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Introduction

In the late 1990s, positron emission tomography (PET) 
with 2-[18F]fluoro-2-deoxy-d-glucose (18F-FDG), which 
exploits the increased utilization and high uptake of glu-
cose by malignant cells, opened a new field in clinical 
oncologic imaging. The radiopharmaceutical most com-
monly used for PET in oncology is 18F-FDG, an analog 
of glucose that is preferentially taken up and trapped 
inside malignant cells. For more than a decade, inte-
grated positron emission tomography/computed tomogra-
phy (PET/CT), in which a full-ring-detector clinical PET 
scanner and multidetector-row helical CT scanner are 
combined, has made it possible to acquire both metabolic 
and anatomic imaging data using a single device in a sin-
gle diagnostic session, and provides precise anatomic 
localization of suspicious areas of increased 18F-FDG 
uptake. When used in a clinical setting, 18F-FDG PET/CT 
leads to a significant improvement in diagnostic accuracy 
and has had a considerable impact on patient manage-
ment, including diagnosis, initial staging, optimization 
of treatment, restaging, monitoring of the response to 
therapy, and prognostication of many malignant tumors. 
In urological oncology, however, the use of 18F-FDG has 
been limited by a generally low tumor uptake, and physi-
ological excretion of 18F-FDG through the urinary sys-
tem masking 18F-FDG uptake by the primary urological 
carcinoma. Several new PET tracers are currently under 
investigation for potential use in the staging and moni-
toring of response to therapy in urological malignancies. 
We herein review the current and future roles of PET/CT 
in the management of urological cancer (kidney, bladder, 
urinary tract, prostate, adrenal gland, and testicular can-
cer), discussing its usefulness and limitations for imaging 
in these patients.

Abstract  Integrated positron emission tomography/com-
puted tomography (PET/CT) with 2-[18F]fluoro-2-deoxy-
d-glucose (18F-FDG) has emerged as a powerful tool for 
the combined metabolic and anatomic evaluation of many 
cancers. In urological oncology, however, the use of 18F-
FDG has been limited by a generally low tumor uptake, and 
physiological excretion of FDG through the urinary sys-
tem. 18F-FDG PET/CT is useful when applied to specific 
indications in selected patients with urological malignancy. 
New radiotracers and positron emission tomography/mag-
netic resonance imaging (PET/MRI) are expected to further 
improve the performance of PET in uro-oncology.
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Kidney cancer

Contrast-enhanced CT provides accurate information for 
detection and local staging of renal cell carcinoma (RCC). 
Because extrarenal metastasis is detected more easily than 
renal lesions by 18F-FDG PET/CT [1], this technique is 
useful for staging (Fig.  1) [2, 3] and restaging [4–8] of 
advanced RCC and can facilitate treatment optimization [3, 
5, 6, 8].

In a meta-analysis of 14 studies including 517 patients, 
Wang et  al. showed that the pooled sensitivity of 18F-
FDG PET or PET/CT was 79 % for intrarenal tumors and 
84  % for extrarenal metastases, and that 18F-FDG PET/
CT increased the pooled sensitivity to 91  % [1]. Alongi 
et  al. evaluated the clinical impact of 18F-FDG PET/CT 
for restaging 104 patients after surgery and demonstrated 
that (1) the sensitivity and specificity were 74 % and 80 %, 
respectively, (2) 18F-FDG PET/CT findings influenced 
therapeutic management in 45/104 cases (43  %), and (3) 
in analysis of overall survival (OS), positive versus nega-
tive 18F-FDG-PET/CT findings were associated with poorer 

cumulative survival rates over a 5-year period (19 vs 69 %, 
respectively; p < 0.05) [8].

In recent years, it has been reported that 18F-FDG PET/
CT findings may correlate well with pathological prognos-
tic parameters [2, 9–12] and be useful for prognostication 
[12–18] and monitoring of the response to therapy [14–17, 
19, 20].

Several groups have analyzed the relationship between 
clinicopathological features and 18F-FDG uptake in 
patients with RCC who underwent nephrectomy and pre-
operative 18F-FDG PET/CT and showed that FDG uptake 
was higher in RCC patients with a higher Furman grade, 
venous (V) and lymphatic (L) invasion, and a higher TNM 
stage [2, 9–12]. In a study involving 77 patients with RCC, 
Mizuno et al. demonstrated that a higher maximum stand-
ardized uptake value (SUVmax) on 18F-FDG PET was 
associated with elevated tumor levels of phosphorylated-
Akt, phosphorylated-S6 protein, aggressive behavior and 
metastatic potential, early relapse, and shorter OS after 
radical nephrectomy. Their Kaplan–Meier survival analy-
sis indicated that patients with a high SUVmax (≥4.35) had 

