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Abstract

Objectives Aim of the present analysis is to investigate the biodistribution and pharmacokinetics of the recently clinically
introduced radioligand '*F-PSMA-1007 in patients with biochemical recurrence or progression of prostate cancer (PC) by means
of multiparametric (dynamic and whole-body) PET/CT.

Methods Twenty-five (25) patients with PC biochemical relapse or progression (median age = 66.0 years) were enrolled in the
analysis. The median PSA value was 1.2 ng/mL (range = 0.1-237.3 ng/mL) and the median Gleason score was 7 (range = 6—10).
All patients underwent dynamic PET/CT (dPET/CT) scanning (60 min) of the pelvis and lower abdomen as well as whole-body
PET/CT with '"®F-PSMA-1007. PET/CT assessment was based on qualitative evaluation, SUV calculation, and quantitative
analysis based on a two-tissue compartment model and fractal analysis.

Results 15/25 patients were PET-positive. Plasma PSA values in the '*F-PSMA-1007 positive group were higher (median =
3.6 ng/mL; range = 0.2-237.3 ng/mL) than in the 'F-PSMA-1007 negative group (median value =0.7 ng/mL; range =0.1—
3.0 ng/mL). Semi-quantitative analysis in the PC lesions demonstrated a mean SUV,erage = 25.1 (median = 15.4; range = 3.5—
119.2) and a mean SUV . =41.5 (median = 25.7; range = 3.8-213.2). Time—activity curves derived from dPET/CT revealed an
increasing tracer accumulation during the 60 min of dynamic PET acquisition into the PC lesions, higher than in the urinary
bladder and the colon. Significant correlations were observed between 18F_PSMA-1007 uptake (SUV), influx, and fractal
dimension (FD).

Conclusions '*F-PSMA-1007 PET/CT could detect PC lesions in 60% of the patients of a mixed population, including also
patients with very low PSA values. Higher PSA values were associated with a higher detection rate. Dynamic PET analysis
revealed an increasing tracer uptake during the dynamic PET acquisition as well as high binding and internalization of the
radiofluorinated PSMA ligand in the PC lesions.
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Prostate-specific membrane antigen (PSMA)-targeted PET/
CT represents a novel, highly promising imaging modality
being applied increasingly in the current decade in prostate
cancer (PC) management. In particular, PET/CT imaging with
the ®®*Ga-labeled tracer Glu-urea-Lys(Ahx)-HBED-CC (**Ga-
PSMA-11) has shown clinical value both in PC biochemical
relapse and primary staging [1-7]. Nevertheless, non-invasive
imaging with the **Ga-labeled PSMA radioligand faces some
challenges: firstly, its limited production capacity via local
gallium generators leads to restrictions in its availability.
Secondly, the short physical half-life of ®*Ga (approximately
68 min) prevents a relatively massive production and
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distribution of the radiotracer **Ga-PSMA-1 1, despite the
nowadays available cyclotron-based production of **Ga [8].
Furthermore, the rapid tracer excretion from the urinary tract
leads to a high ®®*Ga-PSMA-11-associated accumulation of
radioactivity in the bladder, which can hamper prostate eval-
uation and even mask the detection of PC local recurrence [9].

In this context, the development and introduction in
clinical practice of the radiofluorinated PSMA ligands
represents a logical approach to overcome these limita-
tions associated with “®Ga-PSMA-11. Moreover, the ca-
pability of central cyclotron production and the longer
physical half-life of '®F (approximately 110 min) can
help overcome the major practical issues regarding
%8Ga production and distribution. The two most studied
and recently clinically introduced '®F-labeled PSMA Ili-
gands are the (2-(3-{l-carboxy-5-[(6-['®F]fluoro-pyri-
dine-3-carbonyl)-amino]-pentyl}-ureido)-pentanedioic ac-
id) ("®F-DCFPyL) and (((3S,10S,14S)-1-(4-(((S)-4-
carboxy-2-((S)-4-carboxy-2-(6-['®F]fluoro-
nicotinamido)butanamido)butanamido)methyl)phenyl)-
3-(naphthalen-2-ylmethyl)-1,4,12-trioxo-2,5,11,13-
tetraazahexadecane-10,14,16-tricarboxylic acid)) ("®F-
PSMA-1007) [10]. In particular, '*F-PSMA-1007 dem-
onstrates the advantage of low background activity in
the urinary bladder, rendering 18F_PSMA-1007 PET/CT
an attractive alternative to °®Ga-labeled PSMA imag-
ing''. The published data on 'SF-PSMA-1007 PET/CT
examinations suggest an achievement of excellent image
quality and a high potential for lesion localization both
in newly diagnosed and biochemically recurrent PC pa-
tients [10, 12-15].

