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Purpose: Magnetic resonance imaging (MRI) with multiparametric assessment is a cornerstone in radiation therapy planning for
primary prostate cancer (PCa), offering the potential for focal dose escalation to dominant intraprostatic lesions to enhance PCa
management. The prostate-specific membrane antigen (PSMA), which is frequently overexpressed in PCa, has led to the development
of 68Ga-labeled PSMA inhibitors for positron emission tomography (PET)/computed tomography (CT), showing promising results in
PCa detection. This study aimed to conduct a comparative analysis of 68Ga-PSMA PET/CT and multiparametric MRI (mpMRI) in
delineating the gross tumor volume (GTV) in PCa.
Methods and Materials: A retrospective analysis was performed on 25 PCa patients who underwent 68Ga-PSMA PET/CT and
mpMRI at 2 distinct centers. The GTVs were delineated on MRI (GTV-MRI) by 2 nuclear medicine physicians and 1 radiation
oncologist independently, while the GTVs based on PET/CT (GTV-PET) were outlined by 2 nuclear medicine physicians. The
laterality (left, right, and bilateral) prostate lobes on mpMRI and PET/CT was assessed. To account for registration uncertainties, both
GTV-PET and GTV-MRI were expanded isotropically by 5 mm to form the planning target volume (PTV), and the overlap between
specific PTVs and their corresponding GTVs was quantified.
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Results: The average § SD GTV-MRI and GTV-PET were 5.468 § 11.6 cm3 and 11.136 § 14.3 cm3, respectively, with the GTV-PET
being significantly larger than the GTV-MRI (P = .003). GTV-MRI exhibited an intersection with GTV-PET of 3.5 § 6.0 cm3. The
PTV derived from PSMA PET/CT encompassed 62% § 27% of the GTV-MRI, with 44.4% of patients having the PTV covering 100%
of the GTV-MRI. Conversely, the PTV based on GTV-MRI covered 50% § 31% (mean § SD) of the GTV-PET.
Conclusions: 68Ga-PSMA PET/CT and mpMRI demonstrated consistent outcomes in 47% of patients (40%-54% of lesions). Notably,
the GTV-PET was larger than the GTV-MRI, indicating a potential role for 68Ga-PSMA PET/CT in radiation therapy planning for
targeted radiation delivery to PCa.
© 2025 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Accurate identification and delineation of the gross
tumor volume (GTV) within the prostate gland are of
utmost importance in the effective administration of radi-
ation therapy (RT) for individuals diagnosed with pros-
tate cancer (PCa). The size and extent of the tumor within
the prostate, including factors such as infiltration into the
seminal vesicles, play a significant role in determining the
stage of the disease and subsequently classifying the
patient into a specific risk group.1,2 This information
directly influences the planning of RT strategies, affecting
decisions regarding androgen deprivation therapy (ADT)
and the definition of clinical target volumes. Moreover, a
precise definition of the intraprostatic GTV is particularly
relevant for focal RT because comprehensive coverage of
the GTV is crucial for the success of such targeted
approaches.

In recent years, there has been a growing interest in
this aspect, with multiparametric magnetic resonance
imaging (mpMRI) currently considered the gold standard
for detecting and segmenting the intraprostatic GTV.3

Histopathological comparisons have demonstrated that
the integration of anatomic and functional magnetic reso-
nance imaging (MRI) data, such as T2-weighted spin
echo imaging, dynamic contrast-enhanced (DCE) MRI,
and diffusion-weighted imaging (DWI), enables the accu-
rate identification of primary PCa. The use of 1.5 or 3T
mpMRI for the detection of intraprostatic lesions has
been linked to sensitivities ranging from 80% to 88% and
specificities ranging from 89% to 100%, as reported in
various studies.4-6 However, previous studies have sug-
gested that mpMRI might underestimate the actual GTV
and fail to detect clinically significant lesions.7,8 Simulta-
neously, positron emission tomography (PET) with pros-
tate-specific membrane antigen (PSMA)-labeled tracers
has emerged as a valuable technique for staging both pri-
mary and recurrent PCa.9-12

Eder et al13 created a hybrid molecule by merging the
PSMA binding motif from a urea-based PSMA inhibitor
with a gallium chelator. The latter displays superior spe-
cific internalization in PCa cells when contrasted with
dodecane tetraacetic acid) conjugates. In clinical trials,
68Ga-PSMA PET/computed tomography (CT) has exhib-
ited significant promise in diagnosing recurrent
PCa.14,15 68Ga-PSMA PET/CT exhibited a superior
detection rate for recurrent PCa lesions in comparison
with 18F-choline-PET/CT.16 Rowe et al17 demonstrated
in a recent study that N-[N-[(S)-1,3-dicarboxypropyl]
carbamoyl]-4-[18F]fluorobenzyl-L-cysteine (18F-
DCFBC PET/CT) has the ability to detect a greater
number of clinically significant high-grade tumors
with increased specificity compared with MRI. The
study also noted a relatively low PSMA expression in
benign prostatic lesions. However, the sensitivity of
18F-DCFBC PET/CT for primary PCa was found to be
lower than that of MRI.

Recent advances have highlighted the potential role of
PSMA PET/CT not only as a complement to mpMRI for
intraprostatic tumor localization but also as a valuable
tool for treatment planning, particularly in focal micro-
boost strategies. Furthermore, in postoperative settings
where MRI may be limited due to anatomic distortion or
fibrosis, PSMA PET/CT can assist in identifying localized
recurrence and guiding focal salvage RT.18

Although PSMA PET provides superior sensitivity for
detecting lymph node metastases, particularly in high-risk
and recurrent PCa cases, MRI remains indispensable for
local tumor characterization. PSMA PET has become the
standard of care for biochemical recurrence due to its
ability to detect lesions at low prostate-specific antigen
(PSA) levels, while mpMRI provides detailed anatomic
resolution for intraprostatic lesion delineation. The 2
modalities are complementary, and their integration, for
instance, through PSMA PET/MRI fusion, can enhance
target definition and guide personalized RT planning.19