Fig. 1   A 62-year-old woman with multiple bone metastases and a 
retroperitoneal metastasis arising from renal cell carcinoma. a Con-
trast-enhanced CT shows a 5-cm mass with cystic degeneration at the 
right kidney and a well-enhanced 1.5-cm mass at the left retroperi-
toneum (arrow), suggesting cystic renal cell cancer and retroperito-
neal metastasis. b Maximum intensity projection (MIP) of FDG-PET 
shows abnormal FDG uptake in multiple skeletal bones. c FDG-PET/
CT at the same level as (a) shows moderate FDG uptake correspond-

ing to the peripheral solid portion of right renal tumor (SUVmax: 5.5, 
curved arrow), a retroperitoneal mass (SUVmax: 8.2, short arrow), 
and L4 spine vertebral body (SUVmax: 5.6, long arrow), suggesting 
renal cell carcinoma with metastasis to bone and retroperitoneum. 
Because the histopathological specimen of needle biopsy at the renal 
tumor and iliac bony lesion revealed clear cell renal cell carcinoma 
and bony metastasis, the patient underwent tyrosine kinase inhibitors
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a significantly lower OS rate than those with a low SUV-

max (<4.35) irrespective of the presence of distant metas-
tasis before surgery, and among 52 patients without dis-
tant metastasis before surgery, those with a high SUVmax 
(≥3.50) had a significantly lower recurrence-free survival 
rate than those with a low SUVmax (<3.50) [12]. In another 
study by Kayani et al., multivariate analysis demonstrated 
that a high SUVmax (≥7.1) and an increased number of 
PET-positive lesions (8 or more) demonstrated by 18F-FDG 
PET/CT before treatment were significantly correlated with 
shorter OS [hazard ratio (HR): 3.30 and 3.67, respectively] 
in 44 patients with metastatic clear cell RCC who were 
treated with sunitinib [14].

Two major groups of targeted drugs currently approved 
for use against metastatic RCC are multikinase inhibitors 
and mammalian target of rapamycin (mTOR) inhibitors. 
Sorafenib and sunitinib are two representatives of the for-
mer, inhibiting tyrosine kinase vascular endothelial growth 
factor (VEGF) receptor 2 and platelet-derived growth factor 
receptor β in endothelial cells and pericytes, respectively 
[21]. Because expression of Glut is a downstream result of 
HIF transcriptional activity, it is conceivable that the inten-
sity of 18F-FDG uptake on PET may reflect the activity of 
the entire pathway. This means that the variable intensity of 
18F-FDG uptake on PET by clear cell RCC may reflect the 
variable strength of the HIF signaling pathway and expres-
sion of its downstream products, thus being predictive of 
the effects of inhibitors of this pathway.

A recent study by Ueno et al. involving 35 patients with 
advanced RCC evaluated the response to tyrosine kinase 
inhibitors (TKI) (sunitinib 19 cases, sorafenib 16 cases) in 

terms of tumor size and 18F-FDG uptake using 18F-FDG 
PET/CT before and 1  month after treatment [16]. They 
showed that PET was able to predict not only the dura-
tion of response to TKIs, but also survival duration (OS 
and progression-free survival [PFS]), and that early assess-
ment by 18F-FDG PET/CT provided useful information for 
determining individual patient management strategies [16]. 
In another study, Faenebo et  al. [20] determined whether 
early changes in the glucose metabolism of metastatic RCC 
assessed by 18F-FDG PET according to the PERCIST 1.0 
criteria [22] after 14 and 28  days of treatment with TKIs 
(sunitinib 18 cases, sorafenib 19 cases, or pazopanib 
2 cases) were able to predict OS and PFS in 39 patients. 
They found that early changes in SUVpeak (peak standard-
ized uptake normalized to lean body mass) and total lesion 
glycolysis after only 14 days of TKI treatment were signifi-
cantly correlated with both PFS and OS [20].

Several new PET tracers are currently under inves-
tigation for potential use in the staging and monitoring 
of response to therapy in patients with RCC. These new 
tracers exploit various cellular process that are altered in 
malignant cells, including cellular proliferation [18F-fluoro-
thymidine (18F-FLT)], aerobic metabolism (11C-acetate), 
cell membrane synthesis (11C-choline, 18F-fluorocholine), 
hypoxia [18F-fluoromisonidazole (18F-FMISO)], and amino 
acid transport (11C-methionine, anti-[18F]fluorocyclobutane 
carboxylic acid (anti-3-18F-FACBC)) (Table 1).

Hugonnet et al. used 18F-FMISO PET/CT in 53 patients 
with metastatic RCC at the baseline and 1 month after suni-
tinib treatment and demonstrated that patients with initially 
hypoxic targets had shorter PFS than the others, and that 

Table 1   PET tracer in urological oncology

NA not applicable

Biological analog Target process Measured effect

18F-FDG Glucose Glucose transporters and hexokinases Aerobic and anaerobic glycolysis, glucose 
consumption

11C-choline Choline Choline kinase Cell membrane metabolism, tumor prolif-
eration

18F-choline Choline Choline kinase Cell membrane metabolism, tumor prolif-
eration

