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Abstract
Purpose The purpose of our study was to show the feasibility and potential benefits of using 68Ga-PSMA-PET/CT imaging for
radiation therapy treatment planning of patients with primary prostate cancer using either integrated boost on the PET-positive
volume or localized treatment of the PET-positive volume. The potential gain of such an approach, the improvement of tumor
control, and reduction of the dose to organs-at-risk at the same time was analyzed using the QUANTEC biological model.
Methods Twenty-one prostate cancer patients (70 years average) without previous local therapy received 68Ga-PSMA-PET/CT
imaging. Organs-at-risk and standard prostate target volumes were manually defined on the obtained datasets. A PET active
volume (PTV_PET) was segmented with a 40% of the maximum activity uptake in the lesion as threshold followed by manual
adaption. Five different treatment plan variations were calculated for each patient. Analysis of derived treatment plans was done
according to QUANTEC with in-house developed software. Tumor control probability (TCP) and normal tissue complication
probability (NTCP) was calculated for all plan variations.
Results Comparing the conventional plans to the plans with integrated boost and plans just treating the PET-positive tumor
volume, we found that TCP increased to (95.2 ± 0.5%) for an integrated boost with 75.6 Gy, (98.1 ± 0.3%) for an integrated boost
with 80 Gy, (94.7 ± 0.8%) for treatment of PET-positive volume with 75 Gy, and to (99.4 ± 0.1%) for treating PET-positive
volume with 95 Gy (all p < 0.0001). For the integrated boost with 80 Gy, a significant increase of the median NTCP of the rectum
was found, for all other plans no statistical significant increase in the NTCP neither of the rectum nor the bladder was found.
Conclusions Our study demonstrates that the use of 68Ga-PSMA-PET/CT image information allows for more individualized
prostate treatment planning. TCP values of identified active tumor volumes were increased, while rectum and bladder NTCP
values either remained the same or were even lower. However, further studies need to clarify the clinical benefit for the patients
applying these techniques.
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Introduction

In localized prostate cancer, radical prostatectomy or radiation
therapy are the two most common treatment approaches.
Tumor control rates between both modalities are reported to be
similar [1]. In today’s prostate cancer radiation therapy, the pros-
tate gland plus a treatment margin are defined as the planning
target volume (PTV) and at least 95% of the PTV is irradiated.
This treatment often leads to some long-term side effects, a con-
sequence of the proximity and to some extent even overlap be-
tween the PTVand the main organs-at-risk (OARs) such as the
rectum and the genitourinary tract. Average rates between 15 and
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17% for moderate late gastrointestinal and genitourinary side
effects have been reported [2]. The average rate of severe late
toxicity was found to be between 2 and 3% and was reported to
correlate with dosage. At the same time, high dosage to malig-
nant tissue is essential to maintain tumor control. In a meta-anal-
ysis, it was found that an increase of the prescribed dose from 70
to 80 Gy resulted in a 19% increase of the biochemical control
rate measured with serum prostate-specific antigen in high-risk
prostate cancer patients [3].

High precision radiation therapy techniques such as inten-
sity modulated radiation therapy (IMRT) or volumetric mod-
ulated arc therapy (VMAT) allow escalating the dose within a
sub-volume of the PTV itself. The method of delivering dif-
ferent dose levels to subclinical target volumes inside a PTVis
referred to as dose-painting [4]. In prostate cancer, dose-
painting could potentially result in a dose increase to active
tumor tissue (boost volume) inside the PTV without the cost
of an increase of the dose in the main organs-at-risk (OARs),
such as the rectum and bladder. For dose-painting, precise
localization of the tumor tissue is essential and it therefore
relies onmolecular imaging [4]. Different imaging approaches
have been taken to identify active tumor volume in prostate
patients, some based on magnetic resonance imaging (MRI)
[5], others based on positron emission tomography (PET) with
either choline labeled with 18F [6] or 11C [7]. Feng et al. re-
cently used the dominant focal lesion in MRI to define an
integrated dose boost [8]. In their study, a significant elevation
of the tumor dosage was achieved and the tumor control prob-
ability (TCP) for the whole prostate was significantly greater
in the boost plans. At the same time, they found no statistically
significant increase of the dose to the bladder and a small, but
statistically significant decrease of the dose to the rectum. The
clinical value of integrated boost treatment is currently inves-
tigated by two prospective randomized trials, the FLAME trial
(NCT 01168479) and the HEIGHT trial (NCT01411332) both
based on multiparametric MRI.