Contemporary imaging methods need to meet specific
requirements in order to assist radiation oncologists in
planning treatments, including the precise staging of both
extraprostatic and intraprostatic tumor masses, the reli-
able outlining of the intraprostatic GTV, and the consis-
tent identification of the biological characteristics of PCa.
This analysis explores the capability of existing imaging
methods, with a focus on mpMRI and PSMA PET, to
meet these criteria. This study aimed to conduct a com-
parative analysis of 68Ga-PSMA PET/CT and mpMRI in
delineating the GTV in PCa. To achieve this, patients
from 2 distinct medical facilities were enrolled, and
established contouring methods were used for GTV
delineation.20,21
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Methods and Materials
Data acquisition

This study enrolled individuals from 2 health care
facilities, covering the timeframe between July 2020 and
September 2021. At center 1, a total of 18 patients diag-
nosed with PCa were included in the retrospective study.
These patients underwent both 68Ga-PSMA PET/CT and
mpMRI. Prior therapeutic interventions, such as ADT or
transurethral prostate resection, were taken into consider-
ation, and there was a minimum time gap of 90 days
between the PSMA PET and the MRI scan. Similarly, at
center 2, 7 patients with PCa were recruited for the study.
These patients underwent 68Ga-PSMA PET/CT and 1.5T
MRI. It is important to note that all patients from both
centers provided written informed consent for their par-
ticipation in the study.
MRI
Center 1
Prostate magnetic resonance (MR) images were

acquired on either a 3T system (Trio Tim; Siemens) or a
1.5T system (Espree, Aera, and Avanto; Siemens). The
MRI protocol was as follows: T2-weighted turbo spin
echo images with repetition time (TR) 5500 ms (3T)/8650
to 9400 ms (1.5T); echo time (TE) 103 to 108 ms (3T)/
111 to 119 ms (1.5T); field-of-view (FOV) 150 £ 150
mm; slice thickness 3 mm without gap; matrix 192 £ 192.
DWI was performed with an echo planar imaging
sequence in transverse orientation with TR 3500 ms (3T)/
2800 to 3840 ms (1.5T); TE 73 ms (3T)/61 to 87 ms
(1.5T); flip angle 90°; FOV 250 £ 250 mm (3T)/
300 £ 300 to 400 £ 338 (1.5T); slice thickness 3 mm
(3T)/3 to 6 mm (1.5T); slice gap 0 mm (3T)/0 to 1.5 mm
(1.5T); matrix 160 £ 160 (3T)/192 £ 162 to 160 £ 160
(1.5T), b values 50, 400, and 800 s/mm2 (3T)/0, 100, 400,
and 800 or 0, 250, 500, and 800 s/mm2 (1.5T). DCE-MRI
was acquired with dynamic 3-dimensional fast low-angle
shot sequence in transverse orientation with TR 5.13 ms
(3T)/4.65 to 4.1 ms (1.5T); TE 2.45 ms (3T)/1.58 to
1.6 ms (1.5T); flip angle 12° (3T)/12° to 15° (1.5T); FOV
260 £ 260 mm (3T)/260 £ 260 to 400 £ 387 (1.5T); par-
tition thickness 3 mm (3T)/2 to 3 mm (1.5T); matrix
192 £ 192 (3T)/192 £ 192 to 384 £ 372 (1.5T).
Center 2
The hybrid system includes a built-in MRI system

capable of generating a magnetic field intensity of 1.5T
MRI (MAGNETOM Trio Tim, Siemens). T1-weighted
(T1W) imaging, T2-weighted (T2W) imaging, and diffu-
sion weighted (DW) imaging (b = 100, 500, 1000, and
1500 s/mm2) of the prostate and pelvis were
simultaneously acquired. The apparent diffusion coeffi-
cient (ADC) was calculated from DWI. T1WI sequence
parameters were as follows: TR/TE = 5.04/2.24 ms, 4 mm
slice thickness, 20% interslice gap, 350 mm £ 350 mm
FOV, and a 256 £ 256 matrix. The axial fast spin echo
T2WI sequence parameters were as follows: TR/
TE = 3998/88.74 ms, 6 mm slice thickness, 20% interslice
gap, 300 mm £ 300 mm FOV, and a 320 £ 320 matrix.
PET/CT imaging

Center 1
A standardized protocol was employed, where all

patients followed a minimum fasting period of 4 hours
before the administration of the radiopharmaceutical.
Patients were also instructed to empty their bladders
prior to the PET scan. The average § SD activity of 68Ga-
PSMA administered was 172 § 34 MBq. Following injec-
tion, patients underwent whole-body PET scans after a 1-
hour interval. To correct for attenuation, low-dose CT
scans (120 kVp and 25 mAs) were performed concur-
rently with the PET scans. These scans were conducted
on 18 patients using a 64-slice Vereos PET/CT scanner,
with the necessity for CT determined based on prior scans
and any contraindications. The uptake of 68Ga-PSMA was
quantified using standardized uptake values (SUVs), pro-
viding a measure of the regional concentration of the
tracer normalized by the injected dose and the patient’s
body weight.

Center 2
Whole-body PET scans were conducted using 68Ga-

PSMA, commencing 1 hour postinjection. The median
injected activity was 313 MBq, ranging between 245 and
454 MBq. These scans were performed on 7 patients using
a 6-slice True-Point Siemens PET/CT scanner. To correct
for attenuation, low-dose CT scans (120 kVp and
30 mAs) were performed concurrently with the PET
scans. Regarding the standard operating procedure of the
different centers, various amounts of activities were
injected depending on the sensitivity of the PET scanners
to detect the small involved lesions.
GTV delineation