In the present retrospective study, we performed
multiparametric PET/CT scanning with both dynamic and
whole-body static acquisition with the radiotracer '®F-
PSMA-1007. Our aim was to evaluate the pharmacokinetics
and distribution of '*F-PSMA-1007 in a group of patients
with biochemical recurrence or progression of PC.

Materials and methods
Patients

Twenty-five patients with a history of previously treated PC were
studied with '®F-PSMA-1007 for restaging purposes and were
enrolled in this analysis. In particular, 17 patients showed bio-
chemical recurrence after therapy with curative intent; these pa-
tients were not receiving any treatment at the time of scanning.
The remaining eight patients showed biochemical progression of
PC, demonstrated by a PSA increase; these patients were already
under treatment (androgen deprivation therapy) at the time of the
PET/CT scan. The median age of the studied cohort was 66 years
(range = 48—84 years). The median PSA value was 1.2 ng/mL
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(range = 0.2-237.3 ng/mL), and the median primary Gleason
score—available in 18 patients—was 7 (range = 6—10). Table 1
presents the analyzed characteristics of the patients investigated.
The study was conducted in accordance with the declaration of
Helsinki, and was approved by the Ethical Committee of the
University of Heidelberg (S-253/2019). All patients gave written
informed consent to undergo '*F-PSMA-1007 PET/CT follow-
ing the regulations of the German Pharmaceuticals Act §13(2b).

Multiparametric PET/CT-data acquisition

The patients were intravenously administered with a median of
237 MBq '®F-PSMA-1007 injection solution (range =131—
266 MBq), which was radiosynthesized with the direct one-
step radiolabeling approach as published previously [16].

A dedicated PET/CT system (Biograph mCT, 128 S, Siemens
Co., Erlangen, Germany) with an axial field of view of 21.6 cm
with TruePoint and TrueV, operated in a three-dimensional
mode, was used. A multiparametric PET/CT was performed,
which consisted of the dynamic part (APET/CT studies) and the
static part (whole body PET/CT studies). dPET/CT was per-
formed over the pelvic area and the lower abdomen (field of
view =43.2 cm) for 60 min after i.v. injection of the radiotracer
using a 24-frame protocol (10 frames of 30 s, 5 frames of 60 s, 5
frames of 120 s, and 4 frames of 600 s) and a multibed protocol
(two bed positions). After the end of the dynamic PET acquisi-
tion, the patients were asked to urinate, and then additional
whole-body static images (starting approximately at 70 min
p.i.) from the skull to the feet were acquired with duration of
2 min per bed position for the emission scans. A low-dose atten-
uation CT (120 kV, 30 mA) was used for attenuation correction
of the dynamic emission PET data and for image fusion. A
second low-dose CT (120 kV, 30 mA) was performed after the
end of the dynamic series covering the area from the skull to the
feet in order to counteract patient movement after the dynamic
series. Details about the scanning protocol have been described
previously by our group [17].

Multiparametric data analysis: SUV evaluation,
compartment and non-compartment analysis

Data analysis was based on qualitative (visual) analysis of the
PET/CT scans, semi-quantitative evaluation based on SUV
calculations, and quantitative analysis based on a two-tissue
compartment model and fractal analysis.

Qualitative analysis was based on visual assessment of the
"®F_.PSMA PET/CT scans. Two nuclear medicine physicians
(CS, ADS) evaluated the areas with high '*F-PSMA-1007
expression on transaxial, coronal, and sagittal images. Areas
presenting with enhanced tracer uptake, apart from those in
which an increased tracer uptake is considered physiological,
were considered indicative for PC recurrence. Both readers
were blinded for clinical data at the time of analysis.
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Table 1 Characteristics of the patients investigated

Patient Age  PSA  Gleason Local Lymph Bone Other Previous treatment Indication  Dosage

no. (years) (ng/ score recurrence node metastases metastases (MBq)

mL) metastases (lung, liver)

1 71 0.18 10 1 1 1 Radical prostatectomy and Relapse 252
radiotherapy

2 75 0.62 7 Radical prostatectomy Relapse 227

3 62 0.20 7 Radical prostatectomy Relapse 249

4 69 1.87 Unknown 1 Radical prostatectomy, Relapse 252
lymphadenectomy and
radiotherapy

77 048 7 Radical prostatectomy Relapse 251
73 1.58 7 2 Radical prostatectomy and Relapse 242

radiotherapy

7 74 1.19 7 3 1 (lung) Radical prostatectomy and Relapse 223
radiotherapy

8 65 0.97 Unknown Radical prostatectomy and Relapse 257
radiotherapy

9 59 0.40 Unknown 1 1 Androgen deprivation therapy Progression 229

10 65 7.00 10 >20 Chemotherapy (docetaxel), Progression 223
radiotherapy

11 79 728 9 1 >20 Radical prostatectomy, androgen Progression 241
deprivation therapy

