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Abstract

Background: Gallium-68-labeled prostate-specific antigen positron emission tomography/computed tomography
imaging (Ga68-PSMA-11-PET/CT) has emerged as a potential gold standard for prostate cancer (PCa) diagnosis.
However, the imaging limitations of this technique at the early state of PCa recurrence/metastatic spread are still
not well characterized. The aim of this study was to determine the quantitative properties and the fundamental
imaging limits of Ga68-PSMA-11-PET/CT in localizing small PCa cell deposits.

Methods: The human PCa LNCaP cells (PSMA expressing) were grown and collected as single cell suspension or as
3D-spheroids at different cell numbers and incubated with Ga68-PSMA-11. Thereafter, human HCT116 cells (PSMA
negative) were added to a total cell number of 2 × 105 cells per tube. The tubes were then pelleted and the
supernatant aspirated. A whole-body PET/CT scanner with a clinical routine protocol was used for imaging the
pellets inside of a cylindrical water phantom with increasing amounts of background activity. The actual activity
bound to the cells was also measured in an automatic gamma counter. Imaging detection limits and activity
recovery coefficients as a function of LNCaP cell number were obtained. The effect of Ga68-PSMA-11 mass
concentration on cell binding was also investigated in samples of LnCaP cells incubated with increasing
concentrations of radioligand.

Results: A total of 1 × 104 LNCaP cells mixed in a pellet of 2 × 105 cells were required to reach a 50% detection
probability with Ga68-PSMA-11-PET/CT without background. With a background level of 1 kBq/ml, between 4 × 105

and 1 × 106 cells are required. The radioligand equilibrium dissociation constant was 27.05 nM, indicating high
binding affinity. Hence, the specific activity of the radioligand has a profound effect on image quantification.

Conclusions: Ga68-PSMA-11-PET detects a small number of LNCaP cells even when they are mixed in a population
of non-PSMA expressing cells and in the presence of background. The obtained image detection limits and
characteristic quantification properties of Ga68-PSMA-11-PET/CT are essential hallmarks for the individualization of
patient management. The use of the standardized uptake value for Ga68-PSMA-11-PET/CT image quantification
should be precluded.
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Background
Prostate cancer (PCa) patients may develop local recur-
rences and metastatic spread after primary treatment. A
general indicator of possible relapse is an increasing con-
centration of prostate-specific antigen (PSA) in the
blood. PSA is generally regarded as a good biomarker
for disease progression in primary PCa, and it is a well-
studied surrogate of tumor burden [1–4]. However, at an
early PCa recurrence or microscopic metastatic spread,
PSA alone can seldom be used for staging and is gener-
ally associated with relatively low levels of serum PSA
concentrations (< 0.2 ng/ml). If the PCa recurrence is di-
agnosed at an early stage, the patient can still be treated
with curative intentions. A recent study showed that pa-
tients with biochemical PCa recurrence and treated with
salvage radiation therapy (SRT) have a long term
disease-free rate which rapidly declines with increasing
levels of PSA at treatment start [5]. Further, another
study showed that about half of the PCa patients treated
with SRT are likely to suffer again a biochemical failure
[6]. These adverse therapeutics results may correspond
to patients with disseminated disease, which should have
been treated with systemic therapy instead of—or in
combination with—SRT, which is more successful for
focal recurrences. These patients may even become
more symptomatic after SRT. Hence, the proper imaging
diagnostic tool to discriminate patients with local recur-
rence from advanced metastatic PCa is essential to select
the most adequate treatment strategy based on the
spread and anatomical location of the disease. However,
to date, there is no gold standard diagnostic imaging
technique for this patient group. At low PSA levels, con-
ventional imaging diagnostic techniques, like ultrasound,
magnetic resonance, and computed tomography, have
shown limitations at discriminating patients with local
recurrence from those with disseminated disease [7].
Deep biopsies are, on the other hand, difficult to correl-
ate with imaging, have difficult histological interpret-
ation and need skills to be successfully accomplished [8,
9]. Recently, positron emission tomography/computer
tomography (PET/CT) imaging of the Gallium-68-
labeled prostate-specific membrane antigen (Ga68-
PSMA) has emerged as a potential gold standard to
monitor PCa recurrence/metastatic spread even at low
PSA levels [10, 11]. The literature on the topic revealed
that, from all image modalities, Ga68-PSMA-PET/CT is
to date the most accurate test for patient follow-up and
staging. Ga68-PSMA-PET/CT outperforms also the de-
tection rates of other PET tracers commonly used for
PCa-like C11-Acetate and C11-Choline, even at low PSA
[12]. Ga68-PSMA-PET/CT images have recently been
used to deliver SRT with dose escalation to focal and
solitary Ga68-PSMA uptakes in the prostate bed and
pelvic nodes [13]. In such approach, good knowledge on

