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Introduction Prostate cancer (PCa) is a major health concern worldwide with up to 60% of patients 
experiencing biochemical relapse after radical treatment. Early diagnosis of PCa recurrence is of high 
importance for successful salvage therapy. The need for accurate imaging has prompted the introduc-
tion of prostate-specific membrane antigen (PSMA)-based radiotracers for positron emission tomogra-
phy (PET).
Material and methods In this review we summarized and discussed the results of the studies analyzing 
the utility of 68Ga-PSMA PET/CT in patients who experienced a biochemical relapse of prostate cancer.
Results PSMA-based PET scans have been proved to provide a superior diagnostic performance over 
other modalities for localization of the site of early PCa recurrence. 68Ga-PSMA has been also shown  
to have a higher sensitivity and specificity than other established PET radiotracers such as radiocholines.
Conclusions The early studies show promising results and support the use of 68Ga-PSMA for PCa restag-
ing. However, the number of studies concerning the utility of 68Ga-PSMA PET in the context of secondary 
PCa staging is limited and there is still a considerable scope for further research in this field.
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INTRODUCTION

Prostate cancer (PCa) is the second most frequent 
cancer and the fifth leading cause of cancer death in 
males worldwide [1]. In Europe, there are 340 000 new 
cases and over 70 000 prostate cancer-related deaths 
reported annually. When detected early, in a pros-
tate gland-localized stage of the disease, the 5-year 
survival is nearly 100% [2, 3]. However, PCa recur-
rence after primary treatment is quite common. Bio-
chemical relapse, defined as a PSA value >0.2 ng/ml  
in patients after radical prostatectomy and a PSA 
level >2 ng/ml above the nadir PSA in patients after 
radiation therapy, occurs in 20–30% of patients after 
surgical treatment and in up to 60% of patients after 
primary external-beam therapy [3, 4]. 
The European Association of Urology (EAU) recom-
mends a transrectal ultrasound (TRUS), computed 
tomography (CT), magnetic resonance imaging 

(MRI) and bone scintigraphy (BS) for the detection 
of recurrence sites [3]. However, these convention-
al imaging modalities are not always effective for  
an early and reliable detection of PCa relapse. BS 
and CT are of no additional diagnostic value (detec-
tion rate <5%) when the PSA levels are <20 ng/ml 
or the PSA velocity is <2 ng/ml/y. Endorectal coil 
imaging shows utility in local recurrence detection, 
but only in patients with PSA levels >2 ng/ml [5]. 
Moreover, morphologic imaging (TRUS and CT) sen-
sitivity in detecting local PCa relapse remains rela-
tively low (25–54%) and is only moderately improved  
by functional MRI techniques. CT and MRI sensitiv-
ity for the detection of lymph node metastases is re-
ported to be 30–80% [6]. 
The early differentiation between local and meta-
static PCa is of high importance for patient man-
agement [2]. According to the 2013 EAU Guidelines  
on Prostate Cancer, patients with PCa recurrence 
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who would benefit the most from salvage radiation 
therapy (SRT) are those with PSA levels ≤0.5 ng/ml.  
The 6-year biochemical recurrence-free survival  
in these men is 48%, whereas it is only 40%, 28% 
and 18% in men with PSA levels of 0.51–1 ng/ml,  
1.01–1.5 ng/ml, and >1.5 ng.ml, respectively [5]. 
Siegmann et al. found that patients with a PSA level 
<0.28 ng/ml before SRT had a better outcome than 
those with higher PSA levels and that they may have 
a chance of a long-term durable response without fur-
ther treatment [7]. Finally, at PSA levels >2 ng/ml,  
SRT is almost ineffective. Thus, new molecular im-
aging modalities with improved specificity and sensi-
tivity for imaging of recurrent PCa, especially at low 
PSA levels are of particular clinical interest.
In recent years radiocholine positron emission to-
mography (PET)/CT has been widely studied and 
used for PCa restaging. Compared with 18F-choline, 
11C-choline allows for a better evaluation of the 
pelvic region, because of a lower urinary excretion 
(although a greater bowel elimination). 18F-cho-
line, on the other hand, has the advantage of being 
available in centers without a cyclotron (its half-
life is significantly longer than that of 11C-choline,  
110 vs. 20 minutes) and shows a slightly higher sen-
sitivity for bone metastases. Nonetheless, both ra-
diotracers show similar diagnostic accuracy. Many 
studies have clearly demonstrated that radiocholine 
PET/CT results can lead to change in treatment [8]. 
However, radiocholine PET sensitivity strongly de-
pends on PSA level and its kinetics. Its value for the 
detection of recurrent PCa is limited in patients with 
PSA levels <2.5 ng/ml [9, 10]. In patients with PSA 
<1.0 ng/ml the probability of positive radiocholine 
PET scan is only 19% and may be as low as 12.5% 
when PSA <0.5 ng/dl. Hence, some authors recom-
mend radiocholine PET imaging in patients with PCa 
biochemical relapse only when the PSA level is high-
er than 1.5 ng/ml, PSA velocity exceeds 0.75 ng/ml/y,  
or PSA doubling time is shorter than 6 months [8, 
10]. Since biochemical relapse is already suspected 
when PSA level exceeds 0.2 ng/ml, there is a high 
demand for more sensitive PET radiotracers.
Radiotracers targeting markers of PCa cells show 
huge promise in the field and prostate-specific mem-
brane antigen (PSMA) seems to be receiving the 
greatest attention. 

