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Abstract

Purpose The purpose of this study was to investigate the performance of ®8Ga-PSMA-617 PET/CT in predicting risk stratifica-
tion and metastatic risk of prostate cancer.

Methods Fifty newly diagnosed patients with prostate cancer as confirmed by needle biopsy were continuously included, 40 in a
train set and ten in a test set. **Ga-PSMA-617 PET/CT and clinical data of all patients were retrospectively analyzed. Semi-
quantitative analysis of PET images provided maximum standardized uptake (SUVmax) of primary prostate cancer and volu-
metric parameters including intraprostatic PSMA-derived tumor volume (iPSMA-TV) and intraprostatic total lesion PSMA (iTL-
PSMA). According to prostate cancer risk stratification criteria of the NCCN Guideline, all patients were simplified into a low-
intermediate risk group or a high-risk group. The semi-quantitative parameters of ®*Ga-PSMA-617 PET/CT were used to
establish a univariate logistic regression model for high-risk prostate cancer and its metastatic risk, and to evaluate the diagnostic
efficacy of the predictive model.

Results In the train set, 30/40 (75%) patients had high-risk prostate cancer and 10/40 (25%) patients had low-to-moderate-risk
prostate cancer; in the test set, 8/10 (80%) patients had high-risk prostate cancer while 2/10 (20%) had low-intermediate risk
prostate cancer. The univariate logistic regression model established with SUVmax, iPSMA-TV and iTL-PSMA could all
effectively predict high-risk prostate cancer; the AUC of ROC were 0.843, 0.802 and 0.900, respectively. Based on the test
set, the sensitivity and specificity of each model were 87.5% and 50% for SUVmax, 62.5% and 100% for iPSMA-TV, and 87.5%
and 100% for iTL-PSMA, respectively. The iPSMA-TV and iTL-PSMA-based predictive model could predict the metastatic risk
of prostate cancer, the AUC of ROC was 0.863 and 0.848, respectively, but the SUVmax-based prediction model could not
predict metastatic risk.

Conclusions Semi-quantitative analysis indexes of ®*Ga-PSMA-617 PET/CT imaging can be used as “imaging biomarkers” to
predict risk stratification and metastatic risk of prostate cancer.
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Introduction

Prostate cancer is a type of tumor with the highest malignancy
in men, and about one in six new cases of male cancer world-
wide is prostate cancer [1]. The biological behaviors of pros-
tate cancer at different degrees of malignancy also largely
differ, directly impacting disease outcome and responses to
treatment. Therefore, accurate risk stratification of prostate
cancers before treatment and the development of individual-
ized treatment regimen, play a vital role to improve the clinical
outcome of patients. For low- and moderate-risk prostate can-
cer patients, good prognosis and longer biochemical
recurrence-free survival may be achieved through active sur-
veillance programs, radical prostatectomy or radiotherapy
treatment [2]. However, high-risk prostate cancer patients
are at increased risks of metastasis, recurrence and a higher
mortality [3]. Currently, the commonly used prostate cancer
risk stratification criteria are based on clinical stage, Gleason
score (GS), and pre-treatment prostate-specific antigen (PSA)
level. Although there are many risk stratification criteria being
introduced, the definition of high-risk prostate cancer has not
yet been standardized. D’ Amico et al. first proposed that pa-
tients with PSA > 20 ng/mL or GS >8 or clinical stage > T2¢c
are high-risk patients [4]. The American Urological
Association (AUA) and the European Association of
Urology (EAU) adopted the D’ Amico risk stratification
criteria [5]. However, the National Comprehensive Cancer
Network (NCCN) guidelines are different from the D’Amico
criteria, which limit high-risk cancers to those at clinical stage
of T3a or above [4, 6]. Interestingly, due to the variations
among evaluators that often occur when defining the T stage,
it is debatable whether the clinical stage should even be in-
cluded in the risk stratification criteria. At present, there is a
need for an objective and accurate “imaging biomarker” for
the diagnosis of high-risk prostate cancers. In this study, we
explore the feasibility of establishing such a noninvasive pros-
tate cancer risk stratification criteria based on imaging
analysis.

