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Abstract 

 

Introduction: Positron emission tomography with the radiopharmaceutical Glu-NH-CO-

NH-Lys(Ahx)-HBED-CC labeled with   Ga (  Ga-PSMA-11), targeting the prostate-

specific membrane antigen, has demonstrated great potential for detection and staging 

of prostate cancers. Purpose: To quantify   Ga-PSMA-11 uptake by pharmacokinetic 

modeling using arterial blood sampling in primary prostate cancer patients, and to 

assess the use of simplified methods for quantification. Methods: Fifteen patients with 

histologically proven primary prostate cancer underwent a 60-minute dynamic   Ga-

PSMA-11 positron emission tomography scan of the pelvis with axial T1 Dixon, T2 and 

diffusion-weighted magnetic resonance images acquired simultaneously. Arterial blood 

activity was measured by automatic arterial blood sampling and manual blood samples 

were collected for plasma-to-blood ratio correction and for metabolite analysis. Time-

activity curves were derived from volumes of interest in lesions, normal prostate and 

muscle, and mean standardized uptake values calculated.   Ga-PSMA-11 kinetics were 

assessed by pharmacokinetic compartment modeling and the model selection based on 

the Akaike information criterion. Image-derived input functions using a magnetic 

resonance-guided method were obtained and evaluated as an alternative to arterial 

blood sampling. Kinetic parameters were correlated to standardized uptake values, 

patient data and magnetic resonance parameters. Results: In total 18 positive lesions 

on positron emission tomography and magnetic resonance were identified.   Ga-PSMA-

11 was stable in vivo, not requiring metabolite correction. The kinetics could be 

described by an irreversible two-tissue compartment model. The kinetic rate constants 

K  and k3 and the net influx rate constants Ki were all significantly higher in lesions 

compared with normal tissue (p<0.05). Ki derived using blood sampler and image-

derived input showed excellent agreement with an intraclass correlation coefficient of 

0.99. The Ki showed the strongest correlation with SUV of time-window 30-  min (rho 

0.95, p<0.001). Both Ki and standardized uptake values correlated significantly with 

serum prostate specific antigen level and prostate specific antigen density. 

Conclusions: The   Ga-PSMA-11 kinetics can be described by an irreversible two-

tissue compartment model. An magnetic resonance-guided image-derived input function 

can be used as a non-invasive alternative to blood sampling. Standardized uptake 
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values showed strong correlation with Ki and can be used in clinical practice to quantify 

  Ga-PSMA-11 uptake. 

 

Keywords: Prostatic neoplasms. Positron-emission tomography. Magnetic resonance 

imaging. Pharmacokinetics.



 

 

  INTRODUCTION 

 

Cancer of the prostate, a gland that is part of the male reproductive 

system and responsible for producing the semen fluid, is the second most frequently 

diagnosed malignant neoplasm in men worldwide, with more than one million new 

cases estimated per year.    Higher risk of developing prostate cancer has been linked 

to age, ethnic group, genetic and lifestyle factors.    There is also a geographic variation 

in the diagnosis of new cases, which in part reflects the more widespread use of 

prostate-specific antigen (PSA) testing in developed countries as compared to 

developing countries.     

The most common form of prostate cancer is adenocarcinoma, which 

is the cancer affecting the gland cells of the prostate. The prostate is divided into three 

zones: peripheral zone, where most of the gland cells are located, transition zone and 

central zone. More than 70% of all prostate cancers arise in the peripheral zone of the 

prostate. 3  

 

    Diagnosis of prostate cancer 

 

Prognostic staging usually follows the American Joint Committee on 

Cancer Prognostic Staging system, which combines the information from TNM 

classification, Gleason histological grading and serum PSA level.  ,   The TNM 

classification is based on digital rectal examination, imaging techniques or radical 

prostatectomy specimen, where T refers to the size and extent of the primary tumor, N 

to the extent of spread to nearby lymph nodes in the pelvis and M to the presence of 

metastasis in distant parts of the body, usually distant lymph nodes and bones.    The 

