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Abstract: 68Ga-PSMA-11 PET/CT performed 60 min post tracer injection (p.i.) can underestimate prostate cancer 
(PC) local recurrence, due to high 68Ga-PSMA-11 urinary bladder accumulation. Aim of this analysis is to evalu-
ate the complementary role of early dynamic and parametric PET imaging in patients with PC local recurrence. 
Sixteen patients with PC biochemical relapse attributed to local recurrence underwent dynamic 68Ga-PSMA-11 PET/
CT scanning of the pelvis and whole-body PET/CT. Data analysis was based on visual analysis of the PET/CT scans, 
SUV calculations, quantitative analysis based on two-tissue compartment and Patlak models as well as parametric 
imaging based on Patlak analysis. 12/16 patients were PSMA-positive in the static 68Ga-PSMA-11 PET/CT scans (60 
min p.i.). All 12 lesions corresponding to PC local recurrence were detected in the early dynamic images at a median 
time of 4.5 min p.i. (range = 1.5-11.5 min). Moreover, early dynamic PET imaging could detect local recurrence in 
1/4 static PET/CT-negative patients. Tracer accumulation in the urinary bladder began at a median time of 10 min 
(range = 6.0-17.5 min). All PC local recurrences visible on late static PET/CT and the local recurrence, which was 
positive only in early dynamic but not in late PET images, could be delineated on Patlak images. The present findings 
indicate that early dynamic 68Ga-PSMA-11 PET/CT scan of the pelvis up to 12 min p.i. as well as Patlak analysis, 
performed in addition to the conventional PET/CT acquired at 60 min p.i., seem a practical approach to increase 
the detection rate of PC local recurrence. 
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Introduction

Biochemical recurrence occurs in up to 40% of 
prostate cancer (PC) patients after radical pros-
tatectomy [1]. Accurate localization of relapsing 
disease at low prostate specific antigen (PSA) 
levels is of significance, because the subse-
quent application of early salvage radiotherapy 
provides a possibility of cure. In particular, it is 
expected that more than 60% of patients being 
treated before the PSA level rises to >0.5 ng/
ml, will achieve an undetectable PSA level [2]. 
Despite the significant advances that have 
taken place especially in the field of magnetic 
resonance imaging (MRI), conventional imaging 

modalities still have clear limitations in PC re- 
currence assessment [1, 2].

Positron emission tomography/computed to- 
mography (PET/CT) with the 68Ga-labelled pros-
tate specific membrane antigen (PSMA) Glu-
urea-Lys-(Ahx)-HBED-CC (68Ga-PSMA-11) has 
emerged in the current decade as a novel  
imaging modality with proven clinical value in 
PC biochemical recurrence management [5-7]. 
Nevertheless, when performed with the ‘con-
ventional’ protocol of static image acquisition 
at 60 min post tracer injection, the modality 
carries the inherent disadvantage of high 
68Ga-PSMA-11 accumulation in the bladder, 
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which can mask the detection of PC local recur-
rence [8].

Dynamic PET/CT (dPET/CT) allows registration 
of pharmacokinetic information over time, un- 
like classical PET/CT protocols that enable the 
acquisition of patient images only at one time 
point after tracer injection. With the application 
of compartment modeling as well as paramet-
ric image analysis of the dPET data, different 
features of the tracer kinetics can be visual-
ized. In an attempt to increase the diagnostic 
efficacy of 68Ga-PSMA-11 PET/CT, we aimed in 
the present study to evaluate the complemen-
tary role of early dynamic and parametric PET 
imaging in patients with local recurrence of PC.

Materials and methods

Patients

16 patients with biochemical relapse of PC 
attributed to local recurrence, based on imag-
ing (MRI, PET/CT with 68Ga-PSMA-11) findings, 
were enrolled in this retrospective analysis. All 
patients had undergone primary therapy with 
curative intent. Their median age was 69.5 
years (range = 57-78 years). The median PSA 
value was 2.4 ng/mL (range = 0.2-19.9 ng/ 
mL). Gleason score was available in 12/16 
patients (median = 7.5; range = 6-10). Table 1 
presents the characteristics of the patients 
investigated. The analysis was conducted in 
accordance to the declaration of Helsinki with 
approval of the ethical committee of the Uni- 
versity of Heidelberg and the federal agency of 
radiation protection.

