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Abstract 

Heterogeneous expression of prostate-specific membrane antigen (PSMA) in im-

munohistochemistry indicates limitations in the effect of imaging and radionuclide 

therapy of multifocal disease. Besides, the clinical evaluations of the potential of 

PSMA-ligand positron emission tomography (PET) to predict disease outcomes 

are urgently necessary. The goal of the study was to investigate the intraprostatic 

PSMA-ligand uptake in close correlation with histopathology and assess its as-

sociation with tumor aggressiveness, and investigate the predictive value of 68Ga-

PSMA-11 PET to time to biochemical recurrence (BCR) in primary prostate can-

cer after radical prostatectomy (RP). 

Gleason Pattern 4 and Gleason Pattern 5 correlated with higher uptake of 99mTc-

PSMA-I&S compared with Gleason Pattern 3 and non-neoplastic tissue. Regard-

ing different Gleason Score groups, higher PSMA-ligand uptake was observed in 

Gleason Score ≥ 8 than Gleason Score < 8. Moreover, multivariate Cox model 

analysis showed that patients with short BCR-free survival had a high serum PSA 

level, advanced Gleason Score and a high miT status (miT ≥ 3a vs. miT < 3). In 

the miT2 subgroup, shorter BCR-free survival was observed in the patients with 

higher SUVmax. 

These findings confirm the potential of PSMA-ligand uptake to identify the high-

grade disease and imply its use as a noninvasive biomarker in prostate cancer. 

The high specificity of PSMA-ligand PET for the detection of high-grade prostate 

cancer and the possibility of BCR prediction was revealed. Thus, PSMA-ligand 

PET imaging can be used as a noninvasive diagnostic method in prostate cancer 

patients to stratify tumor aggressiveness.  
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 Introduction  

1.1. Prostate cancer  

1.1.1. Epidemiology and etiology 

Prostate cancer is the second most common neoplasia in men worldwide and the 

most frequently diagnosed among men in western countries. In 2012, an esti-

mated 1.1 million cases were diagnosed worldwide, accounting for 15% of all 

types of cancers diagnosed in men (J Ferlay et al., 2015; J Ferlay et al., 2013). 

Due to the growth and aging of the population, the burden of worldwide prostate 

cancer is expected to grow to approximately 2.3 million new cases and 0.7 million 

deaths by 2040 (Ferlay J et al., 2020).  

Family history, racial background (K Hemminki, 2012) and older age are three 

non-modifiable risk factors for prostate cancer (MF Leitzmann et al., 2012). There 

is evidence to suggest that environmental factors such as fried food intake (G 

Lippi et al., 2015), dairy products (TJ Key, 2014) and alcohol intake (J Zhao et 

al., 2016) increase the risk of prostate cancer.  

During the most recent years, prostate cancer incidence and mortality rates are 

declining or stabilizing worldwide. These trends may indicate a decline in pros-

tate-specific antigen (PSA) testing (incidence) and improvements in treatment 

(mortality) (MB Culp et al., 2020). 

1.1.2. Staging  

Tumor classification and staging systems group the patients with the same clini-

copathological conditions. It allows for the recommendations of patients' treat-

ment, the comparison of clinical outcomes worldwide, and the design of multicen-

ter clinical trials.  

The Tumor, Node, Metastasis (TNM) system is the most widely used staging sys-

tem at this time. It provides international standards to describe and categorize 

cancer staging and progression (Table 1) (JD Brierley et al., 2017). Pathological 
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staging (pTNM) is based on the assessment of surgical specimens and highly 

parallels the clinical TNM, except that there is no pT1 category. 

Table 1. Clinical TNM classification of prostate cancer (JD Brierley et al., 2017) 

T – Primary Tumor (based on digital rectal examination (DRE) only) 

Tx Primary tumor cannot be assessed 

T0 No evidence of primary tumor 

T1 Clinically inapparent tumor that is not palpable 

 T1a Tumor incidental histological finding in 5% or less of tissue re-
sected 

 T1b Tumor incidental histological finding in more than 5% of tissue 
resected 

 T1c Tumor identified by needle biopsy 

T2 Tumor that is palpable and confined within the prostate 

 T2a Tumor involves one half of one lobe or less 

 T2b Tumor involves more than half of one lobe, but not both lobes 

 T2c Tumor involves both lobes 

T3 Tumor extends through the prostatic capsule 

 T3a Extracapsular extension (unilateral or bilateral) 

 T3b Tumor invades seminal vesicle(s) 

T4 Tumor is fixed or invades adjacent structures other than seminal vesi-
cles: external sphincter, rectum, levator muscles, and/or pelvic wall 

N – Regional Lymph nodes 

Nx Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Regional lymph node metastasis 

M – Distant Metastasis 

M0 No distant metastasis 

M1 Distant metastasis 

 M1a Non-regional lymph node(s) 

 M1b Bone(s) 

 M1c Other site(s) 

TNM = Tumor, Node, Metastasis. 

 

Moreover, in histopathological processing, the current Gleason Pattern system 

was developed by Donald Gleason in 1966 (DF Gleason, 1966), which is used 

for assessing the morphology of cancer cells. The grading system of prostate 

cancer was continuously developed by Donald Gleason and the Veterans Admin-

istration Cooperative Urological Research Group (DF Gleason et al., 1974). The 
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system designates Gleason Pattern 1 through 5 based on the histological im-

ages, adding the primary and secondary patterns end up with Gleason Scores 

ranging from 2 to 10. Gleason Pattern 1 cells resemble normal prostate tissue 

cells and Gleason Pattern 5 cells are considered highly aggressive. Over the fol-

lowing 40 years, owing to a large number of clinical studies, the International 

Society of Urological Pathology (ISUP) modified the Gleason Score system in 

2005 and 2014, aiming at further define the clinically highly significant distinction 

in different groups (Table 2) (JI Epstein et al., 2005; JI Epstein, L Egevad, et al., 

2016; JI Epstein, MJ Zelefsky, et al., 2016) 

Table 2. Grades of ISUP 2014 (JI Epstein, L Egevad, et al., 2016) 

Gleason Score ISUP grade 

2-6 1 

7 (3 + 4) 2 

7 (4 + 3) 3 

8 (4 + 4 or 3 + 5 or 5 + 3) 4 

9-10 5 

ISUP = International Society of Urological Pathology. 

 

The European Association of Urology (EAU) has further advised a risk group 

classification based on D’Amico’s classification system for prostate cancer, which 

is broadly used for predicting biochemical recurrence (BCR) following treatments 

(Table 3) (AV D'Amico et al., 1998; N Mottet et al., 2020). 

Table 3. EAU risk groups (N Mottet et al., 2020) 

Low-risk Intermediate-risk High-risk 

PSA < 10 ng/ml PSA 10-20 ng/ml PSA > 20 ng/ml any PSA 

and GS < 7 
(ISUP grade 1) 

or GS 7 (ISUP 
grade 2/3) 

or GS > 7 (ISUP 
grade 4/5) 

any GS (any 
ISUP grade) 

and cT1-2a or cT2b or cT2c cT3-4 or cN+ 

Localized  Locally advanced 

EAU = European Association of Urology; GS = Gleason Score; ISUP = Interna-
tional Society of Urological Pathology; PSA = prostate-specific antigen. 

 

1.1.3. Diagnosis 
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1.1.3.1. Screening 

The goal of screening for prostate cancer is to identify early-stage diseases that 

can be treated successfully and reduce the mortality due to prostate cancer. The 

serum PSA level can be high in prostate cancer, and a cutoff point of 4 ng/ml is 

used to decide if further testing is required.  

However, serum PSA screening is not applied worldwide. Data from the Euro-

pean Randomized Study of Screening for Prostate Cancer (ERSPC) revealed a 

21% decrease in mortality after 11 years of follow-up (FH Schröder et al., 2012). 

In contrast to this, the U.S. Prostate, Lung, Colorectal, and Ovarian (PLCO) Can-

cer Screening Trial failed to show the evidence of a mortality benefit after 13 

years of follow-up (GL Andriole et al., 2012). Thus the screening remains a con-

troversial topic and leads to a lack of consensus (I Heidegger, 2019). 

1.1.3.2. Biopsy 

Prostate biopsy is recommended after increasing/high level of serum PSA and/or 

abnormalities found on DRE and/or imaging (N Mottet et al., 2020; SF Shariat et 

al., 2008). Ultrasound (US)-guided needle biopsy is the most reliable method at 

present (N Mottet et al., 2020). A meta-analysis revealed no significant differ-

ences were proven in prostate cancer detection rate between transrectal and 

transperineal approaches (J Xue et al., 2017). Thus, both approaches are rec-

ommended. 

1.1.3.3. Imaging 

Although imaging findings cannot be used for cT category as described before, it 

still plays a vital role in primary, recurrence and metastasis disease detection. 

Multiparametric magnetic resonance imaging (mpMRI) is an important tool for the 

detection and localization of prostate cancer (F Bratan et al., 2013). Le et al. 

confirmed that the detection rate was associated with index tumor status, tumor 

size and Gleason Score (p < 0.001). They reported 72% sensitivity for prostate 

cancer of ISUP ≥ 2 or > 1.0 cm in maximal diameter (JD Le et al., 2015). However, 

the detection rate for prostate cancer of ISUP 1 cancers smaller than 0.5 cc was 

less than 30% (F Bratan et al., 2013).  
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Computed tomography (CT) is widely used to detect nodal invasion but still has 

limitations. Malignant lymph nodes have a short axis of more than 8 mm in the 

pelvis and more than 10 mm outside the pelvis (N Mottet et al., 2020). However, 

CT or magnetic resonance imaging (MRI) cannot rule out microscopic lymph 

node metastases (H Hricak et al., 2007). A meta-analysis reported low pooled 

sensitivities for CT (42%) and MRI (39%) (AM Hövels et al., 2008). Since the 

reported sensitivity and specificity for CT are highly dependent on PSA level and 

risk stratification, it is recommended for high-risk patients with apparent clinical 

disease (H Hricak et al., 2007). 

Malignant tumor cells are further associated with increased cell proliferation and 

metabolism of cell membranes (IJ de Jong et al., 2002). The radiopharmaceutical 

11C-choline can be incorporated into cell membranes in the form of phosphatidyl-

choline in proliferating cells, giving it the potential to visualize nodal metastases 

in prostate cancer (L Van den Bergh et al., 2015). Similar to CT, the PSA level 

impacts the sensitivity of choline-positron emission tomography (PET). In patients 

with BCR after radical prostatectomy (RP), PET/CT detection rates ranged from 

5% to 24% when the serum PSA level was < 1 ng/ml, but when the PSA 

was > 5 ng/ml, it rose from 67% to 100% (F Ceci et al., 2014; CR Mitchell et al., 

2013; N Mottet et al., 2020; JD Soyka et al., 2012). The current guideline recom-

mends choline-PET imaging to only be used in prostate cancer patients fit 

enough for curative loco-regional salvage treatment instead of early-stage recur-

rence (N Mottet et al., 2020). 

Another conventional imaging modality is the 99mTc-bone scan. It has been used 

for evaluating bone metastases of prostate cancer. The mean detection rate in 

23 studies was 2.3% in prostate cancer patients with a PSA level < 10 ng/ml and 

5.6% in patients with ISUP ≤ 2 (S Abuzallouf et al., 2004). It has been confirmed 

that the sensitivity of bone scan is influenced by PSA level, ISUP grade and clin-

ical stage (A Briganti et al., 2010). It is of note that MRI and choline PET/CT can 

not only detect bone metastases, but also visceral metastases. A meta-analysis 

reported a higher sensitivity using MRI than choline PET/CT and bone scan for 

bone metastases detection (G Shen et al., 2014). 
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Based on the facts above, imaging techniques with high sensitivity, especially for 

patients with low PSA levels and early-stage disease, are eagerly desired. In 

2012, Afshar-Oromieh et al. demonstrated in their initial experience that PET/CT 

using 68Ga-prostate-specific membrane antigen (PSMA)-11 (also known as N,N′-

bis-[2-hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N′-diacetic acid 

[HBED-CC]) could detect prostate carcinoma relapses and metastases (A 

Afshar-Oromieh et al., 2012). Of 37 patients, 31 (83.8 %) showed at least one 

lesion suspicious for cancer at a detection rate of 60% at PSA < 2.2 ng/ml and 

100% at PSA > 2.2 ng/ml (A Afshar-Oromieh et al., 2013). PET imaging based 

on PSMA has shown a promising detection rate and will be further discussed in 

section 1.2.2. 

1.1.4. Primary treatment 

1.1.4.1. Treatment planning 

Therapy options for prostate cancer patients include RP with or without lymphad-

enectomy, radiation therapy, chemotherapy, androgen deprivation therapy 

(ADT), etc. The therapy selection depends on the clinicopathological status (PSA 

value, age, general condition, etc.) and patient preferences, which have placed 

great importance on medical decision-making (MS Litwin et al., 2017). 

1.1.4.2. Active surveillance and watchful waiting 

Active surveillance should be considered for low-risk prostate cancer patients to 

avoid over-treatment. The inclusion criteria for active surveillance lack standard-

ization and the most accepted criteria are a PSA < 10 ng/ml, ISUP grade 1, and 

a clinical T1c or T2a (S Loeb et al., 2015; FB Thomsen et al., 2014). The active 

follow-up strategies include yearly DRE, serum PSA test every six months, re-

peated biopsy and mpMRI (TBL Lam et al., 2019; IG Schoots et al., 2015). It is 

applied mainly to low-risk patients with a life expectancy of more than ten years. 

It is agreed that active treatment starts when patient anxiety about surveillance 

occurs or a confirmatory biopsy is performed (TBL Lam et al., 2019). 

Moreover, there is the watchful waiting strategy. It can be applied to patients in 

all stages and those who have a life expectancy of less than ten years. Watchful 
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waiting does not aim to cure the disease but aims to treat palliatively to maintain 

life quality (N Mottet et al., 2020). 

1.1.4.3. Radical prostatectomy and pelvic lymph node dissection 

For patients with localized prostate cancer, RP is one of the primary choices. 

During the RP, the entire prostate with its capsule and seminal vesicles will be 

removed. RP can be performed by open approach and minimally invasive ap-

proach with the assistance of laparoscopy or the da Vinci operation system.  

Currently, pelvic lymph node dissection (PLND) is recommended in the treatment 

of intermediate- to high-risk localized prostate cancer patients, especially in 

whom with higher than 5% risk of lymph node involvement (A Briganti et al., 2012; 

DC Cheung et al., 2020; N Mottet et al., 2020). Besides, PLND and extended 

PLND (ePLND) represent the most accurate staging of lymph node metastasis in 

prostate cancer patients (A Briganti et al., 2009; N Fossati et al., 2017). 

Compared to systemic treatment, PSMA-radio-guided surgery (RGS) facilitates 

targeted molecular surgery. It allows intraoperative detection of PSMA-express-

ing in small sub-centimeter metastatic lymph nodes and atypically located lesions 

(T Maurer et al., 2015). RGS will be further discussed in section 1.2.3. 

1.1.4.4. Radiation therapy 

Radiation therapy is a strategy to eliminate cancer cells using high-energy rays 

or particles. Radiation therapy is one of the effective treatments for patients with 

localized prostate cancer and was proven to have similar clinical outcomes com-

pared with RP (FC Hamdy et al., 2016). For locally advanced prostate cancer, 

the combination of radiation therapy and ADT is superior to ADT or radiation ther-

apy alone (AV D’Amico et al., 2008; P Warde et al., 2011). Besides, it can be 

used after the RP to further eliminate remaining tumor tissues in the operation 

field. It can also be applied as a palliative treatment for patients with advanced 

disease to help control the proliferation of malignant cells and relieve symptoms. 

The main types of radiation therapy using high-energy generated outside of the 

body, known as external beam radiation therapy (EBRT), are Three-dimensional 

conformal radiation therapy (3D-CRT), Intensity modulated radiation therapy 
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(IMRT) and proton beam radiation therapy. IMRT is an advanced form of 3D-CRT, 

and it is the gold standard for EBRT (N Mottet et al., 2020). There are new ma-

chines that have scanners built into them, known as image guided radiation ther-

apy (IGRT), which help to deliver the radiation more precisely. Unlike X-rays, 

protons can pass through tissues with slight damage and release energy after a 

certain distance. However, there is no evidence that proton beam radiation ther-

apy causes more superior prognosis and fewer side effects than X-rays.  

Unlike EBRT, brachytherapy needs an injection of radiopharmaceuticals. This 

method can be used in patients with massive bone metastasis. In metastatic cas-

tration-resistant prostate cancer (mCRPC) patients with bone metastases and no 

visceral metastases, radium-223 was proven to decrease the risk of death and 

prolong the time to the first symptomatic skeletal event (C Parker et al., 2013). 

Besides, 177Lu-PSMA-617 is another promising candidate for mCRPC patients. It 

has been reported that 177Lu-PSMA-617 radiation therapy has high response 

rates, low toxic effects, and reduction of pain (MS Hofman, J Violet, et al., 2018; 

J Violet et al., 2020).  

1.1.4.5. Androgen deprivation therapy 

When the disease is already in a metastatic stage or patients refuse a curative 

strategy, ADT can be recommended. The basic of ADT is to reduce levels of 

androgens and to stop stimulating prostate cancer cells to grow. Two methods 

can achieve androgen deprivation: suppressing the secretion of androgens and 

inhibiting the receptors of androgens. The widely accepted castration level 

is < 50 ng/dl (1.7 nmol/l) (N Mottet et al., 2020). 

Bilateral orchiectomy is a simple, cheap surgical procedure and it achieves a 

castration level quickly after the operation (MG Oefelein et al., 2000). Since it is 

irreversible, it is not allowed for intermittent treatment (AD Desmond et al., 1988).  

Luteinizing hormone-releasing hormone (LHRH) agonists are drugs that sup-

press testosterone secretion, and the treatment is known as medical castration. 

The representative LHRH agonists are Leuprolide, Goserelin and Triptorelin. No 

survival difference between orchiectomy and LHRH agonists has been reported 

(PB Østergren et al., 2017). LHRH antagonists bind to LHRH receptors leading 
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to a decrease in testosterone. More than 95% of patients achieved castration 

level three days after Degarelix treatment (L Klotz et al., 2008). A systematic 

analysis did not show a significant difference between Degarelix and agonists (A 

Sciarra et al., 2016). The superiority of LHRH antagonists remains to be proven. 

Besides, Abiraterone, an inhibitor of cytochrome P450 17α−hydroxy/17, 20-lyase 

(CYP17), suppresses the synthesis of testosterone in adrenal and inside the can-

cer cells. Bicalutamide, flutamide and nilutamide are non-steroidal anti-andro-

gens, which connect to androgen receptors keeping the androgens from leading 

tumor proliferation. 

1.1.4.6. Chemotherapy 

Chemotherapy is not a standard treatment for early-stage prostate cancer. The 

indication for chemotherapy often arises when prostate cancer no longer re-

sponds to ADT. Some of the chemo drugs frequently used for prostate cancer 

include Docetaxel, Cabazitaxel, Mitoxantrone, Estramustine, etc. There were two 

clinic trials (TAX 327 and SWOG 9916), which showed a survival benefit for 

docetaxel in metastatic hormone-refractory prostate cancer patients (DP Petrylak 

et al., 2004; IF Tannock et al., 2004).  