The prostate volume was delineated by a board-certi-
fied radiologist/board-certified radiation oncologist with
more than 6 years of experience in the interpretation of
the prostate on both CT and MR images following the
guidelines outlined by the European Society for Radio-
therapy and Oncology and the Advisory Committee on
Radiation Oncology Practice.22 The T2-weighted attenua-
tion-corrected PET and CT data sets for each patient
were imported into the radiation treatment planning
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system (RayStation Laboratories). Initially, automatic
matching of axial T2-weighted MRI and CT images was
performed using mutual information registration in all 3
dimensions. In cases where anatomic discrepancies were
observed during visual assessment, manual adjustments
were made based on anatomic information of the pros-
tatic gland. The default registration of CT and PET images
was then applied, with manual modifications imple-
mented as necessary to address any anatomic inconsisten-
cies. The GTV based on PET data sets (GTV-PET) was
delineated by 2 nuclear medicine physicians and 1 radia-
tion oncologist. The presence of PCa on PET/CT images
was defined as any monofocal or multifocal uptake
exceeding adjacent background uptake in more than 1
slice within the CT-defined prostate gland (Fig. 1).22 Dur-
ing the interpretation of PET images, both uncorrected
and attenuation-corrected images were assessed concur-
rently to verify the existence of artifacts such as contrast,
metal implants, or patient repositioning. Additionally, it
was essential to modify the display window width and
level of the image to accurately visualize the PSMA-ligand
uptake site or neighboring high-uptake organs, such as
the kidney, ureter, or bladder. Zamboglou et al23 demon-
strated that employing the same window level (SUVmin-

max, 0-5) can minimize interobserver variability in GTV
delineation using 68Ga-PSMA PET. They also suggested
Figure 1 Correlation between tumor volumes depicted on multim
example of 68Ga-prostate-specific membrane antigen positron emis
therapy (IMRT) of a patient with positive lymph nodes. A 74-year
Gleason score of 9 (4 + 5), an initial prostate-specific antigen (PSA
of lymph node involvement. Top panel: computed tomography re
left pelvis (red contours indicate clinical target volumes in the lym
lymph node). Bottom panel: GTVs for 1 lymph node in the righ
lymph nodes, and green contour indicates GTVs for the involved
PET/computed tomography images. The patient had neoadjuvant a
image guided radiation therapy: 76 Gy to the prostate, 45 Gy to the
itive lymph nodes with up to 54 Gy. In the right panel, the dose was
resonance imaging, L= left, R = right. LN = lymph node.
that establishing a fixed optimal window level could
enhance consistency in 18F-PSMA PET.23 Consequently,
to prevent any potential bias among observers, a uniform
fixed window position was adopted for each observer in
this study. The interpretations of all images were validated
by an experienced nuclear medicine physician. Two
nuclear medicine physicians and 1 radiation oncologist,
specializing in PCa, examined the images and indepen-
dently outlined the target area of all suspected visible
tumors. Notably, GTVs based on MRI, PET, and PET/
MRI were accessible for each patient in this particular
case. During the process of GTV based on MRI (GTV-
MRI) delineation, physicians used a combination of
T1WI, T2WI, and DWI images, which included ADC
images, to identify the locations of lesions. In terms of
PCa lesions, they appeared relatively hypointense on
T1WI images, exhibited a similar level of hypointensity
on T2WI images, and displayed high signal intensity on
DWI images, accompanied by low ADC values. Following
the exclusion of inflammatory or benign lesions
(described in Appendix E1), the determination of PCa
was made based on the integration of multisequence
images. Ultimately, the 2 nuclear medicine physicians and
1 radiation oncologist obtained the GTV-MRI through
manual contouring on axial T2WI MRI. Two different
approaches were employed to contour the PSMA PET
odal images and dose distribution. A representative clinical
sion tomography (PET) guided intensity modulated radiation
-old patient presenting with primary prostate cancer, with a
) of 15 ng/mL, and cT3b stage. The patient had a 60% chance
vealed gross tumor volumes (GTVs) for 1 lymph node in the
ph nodes, and green contour indicates GTVs for the involved
t pelvis (red contours indicate clinical target volumes in the
lymph node) from 68Ga-prostate-specific membrane antigen
ndrogen deprivation therapy in combination with IMRT and
pelvic lymph nodes, and a sequential boost to the 2 PET-pos-
h representation of the IMRT plan is shown. MRI = magnetic
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images. First, the GTV-PET was delineated based on
visual analysis of the PET images. This method involved
identifying areas where the PSMA uptake was signifi-
cantly higher than the surrounding normal tissue back-
ground, indicating the presence of metabolic
abnormalities and suspected lesions. Additionally, the
longest tumor length in PET was determined by measur-
ing the maximum diameter of the target area along the
maximum axis plane. Second, the GTV-PET values were
obtained using a contour method with SUVmax. This
involved quantifying the PSMA uptake (ie, SUV) and
then determining the percentage of SUV in each voxel by
measuring the highest SUV in the corresponding prostate.
The GTV-PET/MRI was obtained through manual delin-
eation after the integration of PET images with T2WI
axial images. Lesions exhibiting elevated local radioactive
uptake within the prostate gland compared with sur-
rounding normal tissues, along with the aforementioned
MRI features, were identified as positive lesions.

The GTVs were manually delineated in each slice. Spe-
cifically, the GTV-MRI T2-weighted data sets were out-
lined separately by 2 nuclear medicine physicians and 1
radiation oncologist. These contouring experts had access
to comprehensive MRI data sets, including side-by-side
DCE and DWI data. The criteria for lesion identification
involved assessing hypointensity on the T2-weighted
image alongside lesion presence on either the DWI or
DCE image, or both, at the same location to confirm posi-
tivity.24 For the GTV definition, the primary reference
was the ADC maps derived from the DWI data. Addition-
ally, the postinjection time frame displaying maximum
contrast within the prostate was manually selected from
the DCE time series. Following this, all GTVs were regis-
tered to the PET data set, and the SUVmax within the vol-
umes of interest was measured. To mitigate background
signaling, delineation of the bladder was performed, and
if necessary, it was excluded from both GTV-MRI and
GTV-PET delineations.
Statistical analysis

Statistical analysis was conducted using GraphPad
Prism v8.4.2 (GraphPad Software). The normality of the
distribution was assessed using the D’Agostino and Pear-
son normality test. To compare metric variables that were
not normally distributed, a Wilcoxon matched-pairs
signed-rank test was employed. On the other hand, a
paired t test was used to compare normally distributed
metric variables. For categorical variables, a 1-sided Fish-
er’s exact test was used. The significance level was set at
.05. The figures presented in this study were generated
using GraphPad Prism v8.4.2 (GraphPad Software). For
further statistical analysis, the Mann-Whitney U test, Wil-
coxon signed-ranked test, exact significance (2-tailed,
derived from 1-tailed significance), and asymptotic
significance (2-tailed) were used to compare the GTV vol-
ume (cm3) between the MRI and PET groups. In the
ranks section, both groups had 25 observations each.
Results
From July 2020 to September 2021, a total of 25 indi-
viduals diagnosed with primary PCa underwent mpMRI
of the pelvis and 68Ga-PSMA PET/CT scans within a 3-
month timeframe (an example is shown in Fig. 2). The
average age of these patients was 68.6 years (SD, 7.9
years). The majority of the patients fell under the interme-
diate-risk category based on the D’Amico classification.
Prior to the imaging procedures, PSA levels were assessed,
revealing a mean PSA level of 21.4 ng/mL (median § SD,
11.64 § 19.7 ng/mL). The characteristics of the GTVs
based on the PET and MRI data sets are shown in Table
E1. The median GTV obtained from the PET data sets
(GTV-PET, 4.16 cm3) was larger than the median GTV
obtained from the MRI T2-weighted data sets. The differ-
ence between GTV-PET and GTV-MRI was significant
(P = .003).