12 72 0.76 7 Radical prostatectomy Relapse 170

13 48 449 7 1 Hyperthermia, androgen deprivation Relapse 131
therapy

14 72 1.14 7 2 4 Radical prostatectomy and Relapse 184
radiotherapy, Androgen
deprivation therapy

15 66 6.17 7 >20 >20 >20 (liver)  Radical prostatectomy, Progression 228
lymphadenectomy and
radiotherapy, Androgen
deprivation therapy

16 65 237.30 10 >20 >20 Radical prostatectomy and Progression 237
radiotherapy, Androgen
deprivation therapy,
Chemotherapy

17 63 075 7 Radical prostatectomy Relapse 237

18 60 021 6 Radical prostatectomy Relapse 266

19 62 35.00 Unknown 1 >20 Androgen deprivation therapy, Progression 245
Chemotherapy

20 63 3.00 Unknown Radical prostatectomy and Relapse 265
radiotherapy

21 65 355 8 5 4 Radical prostatectomy, Relapse 224
lymphadenectomy

22 64 0.50 8 1 Radical prostatectomy Relapse 232

23 74 0.14 7 Radical prostatectomy Relapse 247

24 84 2.50 Unknown Radical prostatectomy, androgen Progression 220
deprivation therapy

25 78 45.0 Unknown 9 Radical prostatectomy Progression 144

Semi-quantitative evaluation was based on volumes of in-
terest (VOIs) and on subsequent calculations of SUV values.
VOIs were drawn with an isocontour mode (pseudo-snake)
and were placed over sites suspected of PC involvement as
well as over organs with physiologic tracer uptake such as the
parotid glands, liver, spleen, kidneys, urinary bladder, and
colon. Moreover, SUV calculations were performed for blood

pool (common iliac artery), normal osseous tissue (iliac bone),
and gluteal muscles (http:/www.pmod.com/files/download/
v31/doc/pbas/4729.htm).

Quantitative evaluation of the dynamic PET/CT data
was based on irregular VOIs, drawn also with an
isocontour mode (pseudo-snake), placed over foci indica-
tive of PC involvement and was performed using a
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dedicated software package [18, 19]. Time-activity curves
(TACs) were created using VOIs. A detailed quantitative
evaluation of tracer kinetics was performed based on a
two-tissue compartment model [20, 21]. The accurate
measurement of the input function requires arterial blood
sampling. However, it can be retrieved relatively simpli-
fied and non-invasively from the image data with good
accuracy according to methods already reported in litera-
ture [22]. For the input function, the mean value of the
VOI data from the common iliac artery was used. A vessel
VOI consisted of at least seven ROIs in sequential PET/
CT images. The recovery coefficient was 0.85 for a diam-
eter of 8 mm. Partial volume correction was performed for
small vessels (diameter less than 8 mm) based on phan-
tom measurements of the recovery function. The two-
tissue compartment model describes tracer kinetics in the
studied area and involves the plasma compartment (c-
plasma)» the free (unbound) component in interstitial and/
or intracellular space (c;), and the PSMA-specific compo-
nent of the radiotracer (s,). The constants K, k», k3, and
k4 were calculated taking into account the vascular frac-
tion in a VOI as an additional variable. In this model, K,
and k, reflect the forward and reverse transport of the
radiotracer between plasma and the “reversible”
interstitial/intracellular compartment; k3 is associated with
tracer binding to the zinc active site of PSMA and its
internalization via clathrin-mediated endocytosis, and k4
represents dissociation of the tracer from the zinc active
site of PSMA and externalization (Fig. 1) [5, 17, 23]. The
unit for the rate constants K, k», k3, and k4 is 1/min. The
model parameters were accepted when K, k», k3, and ky
were less than 1. The two-tissue compartment model we
applied is a modification of the one proposed by Sokoloff
et al., which did not take into account the parameters k4 as
well as blood volume (Vg), which is associated with the
volume of blood exchanging with tissue [20]. This lack of
k4 and Vg, however, leads to different values of the pa-
rameters K, and ks, since K; assessment is dependent on
Vg, and k3 assessment on k4. Following compartmental
analysis, we calculated the global influx (X;) from the
compartment data using the formula: K;=(K; xk3)/(ky +
k3). Kinetic analysis was performed over '*F-PSMA-1007

avid foci indicative of malignant involvement, as well as
over the urinary bladder, colon, reference bone (os ilium)
and gluteal muscles.

Besides the compartmental analysis, fractal analysis, a non-
compartment model, was used in order to calculate the param-
eter of heterogeneity and complexity, expressed by a non-
integer value, so-called fractal dimension (FD). FD is calcu-
lated for the time-activity data in each individual voxel of a
VOI. The values of the FD vary from 0 to 2 showing the
deterministic or chaotic distribution of the tracer-associated
activity with higher values being related to a more heteroge-
neous distribution of 'SF-PSMA-1007 [24].

