a 

17-year-old boy undergoing ther-

apy for Hodgkin lymphoma who 

presented with bilateral lower ex-

tremity pain. (a) Composite coro-nal 

STIR image. (b) Coronal STIR 

image of the knees shows geo-

graphic peripherally hyperintense 

lesions in the juxta-articular por-

tions of the lateral femoral condyles 

bilaterally (arrows). (c) Coronal T1-

weighted fast spin-echo image of 

the knees shows corresponding 

peripherally hypointense lesions 

(arrows), compatible with osteo-

necrosis. Corticosteroid therapy 

was subsequently discontinued. 
 
 

 

years consisting of osteosarcoma, brain tumors 

(glioma, medulloblastoma, choroid plexus papil-

loma), adrenocortical carcinomas, and soft-tissue 

sarcomas (63,64). In addition, LFS confers increased 

radiosensitivity owing to the specific cellular 

pathway affected; therefore, restricting exposure to 

ionizing radiation is paramount.  
Whole-body MRI screening in asymptomatic 

TP53 mutation carriers has been studied more 

extensively than in any other CPS, and support-ing 

evidence has accumulated rapidly in recent years. 

Among available data, findings from a pro-spective 

observational study by Villani and col-leagues (9) are 

perhaps most compelling. Over an 11-year period, 

they studied 89 initially asymp-tomatic TP53 

mutation carriers, 66% of whom elected to undergo a 

multifaceted surveillance protocol consisting of 

diagnostic imaging (includ-ing whole-body MRI), 

clinical examination, and 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

biochemical testing. Strikingly, overall 5-year 

survival was 88.8% in the surveillance group 

compared with 59.6% in those who declined sur-

veillance, with all deaths in the nonsurveillance 

group attributable to cancer. Moreover, half of 

malignant lesions and nearly half of premalignant or 

low-grade lesions were detected with whole-body 

MRI or brain MRI, indicating the dispro-portionate 

value of imaging.  
A recent comprehensive meta-analysis of data 

spanning pediatric and adult patients also found that 

a single baseline evaluation with whole-body MRI in 

TP53 mutation carriers allowed detection of a new 

localized primary cancer in 7% of cases (64). On the 

basis of these findings, LFS is regarded as the 

archetype for whole-body MRI screening in CPSs, 

and surveillance recommendations advocate its use in 

conjunc-tion with clinical and biochemical 

evaluation 
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 Table 2: Summary of 2017 AACR Recommendations for Whole-Body MRI Screening in CPSs 
    

 Syndromes Recommendations 
    

 Li-Fraumeni syndrome (LFS) Whole-body MRI every 12 mo from diagnosis 
  Brain MRI every 12 mo from diagnosis (can alternate every 6 mo with whole- 
  body MRI; combine into one examination if using general anesthesia) 

 Hereditary paraganglioma- Whole-body MRI NCAP every 24 mo from age 6–8 y 
 pheochromocytoma syndrome Alternatively, whole-body MRI CAP with dedicated neck MRI (± gadolinium 
 (HPPS) contrast material) every 24 mo from age 6–8 y 

 Hereditary retinoblastoma Whole-body MRI every 12 mo starting at age 8 y 
 (HRb) Brain MRI every 6 mo until age 5 y 

 Constitutional mismatch repair Whole-body MRI every 12 mo starting at age 6–8 y 
 deficiency (CMMRD) syn- Brain MRI every 6 mo after diagnosis 
 drome   

 Neurofibromatosis type 1 (NF1) Baseline whole-body MRI (tumor burden) at age 16–20 y 

 Neurofibromatosis type 2 (NF2) Brain MRI with IAC every 6–24 mo; if positive, then every 6 mo 
  Spine MRI every 24–36 mo; if positive, then every 6 mo 
  Whole-body MRI may be considered on the basis of symptoms and location 

 DICER1 syndrome Whole-body MRI optional 

 Rhabdoid tumor predisposition Whole-body MRI optional 
 syndrome   

 Rothmund-Thomson syndrome Whole-body MRI optional   
Source.—Reference 4. 
Note.—CAP = chest, abdomen, pelvis; IAC = internal auditory canal; NCAP = neck, chest, abdomen, pelvis. 