Moreover, the recent phase III Chemohormonal Therapy Versus Androgen Abla-

tion Randomized Trial for Extensive Disease in Prostate Cancer (CHAARTED) 

trial revealed that the overall survival (OS) of metastatic hormone-sensitive pros-

tate cancer (mHSPC) patients with ADT plus docetaxel was 10.4 months longer 

than ADT alone (57.6 vs. 47.2 months; HR 0.72; 95% CI, 0.59 to 

0.89; p = 0.0018) (CE Kyriakopoulos et al., 2018). Chemotherapy is recom-

mended to be used in the combination treatment. 

1.1.4.7. Investigational therapies 

In patients with localized prostate cancer, several potential therapeutic options 

have emerged. High-intensity focused US (HIFU), cryotherapeutic ablation of the 

prostate (cryotherapy) and focal photodynamic therapy are well established, and 

sufficient clinical data are available. Other therapy methods such as radiofre-

quency ablation and electroporation are still in the early application phases (HG 
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van der Poel et al., 2018). These modalities all aim to boost oncology outcomes 

and provide equivalent safety. 

1.2. Prostate-specific membrane antigen (PSMA) 

1.2.1. Structure and Expression 

PSMA also known as glutamate carboxypeptidase II (GCPII) (Figure 1) (JC 

Evans et al., 2016) is a type II integral membrane glycoprotein with folate hydro-

lase, carboxypeptidase and internalization activities produced by prostatic epi-

thelium (A Cimadamore et al., 2018; DA Silver et al., 1997). It is weakly expressed 

in healthy prostate tissue but is strongly overexpressed in PSMA positive prostate 

cancer cells (DA Silver et al., 1997). Besides, PSMA expression increases pro-

gressively in high-grade prostate tumor cells and metastatic lesions (S 

Mannweiler et al., 2009; S Minner et al., 2011). Only 5%-10% of primary prostate 

cancer lesions are PSMA negative (N Woythal et al., 2018). It is also expressed 

in the neovasculature of numerous solid malignancies (renal cell, bladder transi-

tional cell, and colon) (DA Silver et al., 1997). Weak to moderate PSMA expres-

sion levels were found in endometrium glands, testis, bladder, kidney tubules, 

pancreas islets, heart, ganglion cells in the gastrointestinal tract and brain (P 

Mhawech-Fauceglia et al., 2007). Besides, Mhawech-Fauceglia et al. defined the 

sensitivity and specificity of PSMA in distinguishing prostate cancer from any 

other type of malignancy as 65.9% and 94.5%, respectively. So PSMA is still 

considered to be rather sensitive and highly specific for prostate cancer despite 

its expression by subsets of various types of tissues (P Mhawech-Fauceglia et 

al., 2007).  
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Figure 1. Schematic representation of PSMA/GCPII transmembrane protein 
(homodimer) (JC Evans et al., 2016). 

 

1.2.2. PSMA-positron emission tomography (PET) imaging 

The use of PET probes targeting PSMA has gained increasing interest for both 

imaging and therapy of prostate cancer during the last few years, not only be-

cause of its specificity for prostate tissues, but also because it proves excellent 

contrast-to-noise ratio and improves the detectability of lesions (T Maurer, JE 

Gschwend, et al., 2016; SM Schwarzenboeck et al., 2017). PSMA ligand PET-

CT/MRI is mainly used in the following clinical indications: primary staging, BCR 

detecting and advanced disease monitoring. 

1.2.2.1. Primary staging 

Low-risk prostate cancer is very unlikely to spread as metastatic disease. How-

ever, in intermediate-risk to high-risk prostate cancer patients, accurate staging 

(Diagnosis of the local extent and extraprostatic metastasis is crucial to further 

treatment choices, such as RP with standard nodal dissection or extended dis-

section, ePLND, radiotherapeutic treatment and consideration of multimodal ther-

apy) benefits the disease management.  
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There is growing evidence on the performance of PSMA-ligand PET/CT in initial 

staging. A systematic review including 12 studies and comprising a total of 322 

patients who underwent 68Ga-PSMA-11 PET scanning for primary stage reported 

high variation in methodology and outcomes such as sensitivity (median sensi-

tivity on per-lesion analysis 33-92%, and on per-patient analysis 66-91%) and 

specificity (median specificity on per-lesion 82-100%, and on per-patient 67-

99%). The ability of 68Ga-PSMA-11 PET to detect malignant lesions is evident 

across studies. Most studies demonstrate increased detection rates with respect 

to conventional imaging modalities (bone scan and CT) (J Corfield et al., 2018). 

A retrospective review has identified the ability of 68Ga-PSMA-11 PET to detect 

metastatic prostate cancer, especially in high-risk groups. In 1,253 patients (high-

risk disease in 47.6%), metastatic disease was identified by PSMA PET in 

12.12% of the cohort. Lymph node metastases were suspected in 107 men, with 

47.7% outside the boundaries of an ePLND. Skeletal metastases were identified 

in 59 men (4.7%). In men with intermediate-risk prostate cancer, metastases 

were identified in 5.2%, compared to 19.9% with high-risk disease (JW Yaxley et 

al., 2019).  

Regarding intraprostatic tumor localization by 68Ga-PSMA-11 PET/CT, imaging 

findings were confirmed histopathologically (WP Fendler et al., 2016; K Rahbar 

et al., 2016; N Woythal et al., 2018; C Zamboglou et al., 2017). These studies 

demonstrated that compared with PSMA histopathology-confirmed negative seg-

ments, the standardized uptake value (SUV) of PSMA ligand in lesions is signifi-

cantly higher (SUVmax: 11.0 ± 7.8 vs. 2.7 ± 0.9, 11.8 ± 7.6 vs. 4.9 ± 2.9, 14.06 ± 

15.56 vs. 2.43 ± 0.63, respectively, p < 0.001, respectively) (WP Fendler et al., 

2016; K Rahbar et al., 2016; N Woythal et al., 2018). Results from a study of 

68Ga-PSMA-11 and multiparametric MRI using slice by slice comparison with his-

topathology on seven preoperative intermediate (three patients)-/high (four pa-

tients)-risk patients (340 segments) indicated that 68Ga-PSMA-11 PET/CT signif-

icantly outperformed multiparametric MRI and a combination of both methods 

performed even better (75% and 87% for 68Ga-PSMA-11 PET/CT, 70% and 82% 

for multiparametric MRI, and 55% and 99% for combination) (C Zamboglou et al., 

2017).  
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An assessment of PSMA PET/CT shows an increased detection rate due to the 

addition of metabolic information. A recent prospective proPSMA trial demon-

strated that PSMA PET/CT had a 27% greater accuracy than that of conventional 

imaging (92% [88-95] vs. 65% [60-69]; p < 0.001) (MS Hofman et al., 2020). 

Moreover, A retrospective study including 130 patients with primary intermediate- 

to high-risk prostate cancer proved 68Ga-PSMA-11 PET/CT to be superior to 

standard routine imaging on a patient and a template basis (template-based pel-

vic histopathology as a reference, p = 0.002 and < 0.001, respectively). On tem-

plate-based analysis, sensitivity, specificity, and accuracy for 68Ga-PSMA 

PET/CT were 68.3%, 99.1%, and 95.2%, while for morphological imaging were 

27.3%, 97.1%, and 87.6% (T Maurer, JE Gschwend, et al., 2016). Similar data 

from another study reported high sensitivity and specificity (94%, 99%, respec-

tively) (S Hijazi et al., 2015). As a result of PSMA-negative tumors or microme-

tastases in single lymph node under detectable level, patients with malignant 

lymph nodes were missed by PSMA-ligand PET (T Maurer, M Eiber, et al., 2016). 

Furthermore, for bony lesions of prostate cancer delectation, several studies 

showed clear superiority of PSMA-ligand PET over standard routine imaging (CT, 

MRI, and bone scanning) (JC Janssen et al., 2018; T Pyka et al., 2016). One 

study that including 75 patients and 410 bone regions indicated that 68Ga-PSMA-

11 PET outperformed planar 99mTc bone scintigraphy to detect affected bone re-

gions. Sensitivities and specificities in patient-based analysis were 98.7-100% 

and 88.2-100% for PET, and 86.7-89.3% and 60.8-96.1% (p  <  0.001) for 99mTc 

bone scintigraphy. In the region-based analysis, sensitivities and specificities 

were 98.8-99% and 98.9-100% for PET, and 82.4-86.6%, 91.6-97.9% 

(p  <  0.001) for 99mTc bone scintigraphy, respectively (T Pyka et al., 2016). An-

other study including 54 prostate cancer patients who received 68Ga-PSMA-11 

PET/CT and 99mTc-3,3-diphospho-1,2-propanodicarboxylic acid (DPD)-single-

photon emission computed tomography (SPECT)/CT within 80 days showed sim-

ilar results, 68Ga-PSMA-11 PET outperformed 99mTc-DPD-SPECT in detecting 

bone metastases in prostate cancer patients. Sensitivities and specificities in the 

region-based analysis were 97.7% and 100% for 68Ga-PSMA-11 PET/CT, 69.4% 

and 98.3% for 99mTc-DPD-SPECT/CT, respectively, p < 0.05, respectively) (JC 

Janssen et al., 2018).  
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One prospective study evaluated changes in primary staging before and after 

PSMA-ligand PET/CT in 108 intermediate- and high-risk patients. Compared to 

conventional imaging, PSMA-ligand PET/CT upstaged an additional seven pa-

tients (6.4%) from M0 to M1, 16 from N0M0 to N1M0 (14.7%), and downstaged 

3 (2.8%) from M1 to M0 disease, management changes occurred in 21% of pa-

tients (G Hruby et al., 2018). Thus, PSMA-ligand PET/CT or MRI could enable a 

more accurate staging of the local tumor, lymph node involvement, bone, and 

organ metastases, superseding the current stage and possibly improving treat-

ment planning and prognosis. However, published data on ex vivo experiment, 

intraprostatic distribution, and primary staging with PSMA-ligands are still mini-

mal, and further researches are needed to draw robust conclusions (T Maurer, M 

Eiber, et al., 2016). 

1.2.2.2. Biochemical Recurrence (BCR) 

Approximately 30% to 40% of prostate cancer patients will fail primary treatment, 

with a rising PSA level usually indicating recurrent disease (SM Schwarzenboeck 

et al., 2017). Once the BCR has been detected, it is mandatory to locate the 

lesions because of the great importance to further disease management. How-

ever, localization of lesions is a major challenge. Some studies indicated that 

salvage radiotherapy was the most effective in patients with BCR after RP at 

serum PSA < 0.5 ng/ml (CR King, 2012; D Pfister et al., 2014). Thus, the timing 

for the radiotherapy in these patients is an essential factor that affects the prog-

nosis, which cannot be readily determined by monitoring PSA.  

In patients with BCR after RP, only 11-14% of them had a positive CT (MJ 

Beresford et al., 2010). The pooled specificity of choline-based PET imaging was 

proven higher than bone scan with fewer false-positive lesions (0.99 (95% CI: 

0.93-1.00) vs. 0.82 (95% CI: 0.78-0.85)) (G Shen et al., 2014). However, the PSA 

level and kinetics dramatically impact the sensitivity of choline PET (C Brogsitter 

et al., 2013; P Castellucci et al., 2014; G Treglia et al., 2014).  

Afshar-Oromieh et al. further studied in a larger cohort with 319 patients with 

recurrent prostate cancer and a median serum PSA value of 4.59 ng/ml (mean: 

161 ng/ml; range: 0.01-41395). They indicated detection rates of 47% for serum 

PSA values ≤ 0.2 ng/ml, 50% for serum PSA values from 0.21-0.5 ng/ml, 58% for 
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serum PSA values from 0.51-1 ng/ml, 71.8% for serum PSA values from 1.1-

2 ng/ml, 85.9% for serum PSA values from 2.1-5 ng/ml, 92.3% for serum PSA 

values from 5.1-10 ng/ml, 86.2% for serum PSA values from 10.1-20 ng/ml, 

100% for serum PSA values >20 ng/ml (A Afshar-Oromieh et al., 2015). Results 

from our group were in line with these findings, and we also demonstrated the 

relatively high detection rate of BCR with low PSA levels using 68Ga-PSMA-11 

PET (M Eiber et al., 2015; I Rauscher et al., 2018). 

Moreover, data from several research groups that studied 18F-labeled PSMA-lig-

ands indicated similar and promising results. In a prospective study of 68 patients 

with BCR after RP underwent N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-4-

[18F]fluorobenzyl-L-cysteine (18F–DCFBC) PET/CT, the detection rate of 18F–

DCFBC PET also positively correlated with serum PSA levels, which were 15%, 

46%, 83%, and 77% for PSA values < 0.5, 0.5 to < 1.0, 1.0 to < 2.0, 

and ≥ 2.0 ng/ml, respectively. Disease treatment was changed in 51.2% of pa-

tients due to the positive findings in the 18F–DCFBC PET (E Mena et al., 2018). 

Results from another study including 248 patients using 2-(3-(1-Carboxy-5-[(6-

[18F]fluoro-pyridine-3-carbonyl)-amino]-pentyl)-ureido)-pentanedioic acid (18F-

DCFPyL) demonstrated similar results. The detection rate increased with higher 

serum PSA values: 59% with PSA level < 0.5 ng/ml, 69% with PSA level from 0.5 

to < 1.0 ng/ml, 85% with PSA level from 1.0 to < 2.0 ng/ml, 95% with PSA from 

2.0 to < 5.0 ng/ml, and 96% with PSA level ≥ 5.0 ng/ml (M Wondergem et al., 

2019). Radiohybrid PSMA (rhPSMA)-ligands (Figure 2) are a new class therag-

nostic PSMA-targeting tracer, which has notably low bladder retention one-hour 

post-injection. Our group has shown the clinical data of the cohort with 261 pa-

tients (median PSA level: 0.961 ng/ml). The detection efficacy of 18F-rhPSMA-7 

PET/CT positively correlated with serum PSA levels, which were 32%, 71%, 86%, 

86%, and 95% for PSA levels < 0.2, 0.2 to < 0.5, 0.5 to < 1, 1.0 to < 2.0, 

and ≥ 2.0 ng/ml, respectively (M Eiber et al., 2020).  

Figure 3 shows a review of the comparison of the detection rates with different 

PSMA-ligands. However, we need to consider these results with caution consid-

ering follow-up imaging was incomplete in the whole cohort and the lack of sys-

https://pubmed.ncbi.nlm.nih.gov/22042970/
https://pubmed.ncbi.nlm.nih.gov/22042970/
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tematic histological confirmation in the majority of the patients. There is no rec-

ommendation of a single radiopharmaceutical in the current guideline. Still, the 

term “PSMA-ligand PET” refers to several different tracers because there are no 

conclusive data about their comparison (N Mottet et al., 2020). Further clinical 

studies with standardized follow-up protocols and histological validation are 

needed to compare the outcomes of these tracers. 

 

Figure 2. 18F-rhPSMA7–PET/MRI of a 66-year-old patient with primary pros-
tate cancer (serum initial PSA (iPSA): 8.74 ng/ml and Gleason Score 8 at 
radical prostatectomy).  

A. MRI-T2 sequence shows a lesion (23 mm) in the peripheral zone in the pros-
tate. B. PET and C. fused PET-MRI images demonstrate intense PSMA expres-
sion in the lesion. D. A small lymph node (5 mm) adjacent to the left internal iliac 
artery is depicted in the T2 sequence of MRI. E. PET and F. fused PET-MRI 
images demonstrate intense PSMA expression in the correlated lymph node. 
Pathological diagnosis confirmed the specimen of lymphadenectomy metastasis. 
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Figure 3. Comparison of detection rates of 68Ga and 18F labeled PSMA-lig-
ands.  

Purple lines indicate the 68Ga-PSMA-11, and green lines show 18F-PSMA-ligands. 
The 68Ga-PSMA-11 PET has a modest high detection rate even in low serum 
PSA levels. 18F-DCFPyL has a higher detection rate in all the deferent PSA levels 
than 18F-DCFBC, and they are comparable with 68Ga-PSMA-11. 18F-rhPSMA per-
forms the best among these 18F labeled ligands and similar to 68Ga-PSMA-11. 

 

1.2.2.3. Advanced Diseases Monitoring 

For prostate cancer patients who experience relapsed or advanced disease, ADT 

represents the backbone of treatment (F Ceci et al., 2016; A Davies et al., 2019). 

However, 10-20% of patients will develop castration-resistant prostate cancer 

(CRPC) in the first five years from the initiation of ADT (SIR Alpajaro et al., 2019). 

Once the mCRPC is detected, OS ranges from 2 to 3 years (F Ceci et al., 2016; 

A Davies et al., 2019).  

The assessment of serum PSA values is routinely used to monitor the disease. 

Of note, the reflection of serum PSA conveys information about both disease 

burden and disease biology. A patient with mCRPC may have a low PSA level 

because of a tropical disease burden or because his tumor is less reliant on an-

drogen receptor signaling. Besides, visceral metastases may develop without ris-

ing PSA (C Pezaro et al., 2014). Thus, increasing PSA values is associated with 

disease progression, and decreasing PSA values is not always related to therapy 
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response (F Ceci et al., 2016). PSA alone is not reliable enough for monitoring 

(H Payne et al., 2011).  

Some preliminary studies demonstrated the possibility of choline PET/CT in dis-

ease monitoring of mCRPC patients (U De Giorgi et al., 2014; U De Giorgi et al., 

2015). However, another prospective study reported no significant correlation be-

tween image findings from 11C-choline-PET/CT and therapy response assess-

ment of Response Evaluation Criteria in Solid Tumors (RECIST 1.1) and clinically 

routine criteria (progressive disease (PD) and non-progressive disease (nPD)) 

(SM Schwarzenböck et al., 2016). In summary, the routine application of choline 

PET/CT in disease monitoring of mCRPC patients seems to be limited.  

Beyond choline, new tracers have been invented for monitoring disease. Alt-

hough they demonstrated promising results, e.g., 68Ga-PSMA-11 PET/CT (N 

Plouznikoff et al., 2019), these procedures' efficacy as indicators in mCRPC pa-

tients has not yet been recommended by the guideline (N Mottet et al., 2020). 

1.2.2.4. Prostate cancer molecular imaging standardized evaluation 

(PROMISE): miTNM classification 

Most recently, a unified language-imaging TNM system (miTNM, version 1.0) was 

proposed for imaging reporting and guiding standardized image interpretation. 

An overview of miTNM, anatomic regions, and disease patterns are given in Ta-

ble 4 to Table 8 and Figure 4 (M Eiber et al., 2018). 

Table 4. miTNM Classification for PSMA-ligand PET/CT or PET/MRI (M Eiber et 
al., 2018). 

Class Description 

Local tumor (T) 

miT0 No local tumor 

miT2 Organ-confined tumor; report intraprostatic tumor lo-
cation on sextant basis (Table 5) 

  u Unifocality 

  m Multifocality 

miT3 Non-organ-confined tumor; report intraprostatic tu-
mor location on sextant basis (Table 5) 

  a Extracapsular extension 

  b Tumor invading seminal vesicles 
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miT4 Tumor invading adjacent structures other than semi-
nal vesicles, such as external sphincter, rectum, 
bladder, levator muscles, or pelvic wall 

miTr Presence of local recurrence after radical prostatec-
tomy 

Regional nodes (N)  

miN0 No positive regional lymph nodes 

miN1a Single lymph node region harboring lymph node me-
tastases; report location by standardized template 
(Table 6 and Table 7) 

miN1b Multiple (≥2) lymph node regions harboring lymph 
node metastases; report locations by standardized 
template (Table 6 and Table 7) 

Distant metastases (M)  

miM0 No distant metastasis 

miM1 Distant metastasis 

  a Extrapelvic lymph nodes; additionally report location 
by standardized miM1a template (Table 6 and Table 
7) 

  b Bones; additionally report pattern (Table 8) and in-
volved bones if unifocal or oligometastatic 

  c Other sites; additionally report involved organ 

CT = computed tomography; MRI: magnetic resonance imaging; PET = positron 
emission tomography; PSMA = prostate-specific membrane antigen. 