For the 18 cases from center 1, mpMRI was able to
identify 31 intraprostatic GTVs, whereas PET detected
53. When considering individual patients, the median
number of GTVs detected by mpMRI and PET was 2
(range, 1-5) and 3 (range, 1-8), respectively (P < .01). The
median volume of GTV-MRI and GTV-PET per patient
was 2.1 mL (range, 0.2-42.8) and 3.7 mL (range, 0.4-85),
respectively (P < .01). For the 7 cases from center 2, the
median volume of GTV-MRI and GTV-PET per individ-
ual was 3.8 mL (range, 0.1-59.5) and 4.4 mL (range, 2.1-
60.1), respectively (P = .02) (Table E1).

Additionally, the results of the analyses exhibited that
patients with a higher Gleason score (GS) tended to have
higher SUVmax values on PET/CT scans, indicating a
potential correlation between the aggressiveness of PCa
and the metabolic activity detected on imaging. Further-
more, the study also revealed that patients with larger
GTVs on MRI tended to have higher SUVmax values on
PET/CT scans, suggesting that tumor volume may also
play a role in the uptake of radiotracers in PCa. Overall,
the findings of this study highlight the importance of con-
sidering multiple factors, including PSA level, GS, and
tumor volume, when interpreting imaging results in
patients with PCa. The average § SD functional tumor
volume for MRI (ie, GTV-MRI) and PET (ie, GTV-PET)
was 5.468 § 11.6 cm3 and 11.136 § 14.3 cm3, respectively
(Tables E1-E3).

High-risk patients (n = 8), defined as those with a PSA
> 20, represent the most aggressive disease profile. These
patients typically require intensive treatment, such as
ADT combined with radiation or surgery (Table E4).
Intermediate-risk patients (n = 6), defined as those with a
PSA of 10 to 20, indicate moderate disease severity.



Figure 2 A 71-year-old prostate cancer patient who underwent prostatectomy. The involved pelvic lymph nodes were treated with
radiation therapy. The involved paraortic lymph nodes were treated with abiraterone and Zoladex (TerSera Therapeutics). Prostate-
specific antigen (PSA) was 3.24 before 68Ga-prostate-specific membrane antigen positron emission tomography. There was a lymph
node (11 mm in diameter) at the right side of the aorta with an maximum standardized uptake value (SUVmax) of 15.63.
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Management may include active surveillance, radiation,
or ADT based on additional clinical factors. Low-risk
patients (n = 11), defined as those with a PSA < 10, sug-
gest less aggressive disease. These patients may be candi-
dates for active surveillance or localized therapy. The
majority of patients in this cohort (11/25, 44%) fell into
the low-risk category, while high-risk cases (32%) still
represented a significant proportion. This distribution
underscores the importance of risk-adapted treatment
strategies in line with the National Comprehensive Can-
cer Network (NCCN) guidelines.

There was no significant difference in the mean age
between the group with a Gleason score ≤7 and the group
with a Gleason score >7. The total PSA level was signifi-
cantly elevated in the group with a Gleason score >7 com-
pared with the group with a Gleason score ≤ 7 (P = .001).
Similarly, the PSMA SUVmax levels were significantly
higher in the group with a Gleason score > 7 than in the
group with a Gleason score ≤7 (P = .03). Tables E5 and
E6 provide further evidence supporting these findings.
We also identified relationships between PSA and other
variables. In this study, a positive correlation was found
between PSMA SUVmax and total PSA (r = 0.260,
P = .01). Similarly, a positive correlation was observed
between PSMA SUVmax and the Gleason score (r = 0.260,
P = .01). Additionally, a positive correlation was noted
between total PSA and the Gleason score (r = 0.320,
P = .001).

In summary, both PSMA SUVmax and total PSA levels
were elevated in the group with higher Gleason scores. A
positive correlation was observed between PSMA SUVmax

and total PSA. Clinicians should exercise caution in such
cases because the likelihood of metastasis is greater in
groups with high Gleason scores. Based on the findings of
this study, it is suggested that 68Ga-PSMA PET/CT
imaging should be routinely incorporated for staging in
medium- to high-risk patients. Furthermore, considering
the relationship between the 68Ga-PSMA PET/CT find-
ings, SUVmax values, histopathological results, and labora-
tory data, SUVmax values can also serve as a prognostic
indicator.

Additionally, the results of the analyses exhibited that
patients with a higher GS tended to have higher SUVmax

values on PET/CT scans, indicating a potential correlation
between the aggressiveness of PCa and the metabolic
activity detected on imaging (Table E7). A significant pos-
itive correlation was found between PSMA SUVmax and
total PSA (P = .01). A positive correlation was observed
between PSMA SUVmax and the Gleason score (P = .01).
A positive correlation was observed between total PSA
and the Gleason score (P = .001).

Figure 3 compares the GTV and planning target vol-
ume (PTV) in a clinical example of 68Ga-PSMA PET
guided intensity modulated RT (IMRT) in a 71-year-old
patient presenting with primary PCa, with a Gleason
score of 9 (4 + 5), an initial PSA of 12 ng/mL, and cT3b
stage. The patient had neoadjuvant ADT in combination
with IMRT with 76 Gy to the prostate, 45 Gy to the pelvic
lymph nodes, and a sequential boost to the 2 PET-positive
lymph nodes with up to 54 Gy.