11C-acetate Acetate Tricarboxylic acid cycle and fatty acid 
synthase

Lipid synthesis

18F-FDHT Testosterone Androgen receptor Measures androgen receptor
18F-NaF Fluoride Hydroxyl and bicarbonate ions of bone 

hydroxyapatite
Measures bone status

18F-FMISO NA Measures hypoxia Tumor hypoxia
18F-FLT NA Thymidine kinase Nucleic acid synthesis, tumor proliferation
18F-FACBC Amino-fluorocyclobutane-carboxylic acid Neutral A–A type amino acid uptake and 

protein synthesis
Protein synthesis

68Ga-PSMA Prostate specific membrane antigen Prostate cell surface protein Tumor aggressiveness, androgen inde-
pendence
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target lesions showed decreased 18F-FMISO uptake during 
1 month after sunitinib treatment, suggesting that sunitinib 
decreased the intensity of tumor hypoxia [23]. Horn et al. 
compared 18F-FLT and 18F-FDG for early measurement of 
response to sunitinib treatment in 20 patients with meta-
static RCC and demonstrated that while FLT-PET could 
be used to identify response as early as 1 week after the 
start of treatment, 18F-FDG PET was more effective at a 
later time point of 3–4  weeks, suggesting that inhibition 
of VEGF signaling with sunitinib exerts an early effect on 
tumor proliferation, which is then followed by a reduc-
tion in tumor metabolism [24]. Two groups have reported 
the utility of 18F-fluoroethylcholine PET [25] and 11C-ace-
tate PET [26] for staging and monitoring of the response 
of advanced RCC to therapy. Furthermore, one prelimi-
nary report has demonstrated that anti-3-18F-FACBC PET 
showed better conspicuity for papillary RCC than for clear 
cell RCC [27].

Bladder cancer

Bladder cancer is a heterogeneous disease, 70 % of patients 
presenting with superficial tumors that tend to recur but are 
generally not life-threatening, and 30  % presenting with 

muscle-invasive disease associated with a high risk of death 
from distant metastases [28]. The standard method of diag-
nosing bladder cancer continues to be based on direct vis-
ualization of the bladder by cystoscopy including biopsy/
resection with histological examination of the tissue. Mag-
netic resonance imaging (MRI) is an accurate technique for 
local staging of bladder cancer due to its superior spatial 
and contrast resolution.

18F-FDG PET has not been widely used to detect and 
locally stage bladder cancer because physiological 18F-
FDG activity excreted through the urinary system inter-
feres with visualization of the primary bladder cancer and 
locoregional lymph nodes (LNs). A meta-analysis showed 
that the sensitivity and specificity of 18F-FDG PET/CT for 
detecting bladder cancer was 80  % (95  % CI 71–87  %) 
and 84 % (95 % CI 69–93 %), respectively [29]. Various 
mechanisms for improving the diagnostic capabilities of 
18F-FDG PET have been investigated, including adequate 
hydration, delayed pelvic imaging after oral hydration, 
and forced diuresis using furosemide with a sensitivity of 
85–96 % [30, 31].

18F-FDG PET/CT is useful for staging and restaging 
(detection of metastatic lesions) of bladder cancer (Fig. 2); 
a systematic review and meta-analysis of 6 studies involv-
ing 236 patients showed that the pooled sensitivity and 

Fig. 2   A 66-year-old man with bladder cancer (cT3N1) after neoad-
juvant chemotherapy and radical cystectomy, who developed lymph 
node and bony metastases. a MIP of FDG-PET shows two areas 
of abnormal FDG uptake in the pelvis. b CT of FDG-PET/CT and 
c PET/CT show moderate FDG uptake (SUVmax: 7.2) correspond-
ing to a 1.5-cm swollen para-aortic lymph node (arrow), suggest-

ing lymph nodal recurrence. A tiny FDG uptake which is located to 
the left of that nodal recurrent lesion is physiologic excretion in the 
left ureter. d CT of FDG-PET/CT and e PET/CT show intense FDG 
uptake (SUVmax: 13.0) corresponding to the mild sclerotic change 
of the left pubic bone (arrow), suggesting bone metastasis. The detec-
tion of this bony metastasis by only (d) CT is difficult
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specificity for staging and restaging (metastatic lesions) 
were 0.82 (95 % CI: 0.72–0.89) and 0.89 (95 % CI: 0.81–
0.95), respectively [32].

In recent years, several authors have demonstrated that 
18F-FDG PET/CT can be used successfully for treatment 
optimization [33–35], restaging [36], evaluation of meta-
static disease response [37], early assessment of treatment 
response [38], and prognostication [39] of bladder cancer. 
Mertens et  al. [34] demonstrated that 18F-FDG PET/CT 
provided important additional staging information, which 
influenced the treatment of muscle-invasive bladder cancer, 
in almost 20  % of 96 cases in comparison with contrast-
enhanced CT. Giannatempo et  al. [38] demonstrated that, 
in comparison with early CT, the response after 2 cycles 
of first-line chemotherapy detected by 18F-FDG PET was 
associated with longer PFS and OS in 31 patients with 
advanced transitional cell carcinoma. Mertens et  al. [39] 
demonstrated that the presence of extravesical 18F-FDG-
avid lesions on PET/CT was an independent indicator 
of mortality [OS and disease free survival (DFS)] in 211 
patients with muscle-invasive bladder cancer.