Prostate-specific membrane antigen

PSMA is a type II, 750-amino-acid integral membrane 
glycoprotein (100–120 kDa), with a 19-amino-acid  
N-terminal cytoplasmic tail, a 24-amino-acid helical 
intramembrane segment, and a large 707-amino-
acid extracellular C-terminus [12, 13]. The extracel-

lular domain of the PSMA has an enzymatic activity 
of glutamate-carboxypeptidase/folate hydrolase and 
is only active as a dimer [12]. Following substrate 
binding, PSMA-bound ligands are internalized  
via clathrin-coated pits, endocyted and transported 
into the cell [14]. PSMA was first cloned in 1993 [15]. 
Its gene (FOLH1) is located on the short arm of chro-
mosome 11 [16].
Despite its name, PSMA is not specific to the prostate 
gland and is expressed in other normal tissues such 
as the salivary and lacrimal glands, kidney (proximal 
tubules), liver, spleen, nervous system glia (astro-
cytes and Schwann cells), duodenum (brush border) 
and the colon (neuroendocrine cells of the crypts).  
At the jejnual border PSMA, called folate hydrolase 1,  
assists in the folate absorption [16–19]. In the ner-
vous system, PSMA has been termed NAALADase 
and is responsible for hydrolyzing N-acetyl aspartyl-
glutamate (NAAG), the third-most-prevalent peptide 
neurotransmitter in the mammalian nervous sys-
tem [20]. Although PSMA had been first discovered  
in the prostate in 1987, its role in the gland is still not 
well-defined [21]. Yet it seems PSMA may be involved 
in releasing folates into the seminal fluid [13].
In the normal human prostate PSMA is present  
in the cytoplasm and expressed on the apical side 
of the epithelium surrounding the prostatic ducts. 
Dysplastic changes in the prostate result in the ex-
pression of PSMA on the luminal surface of prostatic 
ducts [22, 23]. Its expression has been also shown  
to increase from benign prostatic hyperplasia to high-
grade prostatic intraepithelial neoplasia to prostatic 
adenocarcinoma, where it reaches 100–1000-fold  
of what is observed in the normal prostate cells  
[24, 25]. It has been reported that nearly all pros-
tate adenocarcinomas (primary tumors as well as 
metastatic lesions) show PSMA expression. Accord-
ing to the study by Mannweiler et al. less than 10%  
of primary or metastatic prostate tumors are not ex-
pressing PSMA [26]. Sweat et al. reported only 2% 
PSMA-negative lymph node metastases of PCa [27]. 
It was also found that the higher the Gleason score  
of the primary lesion, the higher the PSMA expres-
sion [28, 29, 30]. High PSMA expression is also as-
sociated with propensity to metastasize, androgen 
independence and disease progression [29, 31, 32].
Apart from prostate cancer, the PSMA presence has 
been also confirmed in kidney and bladder cancer  
as well as numerous non-genitourinary cancers, such 
as breast and colon cancer [33–39].
The favorable characteristics of PSMA (overexpres-
sion in PCa cells and ligand-enzyme complex inter-
nalization after ligand binding) have led to the de-
velopment of molecular imaging agents targeting the 
enzyme. First were the radiolabeled monoclonal an-
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tibodies targeting the intracellular domain of PSMA. 
However, they showed disappointing results due  
to the low image contrast, low sensitivity, and high 
background signal [37]. More recently, new PSMA-
targeted agents such as small-molecule inhibitors (tar-
geting the extracellular domain of PSMA) have been 
developed and extensively studied [38, 39]. They have 
been labeled with many radionuclides including 11C, 
18F, 89Zr, 64Cu, 86Y, and 68Ga. However, it is 68Ga-
PSMA (Glu-NH-CO-NH-Lys-(Ahx)-[68Ga(HBED-
CC)]) that receives the greatest attention [8]. In this 
agent HBED-CC moiety chelates the 68Ga radiomet-
al and is conjugated through a linker with a urea that 
binds in the active site of PSMA. 68Ga is produced 
by a tabletop 68Ge/68Ga generator which makes  
it an attractive radionuclide, especially for PET cen-
ters that do not operate a cyclotron.

