Imaging of Pediatric Extragonadal Pelvic Soft Tissue Tumors: A COG Diagnostic Imaging Committee / SPR Oncology Committee White Paper
Erika Pace1			ORCID: 0000-0002-5057-0154
Tatum S. Johnson2		ORCID: 0000-0002- 1822-0306 
Simon C. Kao3		ORCID: 0000-0002-6843-0555
Ashish K. Parikh4		ORCID: 0000-0001- 6221-5152
Jing Qi5			ORCID: 0000-0003-1027-6687

Dhanashree A. Rajderkar6	ORCID:  0000-0002-5962-2854

Janet R. Reid7			ORCID:  0000-0001-6253-3708

Alexander J. Towbin8		ORCID: 0000-0003-1729-5071
Lisa J. States7			ORCID: 0000-0003-0260-3975

1. Department of Radiology, The Royal Marsden NHS Foundation Trust, London, England, UK	   Erika.Pace@rmh.nhs.uk 	
2. Department of Radiology, Brenner Children's Wake Forest Baptist Health, Winston-Salem, North Carolina, USA
3. Department of Radiology, University of Iowa Carver College of Medicine, Iowa City, Iowa, USA		
4. Department of Radiology, Emory University Children's Healthcare of Atlanta, Atlanta, Georgia, USA		 
5. Department of Radiology, Medical College of Wisconsin, Milwaukee, Wisconsin, USA 
6. Department of Radiology, University of Florida College of Medicine, Gainesville, Florida, USA 		
7. Department of Radiology, Children's Hospital of Philadelphia, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, USA 
8. Department of Radiology, Cincinnati Children's Hospital Cincinnati, Ohio, USA  

Abstract
The most common pediatric extragonadal pelvic cancers include germ cell tumors, sacrococcygeal teratomas, and rhabdomyosarcomas (arising from the urinary bladder, prostate, paratesticular tissues, vagina, uterus, and perineum). This manuscript describes the radiological and nuclear medicine features of these entities and provides consensus-based recommendations for the assessment at diagnosis, during and after treatment.