PSMA is a type II transmembrane protein, which has
higher expression in cancerous prostate cells than in normal
prostate cells. Meanwhile, its expression level is positively
correlated with the degree of malignancy, tendency of metas-
tasis and risk of early recurrence [7-11]. In recent years,
%8Ga-PSMA PET/CT imaging targeting PSMA was rapidly
developed. This new imaging method had shown good clini-
cal application prospects in detecting primary lesions, meta-
static lesions and postoperative recurrent lesions of prostate
cancer [12-16]. Study results confirmed that levels of
®8Ga-PSMA uptake in primary prostate cancer were

significantly correlated with GS and pre-treatment PSA levels
[17,18]. Since GS and pre-treatment PSA levels are important
indicators for risk stratification of prostate cancers,
%8Ga-PSMA PET/CT is potentially valuable in assessing the
risk stratification of prostate patients. Currently, Maximum
Standardized Uptake Value (SUVmax) is the most commonly
used semi-quantitative parameter in PET/CT, which is used to
assess tumor burden of prostate cancer, and thus can be used
as an “imaging biomarker” to assess the degree of malignancy
of prostate cancers. Recent studies proposed volume-based
parameters of the %8Ga-PSMA PET/CT, such as
PSMA-derived tumor volume (PSMA-TV) and total lesion
PSMA(TL-PSMA), which can reflect tumor burden of pros-
tate patients more accurately, and thus are more valuable in
assessing patient prognosis and monitoring treatment efficacy
[19]. However, the targeted population of this study is post-
operative prostate cancer patients, so these studies mainly fo-
cused on the correlation between patients’ whole-body tumor
burden from metastatic lesions and the PSA levels. There is a
lack of research to explore the correlation among
volume-based parameters of intraprostatic tumor burden,
PSA levels, and the degree of prostate cancer malignancy. It
has been confirmed that ®*Ga-PSMA PET/CT correlates with
the tumor burden of primary prostate cancers relatively well,
and its extant of intraprostatic tumor distribution are in good
agreement with the histopathological volume of the prostate
cancer [20-22]. Therefore, this technique may become a novel
noninvasive imaging indicator for the assessment of prostate
cancer. Building on previous studies, we aim to use
semi-quantitative ®*Ga-PSMA PET/CT indexes (including
SUVmax and volume-based parameters) to analyze the corre-
lation among primary prostate cancer (Primary PCa) imaging,
GS and PSA levels, and to evaluate the predictive value
of this method for prostate cancer risk stratification and me-
tastasis risk.

Materials and methods
Patients

Fifty newly diagnosed patients with biopsy-confirmed pros-
tate cancer were included. A total of 40 patients were consec-
utively included between May 2016 and June 2017 as the train
set for the construction of a predictive model after
%8Ga-PSMA-617 PET/CT staging in our hospital. In addition,
a total of ten patients were consecutively included between
July 2017 and January 2018 as the test set for the testing of
accuracy of this predictive model. Inclusion criteria were:
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biopsy proven diagnosis of prostate cancer and patients signed
informed consent and willingness to accept follow-up.
Exclusion criteria were: patients who had received local or
systemic treatment, or those with incomplete clinical and im-
aging data. Clinical parameter of all patients such as biopsy,
pre-treatment PSA level, rectal examination, pelvic MRI and
others were obtained four weeks before the °*Ga-PSMA PET/
CT imaging. The median age of 40 patients was 67 years old
(median age: 67 years; age range: 51-83 years). According to
the NCCN guidelines [6], patients were divided into the low-
intermediate risk group (PSA <20 ng/mL, Gleason score 6-7,
and cT1-T2c¢) and the high-risk group (PSA >20 ng/mL,
Gleason score 8—10, or cT3-T4). Systemic biopsy and post-
operative pathology results were collected as references for
subsequent semi-quantitative analysis of **Ga-PSMA-617
PET/CT. This study was approved by the ethics committee
of our institute (ethical approve no. 2016YJZ15), and all pa-
tients were informed and signed consent.

%8Ga-PSMA ligand and PET/CT imaging

DKFZ-PSMA-617 was obtained from ABX advanced bio-
chemical compounds (Radeberg, Germany) and met Good
Manufacturing Practice (GMP) quality standards.®®*Ga was
obtained from a ®®Ge/°®Ga radionuclide generator (ITG,
Germany) and used to label PSMA ligand. **Ga-PSMA-617
was synthesized by incubating ®*GaCl3 with the ligand in a
pH =4.0 buffer at 85 °C for 5 min. After a Sep-Pak C18
(Waters, Germany) cartridge purification, the radiotracer was
obtained in over 99% radiochemical purification yield by both
radio-thin layer chromatography (TLC) and high performance
liquid chromatography (HPLC) analysis.