68Ga-PSMA PET imaging in recurrent prostate 
cancer

Biochemical recurrence following local therapy 
has been the most extensively studied application 
of PSMA-based imaging. The two largest reported 
studies were by Afshar-Oromieh et al. and Eiber  
et al. Afshar-Oromieh et al. retrospectively assessed 
68Ga-PSMA PET/CT results of patients with sus-
pected PCa progression after radical treatment and 
found at least one lesion indicative of PCa in 82.8% 
of cases. Lesion detection rate correlated positively 
with PSA level (sensitivity for PSA values ≤0.5 ng/ml  
was 48.1% and for values >20.0 ng/ml it reached 
100.0%) and ADT. However, it was not correlated 
with primary tumor Gleason score and PSAdt.  
In a subset of lesions for which histology was avail-
able, the true sensitivity was 76.6% with a specificity 
of 100.0% [40]. In other study by Afshar-Oromieh et 
al. 68-Ga PSMA PET-positivity was also correlated 
with PSA levels – the authors showed a detection 
rate of 60% at PSA <2.2 ng/ml and 100% at PSA 
>2.2 ng/ml [19]. Correspondingly, in a retrospective 
study by Demirkol et al. none of the 68Ga-PSMA 
PET/CT scans revealed negative results in patients 
with PSA levels above 2 ng/ml [41].
In a retrospective study by Eiber et al. patients with 
PCa biochemical recurrence after radical prostatec-
tomy were assessed. Similarly to Afshar-Oromieh  
et al., detection rate was 89.5% and it correlated 
positively with serum PSA levels rising from 57.9%  
in patients with PSA <0.5 ng/ml to 96.8% in patients 
with PSA ≥2.0 ng/ml. No significant association was 
found for PSAdt, yet PSA velocity did increase the 
detection rate. Opposite to Afshar-Oromieh et al., 
Eiber et al. found that primary lesion Gleason score 
(≤7 vs. ≥8) significantly increased detection rate. The 

authors did not observe significant differences in de-
tection rate with regard to ADT (lesions were detect-
ed in 95.7% of patients with ADT vs. 87.1% without 
ADT). Eiber et al. also reported that 33% of lesions 
were observed in PET only (not suspicious in CT) 
and that in 25% of cases PET revealed more lesions 
than CT [6].
Ceci et al. have evaluated 70 patients after RP  
or RT with curative intent and biochemical relapse 
or persisting high PSA levels after primary treat-
ment. Correspondingly to Afshar-Oromieh et al. and 
Eiber et al. the authors found that the detection 
rate was associated with PSA level. PSAdt was also 
showed to have a significant impact on 68Ga-PSMA 
PET/CT sensitivity. PSA level, ongoing ADT, pa-
tient’s age, GS, time from primary therapy and PCa 
TNM staging, on the other hand, were not associated 
with PET/CT positivity. ROC analysis showed that  
PSAdt of 6.5 months (AUC 0.868) and PSA level  
of 0.83 ng/ml (AUC 0.764) were optimal cut-off val-
ues for predicting with high probability of a positive  
or negative PET/CT scan result [4].
The overall percentage of positive 68Ga-PSMA 
PET among patients with biochemical recurrence 
in a systematic review and meta-analysis by Perera 
et al. (16 articles involving 1309 patients analysed) 
was 76%. 68Ga-PSMA PET detection rate increased 
with pre-PET PSA and was higher the higher the 
PSA levels (0–0.2 ng.ml: 42%, 0.2–1 ng/ml: 58%,  
1–2 ng/ml: 76%, >2 ng/ml: 95%). 68Ga-PSMA PET 
positivity increased with shorter PSAdt and for 
PSAdt ≥6 months and <6 months equalled 64% 
and 92%, respectively. 68Ga-PSMA sensitivity and 
specificity in per-patient analysis were both 86%. 
Per-lesion analysis showed a sensitivity of 80% and 
a specificity of 97% [42].
The results of the above studies support the applica-
tion of 68Ga-PSMA PET/CT in the diagnosis of PCa 
biochemical recurrence. Yet it must be emphasized 
that the majority of gathered data was derived from 
small, retrospective studies with heterogenous pa-
tient cohorts (Table 1). 

