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Abstract

Objective: Metastatic bladder cancer is an aggressive disease that can often be difficult to 

diagnose and stage with conventional cross-sectional imaging. The primary objective of this 

study was to determine the clinical value of fluorine-18 2-fluoro-2-deoxy-D-glucose (18F-FDG) 

PET/MRI for surveillance and restaging of patients with muscle-invasive, locally advanced, and 

metastatic bladder cancer compared to conventional imaging methods.

Materials and Methods: This retrospective study enrolled patients with muscle-invasive, 

locally advanced and metastatic bladder cancer in a single institute evaluated with 18F-FDG 

PET/MRI. All patients also underwent conventional imaging with CT. Additional imaging may 

also have included 18F-FDG PET/CT (18F-FDG PET), or sodium fluoride (NaF) PET/CT in some 

patients. Images were reviewed by a diagnostic radiologist/nuclear medicine physician. Number 

of lesions and sites of disease were captured and compared between 18F-FDG PET/MRI and 

conventional imaging. Lesions were confirmed by sequential imaging or lesion biopsy. All patients 

were followed for survival.

Results: Fifteen patients (4 for surveillance; 11 for restaging) underwent 34 18F-FDG PET/MRI 

scans. Each patient received a corresponding conventional CT around the time of the b18F-FDG 
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PET/MRI (median 6 days). The 15 patients (11 male; 4 female) had a median age of 61.5 years 

(range 37–73) and histologies of urothelial carcinoma (n = 13) and small-cell carcinoma of the 

bladder (n = 2) diagnosed as stage 4 (n = 13), stage 3 (n = 1), or stage 2 (n = 1). 18F-FDG 

PET/MRI detected 82 metastatic malignant lesions involving lymph nodes (n = 22), liver (n = 10), 

lung (n = 34), soft tissue (n = 12), adrenal glands (n = 1), prostate (n = 1), and bone (n = 2) with 

a resultant advantage of 36% for lesion visibility in comparison with CT. Serial imaging or biopsy 

confirmed these lesions as malignant.

Conclusion: 18F-FDG PET/MRI can detect metastatic lesions which cannot be identified on 

conventional CT, and this can allow for better treatment planning and improved disease monitoring 

during therapy.
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1. Introduction

Bladder cancer is the 6th most commonly diagnosed cancer in the United States, and 

advanced stages convey a poor prognosis [1]. Multiple imaging techniques guide treatment, 

including computed tomography (CT), abdominal magnetic resonance imaging (MRI), 2-

deoxy2-[fluorine-18]fluoro-D-glucose positron emission tomography/computed tomography 

(18F-FDG PET/CT) and nuclear medicine bone scans when osseous metastasis is suspected 

[2, 3]. Chest, abdomen, and pelvis CTs are used in patients with muscle-invasive, locally 

advanced, and metastatic bladder cancer to assess disease burden. Iodinated contrast 

increases visualization of lymph nodes, especially in the pelvis [3].

Patients who are not eligible to receive iodinated contrast, for example those with mild/

moderate renal impairment, can receive an MRI abdomen with group II/III gadolinium 

contrast agents in addition to a CT chest without iodinated contrast [3, 4]. Conventional MRI 

has the benefits of superior spatial and contrast resolution, no added radiation, functional 

sequences, a bladder cancer-specific standardizing scoring system, and more accurately 

detects primary bladder tumors and pelvic nodal disease than CT [5–7]. However, it still 

heavily relies on contrast enhancement and does not provide metabolic tumor activity.

Unlike conventional CT and MRI, 18F-FDG PET provides metabolic activity of the tumor 

with anatomical localization to distinguish malignant from benign lesions and is used 

to make clinical decisions in numerous malignancies [8, 9]. 18F-FDG PET can detect 

metastatic lymph nodes by their increased FDG uptake, even when they do not meet the 

CT-size criteria and can be utilized evaluating advanced bladder cancer [3, 6, 8, 10–13]. 
18F-FDG PET/CT has disadvantages including radiation exposure, beam-hardening imaging 

artifact and is often paired with a CT images of lower imaging/non-diagnostic image quality 

