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Abstract

Objective The aims were to evaluate the performance of models that predict Gleason Grade (GG) groups with radiomic
data obtained from the prostate gland in dual time 68Ga-Prostate Specific Membrane Antigen (PSMA) Positron Emission
Tomography/Computerized Tomography (PET/CT) images for prostate cancer (PCa) staging, and to analyze the contribu-
tion of late imaging to the radiomic model and to evaluate the relationship of the distance between tumor foci in the body
(Dmax) obtained in early PET images with histopathology and prostate specific antigen (PSA) value.

Methods Between October 2020 and August 2021, 41 patients who underwent 68Ga-PSMA PET/CT for staging of PCa
were retrospectively analyzed. Volumetric and radiomics data were obtained from early and late PSMA PET images. The
differences between age, metastasis status, PSA, standard uptake value (SUV), volumetric and radiomics parameters between
GG groups were analyzed. Early and late PET radiomic models were created, area under curve (AUC), sensitivity, specific-
ity and accuracy values of the models were obtained. In addition, the correlation of Dmax values with total PSMA-tumor
volume (TV), Total lesion (TL)-PSMA and PSA values was evaluated. In metastatic patients, the difference in Dmax between
GG groups was analyzed.

Results There was a significant difference between patients with GG <3 and >3 in 35 of the early PET radiomic features.
In the early PET model, multivariate analyses showed that GLRLM_RLNU and PSA were the most meaningful parameters.
The AUC, sensitivity, specificity and accuracy values of the early model in detecting patients with GG > 3 were calculated
as 0.902, 76.2%, 84% and 78.1%, respectively. In 36 late PET radiomic features, there was a significant difference between
patients with GG <3 and > 3. In multivariate analyses; SHAPE_compacity and PSA were obtained as the most meaningful
parameters. The AUC, sensitivity, specificity and accuracy values of the late model in detecting patients with GG > 3 were
calculated as 0.924, 85.7%, 85% and 85.4%. There was a strong correlation between Dmax and PSA values (p <0.001, rho:
0.793). Dmax showed strong correlation with PSMA-TVtotal and TL-PSMAtotal (p <0.001, rho: 0.797; p <0.001, rho:
0.763, respectively). In patients with metastasis, median Dmax values of the GG > 3 group were higher than GG <3 group;
A statistically significant difference was obtained between these two groups (p = 0.023).

Conclusions Model generated from the late PSMA PET radiomic data had better performance in the current study. Without
the use of invasive methods, the heterogeneity and aggressiveness of the primary tumor and the prediction of GG groups may
be possible with 68Ga-PSMA PET/CT images obtained for diagnostic purposes especially with late PSMA PET/CT imaging.
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Introduction

Prostate-specific membrane antigen (PSMA) is a molecular

54 Aysegiil Aksu target of interest in both clinical imaging and radionuclide
aaysegulgedikli @ gmail.com treatment of prostate cancer (PCa) [1-3]. Positron Emission
Tomography (PET)/computerized tomography (CT) imag-
ing using 68Ga-PSMA ligands is a highly sensitive method
for detecting primary tumor as well as local recurrence and/
or metastatic lesions after primary PCa treatment [4]. In
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addition to maximum standardized uptake value (SUVmax),
the use of volumetric parameters in the evaluation of PSMA
PET has also been investigated, and it has been reported that
volumetric parameters can be used in both staging and treat-
ment response [5—7]. Moreover, an imaging feature called
the “distance between the two most distant lesions (Dmax)”,
which reflects the spread of the disease, has recently entered
the literature, but its role in prostate cancer staging has not
yet been investigated [8].

Radiomic is a rapidly developing field of research that
expresses the acquisition and analyses of quantitative data
from medical imaging with mathematical methods [9].
Recently, interest in the radiomics approach has increased
and there are studies suggesting that radiomics may help in
the diagnosis, prognosis and treatment response of the dis-
eases [10—13]. There are also very recently published reports
with radiomic analyses for PSMA PET in PCa which exam-
ined the success of PSMA-PET radiomics in distinguishing
Gleason Grade (GG) groups [14-16].