Besides choline-based PET tracers, which have been found to
not provide reliable information for intra-prostatic tumor volume
delineation when compared to histopathological findings [9],
various others have been used in patients with prostate cancer
[10]. Recently, ligands to the prostate-specific membrane antigen
(PSMA) have become available [11, 12] and have been proven
to be highly sensitive and accurate when used for lymph node
staging [13] as well as diagnosis of primary prostate cancer,
especially when using integrated PET/MRI [14]. Changes to
the PTV definition of prostate cancer patients as a result of
PSMA-PET/CT imaging were first discussed in a study by
Dewes et al. [15]. Giesel et al. found a good correlation between
multiparametric MRI, PSMA-PET/CT, and biopsy results in ten
patients with a high pre-test probability for prostate tumors [16].
Another comparison between PSMA-PET/CT and
multiparametric MRI in 22 patients with prostate carcinoma
found a similar ability for localization of tumor tissue in the

prostate between PET and MRI with regards to the infiltrated
lobe of the prostate [17]. In a direct comparison between 68Ga-
PSMA PET and a histologic map of the prostate, created after
total prostatectomy, Rahbar and colleagues found a high accura-
cy for intraprostatic localization and extent of prostate cancer
[18]. Zamboglou et al. could verify these findings with an even
more precise voxel-based method in another nine patients [19].
In patients with recurrent prostate carcinoma, Zschaeck and col-
leagues published recently a study using PSMA-PET/CT for
treatment planning including a boost to macroscopic PET-
positive tumor volume [20].

Based on these findings, the aim of this study was to in-
vestigate the potential benefits of 68Ga-PSMA-PET/CT in ra-
diation therapy treatment planning, when PSMA-PET infor-
mation is used for contouring intra-prostatic tumor lesions as
boost volume. We generated conventional treatment plans
based on computed tomography (CT) and compared them to
plans with an integrated boost on 68Ga-PSMA-positive vol-
umes. Treatment plans were optimized to deliver different
dose levels to the boost volume in boost-only and
integrated-boost-volume treatment plans. The resulting dose
volume histogram (DVH) dose levels and biological TCP and
normal-tissue-complication-probability (NTCP) values are
discussed for each treatment plan variation.

Materials and methods

Patient population

In this retrospective analysis, 21 patients (51-84 years, 70 years
average) with biopsy-proven prostate carcinoma were included.
All patients were referred for PSMA-PET/CT for tumor staging.
None of the patients had previous surgery or radiation treatment
of the prostate. The Gleason score was between 5 and 9 (mean
7.5) and the serum PSA level at the time of PET imaging was
between 1.7 and 196 ng/ml (mean, 32.2 ng/ml). More details
about the patients can be found in Table 1. In this retrospective
analysis, image acquisition was done without flat-table or special
radiation treatment positioning devices. All patients gave written
and informed consent for all imaging procedures. Ethical com-
mitment was waived by the institutional ethics board due to the
retrospective character of the study.

Imaging

Image data were acquired with a Biograph2 PET/CT scanner
(Siemens Medical Solutions, Erlangen, Germany). About 40–
80 min after the intravenous injection (90–193 MBq) of in-
house produced 68Ga-HBED-CC-PSMA a low-dose CT (16
mAs, 130 kV) from the base of the skull to mid tight was
acquired. The PET scan was acquired over the same area with
3 or 4 min per bed position depending on the body weight of
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the patient. CT data was reconstructed in 512 × 512 matrices
with 5-mm slice thickness, using the filtered back projection
(FBP) algorithm implemented by the manufacturer. PET data
was reconstructed in 128 × 128 matrices with 5-mm slice
thickness, using an iterative attenuation-weighted-ordered-
subsets-expectation-maximization algorithm (AW-OSEM) in-
cluding attenuation, randoms, and scatter corrections based on
the low-dose CT. The resulting matrix size for the CT is
1.14 × 1.14 × 5 mm3 and for the PET 4.56 × 4.56 × 5 mm3).