Abbreviations 
AFP		serum α-fetoprotein
CT		computed tomography

EpSSG		European paediatric Soft tissue sarcoma Study Group
FDG		fluoro-deoxyglucose 
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SOR		strength of recommendation
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Introduction
Several primary cancers can originate in the pelvic compartment. Herein, we discuss germ cell tumors (GCT), sacrococcygeal teratoma, and rhabdomyosarcoma.
GCT represent a heterogenous spectrum of entities originating from totipotent germ cells. While these neoplasms most commonly arise from the gonads, totipotent germ cells that fail to reach the ovaries or testes can also undergo neoplastic degeneration leading to development of an extragonadal neoplasm. GCTs can be composed of different cell lines. In order of frequency, pelvic GCTs are comprised of mature or immature teratoma, embryonal carcinoma, yolk sac tumor, choriocarcinoma or classical seminoma.6 When elements coexist, the tumor is referred to as a mixed GCT. 
Extragonadal GCTs are found predominantly in midline structures, such as the pineal gland, pituitary, pelvis, mediastinum, or retroperitoneum (listed in descending order of prevalence).2 Pelvic extragonadal GCTs are exceedingly rare. Patients present with a palpable pelvic mass, possible urinary tract obstruction (if the distal ureters or the bladder are compressed), and elevated serum α-fetoprotein (AFP).5 Surgical resection remains the mainstay of therapy and is required for definitive diagnosis. Neoadjuvant chemotherapy helps shrink the mass to facilitate complete resection.7 Prognosis depends on the biological behaviour of the primary tumor;8 therefore, serum values of AFP, β-human chorionic gonadotropin (HCG), and lactate dehydrogenase (LDH) are regularly monitored after the completion of treatment.9
[bookmark: _Hlk87185527]Sacrococcygeal teratoma (SCT) is one of the most frequent congenital neoplasms affecting 1:14,000 to 1:40,000 births.10 The tumor arises from a totipotent stem cell in the coccyx (Henson’s node).10 It is often detected during prenatal monitoring or due to associated fetal complications, such as polyhydramnios, cardiac failure, hydrops, prematurity, intralesional hemorrhage, placentomegaly or maternal mirror syndrome.12 In the absence of prenatal screening, SCTs  may be discovered within the first days after delivery as an external lump protruding from the buttocks at midline or later in life due to complications related to tumor enlargement or metastatic spread. Serum AFP is elevated at diagnosis and recurrence.
SCT can be categorized as mature (benign) or immature (malignant).13 Mature SCTs are more common, accounting for approximately 70% of all SCT. 3, 8 The American Academy of Pediatrics Surgery Section classifies SCTs based on their location in relation to the pelvis:  type I tumors are predominantly external; type II tumors are dumb-bell shaped with a similar distribution of external and internal components; type III tumors are predominantly internal; and type IV tumors are entirely internal with no external component.14 Type IV tumors are usually malignant due to a prevalence of yolk sac tumor and embryonal carcinoma elements. 
SCTs are treated with wide resection of the neoplasm and coccygectomy; the latter is necessary to avoid relapse. When an immature SCT is diagnosed, patients might receive additional chemotherapy, although its role remains controversial to date; whereas, radiotherapy is virtually never used.
Rhabdomyosarcoma (RMS) is the most common soft tissue malignancy in children and young adults; it accounts for 4% of all malignancies in this age group.17 RMS arises from the primitive mesenchymal cells and can occur in nearly any tissue or organ. 18 The pelvis is the second most common site of origin for this neoplasm counting up to 40% of all RMS19 with tumors arising from the urinary bladder, prostate, paratesticular tissues, vagina, uterus or cervix. 
RMS affecting the urinary bladder or prostate typically present with hematuria, urinary obstruction, constipation, and a lower abdominal/pelvic mass. Paratesticular RMS develops as a hard painless scrotal lesion. Uterine, cervical or vaginal RMS may manifest with mucosanguineous discharge or extrusion of tissue.26 
Imaging plays a pivotal role at diagnosis, during treatment, and in the follow-up of all the pediatric extragonadal pelvic cancers, alongside tumor markers, laboratory tests, clinical history, and physical examination. The benefits and disadvantages of the different imaging tests are listed in Table 1. Recommended imaging protocols for MRI and PET/CT are included in Tables 2 and 3, respectively. 

1. Germ cell tumors

Imaging at diagnosis
Primary tumor
Radiographs can detect irregular calcifications in mature teratomas and may reveal displaced bowel loops if the tumor is large. 32 Ultrasound is the modality of choice for the initial evaluation of any pediatric abdominopelvic mass because of its widespread availability and lack of ionizing radiation (GRADE A, SOR, 1.00: very strong recommendation).31 
Cross-sectional imaging plays a crucial role in the determination of resectability and surgical planning. At diagnosis:
1. CT or MRI with intravenous contrast should be performed in all patients with a known or suspected extragonadal GCT to evaluate the nature and extent of the lesion (GRADE A, SOR 1.00: very strong recommendation).33 
2. CT angiography helps to delineate vascular anatomy and is recommended if needed to facilitate surgical planning (GRADE B, SOR 1.77: strong recommendation).35 
3. MRI is preferred over CT for lesion characterization and detection of local invasion due to its inherently higher soft tissue resolution and availability of diffusion-weighted sequences (GRADE A, SOR 1.44: very strong recommendation). 36 