 
 

 

(Table 2). On the basis of the distribution of incident 

lesions in LFS, particular attention in whole-body 

MRI screening examinations should be directed to 

the brain (with dedicated MRI), musculoskeletal 

system, adrenal glands (Fig 10), and soft tissues. 
 

 

Hereditary Paraganglioma-

Pheochromocytoma Syndrome 

HPPS results from an autosomal dominant (or 

modified autosomal dominant) germline muta-tion 

in one of several SDHx or non-SDHx genes, with 

estimated lifetime penetrance ranging from 30% to 

90% (65). As the name suggests, paraganglioma and 

pheochromocytoma are the characteristic lesions 

across HPPS subtypes; less commonly, renal cell 

carcinoma, gastrointestinal stromal tumor (GIST), 

and pituitary adenomas can also occur (65). Tumors 

arise beginning after age 6–8 years, and symptoms, 

if present, are typically due to hormone secretion 

(eg, catechol-amines) or local mass effect (eg, 

cranial nerve palsies). Left untreated, a subset of 

lesions will metastasize. The increased malignant 

potential of HPPS-associated paragangliomas and 

pheo-chromocytomas compared with their sporadic 

counterparts (65), as well as the risk of renal cell 

carcinoma, has compelled study of potential 

screening methods. 

 

In a cohort of HPPS patients, annual or biennial 

screening whole-body MRI beginning 

 
 
 

 

at age 10 years was found to be more sensitive than 

biochemical testing for detecting HPPS-associated 

tumors (87.5% vs 37.5%, respec-tively), with similar 

specificity (66). To maximize sensitivity, guidelines 

suggest whole-body MRI and biochemical testing in 

tandem (Table 2). Considering the location of 

incident tumors, the whole-body MRI field of view 

can be limited to the neck, chest, abdomen, and 

pelvis, with optional addition of dedicated neck MRI 

with or without gadolinium contrast material to 

facilitate detection of cervical paragangliomas. 

Critical sites for review include the adrenal glands 

(Fig 11), kidneys, autonomic nervous system 

structures (eg, paravertebral sympathetic chains, 

aortocaval region, carotid body, organ of 

Zuckerkandl, vas deferens), and bowel. 
 

 

Hereditary Retinoblastoma  
Hereditary retinoblastoma (HRb) is caused by a 

sporadic (80% of cases) or less commonly inherited 

(20%) germline mutation in the RB gene, accounting 

for 40% of all retinoblastoma cases and exhibiting a 

penetrance of 90%–95% (67). Retinoblastomas in 

HRb are frequently bilateral or multifocal and often 

manifest within the 1st year of life. A minority of 

HRb patients (4%–5%) also develop a concurrent 

midline intracranial primitive neuroectodermal 

tumor (PNET) before age 5 years, conferring worse 

overall prognosis (68). Whole-body MRI can 
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Figure  10.  Adrenocortical carci-

noma detected at screening whole-

body MRI in a 22-month-old girl with 

LFS. Composite coronal STIR image 

(a) and corresponding mag-nified 

image (b) show a heteroge-neous 

left adrenal mass (arrow). His-

topathologic analysis after surgical 

resection demonstrated adrenocorti-

cal carcinoma. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11. Pheochromocytoma de-

tected at screening whole-body MRI in 

a 17-year-old girl with HPPS. Compos-

ite coronal STIR image (a) and corre-

sponding magnified image (b) show a 

left adrenal mass with intermediate 

signal intensity (arrow). Histopatho-

logic analysis after surgical resection 

demonstrated a pheochromocytoma. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure  12.  Whole-body MRI of 

metastatic retinoblastoma in a 3-year-

old girl with HRb. (a) Coro-nal STIR 

image of the head and neck shows 

postsurgical changes of right 

enucleation (arrow) as well as 

expansile metastatic lesions in the 

maxilla and mandible bilaterally (ar-

rowheads). (b) Composite coronal 

STIR image shows extensive osseous 

metastatic disease involving the left 

scapula, left humerus, bilateral fem-ora, 

and bilateral tibiae (arrows). 
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Figure  13.  Whole-body MRI in a 15-

year-old boy with NF1. Composite coronal 

STIR image shows a large burden of 

internal PNs, seen as lobulated hyper-

intense masses involving the cervical, 

thoracic, and lumbar paraspinal regions 

(white arrows); right brachial plexus (ar-

rowhead); and pelvis (black arrow).  