Data acquisition

The patients were intravenously administered 
with 68Ga-PSMA-11, which was synthesized and 
radiolabeled as published previously [9, 10]. 
Data acquisition consisted of two parts: the 
dynamic part (dPET/CT studies) and the static 
part (whole body PET/CT). dPET/CT studies 
were performed over the pelvic area and the 
lower abdomen (two bed positions, 44 cm) for 
60 min using a 24-frame protocol (10 frames  
of 30 seconds, 5 frames of 60 seconds, 5 
frames of 120 seconds and 4 frames of 600 
seconds). Whole body static imaging was per-
formed in all patients with an image duration of 
2 min per bed position for the emission scans 
after the end of the dynamic acquisition. Details 

regarding data acquisition are described in pre-
vious publications of our group [11-13].

Data analysis

Data analysis and evaluation was based on 
visual analysis of the static and dynamic PET/
CT scans, volume of interest-based (VOI-based) 
analysis leading to semi-quantitative (stand- 
ardised uptake value-SUV) and quantitative 
calculations based on a two-tissue compart-
ment model as well as on Patlak analysis. Fur- 
thermore, parametric Patlak images have been 
calculated.

Visual analysis

Qualitative analysis of the ‘late’ PET/CT images 
was based on visual assessment of the static 
PET/CT scans acquired approximately 60 min 
post injection (p.i.). Areas presenting with sig-
nificantly enhanced 68Ga-PSMA-11 uptake in 
the prostate fossa, apart from those in which 
an increased tracer uptake is considered physi-
ological, were considered positive for local PC 
recurrence. Qualitative evaluation of the early 
dynamic PET images was performed using the 
software package PMOD (PMOD Technologies 
Ltd, Zürich, Switzerland) [14, 15]. In particular, 
clearly delineated areas of increased tracer 
accumulation in the prostate fossa higher than 
background activity, were considered positive 
for local PC recurrence. The frame in which 
these lesions as well as urinary bladder were 
clearly detected was evaluated.

VOI-based analysis

Semi-quantitative evaluation was based on 
VOIs and on subsequent calculation of SUV  
values. VOIs were drawn with an isocontour 
mode (pseudo-snake) and were placed over  
the sites of local PC recurrence [16]. SUV val-
ues were calculated at the end of the dyna- 
mic PET acquisition (55-60 min p.i.).

The quantitative evaluation of the dynamic PET 
data was performed with PMOD software (PM- 
OD Technologies Ltd, Zürich, Switzerland) and 
based on irregular VOIs placed over sites of 
local PC recurrence. The kinetics of 68Ga-PSMA- 
11 can be described with a two-tissue com-
partment model, which reflects internalization 
of the receptor-ligand complex [11-13]. For the 
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Table 1. Characteristics of the patients investigated in the study
Patient 
number Age PSA Gleason 

score Previous therapy Other metastases Therapy change after imaging SUVaverage SUVmax Slope Intercept

1 72 1.86 8 Radical prostatectomy 
and radiation therapy

Yes (bone) Yes (radiation therapy and androgen deprivation 
therapy)

6.2 7.5 Positive Positive

2 76 2.35 6 Radical prostatectomy 
and radiation therapy

No Yes (Salvage-HIFU) 4.6 4.7 Positive Positive

3 70 0.27 7 Radical prostatectomy 
and lymphadenectomy

Yes (lymph nodes) Yes (Salvage radiation therapy to the prostatic fossa 
and pelvic nodes)

45.8 50.9 Positive Positive

4 57 1.98 Unknown Radical prostatectomy No Yes (8 months later radiation therapy by persistent 
PSA increase; no other imaging after 68Ga-PSMA 
PET/CT)

10.7 12.3 Positive Positive

5 72 2.00 9 HDR brachytherapy Yes (lymph nodes) Yes (TURP after 6 months; no other imaging after  
68Ga-PSMA PET/CT)