Treatment planning

For contouring, PET/CT data were transferred to the Eclipse
treatment planning system (Varian Medical Systems, Palo Alto,
CA, USA). The CT of the integrated PET/CT examination was
used for contouring and dose calculations. Body contours (ex-
cluding the PET/CT couch from the dose calculation), and
organs-at-risk (rectum, sigmoid, push = rectum + sigmoid, small
bowl, bladder, left and right femoral head) were manually de-
fined as well as a PTV70 (prostate gland plus a 7-mm margin in
all directions, except for only 4 mm post and inferior) and
PTV5920 (seminal vesicles plus a 7-mmmargin in all directions,
except for only 4 mm posterior and inferior). Segmentation of
PET data was performed in the Eclipse treatment planning sys-
tem as well. Because the PET/CTwas acquired on a hybrid PET/
CT, PET and CT were considered as co-registered, however

quality of the co-registration was visually confirmed. In the
PET image, a volume-of-interest (VOI) was contoured around
the prostate to separate the bladder. Within the VOI, the PET
active volume was then segmented with a 40% of the maximum
activity uptake value in the lesion as threshold. This volume was
visually checked by an experienced nuclear medicine physician
and adapted manually if necessary. The latter was necessary,
especially when the tumor location is close to bladder. This
way to define the PET-based volume was chosen as no threshold
has been evaluated so far based on histopathological correlation
and the method of semiautomatic segmentation followed by
manual adaption is faster than pure manual delineation as done
in other studies before as [19, 20] and led to the same quality of
results as manual control and adaption is performed.

For the PET-positive volume, the same margins were used as
for the whole prostate in the PTV70 (7 mm in all directions,
except for only 4 mm post and inferior). This was based on the
assumption that the tumor motion should be not more than the
motion of the prostate gland itself. Consequently, the PET-
defined active tumor volume structure was transferred to the
CT after the coregistration of CT and PETwas checked visually.

Following contouring and contour check by an experi-
enced radiation therapist, the CT datasets with all contours
were transferred to the treatment planning system Monaco
(Version 5.11.00, Elekta, St. Louis, MO, USA). Five different
VMAT treatment plan variations (two arcs, six MV) were
calculated for each patient:

Prostate: This treatment plan was designed to irradiate
the whole prostate gland with a homogeneous dose
(PTV70 = 70 Gy, PTV5920 (Seminal vesicles) = 59.20
Gy) in 28 fractions. After the optimization and calcula-
tion, the plan was normalized to deliver 70 Gy to 95% of
the PTV70. This is how most prostate patients are cur-
rently treated clinically in our department.
ProstatePET: In this treatment plan variation, the PET-
positive-volume was defined as a boost volume and
added to the Prostate plan optimization. The plan was
optimized to deliver additional radiation to the boost vol-
ume (PTV_PET = 75.6Gy), while the rest of the planwas
optimized to meet the same goals as for the Prostate plan.
PETBoost80: The third treatment plan was optimized to
deliver an even higher dose to the boost volume
(PTV_PET = 80 Gy). The rest of the plan was the same
as for the Prostate plan.
PETBoostonly75: This treatment plan was optimized to a
prescribed dose of 75 Gy to the boost volume PTV_PET
only. The plan was normalized to deliver 75 Gy to 95% of
the PTV_PET.
PETBoostonly95: This treatment plan was optimized to
an increased prescribed dose of 95 Gy to the boost vol-
ume PTV_PET only. The plan was normalized to deliver
95 Gy to 95% of the PTV_PET in 35 fractions.

Table 1 Patient characteristics

Patient no. Age Gleason Tumor stage PSA [ng/ml]

1 62 3 + 4 = 7 2a 7.1

2 79 3 + 4 = 7 2a 4.9

3 77 4 + 4 = 8 2a 5.8

4 76 3 + 4 = 7 2a 6.6

5 78 4 + 4 = 8 2b 23.0

6 51 3 + 4 = 7 2a 196.0

7 67 4 + 4 = 8 2c 11.4

8 64 4 + 5 = 9 2c 68.0

9 71 4 + 5 = 9 2b 1.7

10 76 3 + 4 = 7 2a 10.0

11 69 4 + 5 = 9 3b 1.8

12 53 3 + 4 = 7 2c 70.3

13 75 4 + 4 = 8 2a 10.0

14 80 3 + 4 = 7 2a 4.6

15 63 2 + 3 = 5 2a 6.9

16 72 3 + 4 = 7 2c 5.1

17 84 3 + 4 = 7 2c 7.4

18 60 3 + 4 = 7 3a 15.2

19 73 3 + 4 = 7 3a 52.3

20 81 4 + 5 = 9 2b 7.8

21 67 4 + 5 = 9 3b 160.0

Eur J Nucl Med Mol Imaging



An overview of the different plan objectives can be found
in Table 2. A list of all IMRT optimization constraints can be
found in Table 3.