 

serve as an effective radiation-free modality for 

evaluating distant metastases from retinoblas-toma 

(Fig 12).  
While multimodality therapy has pushed the 

survival rate for retinoblastoma beyond 95% (69), 

survivors with HRb are predisposed to develop-ing 

second malignancies beginning in late child-hood, 

sometimes treatment-related, including 

osteosarcoma, soft-tissue sarcomas, melanoma, and 

cancers of the brain, orbits, and nasal cavity (70). In 

a series of 25 HRb patients who survived past early 

childhood, screening whole-body MRI allowed 

detection of two osteosarcomas, with  
a sensitivity of 66.7% (71). Currently, there is debate 

over whether to include whole-body MRI in 

surveillance algorithms. Whole-body MRI screening 

for late malignancies in HRb survivors has been 

advocated by the AACR commencing at age 8 years, 

on the basis of the temporal pattern of second 

malignancies and reduced sedation needs beyond this 

age (70) (Table 2). 
 

CMMRD Syndrome  
Constitutional mismatch repair deficiency (CMMRD) 

syndrome, previously known as Turcot syndrome, is 

a highly penetrant and aggressive CPS resulting from 

autosomal recessive inheritance 

 

 

of biallelic mutations in one of several mismatch 

repair genes. In contrast to the related but distinct 

Lynch syndrome, in which heterozygous mutations in 

mismatch repair genes predispose to neoplasms in 

adulthood, CMMRD syndrome confers sub-stantial 

risk for several commonly fatal childhood 

malignancies (72). Most common among these are 

high-grade central nervous system tumors (glioma, 

PNET, medulloblastoma) and hemato-logic 

malignancies (non-Hodgkin lymphoma, acute 

lymphoblastic leukemia), with gastrointestinal tract 

neoplasms (colorectal, small bowel) occurring in late 

adolescence and early adulthood (73). Other 

CMMRD syndrome–related cancers such as geni-

tourinary tumors and sarcomas of bone and soft 

tissues can also occur in the pediatric population 

(72,73). Clinical findings of CMMRD syndrome such 

as café-au-lait spots can overlap with those of 

neurofibromatosis type 1 (NF1), creating the 

potential for misdiagnosis (74).  
To our knowledge, no studies have specifi-cally 

evaluated whole-body MRI in CMMRD syndrome. 

Nonetheless, the devastating clinical course of this 

condition combined with compelling data in support 

of whole-body MRI in LFS pa-tients have led to a 

consensus recommendation in favor of whole-body 

MRI screening in CMMRD syndrome patients (Table 

2), in conjunction with dedicated brain MRI and 

other nonimaging screening tests (72). Anatomic sites 

that merit par-ticular attention during interpretation 

are the brain (with dedicated MRI), marrow, and 

bowel. 
 

Neurofibromatosis Type 1  
NF1 results from either autosomal dominant 

inheritance or a de novo germline mutation (50% of 

cases), producing variable expression of stereo-

typical cutaneous findings, neurofibromas, optic 

pathway gliomas, and a host of other possible 

manifestations (75). Patients with NF1 are also 

predisposed to several malignancies, albeit with far 

lower overall cancer risk in childhood compared to 

those of other CPSs. The most common among these 

is malignant peripheral nerve sheath tumor 

(MPNST), which typically develops from preexist-

ing benign plexiform neurofibromas (PNs), with an 

estimated lifetime risk of up to 16% (76).  
In NF1 patients, a larger number and volume of 

PNs and the presence of internal PNs portend 

increased risk of MPNST (77,78). In addition, MRI 

features such as rapid growth, heterogeneity, or 

irregular enhancement of PNs, although not specific, 

can signify malignant degeneration (79). Therefore, 

the goal of whole-body MRI screening in NF1 

patients is to stratify risk—on the basis of PN burden 

and distribution (Fig 13)—as well as identify 

suspicious lesions that warrant further in-vestigation 

or close surveillance. Because MPNST 
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Figure 14.  Whole-body MRI of symptomatic peripheral schwannomas in a 17-year-old boy with 

NF2. Coronal STIR images show extensive confluent lobulated schwannomas (*) occupying a large 

portion of the abdomen and pelvis and extending into the gluteal regions (greater on the right than on 

the left). 
 