the accuracy of Ga68-PSMA-PET to establish micro-
metastatic involvement is therefore essential for patient
selection. Still, there is no clear consensus on the limita-
tions of this technique [14]. This may be due to the lack
of a gold standard to which it can be compared against
at low PSA and a lack of studies on the limitations of
the Ga68-PSMA-PET/CT-imaging technique at micro-
scopic stage. Modern PET cameras have high sensitivity,
but at very low cellular concentration levels, the limiting
physical factors inherent to the PET technique [15–17]
as well as the specific biological and pharmacological
properties of the Ga68-PSMA tracer hamper tumor im-
aging performance. Phantom experiments characterizing
PET tracer detectability are generally useful only to
characterize one or a few of these factors at a time. Put
together, phantom-derived PET scanner performance, in
terms of minimum detectable activity for Ga68-PSMA
tracer, may not reflect the true in vivo realization. The
aim of this study was to determine the fundamental
limits of Ga68-PSMA-PET/CT in localizing small pros-
tate cancer cell deposits, by taking into consideration
the summative effects of the physical, biological, and
pharmacological factors in a single set of experiments.
Additionally, the quantitative properties of PCa imaging
with Ga68-PSMA-PET/CT were also investigated.

Methods
Preparation of the Ga68-PSMA-11 radioligand
In this work, the radioligand [Ga68]-PSMA-HBED-CC
(Ga68-PSMA-11) was used [18]. Briefly, the PSMA-11 pre-
cursor (ABX, Radeberg, Germany) was labeled using
Ga(68)Cl3 eluted from a Gallia Pharm Ge68/Ga68-gener-
ator (Eckert & Ziegler, Berlin, Germany) in a cassette-based
automated synthesis module ModularLab PharmTracer
(Eckert & Ziegler, Berlin, Germany). High-performance li-
quid chromatography (HPLC; Shimadzu, Kyoto, Japan) was
used to determine the initial specific radioactivity (SRA).
Analyses for radiochemical purity were performed by
HPLC and by instant thin layer chromatography.

PET/CT system and image acquisition protocol
A Discovery 710 PET/CT whole-body system (General
Electric Medical Systems, Milwaukee, WI, USA) was
used throughout this work (3D-sensitivity of 7.9 cps/kBq
and approximately 5 mm spatial resolution at the center
of the field of view) with a routine clinical image acquisi-
tion protocol of 3 min per bed, 192 × 192 pixels matrix
size and 0.043 cm3 voxel. All PET images were
reconstructed using OSEM with time-of-flight and CT-
based attenuation correction.