Metastatic work-up
Extragonadal pelvic GCT is mainly a localised disease, although it can present as a large mass, with or without urinary obstructive symptoms. Peritoneal deposits can occur in patients with immature teratoma or tumour capsular rupture. MRI is more sensitive than CT for the detection of peritoneal metastases. When MRI is performed it should include  diffusion-weighted and post-contrast sequences to improve metastasis detection37 (GRADE B, SOR 1.77: strong recommendation). 
If the findings on MRI are indeterminant for the presence of metastatic disease, [F-18] fluoro-deoxyglucose (FDG) positron emission tomography (PET)/CT should be acquired (GRADE D, SOR 2: moderate recommendation). 
Immature teratomas can metastasize to lungs; therefore, a chest CT examination is recommended if an immature component is confirmed at histology (GRADE B, SOR 1.77: strong recommendation). The reader is referred to the “Imaging of Pediatric Chest Tumors: A COG Diagnostic Imaging Committee/SPR Oncology Committee White Paper” for recommendations regarding chest imaging in the evaluation of pulmonary metastatic disease [REFERENCE LATER]. 
Depending on the histological type, metastases can rarely affect liver, brain, and bones. If the liver is not included in the baseline MR scan, an acquisition of the whole peritoneal cavity should be obtained during the evaluation for metastatic disease. Brain MR is recommended when HCG serum levels are higher than 10,000 mIU/ml (GRADE C, SOR 2: moderate recommendation).39

Staging
No validated imaging staging system currently exists for extragonadal GCT. A classification developed by the Children’s Cancer and Leukaemia Group9 based on age (above or below 11 years), post-operative outcome, peritoneal fluid/washing results, lymphadenopathy, and the presence of metastases (Table 4) is adopted in the clinical practice to divide patients in low, intermediate, and high-risk to formulate the combination of chemotherapy drugs.  
Surveillance
Once resected, extragonadal GCTs are monitored with tumour markers, abdominopelvic MR, and chest radiograph initially every 3 months; then every six months, and annually after 5 years from the diagnosis.9 Ultrasound can replace MR after two years of follow-up due to the lower likelihood of recurrence (GRADE B, SOR 1.44: very strong recommendation). 9 Relapse with or without elevated tumor markers is typically treated with surgical resection;40 radiotherapy to the pelvis is hardly delivered.39
Growing teratoma syndrome is a challenging situation characterized by enlargement of a mixed teratoma during or after chemotherapy.41 This condition is managed surgically, and patients should be monitored with imaging every 3 months and serial tumor marker levels, monthly after the treatment completion for the first year.42 


2. Sacrococcygeal Teratoma

Imaging at diagnosis
Primary tumor
Given that SCT develops in utero, the most common method of detection is via prenatal screening ultrasound. Once a SCT is identified, fetal MRI should be always performed to characterize the extent of tumor, identify fetal complications, and help to plan delivery or potential fetal surgery (GRADE A, SOR 1.11: very strong recommendation).12,43,44 If MR cannot be carried out during pregnancy, it should be obtained  as soon as possible soon after birth.44   

Metastatic work-up:
Chest CT with or without intravenous contrast and high-resolution protocol with maximum intensity projections should be performed to evaluate for pulmonary metastases in patients whose teratoma has immature or mixed elements (GRADE B, SOR 1.33: very strong recommendation). 
Head and abdominopelvic MR with post-gadolinium and diffusion-weighted sequences are useful to identify possible brain and hepatic metastases, respectively, although these are uncommon.44

Staging
	To date a dedicated imaging staging system for SCT is not available. Radiologists should describe the tumor using the aforementioned American Academy of Pediatrics Surgical Section classification system. 

Follow-up imaging
Abdominopelvic MR with intravenous gadolinium administration and diffusion-weighted sequences, remains the modality of choice for assessing SCT recurrence (GRADE A, SOR 1.22: very strong recommendation).44 Studies must be compared with prior examinations to discriminate post-operative changes from recurrent or residual tumor. CT can be performed if MR is not available. Soft tissue pattern and changes in vascularity will help delineate intralesional necrosis, and differentiate solid from cystic components and post-surgical changes from tumor recurrence.  
Surveillance imaging typically occurs at 3- to 6-month-intervals for one year. Serum tumor markers, such as AFP and LDH, are measured monthly for the first year after resection and every two to six months thereafter. If lung metastases were not present at diagnosis, abdominopelvic MR and chest radiographs can be obtained three to twelve months after resection and then as needed for evaluation of new symptoms (GRADE B, SOR 1.33: very strong recommendation).45 
If lung metastases were present at diagnosis chest CT is indicated for two years following therapy (GRADE B, SOR 1.55: strong recommendation).38 