Data were statistically evaluated using the SPSS v.20.0
(IBM Corp., Armonk, NY, USA) software. The statistical
evaluation was performed using descriptive statistics,
Wilcoxon rank-sum test, and Spearman’s rank correlation
analysis. The results were considered significant for p less
than 0.05 (p < 0.05).

Results

Whole-body PET/CT studies
Patient-based evaluation

There were no reported adverse events associated with the
application of '*F-PSMA-1007. Of the 25 studied patients,
15 (60.0%) had at least one '*F-PSMA-1007 positive PC le-
sion, while 10/25 patients (40.0%) were '*F-PSMA-1007 neg-
ative. The median PSA value in the '*F-PSMA-1007 positive
group was 3.6 ng/mL (mean value = 23.5 ng/mL; range = 0.2—
237.3 ng/mL; standard deviation = 14.8 ng/mL) and in the
' F_.PSMA-1007 negative group 0.7 ng/mL (mean value =
1.0 ng/mL; range = 0.1-3.0 ng/mL; standard deviation =
1.3 ng/mL). The differences between the two groups, in terms
of PSA levels, were statistically significant.

Eight of the 17 patients with PC biochemical recurrence
were 'SF-PSMA-1007 positive, while nine of them were
"F_.PSMA-1007 negative. Respectively, 7/8 patients with
biochemical progression of PC were '*F-PSMA-1007 positive
and one patient was '*F-PSMA-1007 negative (Figs. 2 and 3).

K1

k2

C1

k3

-
ks

C2

Fig. 1 Schematic representation of the two-tissue compartment model
applied for 8F_PSMA-1007. K, ko, k3, and k4 are rate constants
(1/min) and describe the directional exchanges between the three com-
partments (cplasma represents the vascular compartment, ¢; represents the
free-unbound component in the interstitial and/or intracellular space, ¢,
represents the PSMA specific component of the radiotracer). Ky and &,

@ Springer

reflect the forward and reverse transport of the radiotracer between plas-
ma and the “reversible” interstitial/intracellular compartment; k; is asso-
ciated with tracer binding to the zinc active site of PSMA and its inter-
nalization via clathrin-mediated endocytosis, and £, represents dissocia-
tion of the tracer from the zinc active site of PSMA and externalization
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Fig. 2 A 79-year-old patient was referred to our department due to bio-
chemical progression of PC and PSA elevation at 7.28 ng/mL. The patient
was treated with radical prostatectomy and androgen deprivation therapy.
'"¥F_.PSMA-1007 PET whole-body maximum intensity projection (MIP)
(a) demonstrates multiple foci of increased tracer uptake in the abdomen
and pelvis, corresponding to several lymph node metastases and a local
relapse. Transaxial, fused 'F-PSMA-1007 PET/CT at the pelvic level (b)
shows a focal site of increased tracer uptake, corresponding to an iliac
lymph node. Transaxial low-dose non-enhanced CT at the same level (c)
shows no pathologic enlargement, at the anatomical site of the tracer

Lesion-based evaluation

Visual evaluation Five patients with biochemical PC progres-
sion demonstrated disseminated metastatic disease: three pa-
tients had disseminated lymph node metastatic disease, one
patient had disseminated lymph node and bone metastatic
disease, while one patient had disseminated lymph node, os-
seous, and liver metastases; in these patients, the exact calcu-
lation of metastatic lesions was practically impossible.
Regarding PC lesions in the remaining patients, six of them
corresponded to local PC recurrence, 24 to lymph node me-
tastases, nine to bone metastases, and one to lung metastasis
(Table 1).

accumulating iliac lymph node. The SUV,yepage 0f the local relapse was
21.1 (SUVnax =37.3) and of the lymph node metastases ranged from
10.1 to 21.8 (SUV,ux range = 18.2-42.1). The respective SUV values
for normal organs were the following: blood pool SUV,yerage =3.7
(SUVnax =5.2), parotid gland SUVqyerage =16.2 (SUV e =27.2), liver
SUVaverage = 8.9 (SUV o =17.4), spleen SUVyerage = 8.3 (SUV oy =
18.5), kidneys SUVqyerage = 13.8 (SUV oy =32.6), urinary bladder
SUVaverage =60.5 (SUV pax = 8.8), colon SUV,yerage =3.9 (SUVpax =
8.7), and gluteal muscles SUV,erage = 0.8 (SUV o = 1.4)