As discussed earlier in the GTV delineation section,
the comparison of the GTVs defined on MRI/CT/PET
in a clinical example of 68Ga-PSMA PET guided IMRT
in a 69-year-old patient presenting with primary PCa,
with a Gleason score of 8 (4 + 4), an initial PSA of
13 ng/mL, and cT3b stage, is shown in Fig. 4. More-
over, a 5 mm margin was implemented to account for
uncertainties in the registration of PSMA to its associ-
ated CT. This margin was established with consider-
ation of potential discrepancies that may arise during



Figure 3 Comparison of the gross tumor volume (GTV) and planning target volume (PTV) in a representative clinical example
of 68Ga-prostate-specific membrane antigen positron emission tomography (PET) guided intensity modulated radiation therapy
(IMRT) in a prostate cancer patient. A 71-year-old patient presenting with primary prostate cancer, with a Gleason score of 9
(4 + 5), an initial prostate-specific antigen (PSA) of 12 ng/mL, and cT3b stage. The patient had neoadjuvant androgen depriva-
tion therapy, in combination with IMRT, with 76 Gy to the prostate, 45 Gy to the pelvic lymph nodes, and a sequential boost to
the 2 PET-positive lymph nodes with up to 54 Gy. Right panel: the dose-volume histogram (DVH) of the IMRT plan. The bot-
tom panel shows the optimization constraints and objectives for IMRT planning (regions of interest (ROIs), dose constraints
[eg, minimum {Min} and maximum {Max} doses and DVH constraints], and weights).
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the fusion of MRI with CT data derived from PET
scans. While we acknowledge that the FLAME study
employed a zero margin, our choice to adopt a 5 mm
margin is grounded in the existing literature, which
emphasizes the importance of incorporating margins to
mitigate registration errors.

SUVmax values for GTV-PET and GTV-MRI were
assessed in a cohort of 12 out of 25 patients, with SUVmax

of the GTV-PET found to be situated within the GTV-
MRI. The median SUVmean was observed to be greater in
GTV-MRI (7.45) than in GTV-PET (5.94), yielding a P
value of .042. The findings revealed that the median SUV-
mean in GTV-MRI was significantly higher than that in
GTV-PET. The P value of .042 indicates that the observed
difference was statistically significant (Fig. 5).

Considering uncertainties in registration, both GTV-
PET and GTV-MRI were expanded isotopically by 5 mm
to form a PTV. Moreover, the overlap between PTVs
drawn on PET or MR images and their corresponding
GTVs defined on MR or PET images (from the opposite
modality) was quantified. The PTV derived from PSMA
PET/CT encompassed 62% § 27% of the GTV-MRI, with
44.4% of patients having a PTV that covered 100% of the
GTV-MRI. Conversely, the PTV based on GTV-MRI cov-
ered 50% § 31% of GTV-PET.

Table 1 presents the characteristics of the GTV-PET
and GTV-MR data sets. The median GTV obtained from
the PET data sets (GTV-PET = 4.16 cm3) was larger than
the median GTV obtained from the T2-weighted MRI
data sets. The difference between GTV-PET and GTV-
MRI was significant (P = .003). Table E3 shows the sub-
group analysis based on 68Ga-PSMA PET/CT versus
mpMRI and 68Ga-PSMA PET versus mpMRI in detecting
bilateral lesions and seminal vesicle invasion for PCa.

The average rank for the MRI group was 21.58, while it
was 29.42 for the PET group, indicating that PET data
generally have higher ranks compared with MRI. The
total ranks for MRI and PET were 539.50 and 735.50,
respectively. In the test statistics, the Mann-Whitney U
statistic was 214.5, reflecting the rank differences between
the 2 groups, whereas the Wilcoxon W statistic was 539.5,
representing the total ranks for the MRI group. The stan-
dardized z value was �1.902, with a significance level (P
value) of .057 (Table E8). This P value indicates that the
observed difference in GTV volume (cm3) between the
MRI and PET groups is not statistically significant at the
5% level. In other words, we cannot confidently reject the
null hypothesis, which states that there is no significant
difference between the 2 groups. However, the P value is
close to the significance threshold, suggesting a potential
difference that might be explored further with a larger
sample size or adjusted test conditions. Overall, the results
show that the average ranks of PET are higher than those
of MRI, which could suggest that the GTV volume (cm3)
is, on average, larger in the PET group. Nevertheless, this
difference cannot be confirmed statistically, highlighting
the need for further investigation and possibly additional
analyses.



Figure 4 Comparison of the gross tumor volumes (GTVs) for magnetic resonance imaging (MRI)/computed tomography
(CT)/positron emission tomography (PET) in a clinical example of 68Ga-prostate-specific membrane antigen PET guided inten-
sity modulated radiation therapy in a prostate cancer patient. A 69-year-old patient presenting with primary prostate cancer,
with a Gleason score of 8 (4 + 4), an initial prostate-specific antigen (PSA) of 13 ng/mL, and cT3b stage.
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A comparative analysis of the 18 cases from center 1
revealed that PSMA PET detected significantly more
intraprostatic lesions than mpMRI (53 vs 31 GTVs). The
per-patient evaluation demonstrated higher lesion detec-
tion by PET (median, 3; range, 1-8) versus MRI (median,
2; range, 1-5; P < .01), with correspondingly larger
median tumor volumes (3.7 mL vs 2.1 mL; P < .01) (Table
E9). This pattern was maintained in the 7 cases from cen-
ter 2 (PET: 4.4 mL vs MRI: 3.8 mL; P = .02). Notably, ele-
vated Gleason scores correlated with increased SUVmax

values (P < .05), reflecting greater metabolic activity in
more aggressive tumors. Similarly, larger MRI-derived
tumor volumes were associated with higher radiotracer
uptake (P < .05). These results emphasize the multifacto-
rial interpretation of PCa imaging, where the integration
of PSA levels, histopathological grade, and volumetric
parameters enhances diagnostic accuracy (Table E10).

The average ranks indicate that center 2 had slightly
higher GTV values for both MRI and PET compared with
center 1. However, these differences were minimal and
not statistically significant (P values > .05). The Mann-
Whitney U test results confirmed that the hypothesis of a
significant difference between the 2 centers can be
rejected. Therefore, it can be concluded that GTV values
(cm3) do not show a substantial difference between these
2 centers. For a more detailed analysis, increasing the
sample size or using alternative statistical methods might
be beneficial.