3. Rhabdomyosarcoma 
Imaging at diagnosis
Primary Tumor
Transabdominal pelvic ultrasound is recommended as the initial modality to investigate vaginal discharge or a palpable pelvic mass in a girl or hematuria or urinary retention in a boy (GRADE C, SOR 1.33: very strong recommendation). 46,47 
Scrotal ultrasound is recommended in boys with a palpable scrotal mass (GRADE B, SOR 1.44: very strong recommendation).48 The scrotal ultrasound is used to confirm the presence of a tumor, identify its origin (intra- or extratesticular), and asses for  inguinal lymphadenopathy.
Abdominopelvic MR with intravenous contrast and diffusion-weighted sequences is recommended to characterize the primary tumor, assess for local invasion, and identify locoregional lymphadenopathy (GRADE A, SOR 1: very strong recommendation).49 Distinguishing between primary bladder and prostate or vaginal tumors may be challenging once local infiltration has occurred, underscoring the importance of biopsy for tissue characterization. 

Metastatic work-up:
A baseline 18F-FDG PET/CT or PET/MR is recommended to identify sites of distant metastases (GRADE B, SOR 1.33: very strong recommendation).50 RMS most commonly metastasizes to the lungs (39%), bone marrow (32%), lymph nodes (30%), cortical bone (27%), omentum/ascites (16%), and soft tissues (16%).51 Sites of regional lymphadenopathy vary depending on the location of the primary tumor (Table 5).  
CT of the chest is recommended at the time of diagnosis to assess for metastatic disease (GRADE B, SOR 1.44: very strong recommendation).56, 57 Indeterminate pulmonary nodules, defined as less than 4 lesions measuring 5 mm or less or 1 nodule ranging from 5 to 9 mm, do not impact outcome in patients with localized disease, and need not be considered metastases.59  

Staging
Staging of genitourinary RMS is based on the Intergroup Rhabdomyosarcoma Study Group systems to include pre-treatment staging (Table 6) and post-surgical clinical grouping (Table 7).60, 61 Overall 5-year survival has been shown to depend on age, histology, molecular genetics (PAX-FOXO1-fusion status), 62, 63 primary site of tumor, post-operative staging, clinical group, and presence or absence of metastases.64, 65

Follow-up imaging
Follow-up imaging should adhere to the specific protocol of therapy. For example, the initial response is assessed with imaging after one-third of induction chemotherapy has been completed; hence, after six three-week cycles for localized disease, and after three courses for metastatic disease.68 MR with contrast and whole body 18F-FDG-PET/CT are recommended for follow-up imaging (GRADE B, SOR 1.66: strong recommendation). If pulmonary metastases were present at diagnosis, a separate chest CT is also recommended. Patients with metastatic disease should then be re-imaged prior to surgery or radiotherapy, after six cycles of chemotherapy, and at the end of induction chemotherapy.
It is recommended that imaging be performed after every six cycles of maintenance therapy for metastatic disease and at the completion of therapy (GRADE B, SOR 1.66: strong recommendation),68 although whether this improves long-term survival is controversial.70, 71 
Most recurrent RMS occurs within two years from the completion of therapy. We recommend abdominopelvic MR and chest CT (if lung metastases were present at diagnosis) every three months for the first year, every four months for years 2 and 3, and every six months for year 4 (GRADE B, SOR 1.55: strong recommendation). 68  
If no disease is demonstrated on chest CT for the first two years, radiography may replace the former (GRADE B, SOR 1.77: strong recommendation). 59, 68   