Gleason score is the histological grade of abnormal tissue in the tumor, sampled using 

transrectal ultrasound-guided biopsy. It consists of a grade from 1 to 5 of the 

predominate pattern and of the secondary pattern in the tumor tissue sample, resulting 

in a combined grade of 2 to 10, for example 3+4 or 4+4.    The International Society of 

Urological Pathology proposed a new grading system based on the Gleason score: 

Grade Group   = Gleason score ≤ , Grade Group   = Gleason score 3 +   =  , Grade 

Group 3 = Gleason score 4 + 3 = 7, Grade Group 4 = Gleason score 8 and Grade 

Group 5 = Gleason scores 9 and 10.    The serum PSA test is a widely used screening 



  

 

test, which measures the blood concentration of PSA, a protein produced by the 

prostate gland cells and found to be elevated in prostate cancers.    A correct diagnosis 

of the disease stage is essential to provide the patient with the appropriate treatment 

option, which include active surveillance, surgery, radiation, hormone, chemo- or 

immunotherapy.    

Imaging has an important role in disease staging and detection of 

tumor recurrence after radical prostatectomy. Multiparametric MR imaging combines at 

least two MR sequences to improve accuracy, where the most common combination is 

T2 weighted sequence (T2WI), which is the primary sequence for the transition zone of 

the prostate, and diffusion-weighted imaging (DWI), which is the primary sequence for 

the peripheral zone. Adding dynamic contrast-enhanced (DCE) imaging might improve 

the detection rate further, and can provide information on tissue perfusion and 

permeability.   ,    DWI is based on the molecular diffusion of water molecules in the 

tissues. From DWI an apparent diffusion coefficient (ADC) can be derived, which has 

been shown to correlate negatively with Gleason score.     Analysis of multiparametric 

MR imaging of the prostate can be used as a screening tool in patients with clinical 

suspicion for prostate cancer from elevated serum PSA and/or altered digital rectal 

examination of the prostate. The MR image analysis usually follows the PI-RADS v2 

(Prostate Imaging - Reporting and Data System, version 2) classification, where a score 

is given on a scale from 1 to 5, where 1 being most probably benign and 5 being highly 

suspicious of malignancy.  3  

 

1.2 Positron emission tomography  

 

Positron emission tomography (PET) is a molecular imaging 

technique for quantitative measurement of physiological parameters in vivo. The first 

PET scanners were introduced in the     ’s and have ever since undergone huge 

improvements, as increased spatial resolution and sensitivity and reduced scan time.     

In 2019, the first human study using a total body PET scanner demonstrated that a 

whole-body PET acquisition as short as 1min or less could produce PET images of 

diagnostic quality.     PET imaging is based on the detection of picomolar quantities of 

biological substances, specific to the molecular target of interest (metabolic process, 

receptor, molecular pathways, etc.), which have been labeled with a positron-emitting 
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radioisotope. As the unstable radioisotope decays, it emits a positron, which travels a 

few millimeters through the tissue before it encounters an electron. This annihilation 

event results in a pair of 511 keV energy photons, emitted in opposite directions. The 

detector ring of the PET camera detects these photons in coincidence, therefore the 

high sensitivity in comparison to other conventional nuclear medicine techniques as 

Single Photon Emission Tomography (SPECT).     The principal limitations of PET are 

the relatively low spatial resolution and the low signal-to-noise ratio (SNR).     The low 

spatial resolution results in partial-volume effects (PVE), which affect quantification of 

small lesions. Some PET scanners utilizes the time-of-flight (TOF) technology, which 

improves the localization accuracy of the annihilation event. Time-of-flight does not 

directly lead to improved spatial resolution, but it does increase the SNR and thereby 

the image quality and lesion detection.     Since around year 2000, practically all PET 

scanners are hybrid, either combined with CT or more recently with MR for co-

registered anatomical data and for attenuation correction.      