The accuracy and interreader agreement results for
PSMA PET and mpMRI for the detection of PCa are
shown in Table E11.
Discussion
mpMRI is considered the primary method for detect-
ing PCa3 and identifying important lesions, as local recur-
rences usually happen at the location of primary tumor
lesions identified through mpMRI.23,24 However, research
by Priester et al8 revealed that mpMRI tends to



Figure 5 SUVmean of the gross tumor volume (GTV) based on positron emission tomography (GTV-PET) and the GTV based
on magnetic resonance imaging (GTV-MRI) measured in the 12 patients with maximum standardized uptake value (SUVmax) of
GTV-PET located within the GTV-MRI. The median mean standardized uptake value (SUVmean) was higher in GTV-MRI
(7.45) than in GTV-PET (5.94), with a P value of .042.
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underestimate the size of tumor foci, while Johnson et al7

found that mpMRI fails to detect clinically significant
tumor lesions in around 35% of patients.

68Ga-PSMA PET enables the identification of areas of
gross disease that are missed on CT. IMRT can be used to
deliver a higher dose to areas with gross disease. Fig. 6 is
an example of an IMRT plan and isodose results for (1) a
patient with a rising PSA level after radical prostatectomy,
planned without radiographic evidence of visible gross
disease. Pelvic nodal and prostate bed volumes are pre-
scribed at doses of 43 and 70 Gy, respectively. (2) The
IMRT plan and isodose results for the patient who under-
went mpMRI before planning. (3) The IMRT plan and
isodose results for the patient who underwent 68Ga-
PSMA PET before planning. IMRT was used to focally
increase the dose to the gross disease beyond 65 Gy while
adequately sparing normal organs at risk. The dose-color
wash displays the simulated dose on CT simulation scans,
with a color scale of blue (43 Gy) to red (70 Gy).

In more than half of the patients, the GTV-PET was
found to be at least 50% larger than the GTV-MRI, while
in approximately one-fifth of the patients, the GTV-MRI
was at least 50% larger than the GTV-PET. These findings
validate the notion that GTVs in mpMRI are smaller than
those in 68Ga-PET/CT.20 Consequently, these results sug-
gest that incorporating margins in the GTV-MRI could
potentially enhance the coverage of tumor lesions
detected by 68Ga-PSMA PET. Univariate analysis revealed
a significant correlation between PSA level and the vol-
ume of GTV-MRI in terms of agreement in laterality
between the 2 imaging techniques. This suggests that in
patients with large tumor volumes in mpMRI, 68Ga-
PSMA PET/CT may provide limited additional informa-
tion. Nevertheless, these patients are at high risk for
lymph node or distant metastases.25 68Ga-PSMA PET
demonstrates high sensitivity and specificity in detecting
lymph nodes, particularly for metastases smaller than
10 mm, making it valuable for lymph node staging.26,27

In addition, numerous studies have conducted a com-
parison between 68Ga-PSMA tracers and the current stan-
dard of care, mpMRI, for the detection28,29 and
segmentation20,21 of GTV. All research findings have con-
sistently indicated that 68Ga-PSMA PET imaging offers
additional valuable insights. Nevertheless, a separate
research team has documented that the visual interpreta-
tion of 68Ga-PSMA PET images fails to detect clinically
significant PCa in terms of microscopic lesions with an
International Society of Urological Pathology grade
greater than 1 in around 30% of patients.30 The Prospec-
tive analysis of clinically significant prostate cancer detec-
tion with 18F-DCFPyL PET/MRI compared to
multiparametric MRI (ProStaPET) study prospectively
evaluated the efficacy of 2-(3-(1-carboxy-5-[(6-[18F]flu-
oro-pyridine-3-carbonyl)-amino]-pentyl)-ureido)-penta-
nedioic acid (18F-DCFPyL) PET and mpMRI in detecting
PCa, with histopathology postsurgery serving as the gold
standard for comparison.31 The researchers reached the
conclusion that the combination of PET/MR information
does not surpass the use of mpMRI information alone.

Considering the results of center 1, PET identified a
significantly higher number of intraprostatic PCa lesions
with a notably larger volume compared with mpMRI.
Additionally, the PET-GTV was also significantly larger
in an external cohort. These findings align with previous



Table 1 Characteristics of gross tumor volumes defined
on positron emission tomography data sets (gross tumor
volume based on positron emission tomography) and
magnetic resonance imaging data sets (gross tumor vol-
ume based on magnetic resonance imaging)

Patients
GTV-MRI
(cm3)

GTV-PET
(cm3) PET SUVmax

1 3.1 9.8 3.88

2 3.8 10.1 6.47

3 13.1 38.9 9.64

4 2.5 1.2 12.11

5 0.6 10.7 3.7

6 42.2 39.8 3.08

7 1.6 1.9 5.04

8 0.2 2.5 6.45

9 3.6 12.7 14.78

10 10.5 24.6 2.43

11 2.7 8.3 15.76

12 1.3 3.7 10.91

13 0.1 1.2 46.34

14 2 1.6 3.23

15 1.3 1 59.4

16 7.9 21 7.79

17 0.6 7.1 8.46

18 0.4 0.5 5.75

19 0.7 2 5.76

20 16.6 35.9 7.6

21 2 4 3.09

22 1.8 1.2 3.01

23 13 24.8 13.3

24 1.6 2.8 6.72

25 3.5 11.1 2.05

The median GTV defined on PET images (GTV-PET = 4.16 cm3)
was larger than the median GTV defined on T2-weighted MRI
(GTV-MRI = 3.5 cm3). The difference between GTV-PET and
GTV-MRI was significant (P = .003).
Abbreviations: GTV = gross tumor volume; MRI = magnetic reso-
nance imaging; PET = positron emission tomography; SUVmax =

maximum standardized uptake value.
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studies that have compared 68Ga-PSMA tracers with
mpMRI.14,29,32 Collectively, the results obtained from our
investigation indicate that 68Ga-PSMA PET/CT exhibits
great potential as a valuable resource in directing focal
therapy toward intraprostatic GTVs. Furthermore, it is
plausible that this imaging technique may surpass the
effectiveness of using MRI alone. Nevertheless, it is crucial
to acknowledge the significance of mpMRI in this particu-
lar scenario because it offers supplementary data for
certain patients. This is especially important considering
that around 10% of intraprostatic GTVs do not exhibit
PSMA expression.33