Tumor response assessment
Response Evaluation Criteria In Solid Tumors (RECIST) version 1.1 can be applied to patients with extragonadal GCT, SCT, and RMS (GRADE C, SOR 1.55: strong recommendation).81 
Studies have discussed potential benefits of unidimensional versus volumetric measurement techniques, especially for RMS. 82, 83, 84 To date, there is no consensus among recommendations because of measurements variability among different radiologists. Recently, there was suggestion that multiplying the three maximal diameters (as adopted by European paediatric Soft tissue sarcoma Study Group)85 the prediction of response to treatment was more accurate than one or two measurements methods, suggested by RECIST and World Health Organization (WHO),86 respectively. However, further investigation is needed to confirm this finding.

Future imaging directions
Future advances in whole-body diffusion-weighted MR may allow decreased radiation exposure from multiple 18F-FDG-PET examinations. Radiomics could be beneficial for discriminating histologic variants (such as alveolar from embryonal RMS or mature from immature elements in SCT)88 and for achieving personalized therapies.89 In adults, radiomic data has shown promise in assessing early tumor response in soft tissue sarcomas.90,91
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	Examination
	Timepoint
	Advantages
	Disadvantages

	Abdominopelvic
ULTRASOUND
with color-Doppler

	· Screening
	·  Identification of organ of origin allows for detailed protocol on MRI
·  Assessment of tumor vascularity
·  No sedation
·  Can be used to guide a biopsy
	·   Limited ability to determine exact site of origin (urinary bladder versus prostate, uterus / vagina)

	Abdominopelvic
MR
with contrast and diffusion-weighted
imaging
	· Diagnosis
· Staging
· Pre-surgical planning
· Follow-up
	· No radiation
· Characterization of the tumor
· Detection of marrow and peripheral nerve involvement
	· Sedation or general anesthesia often required in young patients

	PET/CT
	· Staging
· Treatment response evaluation 
	· Sensitive for detection of metastatic disease 
	· Not sensitive for detection of pulmonary metastases 

	PET/MR
	· Staging
· Treatment response evaluation
· Follow-up
	· Lower radiation exposure than PET/CT
· High spatial resolution
	· High cost
· Not available at most centers 

	Chest CT
	· Staging
· Treatment response evaluation

	· High sensitivity for detection of lung nodules
· Able to detection of destructive osseous lesions

	· Radiation exposure
· Not able to detect bone marrow infiltration 

	Chest RADIOGRAPH
	· Follow-up
	· Fast;
· Inexpensive.

	· Low sensitivity for detection of small lung metastases
· Radiation exposure

	BONE SCAN
	· Staging
· Treatment response evaluation
· Follow-up
	· High sensitivity for bone metastasis
	· Low specificity; 
· Radiation exposure.



TABLE 1: Advantages and disadvantages for each modality in the evaluation of pelvic germ cell tumor, sacrococcygeal teratoma, and rhabdomyosarcoma.



	Abdominopelvic MR

	Plane

	Sequence
	Slice of thickness
	Contrast 
administration
	Field of view

	Required
	Comment

	Coronal 
	T2 
	5 mm
	Pre-
	From the diaphragmatic dome 
to the 
femoral necks 

	yes
	

	Sagittal
	T1
	4 mm
	
	
	yes
	

	Axial 
	T1 
fat saturation
	5 mm
	
	
	yes
	

	Axial 
	T2 
fat saturation
	5 mm
	
	
	yes
	

	Axial
	
Diffusion 

	Axial
	
	
	yes
	At least 3 B values
(for instance, 100, 250, 500, 750 s/mm2)

	Axial
	Apparent Diffusion Coefficient map
	Axial
	
	
	yes
	

	Axial 
	T2 
high resolution
	4 mm
	
	Small field of view through the pelvis
	yes
	

	Axial
	T1 
fat saturation
	5 mm
	Post-

(portal phase)
	From the diaphragmatic dome 
to the 
femoral necks 

	yes
	

	Coronal
	T1 
fat saturation
	5 mm
	
	
	yes
	



TABLE 2: Abdominopelvic MR protocol. 