[14–17]. Even when a diagnostic high-resolution CT is used, it is unlikely to produce the 

same soft tissue contrast as MRI [18].
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Given the complementary advantages of both 18F-FDG PET and MRI, it is logical to 

combine these two technologies into the hybrid modality 2-deoxy-2-[fluorine-18]fluoro-D-

glucose positron emission tomography magnetic resonance imaging (18F-FDG PET/MRI). 
18F-FDG PET/MRI provides the anatomical imaging benefits of MRI over CT and the 

molecular imaging of 18F-FDG PET, without radiation or CT beam-hardening imaging 

artifacts. 18F-FDG PET/MRI could also potentially be used to follow disease in patients 

unable to receive gadolinium due to severe renal insufficiency, providing functional imaging 

in place of contrast enhancement. More information is needed on using 18F-FDG PET/MRI 

in bladder cancer patients, and data are limited in the advanced/metastatic setting. Because 

of this we compared the ability of 18F-FDG PET/MRI to detect metastatic disease with that 

of conventional imaging in patients with muscle-invasive and advanced/metastatic bladder 

cancer.

2. Materials and Methods

2.1. Patient selection and data acquisition

We identified patients with a history of muscle-invasive or advanced/metastatic urinary tract/

bladder cancer who underwent 18F-FDG PET/MRI at the National Institutes of Health (NIH) 

between September 2014 and October 2016 for standard-of-care clinical evaluation. We 

retrospectively examined information extracted from the electronic medical record system 

and reviewed corresponding radiology images under an NIH Institutional Review Board-

approved retrospective protocol.

2.2. 18F-FDG PET/MRI imaging protocol
18F-FDG PET/MRI scans were acquired according to NIH Radiology Department protocols. 

If present, the urinary bladder was imaged with a T2-weighted pulse sequence in 3 planes: 

16-cm FOV; 3-mm slice thickness and voxel size of 0.7 mm x 0.7 mm x 3.0 mm; and TR/TE 

4000 ms/120 ms. This was followed by an 18F-FDG PET/MRI scan: 6-minute bed position 

PET images in conjunction with coronal STIR (short tau inversion recovery) images; 40-cm 

FOV; 6-mm slice thickness and voxel size of 0.9 mm x 0.9 mm x 6.0 mm; and TR/TE/TI 

4000 ms/60 ms/220 ms TI. We also obtained DWI whole-body scans with a single b-value of 

800s/mm2.

2.3. Pre- and post-contrast-enhanced images

Pre-contrast, breath hold 3d VIBE (volumetric interpolated breath-hold examination) 

sequences were obtained in the chest, abdomen, and pelvis. Arterial, venous, and delayed 

images were obtained following administration of a single dose of gadobutrol. Automatic 

subtracted images were created to increase lesion conspicuity (Fig. 1). Attenuation 

correction was performed using 20-second Dixon coronal images of the chest, abdomen, 

and pelvis [19]. Acquired imaging data were transferred and stored in the NIH’s picture 

archiving and communication system (PACS).

2.4. Evaluation of malignant lesions

Lesions were retrospectively classified by a board-certified diagnostic radiologist/nuclear 

medicine physician as malignant based on anatomic and metabolic characteristics on MRI 
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and PET, respectively. Additionally, growth on follow-up imaging, or decrease in size in 

response to treatment was used to decide whether a lesion was metastatic or benign. Follow-

up imaging included conventional CT, and may also have included 18F-FDG PET/MRI, 

FDG PET/CT, or sodium fluoride (NaF) PET.

3. Results

3.1. Demographics and scans

We identified 15 patients with bladder cancer who underwent 18F-FDG PET/MRI. The 

average patient age was 59 years, with a median age of 61.5 years (Table 1). 11 patients 

were male (73%) and 7 were female (27%). Most patients had stage 4 cancer (n = 13), 

while there was 1 stage 3 and 1 stage 2. Urothelial carcinoma was the predominant histology 

in 13 patients; 2 had small cell bladder cancer. 14 patients had primary bladder tumors; 

1 patient had primary upper tract disease. 11 patients had prior urinary tract/bladder cancer-

directed definitive surgery and 11 received systemic treatment for bladder cancer; 6 of those 

11 had received multiple regimens. All 15 patients received a standard CT scan, which 

was correlated with 18F-FDG PET/MRI within a median of 6 days. Four initial 18F-FDG 

PET/MRI scans were performed for surveillance and 11 were acquired during restaging. In 

total we evaluated 34 18F-FDG PET/MRI (15 at baseline and 19 at follow-up), 30 CTs (15 at 

baseline and 15 at follow-up) among other additional imaging (Table 2).