Positron emission tomography/Computed tomography with the 

glucose analog Fludeoxyglucose labeled with the radioisotope   F (  FDG) has an 

established role in clinical practice for diagnosis, staging, restaging and treatment 

monitoring of several tumor types. However, for prostate cancer, it presents limited 

sensitivity.     The PET radiopharmaceutical Choline, labeled with   C or   F, has been 

studied extensively in primary and recurrent prostate cancer patients, but studies have 

shown only moderate sensitivity, especially at low PSA levels.   -    

A new radiopharmaceutical, labeled with   Ga and targeting the 

prostate specific membrane antigen (PSMA), has recently become to play an important 

role in the detection, diagnosis and staging of both primary and recurrent prostate 

cancers.  

 

    Prostate specific membrane antigen 

 

Prostate-specific membrane antigen is a transmembrane protein with 

higher expression in prostate cancer cells in comparison with normal prostate cells.  3  A 

shorter spliced version of PSMA, called PSM’, is expressed in normal prostate cells, 

where it is localized primarily in the cytoplasm, but its function is unknown.     During the 

transformation of prostate tissue cells to cancerous cells, PSMA is transferred from the 

internal side of the plasma membrane to the outer side. Studies have shown that as the 



  

 

cancer progresses, the ratio PSMA/PSM’ increases      The transmembrane dimeric 

form of PSMA has carboxypeptidase enzymatic activity.     When a molecule, for 

example an inhibitor, binds to PSMA, the molecule is internalized and is retained in the 

lysosomes or released in the cytoplasm.     This is especially interesting for imaging 

purposes, as the radioligand would internalize and increase its deposition in the cell, 

thereby improving tumor-to-background contrast.     

There are several antibodies targeting the extracellular domain of 

PSMA,     but their use as PET radiopharmaceuticals is limited due to their slow 

clearance from the bloodstream resulting in high background uptake.     Recently, the 

specific substrate recognition site of PSMA was identified as composed of two structural 

motifs: a lipophilic pocket and a motif interacting with urea-based inhibitors.     After this 

important discovery, a number of ligand and inhibitor molecules have been developed to 

target the PSMA protein, both for therapy but particularly for diagnostic imaging. The 

most studied molecule is the urea-based PSMA inhibitor peptide Glu-NH-CO-NH-

Lys(Ahx)-HBED-CC, which, labeled with   Ga, serves as a PET radiopharmaceutical 

(here called   Ga-PSMA-  ).   ,3   It has a high affinity and specificity for PSMA and, 

due to its fast internalization when binding to human prostate adenocarcinoma cells, 

accumulates fast even in small lesions. 3   Studies have reported non-prostate-related 

PSMA expression in normal tissue, as in liver, spleen, small bowel, urinary tract and 

salivary glands, 3 ,3   but also in other non-prostate malignant tissues as breast 

carcinoma, osteosarcoma, adrenal adenoma, glioblastoma, renal cell carcinoma and 

non-small cell lung carcinoma. 33  In these malignancies, PSMA expression usually 

occurs in endothelial cells of tumor-associated neovasculature. 33  In prostate cancer, 

the metastasis are usually located in lymphatic tissue and bones, hence the normal 

tissue uptake does not usually interfere with image reading. 3    

  Ga-PSMA-   consists of the hydrophilic pharmacore Glu-NH-CO-

NH-Lys, which specifically interacts with the extracellular active binding site of PSMA 

and of the lipophilic acyclic Ga(III) chelator N,N′-bis [2-hydroxy-5-(carboxyethyl)benzyl] 

ethylenediamine-N,N′- diacetic acid (HBED-CC), which binds to the 

lipophilic pocket of the PSMA binding site. Ahx, or aminohexanoic acid, serves as a 

spacer between the pharmacore and the chelator (Figure  ). Comparisons to other 

chelators as the DOTA conjugate, has shown that HBED-CC has superior 

thermodynamic stability, higher specific internalization in prostate adenocarcinoma cells 

and reduced unspecific binding. 3    



  

 

 
  