There have been several reports of new PET tracers for 
imaging of bladder cancer. Although 11C-actate PET/CT 
may be useful for staging of bladder cancer, assessment 
of the response to neoadjuvant chemotherapy, especially 
intravesical instillation of bacillus Calmette-Guérin (BCG), 
is difficult using this modality because of false positive 
uptake by areas of inflammation or granulomatous infec-
tion [40, 41]. Although 11C-choline PET/CT is useful for 
restaging of bladder cancer in cases of suspected relapse, 
especially for evaluation of LN or distant metastases [42], 
its efficacy for preoperative LN staging [43, 44] and prog-
nostication [45] is clinically limited.

Pelvic and ureter cancer

Local evaluation of the primary tumor on 18F-FDG PET is 
often limited by the obscuring effect of excreted FDG, par-
ticularly if the tumor is small and is confined to the mucosa 
or wall, but assessment of metabolic activity may still be 
possible through close correlation with CT images [46]. 
18F-FDG PET/CT may also be helpful in the detection of 
primary tumor [47], nodal or distant metastasis [48], the 
assessment of recurrent disease [49], and the early assess-
ment of treatment response [38]. Tanaka et  al. [48] dem-
onstrated that the clinicians changed their assessments of 
disease extent and management plans in 32 and 20  % of 
patients, respectively, based on the 18F-FDG PET/CT 
results after diagnostic CT for initial staging (n = 47) and 
for restaging (n = 9).

Prostate cancer

Various PET tracers have been used for PET/CT imaging 
of prostate cancer.

Fdg

It is well known that the ability of 18F-FDG PET to detect 
cancer is based on increased expression of cellular mem-
brane glucose transporter 1 (GLUT1) and enhanced hexoki-
nase II enzyme activity within tumor cells. Preclinical stud-
ies have examined the expression of GLUT1 in prostate 
cancer cell lines and found that it is higher in those that 
are poorly differentiated in comparison with well-differen-
tiated hormone-sensitive cell lines [50]. This suggests that 
GLUT1 transporter expression increases with increasing 
disease grade, and may explain the higher 18F-FDG accu-
mulation in castration-resistant than in castration-sensitive 
tumors, and also the modulatory effect of androgen on the 
glucose metabolism of castration-sensitive tumors.

18F-FDG PET/CT is of limited value for detection and 
localization of primary prostate cancer and initial staging 
of disease, as most primary tumors are slow-growing, well 
differentiated, multiple, and small, with tumor uptake lev-
els that can overlap with those of normal tissue, prostati-
tis, or benign prostatic hyperplasia (BPH). 18F-FDG PET/
CT may be most useful for detection of aggressive disease, 
evaluation of tumor extent (Fig. 3), response of metastatic 
disease to treatment, and prognostication in patients with 
castration-resistant tumors [51, 52]. Jadvar demonstrated 
that tumor 18F-FDG uptake decreased with successful 
chemohormonal treatment, although imaging findings were 
sometimes discordant with those of other disease mani-
festations including changes in the level of serum prostate 
specific antigen (PSA) or the number of circulating tumor 
cells [51]. Clearly, additional studies are needed in order 
to determine the optimal combination of relevant data that 
can most accurately reflect the effect of various current and 
novel therapies. Among SUVmax of the most active lesion, 
the sum of SUVmax, and the average SUVmax for all meta-
bolically active lesions after subtraction of patient-specific 
background-liver average SUV, Jadvar et al. demonstrated 
that the sum of SUVmax derived from baseline 18F-FDG 
PET/CT yielded independent prognostic information on 
OS in 87 men with castration-resistant metastatic prostate 
cancer, and suggested that this information might be useful 
for assessing the comparative effectiveness of various con-
ventional and emerging treatment strategies [52].

Any accidentally detected increase of 18F-FDG uptake 
in the prostate gland should probably be evaluated further 
to rule out prostate cancer. In a study of 20,422 patients, 
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Bertagna et al. identified prostate incidental uptake (PIU) in 
280 patients (1.4 %), among whom 63 (22.5 %) underwent 
PSA determination and biopsy to clarify the nature of the 
incidental uptake. They found that in 35 (55.5 %) of these 
63 patients, the PIU was malignant, whereas it was benign 
in the remainder [53]. A systematic review and meta-analy-
sis reported a pooled prevalence of PIU of 1.8 % (95 % CI 
1.3–2.3 %) and a pooled risk of malignancy among patients 
further evaluated or verified by biopsy of 17  % (95  % 
CI 12–23 %) and 62 % (95 % CI 54–71 %), respectively 
[54]. Although the prevalence of PIU is not high, patients 
with elevated serum levels of PSA have a high incidence 

of prostate cancer [55, 56]. Therefore, patients with PIU 
should undergo further evaluation, including measurement 
of the serum PSA concentration, and those found to have a 
high serum PSA level should undergo prostate MRI [57] or 
biopsy [56].

Currently, 99mTc-methylene disphosphonate bone scin-
tigraphy is the standard method for detection of bone 
metastases in patients with prostate cancer. Although 18F-
FDG PET is less sensitive than conventional bone scintig-
raphy for identification of osteoblastic bony metastases, 
18F-FDG PET may be able to distinguish between meta-
bolically active lesions from non-viable bony lesions [58].