3.2. Lesion-based analysis

In the 15 patients studied, we detected metastatic disease in 9 patients, with 82 malignant 

lesions on initial 18F-FDG PET/MRI (Table 3). All 82 lesions were followed with at least 

one CT, 61 were followed with at least one 18F-FDG PET/MRI, 2 bone lesions were 

followed with NaF PET, and 7 lesions were confirmed by biopsy. All biopsies obtained 

by guided imaging were positive for tumor. In addition, 34 lung, 22 lymph node, 12 soft 

tissue, 10 liver, 2 bone, 1 adrenal and 1 prostate malignant lesion were detected on the 

baseline 18F-FDG PET/MRI (Table 3). In total, 60 of the 82 (73%) malignant lesions 

were seen on follow-up CT (33 lung (97%), 17 lymph node (77%), 1 soft tissue (8%), 5 

liver (50%), 2 bone (100%), 1 adrenal (100%), and 1 prostate (100%)). Of the malignant 

lymph nodes 17 of the 22 (77%) were seen on follow-uo CT (8 neck/supraclavicular (88%), 

axial 0 (0%), 4 mediastinal/thoracic (100%), 0 abdominal (0%), 6 retroperitoneal/pelvic 

(75%)) (Supplemental Table 1). All biopsies were of lesions seen on both CT and PET/MRI 

confirming histologic diagnosis or were performed for correlative research for clinical trials, 

including 2 liver, 4 lung, and 1 lymph node metastasis.

4. Discussion

In this retrospective study we evaluated 18F-FDG PET/MRI’s ability to detect metastatic 

disease compared to standard CT scans in bladder cancer patients with various clinical 

stages, histologies, and treatments. At baseline, 18F-FDG PET/MRI identified 82 malignant 

lesions in 9 patients. These lesions were followed by standard CT, 18F-FDG PET/MRI, or 

biopsy and confirmed to be metastatic based on lesion growth or pathologic confirmation. 
18F-FDG PET/MRI detected 27% more malignant lesions (82 vs. 60) than conventional 
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CT alone, including at baseline 23% more lymph node lesions (22 vs. 17), 50% more 

liver lesions (10 vs. 5), and 92% more soft-tissue lesions (12 vs. 1). It also detected 33% 

more abdominal, retroperitoneal, and pelvic lymph nodes (9 vs. 6) (Supplemental Table 1). 
18F-FDG PET/MRI’s superior ability to detect soft-tissue lesions compared to CT could 

help to guide clinical decisions such as initial staging of bladder cancer where lymph node 

metastasis determines surgical planning.

Four patients were categorized as having soft-tissue disease on 18F-FDG PET/MRI alone 

and not by CT, suggesting that PET/MRI may be better than CT at detecting early-phase 

soft-tissue disease. 18F-FDG PET/MRI findings led to a change in clinical management 

for one patient on the study. This patient had small-cell neuroendocrine carcinoma bladder 

cancer and was treated on a clinical trial with single-agent cabozantinib. 18F-FDG PET/MRI 

showed liver progression that was not seen on CT with IV done on the same day and led to a 

change in therapy.

Another advantage of 18F-FDG PET/MRI is its ability to follow disease in patients with 

renal impairment who are unable to receive iodinated or gadolinium contrast. A patient with 

a kidney transplant, a glomerular filtration rate less than 30 and unable to receive contrast 

underwent a radical cystectomy for a pT4a pN1 bladder cancer with positive microscopic 

invasive margins. She was subsequently followed on active surveillance with 18F-FDG 

PET/MRI without gadolinium for 3 years until disease recurred in her rectum.