When dual time-point 68Ga-PSMA PET/CT imaging was
evaluated, it was shown that there was a significant increase
in SUVmax of PCa lesions in delayed images compared to
early images [17, 18]. However, to our knowledge, there is
no study on radiomic analyses from late PSMA PET images
yet.

Combining all these data, we set two aims for our study.
Our first aim was to evaluate the performance of models
that predict GG groups with radiomic data obtained from
the prostate gland in early and late 68Ga-PSMA PET/CT
images, and to analyze the contribution of late imaging to
the radiomic model. Our second aim was to evaluate the
relationship of Dmax obtained in early PET images with
histopathology and PSA value, and to analyze the place of
this quantitative parameter in staging 68Ga-PSMA PET/CT.

Materials and methods
Patient group

Patients who underwent 68Ga-PSMA Imaging & Therapy
(I&T) PET/CT for staging of PCa between October 2020
and August 2021 in our institution were evaluated retrospec-
tively. Thirteen patients with PSMA uptake below 64 voxels
in the prostate gland were excluded from the study (because
VOI below 64 voxels cannot technically be evaluated with
Local Images Features extraction-LIFEx software) [19]. A
total of 41 male patients with a diagnosis of prostate adeno-
carcinoma who had no history of PCa specific treatment and
had not undergone prostatectomy were included in the study.

Grade groups obtained from 12-quadrant biopsy mate-
rial were used. GG groups were determined according to
the Gleason Grading system suggested by the International

Society of Urological Pathology (ISUP) in 2014 [20].
According to their GG, the patients were divided into two
groups as GG <3 and GG > 3.

68Ga-PSMA PET/CT imaging

All patients were informed both orally and written for
PET/CT imaging. 68Ga-PSMA I&T was synthesized with
Scintomics (Germany) full automatic synthesis unit. After
production, labeling efficacy was assessed with high-perfor-
mance liquid chromatography. Mean 5.0 millicurie (mCi)
(185 Megabecquerel-MBq) 68Ga-PSMA 1&T injection
was performed. Approximately 45 +5 min after injection,
low-dose CT was used for attenuation correction with the
following parameters: 113 mAS, 120 kV and 4 mm section
thickness. Following CT images, early PET images were
obtained for 1.5 min in each bed position in supine position
from vertex to mid-thigh with Philips Ingenuity TF 64 PET/
CT (Philips Medical Systems, Cleveland OH, USA). After
an average of 45 min from the first imaging, late PET images
were obtained in the pelvic region for 1.5 min in two bed
positions just after micturation. All patients had both early
and late 68Ga-PSMA PET/CT images. Images were recon-
structed using iterative ordered subset expectation maximi-
zation reconstruction with 3 iterations and 33 subsets, and
with 4-mm voxel dimensions.

Volumetric analyses

Visual evaluation was performed by two experienced nuclear
medicine physicians (AA and BY). According to PSMA-
RADs criteria, lesions in categories 4 and 5 were consid-
ered metastatic in early 68Ga-PSMA PET/CT images [21].
Areas with PSMA uptake were anatomically localized with
non-diagnostic CT images. In the LIFEx software, there is
a separate section -MTV protocol- where volumetric analy-
ses are performed, along with the area where the texture
features are extracted [19, 22]. PSMA uptakes over 2.5
SUVmax in the whole body were detected semiautomati-
cally with the MTV protocol of the LIFEx software. Later,
the physiological activities demonstrating a SUV greater
than 2.5 were deleted manually one by one. Tumor volume
(PSMA-TV) and SUVmean values were obtained from all
volumes of interest (VOI) in early PET/CT images. Total
lesion PSMA (TL-PSMA) values were calculated by multi-
plying SUVmean and PSMA-TV. Whole body tumor volume
(PSMA-TVtotal) and tumor burden (TL-PSMAtotal) values
were obtained by summing all PSMA-TV and TL-PSMA
values from the VOIs associated with PCa. Dmax values
were obtained in the MTV protocol; the distances between
all obtained VOIs were automatically calculated by LIFEx
software using the Euclidean distance between their centers
[8, 19] (Fig. 1). The highest value among all counted values
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Fig. 1 68Ga-PSMA PET image
process. A and B show segmen-
tation of PSMA uptake in the
prostate gland. A 68Ga-PSMA
PET/CT fusion images and B
the segmented area (with green
color). C, D, and E visualize
the determination of the furthest
distance between two tumor
foci. The red line shows the
furthest distance between the
VOTI’s that associated with met-
astatic foci and this quantitative
value is calculated automati-
cally by LIFEx software