*8Ga-PSMA-617 was intravenously injected into each pa-
tient (median activity: 215 MBq; range: 110-312 MBq) and
PET and CT scans were performed after 60 + 10 min. The
scanning instrument was Gemini TF scanner (Philips
Medical Systems, The Netherlands). CT scans were per-
formed from head to the middle-thigh followed by the PET
acquisition. CT acquisition and reconstruction parameters
were: CT voltage 120 keV, current 100 mAs, pitch 0.8 mm,
tube single turn rotation time 0.5 s, and scanning layer thick-
ness 3 mm. CT reconstruction used a standard reconstruction
method: 512 x 512 matrix and reconstruction layer thickness
of 3~5 mm. PET acquisition and reconstruction used 3D mod-
el acquisition, scanned at a total of 9~10 beds, with acquisition
time of 90 s for each bed. PET image reconstruction used
ordered-subsets expectation maximization method (OSEM).
Attenuation corrections of the PET images were performed
using data from CT imaging. Whole-body CT and PET images
were eventually obtained.
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Imaging analysis

All ®®Ga-PSMA-617 PET/CT images were analyzed using
Fusion Viewer software in the Extended Brilliance
Workstation (EBW, Philips, Netherlands). Axial, coronal,
and sagittal images of CT scan, PET scan and merged PET/
CT images were obtained for whole body analysis. Two ex-
perienced nuclear medicine practitioners jointly interpreted all
%8Ga-PSMA-617 PET/CT scans, and performed comprehen-
sive analysis on the original and merged images. A consensus
conclusion was reached through discussion in case of dis-
agreement. First, position of the prostate cancer lesions on
PET/CT image was estimated based on biopsy results.
Visual analysis determined whether prostate cancer lesions
and surrounding normal prostate tissues can be distinguished.
At this time the researchers were only informed of location of
the prostate cancer lesions but not the GS score of the patient.
If radiotracer uptake of a lesion was higher than its surround-
ing prostate tissue, the lesion was then identified as positive.
The point of the highest radiotracer uptake within the positive
prostate cancer lesion was selected as the center, and volume
of interests (VOIs) were drawn in 3D using the threshold
method, manually adjusting the VOIs to match the edge of
the positive lesion. For prostate cancer lesions that cannot be
clearly identified, VOIs were drawn directly on the PET/CT
images based on information of lesion location and size from
postoperative pathology. SUVmax, SUVmean and volume-
based parameters in the VOIs were measured and calculated,
based on previous studies [17, 19]. Volume-based parameters
of °®Ga-PSMA-617 PET/CT in this study included
intraprostatic PSMA-derived tumor volume (iPSMA-TV)
and intraprostatic total lesion PSMA (iTL-PSMA), where
iTL-PSMA =SUVmean * iPSMA-TV. The image analysis
method for patients in the test set was similar to that described
above. Two physicians experienced in nuclear medicine de-
lineated suspicious prostate cancer lesions in **Ga-PSMA
PET/CT imaging without any knowledge of the clinical data
of patients in testing the sample set, meanwhile, SUVmax and
volume-based parameters were also obtained. Criteria to de-
termine lymph node and distant metastasis referred to pub-
lished studies. In addition to normal physiological uptake,
radiotracer uptake higher than surrounding tissues in PET im-
ages was considered pathological uptake and determined as
suspected metastasis. VOIs of the metastatic lesions were
drawn using methods similar to that of the primary prostate
cancers, and SUVmax of the metastatic lesions was measured.
In addition, SUVmax of the non-tumor prostate tissue was
measured as a reference of physiological uptake by normal
prostate gland. SUVmax of the gluteal muscle was also mea-
sured as a baseline reference value. The differences in
SUVmax, iPSMA-TV and iTL-PSMA of ®*Ga-PSMA-617
PET/CT imaging in different groups of primary prostate can-
cer patients were analyzed, and the predictive value of the
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above parameters for prostate cancer risk stratification and
metastasis risk were analyzed.

Statistical analysis

Results were reported as percentages, median values and
ranges. The correlation among semi-quantitative PET/CT pa-
rameters, GS and pre-treatment PSA levels was analyzed
using Spearman’s rank correlation coefficient (p). Wilcoxon-
Mann-Whitney U-test was used to examine the differences in
semi-quantitative PET/CT parameters among subgroups. The
SUvmax and volume-based parameters of PET/CT were used
to construct the two-class logistics prediction model of pros-
tate cancer risk stratification and metastatic risk. The diagnos-
tic efficiency of the model was evaluated by ROC curve. The
cutoff value of the predictive model was obtained from the
Youden index, which was used as the standard to test the
diagnostic accuracy of this predictive model. All statistical
analyses were completed using SPSS version 22.0 software
(IBM Corp., Armonk, NY). A P value of less than 0.05 was
considered statistically significant.