 

Table 5. Sextant Segmentation of Prostate Gland (M Eiber et al., 2018). 

Segment miT2-4 template 

LB Left base 

RB Right base 

LM Left mid 

RM Right mid 

LA Left apex 

RA Right apex 

 

Table 6. Lymph Node Regions (M Eiber et al., 2018). 

Region Template Report left/right 

miN1a/b 

II Internal iliac Yes 

EI External iliac Yes 

CI Common iliac Yes 
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OB Obturator Yes 

PS Presacral (presciatic) No 

OP Other pelvic (specify) No 

miM1a 

RP Retroperitoneal No 

SD Supradiaphragmatic Yes or no 

OE Other extrapelvic (specify) Yes or no 

 

Table 7. Description of anatomical delineation of pelvic lymph node territories 
(M Eiber et al., 2018). 

miNa/b template Anatomical boundaries 

Internal iliac (II) bifurcation internal/external iliac arteries, 
pelvic floor, bladder wall, obturator nerve 

External iliac (EI) bifurcation internal/external iliac arteries, cir-
cumflex iliac vein and endopelvic fascia, 
psoas muscle and genitofemoral nerve and 
medial border external iliac artery 

Common iliac (CI) aortic bifurcation, bifurcation internal/exter-
nal iliac arteries, psoas muscle and geni-
tofemoral nerve and medial border common 
iliac artery 

Obturator (OB) bifurcation internal/external iliac arteries, 
pelvic floor, obturator nerve, and medial bor-
der external iliac artery 

Presacral (PS, aka: presciatic) Triangle between medial borders of common 
iliac arteries and line connecting internal/ex-
ternal iliac arteries’ bifurcations; dorsal bor-
der: promontory and proximal sacrum (S1–
S2) 

 

Table 8. Pattern of Bone Involvement (M Eiber et al., 2018). 

Abbreviation Pattern of bone involvement 

Uni Unifocal 

Oligo Oligometastatic (n ≤ 3) 

Diss Disseminated 

Dmi Diffuse marrow involvement 
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Figure 4. miTNM classification for reporting by PSMA-ligand PET/CT/MRI. 

(A) local tumor sketch map and lymph node, visceral and (B) bone metastases. 
Tumor involvement is delineated in red (M Eiber et al., 2018). 

 

1.2.3. Radio-guided surgery  

As described in section 1.2.2.2., many prostate cancer patients have a BCR even 

after primary treatment with RP and/or radiation therapy. In early BCR, prostate 

cancer recurrence within the lymph nodes is commonly present in addition to 

local recurrence. Salvage lymph node resection is increasingly used in this sce-

nario. However, metastatic lymph nodes can be atypically located and/or mor-

phologically small, hampering its accurate identification both before potential sur-

gery as well as during resection (T Maurer et al., 2018). 

PSMA-radioguided surgery allows the detection of PSMA positive prostate can-

cer cells and metastatic lymph nodes (T Maurer et al., 2015). Radioguided sur-

gery employs γ-emission from 111In or 99mTc-labelled PSMA-ligands for intraoper-

ative measurements and acoustic feedback by a gamma probe (Figure 5.) (T 

Maurer, M Eiber, et al., 2016).  
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Figure 5. PSMA positive prostate cancer cells can be targeted using radio-
tracers.  

This figure was modified from Maurer et al. (T Maurer et al., 2018). 

 

Mauer et al. has reported a method for direct detection of metastatic prostate 

cancer lesions via PSMA targeted radioactivity which has been primarily used for 

early BCR. In the proof-of-concept report, one patient with primary prostate can-

cer and evidence of lymph nodes metastases and four patients with evidence of 

recurrent disease to regional lymph nodes on preoperative 68Ga-PSMA-11 PET 

imaging were included. A 1,4,7,10-tetraazacyclododececane,1-(glutaric acid)-

4,7,10-triacetic acid (DOTAGA)-conjugated peptide-based ligand targeting 

PSMA (PSMA-I&T; investigation and therapy) was used (M Weineisen et al., 

2015). All patients received an intravenous injection of the 111In-PSMA-l&T 24 h 

before surgeries. In this feasibility study, 111In-PSMA-I&T-RGS facilitated in-

traoperative resection of subcentimeter metastatic lymph nodes. The minimal 

size of the resected metastatic lesion was 2 mm. Histological analysis confirmed 

that all suspicious lesions with positive measurement in RGS were metastatic (T 

Maurer et al., 2015).  

Although 111In-PSMA-I&T showed promising results, it has several disadvantages 

like high radiation burden, limited availability of 111In and high costs (P Benz et 

al., 1991; A Bunschoten et al., 2016). In contrast, 99mTc is the most widely applied 

and available radioisotope. It emits γ-photons of 141 keV and has a half-life of 

6h. Due to the medium energy γ-radiation, the radiation burden is relatively low 

(A Bunschoten et al., 2016). 
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In 2016 99mTc-PSMA-I&S (imaging and surgery) was developed, which is a 99mTc-

labeled probe for PSMA-targeted RGS with high stability in vivo and elevates 

lesion-to-background contrast at the time of surgery (S Robu et al., 2017). Maurer 

et al. reported a retrospective analysis including 31 patients with BCR after pri-

mary RP and then underwent 99mTc-PSMA-RGS. All the patients were intrave-

nously injected 99mTc-PSMA-I&S the day before surgeries. In 132 surgical spec-

imens, 58 (43.9%) contained metastatic lesions confirmed pathologically. Forty-

six samples were correctly identified intraoperative using gamma probe meas-

urements. No specimen was false positive, while 12 were false negative. They 

concluded this novel approach had a sensitivity of 83.6% (95% confidence inter-

val [CI]: 70.9-91.5%), a specificity of 100%, a positive predictive value of 100%, 

a negative predictive value of 89.2% (78.0-95.0%), and an accuracy of 93.0% 

(85.8-96.7%) (T Maurer et al., 2018).  

Moreover, the same group carried out an expanded study including 121 patients 

with recurrent prostate cancer who underwent PSMA RGS (111In-PSMA-I&T and 

99mTc-PSMA-I&S) to describe the outcome. Nearly all the prostate lesions were 

removed and 66% of patients achieved a complete biochemical response, which 

is higher than other studies (N Fossati et al., 2019; N Suardi et al., 2015). A 64% 

of treatment-free survival in the 1st year after RGS was reported. The side effects 

were considered to be dependent on the location of recurrent lesions (T Horn et 

al., 2019). 

Clinically, patients benefit from RGS due to accurate resection of suspicious met-

astatic lymph nodes, besides, it also provides an excellent research opportunity.  

1.2.4. Correlation between PSMA expression and prognosis 

Currently used risk stratification systems have limited prognostic value in prostate 

cancer. To date, PSA is the most widely used biomarker for prostate cancer de-

tection and prognosis prediction. However, it also has limitations and incon-

sistency (DA Chistiakov et al., 2018). Consequently, there is a clear need for 

more accurate and reliable biomarkers for prostate cancer.  
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Numerous studies correlated the PSMA expression (immunohistochemical stain-

ing) with Gleason Score and/or Gleason Pattern, and results focus on different 

aspects. Early studies associated PSMA expression with prostate cancer malig-

nancy, and a positive correlation between PSMA expression and Gleason Score 

was observed (RS Israeli et al., 1994; M Kawakami et al., 1997; C Marchal et al., 

2004; DA Silver et al., 1997; SD Sweat et al., 1998). One recent study including 

79 prostate biopsies and 28 prostatectomies using three subgroups (group1: 

Gleason Score 6; group2: Gleason Score 7; group3: Gleason Score 8-10) indi-

cated that PSMA expression was positively correlated with Gleason Score (biop-

sies and prostatectomy samples, p < 0.001 and = 0.007, respectively). They did 

not observe the differentiated expression of PSMA between Grade Group 2 

(Gleason Score 7a) and Grade Group 3 (Gleason Score 7b). Regarding Gleason 

Pattern, relatively lower expression of PSMA was observed in Gleason Pattern 3 

compared with Gleason Pattern 4 and Gleason Pattern 5 (p < 0.001) (S 

Bravaccini et al., 2018).  

As a potential biomarker, PSMA could be able to predict disease outcomes. In-

creasing evidence shows that the PSMA expression of the primary tumor is as-

sociated with a worse prognosis (MC Hupe et al., 2018; S Minner et al., 2011; A 

Paschalis et al., 2019; S Perner et al., 2007; JS Ross et al., 2003). For example, 

one study with 450 patients (S Perner et al., 2007) and another study with 1700 

samples (S Minner et al., 2011) demonstrated that PSMA expression was inde-

pendently associated with PSA recurrence post-operation (Figure 6 and Figure 

7). Paschalis et al. found tumors with deoxyribonucleic acid (DNA) damage repair 

(DDR) correlated with higher PSMA expression (p = 0.016), which could be a 

further explanation of the association between PSMA expression and survival (A 

Paschalis et al., 2019). Besides, PSMA expression can be heterogeneous even 

within the same primary tumor (S Mannweiler et al., 2009), and around 5-10% of 

primary prostate cancer are PSMA negative on Immunohistochemistry (IHC) (S 

Minner et al., 2011). Despite these, PSMA is still a promising biomarker for mo-

lecular therapy, imaging approaches, and prognosis prediction. 
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Figure 6. Kaplan-Meier curves of PSMA expression in prostate cancer pa-
tients.  

Patients with high PSMA expression tumors had a significantly high PSA recur-
rence rate (log-rank, p = 0.003) compared with low PSMA expression tumor pa-
tients. PSA failure in this study was defined as a serum PSA value greater than 
0.4 ng/ml during follow-up. This figure was modified from Perner et al. (S Perner 
et al., 2007). 

 

 

Figure 7. PSMA expression and recurrence (postoperative PSA of 0.1 ng/ml 
and rising) free survival in prostate cancer patients.  

A: comparison of 4 groups with different levels of PSMA staining in IHC. B: anal-
ysis in the same cohort after combing the weak and the moderate group as “low.” 
This figure was modified from Minner et al. (S Minner et al., 2011). 
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1.2.5. Evaluation of PSMA-ligand uptake and histopathological findings  

68Ga-PSMA-11 and other PSMA-ligands bind the enzymatic pocket of PSMA 

based on the glutamate-urea-lysine moiety but different linkers and chelators (KL 

Chatalic et al., 2016). The J591 PSMA antibody binds a site located in the apical 

region of the extracellular domain of PSMA, which is distant from the enzymatic 

pocket (MI Davis et al., 2005; JR Mesters et al., 2006; PM Smith-Jones et al., 

2000). It is hypothesized that different tumor uptake of 68Ga-PSMA-11 correlates 

with PSMA expression and thereby with the prognosis of prostate cancer patients.  

In order to register images of PSAM-ligand PET and histopathology, manual re-

assembly using imaging process software is the most common method. One 

study analyzed 112 segments from six patients using a mapping method (O 

Bettendorf et al., 2007; O Eminaga et al., 2010) for the topographic analysis (Fig-

ure 8). They demonstrated that the correlation of 68Ga-PSMA-11 PET and histo-

logical results. Moreover, they showed the median SUVmax of lesions that were 

histologically confirmed was significantly higher than that of normal tissue 

(11.0 ± 7.8 vs. 2.7 ± 0.9, p < 0.001) (K Rahbar et al., 2016). Another study from 

Rowe et al. enrolled 13 patients, and the imaging process software was also used 

to assemble the images from histology sections to 18F-DCFBC PET manually. 

They proved by per-segment analysis that 18F-DCFBC PET had significantly 

higher specificity than MRI (0.96 and 0.89, respectively), especially for detecting 

high-grade (Gleason Score 8 and 9) and greater than 1 ml in size lesions. Be-

sides, 18F-DCFBC uptake in tumors was positively correlated with Gleason Score 

and was significantly higher than in benign prostatic hypertrophy (median SUVmax: 

3.5 vs. 2.2; p = 0.004) (SP Rowe et al., 2015).  

Although these studies have shown promising results, the method of assembling 

the images from histology sections to PET CT/MRI has limitations: 1) the resolu-

tion of PET images is relatively low, and the precise image registration is compli-

cated; 2) pathologists routinely cut the prostate specimens perpendicular to the 

long axis of urethra. PET images need to be rotated to find a proper orientation.  
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Figure 8. An example map of reangulated slices from one patient.  

The upper line lists the 68Ga-PSMA-11 PET imaging, and the lower line shows 
the concordant histological maps. This figure was modified from Rahbar et al. (K 
Rahbar et al., 2016). 
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 Objective and planned analysis 

PSMA expression in prostate cancer has gained increasing attention in the past 

decade since PSMA-ligands have been widely used for PET/CT or PET/MRI and 

therapeutic applications (C Zamboglou et al., 2016). PSMA-expression assess-

ment using IHC is well established. Due to the different binding mechanisms, the 

bio-distribution of antibodies and peptides are potentially different. Quantitative 

analysis of the association between PSMA-ligands uptake and histopathology 

remains to be determined. Moreover, the predictive value of PSMA-ligands up-

take and PET imaging in primary prostate cancer patients is still unclear. The 

current project aimed to assess the biodistribution of 99mTc-PSMA-I&S within 

prostate cancer lesions using high-resolution autoradiography (ARG) and explore 

the correlation between PSMA-ligand uptake in clinical PET-imaging and histo-

pathological findings (Gleason Pattern, Gleason Score, PSMA expression, etc.). 

2.1. Preclinical assessment of PSMA-ligand uptake in prostate can-

cer 

In the preclinical research, we aimed to exploit a detailed comparison of 99mTc-

PSMA-I&S uptake by performing high-resolution ARG and histopathology using 

the same tissue. The intriguing aspect of this approach is that the signal of radi-

oactivity arises from the exact same tissue, which is further processed for histo-

pathology sections. Compared with the registration of PET and histopathology 

images, the misalignment caused by manual image rotation and processing was 

avoided. We could then investigate the tracer uptake on the microscopic level, 

especially in different Gleason Scores and Gleason Patterns of prostate cancer 

cells. 

2.2. Clinical value of pre-treatment 68Ga-PSMA-11 PET to predict 

BCR 

Second, we aimed to investigate the value of 68Ga-PSMA-11 PET to predict time 

to BCR in primary prostate cancer patients after RP. In a retrospective analysis, 
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the PROMISE miTNM classification system and relevant clinicopathological pa-

rameters were evaluated. We intended to discover their potential for predicting 

prognosis and establish a prognosis prediction system including mainly infor-

mation from PSMA-ligand PET imaging.  
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 Material 

3.1. Technical equipment 

Table 9. Technical equipment 

Device Company 

Aperio AT2 scanner  
 

Leica Biosystems, Nussloch, Ger-
many  

Aperio CS scanner  
 

Leica Biosystems, Nussloch, Ger-
many  

Crystal Probe CXS-SG603 Crystal Photonics, Berlin, Germany 

CRC-15R Dose Calibrator Capintec, Inc, Florham Park, USA 

Freezer (4 °C) Robert Bosch, Gerlingen, Germany 

Freezer (-20 °C) Liebherr-International, Bulle, Swit-
zerland 

Freezer (-80 °C) UniEquip, Planegg, Germany 

Gamma counter 2480 Wizard  PerkinElmer, Waltham, USA  

Microscope Axiovert 10 Carl Zeiss, Oberkochen, Germany  

Molecular Dynamics Storage Phosphor 
Screen 

GE Healthcare, Chicago, United 
States 

Imaging plate scanner CR35 Bio Elysia-raytest, Straubenhardt, Ger-
many 

Pipette Eppendorf, Hamburg, Germany  

Pipetus  Hirschmann, Eberstadt, Germany  

Precision Balance Sartorius, Göttingen, Germany 

Temperature control ETS-D4 fuzzy IKA, Staufen, Germany 

Thermomixer comfort  Eppendorf, Hamburg, Germany  

X-Ray cassette  Rego X-ray GmbH, Augsburg, Ger-
many  

 

3.2. Consumable supplies 

Table 10. Consumable supplies 

Consumable Company 

50 ml/15 ml tube  Greiner Bio-One, Kremsmünster, Austria 

96 well cell culture plate Greiner Bio-One, Kremsmünster, Austria 

Aspiration Pipette (2 ml)  Sarstedt, Nümbrecht, Germany 

Gloves nitrile  Sempermed, Wien, Austria  

https://www.google.com/search?sxsrf=ALeKk0035mNLuLGPNGgSf4u7_h9T5hhEFQ:1595863739839&q=Gerlingen&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMzIy05TAjNTcrMrk7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYOd1Ti3Iy89JT83awMgIAXxoyvlMAAAA&sa=X&ved=2ahUKEwjUnMra3-3qAhWnsaQKHd_PB5AQmxMoATAcegQIDBAD
https://www.google.com/search?sxsrf=ALeKk029heTjptxc55lHdqBWxghzxcmZCg:1595864534656&q=Chicago&stick=H4sIAAAAAAAAAOPgE-LUz9U3MM6OT0pT4gAxDeNTTLS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtY2Z0zMpMT0_N3sDICAO6BmeJQAAAA&sa=X&ved=2ahUKEwjglsrV4u3qAhV2ThUIHYF2BDEQmxMoATAgegQIBhAD
https://www.google.com/search?sxsrf=ALeKk029heTjptxc55lHdqBWxghzxcmZCg:1595864534656&q=Chicago&stick=H4sIAAAAAAAAAOPgE-LUz9U3MM6OT0pT4gAxDeNTTLS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtY2Z0zMpMT0_N3sDICAO6BmeJQAAAA&sa=X&ved=2ahUKEwjglsrV4u3qAhV2ThUIHYF2BDEQmxMoATAgegQIBhAD
https://www.google.com/search?biw=1920&bih=937&sxsrf=ALeKk02rVYcCQPsMxmZxafhwQ65YLuto-g:1595857863321&q=Kremsm%C3%BCnster&stick=H4sIAAAAAAAAAOPgE-LSz9U3SEvONjGuUgKzjUxLCouMtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1h5vYtSc4tzD-_JKwYK7GBlBABGjVBxWQAAAA&sa=X&ved=2ahUKEwjVkrjoye3qAhWR_qQKHe9LDcAQmxMoATAWegQICRAD
https://www.google.com/search?biw=1920&bih=937&sxsrf=ALeKk02rVYcCQPsMxmZxafhwQ65YLuto-g:1595857863321&q=Kremsm%C3%BCnster&stick=H4sIAAAAAAAAAOPgE-LSz9U3SEvONjGuUgKzjUxLCouMtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1h5vYtSc4tzD-_JKwYK7GBlBABGjVBxWQAAAA&sa=X&ved=2ahUKEwjVkrjoye3qAhWR_qQKHe9LDcAQmxMoATAWegQICRAD
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Grace Bio-Labs Press-To-Seal 
silicone isolator 