was determined as Dmax. Dmax value was noted as zero in
patients without metastasis.

Texture analyses

The feature extraction was performed by LIFEx software
[22]. PSMA uptake above 2.5 SUV in the prostate gland
was segmented in both early and late 68Ga-PSMA PET/
CT images [22] (Fig. 1). Forty-one features were extracted
from these segmented areas. Conventional parameters, shape
parameters, second order-based (gray-level co-occurrence
matrix—GLCM), and high order-based (neighborhood
gray-level different matrix—NGLDM, gray-level run-length
matrix—GLRLM, and gray-level zone-length matrix—
GLZLM) features obtained from the analyses are presented
in Table 1. Texture matrices were re-sampled at 4 X4 x4
mm, with 64 fixed bin numbers and absolute scale bounds
between 0 and 50.

@ Springer

Statistical analyses

The free version of the Statistical Package for the Social
Sciences (SPSS) v. 28.0 was used for the statistical analy-
ses. A p value of <0.05 was considered significant. Nor-
mally distributed data were presented as mean + standard
deviation, and non-normal distributed data were given as
median (range).

The correlation between PSMA-TVtotal, TL-PSMAto-
tal, Dmax and PSA values in all patients was evaluated by
Spearman correlation analyses. The differences between
age, PSA, SUV, volumetric and texture analyses parame-
ters between GG groups were analyzed by the Mann—Whit-
ney U test. The relationship between categorical variables
was evaluated by chi-square or Fisher exact tests.

Spearman correlation analyses was used to evaluate
the correlation between the features that were found to
be significant in the GG groups. The features with a cor-
relation coefficient of less than 0.8 were analyzed with
logistic regression; the others were not included in the fur-
ther analyses [23]. Two different models were created with
early and late PET radiomic features. The model perfor-
mance was evaluated by area under curve (AUC) obtained
from the receiver operating characteristic analyses. The
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Table 1 Extracted features by

LIFEx software Conventional

Shape-based
GLCM
GLRLM
NGLDM
GLZLM

SUVmax, SUVmean, SUVstd, SUVpeak, TL-PSMA

PSMA-TV, sphericity, compacity, surface

Homogeneity, energy, contrast, correlation, entropy (log 2&10), dissimilarity

SRE, LRE, LGRE, HGRE, SRLGE, SRHGE, LRLGE, LRHGE, GLNU, RLNU, RP
Coarseness, contrast, busyness

SZE, LZE, LGZE, HGZE, SLZLGE, SZHGE, LZLGE, LZHGE, GLNU, ZLNU, ZP

SUV standard uptake value, TL-PSMA total lesion PSMA, PSMA-TV PSMA tumor volume, GLCM gray-
level co-occurrence matrix, GLRLM gray level run length matrix, NGLDM neighborhood gray-level dif-
ferent matrix, GLZLM gray level zone length matrix, SRE short-run emphasis, LRE long-run emphasis,
LGRE low gray-level run emphasis, HGRE high gray-level run emphasis, SRLGE short-run low gray-level
emphasis, SRGHE short-run high gray-level emphasis, LRLGE long-run low gray-level emphasis, LRHGE.
long-run high gray-level emphasis, GLNU gray-level non-uniformity, RLNU run length non-uniformity, RP
run percentage, SZE short-zone emphasis, LZE long-zone emphasis, LGZE low gray-level zone empha-
sis, HGZE high gray-level zone emphasis, SZLGE short-zone low gray-level emphasis, SZHGE short-zone
high gray-level emphasis, LZLGE long-zone low gray-level emphasis, LZHGE long-zone high gray-level
empbhasis, ZLNU zone length non-uniformity, ZP zone percentage