In our study, we noted that out of the 9 patients classi-
fied as high-risk, only 3 received ADT. This raises impor-
tant questions regarding treatment decisions made for the
remaining patients. Specifically, patient 10, who presented
with a PSA level of 51 and a Gleason score of 8, did not
receive ADT. The decision not to administer ADT in this
case could be attributed to several factors. (1) Clinical
assessment: the treating physician may have assessed the
patient’s overall health status, comorbidities, and personal
preferences, which could have influenced the decision
against initiating ADT. (2) Treatment protocols: there
may be specific protocols or guidelines that prioritize
ADT based on certain criteria that patient 10 did not
meet despite having high-risk indicators. (3) Potential
side effects: concerns regarding the side effects associated
with ADT may have led to a more conservative approach
in this particular case. (4) Alternative therapies: it is possi-
ble that alternative treatment options were considered
more appropriate for patient 10 at the time of evaluation.
(5) Multidisciplinary input: decisions regarding treatment
often involve input from a multidisciplinary team; thus,
differing opinions among specialists could also play a role
in such decisions.

Current guidelines lack definitive recommendations
regarding the suspension of ADT prior to PSMA-ligand
PET imaging. Furthermore, there is a lack of guidance on
the potential advantages of PSMA site stimulation
through ADT. It is conceivable that ADT may also play a
role in evaluating its impact on the metabolic response to
treatment. Although the literature presents inconsisten-
cies, the majority of studies indicate that short-term ADT
enhances PSMA expression, thereby facilitating imaging
under these conditions. Conversely, long-term ADT
appears to diminish PSMA-ligand uptake as lesions
shrink and partial volume effects become increasingly sig-
nificant. There is a pressing need for comprehensive data
emphasizing the evaluation of both castration-sensitive
and castration-resistant models and patients, as well as
the effects of short- and long-term ADT using various
agents and mechanisms of action, alongside initial and
late responses. Ultimately, a deeper understanding of the
effects of ADT is essential, particularly in the context of
preparing for systemic PSMA-ligand metabolic therapies.
In conclusion, the temporal relationship between PSMA
expression and the commencement of ADT may account
for some of the variations in detection sensitivities
observed in PSMA-ligand imaging. Nonetheless, there
remains a substantial need to investigate the influence of
medications and other factors at PSMA-ligand sites, likely
through ongoing longitudinal studies and additional clini-
cal research.

The expression of PSMA in benign prostatic hyperpla-
sia (BPH) tissue and its related positive reaction are



Figure 6 The top panel shows an example of an intensity
modulated radiation therapy (IMRT) plan and isodose
results for a patient with a rising prostate-specific antigen
(PSA) level after a radical prostatectomy planned without
radiographic evidence of visible gross disease. Pelvic nodal
and prostate bed volumes are prescribed at doses of 43 and
70 Gy, respectively. The middle panel depicts the IMRT plan
and isodose results for a patient who underwent multipara-
metric magnetic resonance imaging (MRI) before planning.
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crucial concerns for imaging diagnosis. In this study, 27 of
89 BPH cases (30.3%) showed false-positive uptake on
68Ga-PSMA PET/CT, mimicking PCa. This highlights a
significant limitation: PSMA is not cancer-specific and is
also expressed in hyperplastic prostate tissue, leading to
overdiagnosis. SUVmax thresholds (eg, a cutoff of 15 for
100% specificity) were proposed to mitigate this issue, but
sensitivity dropped to 41%. Combining PSMA PET and
mpMRI reduced but did not eliminate false positives
(13% persisted). BPH-related PSMA uptake remains a
major pitfall, as hyperplastic tissue expresses PSMA at lev-
els overlapping with low-grade cancer. A study by Tang et
al34 found that even stringent PET/prostate imaging-
reporting and data system (PI-RADS) criteria (both scores
≥ 4) could not fully exclude BPH false
positives, underscoring the need for biopsy confirmation
before radical treatments.

Priv�e et al35 conducted a study comparing 18F-PSMA-
1007 PET with mpMRI in 23 patients, using histopatho-
logical analysis of surgical specimens as the gold standard.
They observed similar results, further supporting the
validity of our findings. Importantly, the NCCN risk
groups assigned to the patients in our study were compa-
rable between mpMRI and PSMA imaging, suggesting
that the addition of PET imaging may not significantly
alter the management of ADT in these patients.

A recent investigation conducted a comparative analy-
sis between MRI and 18F-DCFBC PET/CT alongside his-
topathological data following prostatectomy in 12
individuals. The researchers suggested the combined use
of PSMA PET/CT and MRI to enhance the detection of
clinically significant PCa.17,25 Additionally, they quanti-
fied the GTV-PET SUVmax values encompassed within
GTV-MRI and the extent of overlap between GTV-MRI
and GTV-PET. Overall, the study found that mpMRI and
68Ga-PSMA PET/CT exhibited concordance in around
50% of the patients.25 Our investigation showed that the
volume of GTV-PET was approximately double that of
GTV-MRI, measuring 11.136 cm3 and 5.468 cm3, respec-
tively. Moreover, the average coverage of GTV-MRI by
the PTV from 68Ga-PSMA PET/CT (66.1% GTV-MRI)
exceeded the coverage of GTV-PET by the PTV from
MRI (49.6% for GTV-MRI) (P value = .042). This obser-
vation aligns with earlier studies36,37 that GTVs delineated
using anatomic imaging tend to be smaller than those
The bottom panel shows an example of an IMRT plan and
isodose results for a patient who underwent 68Ga-prostate-
specific membrane antigen positron emission tomography
(PET) before planning. IMRT was used to focally increase
the dose to gross disease beyond 65 Gy while adequately
sparing normal organs at risk. The dose-color wash displays
the simulated dose on a computed tomography (CT) simula-
tion scan with a color scale varying from blue (43 Gy) to red
(70 Gy).
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outlined through functional imaging. It is essential to con-
firm potential clinical factors influencing agreement/dis-
agreement between mpMRI and PSMA PET with
accurate histopathological data in larger patient cohorts.
Our findings demonstrate only partial agreement between
the 2 imaging techniques. Until more definitive evidence
on the diagnostic efficacy of 68Ga-PSMA PET/CT
becomes available, we recommend using mpMRI for
identifying the involved lesions in PCa cases. In situations
of uncertainty, such as the absence of GTV-MRI, a low
Prostate Imaging Reporting and Data System score for
GTV-MRI38 or lack of agreement between GTV-MRI and
histopathology following biopsy, 68Ga-PSMA PET/CT
may offer additional insights. Ensuring spatial alignment
between GTV-PET and GTV-MRI could enhance diag-
nostic accuracy. It is important to note that GTV delinea-
tion based on DWI, DCE, and T2-weighted MRI may
yield conflicting outcomes and limited agreement among
observers,39 while SUV-based GTV-PET delineation
could serve as an objective tool for guiding focal dose
escalation.40 The distribution of the PET tracer, poten-
tially leading to increased sensitivity and decreased speci-
ficity in detecting PCa with 68Ga-PSMA PET/CT, may
offer an additional rationale.