Ga-PSMA-11 consists of a 
  

Ga – chelator HBED-CC and the motif 
responsible for the specific binding to the PSMA transmembrane protein 
Source: Adapted from Eder M, Schäfer M, Bauder-Wüst U, Hull WE, Wängler 
C, Mier W, et al. 68Ga-complex lipophilicity and the targeting property of a urea-
based PSMA inhibitor for PET imaging. Bioconjug Chem. 2012;23(4):688–   

 3  
 

Figure  . Chemical structure of 
  

Ga-PSMA-   

 

A series of studies using   Ga-PSMA-11 PET/CT and PET/MR have 

demonstrated its great potential for detection and staging of primary and recurrent 

prostate cancers. 3 -    The combination of multiparametric MR and   Ga-PSMA-11 PET 

results in increased detection rate in comparison with MR alone.     Also, the 

combination of PET and MR enables precise targeted fusion biopsy to obtain 

histological confirmation of the tumor. 3 ,3   Several studies have demonstrated higher 

sensitivity and specificity of   Ga-PSMA-11 PET for lymph node and bone metastasis 

staging in comparison with standard imaging techniques.   , 3-    Detection of recurrent 

prostate cancer, especially at low serum PSA levels, is currently a challenge due to the 

limited detection rate of conventional imaging techniques. Studies have shown a 

superior detection rate of suspicious lesions by   Ga-PSMA- 1 PET in comparison with 

MR, CT, choline PET and bone scintigraphy. 3 ,3 ,  ,  ,     

 

    Quantification in positron emission tomography 

 

In clinical practice, the most commonly used method for PET 

quantification is the standardized uptake value (SUV). Its calculation is simple and 

routinely available in commercial imaging software packages. SUV is a semi-

quantitative measure of the total radioactivity concentration in a region of interest at a 

time point of the PET scan normalized by the injected activity and the subject’s weight  



  

 

There are several advantages of using SUV in clinical practice. Firstly, it does not 

require a long dynamic scan, but only enough time per bed position to produce images 

with sufficient radioactive counts/quality to enable diagnostic reading. The images are 

acquired after a predefined time post-injection to allow the radiopharmaceutical to 

distribute in the body. Secondly, the calculation of SUV does not depend on 

measurement of radiopharmaceutical concentration in blood, which makes the study 

less invasive for the patient and less expensive. Thirdly, its calculation is simple and 

routinely available in commercial imaging software packages. However, studies have 

shown that SUV may differ between sites and scanners, when not controlling for image 

acquisition parameters such as image acquisition post tracer injection, reconstruction 

algorithms and attenuation and scatter corrections.     We recently performed a study 

comparing the reproducibility of maximum standardized uptake values (SUVmax) 

between   Ga-PSMA-11 PET/CT and PET/MR scans.     To reduce the influence of 

  Ga-PSMA-11 uptake as a function of time, half of the patients acquired PET/CT first, 

followed by PET/MR and the other half PET/MR first, followed by PET/CT. We showed 

that SUVmax from PET/CT and PET/MR were linearly correlated, but on average 20% 

higher on PET/CT than on PET/MR and should therefore not be compared without 

applying a correction factor.  

The most accurate method to quantify PET data is pharmacokinetic 

compartment modeling.     Compartment modeling assumes that tracer kinetics can be 

separated into tissue compartments, which are connected to an arterial blood 

compartment (Figure 2). The tracer exchanges between blood and tissue compartments 

by certain rate constants, which can be determined by a set of linear, first-order 

differential equations. The arterial blood compartment is represented by the arterial 

input function: the concentration of the radiopharmaceutical in arterial plasma. The total 

tissue radioactive concentration is derived from a region of interest of the PET image. 