Table 2 The number of patients in Gleason Grade groups, D’Amico
risk groups, the median (range) values of PSA, PSMA-TVtotal, TL-
PSMAtotal and Dmax

Age (year) 69 +8 (53-85)
Gleason Grade 1 (n) 2 (4.9%)
Gleason Grade 2 (n) 13 31.7%)
Gleason Grade 3 (n) 5(12.2%)
Gleason Grade 4 (n) 11 (26.8%)
Gleason Grade 5 (n) 10 (24.4%)
Without metastasis (1) 17 (41.5%)
With metastasis (7) 24 (58.5%)
D’Amico medium risk (n) 7 (17.1%)
D’Amico high risk (n) 34 (82.9%)
PSA (ng/ml) 21.0 (4.0-1350.0)

PSMA-TVtotal (ml)
TL-PSMAtotal (g)

Dmax (cm)

36.5 (4.8-5161.2)
159.8 (16.6-33,844.3)
9.2 (0.0-105.8)

sensitivity, specificity and accuracy values of the models
were calculated.

Ethical approval

Local ethics committee approval was obtained. All proce-
dures performed in studies involving human participants were
in accordance with the ethical standards of the institutional
research committee and with the 1964 Helsinki declaration and
its later amendments or comparable ethical standards.

Results

The mean age of the patients was 69 + 8 years (range
53-85 years). General information about the patients is pre-
sented in Table 2.

The median PSA value of patients without metastasis
was 11.8 ng/dl (4.3-96.0), and of patients with metastasis
was 56.2 ng/dl (8.9-1350.0) and there was statistically
significant difference between two groups (p <0.001).

The median PSA value of patients with GG <3 was
14.2 ng/dl (4.3-99.2), and of patients with GG >3 was
63.0 ng/dl (7.4-1350.0) (» <0.001). The rate of metastasis
was 30% in patients with GG <3 and 85.7% in patients
with GG >3 (p <0.001).

Volumetric results

There was a strong correlation between Dmax and PSA
values (p <0.001, rho: 0.793). Dmax showed strong corre-
lation with PSMA-T Vtotal and TL-PSMAtotal (p <0.001,
rho: 0.797; p<0.001, rho: 0.763, respectively). While
Dmax was moderately correlated with prostate SUVmax
and PSMA-TVprostate (p = 0.001, rho: 0.426; p <0.001,
rho: 0.593, respectively), TL-PSMA prostate was strongly
correlated with Dmax (p <0.001, rho: 0.613).

Median PSMA-TVtotal value was 17.3 ml (4.8-46.7)
in the GG <3 group, and 200.4 ml (6.1-5161.2) in
GG > 3 group, There was statistically significant dif-
ference between these groups (p <0.001, AUC: 0.936,
0.854-1.000, 95% CI). GG > 3 group had higher TL-
PSMA values (median 1653.2, range 20.0-33,844.3) than
GG <3 group (median 65.7, range 16.6-270.4) (p <0.001,
AUC: 0.931, 0.841-1.000, 95% CI).

In patients with metastasis, median Dmax values of
GG > 3 group were higher (median 39.7 cm, 8.6-105.8)
than GG < 3 group (median 9.4, range 5.4-31.3). A statis-
tically significant difference was obtained between these
two groups (p = 0.023, AUC: 0.815, 0.608-1.000, 95%
CI).
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Early PET radiomic analyses

There was a significant difference between patients with
GG <3 and >3 in 35 of the early PET radiomic features.
The texture feature with the highest ability to differentiate
these groups was GLRLM_RLNU (p <0.001, AUC: 0.879,

Table 3 p values and AUC of
the features with significant
difference between GG <3
and > 3 patients