Cell cultures
The PSMA expressing human prostate cancer cell line
LNCaP and the PSMA-negative human colorectal
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carcinoma cell line HCT116, from the American Type
Culture Collection, were used in this work. Cell lines
were cultured in RPMI 1640 medium (GE Healthcare
HyClone, USA, cat no# SH30096.01) supplemented with
10% fetal calf serum (Gibco by Thermo Fisher Scientific,
MA-USA, cat no# 10270-106), 1% L-glutamine (Gibco
by Thermo Fisher Scientific, MA-USA, cat no# 25030-
024), and 1% PEST (GIBCO Penicillium-Streptomycin,
Thermo Fisher Scientific, MA-USA, no# 15140-122) in
5% CO2 humidified air at 37 °C. Thereafter, each cell line
was trypsinized (GIBCO Trypsin EDTA 0.05%, phenol
red, Thermo Fisher Scientific, MA-USA, cat no# 25300-
096) in a single cell suspension. Cell number and PSMA
expression were measured using flow cytometry (FACS)
with a BD-LSR II Flow Cytometer (BD Biosciences,
USA) and Alexa Fluor 488 anti-human PSMA antibody
(BioLegends, San Diego, USA, cat no# 342506) for cell
staining.

Ga68-PSMA-11-PET/CT detection limits and image
quantification
To investigate the limitation of Ga68-PSMA-11-PET/CT
to detect small amounts of LNCaP cells, an experimental
setup including physical and biological properties was
devised. LNCaP cells were first grown in three-
dimensional spheroids from a suspension of single cells
[19]. In brief, an initial suspension of approximately
2500 LNCaP cells were seeded using sterile-filtered
(Acrodisc 25 mm Syringe Filter w/0.2 μm with Supor
membrane, PALL corporation, New York, USA) RPMI
1640 media complete in each of the wells of an ultra-low
attachment, poly-HEMA-coated round bottom 96-well
plate (Corning life Sciences, MA, USA, cat no#
CLS3474). The plates were inverted to allow cell sedi-
mentation during 24 h. Thereafter, the plates were
flipped back and incubated for 5 days. The number of
living LNCaP cells and PSMA expression in the spheres,
stained with Alexa Fluor 488 anti-human PSMA anti-
body, were measured using FACS. A total of 40 spher-
oids were obtained from the 96-well plates and placed in
a 1.5-ml Eppendorf tube together with RPMI 1640 cell
culture media to a total volume of 1 ml. The same pro-
cedure was repeated in samples of 20, 10, 5, 2, and 1
spheroids. A total of 500 kBq of Ga68-PSMA-11 was
added to each tube. Thereafter, the tubes were incubated
at 37 °C during 30 min.

Supernatant removal
At the end of the incubation time, the tubes were centri-
fuged at 2780 rpm for 3 min, after adding single
HCT116 cells (PSMA negative) to a concentration of ap-
proximately 2 × 105 LNCaP+HCT116 cells in each tube.
This allows the formation of a visible white color pellet
(located down the tip of the tubes) of equal size

(approximately 1 mm diameter) but with different
numbers of LNCaP cells in each tube. The supernatant
containing the excess of Ga68-PSMA-11 together with
the incubation media was then carefully aspirated.
Thereafter, each pellet was washed twice with cold phos-
phate buffered saline (PBS; HyClone DPBS/MODIFIED
cat no# SH30378.02). Finally, 1 ml of fresh PBS was
added to each tube. The tubes were then placed inside
of a 5-l cylindrical water phantom and scanned in the
whole-body PET/CT camera. This experiment was re-
peated at four independent occasions.
To include another biological configuration to this

assay, the experiment was repeated incubating a total of
1 × 105, 5 × 104, 2.5 × 104, 1.2 × 104, 6 × 103, and 3 × 103

samples of single LNCaP cells in suspension with the
radioligand for 30 min. This assay was performed in
duplicate at four different occasions.
In real patients, also PSMA showed a high specificity,

background activity, especially close to the prostate may
be present. Background level depends on many different
factors like patient compliance (for instance in terms of
hydration), the use of diuretics prior the PET scan, the
tracer SRA, and the image acquisition protocol. This
generally results in inhomogeneous background distribu-
tion. To account for this phenomenon, we have also per-
formed a set of experiments where the previous assays
are repeated (with samples of 20, 10, 5, 2, and 1 spher-
oids and 2 × 105, 1 × 105, 5 × 104, 2.5 × 104, 1 × 104, and
5 × 103 cells in suspension and with successively
increasing amounts of background activity levels) until
no cell deposits are visible at PET scan. This set of
experiments was performed once in triplicate.