Results

GS scores of the 40 patients in the train set was 6—10. Gleason
scores from TRUS-guided biopsy were 6 in four patients
(10%), 7 in 16 patients (40%), 8 in eight patients (20%), 9 in
ten patients (25%), and 10 in two patients (5%). The median
PSA level in all patients was 35 ng/ml (range of 4—
1549 ng/ml), among which 13 patients (33%) had PSA <
20 ng/ml and 27 patients (67%) had PSA > 20 ng/ml. There
were 20 cases (50%) with clinical stage greater than or equal
to cT3a, and the remaining 50% lower than cT3a. According
to the NCCN guidelines, risk stratifications of all patients were
as follows: 30 cases of high risk patients (75%), and ten cases
of low-intermediate risk patients (25%). Among a total of 40
patients, 17 received radical prostatectomy (referred to as RP),
four received external beam radiation therapy (EBRT), 16
received anti-androgens therapy (AS), and three received che-
motherapy. Among the patients receiving RP, 4/17 (23%) had
different GS of postoperative specimens from that of preoper-
ative biopsy; of these four patients, three had higher GS and
one had lower GS. In addition, four (24%) patient’s T staging
changed, two changed from T2b to T2c, while two changed
from T2c¢ to T3a. However, after comprehensive GS, PSA and
T staging, the risk stratification did not change in these pa-
tients. When patients in the test and train sets were compared,
the differences in their age, height, weight, contrast medium
injection volume, GS, PSA level and T staging had no statis-
tical significance (p < 0.05). The basic clinical data of patients
are shown in Table 1.

By visual analysis of ®*Ga-PSMA-617 PET/CT images of
all patients, results showed that 38 of 40 patients (95%) in the
train set had a higher radiotracer uptake in their primary pros-
tate cancer lesions than the surrounding normal prostate tis-
sues, while the primary lesions of two patients cannot be vi-
sually resolved (5%). These two patients underwent radical
prostatectomy surgery, and postoperative pathology deter-
mined prostate cancer GS of 6, belonging to the low-
intermediate risk prostate cancer group. Although the prostate
cancer and normal prostate tissue in these two patients were
not distinguishable on %8Ga-PSMA-617 PET/CT, immunohis-
tochemical results showed that PSMA expression in the can-
cer lesions was higher than that in the surrounding prostate
tissues (for an example of a patient without visualization of the
primary prostate cancer, see Fig. 1). The visual analysis results
showed that there were increased trends of ®*Ga-PSMA-617
uptake in the prostate tumor lesions with the Gleason score.
The “*Ga-PSMA PET/CT and postoperative pathologic find-
ings were comparatively analyzed in 17 patients receiving RP,
the intraprostatic **Ga-PSMA high uptake sites was consistent
with or roughly similar to pathologically identified prostate
cancer lesions in 14/17 (76%) patients. In addition, 26/40
patients (65%) also received prostate multiparametric MRI.
Both mpMRI and *®Ga-PSMA PET/CT accurately diagnosed
prostate cancer in 22/26 (85%) patients, among which, the
localization of mpMRI detected lesions was generally consis-
tent with ®*Ga-PSMA high uptake sites in 18 patients. Two
patients had false negative mpMRI and positive **Ga-PSMA
PET/CT, one patient had true positive mpMRI and false neg-
ative ®*Ga-PSMA PET/CT, and another patient had false neg-
ative results for both imaging techniques.

Semi-quantitative analysis of ®*Ga-PSMA-617 PET/CT
was performed for all patients. The median SUVmax of all
primary prostate cancer lesions was 12.1 (range: 2.4-33.8),
which was significantly higher than that of the normal prostate
tissues (median SUVmax: 4.0, range: 2.2—6.0) and the gluteal
muscle (median SUVmax: 1.0, range: 0.6—1.7). The maximal
8Ga-PSMA-617 uptake of the primary prostate cancer lesion
(SUVmax), tumor volume (iPSMA-TV) and tumor total
PSMA expression (iTL-PSMA) were all significantly corre-
lated with the Gleason score (Spearman correlation coefficient
was 0.42, 0.63 and 0.63 respectively, p <0.01). Comparing
the subgroup with GS >8 and that with GS <8, the
®8Ga-PSMA-617 PET/CT semi-quantitative parameters of
the first group were all higher than that of the latter group,
i.e., median SUVmax of 14.2 vs. 10.5, median iPSMA-TV of
26.1 vs. 6.4, and median iTL-PSMA of 147.2 vs. 33.3. These
differences were statistically significant (p=0.01, p <0.001
and p <0.001 respectively) (see Table 2).

In addition, semi-quantitative parameters of °*Ga-PSMA-
617 PET/CT (such as SUVmax, iPSMA-TV and iTL-PSMA)
were positively correlated with PSA levels (Spearman cor-
relation coefficients of 0.43, 0.60 and 0.65 respectively, all
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Table 1 Characteristics of all 50