The most common compartment models are the irreversible and reversible one-tissue 

and two-tissue-compartment models (Figure 2). The derived rate constants can be used 

to estimate biologically relevant measures of interest, as blood flow, binding potential of 

a ligand to its receptor and metabolic rate of glucose. There are simplifications to the 

compartment model analysis, where the most common are the graphical Patlak and 

Logan methods.   ,    The Patlak model assumes that when all reversible compartments 

are in equilibrium with plasma, the Patlak plot becomes linear and the positive slope 

represents the net influx rate Ki. In the Logan plot, the linear slope represents the total 



  

 

distribution volume (VT) of the radiopharmaceutical in tissue. The advantages of the 

graphical methods are less sensitivity to data noise and faster and easier calculation in 

comparison to the iterative compartment model fits. The main disadvantage is that they 

do not provide the individual compartment rate constants, but only the macroconstants 

Ki or VT. The kinetic models for some radiopharmaceuticals used in oncology have been 

established, for example   FDG     and   F-Choline  3 . Both are well described by an 

irreversible model. 

Kinetic modeling analysis enables quantification of PET 

pharmaceutical uptake, independent of scan time post-injection and blood plasma 

clearance. The kinetic modeling, however, requires dynamic PET scanning and arterial 

blood data, which makes it less time-efficient and more invasive in comparison to SUV 

analysis. Simplified analysis methods, as SUV, are adopted in clinical practice, but their 

correlation to compartment modeling, should first be validated.     

 
Irreversible one-tissue compartment model (A), reversible one-tissue compartment model (B), irreversible 
two-tissue compartment model (C) and reversible two-tissue compartment (D). CP denotes the 
concentration in arterial plasma, CT the total tissue concentration, C  the concentration in the first tissue 
compartment, usually free radiopharmaceutical in tissue, and C  the concentration in the second tissue 
compartment, usually specifically bound. The rate constants K , k , k3 and k  indicate the rate of 
exchange between compartments. 
Source: Adapted from Tomasi G, Turkheimer F, Aboagye E. Importance of quantification for the analysis 
of PET data in oncology: review of current methods and trends for the future. Mol Imaging Biol. 
2012;14(2):131–   

     

Figure  . Positron emission tomography pharmacokinetic compartment models 



  

 

The arterial input function (AIF), which is the concentration of 

radiopharmaceutical in arterial plasma as a function of time, is the input to the 

compartment model analysis and its precise determination is essential in PET 

quantification. Ideally, the activity concentration in arterial blood should be determined 

using an online arterial blood sampling system, which measures the concentration in 

high temporal resolution through a coincidence counter. This allows the exact 

determination of the peak of the radiopharmaceutical bolus injection. Since the online 

detector measures only the activity in whole blood, it is necessary to take manual 

samples during the PET scan and process these samples to determine the activity in 

plasma.  

In the body, PET radiopharmaceuticals, as any other molecule or 

drug, may undergo biotransformation reactions leading to other chemically different 

species (metabolites), whereas the amount of parent compound decreases. However, 

as PET only detects radioactive decay, in PET modeling our only concern is with 

radiolabeled metabolites.     The AIF should reflect the concentration of only parent 

compound in arterial plasma. Therefore, plasma samples should be analyzed by high-

performance liquid chromatography (HPLC) to separate the radiolabeled metabolites 

from the parent compound. From the chromatogram, the amount of parent compound is 

estimated as a fraction of total plasma activity.  

Due to the invasive blood sampling, alternative kinetic modeling 

approaches have been proposed, as the use of venous blood, radiopharmaceutical 

infusion to reach steady state, PET image reference tissue region or the use PET 

image-derived blood to substitute blood sampling. However, Oertel et al.     compared 

the use of alternative approaches to invasive arterial blood sampling and concluded that 

none of the proposed methods could provide an accurate blood concentration curve 

necessary for the full compartment modeling analysis. Methods to extract blood 

information from the PET image provide an attractive alternative to arterial blood 

sampling, as they noninvasively obtain the arterial blood curve during the PET scan. For 

whole-body PET, most methods outline volumes of interest (VOIs) over the common 

iliac artery of the PET image to extract the blood data. These methods, however, 

usually suffer from partial volume effects due to limited spatial resolution of the PET 

image. With a combined PET/MR scanner, the high-resolution MR image can be used 

to outline the arteries and when combined with partial volume correction approaches,     

provide a more accurate blood input function for kinetic modeling.     