Fig. 3   A 67-year-old man with multiple bony, lymph node, hepatic, 
and lung metastases from prostate cancer. a T2-weighted MRI shows 
a slight hypointense mass occupying the prostate, extending through 
the prostate capsule and invading the left seminal vesicle, consistent 
with advanced prostate cancer. One 14 × 16 mm swollen lymph node 
is also seen near the rectum (arrow), suggesting the presence of nodal 
cancer spread. b MIP of FDG-PET shows multiple areas of abnormal 
FDG uptake in the whole body. c CT of FDG-PET/CT and d PET/
CT show intense FDG uptake corresponding to the prostate (SUV-

max: 13.3), a para-rectal lymph node swelling, the left pubic and 
ischial bones, suggesting prostate cancer with lymph node and bone 
metastases. However, accurate evaluation of primary local staging by 
FDG-PET/CT is difficult. The detection of these bony metastases by 
only (c) CT is difficult. e CT of FDG-PET/CT and f PET/CT show 
intense FDG uptake corresponding to the spine and sternum, consist-
ent with multiple bone metastases. The detection of these multiple 
bony metastases by only (e) CT is difficult
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Choline

11C-choline and 18F-fluorocholine are well established trac-
ers routinely employed at some PET centers for imaging of 
prostate cancer in Western countries.

Focal choline uptake in the prostate could make one 
suspect prostate cancer, but non-malignant causes, such as 
high-grade prostatic intraepithelial neoplasia, prostatitis, 
BPH and normal tissue, can also be sources of false-posi-
tive focal activity. Although a few groups have shown that 
increased choline uptake in primary prostate cancer is cor-
related with histological surrogate markers of aggressive-
ness, such as the Gleason score and MIB-1/Ki-67 labeling 
index [59], many groups have failed to find a significant 
correlation between choline uptake and the serum PSA 
level, Gleason score or tumor grade [60, 61]. Multipara-
metric MRI, a combination of high-resolution T2-weighted 
imaging and functional MR techniques such as dynamic 
contrast-enhanced imaging and diffusion-weighted imag-
ing, remains the gold standard imaging technique for detec-
tion and local staging of untreated prostate cancer, show-
ing features such as capsular and seminal vesicle invasion. 
Although choline PET/CT has limitations for detection of 
primary prostate cancer, it might be useful for a minority of 
newly diagnosed patients in whom distant metastatic dis-
ease is highly suspected on the basis of clinical data (e.g., 
serum PSA level  >20  ng/ml, Gleason score 8–10, locally 
advanced tumor evident by palpation and/or MRI) [62].

Although choline PET/CT shows better performance 
than conventional CT and MR imaging for detection of 
locoregional LN metastasis, it does not reach an optimal 
detection rate in comparison with lymphadenectomy, and 

therefore cannot replace this procedure. In the largest pre-
operative series (n =  210) of intermediate- and high-risk 
patients who had undergone radical prostatectomy (RP) 
with surgical LN dissection, Poulsen et  al. reported that 
the patient-based sensitivity and specificity for detection of 
pelvic LN metastases were 73 and 88 %, with a node-based 
sensitivity and specificity of 56 and 94 %, respectively [63].

Choline PET/CT is a useful modality for detection of 
bone metastasis. In a patient-based analysis of patients 
with PSA progression after primary treatment, Picchio 
et  al. directly compared 11C-choline PET/CT and bone 
scintigraphy for detection of bone metastasis and showed 
that the former had better sensitivity and specificity [64]. 
In patients with biochemical failure, imaging plays a criti-
cal role in distinguishing between local recurrence and 
distant spread of disease (mostly bone and LN) when for-
mulating appropriate treatment strategies. Choline PET/CT 
is a powerful tool for restaging of biochemically recurrent 
prostate cancer, particularly when the PSA level becomes 
significantly elevated. Many reports have discussed the use-
fulness of choline PET/CT for detecting sites of recurrence 
in patients with PSA failure (Fig. 4), and choline PET/CT 
is employed routinely for this purpose at a number of PET 
centers in Western countries.

Giovacchini et  al. evaluated the findings of 11C-choline 
PET/CT in 358 patients (PSA 0.23–45.0  ng/ml, median 
1.27 ng/ml) treated with RP, and reported that patient-based 
sensitivity, specificity, and accuracy for restaging of prostate 
cancer were 85, 93, and 89  %, respectively; the percent-
age of positive scans was 19  % when the PSA level was 
0.23–1  ng/ml, 46  % for 1–3  ng/ml, and 82  % for  >3  ng/
ml [65]. In a multivariate analysis of 1000 patients with 

Fig. 3   continued
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biochemical evidence of recurrence after various treatments 
(PSA 1.15–11.0 ng/ml, median 3.30 ng/ml), Cimitan et al. 
revealed that only older age, a Gleason score greater than or 
equal to 7, systemic chemotherapy, and a serum PSA level 
greater than or equal to 1 ng/ml were independent predic-
tors of 18F-choline PET/CT positivity [66]. One systematic 
review and meta-analysis including 19 selected studies 

with a total of 1555 patients revealed a pooled sensitivity 
of 85.6 % and pooled specificity of 92.6 % [67]. In recent 
years, two groups have clarified that multiparametric MRI 
with an endorectal coil is superior for detection of local 
recurrence after RP relative to choline PET/CT, and there-
fore, strictly speaking, the combination of multiparamet-
ric MRI and choline PET/CT would be an ideal tool for 
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restaging of patients with PSA failure [68, 69]. In the future, 
wider application of integrated PET/MRI can be expected.