@ Springer

0.776-0.991, 95% CI). The patients with GG >3 had higher
GLRLM_RLNU value than patients with GG <3. The

early PET features with statistically significant differences
between GG groups are shown in Table 3. The features with
a correlation coefficient of less than 0.8 (Fig. 2), GLRLM_
RLNU and GLCM_dissimilarity, were analyzed with a

Features Early PET imaging Late PET imaging
p value AUC (95% CI) p value AUC (95% CI)

SUVmean 0.001 0.800 (0.667-0.933) <0.001 0.842 (0.724-0.959)
SUVstd 0.003 0.768 (0.623-0.913) 0.003 0.770 (0.624-0.916)
SUVmax 0.007 0.745 (0.595-0.895) 0.002 0.780 (0.636-0.923)
SUVpeak 0.006 0.752 (0.604-0.901) 0.002 0.793 (0.654-0.933)
TL-PSMA <0.001 0.874 (0.760-0.987) <0.001 0.890 (0.787-0.994)
PSMA-TV <0.001 0.864 (0.752-0.976) <0.001 0.877 (0.767-0.988)
SHAPE_sphericity 0.404 NS 0.575 NS

SHAPE_surface <0.001 0.838 (0.716-0.960) <0.001 0.860 (0.739-0.980)
SHAPE_compacity <0.001 0.867 (0.750-0.983) <0.001 0.910 (0.820-1.000)
GLCM_homogeneity 0.010 0.735 (0.583-0.886) 0.006 0.751 (0.604-0.898)
GLCM_energy <0.001 0.830 (0.705-0.955) <0.001 0.854 (0.740-0.968)
GLCM_contrast 0.022 0.710 (0.548-0.871) 0.025 0.705 (0.542-0.868)
GLCM_correlation 0.001 0.804 (0.671-0.936) <0.001 0.864 (0.756-0.972)
GLCM_Entropy log 10 <0.001 0.821 (0.695-0.948 <0.001 0.845 (0.729-0.962)
GLCM_Entropy log 2 <0.001 0.821 (0.695-0.948 <0.001 0.845 (0.729-0.962)
GLCM_Dissimilarity 0.020 0.712 (0.554-0.869) 0.022 0.710 (0.548-0.871)
GLRLM_SRE 0.013 0.727 (0.573-0.882) 0.007 0.746 (0.598-0.895)
GLRLM_LRE 0.019 0.714 (0.557-0.872) 0.011 0.731 (0.578-0.884)
GLRLM_LGRE <0.001 0.830 (0.706-0.954) <0.001 0.879 (0.776-0.981)
GLRLM_HGRE <0.001 0.800 (0.667-0.933) 0.001 0.817 (0.688-0.945)
GLRLM_SRLGE <0.001 0.840 (0.721-0.960) <0.001 0.883 (0.783-0.984)
GLRLM_SRHGE 0.002 0.781 (0.642-0.920) 0.001 0.805 (0.671-0.938)
GLRLM_LRLGE 0.001 0.790 (0.653-0.928) <0.001 0.850 (0.736-0.964)
GLRLM_LRHGE 0.001 0.805 (0.672-0.936) <0.001 0.836 (0.714-0.958)
GLRLM_GLNU 0.220 NS 0.035 0.693 (0.529-0.857)
GLRLM_RLNU <0.001 0.879 (0.766-0.991) <0.001 0.890 (0.788-0.993)
GLRLM_RP 0.018 0.715 (0.558-0.873) 0.011 0.732 (0.580-0.884)
NGLDMcoarseness 0.001 0.796 (0.659-0.933) <0.001 0.844 (0.722-0.966)
NGLDMcontrast 0.175 NS 0.273 NS

NGLDMbusyness 0.211 NS 0.206 NS

GLZLM_SZE 0.016 0.720 (0.559-0.881) 0.011 0.731 (0.572-0.890)
GLZLM_LZE 0.045 0.683 (0.519-0.848) 0.045 0.683 (0.520-0.847)
GLZLM_LGZE 0.002 0.779 (0.639-0.919) 0.001 0.798 (0.664-0.931)
GLZLM_HGZE 0.004 0.764 (0.619-0.910) 0.003 0.774 (0.629-0.919)
GLZLM_SZLGE 0.667 NS 0.676 NS