6.4 7.4 Positive Positive

6 77 19.90 7 HIFU Yes (lymph nodes, bone) Yes (androgen deprivation therapy) 5.2 5.5 Positive Positive

7 67 6.77 8 Radiation therapy No No 7.9 10.2 Positive Positive

8 59 7.18 Unknown Radiation therapy No No 3.1 3.3 Positive Positive

9 69 1.20 9 Radiation therapy No Yes (Salvage-HIFU) 29.8 37.6 Positive Positive

10 64 3.40 7 Radiation therapy No Yes (Salvage-HIFU) 12.7 13.1 Positive Positive

11 60 Unknown Unknown Radical prostatectomy Local recurrence is static PET/CT-negative and 
MRI-positive. No other lesions

Yes (Salvage radiation therapy) n.a. n.a. Negative Negative

12 68 4.17 Unknown Radical prostatectomy 
and HIFU

No Yes (HIFU) 26.5 29.0 Positive Positive

13 69 11.66 7 Radical prostatectomy Yes (lymph nodes) Yes (androgen deprivation therapy after 9 months; 
no other imaging after 68Ga-PSMA PET/CT)

14.5 27.2 Positive Positive

14 73 4.60 7 Radical prostatectomy Local recurrence is static PET/CT-negative and 
MRI-positive. No other lesions

Yes (androgen deprivation therapy; radiation therapy 
recommended, but declined from the patient)

n.a. n.a. Negative Negative

15 78 2.02 9 Radical prostatectomy Local recurrence is static PET/CT-negative and 
MRI-positive. Lymph nodes and bone metastases

Yes (androgen deprivation therapy) n.a. n.a. Negative Negative

16 71 0.18 10 Radical prostatectomy 
and lymphadenectomy

Local recurrence is static PET/CT-negative and 
MRI-positive. Lymph nodes and bone metastases

Yes (radiation therapy and androgen deprivation 
therapy)

n.a. n.a. Negative Positive

HDR, high-dose rate; HIFU, High intensity focused ultrasound; TURP, transurethral resection of the prostate; n.a., not applicable.
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input function the mean value of the VOI data 
from the common iliac artery was used [17]. A 
vessel VOI consisted of at least seven conse- 
cutive regions of interest (ROIs). The recovery 
coefficient was 0.85 for a diameter of 8 mm. 
The application of two-tissue compartment 
modelling leads to the extraction of the param-
eters K1, k2, k3 and k4. Following compartmen-
tal analysis, we calculated the global influx (Ki) 
from the compartment data using the formula: 
Ki = (K1 × k3)/(k2 + k3). 

The dynamic PET data (0-60 min p.i.) were also 
analysed with the Patlak plot model [18]. The 
Patlak plot is given by the expression:
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where CTissue(t) is the tissue concentration of the 
tracer at time t, CP(t) is the plasma concentra-
tion of the tracer at time t, KPatlak (slope) is the 
tracer blood-tissue transfer constant and VPatlak 
(intercept) equals V0 + vB with the distribution 
volume V0 of the reversible compartment and 
the fractional blood volume vB. As already men-
tioned, the input function was image-derived 
and generated from VOI data from the common 
iliac artery. 

Parametric imaging

Parametric images of the slope and the inter-
cept were calculated based on the dynamic 
PET data and after application of the PMOD 
software. These images were assessed visual- 
ly and quantitatively by using the same VOIs 
drawn over sites of local recurrence as for SUV 
calculations: PC local recurrences with clearly 
enhanced signal in slope or intercept were cla- 
ssified as positive, while complete lack of en- 
hancement in the recurrence area was classi-
fied as negative. The Patlak-based influx con-
stant KPatlak was calculated. 

Statistical analysis

Data were statistically evaluated using the ST- 
ATA/SE 12.1 (StataCorp) software on an Intel 
Core (2-3.06 GHz, 4 GB RAM) running with Mac 
OS X 10.8.4 (Apple Inc., Cupertino, CA, USA). 
The statistical evaluation was performed using 
descriptive statistics and Spearman’s rank cor-
relation analysis. The results were considered 
significant for P less than 0.05 (P<0.05). 