Acetate

As well as choline PET/CT, 11C-acetate PET/CT has also 
been useful for identification of disease recurrence in 
the setting of PSA failure, with a reported sensitivity of 
59–83 % [70]. Wachter et al. evaluated the clinical impact 
of 11C-acetate PET/CT fused imaging on treatment deci-
sion-making in 50 patients with recurrent prostate cancer 
after definitive treatment, and found that in 14 patients 
(28  %) the treatment plan was changed on the basis of 
the11C-acetate PET/CT findings [71].

NaF

PET with 18F-sodium fluoride (18F-NaF), a highly sensitive 
radiotracer for skeletal metastases, whose uptake reflects 
the increased regional blood flow and bone turnover in 
malignant bone lesions, has been reported to be more sen-
sitive for detection of skeletal metastases than bone scin-
tigraphy [72, 73] and 18F-FDG PET [74]. It appears that 
18F-NaF PET/CT may exploit the high sensitivity of 18F-
NaF PET, reducing the risk of false positivity by determin-
ing the morphology of scintigraphic lesions demonstrated 
by the CT component of PET/CT [72]. Recently, combined 
administration of 18F-NaF and 18F-FDG in a single PET/
CT scan for cancer detection has been advocated for detec-
tion of both extraskeletal and skeletal lesions [75], and it 
has been reported that 18F-NaF/FDG PET/CT is superior to 
whole-body MRI and bone scintigraphy for evaluating the 
extent of skeletal disease [76].

FDHT

Androgen receptor imaging with PET radiotracers, such 
as 16β-18F-fluoro-5α-dihydrotestosterone (18F-FDHT), has 
been developed to exploit its important role in the assess-
ment of growth and proliferation of prostate carcinoma as 
well as modulation of androgen status. Antiandrogen ther-
apy is widely used in the treatment of prostate carcinoma, 
and therefore may be useful for monitoring of treatment 
response. In order to effectively study the biology of pros-
tate cancer and develop therapies that target the androgen 
receptor, methods for assessing androgen receptor expres-
sion and functionality are needed. However, such analy-
ses are difficult because the dominant site of metastases is 
bone, which is notoriously problematic to biopsy. A small 
pilot study of patients with progressive clinically metastatic 
prostate carcinoma demonstrated excellent tumor localiza-
tion and retention, and treatment resulted in a reduction of 
18F-FDHT uptake at the tumor sites [77].

FACBC

In recent years, the investigational synthetic l-leucine 
analog anti-1-amino-3-18F-fluorocyclobutane-1-carboxylic 
acid (anti-3-18F-FACBC) has been proposed as a possible 
alternative radiopharmaceutical for detection of prostate 
cancer relapse [78]. Anti-3-18F-FACBC uptake is related 
to the functional activity of two different amino acid trans-
porters (ASC and LAT1) [79], which appear to be upregu-
lated when prostate cancer progresses to metastatic dis-
ease. The levels of many amino acids are increased within 
prostate cancer cells in comparison with noncancerous tis-
sues, many of which exceeded the increases observed for 
choline. Nanni et  al. demonstrated that anti-3-18F-FACBC 
PET/CT may be superior to 11C-choline PET/CT for identi-
fication of disease recurrence in the setting of biochemical 
failure [80, 81].

PSMA

Prostate-specific membrane antigen (PSMA) has been 
used as a relevant target for imaging of prostate cancer. 
PSMA is a cell-surface protein expressed at higher levels 
in prostate carcinoma tissue than in other tissues, and its 
expression is associated with tumor aggressiveness, andro-
gen independence, metastatic disease, and disease recur-
rence [82]. Mostly in Europe, PSMA-targeting ligands 
have been labeled with 68Ga for PET imaging, and this 
approach shows some promise for detection of prostate car-
cinoma recurrence. Eiber et al. [83] analyzed the findings 
of 68Ga-PSMA PET/CT in 248 patients (PSA 0.2-59.4 ng/
ml, median 1.99 ng/ml) treated with RP and found that the 
patient-based detection rate was 89.5 %; the detection rates 

Fig. 4   An 84-year-old man with PSA level of 43 ng/ml, who under-
went androgen-deprivation therapy. a MIP of 11C-choline PET shows 
multiple areas of abnormal choline uptake in the prostate, whole-
body lymph node and bone. b Bone scintigraphy shows abnor-
mal uptake in the left fourth and fifth ribs (arrow), suggesting bone 
metastases. c CT of 11C-choline PET/CT and d PET/CT show intense 
11C-choline uptake corresponding to the prostate and seminal vesi-
cle (SUVmax: 9.7), suggesting local recurrence in the prostate and 
seminal vesicle. e T2-weighted and f diffusion-weighted MRI show 
a slight hypointense mass with restricted water diffusion occupy-
ing the prostate and seminal vesicle (arrows), consistent with local 
recurrence. g CT of 11C-choline PET/CT and h PET/CT show mild 
11C-choline uptake corresponding to the mild sclerotic change of the 
left fifth rib (arrow), suggesting bone metastasis, similar to (b) bone 
scintigraphy. i CT of 11C-choline PET/CT and j PET/CT show tiny 
and mild 11C-choline uptake corresponding to the left acetabulum 
(arrow), suggesting bone metastasis. k T1-weighted MRI shows a 
hypointense spot in the left acetabulum (arrow), consistent with bone 
metastasis. The detection of this bony metastasis by only (i) CT or (b) 
bone scintigraphy is impossible. l CT of FDG-PET/CT and m PET/
CT show moderate FDG uptake corresponding to the three swollen 
pelvic lymph nodes (arrows), suggesting lymph node metastases. The 
detection of these tiny nodal metastases by only (l) CT is difficult