  

 

Previously published studies on the biodistribution and 

pharmacokinetics of   Ga-PSMA-11 in prostate cancer patients reported increasing 

SUV in tumor lesions from early to late imaging and rapid blood clearance of   Ga-

PSMA-      -    Pfob et al.     acquired whole-body PET/MR images at 10 min, 60 min, 

130 min, and 175min after administration of   Ga-PSMA-11 in 5 patients. The 

assessment of the biodistribution showed high accumulation in kidneys, liver, salivary 

glands and spleen. The study showed that   Ga-PSMA-11 has rapid blood clearance 

and high rate of renal excretion. As to the dosimetry, the urinary bladder wall received 

the largest absorbed dose, followed by the kidneys.  

There is not yet any consensus on the optimal time-window to 

acquire   Ga-PSMA-11 PET images, but the most recent guideline recommends a 

  min uptake time of   Ga-PSMA-11 and whole-body and pelvic images starting at 50-

   min after   Ga-PSMA-11 administration are common in clinical routine. 3 ,  -    

Although these late images ensure sufficient time for tracer concentration in the 

neoplastic tissue, progressive urinary bladder accumulation may impair imaging 

interpretation.  

Sachpekidis et al. published two studies on the pharmacokinetics of 

  Ga-PSMA-11, one in primary prostate cancer and one in recurrent prostate cancer, 

acquiring  0-min dynamic PET data.   ,    The authors used PET image-derived blood 

as input to the compartment model analysis, and omitted correction for plasma-to-blood 

ratio and study of labeled metabolites in plasma. The data were analyzed with a 

reversible two-tissue compartment model to estimate the rate constants K , k , k3 and 

k , as well as the fractional blood volume VB and the net influx rate Ki. SUV correlated 

strongly with Ki, moderately with serum PSA and weakly with Gleason score from 

biopsy.   ,    To date, full kinetic modeling with arterial blood sampling and metabolite 

analysis has not yet been reported, nor has the use of simplified methods as SUV and 

image-derived blood data been assessed.  

Hospital Israelita Albert Einstein was one of the first sites outside of 

Europe to produce and clinically investigate   Ga-PSMA-11 and the first site in Latin 

America to install and operate a hybrid PET/MR scanner.  

 

 

 



   

 

1.5 Purpose 

 

1. Quantify the kinetics of   Ga-PSMA-11 using pharmacokinetic 

compartment modeling; 

2. Assess the use of semi-quantitative methods for quantification of 

  Ga-PSMA-11 uptake; 

3. Assess the use of image-derived blood as an alternative to arterial 

blood sampling; 

4. Assess correlation between positron emission tomography 

quantitative and semi-quantitative parameters and multiparametric magnetic resonance, 

serum prostate-specific antigen and histopathological data. 

  



   

 

  METHODS 

 

    Patients 

 

Fifteen patients were included in this observational prospective 

study. The study was approved by the Ethics Committee of Hospital Israelita Albert 

Einstein and informed consent was obtained from all individual participants. Inclusion 

criteria were histologically proven primary prostate cancer (Gleason score ≥   , with a 

tumor size of at least 0. cm in diameter on MR imaging and ability to remain supine for 

at least one hour. Exclusion criteria were multiple malignancies, anticoagulant therapy 

and contraindications to MR imaging, such as claustrophobia and MR-incompatible 

implants. Serum PSA had been measured previously and the prostate weight had been 

estimated by a previous MR scan. PSA density was calculated as serum PSA divided 

by the prostate weight. The equipment used in the study are listed in appendix 1. 

 

    Positron emission tomography/magnetic resonance imaging 

 

The radiopharmaceutical   Ga-PSMA-   was synthesized with a 

specific activity of approximately 40 MBq/µg at the radiopharmacy laboratory of Hospital 

Israelita Albert Einstein according to previous publications. 3   The patients underwent a 

60-minute dynamic PET/MR scan in list-mode with the field of view over the pelvic area. 