68Ga-PSMA vs. radiocholines

Several groups have directly compared 68Ga-PSMA 
to radiocholines in the detection of biochemically re-
current PCa. 
Afshar-Oromieh et al. have evaluated patients sus-
pected of progressive disease following conventional 
treatment. The authors found a higher detection rate 
for PCa lesions with 68Ga-PSMA than 18F-fluoro-
methylcholine (86.5% vs. 70.3%). 68Ga-PSMA proved 
superior to 18F-fluoromethylcholine PET/CT espe-
cially at low PSA levels – for PSA levels ≤2.82 ng/ml  



tracer showed higher PCa lesion detection rates 
than 18F-fluoromethylcholine and its superiority 
was demonstrated across all PSA values – detec-
tion rate varied from 50% vs. 12.5% for PSA levels  
<0.5 ng/ml and to 88% vs. 63% for PSA levels  
>2.0 ng/ml (Table 2). Additionally, 68Ga-PSMA-
based scans detected more lesions and showed 
higher tumor-to-background ratio. Correspondingly  
to previous studies, the authors found that the most 
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the sensitivity was 68.8% vs. 43.8%, respectively 
(Table 2). 68Ga-PSMA was also reported to show su-
perior radiotracer uptake and tumor-to-background 
ratio [43]. 
In a prospective study by Morigi et al. 18F-fluo-
romethylcholine and 68Ga-PSMA PET/CT was 
performed in patients after curative therapy  
who developed a post-therapy PSA rise. Similarly  
to Afshar-Oromieh et al., PSMA-targeted radio-

ADT – androgen deprivation therapy; BCR – biochemical recurrence; GS – Gleason score; PSAdt – PSA doubling time; PSAvel – PSA velocity; PT – primary therapy;  
TNM – tumour-node-metastasis

ACC – accuracy; BCR – biochemical recurrence; NPV – negative predictive value; PPV – positive predictive value
All PSA levels are given in ng/ml

Table 1. Characteristics of the studies investigating the utility of 68Ga-PSMA PET/CT in recurrent prostate cancer

Table 2. Characteristics of the comparative studies included in this section

Author Study type 
(year)

Study group 
number Inclusion criteria Median GS 

(range)
Median PSA ng/ml, 

(range)
68Ga-PSMA 

detection rate

Factors  
correlated with 
PET positivity

Factors not 
correlated with 
PET positivity

Asfhar-Oromieh 
[40]

retrospective 
(2015) 319

BCR (n=292), 
primary staging 
(n=27)

7
(5-10)

4.59  
(0.01-41395) 82.8% PSA level 

ADT

GS
PSAdt

Ceci [4] retrospective 
(2015) 70 BCR 7

(5-9)
1.7 

(0.2-32.2) 74.2% PSA level 
PSAdt

PSAvel
ADT
age
GS
time from PT
TNM

Demirkol [41] retrospective 
(2015) 14 BCR or disease 

progression n/a 2.5
(0.2-191.5) 100% PSA level n/a

Eiber [6] retrospective 
(2015) 248 BCR 7 

(6-10)
2.0

(0.2-59.4) 89.5%
PSA level 
PSAvel 
GS

PSAdt
ADT

Author Compared  
radiotracers

Study type 
(year)

Study group 
number

Inclusion 
criteria

PSA level, mean 
(±SD)