Semi-quantitative evaluation Semi-quantitatively evalua-
tions were performed in 89 PC lesions demonstrated in
whole-body, static PET/CT starting approximately at
70 min p.i. These lesions corresponded to 5 local PC
recurrences, 52 lymph node metastases, 31 bone metasta-
ses, and 1 liver metastasis and revealed a mean SUV,yerage
of 25.1 (median=15.4; range=3.5-119.2) and a mean
SUVnax of 41.5 (median=25.7; range =3.8-213.2). In
particular, mean SUV,ycrage 0f local PC relapses was
22.2 (SUV ax =42.0), of lymph node metastases 30.9
(SUV,ax =51.3), and of bone metastases 16.3
(SUVax =25.1). The SUV values of lymph node metas-
tases were higher than those of bone metastases. No
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Fig. 3 A 7l1-year-old PC patient, a
who had undergone radical pros-

tatectomy 1 year ago (Gleason

score 10), was referred to our de-

partment due to a rise of PSA at

0.18 ng/mL. Whole-body maxi-

mum intensity projection (MIP)

as well as transaxial ®*Ga-PSMA-

11 PET/CT (a) demonstrate a left

iliac lymph node metastasis
(black arrow). '®F-PSMA-1007 , \
PET/CT performed 24 h later (b)
revealed apart from the iliac

lymph node metastasis, a focal ¢ -

site of increased tracer uptake, o
corresponding to local PC recur-

rence (yellow arrow) not seen on

low-dose CT or ®*Ga-PSMA-11

PET/CT due to intense radiotracer

accumulation in the urinary blad-

der. The patient had also one bone

metastasis not clearly depicted on

MIP

3Ga-PSMA PET/CT

18F-pSMA PET/CT

significant differences in SUV values were observed be-
tween PC lesions in patients with relapse or progression.
Apart from the PC lesions, SUV values were also calculat-
ed in normal tissues, in which PSMA ligands show a normally
high distribution (parotid glands, liver, spleen, kidneys, uri-
nary bladder, and colon) as well as in the gluteal muscles. The
results of semi-quantitative analysis derived from static, whole
body imaging are presented in Table 2. In general, SUV was
higher in PC lesions than all other evaluated tissues, with these
differences being also statistically significant (» < 0.05) when
compared to the urinary bladder and the gluteus muscles.

Dynamic PET/CT studies of the lower abdomen
and pelvis

No further lesions were detected in early images in compari-

son to static PET/CT in the anatomic area of the lower abdo-
men and pelvis. Forty-five (45) '®F-PSMA-1007 positive
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lesions were quantitatively evaluated by means of dPET/CT:
four locally recurrent PC lesions, 23 lymph node metastases,
and 18 osseous metastases. Regarding the different PC recur-
rence sites, Wilcoxon rank-sum test revealed no significant
differences regarding two-tissue compartment model-derived
parameters. However, FD was significantly higher in lymph
node metastases than osseous metastases (p <0.05). No dif-
ferences were observed between PC lesions in patients with
relapse or progression. Median k3 was 35-fold higher than ky
in PC lesions (p < 0.0001). Table 3 demonstrates the values of
the '"*F-PSMA-1007 kinetic parameters acquired from the PC
lesions (local relapses, lymph node metastases, bone metasta-
ses) as well as from the urinary bladder, colon, reference bone,
and gluteal muscles. Similar to semi-quantitative evaluations,
PC lesions showed higher values for kinetic parameters and
FD than the rest studied normal organs. These differences
were also statistically significant when PC lesions were com-
pared with the urinary bladder (FD), the colon (K, influx,
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Table 2 Descriptive statistics of '*F-PSMA-1007 SUV values derived
from static, whole-body PET/CT starting approximately 70 min p.i. The
mean (median) SUV values are derived from the 89 semi-quantitatively
evaluated PC lesions as well as the physiologic parotid glands, liver,
spleen, kidneys, urinary bladder, colon, and gluteal muscles

SUVaverage SUV nax
PC lesions (total) 25.1(15.4) 41.5 (25.7)
PC local recurrences 22.2(9.4) 42.0 (14.6)
Lymph node metastases 30.9 (20.4) 51.3 (36.8)
Bone metastases 16.3 (10.7) 25.1(19.4)
Kidney 16.3 (15.1) 32.1(32.8)
Urinary bladder 4.4 (4.0) 6.9 (6.9)
Gluteus 0.7 (0.7) 1.2(1.1)
Colon 5.4 (4.0) 93(7.9)
Spleen 9.7 (8.6) 17.1 (17.8)
Liver 10.1 (9.8) 20.3 (17.9)
Parotid gland 18.1 (18.1) 29.5(30.2)
Blood pool* 2.6 (3.0) 3.8 (3.6)

*Measured at 60 min p.i

FD), reference bone (k3, influx, FD), and the gluteus muscles
(K;, FD).