Results

Visual analysis

Visual analysis of the static 68Ga-PSMA-11 PET/
CT scans acquired 60 min p.i. revealed that 
12/16 patients were PET/CT-positive. The rest 

Figure 1. 68Ga-PSMA-11 PET/CT of a 67-year-old patient with biochemical recurrence of PC (PSA at 6.77 ng/ml) 
attributed to local recurrence. A. Shows increased 68Ga-PSMA-11 accumulation in the prostate fossa in the early 
dynamic image 7 min p.i. (upper left image, ‘early’), which corresponds to the lesion depicted with increased tracer 
uptake in the late static image 60 min p.i. (lower left image, ‘late’). High signal in the area of the local recurrence 
both in the intercept (upper right image, ‘intercept’) and the slope (lower right image, ‘slope’) parametric Patlak-
based images. B. Exhibits the PC local recurrence seen as a pathological 68Ga-PSMA-11 accumulation in the fused 
PET/CT image at 60 min p.i.
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(4/16 patients) were negative on static PET/CT 
but positive on MRI. In 9 patients metastases 
in other sites (bone, lymph nodes) were also 
detected, while in 7 patients local recurrence 
was the only pathologic finding. Clinical follow-
up was available in all patients. Patient man-
agement was altered in 14/16 patients based 
on imaging findings, while in 2 patients no th- 
erapy was initiated. All patients who received 
treatment demonstrated PSA-responses (Table 
1).

Visual analysis of the early dynamic images sh- 
owed that all 12 lesions corresponding to PC 
local recurrence could be detected in earlier 
frames of the dynamic PET acquisition at a 
median time of 4.5 min p.i. (range = 1.5-11.5 
min) (Figure 1). Tracer accumulation in the uri-

nary bladder began at a median time of 10 min 
(range = 6.0-17.5 min). No lesion detected on 
static PET/CT at 60 min p.i. was missed on 
early dynamic imaging. Moreover, early dynam-
ic PET imaging could detect local recurrence in 
1/4 patients who were negative on static PET/
CT; this lesion was masked in the late/static 
images from bladder activity (Figure 2; Table 
1).

VOI-based analysis

Descriptive statistics of the most important 
kinetic parameters (K1, k3 and influx-Ki) deri- 
ved from two-tissue compartment model, the 
parameter KPatlak derived from Patlak model as 
well as the SUVaverage and SUVmax are shown in 
Table 2 as well as in Figures 3 and 4.

Quantitative analysis showed strong correla-
tions between the Patlak-derived influx con-
stant KPatlak and the VOI-based influx-Ki calcu-
lated by the two-tissue compartment model  
(r = 0.72), as well as the SUVaverage (r = 0.98)  
and SUVmax calculated at 55-60 min p.i. (r = 
0.99) (Table 3).

Parametric imaging

Parametric analysis revealed a positive signal 
in slope images in 12/16 local recurrences, 
and a positive signal in intercept images in 
13/16 local recurrences (Figure 1). In particu-

Figure 2. 68Ga-PSMA-11 PET/CT of a 71-year-old patient with biochemical recurrence of PC (PSA at 0.18 ng/ml). A. 
Shows increased 68Ga-PSMA-11 accumulation in the prostate fossa in the early dynamic image 6 min p.i. (arrow in 
the upper left image, ‘early’), which is not observed in the late static image 60 min p.i., since it is ‘masked’ by the 
overlying bladder activity (lower left image, ‘late’). High signal in the area of the local recurrence in the intercept 
(arrow in the upper right image, ‘intercept’) but not in the slope (lower right image, ‘slope’) parametric Patlak-based 
image. B. Exhibits no pathological 68Ga-PSMA-11 accumulation in the fused PET/CT image at 60 min p.i.