Sigma-Aldrich, Missouri, United States 

PAP pen Sigma-Aldrich, Missouri, United States 

Phosphor imaging plate Fujifilm, Tokyo, Japan 

Pipette tips (10 μl, 200 μl, 1000 
μl)  

Sarstedt, Nümbrecht, Germany  

Serological Pipettes (5 ml, 10 ml, 
25 ml) 

Greiner Bio-One, Kremsmünster, Austria 

SuperFrost Ultra Plus Adhesion 
Slides 

Thermo Fisher Scientific, Massachusetts, 
United States 

 

3.3. Reagents and chemicals 

Table 11. Reagents and chemicals 

Reagent Company 

DPBS Gibco, Thermo Fisher Scientific, Waltham, USA 

Ethanol  Merck, Darmstadt, Germany  

Hydrochloric acid (HCI) 
30% 

Merck, Darmstadt, Germany 

MgCl2 Sigma-Aldrich, Taufkirchen, Germany 

Tris Sigma-Aldrich, Taufkirchen, Germany  

 

3.4. Buffers and solutions 

Table 12. Buffers and solutions 

Buffer/solu-
tion 

Composition Application 

PSMA 
buffer 

170 mM Tris-HCI buffer, PH 7.4 containing 10 g/l 
bovine serum albumin (BSA), 5 mM MgCl2  

Ex vivo in-
cubation 

 

3.5. Antibodies 

 

https://www.google.com/search?sxsrf=ALeKk02BO7oyjczXH4bX_kzs7FHHNFXZ_A:1597070823837&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYOYNL9BR88kszi3ewMgIA78eh6VIAAAA&sa=X&ved=2ahUKEwj06Yq58JDrAhUSsHEKHQMND2IQmxMoATAfegQIChAD
https://www.google.com/search?sxsrf=ALeKk02BO7oyjczXH4bX_kzs7FHHNFXZ_A:1597070823837&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYOYNL9BR88kszi3ewMgIA78eh6VIAAAA&sa=X&ved=2ahUKEwj06Yq58JDrAhUSsHEKHQMND2IQmxMoATAfegQIChAD
https://www.google.com/search?biw=1920&bih=937&sxsrf=ALeKk02rVYcCQPsMxmZxafhwQ65YLuto-g:1595857863321&q=Kremsm%C3%BCnster&stick=H4sIAAAAAAAAAOPgE-LSz9U3SEvONjGuUgKzjUxLCouMtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1h5vYtSc4tzD-_JKwYK7GBlBABGjVBxWQAAAA&sa=X&ved=2ahUKEwjVkrjoye3qAhWR_qQKHe9LDcAQmxMoATAWegQICRAD
https://www.google.com/search?sxsrf=ALeKk012yinICXmgGTDR5JwtytiZa5P1Qg:1597123235480&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKd7AyAgC_w9ZWYAAAAA&sa=X&ved=2ahUKEwi6zfPYs5LrAhWBsKQKHcoKAmwQmxMoATAWegQIDRAD
https://www.google.com/search?sxsrf=ALeKk012yinICXmgGTDR5JwtytiZa5P1Qg:1597123235480&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKd7AyAgC_w9ZWYAAAAA&sa=X&ved=2ahUKEwi6zfPYs5LrAhWBsKQKHcoKAmwQmxMoATAWegQIDRAD
https://www.google.com/search?sxsrf=ALeKk009D9H4ApJiC_l6un6Ct47oEbOgMg:1595860901756&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKd7AyAgC_w9ZWYAAAAA&sa=X&ved=2ahUKEwj2v6OR1e3qAhWRShUIHX0FALIQmxMoATAaegQIBBAD
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Table 13. Antibodies used for IHC 

Antibody Clone Dilution Company 

PSMA 3E6 1:50 Dako, California, USA 

 

3.6. Kits 

Table 14. Kits 

Reagent Produced by 

Precursor PSMA-I&S synthesis Chair for Pharmaceutical Radiochemistry 
Technische Universität München  
Walther Meissner Strasse 3, 85748 
München, Germany 

 

3.7. Software 

Table 15. Software 

Adobe Photoshop version CS5 

AIDA Image analyzer software version 4.21 

EndNote version X9 

GraphPad Prism version 8.0 

Leica Aperio ImageScope version 12.4.0.7018 

Microsoft Office (Word, Excel, PowerPoint) 2013 

SPSS version 20.0 

Siemens Syngo.via  
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 Methods 

4.1. Preclinical analysis 

4.1.1. Ex vivo experiment 

4.1.1.1. Sample preparation  

One 10 µm cryosection from each prostate was collected from the tissue for in-

traoperative frozen section diagnosis. A continuous slide of each fresh cryosec-

tion was provided for hematoxylin and eosin (HE) staining, and HE slides were 

then scanned with a Leica AT2 scanner (Table 9) into our e-slide database.  

Fresh cryosections were stored in a dry ice box and delivered to our Nuclear 

medicine department. Sections were kept at -80 °C for at least seven days to 

decay the remaining 99mTc. 

Ice-cold PSMA buffer (Table 12) was used to re-hydrate sections and remove the 

optimal cutting temperature (OCT) compound. After the section was dried care-

fully, a hydrophobic barrier outlining the tissue was drawn using a PAP pen. After 

it dried out, approximately 1 ml 99mTc-PSMA-I&S for patients was dropped on the 

tissue. 99mTc-PSMA-I&S was prepared as previously described (S Robu et al., 

2017). The section was then incubated at room temperature for 1.5 hours. During 

the incubation, a slide box with wet paper towels added for humidity control was 

used. Radioligand solution was removed and followed by three 5 min washes 

with PSMA buffer (Table 12). After it dried under the fume hood, the samples 

were ready for ARG. 

4.1.1.2. Autoradiography (ARG) imaging 

Standards preparation 

We prepared standards to normalize the exposure time in each experiment and 

to generate calibration curves between the density of ARG signal and units of 

radioactivity.  
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Firstly, the shape modified Grace Bio-Labs Press-To-Seal silicone isolator was 

fixed on a microscope slide. Then 10 1:2 dilutions of 99mTc-PSMA-I&S solution 

using DPBS were prepared. Then 5 µl of each dilution were added into Gamma 

counter sample containers for counts per minute (CPM) measurement. The same 

samples were measured by a CRC-15R dose calibrator for absolute values (Bec-

querel [Bq]). Afterward, 5 µl of each dilution were spotted into the small holes 

within the silicone. After they dried on the surface of a thermomixer, standards 

preparation was accomplished, and they can be placed into the cassette with the 

tissues for ARG.  

ARG 

For determining the activity accumulation of 99mTc-PSMA-I&S on the microscopic 

level, the prepared samples were placed in a light-proof box together with stand-

ards. Photos of samples and standards were taken before the measurement as 

references for image registration. A plastic film was covered on the top of sam-

ples to protect the phosphor imaging plate from contamination. Afterward, radio-

active tissue samples were exposed for 6 h in a dark enclosure to prevent expos-

ing to ambient light (Figure 9). Activities of samples were measured by phosphor 

imaging plates and scanned by the imaging plate scanner, and then images were 

analyzed using AIDA Image analyzer software (Table 15).  

 

Figure 9. Schematic diagram of ARG for ex vivo analysis.  
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4.1.1.3. Image registration  

Digitalized HE slides and autoradiographic data were registered using Adobe 

Photoshop (Version CS5, Table 15). A combination of visual landmarks such as 

tumor edges, holes from vessels, and ink marks was used to register image da-

tasets. Registration errors of each image set were almost free from subsequent 

registration, because these two sections were cut continuously.  

A 1×1 mm2 matrix was applied to each HE digital image. An experienced 

pathologist indicated benign and malignant regions using Leica Aperio Im-

ageScope (Table 15) and annotated the percentage of malignant cells in each 

grid. Then the same matrix was applied to the autoradiographic data. The quan-

tum level (QL) value in each grid was analyzed using AIDA Image analyzer.  

4.1.1.4. Image analysis 

Relative activity in each grid based on the tumor-to-normal ratio was calculated. 

In each section, we calculated the mean QL of grids that contain non-tumor cells 

(QLmean), and then the relative activities of the grids that contain tumor cells were 

calculated using the formula: 

 Relative Activitygrid =
QLgrids with tumor

QLmean
                              Eq.1 

The absolute activities of autoradiographic data were calibrated using standards 

with a known activity concentration. The absolute activity of each grid was calcu-

lated using the following formula: 

 Absolute Activitygrid =
(a×QLstandard+b)×Areagrid

Areastandard
                       Eq.2 

where QLstandard is the QL of each standard, a×QLstandard+b is the formula gener-

ated from calibration curves, Areagrid is the area of the grid, Areastandard is the area 

of standards. 

4.1.2. In vivo experiment 
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4.1.2.1. Patients 

Between November 2018 and January 2020, 17 consecutive primary prostate 

cancer patients with PSMA-ligand PET confirmed PSMA positive metastatic pel-

vic lymph nodes were scheduled for RGS. All investigations were conducted fol-

lowing the Helsinki Declaration and national regulations. The Ethics Committee 

of the Technical University Munich approved the retrospective analysis of the 

clinical data.  

4.1.2.2. Overview of workflow 

In the first step, a feasible workflow was established considering the clinical use 

of RGS in primary prostate cancer. As this was an exploratory investigation, care 

was taken that the usual clinical workflow and treatment of the patient was unaf-

fected. Only patients in whom PSMA RGS in primary prostate cancer was per-

formed for a clinical indication were potential candidates for this analysis.  

We have successfully established a workflow that allows the correlation of 99mTc-

PSMA-I&S labeled prostatectomy specimens ARG with histology and PSMA IHC 

staining on the same tissue material without interfering with the clinical diagnos-

tics. Figure 10 shows the workflow we developed for this project. 

 

Figure 10. The workflow of preclinical study.  

A: Primary prostate cancer patients with PSMA-ligand PET confirmed PSMA pos-
itive pelvic lymph nodes metastasis underwent RGS. B: 99mTc-PSMA-I&S was 
injected intravenously one day before RGS. C: RGS was performed one day after 
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the injection. D: Prostate specimens were resected and routinely delivered to pa-
thology for further processing. E: The prostate specimen was processed accord-
ing to the diagnostic standard. Every second slice was fixed in formalin and per-
formed ARG measurement. F: After overnight exposure, the slices were reintro-
duced into routine diagnostics. HE staining and PSMA IHC staining sections were 
accomplished. G: All slides were digitized with an Aperio CS slide scanner or 
Aperio AT2 slide scanner. The slides were annotated using Aperio ImageScope 
and then overlaid with the ARG images using Adobe Photoshop for further anal-
ysis. 

 

4.1.2.3. Sample preparation 

The prostate specimens were cut perpendicular to the long axis of the urethra 

into 6-10 slides according to the diagnostic standard. Every second slice was put 

into a handmade plastic bag. Then, the bag was filled with formalin and sealed 

properly (Figure 11). 

 

Figure 11. Sample preparation of in vivo PSMA-ligand uptake analysis.  

A: The prostate specimen from RP (black lines indicate the resected parts for 
cryosections). B: The prostate specimen was cut from base to apex and perpen-
dicular to the long axis of the urethra. C: Every 2nd slice of the specimen was fixed 
in a sealed plastic bag filled with 10% neutral-buffered formalin for ARG.  
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4.1.2.4. ARG imaging 

Standards preparation and ARG procedure were the same as 4.1.1.2. However, 

the incubation time was 24h instead of 6h (Figure 12).  

 

Figure 12. Schematic diagram of ARG for in vivo PSMA-ligand uptake anal-
ysis. 

 

4.1.2.5. Histology and immunohistochemistry 

HE and Immunohistochemical staining were performed in collaboration with 

Dr.med.vet. Katja Steiger (Institute of Pathology, comparative experimental pa-

thology [CeP], Klinikum rechts der Isar). Postoperative prostate specimens were 

fixed in 10% neutral-buffered formalin solution for at least 72 h, and then samples 

were dehydrated and embedded in paraffin. Serial sections of 2 µm were cut us-

ing a rotary microtome for HE and IHC staining.  

Regarding HE staining, the procedure was: Xylene (5 min), Xylene (5 min), Iso-

propanol (5 min), Isopropanol (5 min), Ethanol 96% (2 min), Ethanol 96% (2 min), 

Ethanol 70% (2 min), Ethanol 70% (2 min), Aqua dest (25 s), HTX-Mayer (8 min), 

Tap water (10 min), Eosin alcoholic 1% (4 min), Ethanol 96% (30 s), Isopropanol 

(25 s), Isopropanol (25 s), Xylene (1.5 min), Xylene (1.5 min). Sections were 

scanned with a Leica CS system to our e-slide database.  

IHC was performed automatically using the Ventana BenchMark XT (Roche, Ba-

sel, Switzerland) and diaminobenzidine (DAB) was applied for visualization using 
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the ultra View Univeral DAB Detection KIT (Roche, Basel, Switzerland). PSMA 

antibody was described in  

Table 13. Slides were scanned with a Leica AT2 system to our e-slide database 

and were analyzed with Imagescope.  

4.1.2.6. Image registration  

The image registration approach was the same as in section 4.1.1.3. Of note, 

autoradiographic data was generated from postoperative prostatic specimens in 

sealed plastic bags. However, the digital HE and IHC data were produced from 

the surface of each tissue. Registration errors of digital pathological data and 

autoradiographic data were observed because of the different sources of sam-

ples. 

4.1.2.7. Image analysis 

Region of interest (ROI)-based analysis 

In the ROI-based analysis, we defined an ROI as an area containing cancer cells, 

and there is at least a 5 mm distance with only normal prostate tissue between 

two ROIs. ROIs were generated manually using Imagescope. The same ROIs 

were drawn in the corresponding position in ARG data. QL value in each ROI 

was analyzed using AIDA Image analyzer. 

Grid-based analysis 

In the grid-based analysis, the size of the matrix for postoperative prostate spec-

imen HE slides was 3×3 mm2. A trained pathologist annotated each grid based 

on the percentage of different cell types: Epithelial (cancer cell [Gleason pattern 

3, 4 and 5], normal tissue, prostatic intraepithelial neoplasia [PIN]), Stroma, In-

flammation, seminal vesicle, and open area. The same matrix was then applied 

in the corresponding position in ARG data. QL value in each grid was analyzed 

using AIDA Image analyzer.   

The absolute activity of each grid was assessed using calibration curves gener-

ated from standards (Eq.2).  

SUVARG was calculated using the following formula:  
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SUVARG =
Aspec/Wspec

Ainj/BWt
                                              Eq.3 

where Aspec is the specimen activity decay corrected to the injection time point. 

Wspec is the grid’s weight. Ainj is the injected activity, and BWt is the weight of the 

patient. The grid’s weight was calculated using the following formula: 

Wspec = 3 × 3 ×  
Lpros

No.tiss
× ρpros                               Eq.4 

where Lpros is the length of the prostate from apex to base, ρpros is the density of 

prostates. The number of 0.98 g/ml was used in the formula (G Torlakovic et al., 

2005). No.tiss is the number of slices of the prostate specimen. 

SUV normalized by lean body mass (SUL)ARG was calculated using the following 

formula: 

 SULARG =
Aspec/Wspec

Ainj/LBM
                                         Eq.5 

LBM (male) =
9.27 × 103 × BWt

6.68 × 103 + 216 × BMI
  

(S Janmahasatian et al., 2005) Eq.6 

Where LBM is lean body mass, BMI is body mass index.  

BMI =
BWt

Height2                                                 Eq.7 

Histopathological analysis 

The immunohistochemical analysis was performed by one experienced investi-

gator, and all question sections were rescored by another experienced 

pathologist. Results were calculated based on the 4-point immunoreactive score 

(IRS) classification (Table 16), considering not only visualized grade of staining 

intensity, but also a fraction of cells in each intensity category (percentage of 

positive staining cells). Heterogeneity was defined by different staining patterns 

existing in at least 5% of the studied region (DA Ferraro et al., 2020). 
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Table 16. Four-point IRS Classification (KS McCarty, Jr. et al., 1985; N Woythal 

et al., 2018) 

Intensity of staining 
(membrane) 

Percentage of posi-
tive cells 

IRS  IRS Classifi-
cation 

0 = no color reaction 0 = no positive cells 0-1 = negative 0 = negative 

1 = mild reaction 1 = < 10% positive 
cells 

2-3 = mild 1 = mild 

2 = moderate reac-
tion 

2 = 10%-50% posi-
tive cells 

4-8 = moderate 2 = moderate 

3 = intense reaction 3 = 51%-80% posi-
tive cells 

9-12 = strongly 
positive 

3 = strong 

 4 = > 80%positive 
cells 

  

IRS = immunoreactive score. 

 

4.2. Clinical analysis 

4.2.1. Patients  

A retrospective study was carried out on patients with D’Amico intermediate- to 

high-risk primary prostate cancer treated with RP and underwent 68Ga-PSMA-11 

PET imaging maximum three months before the surgery between January 2013 

and August 2017. Exclusion criteria were neoadjuvant therapy, PSA persistence 

after RP, and incomplete follow-up. Figure 13. shows the flowchart of inclusion 

and exclusion criteria. 
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Figure 13. Flowchart of inclusion and exclusion steps, narrowing down in-
itially 253 patients to the final 186 eligible patients.  

 

Clinicopathological information, including age, iPSA, 68Ga-PSMA-11 PET param-

eters, prostatectomy Gleason Score, and pathological characteristics, were col-

lected. BCR was defined as a PSA level increase above 0.2 ng/ml. The endpoint 

in this study was the assessment of BCR. BCR was calculated from the date of 

surgery to the date of BCR or the most recent follow-up. All patients gave written 

informed consent for evaluation and publication of their data. The retrospective 

study has been approved by the Ethics Committee of the Technical University 

Munich.  

4.2.2. Imaging protocol 

The synthesis of 68Ga-PSMA-11 was described previously (R Martin et al., 2014). 

Patients fasted before 68Ga-PSMA-11 PET scan for at least six hours. After intra-

venously injecting a median of 139 MBq of 68Ga-PSMA-11 (IQR: 112-156), PET 

acquisition was started at a median of 54 min (IQR: 49-65) after the tracer injec-

tion. Nighty-three patients underwent 68Ga-PSMA-11 PET/CT on a Biograph 
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mCT flow scanner (Siemens Medical Solutions, Erlangen, Germany), and 93 pa-

tients underwent 68Ga-PSMA-11 PET/MRI on a Biograph mMR scanner (Sie-

mens Medical Solutions, Erlangen, Germany). Details on PET/CT and PET/MR 

acquisition were described previously (M Eiber et al., 2020; M Souvatzoglou et 

al., 2013). 

4.2.3. Image analysis 

One trained nuclear medicine Ph.D. student blinded to the postoperative histo-

pathological results analyzed all 68Ga-PSMA-11 PET/CT and 68Ga-PSMA-11 

PET/MR datasets. All questioned lesions were reannotated by two experienced 

board-certified nuclear medicine physicians. For calculation of the SUV, tumor 

volume (TV), and total lesion (TL) of prostatic lesions, any focal or diffuse tracer 

uptake above the surrounding background and not associated with physiological 

uptake was drawn as circular regions in trans-axial slices and automatically 

adapted to a three-dimensional volume of interest (VOI) using Syngovia (Table 

15) at 40% isocontour. Typical pitfalls in PSMA-ligand PET including low to mod-

erate PSMA-ligand uptake associated with osteoblastic changes (i.e., with frac-

tures or degenerative changes) or the low uptake associated with celiac and other 

ganglia were taken into account (MS Hofman, RJ Hicks, et al., 2018). All lesions 

suspicious for prostate cancer and lymph node metastases were noted and 

grouped according to miTNM classification (M Eiber et al., 2018). 