Statistical analysis of the treatment plans

Analysis was done according to QUANTEC with in-house de-
veloped software (by S.K.). The resulting parameters can be
found in Table 4. Additionally, TCP was calculated for PTV70
and PTV_PET and NTCP for rectum and bladder according to
the method described by Gay et al. [21]. Parameters used for
calculation were taken from Feng et al. [8] and Wu et al. [22].
The results of the QUANTEC analysis and the TCP and NTCP
values are given as median ± standard deviation values. For
comparison and discussion of the results, Student’s t test method
was applied (paired, two-sided). A p level of smaller 0.05 was
considered to be statistically significant. T test analysis was per-
formed with the help of MedCalc software (version 12.3.0.0,
MedCalc Mariakerke, Belgium).

Results

In theProstate plan variation, themean dose to the tumor volume
(defined by PET) was (74.6 ± 2.6 Gy), while the mean dose to
the PTV70 was (74.1 ± 2.3 Gy). The median dose to the rectum
and the bladder was (27.0 ± 2.9 Gy) and (39.8 ± 10.7 Gy),
respectively. For the D1% of the rectum and the bladder, we
found (67.1 ± 3.7 Gy) and (76.4 ± 4.0 Gy), respectively.
Median V70 for the rectum was (0.2 ± 0.4 %).

Comparing this to the two plans with integrated boost vol-
umes, dose to the PTV_PET could be increased in median to
(78.0 ± 0.8 Gy) for ProstatePET plans (p < 0.0001) and
(83.4 ± 1.1 Gy) for PETBoost80 plans (p < 0.0001). With
(27.5 ± 3.0 Gy) for ProstatePET plans and (27.1 ± 3.8 Gy)
for PETBoost80 plans, the rectum mean dose was not signif-
icantly different compared to the conventional plan. D1% and
V70 of the rectum was (67.8 ± 4.1 Gy) and (0.4 ± 0.8 %) for
ProstatePET plans, which was also not significantly different
from the conventional plan. For PETBoost80 plans, the medi-
an D1% and V70 of the rectum increased to (70.1 ± 4.3 Gy)
and (1.0 ± 1.2 %), respectively, which was a statistically sig-
nificant increase (p = 0.0015 and p = 0.0005) compared to
Prostate plan results. For the bladder, the mean dose was

(38.6 ± 9.9 Gy) for ProstatePET plans and (39.9 ± 10.8 Gy)
for PETBoost80 plans, both values not being statistically sig-
nificant different compared to Prostate plan results. The D1%
of the bladder was (74.5 ± 1.5 Gy) for ProstatePET plans was
significantly less compared toProstate plan results. For the for
PETBoost80 plans, D1% of the bladder was (77.7 ± 2.2 Gy),
which is not statistically significant different compared to
Prostate plan results. In addition, no statistically significant
differences were found for V40 for the femoral heads as well
as for D1% of the small bowel and the sigmoid between all
plan variations. An overview over all the results of the
QUANTEC analysis can be found in Table 5. Mean dose
values for the rectum, the bladder, and the tumor volume are
also illustrated in Fig. 1.

For the PETBoostonly75 and PETBoostonly95 plans, we
found statistically significant increased mean doses of
(77.3 ± 1.2 Gy) (p= 0.0002) and (99.4 ± 1.8 Gy) (p < 0.0001)
to the PET-positive volume compared to Prostate plan results.
More importantly, the mean dose to the rectum was in median
(17.7 ± 3.8 Gy) for PETBoostonly75 plans and (17.8 ± 3.2 Gy)
for PETBoostonly95 plans and therefore statistically significant
less (p < 0.0001) compared to Prostate, ProstatePET, and
PETBoost80 plan results. For V70 in the rectum, no statistically
significant difference (p = 0.86) between PETBoostonly75 plan
and Prostate plan results was found, but the V70 of