Table 2. Descriptive statistics of VOI-based 
kinetic models parameters and semi-quanti-
tative (SUV values) parameters
Parameters Mean Median Minimum Maximum
K1 0.19 0.15 0.05 0.60
k3 0.28 0.16 0.02 0.85
Influx-Ki 0.12 0.07 0.02 0.49
KPatlak 0.11 0.08 0.02 0.32
SUVaverage 13.7 7.9 3.1 45.8
SUVmax 16.6 10.2 3.3 50.9
The units of parameters K1, k3, influx-Ki and KPatlak are 1/
min. SUVaverage and SUVmax have no unit.
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lar, the Patlak graphic model showed that all 
late static PET/CT findings had a positive signal 
in slope images, but none of the 4 static PET/
CT-negative lesions were slope-positive. On the 
other hand, intercept images were positive not 
only in the 12 PC local recurrence lesions, but 
also in the previously mentioned lesion only 
seen in the early dynamic images (Figure 2).

Discussion

According to the recently published Joint Eur- 
opean Association of Nuclear Medicine and 

ric PET imaging for the detection of PC local 
recurrence. Our results showed that the appli-
cation of early dynamic scanning led to the 
detection of a PC local recurrence in one pa- 
tient, which would have been missed if only 
static PET/CT (60 min p.i.) was applied, due to 
high tracer accumulation in the urine. More- 
over, all lesions depicted on static scans were 
visualized on the early dynamic PET imaging at 
a median time of 4.5 min p.i. and with a range 
of 1.5-11.5 min p.i. At that time point, no dis-
turbing background activity from the urinary 

Figure 3. Box plots of the 68Ga-PSMA-11 parameters SUVaverage and SUVmax in 
PC local recurrence lesions.

Figure 4. Box plots of the 68Ga-PSMA-11 parameters K1, k3, influx-Ki and KPatlak 
in PC local recurrence lesions.

Society of Nuclear Medicine 
and Molecular Imaging proce-
dure guidelines for 68Ga-PS- 
MA-11 PET/CT imaging, a 60- 
min interval p.i. is recom-
mended for uptake time with 
an acceptable range of 50  
to 100 min [19]. However,  
the physiologic accumulation 
of 68Ga-PSMA-11 that takes 
place during this time period 
in the urinary bladder can 
hamper the detection of le- 
sions in the pelvic region,  
rendering, thus, the visualiza-
tion of PC local recurrences 
challenging [7]. Various meth-
ods have been proposed for 
reduction of radioactivity in 
the urinary bladder and, sub-
sequently, better delineation 
of pathologic findings in the 
PET scans. Administration of 
furosemide is such a strate- 
gy, but the so far published 
results do not seem very en- 
couraging [20, 21]. Another 
approach that has shown 
promising results is the acqui-
sition of late PET/CT images 
at 180 min p.i. [20, 22]. How- 
ever, this technique may be 
impractical, because it entails 
that the patient will spend 
much more time in the de- 
partment and more scanning 
time is needed. 

In view of this diagnostic chal-
lenge, we aimed to evaluate 
the potential complementary 
role of dynamic and paramet-
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bladder was seen. Urinary bladder activity was 
demonstrated at a median time of 10 min.

These findings are in line with the results of 
Uprimny et al. who performed early static 68Ga- 
PSMA-11 PET imaging of the pelvis starting at a 
median of 283 seconds p.i. (with a duration of 
PET emission of two min) as well as convention-
al late static PET imaging at 60 min p.i. in con-
secutive PC patients with biochemical failure. 
The authors showed that all patients judged 
positive for local recurrence on late PET/CT 
images were also positive on early PET/CT. 
Furthermore, early PET/CT resulted in a signifi-
cant increase in detection rate of pathologic 
lesions in 24.6% of the studied patients [23]. 
The same group had performed early dynamic 
68Ga-PSMA-11 PET imaging of the pelvis in  
the first 8 min in a mixed group of PC patients 
with biochemical relapse and primary tumors. 
According to their results, median SUVmax of all 
tumor lesions in the time frames 1-6 min p.i. 
was significantly higher than in the urinary blad-
der [24]. Based on our and the previously men-
tioned findings, we suggest the acquisition of 
an early dynamic 68Ga-PSMA-11 PET/CT scan of 
the pelvis up to 12 min p.i. in addition to the 
conventional PET/CT acquired at 60 min p.i.