The application of dPET/CT scanning led also to the ex-
traction of time-activity curves (TACs), which show the activ-
ity concentration of '®F-PSMA-1007 in the selected VOIs
during the 60 min of dPET/CT acquisition (24 time points
according to the defined frames). In general, almost all PC-
lesion-derived curves showed that '*F-PSMA-1007 concen-
tration considerably increases in the respective VOIs over
time. On the other hand, neither the urinary bladder nor the
colon TACs showed a marked increasing accumulation of the
tracer, which was definitely less than in the PC lesions. Tracer
accumulation in normal bone and the reference gluteal mus-
cles was negligible. Figure 4 demonstrates the resulting TACs
based on the mean values and the standard deviation of all
evaluated data derived from local relapses, lymph node me-
tastases, osseous metastases, colon, urinary bladder, blood
pool (drawn over the common iliac artery), normal bone
(drawn over the iliac bone), as well as the gluteus musculature.

Spearman’s rank correlation analysis was performed be-
tween '*F-PSMA-1007 quantitative parameters. The strongest
correlations (p < 0.05) were found between FD and SUV,yerage
(r=0.93), FD and influx (#=0.85), FD and SUV,,,x (r=
0.83), as well as between influx and SUV,yerage (7=0.82),
and influx and SUV .« (r=0.75).

Discussion

Localization of biochemical recurrence of PC has clinical im-
pacts especially at low PSA levels, since early salvage

radiotherapy and surgery of local disease provides a possibil-
ity of cure [25]. In the current decade, **Ga-PSMA-11 PET/
CT has emerged as a promising modality in PC recurrence
diagnostics, demonstrating unprecedented detection rates
when compared with conventional imaging techniques even
in patients with low PSA levels [2, 3, 7, 26, 27]. Although the
main indication of ®*Ga-PSMA-11 PET/CT lies in the assess-
ment of PC in the biochemical relapse setting, the modality is
increasingly gaining importance also in the initial staging of
the intermediate and high-risk disease as well as in the
restaging of metastatic disease [28]. It is estimated that **Ga-
PSMA-11 PET/CT leads to a change in therapeutic manage-
ment of up to 54% of PC patients [29].

Most recently, the newly introduced '*F-PSMA-1007 li-
gand has shown high detection rates in PC patients after rad-
ical prostatectomy, comparable to those of **Ga-PSMA-11
and, moreover, with favorable characteristics regarding both
imaging and logistics [15]. In an attempt to widen the existing
knowledge on '®F-PSMA-1007 PET/CT in PC diagnostics,
we herein evaluated the detection rates and the kinetics of
the tracer in a cohort of 25 PC patients with either biochemical
recurrence after therapy with curative intent or biochemical
progression of known metastatic disease, by means of
multiparametric PET/CT consisting of a combination of a dy-
namic and whole-body PET/CT protocol.

Patient-based analysis demonstrated that 60% of patients
were '*F-PSMA-1007 positive, with higher detection rates in
patients with higher PSA. Notably, 28% (n = 7 patients) of the
herein studied cohort had PSA values <0.5 ng/mL; in this
subgroup, four patients were '*F-PSMA-1007 negative,
confirming the limitations of PSMA-radioligand imaging in
patients with very low PSA values. Moreover, the here pre-
sented cohort is relatively heterogeneous, consisting of pa-
tients with first biochemical recurrence after radical prostatec-
tomy (n = 17) as well as patients who had relapsed more than
once and showed biochemical progression under systemic
therapy (n = 8).

As expected, the radiotracer '*F-PSMA-1007 showed a
similar biodistribution pattern with the widely used tracer
®®Ga-PSMA-11 both in PC- and normally expressing
PSMA-tissues (parotid glands, liver, spleen, kidneys).
Nevertheless, they are not identical. The main differences be-
tween the two tracers lie, firstly, in the much lower excretion
of "8 F-PSMA-1007 into the urinary bladder, which is a known
drawback of *®Ga-PSMA-11 potentially hampering its diag-
nostic efficacy in local recurrence and locoregional disease
detection (Fig. 3). Importantly, in the present study, we could
show a statistically significant higher '*F-PSMA-1007 uptake
(SUV) in PC lesions than in the urinary bladder. Secondly, due
to its slightly higher lipophilic characteristics, '*F-PSMA-
1007 is cleared mainly via the hepatobiliary excretion route
resulting in higher gallbladder and intestinal accumulation
than in case of ®*Ga-PSMA-11. Anyhow, the tracer uptake
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Table 3 Descriptive statistics of