Moreover, we established a molecular staging (miTNM staging) system (version 

1.0), which could benefit the prognosis prediction of prostate cancer patients. A 

cutoff of SUVmax 5.4 from Hoffmann et al.’s study was applied for ⅠA and ⅠB stage 

separation. They revealed a SUVmax 5.4 from 68Ga-PSMA-11 PET /CT as an op-

timal cut-off to distinguish between GS ≤ 7a and GS ≥ 7b with a sensitivity and 

specificity of 84% and 100% (MA Hoffmann et al., 2017). 

4.3. Statistical analysis 

Descriptive statistics were used to display continuous variables as the median 

and interquartile range (IQR) with 25th and 75th percentiles (Q1-Q3), mean ± 

standard deviation (SD), as well as percentages. 
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Data normal distribution was analyzed using the histography with the normal 

curves and the Kolmogorov-Smirnov test. The equality of variances was as-

sessed by Levene’s test.  

Correlations were done using bivariate Spearman’s test, and results were pre-

sented with the coefficient (r) and p value. Independent-samples T-test was used 

to compare the means of two independent groups of samples which were nor-

mally distributed and had equal variances. ANOVA was used to compare the 

means of more than three groups. When equal variances were assumed, the 

Bonferroni test was used for Post Hoc comparison. When equal variances were 

not assumed, the Games-Howell test was used for pairwise comparison. The lin-

ear mixed model method was used for detecting the correlation between PSMA-

ligand uptake and different tissue types. The efficacy to predict prostate cancer 

using SUVARG and SULARG was evaluated by the receiver operating characteristic 

(ROC) curve and the area under the curve (AUC). 

The association between positive pathological results and 68Ga-PSMA-11 PET 

findings was investigated univariately and multivariately using Logistic regres-

sion, and the corresponding odds ratio (OR) and 95% CI were calculated. Post-

operative BCR-free survival was estimated using the Kaplan-Meier method and 

compared between groups using the log-rank test. Moreover, univariable and 

multivariable Cox regression analysis were performed to determine the ability of 

the clinicopathological factors to predict BRC after RP, and the corresponding 

hazard ratio (HR) and 95%CI were calculated. Only parameters showing a sig-

nificant association on univariable analysis were included in the multivariable 

model. A multivariable analysis was performed when more than one risk factor 

was identified at the univariable analysis. Baseline factors included iPSA, age, 

Gleason Score, miTNM stage, pathological stage, surgical margin, and findings 

including TV, TL, SUVmean, and SUVmax from 68Ga-PSMA-11 PET.  

A p value of 0.05 was used as the cut-off for statistical significance. All tests were 

two-tailed. Statistical evaluation was performed using SPSS. 
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 Results 

5.1. Preclinical results 

5.1.1. Ex vivo PSMA-ligand uptake evaluation 

5.1.1.1. Patients and clinicopathological findings 

Samples from 8 prostate cancer specimens were collected for ex vivo experi-

ments. The mean age was 65 ± 8.2 years. Regarding Gleason Scores, four of 

them were Gleason 7b, one of them was Gleason 8, and the last three were 

Gleason 9.  

5.1.1.2.  Qualitative analysis 

Figure 14 shows autoradiographic images, histological images, the overlapped 

images, and tumor density heat maps. The ARG images (Figure 14A) were ac-

quired after 1.5 hours of incubation and 6 hours of exposure and shown in heat 

maps from blue (lowest uptake) to red (highest uptake).  

Generally, tumor sections were heterogeneous in HE. Although the annotated 

areas with green lines contained tumor cells, normal epithelia and stoma was 

observed (Figure 14B). In the overlapped images of histology and ARG (Figure 

14C), the distribution of 99mTc-PSMA-I&S uptake and corresponding tumor areas 

were clearly shown. High level 99mTc-PSMA-I&S ligand uptake was associated 

with regions of tumor cells. Conversely, regions with stroma and normal prostate 

glands were associated with low 99mTc-PSMA-I&S ligand uptake. Tumor density 

heat maps based on 1*1mm2 grids were shown in Figure 14D from green (lowest 

density) to red (highest density). There was a clear correlation of high 99mTc-

PSMA-I&S uptake with regions of high tumor density. 

Figure 15 shows a scatter plot of the activities (QL) of each grid from eight sec-

tions. The positive correlation between tumor density and tracer uptake was 

clearly shown in all samples.  
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Figure 14. Representative images from eight specimens.  

A. ARG images. B. histology (HE staining) images. Ares annotated with green 
lines are areas containing tumor cells. C. Overlapped images. D. Tumor density 
heat maps.  

 

 

Figure 15. Scatter plot of QLs in eight sections. 

 

5.1.1.3. Quantitative analysis 

A total of 1787 grids were included in the analysis. Relative activity in each grid 

was calculated using the tumor-to-normal ratio (Eq.1). Absolut activity in each 

grid was calculated using calibration curves (Eq.2). The dataset was split into 

deciles, each group containing the same number of densities. Less than the 10% 

of tumor density was analyzed as group 1, then higher than 10% but lower than 

20% as group 2, etc. Table 17 shows the activity in each tumor density group.  

Table 17. Relative and absolute activities in tumor density groups. 

Tumor cell 
density 

No. of 
grids 

Relative ac-
tivity 

CPM/grid Bq/grid 

Normal tissue 745 1 17971 ± 18024 603 ± 537 

< 10% 245 1.8 ± 1.4  26854 ± 21253 922 ± 604 

≥ 10% 239 2.8 ± 2.1 31625 ±26185 1130 ± 795 

≥ 20% 150 3.2 ± 2.1 40911 ± 34292 1349 ± 890 

≥ 30% 143 3.0 ± 1.7 46010 ± 36886 1416 ± 914 

≥ 40% 89 4.0 ± 2.8 54499 ±41583 1730 ± 1067 

≥ 50% 75 3.4 ± 1.9 93244 ± 46281 2542 ± 1101 

≥ 60% 54 3.0 ± 0.9 110244 ± 37769 2874 ± 913 
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≥ 70% 47 3.3 ± 0.7 136074 ± 27658 3500 ± 728 

Total  1787 

CPM = counts per minuets. 

Data were presented as mean ± SD.  

 

Relative activity analysis 

The dataset was divided into deciles in order to display the distribution of raw 

data. Then, data were divided into three groups: grids with only normal tissue and 

grids with less than 40% of tumor cells, and grids with more than 40% of tumor 

cells. Significantly higher relative activity was observed in high density tumors 

(≥ 40%) than in normal prostate tissue and low density tumors (< 40%) 

(p < 0.001, Figure 16B). The tracer uptake in prostate cancer was significantly 

higher than in normal prostate tissue (p < 0.001, Figure 16B). 

 

Figure 16. Relative activities in different tumor density groups.  

A. Mean ± SD of tumor-to-normal ratio in normal tissue and groups split into dec-
iles. B. Mean ± SD of tumor-to-normal ratio in normal tissue, grids with less than 
40% of tumor cells and grids with more than 40% of tumor cells. ***: p < 0.001.  

 

Absolute activity analysis 

Using both units (Bq/grid and CPM/grid), significantly higher uptake was ob-

served in high density tumors (≥ 40%) than in normal prostate tissue and low 

density tumors (< 40%) (p < 0.001). Similar to the relative activity analysis, the 
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tracer uptake in prostate cancer was significantly higher than in normal prostate 

tissue (p < 0.001, Figure 17). 

 

Figure 17. Absolute activities in different tumor density groups.  

A. Mean ± SD of CPM/grid in normal tissue and groups split into deciles. B. Mean 
± SD of CPM/grid in normal tissue, grids with less than 40% of tumor cells, and 
grids with more than 40% of tumor cells. C. Mean ± SD of Bq/grid in normal tissue 
and groups split into deciles. D. Mean ± SD of Bq/grid in normal tissue, grids with 
less than 40% of tumor cells, and grids with more than 40% of tumor cells. ***: 
p < 0.001. 

 

5.1.2. In vivo PSMA-ligand uptake evaluation 

5.1.2.1. Patients and clinicohistological findings 

A total of 17 patients with a mean age of 67.4 ± 8.4 years were included in the 

study. The average serum PSA level was 17.1 ± 12.1 ng/ml, and the average 

injected dose of 99mTc-PSMA-I&S before the operation was 648 ± 128 MBq. The 

postoperative Gleason Score was 7a in one (5.9%), 7b in six (35.3%), 8 in two 
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(11.8%), 9 in seven (41.2%). Clinicopathological information of each patient was 

summarized in Table 18.  

Table 18. Patient Characteristics 
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ARG = autoradiography; iPSA = initial prostate-specific antigen; PET = positron 
emission tomography; PMSA = prostate-specific membrane antigen; 
rhPSMA = radiohybrid PSMA 

a: The pathological finding of Patient 6 after the operation was high grade pros-
tatic intraepithelial neoplasia (HGPIN). 

 

5.1.2.2. Image co-registration of histopathological and autoradiographic 

data 

Figure 18 shows the representative examples of autoradiographic images, histo-

logical images, the overlapped images, and IHC staining images. ARG was per-

formed an average of 200 ± 48.5 min after the operation. The ARG images (Fig-

ure 18A) were acquired after 24 hours of exposure and were shown in heat maps 

from blue (lowest uptake) to red (highest uptake). In the histological images, tu-

mor areas were circled with yellow lines (Figure 18B), and the correlated IHC 

images were prepared for the PSMA expression analysis (Figure 18C). In the 

overlapped images of histology and ARG (Figure 18D), the 99mTc-PSMA-I&S up-

take and corresponding tumor areas were clearly shown. High 99mTc-PSMA-I&S 

uptake was associated with the tumor cell region. Conversely, regions with 

stroma and normal prostate tissues were associated with low 99mTc-PSMA-I&S 

uptake. Moreover, some areas without tracer uptake and the PSMA negative tu-

mor cells in IHC images were observed.  
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Figure 18. Representative sections of image registration.  

A. ARG images. B. histology (HE staining) images. Ares annotated with yellow 
lines represent tumor areas. C. PSMA IHC staining images. D. Overlapped im-
ages. 

 

5.1.2.3. ROI-based analysis 

PSMA expression patterns 

A total of 59 ROIs were included in the analysis. Examples of PSMA expression 

patterns were shown in Figure 19, and the examples of heterogeneity were 

shown in Figure 20.  
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Figure 19. Overview of the different PSMA staining patterns.  

A. Complete negativity of PSMA expression. B. Low expression of cytoplasmic 
and membranous PSMA (black arrow). C. Moderate cytoplasmic and membra-
nous PSMA. D. Low cytoplasmic and strong membranous staining. E. Moderate 
cytoplasmic and strong membranous staining. F. Diffuse strong cytoplasmic and 
membranous expression. Scale bar 200 µm. 
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Figure 20. Overview of the 
different PSMA heterogene-
ity patterns.  

A. In one slice, the circled car-
cinoma (orange line) consists 
of diffuse positive expression 
of PSMA and the circled areas 
with a black arrow consist of 
completely negative parts. B. 
The circled areas show diffuse 
positive expression of PSMA 
and the arrowhead depicts low 
to mediate expression of 
PSMA. C. In roughly 90% of 
the marked carcinoma shows 
completely negative areas 
and the arrow points a part 
with diffuse positivity. D. In the 
circled carcinoma consists of 
approximately 40% negative 
areas, whereas 80% of areas 
with an arrow show diffuse 
positivity and 20% moderate 
expression. Scale bar 5 mm. 
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PSMA expression and Gleason Score 

Thirty (51%) ROIs fully expressed PSMA, 25 (42%) showed negative areas and 

four (7%) were PSMA negative in the whole area. In 10 ROIs with a PSMA neg-

ative area larger than 50%, four were Gleason score 6, five were Gleason score 

7a, and one was Gleason score 8. In the rest 49 ROIs with a negative area less 

than 50%, 6.1% had a Gleason score 6, 16.3% had a Gleason score 7a, 16.3% 

had a Gleason score 7b, 42.9% had a Gleason score 8, and 18.4% had a 

Gleason score 9 (Figure 21A and B). The primary tumor exhibited a heterogene-

ous in 26 ROIs (53.1%). PSMA-expressing tumor area positively correlated with 

Gleason Score (r = 0.388, p = 0.002, Figure 21C). The intensity of PSMA expres-

sion for membrane and cytoplasm positively correlated with Gleason Score 

(r = 0.592, p < 0.001; r = 0.576, p < 0.001, respectively; Figure 21D). Besides, 

the intensity of PSAM expression in the membrane positively correlated with the 

intensity of PSMA expression in the cytoplasm (r = 0.782, p < 0.001). IRS in dif-

ferent Gleason Scores was displayed in Figure 21E, and a positive correlation 

was observed (r = 0.607, p < 0.001). 
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Figure 21. Correlation of histology and IHC.  

A. The percentage of different Gleason Scores in ROIs with immunohistochemi-
cal PSMA negative parts less than 50%. B. The percentage of different Gleason 
Scores in ROIs with immunohistochemical PSMA negative parts more than 50%. 
C. The scores of stained areas in different Gleason Scores. D. The scores of 
intensities of membrane and cytoplasm in different Gleason Scores. E. The IRS 
in different Gleason Scores. 
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PSMA expression and PSMA-ligand uptake 

Of all 59 ROIs, 32 (65.3%) were observed in ARG images. In ARG positive ROIs, 

Gleason Score ≥ 8 was predominantly observed (72%) (Figure 22A). In 27 ARG 

negative ROIs, 26% was Gleason Score 6, 37% was Gleason Score 7a, 7% was 

Gleason Score 7b and 30% was Gleason Score 8 (Figure 22B). The average IRS 

of ARG positive ROIs was 10 ± 3, and it was significantly higher than the IRS 

(5 ± 4) in ARG negative ROIs (p < 0.001, Figure 22C). Moreover, the average 

area of ARG positive ROIs was 179846378 ± 195127004 (Range: 1176526-

853872717) µm2, which was significantly larger than the area of ARG negative 

ROIs (7654639 ± 14641578, range: 45921-58860293, p < 0.001, Figure 22D). 

Furthermore, in ARG negative ROIs, four of 27 were PSMA negative, 15 were 

PSMA weak expression (score of intensity < 2) and the rest eight were PSMA 

moderate to strong expression (score of intensity ≥ 2). The average area of 

PSMA negative ROIs was 4975505 ± 7147544 mm2 (n = 4), and of PSMA weak 

expression ROIs was 9759672 ± 17972130 mm2 (n = 15), and of PSMA moder-

ate to strong expression ROIs was 5047270 ± 10343937 mm2 (n = 8). 
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Figure 22. Comparison between ARG positive and negative ROIs.  

A. The percentages of Gleason Scores in ARG positive ROIs. B. The percent-
ages of Gleason Scores in ARG negative ROIs. C. Scatter plot and bar charts of 
mean and SD were used to display IRS in ARG positive and negative groups. A 
significant difference was observed. D. Scatter plot and bar charts of mean and 
SD of areas in ARG positive and negative groups. The detectable areas in ARG 
were significantly larger than the non-detectable areas (p < 0.001). ***: p < 0.001. 

 

5.1.2.4. Grid-based analysis 

5.1.2.4.1. Sample characteristics: histopathology, immunohistochemistry 

and ARG signal 

A total of 4660 grids were included in the grid-based analysis. The percentage of 

different cell types was annotated in each grid, and it was summarized in Table 

19. The distribution of the raw dataset was shown in Figure 23. 

 

  



5.Results  

60 

Table 19. Sample characteristics 

Cell type Median (IQR) 
[%] 

Mean ± SD[%] No of grids con-
taining specific cell 

type 

Gleason Pattern 3 0 (0-0) 0.35 ± 1.89 336 

Gleason Pattern 4 0 (0-0) 3.98 ± 10.31 1120 

Gleason Pattern 5 0 (0-0) 0.72 ± 4.43 299 

Normal epithelia 1.13 (0-5) 3.42 ± 5.41 2507 

Seminal vesicle 0 (0-0) 0.15 ± 1.34 96 

PIN 0 (0-0) 0.09 ± 0.96  81 

Inflammation cells 0 (0-0) 0.41 ± 3.25 557 

Stroma 70 (50-85) 65.13 ± 24.43 4635 

Open area 16.13 (10-35) 25.75 ± 23.57 4433 

Total 4660 

IQR = interquartile range; PIN = prostatic intraepithelial neoplasia; SD = stand-
ard deviation.  

 

Figure 23. Distribution of the percentage of different cell types with the nor-
mal curves. 



5.Results  

 61 

The tracer uptake in tumor and non-tumor grids were analyzed. There were 1177 

grids (25.3%) containing prostate tumor cells. The tracer uptake of each grid was 

analyzed using four different units (Figure 24A). The mean Bq/mm2 of prostate 

cancer was 734.2 ± 530.6 (n = 1177) and 228.7 ± 239.6 for non-tumor prostate 

tissue (n = 3483, p < 0.001). The mean CPM/mm2 of prostate cancer was 

43526.9 ± 45383.2 (n = 1177) and 12301.4 ± 21329.2 for non-tumor prostate tis-

sue (n = 3483, p < 0.001). The mean SUVARG of prostate cancer was 15.6 ± 11.7 

(n = 1177) and 5.0 ± 5.4 for non-tumor prostate tissue (n = 3483, p < 0.001). The 

mean SULARG of prostate cancer was 11.9 ± 9.1 (n = 1177) and 3.8 ± 4.3 for non-

tumor prostate tissue (n = 3483, p < 0.001). An analysis of the area under the 

ROC curve for SULARG and SUVARG (Figure 24B) in correlation with the histolog-

ical results revealed an AUC of 0.851 (95% CI, 0.838-0.863; p < 0.001) of SULARG 

and 0.848 (95% CI, 0.835-0.860; p < 0.001) of SUVARG. Using an SULARG cutoff 

of 4.6, sensitivity and specificity of 78.2% and 76.6% were achieved. Using an 

SUVARG cutoff of 6.2, sensitivity and specificity of 77.7% and 76.8% were 

achieved.  
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Figure 24. PSMA-ligand uptake in tumor and non-tumor grids.  

A. Comparison of tracer uptake in grids with normal prostate tissue and prostate 
cancer. Datasets with four units: Bq/mm2, CPM/mm2, SUVARG, and SULARG were 
displayed. ***: p < 0.001. B. ROC curves of SULARG and SUVARG. 

 

PSMA expression in different Gleason Patterns was evaluated. The majority of 

Gleason Pattern 3 had a score of percentage of positive cells less than two. Only 

6% of Gleason Pattern 5 had a score of percentage of positive cells less than 2 

(Figure 25A). The average score of the intensity of normal prostate tissue was 

0.25 ± 0.49, 1.15 ± 0.79 in Gleason Pattern 3, 2.41 ± 0.76 in Gleason Pattern 4, 

and 2.56 ± 0.71 in Gleason Pattern 5 (Figure 25B). The mean IRS for normal 

prostate tissue was 0.3 ± 0.63, 3.43 ± 3.25 for Gleason Pattern 3, 8.96 ± 3.59 for 

Gleason Pattern 4, and 9.53 ± 3.43 for Gleason Pattern 5 (Figure 25C). Signifi-

cant differences were observed in all pairwise comparisons. 
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Figure 25. Bar charts of IRS-related parameters in normal prostate tissue 
and Gleason Patterns.  