PET image quantification and data analysis
In the reconstructed PET images, 0.4 cm3 volumes of
interests (VOI), located on the tip of each Eppendorf
tube as well as in the background close to each tube,
were defined. The total activity within each VOI was
scored and corrected for Ga68 decay from
administration. PET image contrast-to-noise ratio (CNR)
for each cellular deposit was then determined using Eq.
1

CNR j ¼ Sc; j−SB
SB

�
�
�
�

�
�
�
�
� ffiffiffi

n
p � SB

σB
¼ Sc; j−SB

σB

�
�
�
�

�
�
�
�
� ffiffiffi

n
p ð1Þ

where Sc,j and SB are the PET-derived activity concentra-
tion in the cell deposit “j” and in the background, re-
spectively, σB is the background standard deviation, and
n is the number of pixels in the VOI [20]. This equation
is basically the signal-to-background noise ratio multi-
plied by the square root of the number of pixels in the
VOI. The Rose criterion [21] for successful image lesion
detectability, CNR > 3, was then used for binary
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classification of the PET images. A binomial logistic regres-
sion function (Eq. 2) was then used to determine the detec-
tion probability (DP) of Ga68-PSMA-11-PET/CT as a
function of the number of living LNCaP cells in the deposit.

DP ¼ 1

1þ e− β0þβ1xð Þ ð2Þ

Where β0 and β1 are the regression coefficients.
The actual activity in each Eppendorf tube (decay cor-

rected from administration) was also measured in an au-
tomated gamma counter (Wizard 2480, Perkin-Elmer).
For each tube, a recovery coefficient (RC) was obtained
as the ratio between the activity measured with the PET
camera and with the gamma counter.

The effect of Ga68-PSMA-11 mass concentration on
specific binding
To investigate the Ga68-PSMA-11 mass concentration
effect on specific binding to LNCaP cells, a saturation
binding assay with increasing concentrations of the radi-
oligand was performed. Samples of 1 × 105 and 2 × 105

single LNCaP cells in suspension where incubated at
different concentrations of Ga68-PSMA-11 (range 2.8–
338 nM) for 30 min at 37 °C. Pellet formation and
supernatant removal was done as previously explained,
and the activity in each tube was measured with the au-
tomated gamma counter. This experiment was also re-
peated with LNCaP cells seeded in 48 well-plates (1 ×
105 cells/well). After incubation, the supernatant was
removed by aspiration and the wells washed three times
with cold PBS. Cells were collected after trypsin
treatment, and the activity measured in the automated
gamma counter. The obtained results were all decay
corrected and normalized to the SRA at administration
time, and the results expressed as radioligand
concentration per 100,000 cells (fmol/1 × 105 cells).
Non-specific binding was obtained from two competitive
homologous binding assays with non-radioactive Ga68-
PSMA-11. Two Eppendorf tubes with LNCaP cells in
suspension were incubated for 30 min at 37 °C with
500 kBq of radioligand (Ga68-PSMA-11) at 31 and
71 nM molar concentration in the presence of 92 and
623 nM molar concentration of non-radioactive Ga-
PSMA-11, respectively. Thereafter, the tubes were cen-
trifuged at 2780 rpm during 3 min. The excess activity
and medium was aspirated, and the pellet washed two
times with cold PBS in each test tube. The activity in
each tube was measured with an automated gamma
counter. The results were then corrected for activity
decay and normalized to the radioligand SRA at admin-
istration time and the results expressed as radioligand
concentration per 100,000 cells (fmol/1 × 105 cells).
From these results, the non-specific binding was then

linearly extrapolated to all radioligand concentrations
used in the saturation binding assay. The specific bind-
ing was then obtained as the total binding minus the
non-specific binding. The total receptor number Bmax,
and the ligand equilibrium dissociation constant KD,
where then obtained using Levenberg–Marquardt non-
linear regression analysis of the specific binding data
(MATLAB with curve fitting Toolbox, Release 2015a,
The MathWorks, Inc., Natick, MA, USA) and the model
Eq. 3.