	PET-CT/MR

	Patient’s preparation

	Radiopharmaceutical
	Dose range
	Time to imaging 
	Field of view

	· Fast for 6 hours

· No intravenous dextrose 6 hours before

· Blood glucose < 150-200 mg/dl

· Brown fat warming protocol with or without medication as per local practice
	2-deoxy-2-[18F]-F-deoxyglucose
	0.1 mCi/kg
(1-10 mCi)
	1-hour uptake phase


	From vertex to toes



TABLE 3: PET-CT/MR protocol. 



	Extragonadal germ cell tumors

	Stage
	Extent of disease

	1
	Complete resection at any site, including coccygectomy for sacrococcygeal neoplasms;
Negative tumor margins and intact capsule;
No malignant cells in the peritoneal fluid or washing;
No supra- or infradiaphragmatic lymphadenopathy. 

	2
	
Microscopic neoplastic residuum;
Gross total resection with pre- or intra-operative biopsy, microscopic neoplastic residuum capsular disruption on pathology;
No supra- or infradiaphragmatic lymphadenopathy; 
Peritoneal fluid cytology negative.

	3
	Gross tumor residuum or biopsy only; 
Positive lymph nodes resected alongside the tumor;
Lymph nodes larger than 2 cm or ranging between 1 and 2 cm but not resolving on cross-sectional imaging in one month and half.

	4
	
Metastases (brain, lungs, liver, and bones)




TABLE 4: Germ cell tumor staging based on post-operative findings. 9



	Site of primary rhabdomyosarcoma
	Sites of local lymph node spread

	Uterus
	Pelvic and infrarenal retroperitoneal nodes

	Uterine cervix
	Pelvic and infrarenal retroperitoneal nodes

	Vagina
	Inguinal, retroperitoneal, and pelvic nodes at or below the common iliac vessels

	Vulva
	Inguinal nodes

	Perineum
	Inguinal and pelvic nodes

	Perianal
	Inguinal and pelvic nodes

	Urinary bladder and prostate
	Pelvic (note: para-aortic nodes are distant)

	Paratesticular
	Groin, iliac, and para-aortic or paracaval lymph nodes at the renal hilar level



TABLE 5: Site of local lymph node spread based on location of primary pelvic rhabdomyosarcoma. 9


	T1
	Non-bladder or prostate genito-urinary

	
	Any size

	
	No local / distant lymphadenopathy

	
	No metastasis (M0)

	T2
	All other sites

	
	A. ≤ 5 cm locally invasive
B. > 5 cm

	
	N0: no lymphadenopathy
N1: lymphadenopathy

	
	Locally invasive

	
	No metastasis (M0)

	T3
	Any site
≤ 5 cm locally invasive, N1 > 5 cm N0/1

	
	> 5 cm N0/1

	
	No metastasis (M0)

	T4
	Any site

	
	Any size

	
	N0/1

	
	Metastasis (M1)



TABLE 6: TNM Intergroup Rhabdomyosarcoma Study Group staging system.68




	Group 1
	Tumor completely resected 

	
	A. Confined to organ / muscle of origin

	
	B. Infiltration outside the organ of origin 

	
	No lymphadenopathy (N0)

	Group 2
	Compromised or regional resection

	
	A. Grossly resected tumor with microscopic residuum 

	
	B. Regional disease completely resected
Nodes involved 
Extension to adjacent organs

	
	C. Regional disease with lymphadenopathy, 
grossly resected but microscopic residuum 

	Group 3
	Biopsy with gross residuum

	
	Incomplete resection

	Group 4
	Metastasis (M1) at diagnosis



TABLE 7: Intergroup Rhabdomyosarcoma Study Group surgical-pathological grouping system.66