patients investigated in this study Patient number Age (years) PSA(ng/ cT pT Risk group
GS ml)
1 67 7 52.9 cT2c NA High
2 74 9 342 cT3b NA High
3 64 8 4774 cT3b NA High
4 55 9 349 cT4 NA High
5 64 7 11.9 cT2c pT2c Intermediate
6 76 6 19.6 cT2b pT2b Intermediate
7 72 8 30.9 cT2c pT3a High
8 71 9 299.0 cT4 NA High
9 51 7 39.8 cT2b pT2c High
10 74 9 68.6 cT3a NA High
11 71 6 4.0 cT2b pT2c Intermediate
12 55 9 22.0 cT3a pT3a High
13 83 10 184.0 cT3b NA High
14 68 7 109.8 cT3a NA High
15 67 7 41.8 cT2b pT2c High
16 73 7 12.0 cT2c pT2c Intermediate
17 61 7 349 cT4 NA High
18 61 7 19.7 cT3a pT3a High
19 59 8 12.8 cT2c PT3a High
20 51 9 1549.0 cT4 NA High
21 73 7 21.1 cT2c pT3a High
22 79 7 18.0 cT2c NA Intermediate
23 70 7 32.0 cT3a NA High
24 70 8 396.8 cT3b NA High
25 70 6 153 cT2c pT2c Intermediate
26 66 10 98.0 cT4 NA High
27 64 6 58.0 cT3a NA High
28 63 8 147.0 cT2c PT2c High
29 67 9 19.0 cT3a NA High
30 54 8 382.8 cT3b NA High
31 67 9 222 cT3b NA High
32 65 7 8.8 cT2c pT2c Intermediate
33 75 8 45.0 cT2a NA High
34 60 7 9.0 cT2c pT2c Intermediate
35 79 9 35.0 cT3b NA High
36 56 7 11.1 cT2¢ pT2c Intermediate
37 62 8 173.7 cT3a NA High
38 69 7 45.0 cT3a NA High
39 59 7 18.6 cT2¢ pT3a Intermediate
41 67 7 27.9 cT3a pT3a High
42 48 9 18.5 cT4 NA High
43 78 8 1323 cT3b NA High
44 79 6 8.54 cT2b pT2b Intermediate
45 67 7 149 cT3a NA High
46 67 8 238.7 cT4 NA High
47 63 6 40.05 cT3a NA High
48 61 7 15.19 cT2b pT2b Intermediate
49 74 9 79.01 cT4 NA High
50 59 7 47.36 cT3a NA High

Patients 1-40 belong to the train set. Patients 41-50 belong to the test set

GS Gleason score, PSA Prostate-specific antigen, c¢7 clinical T category, pT pathologic T category

at p <0.01). In the subgroup of patients with PSA >20 ng/
ml, iPSMA-TV and iTL-PSMA of their primary tumors
were higher than the patients with PSA <20 ng/ml, i.e.,
median iPSMA-TV of 15.0 vs. 5.2, and median iTL-
PSMA of 102.4 vs. 28.6. The differences were statistically
significant (all p=0.001). Although the maximum °*Ga-
PSMA-617 uptake (SUVmax) in the PSA > 20 ng/ml pros-
tate cancer patient subgroup had a higher trend as
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compared to that in the PSA <20 ng/ml subgroup, i.e.,
median SUVmax of 12.3 vs. 10.1, a statistically significant
difference was not reached between the two groups (p =
0.151); see Table 2 for details.

As for the differences in SUVmax and volume-based pa-
rameters of ®*Ga-PSMA-617 PET/CT imaging in different
risk groups, PET/CT semi-quantitative parameters of the
high-risk group were all higher than that of the



Eur J Nucl Med Mol Imaging (2018) 45:1852-1861

1857

%Y

¢«

Fig. 1 %®*Ga-PSMA-617 PET/CT with maximum-intensity projection a,
fused PET/CT b and axial PET ¢, and HE stain d, PSMA stain e of a
patient with prostatectomy-proven prostate cancer (cT2b; Gleason score
3 +3; PSA 4.02 ng/ml). The primary prostate cancer (red arrows pointing

low-intermediate risk group, i.e., median SUVmax of 13.3 vs.
6.9, median iPSMA-TV of 15.0 vs. 6.1, and median iTL-
PSMA of 101.7 vs. 25.4. These differences were statistically
significant (p =0.001, p=0.004 and p <0.001, respectively)
(see Table 2).

A risk prediction model for prostate cancer was constructed
based on semi-quantitative parameters of “*Ga-PSMA-617
PET/CT, i.e., SUVmax, iPSMA-TV and iTL-PSMA. The uni-
variate logistic regression model derived from each parameter
had good accuracy for the diagnosis of high-risk prostate can-
cer (p=0.008, p=0.049 and p =0.026 respectively). Area
under the ROC curve (AUC) was 0.843 for the SUVmax
model, 0.802 for the iPSMA-TV model, and 0.900 for the
iTL-PSMA model (see Fig. 2 for details). Positive lesions
were observed under ®*Ga-PSMA PET/CT in all patients of
the testing sample set. Using cutoff values of 0.72, 0.82, and
0.80 for SUVmax, iPSMA-TV and iTL-PSMA, respectively,
the sensitivity and specificity of SUVmax, iPSMA-TV and
iTL-PSMA for predicting patients with high-risk prostate can-
cer in the testing sample set were 87.5% and 50% (SUVmax),
62.5% and 100% (iPSMA-TV), and 87.5% and 100%
(iTL-PSMA), respectively.