Specific binding ¼ Bmax � x
KD þ x

ð3Þ

where x denotes the radioligand concentration.

Results
Throughout this set of experiments, the Ga68-PSMA-11
had a radiochemical purity of approximately 99% and a
mean SRA of 45 ± 14 MBq/nmol (due to changes in the
yield of the Ga68 generator).
Figure 1 shows an example of the formation course of

an LNCaP spheroid used in this work. The number of
living cells in each spheroid ranged between 3 × 103 and
5 × 103 cells at the different experiment occasions.
PSMA cell expression was 99.8%. The FACS analysis on
HCT116 cells showed a residual 0.6% PSMA expression.

Detection limits of Ga68-PSMA-11-PET/CT
Figure 2a, b clearly shows that Ga68-PSMA-PET detection
probability of a LNCaP cellular deposit decreases as the
number of living cells in the deposit decreases and as the
background activity level increases. This is a consequence
of the combined effect of partial volume effects and spill in
from the background activity in the object of interest. For
cells incubated in suspension, β1 ranged from 0.0001 to 0.
001 when changing the background activity from 0 to
500 Bq/ml. A similar change in β1 was obtained for spher-
oids but for a smaller increase in background activity from
0 to 100 Bq/ml. As Fig. 2a, b shows, the detection probabil-
ities are significantly lower for spheroids as compared to
suspension cells, reflecting the differences in biological
characteristics. This also resulted in lower amounts of back-
ground required to reduce lesion visibility at PET.
Figure 2a reveals that the minimum detectable number

of LNCaP cells (MDC) incubated in suspension for
which PET detection probability is just 50% is 8 × 103, 2.
7 × 104, 5 × 104, and 1 × 105 at 0, 100, 250, and 500 Bq/
ml background levels, respectively. The MDC for
LNCaP cells incubated as spheroids (Fig. 2b), is reached
at higher cellular number 1.52 × 103, 3.2 × 104, 5 × 104,
and 1.3 × 105, but at lower background levels of 0, 10,
50, and 100 Bq/ml, respectively. Extrapolating linearly
these results to a background level of 1 kBq/ml resulted
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in a MDC at about 4 × 105 and 1.1 × 106 cells, for
suspension and spheroids, respectively.
Without background activity, more than 90% PET de-

tection probability was achieved at about 3 × 104 LNCaP
cells, for both suspension and spheroids.
As an example of the relation between PCa cell number

and PET detectability, Fig. 3 shows the coronal section of
the water phantom containing the Eppendorf tubes with
different numbers of LNCaP cells disseminated in pellets
containing a total 2 × 105 HCT116+LNCaP cells. This
figure clearly shows a decline in PET signal as the number
of LNCaP cells in the mixture decreases.

Quantitative characteristics of Ga68-PSMA-11-PET/CT
imaging
Figure 4 illustrates the PET image RC as a function of
LNCaP cell number. Displayed is also a logarithmic
model function y = a + b*log(x), with regression coeffi-
cients a = − 0.4672 and b = 0.0645. The model predicts
convergence to RC = 1 at 7.5 × 109 LnCaP cells which
may correspond to a cell deposit of around 7 cm3 [22].
Figure 5 presents the results of the saturation of spe-

cific binding of Ga68-PSMA-11 in human LNCaP cells
due to increasing radioligand concentration in the test-
tubes. The estimated coefficients for the specific binding

(with 95% confidence bounds) were KD = 27.05 nM (− 1.
213, 55.3) and Bmax = 74.32 fmol/1 × 105 cells (53.8, 94.
85), R-square: 0.65. Figure 5 reveals the characteristic
Ga68-PSMA-11-concentration response curve, which
must be carefully considered in inter-individual com-
parative studies.
As an example of the saturation effect on radioligand

binding, Fig. 6 shows a PET/CT transversal section of a
phantom containing five Eppendorf tubes (in duplicate)
with the same number of LNCaP cells in each tube (1 × 105

cells) but incubated at different concentrations of Ga68-
PSMA-11 of 193, 338, 544, 780, and 996 nM, respectively.