We also applied Patlak analysis in the studied 
population in order to investigate the potential 
impact of parametric images in the evaluation 
of PC local recurrence. Although Patlak analysis 
is a pharmacokinetic approach used for dyna- 
mic 18F-FDG PET studies, this graphical appro- 
ach can also be used for tracers with irrevers-
ible uptake to describe pharmacokinetics. The 
assumption is that a radiotracer can be approx-
imated by two tissue compartments, a revers-
ible and an irreversible one. Parametric imag-
ing is a method for feature extraction, enabling 
the visualization of single parameters of tracer 

kinetics. A pre-requisite for this analysis is 
dynamic PET acquisition. According to this 
model, the influx constant KPatlak, which repre-
sents the tracer blood-tissue transfer constant, 
is obtained from the slope of the time-activity 
curve. We found that all PC lesions visible on 
late static 68Ga-PSMA-11 PET/CT images were 
also positive both on the slope and the inter-
cept Patlak images. Interestingly, the ‘mis-
match’ lesion, which was positive in the early 
dynamic PET images but negative in the late 
static PET images, could be demonstrated on 
the intercept images. In contrary, it could not 
be delineated in the slope images since it was 
‘covered’ by the urinary activity in the bladder. 
Thus, Patlak analysis, and in particular inter-
cept images of the time-activity curve, may pro-
vide additional information in detection of PC 
local recurrence by means of 68Ga-PSMA-11 
PET/CT. However, the need for dynamic scan-
ning during the whole time range of 60 min may 
be impractical in everyday clinical practice.

We have previously described the kinetics of 
68Ga-PSMA-11 by a two-tissue compartment 
model based on the assumptions mentioned 
before and found strong correlations between 
the global tracer influx Ki and the degree of 
tracer uptake, reflected by SUV [11, 12]. In the 
present study, very strong correlations were 
revealed between the Patlak-derived influx con-
stant KPatlak, obtained from the slope of the fit, 
the VOI-based influx Ki derived from two-tissue 
compartment model, as well as SUVaverage and 
SUVmax. These results come to support similar 
findings regarding the correlation of Patlak-
derived influx KPatlak and these parameters in 
patients with different tumors and studied with 
different tracers [25, 26].

However, our study has some limitations, the 
first one deriving from its retrospective nature. 
A prospective study is necessary to substanti-
ate our findings. Another limitation is the rela-
tively small number of patients enrolled. In 
addition, most PET positive findings were not 
validated histopathologically. However, person-
al communication either with referring physi-
cians or the patients revealed that patient man-
agement was altered in 14/16 patients based 
on imaging findings, while in 2 patients no ther-
apy was given. All patients who received treat-
ment showed at least partial PSA decreases. 
Finally, we applied the Patlak and the two-tis-
sue compartment models in order to describe 

Table 3. Results of the Spearman’s rank cor-
relation analysis between VOI-based kinetic 
models parameters and semi-quantitative 
(SUV values) parameters

Influx-Ki KPatlak SUVaverage

KPatlak 0.7203*
SUVaverage 0.7692* 0.9790*
SUVmax 0.7552* 0.9860* 0.9930*
Values were considered significant for P<0.05. *Signifi-
cant differences (P<0.05).
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the 68Ga-PSMA-11 distribution kinetics, alth- 
ough these are primarily used for the assess-
ment of 18F-FDG kinetics; however, both models 
have already been used for tracer kinetics eval-
uation of receptor-binding radioligands, as is 
the case for 68Ga-DOTATOC and 68Ga-DOTATATE 
[26].

Conclusions

In this study we could show that PC local recur-
rences could be detected in early frames of the 
dynamic 68Ga-PSMA-11 PET/CT acquisition at a 
median time of 4.5 min p.i., while the 68Ga- 
PSMA-11 accumulation in the urinary bladder 
began at a median time of 10 min. One lesion 
not seen on late static PET/CT images could be 
detected with early dynamic scanning. There- 
fore, a short data acquisition protocol including 
early dynamic scanning of the pelvis up to 12 
min p.i., in combination with static, whole-body 
imaging at 60 min p.i. may be a good compro-
mise to increase the detection rate of PC local 
recurrence. Patlak analysis, and in particular 
intercept images of the time-activity curve, may 
provide additional information in detection of 
PC local recurrence by means of 68Ga-PSMA-11 
PET/CT. 
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