Time window 
between PET/

CT scans
Detection rate

Schwenck [46] 68Ga-PSMA  
vs. 11C-choline

retrospective 
(2016) 103 BCR 2.7 

(median) 24 hours
lymph nodes: 94% vs. 71%
bones: 98% vs. 64%
overall: 83% vs. 79%

Bluemel [44] 68Ga-PSMA  
vs. 18F-choline

retrospective 
(2016) 125 BCR 5.4 

(±12.73) 51 days

18F-choline: 74.4%
68Ga-PSMA in 18F-choline(-) 
scans: 43.8%
overall: 85.6%

Pfister [45] 68Ga-PSMA  
vs. 18F-choline

retrospective 
(2016) 66 BCR 2.7 and 2.35 

(median) n/a

per-patient analysis:
PPV: 78.9% vs. 82.1%
per-lesion analysis:
PPV: 67.3% vs. 75.7%
NPV: 88.8% vs. 96.6%
ACC: 82.5% vs. 91.9%

Morigi [11] 68Ga-PSMA  
vs. 18F-choline

prospective 
(2015) 38 BCR 1.72

(±2.54) 30 days

PSA level <0.5:  50% vs. 12.5%
PSA level 0.5-2.0: 71% vs. 36%
PSA level >2.0: 88% vs. 63%
overall: 66% vs. 32%

Afshar-
Oromieh [43]

68Ga-PSMA  
vs. 18F-choline

retrospective 
(2014) 37 BCR 11.1

(±24.1) 30 days
PSA level ≤2.82: 68.8% vs. 43.5%
PSA level >2.82: 100% vs. 90.5%
overall: 86.5% vs. 70.3%



41
Central European Journal of Urology

The results of the studies comparing radiocholines 
and 68Ga-PSMA PET/CT for the diagnosis of recur-
rent PCa are very promising for the latter one. PS-
MA-based scans show higher sensitivity and speci-
ficity, especially at low PSA levels. Tumour lesions 
also show higher 68Ga-PSMA uptake and higher 
tumour-to-background ratio. However, the number 
of studies comparing 68Ga-PSMA and radiocholines 
is limited and the majority of data comes from retro-
spective analyses.

CONCLUSIONS

The growing need for accurate imaging of early 
PCa recurrence has prompted the introduction of 
68Ga-PSMA PET. Although a limited number of 
studies is available, the results support the use of 
68Ga-PSMA PET in the context of secondary PCa 
staging. Moreover, PSMA-based PET scans have 
so far been proven to provide superior diagnostic 
performance than any other modality (including 
radiocholine PET/CT) for localisation of the site  
of early PCa recurrence.
However, owing to its limited history robust sensitiv-
ity and specificity, data are not available for 68Ga-
PSMA PET/CT scans. Also, most PSMA-assessing re-
search were small, retrospective, single-institutional 
studies with heterogenous patient cohorts. Only few 
studies compared 68Ga-PSMA performance with es-
tablished radiotracers such as radiocholines. Large, 
multidisciplinary, well-thought-out prospective tri-
als are needed to definitely uncover the true utility 
of PSMA-based PET in PCa recurrence diagnosis. 
Despite significant advances, there is a considerable 
scope for further research in PSMA PET.
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significant predictor for positive PET result for  
both 18F-fluoromethylcholine and 68Ga-PSMA was 
PSA level at the time of imaging. Morigi et al. re-
ported that 68Ga-PSMA PET/CT impact on patients 
management was exceptionally high, especially 
when the scan was performed at low absolute PSA 
levels [11]. 
Bluemel et al. reported that 68Ga-PSMA PET/CT 
detects disease in 43.8% of patients with biochemical 
PCa recurrence, but negative 18F-choline scans. Se-
quential imaging (performing 68Ga-PSMA PET/CT 
after negative choline scans) increased detection rate 
by 11.2% (from 74.4% to 85.6%) (Table 2). 68Ga-PS-
MA PET/CT detection rates were 28.6%, 45.5% and 
71.4% for PSA levels of ≥0.2 to <1 ng/ml, 1-2 ng/ml 
and >2 ng/ml, respectively [44]. 
Similarly, in a retrospective study Pfister et al. 
demonstrated superior performance for 68Ga-PS-
MA PET compared to 18F-fluoroethylcholine PET 
among patients with biochemical recurrence. Sen-
sitivity and specificity for 68Ga-PSMA and 18F-
fluoroethylcholine were 86.9% vs. 71.2% and 93.1%  
vs. 86.9%, respectively [45] (Table 2). 
Schwenck et al. have assessed the utility of 68Ga-
PSMA and 11C-choline PET/CT in patients with 
PCa biochemical relapse. Compared to choline ra-
diotracer, 68Ga-PSMA showed higher detection rate 
for both lymph node (71% vs. 94%) and bone metas-
tases (64% vs. 98%). The overall detection rate was 
83% in 68Ga-PSMA and 79% in 11C-choline PET  
(Table 2). Additionally, pathologic lesions showed 
a significantly higher radiotracer uptake in 68Ga-
PSMA PET than in 11C-choline PET. PSMA-based 
radiotracer superiority was more marked in patients 
with low PSA levels (<1 ng/ml) [46]. To our knowl-
edge, the study by Schwenck et al. is the only direct 
comparison of 68Ga-PSMA and 11C-choline PET 
performed so far.