This study also explored the potential value of **Ga-
PSMA-617 PET/CT in predicting the risk of prostate cancer
metastasis. High pathological ®*Ga-PSMA-617 uptake out-
side the prostate tissue was detected in 15 of 40 patients
(38%) who were identified as metastatic patients. A total of
79 metastatic lymph nodes were detected in 14 patients, and
the median SUVmax of all metastatic lymph nodes was 6.9

to tumor area known from radical prostatectomy) was negative to **Ga-
PSMA-617 PET/CT, but positive to HE stain and PSMA-
immunohistochemistry

(range: 1.8-47.5), with median diameter of 0.7 cm (range:
0.3-2.8 cm). Bone metastases were found in nine patients,
but semi-quantitative analysis found 52 cases of bone metas-
tases, with median SUVmax of 6.98 (range: 2.2-25.7). In
addition, lung metastatic lesion was found in one patient with
a SUVmax of 4.74.

Further we analyze the correlation between the risk of me-
tastasis and the radiotracer uptake in primary lesions. It seems
that SUVmax, iPSMA-TV and iTL-PSMA in the primary
prostate cancer lesions of the metastatic group were all higher
than those in the non-metastatic group, among which the
inter-group differences in iPSMA-TV and iTL-PSMA were
statistically significant, but not the SUVmax (see Table 3 for
details). As shown in binary univariate logistic regression
analysis of the predictive value of PSMA-derived volume-
based parameters and conventional risk factors (e.g.
GS, PSA and staging) on prostate cancer metastatic risk, the
above parameters were all related to metastatic risk, the ob-
tained OR values were 1.110 for iPSMA-TV, 1.005 for
iTL-PSMA, 3.765 for GS, 1.014 for PSA level and 12.184
for staging (all p <0.05, see Supplementary Table 1). The
univariate logistic model constructed by iPSMA-TV and
iTL-PSMA can accurately predict the metastatic risk of pros-
tate cancer, and the AUC of the ROC was 0.863 and 0.848,
respectively, as shown in Fig. 3. In the test set, five of ten
patients (50%) were detected with high pathological
%8Ga-PSMA-617 uptake outside the prostate tissue, and were
identified as metastatic patients. Using cutoff values of 0.30
and 0.33 for iPSMA-TV and iTL-PSMA, respectively, the
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Table 2  Volumetric ®*Ga-PSMA-617 PET parameters and intensity of tracer uptake of different Gleason score, PSA and risk subgroups
Parameter GS<8 GS>8 sig PSA<20 PSA>20 sig Low-inter risk ~ High-risk sig
n=20 n=20 n=13 n=27 n=10 n=30
%8Ga-PSMA-617 uptake intensity
SUVmax
Median  10.5 14.2 p=0.012 10.1 12.3 p=0.151 69 133 p=0.001
Range 24-31.0 54-33.8 2.4-31.0 54-33.8 24-13.2 54-33.8
SUVmean
Median 5.5 74 p=0.043 55 6.5 p=0303 42 6.8 p=0.001
Range 2.2-189 3.1-21.2 2.2-189 3.1-21.2 22-8.5 3.1-21.2
8Ga-PSMA-617 tumor volume
iPSMA-TV(cm ®)
Median 6.4 26.1 p<0.001 52 15.0 p=0.001 6.1 15.0 p=0.004
Range 1.3-27.3 4.2-90.2 1.3-31.6 1.9-90.2 1.3-11.3 1.9-90.2
iTL-PSMA(cm )
Median 333 147.2 p<0.001  28.6 102.4 p=0.001 254 101.7 p<0.001
Range 2.8-270.0  30.1-1028.4 2.8-424.0  9.1-10284 2.8-52.9 9.1-1028.4

sensitivity and specificity of iPSMA-TV and iTL-PSMA for
predicting patients with metastatic prostate cancer in the test-
ing sample set were 100% and 100% (iPSMA-TV), and 100%
and 80% (iTL-PSMA), respectively.