 

is uncommon in the pediatric population, whole-body 

MRI screening recommendations by the AACR 

consensus panel are limited to a single ex-amination 

between the ages of 16–20 years (Table 2), with 

further screening and management guided by 

imaging findings. Other neoplasms to which NF1 

patients are predisposed, such as high-grade gliomas, 

embryonal rhabdomyosarcoma, and endocrine 

tumors, do not arise frequently enough in children to 

warrant annual whole-body MRI screening (80). 
 

 

Neurofibromatosis Type 2  
Neurofibromatosis type 2 (NF2) is acquired by 

autosomal dominant inheritance and predisposes to 

multiple histologically benign tumors along the 

neuraxis, including schwannomas, meningio-mas, 

and low-grade ependymomas (75). Bilateral eighth 

nerve schwannomas are a classic finding, although 

involvement of other cranial, spinal, or peripheral 

nerves is not infrequent. Despite the benignity of 

these lesions, substantial morbidity may ensue 

depending on their location.  
Early detection and frequent surveillance with 

MRI allow optimal timing of surgery, radiation 

therapy, or antiangiogenic therapy, when ap-

propriate, to improve clinical outcomes (81). 

Schwannomatosis is a related but distinct condi-tion 

stemming from a separate germline muta-tion, 

predisposing primarily to painful peripheral and 

spinal schwannomas and less commonly to 

meningiomas (75). Whole-body MRI is effec-tive 

for tumor burden evaluation in both NF2 and 

schwannomatosis (Fig 14), with the added potential 

for stratification into anatomic subtypes (82,83). 

Because craniospinal imaging offers the highest 

yield for clinically relevant incident 

 
 

 

lesions in NF2 and schwannomatosis, the AACR 

consensus recommendations suggest brain and spine 

MRI at regular intervals (Table 2). Whole-body 

MRI can supplement these studies on an optional 

basis if warranted by symptoms and lesion location. 
 
 

Conclusion  
Whole-body MRI is a versatile tool for radiation-free 

oncologic imaging that continues to rapidly evolve. 

Effective implementation and image inter-pretation 

rely on understanding both its strengths and 

limitations. While formal guidelines for use of 

whole-body MRI in staging and surveillance of 

sporadic pediatric cancers do not yet exist, rec-

ommendations for its use in CPSs have recently 

emerged. Given the increasing use of whole-body 

MRI in oncology, providers who care for pediat-ric 

cancer patients would benefit from a working 

knowledge of whole-body MRI techniques, ap-

plications, and new CPS surveillance algorithms. 

Emerging MRI methods are poised to produce 

further gains in imaging speed and image quality. 
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QUESTIONNAIRE 
A2(21)  

Current and Emerging Roles of Whole-Body MRI in Evaluation of Pediatric Cancer Patients 
INSTRUCTIONS 

• Read through the article and answer the multiple-choice questions provided below. 

• Some questions may have more than one correct answer; in which case you must mark all the correct answers. 

Question 1: Which of the following are advantages of using 
a whole-body MRI as an oncologic imaging technique? 
 

A: Wide field-of-view imaging  
B: High spatial and contrast resolution  
C: Robust soft-tissue characterization  
D: Absence of ionizing radiation  

 
Question 2: Teaching points include…………………………...?  
 

A: Whole body MRI provides far higher sensitivity for 
skeletal disease than plain radiography and skeletal 
scintigraphy  

B: Several normal tissues appear bright at DWI owing 
to restricted diffusion or high T2 signal intensity  

C: On the basis of the distribution of incident lesions 
in LFS, particular attention in whole-body MRI 
screening examinations should be directed to the 
brain, musculoskeletal system, adrenal glands and 
soft tissues  

D: None of the above  
 
Question 3: Which of the following are TRUE regarding the 
hardware required to do a whole-body MRI? 
 

A: Hardware which minimizes the need for patient and 
coil repositioning and that reduces signal-to-noise 
ratio (SNR) is necessary for keeping imaging 
duration manageable (ideally 60 minutes or less) 

B: The preferred hardware configuration consists of a 
moving table platform and a modular array of 
dedicated multichannel, multielement coils 
covering the entire body  

C: Alternative ergonomic strategies exist for imaging 
units not equipped with a modular whole-body 
surface coil system  

D: None of the above 
 
Question 4: Is it TRUE that post gadolinium T1-weighted fat-
suppressed imaging is a useful addition for targeted 
evaluation of suspicious findings detected with screening 
sequences, especially in scenarios that require robust 
focused evaluation of the brain or liver? 
 