1. McGuire S. World Cancer Report 2014. 
Geneva, Switzerland: World Health 
Organization, International Agency  
for Research on Cancer, WHO Press,  
2015. Adv Nutr. 2016; 7: 418-419. 

2.  Eder M, Eisenhut M, Babich J, Haberkorn U.  
PSMA as a target for radiolabelled small 
molecules. Eur J Nucl Med Mol Imaging. 
2013; 40: 819-823. 

3.  Heidenreich A, Bastian PJ, Bellmunt J, et al. 
EAU guidelines on prostate cancer. part 1: 
screening, diagnosis, and local treatment 
with curative intent-update 2013. Eur Urol. 
2014; 65: 124-137. 

4.  Ceci F, Uprimny C, Nilica B, et al. 68Ga-
PSMA PET/CT for restaging recurrent 
prostate cancer: which factors are 
associated with PET/CT detection rate?  
Eur J Nucl Med Mol Imaging. 2015; 42: 
1284-1294. 

5.  Heidenreich A, Bastian PJ, Bellmunt J, et al.  
EAU guidelines on prostate cancer. Part II:  
Treatment of advanced, relapsing, and 
castration-resistant prostate cancer. Eur 
Urol. 2014; 65: 467-479. 

6.  Eiber M, Maurer T, Souvatzoglou M, et al. 
Evaluation of Hybrid 68Ga-PSMA Ligand 
PET/CT in 248 Patients with Biochemical 

Recurrence After Radical Prostatectomy.  
J Nucl Med. 2015; 56: 668-674. 

7.  Siegmann A, Bottke D, Faehndrich J, et al. 
Salvage radiotherapy after prostatectomy 
– what is the best time to treat? Radiother 
Oncol. 2012; 103: 239-243. 

8.  Mansi L, Cuccurullo V, Evangelista L. Is 
radiocholine PET/CT already clinically 
useful in patients with prostate cancer?  
J Nucl Med. 2014; 55: 1401-1403. 

9.  Giovacchini G, Picchio M, Coradeschi E, 
et al. Predictive factors of [(11)C]choline 
PET/CT in patients with biochemical failure 

References



Central European Journal of Urology
42

after radical prostatectomy. Eur J Nucl  
Med Mol Imaging. 2010; 37: 301-309.

10.  Rinnab L, Simon J, Hautmann RE, et al. 
[(11)C]choline PET/CT in prostate cancer 
patients with biochemical recurrence  
after radical prostatectomy. World J Urol. 
2009; 27: 619-625. 

11.  Morigi JJ, Stricker PD, van Leeuwen PJ,  
et al. Prospective Comparison  
of 18F-Fluoromethylcholine Versus  
68Ga-PSMA PET/CT in Prostate Cancer 
Patients Who Have Rising PSA After 
Curative Treatment and Are Being 
Considered for Targeted Therapy.  
J Nucl Med. 2015; 56: 1185-1190. 

12.  Mease RC, Foss CA, Pomper MG. PET 
Imaging in Prostate Cancer: Focus  
on Prostate-Specific Membrane Antigen.  
Curr Top Med Chem. 2014; 13: 951-962. 

13.  Ristau BT, O’Keefe DS, Bacich DJ.  
The prostate-specific membrane antigen: 
Lessons and current clinical implications 
from 20 years of research. Urol Oncol 
Semin Orig Investig. 2014; 32: 272-279. 