1BE_PSMA-1007 kinetic K, (1/min) f3 (1/min) Influx-K; (1/min) FD
parameters. The mean (median)
kinetic parameters are derived PC lesions (total) 0.11 (0.08) 0.17 (0.09) 0.05 (0.02) 1.29 (1.24)
from 45 pelvic PC lesions as well  PC local relapses 0.12 (0.12) 0.14 (0.14) 0.05 (0.02) 1.24 (1.24)
as the urinary bladder, colon, ref- 1 1 110 de metastases 0.18 (0.12) 0.26 (0.14) 0.09 (0.05) 131 (1.34)
erence bone (os ilium), and glu-
teal muscles, after application of Bone metastases 0.09 (0.08) 0.15 (0.08) 0.04 (0.02) 1.26 (1.24)
two-tissue compartment model- Urinary bladder 0.05 (0.04) 0.14 (0.13) 0.01 (0.02) 1.13 (1.14)
ing in the dPET/CT data from the  Colon 0.09 (0.06) 0.11 (0.06) 0.01 (0.01) 1.15 (1.16)
pelvis Reference bone 0.07 (0.07) 0.07 (0.03) 0.004 (0.004) 0.96 (0.99)
Gluteus 0.01 (0.01) 0.10 (0.11) 0.01 (0.003) 0.78 (0.77)

and the influx were higher in PC-lesions than in colon tissue.
Another interesting result of semi-quantitative analysis was
the higher tracer uptake of lymph node metastases in compar-
ison to bone metastases, which may reflect a difference in the
tumor biology of these types of metastases regarding PSMA
expression.

The dynamic, early PET/CT acquisition (two bed posi-
tions) over the pelvis and the lower abdomen did not reveal
more lesions in comparison to static PET/CT. This finding is
in contrary with the experience in **Ga-PSMA-11 PET imag-
ing, in which early PET imaging leads to increased detection
rate of PC local recurrence due to lower tracer accumulation in
the urinary bladder [30-32]. However, there exists yet no con-
sensus on the optimal time point of imaging with '*F-based
PSMA radioligands. With the increasing routine clinical use
of these tracers, the question of when to best perform 'SF-
PSMA-1007 PET/CT is non-trivial. Thus, we expect that our
finding of no further lesions detected with early PET imaging
to be of significance, given the fact that performance of early
dynamic imaging is time-consuming and quite demanding.

However, the subsequent application of two-tissue com-
partment modeling in the '*F-PSMA-1007 dynamic PET/CT
data led to the extraction of certain parameters, which describe
tracer kinetics in detail. The biological distribution of PSMA
ligands and their eventual internalization in the PC cell in-
volve a sequence of steps. A goal of a kinetic model is to
characterize such processes in a relatively simple manner. In
this sense, the two-tissue compartment model we applied is an
approximation (simplification) of the underlying biological
system, involving the plasma compartment, a “reversible”
interstitial/intracellular compartment, and an “irreversible,”
PSMA-specific compartment. A similar approach was applied
in previous studies of our group using the tracer ®*Ga-PSMA-
11 in patients with newly diagnosed PC [5] as well as PC
biochemical recurrence [17, 23]. In this context, kinetic anal-
ysis revealed that PC lesions showed higher values than the
rest studied normal organs for the parameters K, reflecting the
transport of '*F-PSMA-1007 between plasma and the
interstitial/intracellular compartment, k3, representing tracer
binding to the zinc active site of PSMA, and internalization
via clathrin-mediated endocytosis, and tracer influx.

@ Springer

Moreover, the median k3 in PC lesions was 35-fold higher
than parameter k4, which represents tracer dissociation from
the “receptor” and externalization, practically reflecting a trap-
ping of the radioligand in the PC cell. Finally, the TACs from
PC recurrence lesions showed an increasing tracer accumula-
tion during the 60 min of dynamic PET acquisition, higher
than the one observed in the reference normal tissues.

Taken together, the here presented results provide insight in
the pharmacokinetics of the radiofluorinated PSMA ligand,
reflecting its high binding and internalization as well as its
steadily increasing accumulation in the PC lesions, findings
which are in line with the ones published for **Ga-PSMA-11
dPET/CT. This observation could find its clinical translation
in the rapidly evolving field of radiothera(g)nostics and, in
particular, in the potential employment of '*F-PSMA-1007
PET for the identification of patients with lesions carrying
the characteristics of high tracer-associated binding and inter-
nalization in tumor tissue. Such patients would be suitable
candidates for PSMA-targeted therapies with '”’Lu- and
225 Ac-labeled versions of PSMA ligands such as PSMA-617
[33-36].

In addition to two-tissue compartment modeling for evalu-
ation of '*F-PSMA-1007 kinetics, we adopted a non-
compartmental method to extrapolate fractal indices that rep-
resent tissue heterogeneity. Unlike Euclidean geometry, fractal
geometry can describe with higher approximation complex
natural structures and biological dynamic processes [37, 38],
which is particularly important in tumor biology characterized
by the complexity of cellular systems [39]. In recent years,
investigators have used fractal analysis for evaluation of tracer
uptake in oncological imaging by means of PET with promis-
ing results [40—44].