GLZLM_SZHGE 0.006 0.750 (0.601-0.899) 0.005 0.757 (0.607-0.908)
GLZLM_LZLGE 0.011 0.733 (0.578-0.889) 0.009 0.738 (0.587-0.889)
GLZLM_LZHGE 0.958 NS 0.774 NS

GLZLM_GLNU <0.001 0.836 (0.704-0.967) <0.001 0.894 (0.790-0.998)
GLZLM_ZLNU <0.001 0.824 (0.697-0.951) <0.001 0.848 (0.733-0.962)
GLRLM_ZP 0.029 0.699 (0.539-0.859) 0.025 0.705 (0.544-0.866)

NS not significant
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Fig.2 Correlation matrix of
significant features between
Gleason Grade groups. Correla-
tions were assessed using the
Spearman correlation coef-
ficient. In both x and y axes, the
same features that showed sig-
nificant differences between the
GG groups were defined. The
red color defines the positive
correlation and the blue color
defines the negative correla-
tion. A Correlation matrix of
early PET radiomic features. B
Correlation matrix of late PET
radiomic features
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ROC Curve
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Fig.3 ROC curves of the radiomic models (late model AUC: 0.924,
early model AUC: 0.902)

Table4 Formula of models obtained with logistic regression using
radiomics data and PSA values

Early PET formula (GLRLM_RLNU*0.005)+ (PSA*0.029)-3.012
Late PET formula (SHAPEcompacity*1.122)+ (PSA*0.027)-6.191

GLRLM_RLNU gray level run length matrix-run length non-uniform-
ity, PSA prostate specific antigen

logistic regression to build a model. In addition, age, PSA
and metastasis status were added to the model. Multivariate
analyses demonstrated that GLRLM_RLNU (p = 0.019, OR
1.006, 1.001-1.010, 95% CI) and PSA (p = 0.036, OR 1.030,
1.002-1.058, 95% CI) were the most meaningful parameters.
Age and metastasis status could not be obtained as a sig-
nificant prognostic factor in multivariate analyses. The early
model’s AUC was calculated as 0.902 (0.801-1.000, 95%
CI, p<0.001) (Fig. 3). The formula of the model is given in
Table 4. The sensitivity, specificity and accuracy values of
the model in detecting patients with GG > 3 were calculated
as 76.2%, 84% and 78.1%, respectively.

Late PET radiomic analyses

There was a significant difference between patients with
GG <3 and >3 in 36 of the late PET radiomic features. The
feature with the highest AUC value was SHAPE_compac-
ity (p<0.001, AUC: 0.910, 0.820-1.000, 95% CI). The
patients with GG > 3 had higher SHAPE_compacity value
than patients with GG <3. The other late PET features with
statistically significant differences between GG groups
are shown in Table 3. Among these features, the correla-
tion between SHAPE_compacity, GLZLM_SZHGE and

@ Springer

GLRLM_GLNU was less than 0.8 (Fig. 2). In multivariate
analyses in which these features and age, PSA and metastasis
status were included, only SHAPE_compacity (p = 0.008,
OR 3.071, 1.339-7.040, 95% CI) and PSA (p = 0.049, OR
1.027, 1.001-1.056, 95% CI) were obtained as the most
meaningful parameters. For the late model, age and metas-
tasis status were not found to be significant prognostic fac-
tors in multivariate analyses either. The AUC value of the
late model was determined as 0.924 (0.840-1.000, 95% CI,
p<0.001) (Fig. 3). The sensitivity, specificity and accuracy
values of the model in detecting patients with GG > 3 were
calculated as 85.7%, 85% and 85.4%. The formula of the
model was given in Table 4.