Discussions
In this study, the hallmarks of PCa imaging with Ga68-
PSMA-11-PET/CT regarding detection limits and quan-
titative properties were stablished using a whole-body
human PET/CT scanner and a well chamber. The theor-
etical MDC was in the order of 1 × 104 LNCaP cells
mixed in a cellular pellet of around 1 mm diameter with
non-PSMA-expressing HCT cells and in the absence of
background activity. At 1 kBq/ml background (which ap-
proximately mimics the activity concentration in a 70 Kg
patient, 60 min after treatment with 140 MBq of Ga68-
PSMA-11, 2 MBq/Kg), the MDC with PET increases

Fig. 1 Time course for LNCaP spheroid formation from seeding (a) and at 24 h (b), 48 h (c), 72 h (d), and at 168 h (e). Final spheroid diameter of
about 600 μm

Fig. 2 Ga68-PSMA-11-PET detection probability for LNCaP cells in suspension (a) or incubated as spheroids (b). The markers show the binary
classification using the Rose criteria with CNR > 3 and the lines the binomial regression curves at different background levels
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then at a level between 4 × 105 for LnCaP cells incubated
as suspension and 1 × 106 for LNCaP cells incubated as
spheroids. However, this result may even further vary
depending on the level of PSMA target expression, the
SRA of the radioligand, and the used CNR cutoff value.
A tumor containing these small amounts of LnCaP cells
(22) is far smaller than the spatial resolution of the PET
scanner. These results are not intuitive and demonstrate
that the sensitivity of the PET scanner clearly overcomes
the PET-limited spatial resolution, allowing to image ob-
jects well below the PET scanner intrinsic resolution.
Figure 2b shows slightly lower detection probability
levels for the same number of LNCaP cells as compared
to Fig. 2a. This most likely reflect the in vivo situation as
cellular spheroids attain most of the biological character-
istics that tumor tissues have in vivo [23]. The MDC de-
rived for 50% detection probability may realistically

mimic the microscopic stage of the disease, which re-
sults in low levels of serum PSA. Interestingly, similar
PET detection limit have been reported in clinical trials
with patients with low PSA levels between 0.2 and 0.
49 ng/ml [24]. Moreover, Figs. 2a, b also reveal that for
cell deposits with more than 1 × 106 cells, the sensitivity
of Ga68-PSMA-11-PET in identifying small PCa cellular
deposits is, against general perception, not coupled to
the size of the lesion (or the nodal metastasis) [25] but
rather to the density of PSMA-expressing cells mixed in
the deposit. Lesion size, or rather the spread of PSMA-
expressing PCa cells, only influences the quantification
of the uptake due to partial volume effects (Fig. 4). The
ability of Ga68-PSMA-11-PET/CT to image lesions con-
taining a small number of cells, clearly challenge radical
treatment. Hence the possibility of labelling PSMA with
In111 together with a gamma-prove for radio-guided
surgery should be considered [26].

Fig. 3 Ga68-PSMA-11-PET/CT image of different Eppendorf tubes all containing a pellet with 2 × 105 HCT116+LNCaP cells. From left to right, the
relative amount of LNCaP cells in the pellets is 100, 50, 25, 12.5, 5, and 2.5%, respectively

Fig. 4 Recovery coefficient of Ga68-PSMA-11-PET/CT image as a
function of number of LNCaP cells disseminated in a pellet of 2 ×
105 cells (HCT116+LNCaP). The actual activity uptake in the cells was
obtained with an automated gamma counter. The error bars
indicate standard error