A: YES  
B: NO 

 
Question 5: What tissues appear bright at DWI?  
 

A: Lymph nodes  
B: Salivary glands  
C: Spleen  
D: Liver 
E: All the above 

 
 

Question 6: You are creating a PowerPoint presentation with 
a slide describing the strengths of whole-body MRI and 
include which of the following statements? 
 

A: It is superior for detecting disease involvement in 
the brain, liver and musculoskeletal system  

B: It is highly adaptable to patient and indication  
C: As new techniques and sequences emerge, they 

can be appended readily to existing protocols, but 
only for investigational use 

D: All of the above 
 
Question 7: The limitations of whole-body MRI include…….? 
 

A: Sagittal images have reduced sensitivity for osseous 
lesions in the ribs, scapula, and sternum 

B: Certain locations are prone to false-negative 
findings  

C: It is not considered reliable for detecting lung 
nodules smaller than 9-11 mm 

D: Subcentimeter lymph nodes can be missed or 
misclassified as benign  

E: Red marrow can appear hyperintense on STIR 
images and confound evaluation for STIR-
hyperintense marrow metastases  

 
Question 8: Complete the statement: “…………… particles are 
an emerging tool for strengthening the diagnostic capability 
of diffusion-weighted imaging (DWI) in nodal and other 
reticuloendothelial (liver, spleen, marrow) tissues”.  
 

A: Barium 
B: Gadolinium-based contrast agent (GBCA) 
C: Ipodate sodium 
D: Ultrasmall paramagnetic iron oxide (USPIO)  

 
Question 9: The combined use of which of the following are 
approved for free-breathing motion-corrected pediatric 
abdominal MRI and have far higher acceleration factors than 
are possible with conventional parallel imaging? 
 

A: Compressed sensing  
B: Radial acquisition  
C: Parallel imaging  
D: Expanded sensing 

 
Question 10: Is it TRUE or FALSE that the minority of 
pediatric tumours are sporadic and idiopathic? 
 

A: TRUE 
B: FALSE  

 
 
 
 



Question 11: Which of the following are TRUE with regard to 
osseous lesions at MRI? 
 

A: They are expansile and destructive  
B: Appears T2 hyperintense and T1 iso- to hypointense  
C: Enhances after administration of gadolinium 

contrast material  
D: None of the above 

 
Question 12: Which of the following statements refer to 
Figure 5 (b)? 
 

A: Corresponding coronal FDG PET image showing 
intense FDG uptake by the right cervical 
lymphadenopathy 

B: Image from skeletal scintigraphy with technetium 
99m–methylene diphosphonate (MDP) showing 
scattered areas of intense tracer uptake 
corresponding to skeletal and extraskeletal 
metastases 

C: Coronal STIR image of the tibiae showing 
geographic peripherally hyperintense marrow 
lesions in the distal tibial metaphyses bilaterally 

D: Coronal STIR image of the pelvis and proximal 
thighs showing additional metastatic marrow 
lesions in the acetabula and proximal femora 
bilaterally  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Question 13: Which of the following regarding the 2017 
Association for Cancer Research (AACR) recommendations 
for whole-body MRI screening in Cancer Predisposition 
Syndromes (CPSs) are CORRECT? 
 

A: Li-Fraumeni syndrome (LFS) - Whole-body MRI 
every twelve months from diagnosis  

B: DICER1 syndrome - Brain MRI every six months 
after diagnosis 

C: Hereditary retinoblastoma (HRb) - Brain MRI every 
six months until age five years  

D: Neurofibromatosis type 1 (NF1) - Baseline whole-
body MRI (tumour burden) at age sixteen to twenty 
years  

 
Question 14: Considering the location of incident tumours of 
hereditary paraganglioma-pheochromocytoma syndrome, 
the whole-body MRI field of view can be limited to which of 
the following locations? 
 

A: Neck  
B: Chest  
C: Abdomen  
D: Pelvis  

 
Question 15: Is it TRUE that whole-body MRI is effective for 
tumour burden evaluation in both NF2 and 
schwannomatosis? 
 

A: YES  
B: NO 
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