Discussion

The results of our study show that; model performance gen-
erated from the late PSMA PET radiomic data is more suc-
cessful than the early PET model. The late model’s AUC,
sensitivity and accuracy values (0.924, 85.7%, 85.4%) were
obtained at higher values than the early model (0.902,
76.2%, 78.1%). This shows us that late imaging may con-
tribute more than early imaging in PSMA PET radiomic
studies. To our knowledge, these results are reported for the
first time in the literature with the current study.

With the development of radiomic analyses, it is expected
to take its place in clinical use. There are a limited number
of studies evaluating 68Ga-PSMA PET/CT radiomics in the
literature. In a study with 68Ga-PSMA PET/CT radiomics
conducted by Zamboglou et al., 20 patients who underwent
radical prostatectomy followed by staging 68Ga-PSMA-11
PET/CT were prospectively analyzed; gross tumor volume
(GTV-Exp) was obtained semi-automatically using 0-5 SUV
window levels and GTV-40% by applying 40% threshold of
intraprostatic SUVmax [14]. QSZHGE showed better per-
formance in distinguishing Gleason Score (GS) 7 and > 8
(p <0.05). However, for GTV-40%, no feature was found to
be strongly associated with GS. In addition to PSMA PET
radiomic studies so far, the results of our study prove that
late PET radiomic features will increase the success of the
model. Our results suggest that radiomic analyses of PSMA
expression in the prostate gland on diagnostic 68Ga-PSMA
PET/CT images may help clinicians to predict non-invasive
GG groups and to determine risk groups better.

The features that we included in the models obtained
were GLRLM_RLNU and SHAPE_compacity. GLRLM_
RLNU defines the non-uniformity of run lengths through-
out the image. A lower value of RLNU indicates more
homogeneity among run lengths in the image while high
values show the heterogeneity. The SHAPE_compacity
feature also shows how compact the area of interest is.
Both the GLRLM_RLNU and SHAPE_compacity features
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were higher in patients with GG > 3, indicating greater
heterogeneity of high-grade tumors.

Since it is the lowest SUV used in automatic programs
in the literature, we have determined a cutoff of 2.5 SUV-
max [22]. We also tried to make a more standard evalua-
tion using the same cutoff for both early and late images.
Zamboglou et al. found no feature strongly associated with
GS for GTV-40% [14]. We also did not use a special per-
cent threshold value and were able to obtain successful
results in our study.

Our results showed that Dmax was higher in patients
with high GG. In other words, it has been quantitatively
shown that metastatic spread is higher in tumors with high
aggressiveness. Dmax was correlated with both tumor
volumetric parameters in the whole body and PSA, the
biochemical indicator of PCa. We were also able to show
that the tumor spread may be different according to the
GG group in patients with metastatic tumors and therefore
included in high-risk patients. The prognostic significance
of this newly defined feature in patients with PCa needs to
be further investigated.

Moreover, our results showed that volumetric param-
eters were more successful than SUV parameters in dis-
tinguishing GG groups, and these results are in line with
the literature [24].

The retrospective nature of the study was one of the
limitations of this study. And also the histopathological
correlation was not technically and ethically possible from
all foci with metastasis. Second- or higher-order features
of tumors with a volume of interest less than 64 voxels
cannot be obtained in the LIFEx software, because sec-
ond-order or higher-order features are usually obtained
by quantizing adjacent pixels to a separate set of values
[19]. Therefore, patients with more than 64 voxels were
included in our study. Also, previous studies have shown
that conditions such as image acquisition, reconstruction,
pre-processing and segmentation could affect radiomic
features [25-27]. So, texture analyses studies may need
standardization of imaging techniques and derivation of
features.

In conclusion, without using invasive methods, 68Ga-
PSMA PET/CT images will be able to detect primary
tumor and metastasis of PCa, as well as assess hetero-
geneity and aggressiveness of primary tumor and predict
GG groups. All these parameters may help clinicians for
personal treatment planning and early decision making.
Late imaging increases the performance of the obtained
radiomic model. These findings should be supported by
large patient groups in prospective studies.
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