Table 2 Treatment plan
variations with different target
volume doses

PTV70 [Gy] PTV5920 [Gy] PTV_PET [Gy] Fx

Prostate 70.0 59.2 28

ProstatePET 70.0 59.2 75.6 28

PETBoost80 70.0 59.2 80.0 28

PETBoostOnly75 75.0 28

PETBoostOnly95 95.0 35

Table 3 Organs-at-risk (OAR) IMRT optimization dose constraints

Organ/structure Constraint

Rectum Parallel D5%< 60 Gy

Parallel D20% < 35 Gy

Bladder Maximum dose 75 Gy

Femoral heads Maximum dose 40 Gy

Sigmoid Maximum dose 52 Gy

Small bowel Maximum dose 48 Gy

Sigmoid+rectum Parallel D15% < 50 Gy

BODY contour (normal tissue) D5–10% < 100% target dose

D10–15% < 90% target dose

D10–15% < 80% target dose

D15% < 70% target dose

D20–30% < 60% target dose

D30% < 50% target dose

Conformality 0.7
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PETBoostonly95 plans was with a median of (0.9 ± 1.6 %)
statistically significant higher (p = 0.003) compared to Prostate
plan results. For the mean bladder dose, the values in both plan
variations with treatment of the PET-positive volume only
(PETBoostonly75 and PETBoostonly95), the values were statis-
tically significant less with a median of (4.6 ± 3.8 Gy) for
PETBoostonly75 plans and (4.8 ± 4.3 Gy) for PETBoostonly95
plans (both: p < 0.0001). D1% of the bladder, the sigmoid and
the small bowel for PETBoostonly75 and PETBoostonly95 plans
were also statistically significant less compared to Prostate plan
results. Detailed values can be found in Table 5. The mean dose
of the rectum, the bladder, as well as the mean tumor doses are
also illustrated in Fig. 1.

The median TCP of the PET-positive volume was found to
be (89.9 ± 2.7 %) for the conventional plan without boost. For

the same plans, the NTCP was (0.01 ± 0.01 %) for the rectum
and (5.70 ± 12.96 %) for the bladder. If we compare these
values to values from treatment plans with integrated boost,
then we find that the TCP increased statistically significant
(p < 0.0001) to (95.2 ± 0.5 %) for the PETProstate and to
(98.1 ± 0.3 %) for PETBoost80 plans. For the rectum, the
NTCP of PETProstate plans was in median (0.01 ± 0.02 %),
which is not statistically significant different compared to
Prostate plan results. However, for the PETBoost80 plans,
the rectum NTCP increases to (0.03 ± 0.005 %), which is
statistically significant (p = 0.008) different. For the NTCP
of the bladder, no statistically significant differences were
found for the plans with boost. Results are summarized in
Fig. 1. Comparing the Prostate plans to the plans just treating
the PET-positive volume, we found that the TCP increased to

Table 5 Results of the QUANTEC analysis

Organ Parameter Prostate PETProstate PETBoost80 Boostonly75 Boostonly95

Rectum Dmean [Gy] 27.0 ± 2.9 27.5 ± 3.0 27.1 ± 3.8 17.7 ± 3.8* 17.8 ± 3.2*

V50 [%] 14.8 ± 3.1 14.2 ± 4.0 15.3 ± 4.8 3.9 ± 3.0* 5.1 ± 3.5*

V70 [%] 0.2 ± 0.4 0.4 ± 0.8 1.0 ± 1.2* 0.1 ± 0.6 0.9 ± 1.6*

D1% [Gy] 67.1 ± 3.7 67.8 ± 4.1 70.1 ± 4.3* 61.0 ± 13.7* 68.8 ± 16.8

Bladder Dmean [Gy] 39.8 ± 10.7 38.6 ± 9.9 39.9 ± 10.8 4.6 ± 3.8* 4.8 ± 4.3*

D1% [Gy] 76.4 ± 4.0 74.5 ± 1.5* 77.7 ± 2.2 29.5 ± 21.8* 33.7 ± 28.3*

Femoral heads V40 [%] 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Small bowel D1% [Gy] 2.5 ± 11.6 2.3 ± 11.5 2.6 ± 11.1 0.4 ± 0.4* 0.6 ± 0.5*