Nevertheless, Johnson et al7 have determined that
mpMRI has its limitations in detecting PCa foci, as it fails
to identify around one-third of clinically significant
foci.39 However, a study has shown the potential of
PSMA PET in conjunction with MRI to enhance the
detection of clinically significant PCa.41 In light of this,
we propose the utilization of fused PET/MR images for
accurate GTV delineation. Zhang et al41 indicated that
83.3% of GTV-PET/MRI outcomes were superior to
those of GTV-MRI. A prior investigation42 also con-
tended that MRI-based profiles typically underestimate
tumor dimensions. Consequently, specialists suggest that
sufficient radiation doses must be administered to the
entire prostate during focal RT to avoid undertreatment
in tumor-free regions. Gibson et al43 proposed that using
an enlarged GTV margin determined by mpMRI could
potentially enhance the focus or therapeutic effect of
PCa. Similar investigations conducted on various tumor
sites have also demonstrated that the GTV-PET/MRI is
larger compared with that obtained from GTV-MRI due
to the additional biological information provided by PET.
This additional information can help minimize the risk
of errors in tumor location and influence the variability
of GTV during RT.41,42 Consequently, it is plausible to
hypothesize that a larger GTV-PET/MRI could lead to a
more comprehensive target acquisition, enabling ade-
quate irradiation of the lesion and ultimately impacting
the therapeutic outcome.

Recent comparative studies have systematically evalu-
ated PSMA PET and mpMRI for intraprostatic tumor
delineation using histopathological validation. Better-
mann et al20 demonstrated a superior volumetric
correlation between PSMA PET (10.8 mL) and histopa-
thology (10.4 mL) compared with mpMRI (4.5 mL; P <
.05), with PSMA PET showing higher sensitivity (86% vs
58%) but slightly lower specificity (87% vs 94%). Notably,
PSMA PET detected 133 tumor-positive quadrants that
were missed by mpMRI. Complementary findings by
Spohn et al21 revealed that PSMA PET identified more
lesions (159 vs 151) with larger median volumes (4.9 vs
2.8 mL; P < .0001) and superior bilateral lesion detection
(71 vs 57; P = .03). Multivariate analysis confirmed MRI
tumor volume as the sole significant predictor of laterality
concordance (P = .04). These studies collectively estab-
lished PSMA PET’s clinical value in overcoming mpMRI’s
volumetric underestimation, particularly for intermediate/
high-risk patients under the D’Amico classification, where
combined imaging appears optimal for accurate GTV
delineation.

Our study is constrained by several limitations, such as
the modest sample size of 25 patients who underwent
imaging on 2 distinct MRI and PET/CT scanners. There
were various reconstruction techniques used along with a
PET voxel size of 2.86 mm £ 2.86 mm £ 3.27 mm; never-
theless, the duration of bed positions ranged from 2 to 4
minutes among patients. Nevertheless, in this investiga-
tion, it proved unfeasible to consider all these discrepan-
cies, leading us to make the assumption that the images
and SUV values could be directly compared. Furthermore,
it should be noted that the study has certain additional
constraints. One such limitation is the absence of histol-
ogy data derived from prostate tissue at the apex or the
base. This is primarily due to the standard histology proc-
essing techniques employed, which necessitate the cutting
of these sections in a parasagittal manner. Consequently,
the inability to coregister these sections with the imaging
data arises. Lastly, the potential impact of bowel and blad-
der motion on prostate movement between imaging
acquisitions must be considered.44 This challenge compli-
cates the precise coregistration of MRI with PET/CT
image data, potentially resulting in discrepancies in GTV
delineation.

The discussion of false positives in PET is indeed cru-
cial, as it has significant implications for diagnosis and
treatment planning. False positives can occur due to vari-
ous factors, including the physiological uptake of radio-
tracers in benign conditions, inflammation, or other
nonmalignant processes that may mimic cancerous activ-
ity on PET scans. It is important to consider the clinical
context and correlate PET findings with other diagnostic
modalities, such as CT or MRI, as well as patient history
and clinical symptoms. Additionally, using advanced
imaging techniques and refined radiotracer selection can
help mitigate the risk of false positives. In summary, while
PET is a powerful tool in oncology, awareness and careful
interpretation of potential false positives are essential for
accurate diagnosis and effective patient management
(Table E11). The inherent constraints of validation
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criteria, particularly the restricted size variation observed
in small lesions, have been addressed in prior discus-
sions.45 In contrast, 68Ga-PSMA PET exhibits limitations
in detecting small nodal metastases, particularly in
regions with significant physiological uptake. Consistent
with earlier studies, instances of false-negative results
were observed in cases involving small metastases or
when there was adjacent uptake from the bladder or
urine.46,47 Further CT urography proved beneficial in rec-
ognizing 68Ga-PSMA PET results in proximity to the uri-
nary system.48

Conclusions
In this investigation, we conducted a comparative
analysis of individuals, comparing the effectiveness of
68Ga-PSMA PET/CT and mpMRI in a substantial
group of patients from 2 different centers. By employ-
ing reliable contouring methods, 68Ga-PSMA PET
demonstrated a greater number and larger size of
tumor lesions compared with MRI. These findings
have implications for determining the volume of focal
RT targets, although they do not impact the NCCN
risk group classification. Based on the findings, it
would be more appropriate to suggest that while both
imaging modalities have their merits, the data do not
sufficiently support the necessity of using both in all
cases in the RT planning process for PCa patients.
Ongoing prospective trials are currently underway to
assess the safety and therapeutic efficacy of focal RT
using combined PSMA PET and mpMRI data.
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