A. Scores of percentage of positive cells in different groups. Pairwise comparison: 
normal prostate tissue vs. Gleason Pattern 3: p < 0.001; normal prostate tissue 
vs. Gleason Pattern 4: p < 0.001; normal prostate tissue vs. Gleason Pattern 5: 
p < 0.001; Gleason Pattern 3 vs. Gleason Pattern 4: p < 0.001; Gleason Pattern 
3 vs. Gleason Pattern 5: p < 0.001; Gleason Pattern 4 vs. Gleason Pattern 5: 
p = 0.006. B. Scores of intensity in different groups. Pairwise comparison: normal 
prostate tissue vs. Gleason Pattern 3: p < 0.001; normal prostate tissue vs. 
Gleason Pattern 4: p < 0.001; normal prostate tissue vs. Gleason Pattern 5: 
p < 0.001; Gleason Pattern 3 vs. Gleason Pattern 4: p < 0.001; Gleason Pattern 
3 vs. Gleason Pattern 5: p < 0.001; Gleason Pattern 4 vs. Gleason Pattern 5: 
p = 0.02. C. IRS in different groups. Pairwise comparison: normal prostate tissue 
vs. Gleason Pattern 3: p < 0.001; normal prostate tissue vs. Gleason Pattern 4: 
p < 0.001; normal prostate tissue vs. Gleason Pattern 5: p < 0.001; Gleason Pat-
tern 3 vs. Gleason Pattern 4: p < 0.001; Gleason Pattern 3 vs. Gleason Pattern 
5: p < 0.001; Gleason Pattern 4 vs. Gleason Pattern 5: p = 0.005. 

 

5.1.2.4.2. PSMA-ligand uptake in relation to Gleason Scores 

Activities using four units were calculated and summarized in Table 20. Bar 

graphs (Figure 26A) illustrated the mean activities in normal prostate tissue and 

different Gleason Scores from 6 to 10 in the grid-based analysis. Significantly 

higher PSMA-ligand uptake was observed in the aggressive tumor (Gleason 

Score ≥ 8) compared to the normal prostate tissue and Gleason Score < 8 

(p < 0.001, Figure 26B). The tracer uptake of Gleason Score < 8 tissues was sig-

nificantly higher than normal prostate (p < 0.001, Figure 26B). 

Table 20. Respective activities using four units in different Gleason Scores. 
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Bq = becquerel; CPM = counts per minute; IQR = interquartile range; 
SD = standard deviation; SUL = SUV normalized by lean body mass; 
SUV = standardized uptake value. 

 

 

Figure 26. PSMA-ligand uptake in different Gleason Scores and groups.  

A. Mean activities in normal prostate tissue and different Gleason Scores with 
four units. B. The average tracer uptake in normal prostate tissue, Gleason 
Score < 8 and ≥ 8. ***: p < 0.001. 

 

5.1.2.4.3. PSMA-ligand uptake in relation to Gleason Patterns 

The correlation of PSMA ligand uptake and Gleason Pattern was inspected. 

Pathological annotation of grids was summarized in Table 19. Using the unit of 

Bq/mm2, Gleason Pattern 4, Gleason Pattern 5, seminal vesicle, PIN and stroma 

significantly correlated with tracer uptake (p < 0.001, p < 0.001, p = 0.035, 

p = 0.029, p = 0.01, respectively). The same results were observed using 

CPM/mm2, except seminal vesicle, but including normal epithelial. After stand-

ardized to SUVARG, the significant association between tracer uptake and 

Gleason Pattern 4, Gleason Pattern 5, PIN, and stroma (p < 0.001, p = 0.013, 

p = 0.035, p = 0.002, respectively) were observed. Similar findings were ob-

served with the unit SULARG. The estimated increase of PSMA-ligand uptake fol-

lowing the increase (one percent) of corresponding variables were listed as Esti-

mate value in Table 21. 



5.Results  

66 

Table 21. The correlation of PSMA ligand uptake and Gleason Pattern. 

Unit Variable Estimate 
value 

p value* 95% CI 

Lower 
Bound 

Upper 
Bound 

Bq/mm2 GP 3 -7.2 0.006 -12.35 -2.04 

GP 4 20.15 0.000 19.12 21.16 

GP 5 10.95 0.000 8.66 13.23 

Normal tissue -0.39 0.679 -2.24 1.46 

Seminal 
vesicle 

7.79 0.035 0.55 15.04 

PIN 11.14 0.029 1.12 21.16 

Inflammation 
cells 

-2.16 0.153 -5.14 0.80 

Stroma 0.55 0.010 0.13 0.97 

CPM/mm2 GP 3 -782.76 0.001 -1238.91 -326.61 

GP 4 1185.36 0.000 1094.79 1275.93 

GP 5 419.82 0.000 217.44 622.20 

Normal tissue -169.96 0.042 -333.93 -5.99 

Seminal 
vesicle 

-84.12 0.797 -725.09 556.83 

PIN 928.17 0.040 41.8 1814.49 

Inflammation 
cells 

-214.59 0.110 -477.73 48.55 

Stroma 56.96 0.003 19.75 94.16 

SUV GP 3 -0.10 0.093 -0.22 0.02 

GP 4 0.43 0.000 0.41 0.46 

GP 5 0.07 0.013 0.01 0.12 

Normal tissue -0.01 0.611 -0.05 0.03 

Seminal 
Vesicle 

0.15 0.078 -0.02 0.31 

PIN 0.24 0.035 0.02 0.47 

Inflammation 
cells 

-0.05 0.177 -0.11 0.02 

Stroma 0.02 0.002 0.01 0.02 

SUL GP 3 -0.09 0.059 -0.18 0.003 

GP 4 0.33 0.000 0.32 0.35 

GP 5 0.07 0.001 0.03 0.11 

Normal tissue -0.01 0.528 -0.04 0.02 

Seminal 
vesicle 

0.10 0.108 -0.02 0.23 

PIN 0.19 0.030 0.02 0.37 

Inflammation 
cells 

-0.04 0.170 -0.09 0.02 

Stroma 0.01 0.001 0.004 0.02 
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Bq = becquerel; CI = confidence interval; CPM = counts per minute; 
GP = Gleason Pattern; PIN = prostatic intraepithelial neoplasia; PSMA = pros-
tate-specific membrane antigen; SUL = SUV normalized by lean body mass; 
SUV = standardized uptake value.  

*Significant associations are given in bold. 

 

5.1.2.4.4. Correlation of immunohistochemistry and PSMA-ligand uptake 

A total of 4646 grids were included in the analysis. Fourteen grids (10 in Patient 

4 and four in Patient 16) were excluded because of artifacts during the IHC sam-

ple preparation procedure. The grids were divided into the following groups ac-

cording to the IRS of PSMA expression: ≤ 50% stained cells vs. > 50% stained 

cells, IRS < 2 vs. IRS ≥ 2. The average PSMA-ligand uptake (displayed with four 

units: Bq/mm2, CPM/mm2, SUVARG, and SULARG) in different groups were shown 

in Figure 27, and the values were listed in Table 22. High tracer uptake was ob-

served in the high IRS (IRS ≥ 2) and the large staining area (> 50% stained cells). 

 

Figure 27. Bar charts of PSMA-ligand uptake in different groups.  

A. Mean Bq/mm2 in ARG was 268.2 ± 294.6 for IRS < 2 (n = 4050) and 
949.6 ± 519.7 for IRS ≥ 2 (n = 596; ***: p < 0.001). Mean CPM/mm2 in ARG was 
14754.4 ± 26078.2 for IRS < 2 (n = 4050) and 56830.7 ± 44636.6 for IRS ≥ 2 
(n = 596; ***: p < 0.001). Mean SUVARG was 5.8 ± 6.6 for IRS < 2 (n = 4050) and 
20.3 ± 11.3 for IRS ≥ 2 (n = 596; ***: p < 0.001). Mean SULARG was 4.4 ± 5.2 for 
IRS < 2 (n = 4050) and 15.6 ± 8.8 for IRS ≥ 2 (n = 596; ***: p < 0.001). B. Mean 
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Bq/mm2 in ARG was 341 ± 388.2 for ≤ 50% stained cells (n = 4544) and 
1005.4 ± 496.7 for > 50% stained cells (n = 102; ***: p < 0.001). Mean CPM/mm2 
in ARG was 19533.4 ± 32150.5 for ≤ 50% stained cells (n = 4544) and 
47761 ± 28812.7 for > 50% stained cells (n = 102; ***: p < 0.001). Mean SUVARG 
was 7.5 ± 8.6 for ≤ 50% stained cells (n = 4544) and 18.4 ± 10.7 for > 50% 
stained cells (n = 102; ***: p < 0.001). Mean SULARG was 5.7 ± 6.7 for ≤ 50% 
stained cells (n = 4544) and 14.4 ± 8.3 for > 50% stained cells (n = 102; ***: 
p < 0.001). 

 

Table 22. PSMA expression vs. PSMA ligand uptake. 

Unit Parameter Mean ± SD p value 

Bq/mm2 IRS < 2 268.2 ± 294.6  < 0.001*** 

IRS ≥ 2 949.6 ± 519.7 

≤ 50% stained cells 341 ± 388.2  < 0.001*** 

> 50% stained 
cells 

1005.4 ± 496.7 

CPM/mm2 IRS < 2 14754.4 ± 26078.2  < 0.001*** 

IRS ≥ 2 56830.7 ± 44636.6 

≤ 50% stained cells 19533.4 ± 32150.5  < 0.001*** 

> 50% stained 
cells 

47761 ± 28812.7 

SUV IRS < 2 5.8 ± 6.6  < 0.001*** 

IRS ≥ 2 20.3 ± 11.3 

≤ 50% stained cells 7.5 ± 8.6  < 0.001*** 

> 50% stained 
cells 

18.4 ± 10.7 

SUL IRS < 2 4.4 ± 5.2  < 0.001*** 

IRS ≥ 2 15.6 ± 8.8 

≤ 50% stained cells 5.7 ± 6.7  < 0.001*** 

> 50% stained 
cells 

14.4 ± 8.3 

Bq = becquerel; CPM = counts per minute; IRS = immunoreactive score; 
PSMA = prostate-specific membrane antigen; SD = standard deviation; 
SUL = SUV normalized by lean body mass; SUV = standardized uptake value.  

***: p < 0.001. 

 

5.2. Clinical results 

5.2.1. Patients  
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A total of 186 patients were finally included in this retrospective study. In brief, 

the median age was 68 years, and the median serum iPSA was 9.7 ng/ml (IQR 

6.5-15.1). The number of patients classified within the D’Amico high-risk group 

was 126 (68.1%). The median time between 68Ga-PSMA-11 PET examination 

and radical prostatectomy was 26 days (IQR 13-46). On histopathology, a total 

of 133 (71.5%) patients had a Gleason Score < 8, and 53 (28.5%) of the patients 

had a Gleason Score 8 or 9. Lymph node metastasis was detected in 32 (17.2%) 

patients, and 49.5% (n = 92) had pT2. Twenty-eight of 186 patients (15.6%) had 

positive surgical margins (R1). At a median follow-up after RP of 38 months (IQR: 

22-53), BCR was observed in 58 (31.2%) patients during the follow-up period.  

Table 23 lists characteristics of patients and clinicopathological findings.  

Table 23. Patient characteristics. 

Characteristic Patients, 
N = 186 

Age (yr), median (IQR), n = 186 68 (61-72) 

iPSA (ng/ml), median (IQR), n = 184a 9.7 (6.5-15.1) 

Administered 68Ga-PSMA-11 activity (MBq), median 
(IQR), n = 185b 

139 (112-156) 

Time PET to RP (day), median (IQR), n = 186 26 (13-46) 

D’Amico risk groups, no. (%), n = 185c 

   Intermediate risk 59 (31.9%) 

   High risk 126 (68.1%) 

Gleason score in surgical specimen, no. (%), n = 186 

   6 11 (5.9%) 

   7a 63 (33.9%) 

   7b 59 (31.7%) 

   8 28 (15.1%) 

   9 25 (13.4%) 

Pathological stage, no. (%), n = 186 

pT status  

   2a 11 (5.9%) 

   2b 10 (5.4%) 

   2c 71 (38.2%) 

   3a 49 (26.3%) 

   3b 44 (23.7%) 

   4 1 (0.5%) 

pN status 
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   0 154 (82.8%) 

   1 32 (17.2%) 

Surgical margin, no. (%), n = 180d 

   Negative 152 (84.4%) 

   Positive 28 (15.6%) 

iPSA = initial prostate-specific antigen; IQR = interquartile range; PET = posi-
tron emission tomography; PSA = prostate-specific antigen; RP = radical pros-
tatectomy. 

a: iPSA of two patients were unavailable; b: the injected dose of 68Ga-PSMA-11 
from one patient was unavailable; c: the Gleason score of biopsy sample from 
one patient was unavailable; d: the status of surgical margin from six patients 
were unavailable. 

 

5.2.2. 68Ga-PSMA-11 PET findings 

On 68Ga-PSMA-11 PET findings, 67.2% (n = 125) were classified into miT2, 

90.3% (n = 168) were classified into miN0 and 96.2% (n = 179) were classified 

into miM0. 68Ga-PSMA-11 PET parameters (SUVmax, SUVmean, TV, TL) of pros-

tatic lesions were analyzed in 183 patients because three patients were reported 

negative PSMA prostate cancer. The median numbers of SUVmax, SUVmean, TV, 

TL were 10.6 (IQR 6.4-18.9), 6.2 (IQR 3.2-11.0), 3.9 (IQR 1.7-10.5), and 24.7 

(IQR 15.9-44.4), respectively. Table 24 lists information from 68Ga-PSMA-11 

PET. 

The sensitivity and specificity of 68Ga-PSMA-11 PET detecting lymph nodes me-

tastasis in pelvic were 41% and 96.8%, respectively (13/32, 95% CI: 24%-59% 

and 149/154, 95% CI: 92%-98%, respectively).  

Table 24. 68Ga-PSMA-11 PET findings. 

No. of patients 186 

PROMISE (miTNM) classification, no. (%), n = 186 

miT status from PSMA PET 

   2u 73 (39.2%) 

   2m 52 (28%) 

   3a 27 (14.5%) 

   3b 24 (12.9%) 

   4 10 (5.4%) 

miN status from PSMA PET 
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   0 168 (90.3%) 

   1a 7 (3.8%) 

   1b 11 (5.9%) 

miM status from PSMA PET 

   0 179 (96.2%) 

   1a 3 (1.6%) 

   1b 4 (2.2%) 

PSMA PET parameters of prostatic lesions, median (IQR), n = 183a 

   SUVmax 10.6 (6.4-18.9) 

   SUVmean 6.2 (3.2-11.0) 

   TV 3.9 (1.7-10.5) 

   TL 24.7 (15.9-44.4) 

IQR = interquartile range; PET = positron emission tomography; PROM-
ISE = prostate cancer molecular imaging standardized evaluation; PSMA = pros-
tate-specific membrane antigen; SUV = standardized uptake value; TL = total le-
sion; TV = tumor volume. 

a: three patients had PSMA negative prostate cancer. 

 

5.2.3. Correlation of 68Ga-PSMA-11 PET findings with histopathology 

In the univariate analysis (Table 25), a significant association was detected be-

tween a positive surgical margin and the following parameters: high miT status 

(miT ≥ 3a, OR: 3.38, p = 0.004), miN1 status (OR: 7.526, p < 0.001), SUVmax 

(OR: 1.026, p = 0.039) and TL (OR: 1.007, p = 0.021). In the multivariate analysis 

(Table 26), miN1 (OR: 5.428, p = 0.004) significantly associated with a positive 

surgical margin.  

Table 25. Univariate analysis for the association of 68Ga-PSMA-11 PET findings 

with surgical margin status.  

 No. of evalu-
able  
patients 

Odds ratio 95% CI p 
value* 

PROMISE (miTNM) classification, no., n = 186 

miT status  

   2 125 Reference   

   ≥ 3a 61 3.380 1.477-7.732 0.004 

miN status  

   No LN metastasis 168 Reference   

   With LN metastasis 18 7.526 2.659-21.305 <0.001 
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SUVmean of prostatic le-
sions  

183 1.035 0.996-1.076 0.076 

SUVmax of prostatic le-
sions  

183 1.026 1.001-1.052 0.039 

TV of prostatic lesions  183 0.992 0.941-1.046 0.775 

TL of prostatic lesions  183 1.007 1.001-1.014 0.021 

CI = confidence interval; LN = lymph node; PET = positron emission tomography; 
PROMISE = prostate cancer molecular imaging standardized evaluation; 
PSMA = prostate-specific membrane antigen; SUV = standardized uptake value; 
TL = total lesion; TV = tumor volume. 

*Significant associations are given in bold. 

 

Table 26. Multivariate analysis for the association of 68Ga-PSMA-11 PET findings 

with surgical margin status.  

 No. of 
evaluable 
patients 

Odds ratio 95% CI p value* 

PROMISE (miTNM) classification, no., n = 186 

miT status  

   2 125 Reference   

   ≥ 3a 61 2.065 0.802-5.315 0.133 

miN status 

   No LN metastasis 168 Reference   

   With LN metastasis 18 5.428 1.708-17.249 0.004 

SUVmax of prostatic le-
sions  

183 1.015 0.988-1.044 0.282 

TL of prostatic lesions 183 1.004 0.998-1.011 0.166 

CI = confidence interval; LN = lymph node; PET = positron emission tomography; 
PROMISE = prostate cancer molecular imaging standardized evaluation; 
PSMA =  prostate-specific membrane antigen; SUV = standardized uptake value; 
TL = total lesion; TV = tumor volume. 

*Significant associations are given in bold. 

 

Moreover, a significant association was found between miT ≥ 3a and Gleason 

Score ≥ 8 (OR: 2.696, p = 0.003) (Table 27).  
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Table 27. Univariate analysis for the association of 68Ga-PSMA-11 PET findings 

with Gleason Score.  

 No. of evaluable  
patients 

Odds ratio 95% CI p 
value* 

PROMISE (miTNM) classification, no., n = 186 

miT status  

   2 125 Reference   

   ≥ 3a 61 2.696 1.39-5.23 0.003 

miN status 

   No LN metastasis 168 Reference   

   With LN metastasis 18 2.187 0.812-5.887 0.122 

SUVmean of prostatic le-
sions  

183 1.020 0.986-1.056 0.248 

SUVmax of prostatic le-
sions from  

183 1.017 0.995-1.040 0.138 

TV of prostatic lesions 183 0.981 0.941-1.022 0.353 

TL of prostatic lesions  183 1.006 1-1.012 0.056 

CI = confidence interval; LN = lymph node; PET = positron emission tomography; 
PROMISE = prostate cancer molecular imaging standardized evaluation; 
PSMA =  prostate-specific membrane antigen; SUV = standardized uptake value; 
TL = total lesion; TV = tumor volume. 

*Significant associations are given in bold. 

 

5.2.4. Predictors of BCR-free survival 

Kaplan-Meier curves of BCR free-survival with different clinicopathological pa-

rameters and imaging findings were shown in Figure 28-Figure 33.  