◂
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for PSA levels of ≥2, 1 to <2, 0.5 to <1, and 0.2 to <0.5 ng/
ml were 96.8, 93.0, 72.7, and 57.9 %, respectively. Impor-
tantly, 68Ga-PSMA PET/CT reveals a high degree of posi-
tivity within the clinically important range of low PSA 
values (<0.5 ng/ml), which in many cases can substantially 
influence further clinical management [83]. Moreover, two 

groups have demonstrated that 68Ga-PSMA PET/CT may 
be superior to 18F-choline PET/CT [84, 85] and conven-
tional imaging modalities (bone scintigraphy and contrast-
enhanced CT of the chest, abdomen, and pelvis) [86] for 
identification of disease recurrence in the setting of bio-
chemical failure. Rowe et  al. evaluated 13 patients with 

Fig. 4   continued
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primary prostate cancer who underwent imaging with MRI 
and PET/CT with N-[N-[(S)-1,3-dicarboxypropyl]carba-
moyl]-4-(18)F-fluorobenzyl-l-cysteine (18F-DCFBC), a 
low-molecular-weight radiotracer that targets the PSMA, 
prior to RP. They demonstrated that although the sensitiv-
ity of 18F-DCFBC for primary prostate cancer was less 
than that of MRI, 18F-DCFBC PET was able to detect more 
clinically significant high-grade and larger-volume tumors 
(Gleason score 8 and 9) with higher specificity than MRI. 
They also found relatively low 18F-DCFBC PET uptake in 
BPH lesions, compared with cancer in the prostate, pos-
sibly allowing more specific detection of primary prostate 
cancer by 18F-DCFBC PET. Furthermore, 18F-DCFBC 
uptake in primary tumors was positively correlated with the 
Gleason score (ρ = 0.64; PSMA expression, ρ = 0.47; and 
PSA, ρ = 0.52) [87].

As PSMA-617 can be labeled with 68Ga, 177Lu, 111In, or 
90Y, it can be used for PET imaging as well as for radio-
ligand-based therapy. Recently, 177Lu-PSMA-617 has been 
used increasingly for radioligand therapy of metastatic 
prostate cancer at several centers [88].

Adrenal malignant tumor

Malignant adrenal disease tends to show higher 18F-FDG 
uptake than benign adrenal lesion and one systematic 
review and meta-analysis including 21 selected studies 
with a total of 1391 lesions (824 benign, 567 malignant) in 
1217 patients revealed a pooled sensitivity of 97 % (95 % 
CI 93–98 %) and specificity of 91 % (95 % CI 87–94 %) of 
18F-FDG PET/CT (SUVmax or standard uptake ratio) for 
differentiating between malignant and benign adrenal dis-
ease [89]. False negativities (partial volume effect in evalu-
ating small lesions, necrotic or hemorrhagic metastases, 
and metastases from RCC or malignant neuroendocrine 
tumor) and false positives (adenoma, hyperplasia, tubercu-
losis, pheochromocytoma, or hemorrhage) are also reported 
[90].

A multicenter study demonstrated that 18F-FDG PET/
CT showed the better diagnostic accuracy of diagnosing 
primary adrenal malignancy (adrenocortical carcinoma, 
malignant pheochromocytoma, neuroblastoma, and lym-
phoma) than contrast-enhanced CT [91]. Adrenocortical 
carcinoma is a rare and aggressive disease and 18F-FDG 
PET/CT may be a complementary tool to morphologi-
cal imaging techniques, useful in diagnosis and detecting 
disease recurrence or metastatic sites, and in evaluation of 
treatment response of adrenocortical carcinoma [92, 93]. 
The diagnostic performance of 18F-FDG PET/CT for dif-
ferentiating metastatic adrenal tumors from adrenal ade-
noma is high (sensitivity, specificity, and accuracy are 82, 
92, and 90 %) as well as adrenal protocol CT (unenhanced, 
early and delayed contrast-enhanced CT) and, moreover, 

the combination of 18F-FDG PET/CT and adrenal protocol 
CT can improve the 18F-FDG PET/CT or adrenal protocol 
CT diagnostic accuracy for differentiation of metastatic 
adrenal tumors from adrenal adenoma, reducing false-pos-
itive cases [94].

Testicular cancer

18F-FDG PET/CT is clinically useful for initial staging of 
testicular cancer and determining the viability of residual 
masses after completion of treatment, especially in patients 
with seminoma (Fig. 5).