Discussion

Previous studies have confirmed the application value of
%8Ga-PSMA PET/CT in the diagnosis and risk stratification
of primary prostate cancer, but most of the published studies

ROC Curve
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Fig. 2 ROC curve for differentiating low-intermediate risk and high-risk
prostate cancer
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were based on ®®*Ga-PSMA-11 [17, 18, 23], while studies
focusing on the newly developed radiotracer ®*Ga-PSMA-
617 were few. The present study first explored the application
value of ®*Ga-PSMA-617 PET/CT in primary prostate cancer.
The results of this study showed that ®*Ga-PSMA-617 PET/
CT was able to detect 95% of primary prostate cancer, and the
detection rate was similar to that of **Ga-PSMA-11 PET/CT.
Although the prostate cancer lesions could not be identified in
two cases (5%) of this study, their GS were both 6, which were
considered to be clinically insignificant prostate cancer. The
%8Ga-PSMA-617 PET/CT as a non-invasive imaging exami-
nation can effectively detect clinically significant prostate can-
cer to provide useful information for subsequent clinical deci-
sion-making.

Table 3 Volumetric ®*Ga-PSMA-617 PET parameters and intensity of
tracer uptake in subgroups of patients with and without metastases

Parameter Metastases Non-metastases sig
n=15 n=25
%8Ga-PSMA-617 uptake intensity
SUVmax
Median 14.3 11.5 p=0.083
Range 5.4-33.8 24-33.7
SUVmean
Median 6.3 5.7 p= 0305
Range 3.1-19.5 22-21.2
%¥Ga-PSMA-617 tumor volume
iPSMA-TV(cm )
Median 28.6 6.4 p<0.001
Range 6.4-90.2 1.3-48.6
iTL-PSMA(cm )
Median 1724 37.8 p<0.001
Range 38.0-605.3 2.8-1028.4
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In addition, the present study also confirmed that semi-
quantitative parameters of *Ga-PSMA-617 PET/CT such as
SUVmazx, iIPSMA-TV and iTL-PSMA, were correlated with
GS score and pre-treatment PSA levels, among which these
volume-based parameters (iIPSMA-TV and iTL-PSMA) had a
better correlation with the GS and PSA than the SUVmax.
Furthermore, SUVmax, iPSMA-TV and iTL-PSMA of *Ga-
PSMA PET/CT can be used as semi-quantitative “imaging
biomarkers” to predict the risk stratification of prostate cancer,
while volume-based parameters iIPSMA-TV and iTL-PSMA)
can predict the metastatic risk. To our best knowledge, this study
is the first to explore the use of multiple semi-quantitative param-
eters of ®*Ga-PSMA-617 PET/CT (including SUVmax and
volume-based parameters) to determine the risk stratification
and predict the metastatic risk of prostate cancer.

PSMA overexpression in primary prostate cancer was pos-
itively correlated with advanced tumor stage, high GS and
pre-treatment PSA levels [7, 9, 10]. Another study pointed
out that PSMA overexpression of the primary prostate cancer
is an independent risk factor for prostate cancer recurrence and
metastasis [24]. Therefore, ®®Ga-PSMA PET/CT imaging
targeting PSMA has a great potential in assessing the risk
stratification and metastatic risk of prostate cancer. Previous
studies have shown that the maximum uptake value SUVmax
of ®®*Ga-PSMA-11 in primary prostate cancer was significant-
ly associated with GS and PSA levels [17, 18, 25]. Since %8Ga-
PSMA-617 and ®*Ga-PSMA-11 belong to the same type of
PSMA ligands, the maximum uptake value (SUVmax) of
%8Ga-PSMA-617 in prostate cancer was similarly correlated
with GS and PSA levels, consistent with previous studies on
%¥Ga-PSMA -11 PET/CT.

In addition to SUVmax, several studies suggested that tu-
mor volume-based semi-quantitative PET/CT parameters,
such as the metabolic tumor volume (MTV) and total lesion
glycolysis (TLG) in '*F-FDG PET/CT, were better indicators
of tumor malignancy and prognosis [26, 27]. Recently,
Schmuck et al. first put forward the concept of volume-
based parameters of ®*Ga-PSMA PET/CT such as PSMA-
derived tumor volume (PSMA-TV) and total lesion PSMA
(TL-PSMA). They confirmed that for postoperative prostate
cancer patients, PSMA-TV and TL-PSMA can better assess
the tumor burdens of systemic recurrence and metastatic le-
sions than SUVmax, which had a better correlation with the
patients’ PSA level [19]. There is no study on the application
value of volume-based parameters of ®*Ga-PSMA PET/CT in
assessing primary prostate cancer lesions. Rahbar et al. and
Fendler et al. confirmed that the intraprostatic localization and
extent of prostate cancer may be estimated by **Ga-PSMA
PET/CT [20, 22]. So volume-based parameters **Ga-PSMA
PET/CT can accurately reflect the actual tumor load in the
prostate. Based on these above studies, this study defined
parameters such as intraprostatic PSMA-TV (iPSMA-TV)
and intraprostatic TL-PSMA (iTL-PSMA) for the evaluation
of primary prostate cancer lesions. Our results showed that
these volume-based parameters of ®*Ga-PSMA PET/CT pos-
itively correlated with GS and pre-treatment PSA levels and
are superior to SUVmax, which can better reflect the tumor
burden and affected range of the primary prostate cancer.