14.  Rajasekaran SA, Anilkumar G, Oshima E,  
et al. A novel cytoplasmic tail MXXXL motif 
mediates the internalization of prostate-
specific membrane antigen. Mol Biol Cell. 
2003; 14: 4835-4845. 

15.  Israeli RS, Powell CT, Fair WR, Heston WD. 
Molecular cloning of a complementary 
DNA encoding a prostate-specific 
membrane antigen. Cancer Res. 1993;  
53: 227-230. 

16.  DeMarzo AM, Nelson WG, Isaacs WB, 
Epstein JI. Pathological and molecular 
aspects of prostate cancer. Lancet 
(London, England). 2003; 361: 955-964. 

17.  Zhao R, Matherly LH, Goldman ID. 
Membrane transporters and folate 
homeostasis: intestinal absorption  
and transport into systemic  
compartments and tissues. Expert  
Rev Mol Med. 2009; 11: e4. 

18.  Shafizadeh TB, Halsted CH. gamma-
Glutamyl hydrolase, not glutamate 
carboxypeptidase II, hydrolyzes dietary 
folate in rat small intestine. J Nutr. 2007; 
137: 1149-1153. 

19.  Afshar-Oromieh A, Malcher A, Eder M, 
et al. PET imaging with a [68Ga]gallium-
labelled PSMA ligand for the diagnosis  
of prostate cancer: biodistribution  
in humans and first evaluation  
of tumour lesions. Eur J Nucl Med  
Mol Imaging. 2013; 40: 486-495. 

20.  Neale JH, Bzdega T, Wroblewska B. 
N-Acetylaspartylglutamate: the most 
abundant peptide neurotransmitter  
in the mammalian central nervous system. 
J Neurochem. 2000; 75: 443-452. 

21.  Horoszewicz JS, Kawinski E, Murphy GP. 
Monoclonal antibodies to a new antigenic 
marker in epithelial prostatic cells  
and serum of prostatic cancer patients. 
Anticancer Res. 1987; 7: 27-935.

22.  Huang E, Teh BS, Mody DR, Carpenter LS,  
Butler EB. Prostate adenocarcinoma 
presenting with inguinal lymphadenopathy. 
Urology. 2003; 61: 463. 

23.  Wu L-M, Xu J-R, Ye Y-Q, Lu Q, Hu J-N.  
The clinical value of diffusion-weighted 
imaging in combination with T2-weighted 
imaging in diagnosing prostate carcinoma:  
a systematic review and meta-analysis.  
AJR Am J Roentgenol. 2012; 199: 103-110. 

24.  Bostwick DG, Pacelli A, Blute M,  
Roche P, Murphy GP. Prostate specific  
membrane antigen expression  
in prostatic intraepithelial neoplasia  
and adenocarcinoma: a study of 184  
cases. Cancer. 1998; 82: 2256-2261. 

25.  Sokoloff RL, Norton KC, Gasior CL,  
Marker KM, Grauer LS. A dual-monoclonal 
sandwich assay for prostate-specific 
membrane antigen: levels in tissues, 
seminal fluid and urine. Prostate. 2000;  
43: 150-157. 

26.  Mannweiler S, Amersdorfer P, Trajanoski S, 
Terrett JA, King D, Mehes G. Heterogeneity 
of prostate-specific membrane antigen 
(PSMA) expression in prostate carcinoma 
with distant metastasis. Pathol Oncol Res. 
2009; 15: 167-172. 

27.  Sweat SD, Pacelli A, Murphy GP,  
Bostwick DG. Prostate-specific membrane 
antigen expression is greatest in prostate 
adenocarcinoma and lymph node 
metastases. Urology. 1998; 52: 637-640. 

28.  Wright GL, Haley C, Beckett ML, 
Schellhammer PF. Expression of prostate-
specific membrane antigen in normal, 
benign, and malignant prostate tissues. 
Urol Oncol. 1995; 1: 18-28. 

29.  Perner S, Hofer MD, Kim R, et al. Prostate-
specific membrane antigen expression as 
a predictor of prostate cancer progression. 
Hum Pathol. 2007; 38: 696-701. 

30.  Birtle AJ, Freeman A, Masters JRW,  
Payne HA, Harland SJ, BAUS Section  
of Oncology Cancer Registry. Tumour 
markers for managing men who present 

with metastatic prostate cancer  
and serum prostate-specific antigen  
levels of. BJU Int. 2005; 96: 303-307. 