Ambrosini et  al. [95] evaluated the clinical impact of 
18F-FDG PET/CT for staging and restaging of testicu-
lar tumors, reviewing 51 cases of seminoma and 70 cases 
of non-seminoma. PET/CT showed good sensitivity and 
specificity for detection of seminoma lesions (92 and 
84 %, respectively), but its sensitivity was lower for non-
seminoma forms (77 and 95 %, respectively); it influenced 
the clinical management of 47 out of 51 (92  %) semino-
mas and 59 out of 70 (84 %) non-seminomas. One system-
atic review and meta-analysis including 4 selected studies 
with a total of 130 patients evaluated the diagnostic accu-
racy of 18F-FDG PET/CT for prediction of viable residual 
tumors after chemotherapy in patients with metastatic 
seminoma and demonstrated that it was superior to CT 
for determining tumor size and predicting tumor viability: 
sensitivity was 72 vs 63  %, specificity was 92 vs 59  %, 
positive predictive value (PPV) was 70 vs 28 %, and nega-
tive predictive value (NPV) was 93 vs 86 %, respectively 
[96]. Another recent systematic review and meta-analysis 
including 9 selected studies with a total of 375 patients 
showed that 18F-FDG PET/CT had a pooled sensitivity of 
78 % (95 % CI: 67–87 %), a specificity of 86 % (95 % CI: 
81–89 %), a PPV of 58 % (95 % CI: 48–68 %), a NPV of 
94 % (95 % CI: 90–96 %), and an accuracy of 84 % (95 % 
CI: 80–88 %) [97]. Based on these results, it can be con-
cluded that negative 18F-FDG PET/CT findings warrant fol-
low-up if only to avoid inappropriate subsequent treatment 
(surgery, chemotherapy, or radiotherapy), whereas positive 
18F-FDG PET/CT findings suggest a high possibility of 
residual seminoma, though a false-positive result cannot be 
excluded in view of the low PPV.

However, there are several major limitations to 18F-FDG 
PET: (1) lesions of  <1  cm are often not detected due to 
the limited spatial resolution of PET. (2) Mature teratoma 
has variable low 18F-FDG uptake or no uptake, and can-
not be distinguished from necrosis or fibrosis, and there-
fore 18F-FDG PET is not recommended for characteriza-
tion of residual masses after therapy for non-seminomatous 
germ cell cancers, which frequently harbor residual foci of 
mature teratoma [98]. (3) There should be a minimum of 
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6 weeks between the end of chemotherapy and acquisition 
of an 18F-FDG PET/CT scan to avoid any false-positive 
findings due to chemotherapy-induced inflammatory and 
granulomatous tissues or false-negative results due to tem-
porary suppression of tumor cell activities [99].

PET/MRI

In recent years, there has been increasing interest in the 
development of integrated PET/MRI systems, which are 
now commercially available. PET/MRI would have a num-
ber of advantages over PET/CT, such as improved soft-tis-
sue contrast, the possibility of performing truly simultane-
ous instead of sequential acquisitions, and the availability 
of sophisticated MRI sequences, such as diffusion and per-
fusion imaging, functional MRI, and MR spectroscopy, 
which can add important information. Moreover, the use 
of PET/MRI would allow a significant decrease in radia-
tion exposure, which is of foremost importance for serial 
follow-up and pediatric imaging. Several groups have dem-
onstrated the usefulness of PET/MRI in patients with RCC 
using 18F-FLT [100], bladder cancer using 18F-FDG [101], 

prostate cancer using choline [102, 103] or PSMA [104], 
and adrenal pheochromocytoma using 18F-fluorodihydro-
xyphenylalanine (18F-DOPA) [105].

Conclusion

The use of PET/CT in oncology is rapidly expanding with 
18F-FDG, the most commonly used radiotracer. Although 
18F-FDG in urological oncology is a challenge, 18F-FDG 
PET/CT was recently demonstrated to be useful when 
applied to specific indications in selected patients. The 
rapid development of new metabolic PET tracers with more 
favorable properties has improved the ability to visual-
ize these urological malignancies, and several advances in 
PET/CT have been made in recent years. New radiotracers 
and new techniques of PET/CT and PET/MRI are expected 
to further improve the performance of PET in uro-oncol-
ogy. Thus, the use of PET/CT and PET/MRI for patients 
with urological malignancies will continue to expand. 
Larger clinical trials are needed to further establish the role 
of PET/CT and PET/MRI in the management of urological 
malignancy.

Fig. 5   A 51-year-old man with 
residual retroperitoneal mass 
after undergoing chemotherapy 
treatment for seminoma. a 
MIP of FDG-PET shows no 
abnormal FDG uptake. Mild 
and diffuse FDG uptake in 
the whole-body skeleton may 
be reactive uptake due to the 
hyper-hematopoietic function of 
the bone marrow. b Contrast-
enhanced CT of FDG-PET/CT 
shows a 1.5-cm residual retrop-
eritoneal mass (arrow). c FDG-
PET/CT shows no increased 
activity in residual mass 
(arrow). Subsequent follow-up 
over 1 year has shown both no 
evidence of recurrent disease 
and no elevated tumor markers
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