For prostate cancer risk stratification, the risk stratification
prediction model constructed by semi-quantitative parameters
SUVmax, iPSMA-TV and iTL-PSMA of ®*Ga-PSMA-617
PET/CT can accurately identify high-risk prostate cancer pa-
tients. These three semi-quantitative parameters can be used as
independent “imaging biomarkers” of high-risk prostate cancer
to assess patients’ risk. In light of the clinical needs, a good
prediction model for high-risk prostate cancer should first have
high sensitivity to screen out all patients with high malignancy
and high metastatic risk, and have reasonable specificity [28]. In
this study, a blinding test in the testing sample set showed that
both SUVmax and iTL-PSMA predictive models had high sen-
sitivity (87.5% in both model), but the specificity was more
superior with the iTL-PSMA predictive model than with the
SUVmax model (specificity was 100% and 50%, respectively),
confirming that ®*Ga-PSMA PET/CT can be used as an objective
noninvasive imaging method to predict high-risk prostate cancer.
Given the small sample size of this study, the established predic-
tive model still had good diagnostic efficacy in another group of
randomly included patients, confirming better general applicabil-
ity of the model. However, larger sample size is needed to im-
prove the accuracy and stability of this prediction model.
Although the iTL-PSMA prediction model has the best diagnos-
tic performance as compared to the SUVmax and iPSMA-TV
predictive models, considering the better objectivity of the
operator-independent parameter SUVmax, SUVmax is more

@ Springer



1860

Eur J Nucl Med Mol Imaging (2018) 45:1852-1861

suitable for clinical application in the case of similar diagnostic
performance.

Previous studies have shown that the metastatic risk of prima-
ry prostate cancer is related to Gleason, clinical staging and tumor
size [29]. The results of this study also confirmed the correlation
between these conventional risk factors and prostate cancer me-
tastasis risk. Furthermore, results of this study suggest that the
tumor burden is a risk factor for tumor metastasis. The volume-
based parameters of **Ga-PSMA-617 PET/CT can accurately
predict the risk of metastasis. Although SUVmax had a trend
to be associated with metastatic risk, statistical significance was
not reached. Marc A. Bjurlin proposed [28] “An optimal defini-
tion of high-risk prostate cancer should ultimately be a balance
that favors high sensitivity, whereby all patients with locally
advanced or occult metastatic disease are included, with an ac-
ceptable level of specificity, whereby most patients with other-
wise organ-confined disease are excluded.” In the diagnosis of
high-risk prostate cancer, the assessment of occult metastatic
lesions has very important significance. The ®*Ga-PSMA PET/
CT as a whole-body non-invasive imaging examination can eval-
uate both primary prostate cancer and metastatic lesions. A series
of studies have confirmed that ®*Ga-PSMA PET/CT not only is
superior to traditional imaging examinations in terms of diagnos-
tic sensitivity and specificity of primary prostate cancer and met-
astatic lesions, but also can more accurately reflect the malignan-
cy and staging of prostate cancer [30-35]. Therefore, **Ga-
PSMA PET/CT has its own advantages in predicting risk strati-
fication of prostate cancer. This study preliminarily confirmed
that “*Ga-PSMA-617 PET/CT could predict high-risk prostate
cancer and its metastatic risk, which can be used as a reference
for the diagnosis of high-risk prostate cancer.

The limitation is that this is a small retrospective study.
Nevertheless, through analysis of the limited samples in this
study, we found the potential application value of **Ga-
PSMA-617 PET/CT in determining the risk stratification and
predicting the metastatic risk of prostate cancer. In the future, a
prospective study of larger sample size is needed to further
confirm the correlation between these quantitative parameters
of ®®Ga-PSMA-617 PET/CT and patient outcomes. In addi-
tion, although these volume-based parameters of **Ga-
PSMA-617 PET/CT showed a desirable application value
than SUVmax, due to the intrinsic measurement errors for
these parameters, more PET/CT images and comparative
pathological studies are needed to establish accurate and sta-
ble lesion quantification measures. Nevertheless, it is exciting
that an operator-independent parameter SUVmax can also ac-
curately determine the risk stratification of prostate cancer.

Conclusion

®8Ga-PSMA-617 PET/CT is of good application value in the
diagnosis and risk stratification of primary prostate cancers. Its

@ Springer

semi-quantitative parameters SUVmax and volume-based pa-
rameters are correlated with Gleason score and pre-treatment
PSA levels, and thus can be used as “imaging biomarkers” to
determine prostate cancer risk stratification and risk of
metastasis.
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