Previous bladder cancer 18F-FDG PET/MRI research has focused on localized or locally 

advanced disease within the pelvis. An early study by Rosenkrantz et al. showed 

simultaneously acquired PET and MRI acquisition improves bladder tumor co-registration 

[20]. This was followed by a prospective pilot study that suggests 18F-FDG PET/MRI is 

more accurate at identifying primary bladder tumors and pelvic metastasis than MRI alone 

[21].

This study illustrates our experience at our clinical center with 18F-FDG PET/MRI in 

bladder cancer and its technological potential. Both the study and the technology have 

limitations. This was a small, retrospective study, and only a small group of patients had 

pathologic confirmation of lesions on 18F-FDG PET/MRI. Also, 5 patients (1/3 of the 

patients on this study) were on surveillance post-radical cystectomy and had no active 

disease or malignant lesions on baseline 18F-FDG PET/MRI.

As for the technology, 18F-FDG PET/MRI equipment costs 50% more than PET/CT 

equipment, which may limit its use to a small number of academic institutions. It also 

requires specialized operator training and longer scan times than standard CT with contrast 

[22]. Another issue is that simultaneous whole-body 18F-FDG PET/MRI scans have long 

patient in-scanner time, often more than 1 hour. However, with hardware and software 

advances and more disease-specific MRI protocols, it is expected that imaging time and cost 

will decrease significantly in the future.
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5. Conclusion

Our hypothesis-generating, retrospective data show that 18F-FDG PET/MRI can potentially 

detect metastatic lesions not visible on CT. Prospective studies are required to determine 
18F-FDG PET/MRI’s sensitivity/specificity and clinical benefit in bladder cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PET/MRI combines the benefits of MRI with functional imaging.

• PET/MRI can detect metastatic bladder cancer lesions not seen on CT.

• PET/MRI may be an option for patients that cannot receive contrast.

• PET/MRI may lead to improved treatment planning and monitoring for 

bladder cancer.
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Fig. 1. 
18F-FDG PET/MRI bladder cancer protocol.
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Table 1.

Patient demographics and clinical characteristics.

Age N

Mean (SD) 59 11.7

Median (range) 61.5 (37–73)

Sex N %

Male 11 73

Female 4 27

Diagnosis N %

Urothelial carcinoma 13 87

Small cell carcinoma 2 13

Primary Site N

Bladder 14

Upper Tract 1

Urinary Tract/Bladder Cancer Surgery

Cystectomy 10

Nephroureterectomy 1

None 4

Prior Systemic Therapy

Any systemic cancer therapy 11

Multiple prior systemic regimens 6

Bevacizumab + cisplatin + gemcitabine 1

Carboplatin + gemcitabine 1

Cisplatin + etoposide 2

Cisplatin + gemcitabine 7

MVAC* 3

N-paclitaxel 1

Stage at Initial 8F-FDG PET/MRI

IV 13

III 1

II 1

I 0

*
methotrexate + adriamycin (doxorubicin) + vinblastine + cisplatin
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Table 2.

Radiographic study characteristics and rationale for imaging.

Total18F-FDG PET/MRI scans 34

Days Between Corresponding CT and Baseline18F-FDG PET/MRI

Average # of days 21

Median # of days 6

Range 0–105

Reason for Initial18F-FDG PET/MRI

Surveillance (off treatment) 4

Restaging (on treatment) 11

Additional Clinical Follow-Up Imaging Studies

CT 30

MRI 2

18F-FDG PET/CT 1

18F-NaF PET/CT 3
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Table 3.

Sites of metastatic disease along with 18F-FDG PET/MRI concordance with follow-up CT.

Malignant Lesions Detected

Disease Site Baseline 18F-FDG PET/MRI (n) Corresponding baseline CT (n) 18F-FDG
PET/MRI

Lesions Detected on
Corresponding CT (%)

Lesion seen on NaF

Adrenal 1 1 100 0

Bone 2 2 100 2

Liver 10 5 50 0

Lung 34 33 97 1

Lymph node 22 17 77 0

Prostate 1 1 100 0

Soft tissue 12 1 8 0

Total 82 60 73 3
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