Patients in miT2 status showed superior BCR free survival rates compared with 

patients in miT3 and higher status (log-rank, p < 0.001) (Figure 28A). The higher 

BCR free survival rates were observed in patients without pelvic lymph node me-

tastasis than patients with pelvic lymph node metastasis detected in 68Ga-PSMA-

11 PET (miN0, log-rank, p = 0.005) (Figure 28B). 
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Figure 28. Longer biochemical recurrence-free survival was associated 
with (A) miT = 2 and (B) miN = 0. 

 

Patients with pT ≥ 3 showed worse BCR free survival rates compared with pT2 

patients (log-rank, p < 0.001) (Figure 29A). The higher BCR free survival rates 

were observed in patients without pelvic lymph node metastasis in pathology find-

ings (pN0) (Figure 29B) (log-rank, p < 0.001). Herein, less aggressive tumor type 

(GS < 8) (Figure 29C) and negative surgical margin (Figure 29D) were associ-

ated with long BCR free survival (log-rank, p < 0.001, respectively).  
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Figure 29. Longer biochemical recurrence-free survival was associated 
with (A) pT = 2, (B) pN = 0, (C) Gleason Score < 8 and (D) negative surgical 
margin.  

 

When stratified by 68Ga-PSMA-11 PET image findings (Figure 30-Figure 33), 

high BCR free survival rates were observed in patients with low SUVmean (Figure 

32) and SUVmax (Figure 33). 
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Figure 30. Biochemical recurrence-free survival according to tumor volume 
stratified by (A) percentiles and (B) median. 

 

Figure 31. Biochemical recurrence-free survival according to total lesion 
stratified by (A) percentiles and (B) median. 



5.Results  

 77 

 

Figure 32. Biochemical recurrence-free survival according to SUVmean strat-
ified by (A) percentiles and (B) median.  

Long biochemical recurrence-free survival was associated with low SUVmean. 

 

Figure 33. Biochemical recurrence-free survival according to SUVmax strat-
ified by (A) percentiles and (B) median.  

Long biochemical recurrence-free survival was associated with low SUVmax. 

 

Moreover, we examined preoperative and postoperative risk factors for disease 

BCR prediction in the cohort. In the univariate Cox regression analysis (Table 
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28), we found that age (HR: 1.056, 95%CI: 1.018-1.096, p = 0.004), iPSA (HR: 

1.021, 95%CI: 1.007-1.035, p = 0.003), Gleason Score (GS ≥ 8 vs. GS < 8, HR: 

5.097, 95%CI: 3.013-8.625, p < 0.001), miT stage (miT ≥ 3a vs. miT < 3, HR: 

2.811, 95%CI: 1.673-4.722, p < 0.001), miN stage (miN1 vs. miN0, HR: 2.691, 

95%CI: 1.311-5.527, p = 0.007), SUVmean of prostatic lesions (HR: 1.019, 95%CI: 

1.002-1.036, p = 0.028), SUVmax of prostatic lesions (HR: 1.015, 95%CI: 1.004-

1.026, p = 0.008), pT stage (pT ≥ 3 vs. pT < 3, HR: 2.935, 95%CI: 1.665-5.173, 

p < 0.001), pN stage (pN1 vs. pN0, HR: 3.378, 95%CI: 1.901-6, p < 0.001) and 

surgical margin (positive vs. negative, HR: 3.421, 95%CI: 1.890-6.193, p < 0.001) 

were positively associated with BCR in the patients included.  

In multivariate Cox regression analysis (Table 29) revealed the independent pre-

dictors of BCR to be serum PSA level (HR: 1.024, 95% CI: 1.005-1.043, 

p = 0.014), advanced pathological Gleason Score (GS ≥ 8 vs. GS < 8, HR: 3.253, 

95% CI: 1.779-5.950; p < 0.001) and miT stage (miT ≥ 3a vs. miT < 3, HR: 1.941, 

95% CI: 1.047-3.599, p = 0.035).  

Table 28. Univariable analysis for the association of baseline factors with BCR-

free survival. 

 No. of evaluable  
patients 

Hazard 
ratio 

95% CI p 
value* 

Age 186 1.056 1.018-
1.096 

0.004 

iPSA 184 1.021 1.007-
1.035 

0.003 

Gleason score in surgical specimen, no., n = 186 

   6-7 133 Reference   

   8-10 53 5.097 3.013-
8.625 

< 0.001 

PROMISE (miTNM) classification based on PROMISE, no., n = 186 

miT status from PSMA PET 

   2 125 Reference   

   ≥ 3a 61 2.811 1.673-
4.722 

< 0.001 

miN status from PSMA PET 

   No LN metastasis 168 Reference   

   With LN metastasis 18 2.691 1.311-
5.527 

0.007 
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SUVmean of prostate le-
sions from PSMA PET 

183 1.019 1.002-
1.036 

0.028 

SUVmean of prostate lesions from PSMA PET, no. n = 183 

   ≤ 25th percentile 45 Reference   

   25th-50th percentile 46 2.331 0.983-
5.531 

0.055 

50th-75th percentile 46 2.032 0.838-
4.928 

0.117 

   > 75th percentile 46 3.675 1.619-
8.343 

0.002 

SUVmean of prostate lesions from PSMA PET, no. n = 183 

   < median 91 Reference   

   ≥ median 92 1.752 1.030-
2.981 

0.039 

SUVmax of prostate le-
sions from PSMA PET 

183 1.015 1.004-
1.026 

0.008 

SUVmax of prostate lesions from PSMA PET, no. n = 183 

   ≤ 25th percentile 45 Reference   

   25th-50th percentile 46 3.030 1.238-
7.416 

0.015 

   50th-75th percentile 46 2.381 0.945-
5.999 

0.066 

   > 75th percentile 46 4.318 1.825-
10.215 

0.001 

SUVmax of prostate lesions from PSMA PET, no. n = 183 

   < median 91 Reference   

   ≥ median 92 1.744 1.025-
2.968 

0.040 

TV of prostate lesions 
from PSMA PET 

183 0.948 0.909-
0.988 

0.011 

TV of prostate lesions from PSMA PET, no., n = 183 

   ≤ 25th percentile 45 Reference   

   25th-50th percentile 46 1.664 0.779-
3.556 

0.188 

   50th-75th percentile 46 2.411 1.167-
4.979 

0.017 

   > 75th percentile 46 0.529 0.205-
1.366 

0.188 

TV of prostate lesions from PSMA PET, no., n = 183 

   < median 91 Reference   

   ≥ median 92 0.987 0.587-
1.661 

0.962 

TL of prostate lesions 
from PSMA PET 

183 1.003 1.000-
1.006 

0.072 
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TL of prostate lesions from PSMA PET, no., n = 183 

   ≤ 25th percentile 45 Reference   

   25th- 50th percentile 46 2.642 1.193-
5.850 

0.017 

   50th-75th percentile 46 1.740 0.767-
3.948 

0.185 

   > 75th percentile 46 1.554 0.664-
3.636 

0.310 

TL of prostate lesions from PSMA PET, no., n = 183 

   < median 91 Reference   

   ≥ median 92 0.957 0.568-
1.612 

0.869 

Pathological stage, no., n = 186 

pT statusb 

2 92 Reference   

≥3 94 2.935 1.665-
5.173 

< 0.001 

pN statusb 

0 154 Reference   

1 32 3.378 1.901-
6.000 

< 0.001 

Surgical margin, no., n = 180 

Negative 152 Reference   

Positive 28 3.421 1.890-
6.193 

< 0.001 

BCR = biochemical recurrence; CI = confidence interval; iPSA = initial PSA; 
IQR = interquartile range; LN = lymph node; PET = positron emission tomogra-
phy; PROMISE = prostate cancer molecular imaging standardized evaluation; 
PSMA = prostate-specific membrane antigen; PSA = prostate-specific antigen; 
SUV = standardized uptake value; TL = total lesion; TV = tumor volume. 

*Significant associations are given in bold. 

 

Table 29. Multivariable analysis for the association of baseline factors with BCR-

free survival. 

 No. of evaluable  
patients 

Hazard 
ratio 

95% CI p value* 

Age, no., n = 186 

Continuous  1.030 0.991-
1.071 

0.133 

iPSA, no., n = 184 

Continuous  1.024 1.005-
1.043 

0.014 
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Gleason score in surgical specimen, no., n = 186 

   6-7 133 Reference   

   8-10 53 3.253 1.779-
5.950 

< 0.001 

miT status from PSMA PET, no., n = 186 

   2 125 Reference   

   ≥ 3a 61 1.941 1.047-
3.599 

0.035 

miN status from PSMA PET, no., n = 186 

   No LN metastasis 168 Reference   

   With LN metastasis 18 1.233 0.389-
3.908 

0.722 

SUVmean, no., n = 183 

Continuous  0.743 0.491-
1.123 

0.159 

SUVmax, no., n = 183 

Continuous  1.202 0.943-
1.532 

0.137 

TV 

Continuous  0.934 0.883-
0.988 

0.017 

pT status, no., n = 186 

   2 92 Reference   

   3 94 1.471 0.773-
2.797 

0.239 

pN status, no., n = 186 

   No LN metastasis 154 Reference   

   With LN metastasis 32 1.027 0.418-
2.525 

0.954 

Surgical margin, no., n = 180 

Negative 152 Reference   

Positive 28 1.539 0.716-
3.305 

0.269 

BCR = biochemical recurrence; CI = confidence interval; iPSA = initial PSA; 
LN = lymph node; PET = positron emission tomography; PSMA = prostate-spe-
cific membrane antigen; PSA = prostate-specific antigen; SUV = standardized 
uptake value; TV = tumor volume. 

* Significant associations are given in bold. 

 

Moreover, we established a miTNM staging system by combining miTNM classi-

fication and SUVmax to predict BCR for localized prostate cancer patients. An 
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overview of the miTNM staging system (version 1.0) was given in Table 30. 

Twenty of 186 (10.8%) patients were classified into the stage group ⅠA, 96 

(51.6%) in ⅠB, 40 (21.5%) in ⅡA, 7 (3.8%) in ⅡB, 16 (8.6%) in Ⅲ, and 7 (3.8%) in 

Ⅳ. Due to the limited sample size in miTNM stage group ≥ ⅡA, the current study 

only proposed a cut-off of SUVmax in miTNM stage group Ⅰ and generated 2 sub-

groups. Kaplan-Meier curves on BCR free-survival with different miTNM stage 

groups were shown in Figure 34. The higher BCR free survival rates were ob-

served in patients in miTNM stage group ⅠA compared with miTNM stage group 

ⅠB (log-rank, p = 0.022). Pair-wise comparisons between all different stages with 

log-rank test were conducted, and all pair-wise p values were significant.  

Table 30. miTNM staging for 68Ga-PSMA-11 PET/CT or MRI. 

Stage Group miT miN miM SUVmax 

ⅠA 2 0 0 < 5.4 

ⅠB 2 0 0 ≥ 5.4 

ⅡA 3 0 0 Any 

ⅡB 4 0 0 Any 

Ⅲ Any 1 and 2 0 Any 

Ⅳ Any Any 1 Any 

CT = computed tomography; MRI = magnetic resonance imaging; PET = positron 
emission tomography; PSMA = prostate-specific membrane antigen; 
SUV = standardized uptake value. 
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Figure 34. Biochemical recurrence-free survival according to miTNM stage.  

Pairwise comparison: miTNM stageⅠA vs. miTNM stageⅠB, p = 0.022; miTNM 
stageⅠA vs. miTNM stage ≥ Ⅱ, p = 0.001; miTNM stageⅠB vs. miTNM stage ≥ Ⅱ, 
p = 0.005. 
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 Discussion 

6.1. Correlation of PSMA-ligand uptake and Histopathology findings 

PSMA-ligands have been increasingly used for imaging and treatment of prostate 

cancer (T Maurer, M Eiber, et al., 2016), while PSMA expression status hold 

promise to serve as a risk stratification factor. PSMA-ligands are small molecules 

that bind to the active site in the extracellular domain of PSMA, leading to en-

hanced tumor uptake and high image quality (A Afshar-Oromieh et al., 2013; A 

Ghosh et al., 2004; SA Rajasekaran et al., 2003; SM Schwarzenboeck et al., 

2017). This high and specific tumor uptake occurs because PSMA is highly ex-

pressed in primary prostate cancer and metastatic lesions (DG Bostwick et al., 

1998; S Mannweiler et al., 2009; V Yao et al., 2010). Moreover, an immunohisto-

chemical study by Ross et al. has indicated that patients with high tumor PSMA 

expression exhibited a significantly increased tumor grade (p = 0.03), pathologi-

cal stage (p = 0.029), aneuploidy (p = 0.01) and rate of BCR (p = 0.001) as com-

pared to tumors featuring a lower PSMA expression (JS Ross et al., 2003). How-

ever, so far non-invasive imaging techniques are lacking to determine PSMA-

expression at initial diagnosis to add this information for potential therapy deci-

sions. Since the understanding of the correlation between PSMA-ligand uptake 

and pathological features could close this gap, we planned to investigate the po-

tential of PSMA-ligands to predict post-surgical pathological outcomes and most 

importantly, tumor aggressiveness. 

This is the first preclinical study demonstrating the correlation of the uptake of 

99mTc-PSMA-I&S ligand using high resolution ARG and histopathology findings. 

Our data demonstrate a significantly higher uptake of 99mTc-PSMA-I&S in 

Gleason Pattern 4 and Gleason Pattern 5 compared to Gleason Pattern 3 and 

non-neoplastic tissue. This result also translated into differences for Gleason 

Scores. Higher PSMA-ligand uptake was observed in Gleason Score ≥ 8 than 

Gleason Score < 8. These promising data support the potential of PSMA-ligands 

to non-invasively assess tumor aggressiveness. 
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6.1.1.  Influence of non-pathological parameters on detection of intraprostatic 

foci by PSMA-ligands imaging 

In the current study, our results show that ARG failed to detect all histopathology-

confirmed prostate cancer ROIs and 65.3% of ROIs were positive in ARG. Thus, 

although the sensitivity and specificity of PSMA-ligand PET are promising (W 

Cytawa et al., 2020; TA Hope et al., 2019; S Kimura et al., 2020; M Mix et al., 

2018; M Perera et al., 2016; K Sprute et al., 2020; J Zhou et al., 2019), it is es-

sential to study the reasons for the presence of PSMA negative foci in prostate 

cancer in PSMA-ligand PET images. There are two explanations of non-patho-

logical parameters: 

Firstly, the lesions are PSMA positive and the ligands bind PSMA, however, the 

lesions are too small to be detected given the intrinsic spatial resolution of the 

technique used. Our results show a considerably larger area of ARG positive 

ROIs of intraprostatic lesions in histopathology than ARG negative ROIs 

(179.8 ± 195.1 vs. 7.6 ± 14.6 mm2, p < 0.001). It has been reported that the min-

imal detection size of fluorodeoxyglucose (FDG), choline, and acetate-based clin-

ical PET imaging was limited to 5 mm (IJ de Jong et al., 2003; JJ Fox et al., 2012; 

H Jadvar, 2011), and limited performance was observed for lesions smaller than 

9 mm (E Mena et al., 2012). Besides, Van Leeuwen et al. reported that by 68Ga-

PSMA PET/CT non-detectable positive lymph nodes had an average size of 2.73 

± 1.29 mm, which was significantly smaller than true-positive lymph nodes 

(4.73 ± 1.45 mm, p = 0.001) (PJ van Leeuwen et al., 2017). Our data suggest 

that there is high possibility of positive signals in large tumor areas. However, 

because of the limited sample size and different tissue types, more studies are 

needed to compare the detection limitation between ARG and PSMA-ligand PET. 

Currently, the PET scanner is limited by detector design and photon non-colline-

arity (FP DiFilippo, 2015). The spatial resolution of PET cameras is between 4.9 

and 5.1 mm with state-of-the-art “time of flight” technology (JA Kolthammer et al., 

2014; PJ van Leeuwen et al., 2017), which is able to enhance the spatial resolu-

tion of clinical PET scanners. A high-resolution imaging method to accurately lo-

calize cancer would be highly beneficial (M Conti, 2014).  
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Secondly, some prostate tumor foci might have lower perfusion than other foci, 

and the PSMA-ligands accumulate better in the highly perfused areas. Around 

70% of prostate adenocarcinoma arises from epithelial cells in the peripheral 

zone (YJ Choi et al., 2007). Angiogenesis is vital in prostate cancer progression 

and metastasis (Y Li et al., 2010). Furthermore, the tumor blood flow is usually 

unevenly distributed, and it can reverse its direction leaving ischemic regions (G 

Russo et al., 2012). The delivery of therapeutic agents is opposed by ischemic 

regions (RK Jain, 2001), and these regions contribute to hypoxia (H Zhong et al., 

1999). In our ex vivo experiment, we evaluated the efficacy of ligand binding. Due 

to the limitation of cryosections, it is difficult to annotate Gleason Scores/Gleason 

Patterns on HE staining sections. Thus, our analysis was based on the percent-

age of tumor cells per 1 mm2. Our results indicate a significantly high tracer up-

take in high density tumors (> 40%, p < 0.001). Besides, tumor cells have signif-

icantly higher tracer uptake than normal prostate tissue (p < 0.001). Although 

high efficacy of ligand binding was observed, further studies are needed to eval-

uate the correlation between ligand binding and PSMA expression confirmed by 

IHC. Because of the clinical procedure, we cannot image tissues that were used 

for cryosections. We hypothesize that if negative foci in ARG but positive in ex 

vivo experiment is observed, there is a possibility that perfusion affects the distri-

bution of PSMA-ligands. Thus, further studies are needed to evaluate it. Moreo-

ver, PSMA-ligands could be designed with a longer half-life to prolong their ex-

isting time in the circulation, which will be advantageous to tracer accumulation.  

6.1.2. Influence of pathological parameters on detection of intraprostatic foci by 

PSMA-ligands imaging  

It is known that the Gleason Pattern and Gleason Score are of paramount im-

portance in the management of prostate cancer patients. In 2014, a new grading 

system resulting in five prognostically distinct Grade Groups for prostate carci-

noma based on data from Johns Hopkins Hospital was proposed (JI Epstein, L 

Egevad, et al., 2016). The authors proposed the system based on the prognosis 

and classified it as Grade Groups (Table 2). These findings were validated by 

Epstein et al. (JI Epstein, MJ Zelefsky, et al., 2016). In this study, 20,845 consec-
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utive patients treated by RP and 5501 men treated with radiotherapy at two aca-

demic institutions between 2005 and 2014 were included. They confirmed a sig-

nificant difference in recurrence rates between Gleason 3 + 4 versus 4 + 3 and 

Gleason 8 versus 9. Because of the excellent correlation between the grade 

groups and the prognosis, it takes on even greater importance when a Gleason 

Score 4+3 lesion is underestimated when evaluating Gleason Score from pros-

tate specimens’ HE slides depends entirely on the expertise of pathologists. Be-

sides, in prostate biopsy specimens, quantifying and distinguishing the proportion 

of Gleason Pattern 3 and 4 is also challenging (S Bravaccini et al., 2018). Thus, 

PSMA expression analysis and PSMA-ligand PET assessment could be valuable 

tools to learn the disease outcome in primary prostate cancer patients. This will 

be a benefit to individualized disease management. However, as stated above, 

the low resolution of PET imaging limited the direct comparison between PSMA-

ligands PET images and histological images. Our study used ARG, which has a 

high resolution, was used to demonstrate the correlation of the PSMA-ligand up-

take and clinicopathological findings. The intriguing aspect of this method is that 

it allows a 1:1 correlation between radioactivity signals and tissue, which is further 

processed for histopathology sections. In our study, we evaluated the association 

between PSMA-ligand uptake, PSMA expression and Gleason Score/Pattern, in 

order to provide indisputable evidence for the application of PSMA-ligands PET 

as a predictive tool for clinicopathological outcomes in primary prostate cancer 

patients. We displayed our results using four different radioactivity units (Bq, 

CPM, SUVARG and SULARG) to generate data easily compared with data from 

other research groups. Moreover, in the clinical study, we confirmed the predic-

tive value of 68Ga-PSMA-11 PET findings for aggressive tumor types (Gleason 

Score ≥ 8) and positive surgical margin.  