Sigmoid D1% [Gy] 48.9 ± 7.2 48.6 ± 6.5 46.6 ± 7.2 3.5 ± 6.5* 3.8 ± 6.0*

PTV70 Dmean [Gy] 74.1 ± 2.3 74.1 ± 2.9 76.1 ± 1.1* 36.9 ± 11.7* 43.4 ± 15.8*

V95 [%] 70.0 ± 0.1 69.9 ± 1.0 70.9 ± 1.4* 3.4 ± 6.9* 4.0 ± 8.7*

D1% [Gy] 77.6 ± 3.8 79.9 ± 1.2 78.3 ± 1.6 85.0 ± 2.4* 101.1 ± 2.7*

PTV_PET Dmean [Gy] 74.6 ± 2.6 78.0 ± 0.8* 83.4 ± 1.1* 77.3 ± 1.2* 99.4 ± 1.8*

V95 [%] 71.2 ± 2.4 75.6 ± 0.2* 80.0 ± 0.0* 75.0 ± 0.2* 95.0 ± 0.1*

V1 [%] 77.0 ± 3.0 81.0 ± 1.5* 87.1 ± 2.3* 79.3 ± 1.7* 103.3 ± 2.5*

*Indicates a statistically significant difference to Prostate plan results

Table 4 Parameters used for
QUANTEC analysis Rectum Dmean =mean dose in volume

V50 = volume getting 50 Gy

V70 = volume getting 70 Gy

D1%= highest dose obtained by 1% of the volume

Bladder Dmean =mean dose in volume

D1%= highest dose obtained by 1% of the volume

Femoral heads V40 = volume getting 40 Gy

Small bowel and sigmoid D1%= highest dose obtained by 1% of the volume

PTV70, PTV_PET Dmean =mean dose in volume

V95 = volume getting at least 95% of the dose

D1%= highest dose obtained by 1% of the volume
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(94.7 ± 0.8 %) for PETBoostonly75 and to (99.4 ± 0.1 %) for
PETBoostonly95 (both p < 0.0001). For these plans, no statis-
tically significant increases in the NTCP neither of the rectum
nor the bladder were found. The NTCP for the rectum was
instead found to be significantly smaller (p = 0.003).

Compared to their Prostate plan results, patients with a tumor
directly adjacent to the rectum wall were found to have a signif-
icantly higher NTCP of the rectum if the PTV_PETwas boosted
(see Fig. 2). A tumor directly adjacent to the rectum means that
the safetymargins for the PET-positive tumor volumewere over-
lapping the delineated volume for the rectum. This was the case
in three of 21 patients in our cohort. This effect was found most
pronounced for PETBoostonly95 plans but also for Boost80
plans for these patients. At the same time, these patients’median
TCP of the PET-positive volume was found to be significantly
improved aswell, if compared to theirProstate plan. An example

of such a patient can be found in Fig. 2.When these three patients
are excluded from the analysis, there is no statistically significant
difference between theNTCP of the rectum between theProstate
plans and the Boost80 and PETBoostonly95 plans.

Discussion

In this treatment-planning study, we found that by defining
integrated boosts to 68Ga-PSMA-positive volumes, the mean
dose to the tumor tissue (PTV-PET) can be increased signifi-
cantly without a significant increase to the mean dose to rec-
tum and bladder.

Using the biological QUANTEC model, this boosting con-
cept leads to a significant increase of the TCP from 89.9 to
95.2% (75.6 Gy integrated boost) and 98.1% (80 Gy

Fig. 1 Graphs of the median values of the mean rectum (top left), bladder
(middle left), and tumor (bottom left) dose for the five different treatment
plans (1: BoostOnly75, 2: Boost80, 3: BoostOnly95, 4: Prostate, 5:

ProstatePET). Graphs of the median values of NTCP rectum (top right),
NTCP bladder (top right), and TCP tumor volume (bottom right)
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integrated boost), respectively. While the NTCP of the rectum
did not show a statistically significant difference for the inte-
grated boost with 75.6 Gy, it increases statistically significant
from 0.01 to 0.03% when using PETBoost80. However, it is
still very low based on the fact that our planning constraints
were defined to achieve a very high level of protection to the
rectum.When boostingwith 80Gy (PETBoost80), we found a
significant increase in D1%, V70, and NTCP in the rectum
due to a high number of patients showing a tumor location
very close to the rectum. In our study, this was in three of 21
patients and the most pronounced example is shown in Fig. 2.
Therefore, in these patients, the use of such an integrated boost
concept must be discussed carefully. In patients with tumor
locations more distant to the rectum, no increase in D1%,
V70, and consequently NTCP of the rectum was found. In
integrated boost plans, we found no significant increase in
the mean dose, the D1% and NTCP of the bladder compared
to the conventional plans.