31.  Wright GL, Grob BM, Haley C, et al. 
Upregulation of prostate-specific 
membrane antigen after androgen-
deprivation therapy. Urology. 1996;  
48: 326-334. 

32.  Chang SS, Reuter VE, Heston WD, Gaudin PB.  
Comparison of anti-prostate-specific 
membrane antigen antibodies and other 
immunomarkers in metastatic prostate 
carcinoma. Urology. 2001; 57: 1179-1183.

33.  Haffner MC, Kronberger IE, Ross JS, et al.  
Prostate-specific membrane antigen 
expression in the neovasculature of gastric 
and colorectal cancers. Hum Pathol. 2009; 
40: 1754-1761.

34.  Silver DA, Pellicer I, Fair WR, Heston WD,  
Cordon-Cardo C. Prostate-specific 
membrane antigen expression in normal 
and malignant human tissues. Clin Cancer 
Res. 1997; 3: 81-85. 

35.  Chang SS, O’Keefe DS, Bacich DJ, Reuter VE,  
Heston WD, Gaudin PB. Prostate-specific 
membrane antigen is produced in tumor-
associated neovasculature. Clin Cancer 
Res. 1999; 5: 2674-2681. 

36.  Jadvar H. PSMA PET in Prostate Cancer.  
J Nucl Med. 2015; 56: 1131-1132. 

37.  Bander NH. Technology insight: 
monoclonal antibody imaging  
of prostate cancer. Nat Clin Pract  
Urol. 2006; 3: 216-225. 

38.  Ghosh A, Heston WDW. Tumor target 
prostate specific membrane antigen 
(PSMA) and its regulation in prostate 
cancer. J Cell Biochem. 2004; 91: 528-539.

39.  Rowe SP, Gorin MA, Allaf ME, et al. PET 
imaging of prostate-specific membrane 
antigen in prostate cancer: current state 
of the art and future challenges. Prostate 
Cancer Prostatic Dis. 2016; 19: 223-230. 

40.  Afshar-Oromieh A, Avtzi E, Giesel FL, et al. 
The diagnostic value of PET/CT imaging 
with the 68Ga-labelled PSMA ligand  
HBED-CC in the diagnosis of recurrent 
prostate cancer. Eur J Nucl Med Mol 
Imaging. 2015; 42: 197-209. 

41.  Demirkol MO, Acar Ö, Uçar B, 
Ramazanoğlu SR, Sağlıcan Y, Esen T. 
Prostate-specific membrane antigen- 
based imaging in prostate cancer:  
Impact on clinical decision making  
process. Prostate. 2015; 757: 748-757.



43
Central European Journal of Urology

42.  Perera M, Papa N, Christidis D, et al. 
Sensitivity, Specificity, and Predictors 
of Positive (68)Ga-Prostate-specific 
Membrane Antigen Positron Emission 
Tomography in Advanced Prostate  
Cancer: A Systematic Review and Meta-
analysis. Eur Urol. 2016; 70: 926-937.

43.  Afshar-Oromieh A, Zechmann CM,  
Malcher A, et al. Comparison of PET 
imaging with a 68Ga-labelled PSMA  
ligand and 18F-choline-based PET/CT  

for the diagnosis of recurrent prostate 
cancer. Eur J Nucl Med Mol Imaging. 2014; 
41: 11-20. 

44.  Bluemel C, Krebs M, Polat B, et al. 68Ga-
PSMA-PET/CT in Patients With Biochemical 
Prostate Cancer Recurrence and Negative 
18F-Choline-PET/CT. Clin Nucl Med. 2016; 
41: 515-521. 

45.  Pfister D, Porres D, Heidenreich A, et al. 
Detection of recurrent prostate cancer 

lesions before salvage lymphadenectomy 
is more accurate with (68)Ga-PSMA-HBED-
CC than with (18)F-Fluoroethylcholine  
PET/CT. Eur J Nucl Med Mol Imaging. 2016; 
43: 1410-1417. 

46.  Schwenck J, Rempp H, Reischl G, et al. 
Comparison of (68)Ga-labelled PSMA-11 
and (11)C-choline in the detection  
of prostate cancer metastases by PET/CT. 
Eur J Nucl Med Mol Imaging. 2016; 44: 
92-101. 