Many studies have reported the PSMA expression patterns in prostate cancer 

and hypothesized that different tracer uptake of PMSA-ligands might correlate 

with the PSMA expression status. In our ROI-based analysis, remarkably, PSMA-

negative areas were observed in 49% (n = 59) ROIs measuring between 0.05 

and 853.9 mm2 with histopathology proven prostate cancer. A heterogeneous 

expression of PSMA was observed in 42% (n = 59) of the investigated primary 

prostate cancer ROIs and fully PSMA-negative areas were observed in four of 
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them. Our data are in line with data by Ferraro et al. reported recently (DA Ferraro 

et al., 2020). Their study including 74 patients indicated that 40 primary tumors 

(54%) fully expressed PSMA, and PSMA-negative areas were observed in 34. A 

homogeneous PSMA expression was observed in 25 specimens (34%), and a 

heterogeneous PSMA expression was observed in 49 (66%). Besides, in a study 

including 51 patients with primary prostate cancer and distant metastases, 

PSMA-negative cells were observed in highly PSMA positive cases of any 

Gleason Score. (S Mannweiler et al., 2009).  

Moreover, our results indicate that 90% of ROIs with PSMA negative area > 50% 

were Gleason Score 6 and 7. However, 22.4% of ROIs with PSMA negative 

area < 50% were Gleason Score 6 and 7. Our data show a positive correlation 

between IRS and Gleason Scores (r = 0.607, p < 0.001). Our grid-based data 

show that Gleason Pattern 5 has a higher IRS compared with Gleason Pattern 3. 

(Gleason Pattern 5 vs. Gleason Pattern 4 vs. Gleason Pattern 3 vs. normal pros-

tate tissue: 9.53 ± 3.43, 8.96 ± 3.59, 3.43 ± 3.25, 0.3 ± 0.63). In line with our re-

sults, Bravaccini et al. observed stronger PSMA staining intensity in Gleason Pat-

tern 4 and 5 than in Gleason Pattern 3 (S Bravaccini et al., 2018). 

Using 99mTc-PSMA-I&S, we could demonstrate that the uptake of intraprostatic 

lesions is associated with histopathology findings at microscopic level using ARG. 

In detail, our ROI-based data suggest that the majority of ROIs (91%) with 

Gleason Score ≥ 7b were positive in ARG, and in a majority (63%) of ARG neg-

ative ROIs a Gleason Score < 7b was present. Our grid-based analyses also 

show high tracer uptake in aggressive Gleason Scores (Gleason Score ≥ 8 vs. 

Gleason Score < 8, p < 0.001). As known from other studies, the tracer uptake 

from PSMA-ligands PET increases in parallel with the rising Gleason Score (C 

Uprimny et al., 2017).  

As important findings, in our grid-based analysis, we assessed the annotation 

classified by benign/malignant prostate tissue and Gleason Pattern. It has been 

proven that tumor uptake in prostate cancer is higher than in normal prostate 

tissue. However, the threshold of SUV varies from studies. We summarized the 

cutoff of SUVmax from PSMA-ligands PET based on the ROC curves (Table 31). 

Rahbar et al. reported a significant difference (p < 0.001) in median SUVmax of 
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clinical PET-imaging between true-positive prostate cancer (11.0 ± 7.8) and nor-

mal prostate tissue (2.7 ± 0.9) (K Rahbar et al., 2016). Furthermore, Woythal et 

al. documented a significantly higher SUV max of prostate cancer (14.06 ± 15.56) 

than that of normal prostate (2.43 ± 0.63; p < 0.001) (N Woythal et al., 2018). In 

line with these results, our results indicate a significantly higher uptake in malig-

nant lesions than in cancer-free prostate tissues (SUVARG, 15.6 ± 11.7 vs. 

5.0 ± 5.4, p < 0.001). However, in Rowe et al.’s study, they found a lower SUVmax 

using 18F-DCFBC (median SUVmax, 3.5 vs. 2.2, p = 0.004) (SP Rowe et al., 2015).  

To our knowledge, our study is the first to generate a cutoff SUVARG and SULARG 

for predicting prostate cancer from non-tumor tissue using 99mTc-PSMA-I&S ARG 

images. The validated cutoff for SUVARG is 6.2 and 4.6 for SULARG. Both enable 

prostate cancer diagnosis with high sensitivity and specificity (sensitivity and 

specificity of 77.7% and 76.8%, sensitivity and specificity of 78.2% and 76.6%, 

respectively). In a study from Prasad’s group, a SUVmax cutoff of 3.2 from 68Ga-

PSMA PET/CT imaging allowed a sensitivity of 94.3% and a specificity of 100% 

(V Prasad et al., 2016). However, this study lacks histopathological confirmation. 

In one of their latest study with immunohistochemistry, a SUVmax cutoff of 3.15 (a 

sensitivity and specificity of 97% and 90%) was reported, and it was in accord-

ance with the former result (N Woythal et al., 2018).  

Our findings of SUVARG cutoff are comparable to published data. However, care 

has to be taken when comparing SUVmax and SUVARG. First of all, different PSMA-

ligands are used raising issues about different pharmacokinetics in vivo; sec-

ondly, the calculation methods for SUVmax and SUVARG are different. Unlike PET 

scan, ARG sample preparation was done manually, and the tissue thickness was 

4-7 mm, and it is impossible to acquire an accurate value for volume calculation 

using the current workflow. Although results from ARG are not robust evidence 

for generating cutoff for PSMA-ligands PET because of the variety of ligands and 

calculation procedure, it still can be an alternative reference. More studies are 

necessary to evaluate the comparison between SUVmax and SUVARG. 

In the current study, we have reported the association between PSMA-ligand up-

take using four radioactive units and Gleason Pattern. A slight difference is ob-

served among the results of different units, and multiple steps of the calculations 
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could be one of the explanations. Our data show that prostate carcinoma with 

Gleason pattern 4 (Bq, CPM, SUV, SUL: estimate: 20.15, 1185.36, 0.43, 0.33) 

and 5 (Bq, CPM, SUV, SUL: estimate: 10.95, 419.82, 0.07, 0.07) have a signifi-

cantly higher uptake compared with non-neoplastic prostate tissue (p < 0.001, 

respectively). Besides, the estimated values in Gleason Pattern 3 and normal 

epithelia are negative, which is highly impossible in clinical application. The esti-

mated values are calculated based on the statistic model, and the interpretation 

should consider the clinical practice. Thus, we conclude that Gleason Pattern 3 

and normal epithelia do not associate with the tracer uptake. PIN and stroma 

were both detected significantly correlated with trace uptake. However, the sam-

ple size in PIN group is small (n = 81), but a relatively large number of grids con-

tain stroma (n = 4635), and the range of 95% CI in PIN is broad (Bq, CPM, SUV, 

SUL: 1.12-21.16, 41.8-1814.49, 0.02-0.47, 0.02-0.37). Thus, the results regard-

ing these two tissue types should be interpreted carefully. Our results highlight 

the promising role of PSMA-ligands PET in the prediction of tumor aggressive-

ness.  

The correlation between SUVmax on 68Ga-PSMA-11 PET and PSMA expression 

in primary prostate cancer has been reported (N Woythal et al., 2018). Similar to 

published data, our ROI-based results show that ARG positive ROIs had higher 

IRS than ARG negative ROIs (10 ± 3 vs. 5 ± 4, p < 0.001). Besides, our grid-

based data demonstrate high tracer uptake in the high PSMA expression group 

(IRS ≥ 2). 

To the best of our knowledge, our clinical study is the first to investigate the prog-

nostic potential of preoperational intraprostatic 68Ga-PSMA-11 PET findings in 

relation to postoperative histopathological outcomes such as Gleason Score and 

surgical margin and BCR after RP. In this study, we identify that miT stage 

(miT ≥ 3a) of prostate lesions from 68Ga-PSMA-11 PET as an independent pre-

dictor of aggressive tumor type (GS ≥ 8, OR: 2.696, p = 0.003), and pelvic lymph 

node metastasis in imaging (miN1) as an independent predictor of positive surgi-

cal margin (OR: 5.428, p = 0.004). In our cohort SUV showed no prognostic 

value. However, a prior study demonstrated that Gleason Score ≥ 8 had a signif-

icantly high 68Ga-PSMA-11 uptake (SUVmax) in primary prostate cancer patients 
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(C Uprimny et al., 2017). Our results indicate that perioperative 68Ga-PSMA-11 

PET findings have implications for disease management. A miT ≥ 3a and a miN1 

could be potential prognostic markers for aggressive tumor type and positive sur-

gical margin. Active surveillance and local therapy after RP should be considered 

in these patients.  

6.2. BCR prediction by 68Ga-PSMA-11 PET findings 

Prognostic tools of BCR are urgently required and essential for improving treat-

ment management of prostate cancer patients and reducing prostate cancer as-

sociated mortality for patients developing BCR after primary treatment (JA 

Brockman et al., 2015). Previous studies have proven that clinicopathological 

characteristics have strong associations with BCR, such as a higher Gleason 

score (D Cao et al., 2010; SJ Freedland et al., 2003; M Han et al., 2003; T Inagaki 

et al., 2009; X Xu et al., 2020), positive nerve invasion (X Xu et al., 2020), patho-

logical T stage (M Han et al., 2003; T Inagaki et al., 2009) and preoperative PSA 

(SJ Freedland et al., 2003; M Han et al., 2003). Our findings are consistent with 

published data. Moreover, 68Ga-PSMA-11 PET detected 13/32 with histological 

proven pelvic lymph nodes metastases while in 5 patients false positive lymph 

nodes metastases were detected by 68Ga-PSMA-11 PET. This finding corre-

sponds to our earlier findings, where a 68Ga-PSMA-11 PET sensitivity and spec-

ificity of 65.9% and 98.9% on a patient-based analysis has been reported (T 

Maurer, JE Gschwend, et al., 2016).  

6.2.1. Value of quantitative parameters from 68Ga-PSMA-11 PET to predict BCR-

free survival 

As a framework for PSMA-ligands PET reporting, we performed a prognostic val-

idation of the miTNM system in a relatively large cohort. Preoperational 68Ga-

PSMA-11 PET and the miTNM classification could help evaluate the risk of BCR 

after RP, which is of importance in the clinical patient’s management assessed.  

In the current study, our data show that a miT stage ≥ 3a can serve as a predictor 

of worse BCR-free survival (HR: 1.941, 95% CI: 1.047-3.599, p = 0.035). In miN 

subgroup analysis, our results do not demonstrate different BCR-free survival 
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between patients with and without pelvic lymph node metastasis from 68Ga-

PSMA-11 PET (HR: 1.233, 95% CI: 0.389-3.908, p = 0.722). In our cohort, the 

detection rate of pelvic lymph node metastasis of 68Ga-PSMA-11 PET is relatively 

low (41%, n = 32) and the sample size (miN1, n = 18) is relatively small. These 

could explain the observation from the miN subgroup.  

Besides, our results indicate a negative association of TV with BCR free survival 

rate (HR: 0.934, 95%CI: 0.883-0.988, p = 0.017). However, Choi et al. have re-

ported a significant high BCR-free survival probability when percent tumor vol-

ume ≤ 7.5% in histopathology with pT2 prostate cancer patients (p < 0.001) (SY 

Choi et al., 2020). This is partly related to the methods of obtaining tumor volume 

and further studies are necessary to clarify the most representative method of TV 

calculation from 68Ga-PSMA-11 PET.  

6.2.2. Value of molecular imaging staging to predict BCR-free survival 

In order to preoperatively classify primary prostate cancer patients into risk 

groups based on PSMA-ligand imaging, the miTNM staging system (version 1.0) 

was introduced. The 8th edition of the American Joint Committee on Cancer 

(AJCC) cancer staging system based on clinicopathological parameters proves 

a fundamental tool and informs treatment decisions (MK Buyyounouski et al., 

2017). Bhindi et al. has confirmed the ability of the 8th edition to predict oncologic 

outcomes (B Bhindi et al., 2017). However, with the increasing use of PSMA-

ligand PET in the clinic, a logical next step is to use non-invasive imaging prior to 

definite treatment. Therefore, the proposed staging system acknowledging 

PSMA-ligand PET findings needed to be tested for potential prognostic implica-

tions.  

We have shown that miT stage was an independent predictor of BCR, and we 

observed a widely varying prognosis in the miT2 stage patients. Similarly, a study 

has revealed that high intraprostatic 68Ga-PSMA-11 uptake (SUVmax > 8) can pre-

dict a low progression-free survival rate among patients with Gleason Score 3+4 

on biopsy (MJ Roberts et al., 2020). We reviewed relevant publications to refer-

ence a cutoff of SUVmax. Several studies have evaluated the cutoff of SUVmax in 

different PSMA-ligands, and Table 31 lists the current findings. 
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Table 31. Cutoffs of SUVmax with different PSMA-ligands. 

Study SUVmax 

cutoff 

PSMA-ligand Sample size Differentiation pa-

rameter 

Bergh et al (L 

Van den Bergh 

et al., 2012). 

2.7 11C-choline 1,176 octants Malignant/benign 

Demirci et al (E 

Demirci et al., 

2019). 

9.1 68Ga-PSMA-11 141 patients Gleason Score 

≤7a/≥7b 

Fendler et al 

(WP Fendler et 

al., 2016). 

6.5 68Ga-PSMA-11 100 segments Malignant/benign 

Hoffmann et al 

(MA Hoffmann et 

al., 2017). 

5.4 68Ga-PSMA-11 25 patients Gleason Score 

≤7a/≥7b 

Hoffmann et al 

(MA Hoffmann et 

al., 2017). 

6.5 18FEC 40 patients Gleason Score 

≤7a/≥7b 

Lavallée et al (E 

Lavallée et al., 

2019). 

4.6 18F-FDG 148 patients BCR 

Perrot et al (T de 

Perrot et al., 

2014). 

3.044 18F-fluorocholine 26 patients Malignant/benign 

Rahbar et al (K 

Rahbar et al., 

2016). 

4.0 68Ga-PSMA-11 112 segments Malignant/benign 

Shiiba et al (M 

Shiiba et al., 

2012). 

3.15 11C-MET 184 speci-

mens 

not malignant or 

HGPIN/Gleason 

Score ≤7 
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Shiiba et al (M 

Shiiba et al., 

2012). 

3.76 11C-MET 184 speci-

mens 

Gleason Score 

≤7/Gleason Score 

≥8 

Tabotta et al (F 

Tabotta et al., 

2019). 

19.5 99mTc-DPD 265 prostate 

cancer bone 

metastases 

spinal and pelvic 

prostate cancer 

bone metastases 

Woythal et al (N 

Woythal et al., 

2018). 

3.15 68Ga-PSMA-11 62 tissue sam-

ples 

Malignant/benign 

BCR = biochemical recurrence; DPD = diphosphonate; FDG = fluorodeoxyglu-
cose; FEC = fluoroethylcholine; HGPIN = high grade prostatic intraepithelial ne-
oplasia; MET = Methionine; PSMA = prostate-specific membrane antigen; 
SUV =  standardized uptake value. 

 

The significant difference in BCR free survival rate has been confirmed in ⅠA and 

ⅠB stage groups. Our findings indicate that a cutoff of 5.4 of SUVmax (log-rank-

test: p < 0.001) in miT2 primary prostate cancer patients could be a potential bio-

barker for worse prognosis, which is of vital importance in disease management. 

Further studies are necessary for prognostic validation of other stage groups, and 

further adjustments are required before the optimized applicability. 

6.3. Limitations 

The present study has several limitations. In the preclinical study, although we 

included over 4000 grids in the analysis, the sample size of each tissue type var-

ies. Thus, further studies with more tumor samples especially for Gleason Pattern 

3/5 and PIN are needed. We scanned the prostate specimens after the surgery, 

and the time between injection and surgery was over 18 hours. Because of the 

short half-life of 99mTc, tumors with low uptake might not be captured during the 

process. With the current workflow, it is impossible to detect the redistribution of 

the PSMA-ligand. Tissue configuration shrinkage happens during histological 

sample preparation, which might cause misalignment during imaging registration. 
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Although we performed ARG with a higher resolution than clinical PET, new ap-

proaches are still needed. The sample thickness for ARG was around 6 mm, 

however, the thickness of samples for histology was 5-10 µm. 

The clinical study is a retrospective study and included patients that came from a 

single center, which can introduce potential bias. We included a large number of 

patients to evaluate the ability of miTNM classification as a predictor to BCR, but 

the number of patients in miM1 group was too low to draw a conclusion. The 

sample size in miN1 group was also relatively small. Once the metastasis of ex-

tra-pelvic lymph nodes and viscera appears, most patients do not undergo radical 

prostatectomy but either get systemic treatment or neo-adjuvant treatment prior 

to a definitive therapy. This explains the low number of patients in miTNM stage 

group Ⅲ and Ⅳ. Patients in this study underwent 68Ga-PSMA-11 PET. However, 

in clinical practice different 18F-labelled PSMA-ligands are used. Thus, the com-

parison between studies applying different PSMA-ligands should be viewed with 

caution. Although the robustness of the miTNM classification was validated with 

our dataset, further research with larger sample size and other PSMA ligands are 

required. Further investigation is necessary for improving miTNM staging groups, 

and other clinical outcomes should be considered, such as overall survival. 
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 Conclusion 

We evaluated the intraprostatic PSMA-ligand distribution using the high-resolu-

tion ARG. A clear correlation between ARG images and histopathology images 

in morphology was observed. Besides, intraprostatic PSMA-ligand uptake was 

correlated with PSMA expression, Gleason Score and Gleason Pattern. Further-

more, high expression of PSMA was observed in aggressive tumor types. Heter-

ogeneous expression of PSMA within the same patient was observed. Our study 

demonstrated the positive association between PSMA expression and PSMA-

ligand uptake, and SUVARG can be used to detect and localize prostate cancer. 

PSMA-ligands PET yields the potential to predict tumor aggressiveness with a 

significantly strong signal in aggressive cancers. 

The most important finding of our clinical study was that BCR free survival was 

independently associated with the miT stage. Primary prostate cancer patients 

who have high miTNM status should be administered more strictly to prevent or 

detect early BCR. In miT2 subgroup patients, a SUVmax < 5.4 was associated with 

longer BCR-free survival. In the miT2 patients with SUVmax ≥ 5.4, more aggres-

sive treatment options should be considered. We have observed that subgroups 

in the recently introduced miTNM staging system can serve as risk stratification 

for prognosis prediction of prostate cancer patients based on the results of pre-

operative PSMA-ligand PET. However, the endpoint of our study was BCR, which 

is not suitable for late-stage prostate cancer patients. To apply this risk stratifica-

tion system into clinical practice, OS should be included as an endpoint in future 

studies.  
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