Fig. 5 Total and specific saturation binding of Ga68-PSMA-11 to hu-
man LNCaP cells at equilibrium. The error bars indicate
standard error
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In inter-individual or multicenter PCa PET/CT studies,
it is important to consider the quantification characteris-
tics of Ga68-PSMA-11-PET/CT imaging. Activity levels in
the lesion depend on the level of prostate antigen expres-
sion, the cellular density, the PSMA membrane target af-
finity, the SAR of the Ga68-PSMA-11 at administration,
the level of uptake in normal tissue expressing also PSMA
targets, and finally non-specific binding. This is clearly
demonstrated in Figs. 5 and 6 where radioligand binding
is not linearly correlated with the concentration of the ad-
ministered radioligand. This Ga68-PSMA-11 mass effect
on PET image contrast can clearly jeopardize both tumor
identification and quantification in prospective trials. Fur-
ther, in the clinical settings, where a single Ga68-PSMA-
11 batch is shared among several patients, the declining
SRA could affect detection accuracy as increasing
amounts of PSMA mass must be administered to keep the
same level of administered Ga68-activity and image noise
levels (usually 2 to 3 MBq per kg of body weight). As Fig.
5 shows, the dissociation constant of Ga68-PSMA-11 is
low (27 nM) resulting in a high binding affinity. When the
SRA decreases, the increasing mass of the radioligand
may occupy an appreciable number of cell targets for the
same PET signal, resulting in a misleadingly low binding
potential (BP). Hence, since Ga68-PSMA-11 uptake de-
pends on receptor density and SAR rather than just avail-
able activity, the use of standardized uptake values (SUV)
should be precluded in quantitative studies. Scoring bind-
ing potential, which depends on the available receptor
density and the SRA, may be more reproducible and ro-
bust than SUV, but it requires a dynamic PET scan with
plasma sampling. This is generally not possible in routine
clinical work where both camera time per patient and
radioligand are limited. Therefore, in the clinical setting,
the quantification of Ga68-PSMA-11 uptake in a tumor,
should be carried relative to some reference organ or

tissue and normalized to the actual SAR at administration.
Which appropriate reference organ or tissue should be
used is subject to further analysis.

Limitations of this study
The results presented in this study are limited to LNCaP
cell lines expressing high levels of PSMA receptors. The
reproducibility of these results for other PCa cell lines
with different PSMA target expression should also be
investigated.
Although spheroids mimic some of the biological char-

acteristics of tumors cells in tissues, the radioligand bind-
ing affinity may still be slightly different in vivo as tumors
are not incubated with the tracer. However, these experi-
ments cannot be reproduced in mice with xenografts, be-
cause the number of PCa cells and PSMA expression in
the growing xenograft cannot be easily controlled and
measured among different mice. Furthermore, the im-
planted tumor cells may even harbor different clones and/
or develop tumor heterogeneity.
The measured non-specific binding (Fig. 5) includes

both the radioligand trapped to the lipid membrane and
to other membrane proteins and possible binding to the
plastic of Eppendorf tubes. This slightly overestimated
the non-specific binding curve obtained with the auto-
mated well chamber.

Conclusions
Ga68-PSMA-11 binds to LNCaP cell membrane recep-
tors with a high affinity. This results in high PET/CT de-
tectability at low cell number in deposits much smaller
than the PET system spatial resolution, even when these
cells are mixed in a population of non-PSMA-expressing
cells. This information is an essential hallmark for the
individualization of patient management based on Ga68-
PSMA-11-PET/CT and is one of the key issues in early

Fig. 6 PET/CT image of 10 different Eppendorf tubes, all containing 1 × 105 LNCaP cells in 1 ml media and incubated at different concentrations
of Ga68-PSMA-11. First row of tubes from left to right, 193, 338, 544, 780, and 996 nM radioligand concentration, respectively (replicated in the
second row)
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detection of recurrent disease. The information provided
in this work together with clinically available informa-
tion could be merged in a monogram to determine the
best therapeutic approach for every patient.
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