In our analysis, FD is calculated for the time-activity data in
each individual voxel of a VOI. This model measures the
complexity of a dimensional structure by calculating its FD
based on the box counting method [45]. This fractal approach
gives evidence of the more chaotic or deterministic nature of
PSMA expression and uptake, and can be used to estimate the
heterogeneity of PET data, expressed by the parameter FD.
The basic concept in the present analysis is that an increased
FD is indicative of a more chaotic tracer distribution,
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Fig. 4 Time-activity curves (TACs) derived from dynamic PET/CT stud-
ies of the pelvis using a 24-frame protocol (y-axis, SUV,yerage; X-axXis, time
in sec). The TACs represent the mean values and their standard deviation
(SD) of all evaluated VOIs corresponding to physiologic tissues, includ-
ing the urinary bladder, colon, normal/reference bone (drawn over the
iliac bone), blood pool (drawn over the common iliac artery), and the
gluteus musculature (a), as well as all evaluated PC-associated lesions,

reflecting a more heterogeneous distribution of the PSMA
radioligand, meaning also an apparently more heterogencous
distribution of upregulated PSMA in tumor tissue. We could
show that the degree of this heterogeneity was higher in PC
lesions than in the other studied organs (urinary bladder, co-
lon, and gluteus muscles). Furthermore, a strong correlation
between '*F-PSMA-1007 heterogeneity and the amount of
tracer uptake (SUV) and influx (K;) as well as a moderate
correlation with the binding rate of the tracer on the surface
protein PSMA (K) in tumor lesions was demonstrated. These
results are in accordance with previous data published from
our group regarding the application of fractal analysis in **Ga-
PSMA-11 dPET/CT studies in patients with primary and re-
current PC [5, 17, 23].

Although the potential of fractal mathematics in oncologi-
cal research and practice remains relatively unknown to most
clinicians, the so far gathered experience from our as well as
other groups indicates that tumor heterogeneity—determined
after applying fractal principles on PET images—can serve as
a novel imaging biomarker of tumor biodiversity with, poten-
tial prognostic survival implications [43, 46—48]. In addition,
the determination of FD may have an impact on the selection
of patients for PSMA radioligand therapy.

Our analysis has some limitations. Firstly, the studied co-
hort is relatively small and mixed including patients with bio-
chemical recurrence and patients with a PSA progression un-
der therapy. We acknowledge that results of quantitative anal-
ysis could be influenced in the group examined with ongoing
androgen deprivation therapy. However, almost all PC lesions
studied in patients—with or without treatment—showed a
similar pattern regarding '*F-PSMA-1007 pharmacokinetics.

SUV Average

T T T
2000 3000 4000
time (sec)

Blood Pool

Local Relapse

Bone M
Lymph Node Metastases

including local relapses, lymph node metastases, and osseous metastases
(b). The curves derived from the normal tissues demonstrate a stable, low
tracer concentration with the exception of the urinary bladder, which
exhibits a small increase during dynamic PET/CT (a). On the other hand,
the TACs derived from PC-associated lesions’ VOIs show an increasing
"8F_PSMA-1007 accumulation within the 60 min of dynamic PET
acquisition

A second limitation is the lack of histological confirmation of
the '"*F-PSMA-1007 avid focal lesions in cases of local re-
lapse after curative treatment, since these lesions are quite
small to biopsy. Nevertheless, results from a recent similar
study have shown a high correlation between imaging and
histopathologic findings [11]. Moreover, despite the lack of
sufficient data to evaluate the significance of SUV in terms of
potential differentiation between malignant and benign find-
ings in 'SF-PSMA-1007 PET, the gathered experience with
%8Ga-PSMA-11 PET suggests that higher SUV values most
probably reflect PC-associated lesions. This is based on the
knowledge that higher SUV values are a result of high PSMA
receptor expression, which is in turn highly correlated with
malignancy [49]. Finally, dynamic sequences were performed
only in the lower abdomen and the pelvis, and not over the
whole body, depriving us of kinetic data from distant lesions.
The advent of new PET/CT scanners, using a continuous
movement and allowing dynamic studies over several bed
positions, will facilitate the use of dynamic PET protocols
and reduce the acquisition time.

Conclusion

We performed '*F-PSMA-1007 PET/CT in a group of 25 PC
patients with biochemical relapse or progression, including
also patients with very low PSA values. '*F-PSMA-1007
PET/CT localized PC lesions in 60% of the studied patients.
Higher PSA values were associated with a higher detection
rate. Although no further "®F-PSMA-1007 positive lesions
were detected by early, dynamic PET/CT, we could show that
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tracer accumulation during the dynamic PET acquisition was
higher in PC lesions than physiological tissues and, in partic-
ular, the urinary bladder and the colon, which represent the
organs that can potentially hamper the diagnostic efficacy of
the PSMA radioligands in the lower abdomen and pelvis.
Moreover, pharmacokinetic analysis revealed an increasing
tracer uptake, an apparently high binding and internalization
as well as increased tracer heterogeneity of the
radiofluorinated PSMA ligand in the PC lesions, providing
further insight into the underlying biological processes and
defining the pharmacokinetics of '*F-PSMA-1007.
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