Due tomodern precision therapymethods, recent publications
discuss more targeted therapy options, especially in patients with
low-risk situations [23]. Therefore, we included in our study also
two plan variations just prescribing dose to the PET-positive
tumor volume – PETBoostonly75 and PETBoostonly95. The
median dose to the tumor volume of these plans, which we
considered to be the PSMA-PET-positive volume, increased
from 74.6 to 77.3 Gy (PETBoostonly75) and to 99.4 Gy
(PETBoostonly95) in median. This results in an increase of the
TCP from 89.9 to 94.7, and 99.4%, respectively. In these plans,
no statistically significant change to the mean dose of the rectum
and the NTCP was found. Therefore, with PTV_PET-only treat-
ments, a significant better tumor control may be obtainedwithout
increased risk of side effects. This may be a potential option for
patients who would also be candidates for active surveillance as
elderly patients or patients with co-morbidities and low-risk sit-
uations [7]. The current therapeutic dilemma is that there are
hardly any options between radical therapy and active

surveillance for low-risk patients. Localized PET or MRI target
optimized treatment planning might fill this gap and show to
improve clinical outcomes for these patients, while resulting in
very low complication rates at the same time [8]. But also medi-
um or high-risk patients may benefit using a treatment option
which just uses the PET-positive tumor volume as target volume.
Minimizing side effects besides increasing TCP can lead to an
improved quality of life for these patients. However, it is beyond
the scope of this study to discuss the use of such localized con-
cepts for low-risk prostate cancer patients in detail.

A limitation of the study is for sure that we assume the
PET-positive volume to be the active tumor tissue in the pros-
tate. However, several studies found good correlation between
PSMA-positive areas in the prostate and histopathology
[16–18, 24]. Zamboglou and colleagues could even show on
a voxelwise comparison of PET data and digitalized patholog-
ical step sections a very good agreement [19]. Also, these
studies were performed in different ways and just with small
patient groups a good intraprostatic localization of the tumor
lesion by PSMA-PET/CT can be assumed. In these studies,
unfortunately, the method of how to define the PET-positive
volume was not analyzed in detail. PET data were delineated
by experienced readers and then compared to histopathology.
However, semiautomatic methods based on the PET uptake or
the signal-to-noise ratio, as applied in other tumor entities in
PET, e.g., in lung cancer [25] or head and neck tumors [26],
have not been discussed so far and must be focused on in
future studies. Therefore, we used first a semiautomatic meth-
od to define the tumor volume fast and then did a manual
adaption by an experienced nuclear medicine physician to
have the best possible result similar to a pure manual delinea-
tion but faster in performing it.

In this context, another important point that needs to be
addressed in further studies is the potential micro-spread of
the disease in the prostate to estimate safety margins, especial-
ly when discussing treatment just of the PET-positive volume.
In addition, the potential movement of the tumor needs to be
analyzed to verify if the same safety margins can be applied as
for the whole prostate, as it was done in this study. However,
this is beyond the scope of this study.

Besides PET, MRI has been proven an important tool for
localization of tumor tissue in the prostate [8, 16]. Eiber and
colleagues even found that combined PSMA-PET and MRI is
superior to each of the single methods [14]. Therefore, further
studies should also investigate the use of integrating informa-
tion from both modalities for defining boost tumor volumes in
primary prostate cancer.

Our work demonstrates that if found reliable, the use of
68Ga-PSMA-PET/CT image information could allow for more
individualized prostate treatment planning and better targeting
of active tumor volumes inside the prostate gland. We were
able to show that this would lead to increases in theoretical
TCP values of identified active tumor volumes, while at the

Fig. 2 Boost80 for patient 9. For this patient, the tumor was found to be
located directly adjacent to the rectum. Boosting the PTV_PET to 80 Gy
increased NTCP of the rectum from 0.02% in the Prostate plan to 0.21%.
TCP increased from 88.8 to 98.4% (isodose lines from high dose to low dose
areas are shown as follows: 80, 70, 65, 60, 55, 50, 45, 40, 30, and 20 Gy)

Eur J Nucl Med Mol Imaging



same time theoretical rectum and bladder NTCP values of
most investigated cases either remained the same or were even
lower compared to conventional whole-prostate-gland treat-
ment plans. A higher variation in dose concept options includ-
ing treating just the PSMA-positive volume can be the next
step to a more individualized therapy.

Based on these results, clinical outcome studies need to be
performed to confirm the theoretical benefits of PSMA-PET
optimized treatment planning, especially for a potential local
treatment for low-risk patients as described above.
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