After a short break to empty the bladder, the patients underwent a whole-body PET/MR 

scan from skull base to mid-thigh for clinical purposes. Both scans were acquired on a 

Biograph mMR scanner (Siemens, Germany) with arms-down. At the start of the first 

PET scan, a bolus injection of   Ga-PSMA-11 (median 191.6 MBq, range 103.9 - 231.3 

MBq) was manually administered intravenously and flushed with 40 mL of saline.  

We used a 24-channel spine radiofrequency (RF) coil integrated 

within the MR bed and three surface body coils (6 channels each) to cover the thorax, 

abdomen and pelvis. The following MR data were acquired during both PET scans: 

axial T1 volumetric interpolated breath-hold examination (VIBE) Dixon    sec), axial T2 

half-Fourier single shot turbo spin echo (HASTE) without fat suppression with breath-

holding (23sec) and axial diffusion-weighted imaging without breath-holding (2min 

19sec).  

Positron emission tomography data were reconstructed with a 3D-

Ordered-Subsets Expectation Maximization (OSEM) algorithm (3 iteration, 21 subsets, 



   

 

matrix 256x256, 4mm Gaussian filter) and corrected for decay, scatter and attenuation 

using Dixon-based MR sequences. The list mode data were reconstructed into 28 time 

frames (10 x 30s, 5 x 60s, 5 x 120s, and 8 x 300s), with shorter time frames in the 

beginning of the scan to capture the blood to tissue kinetics of   Ga-PSMA-11 after 

bolus injection. 

 

2.3 Image analysis 

 

The reconstructed PET/MR images were analyzed by one board-

certified nuclear medicine physician and one radiologist using the software syngo.via 

(Siemens, Germany) regarding number and types of lesions. Quantitative analysis 

included outlining of VOIs on the images to derive time-activity curves (TACs) in unit 

Bq/mL.  

Tumor lesion TACs were derived from VOIs applied using isocontour 

threshold of 40% of maximum SUV on late PET images (45-  min post-injection) with 

the location confirmed on the T2-weighted MR images. Spherical VOIs of 1mL were 

outlined on normal prostate and gluteus muscle to derive normal tissue TACs.  

Magnetic resonance images were analyzed regarding lesion size, PI-

RADS v2 score  3  and ADC. 

Standardized uptake value in unit g/mL, normalized to body weight, 

were calculated using the following formula: 

     
        

             
 

 

Where CPET(t) is the decay corrected activity concentration in kBq/mL 

at time point t, dose is the injected activity in MBq and weight is the patient weight in kg. 

Mean SUV, which is the average SUV within a volume, was calculated for all VOIs. 

For a subpopulation of 12 patients, we evaluated lesion detectability 

as a function of time. One subject was excluded due to shorter PET scan and two 

subjects were excluded due to technical problems with the PET image reconstruction. 

The dynamic PET list mode data were grouped into four static images (0-  ,   -3 , 3 -

45 and 45-60 minutes post-injection). These images were analyzed by two experienced 

nuclear medicine physicians regarding number and types of lesions and divergences 

were solved by consensus. 
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    Arterial input function 

 

Arterial blood activity concentration as a function of time was 

determined by sampling from a cannula inserted into the radial artery of the patients. 

The arterial puncture was done by an anesthesiologist using local anesthesia and then 

connected to pressurized saline. Due to the position of the arm inside the PET/MR 

scanner, an extension line connected the radial artery and the access for blood 

sampling. To capture the sharp   Ga-PSMA-11 bolus peak, during approximately the 

first 10min activity was measured using an automatic blood sampling device with 1s 

temporal resolution (twilite, swisstrace GmbH, Switzerland), connected to a shielded 

pump (B Braun Infusomat Space, flow rate 4.17 mL/min for the first 7min, then 

   mL/min for the remaining 3min). .Previously, the blood sampling device had been 

calibrated to the PET/MR scanner, by scanning a PET phantom filled with a solution 

containing a known concentration of   FDG and simultaneously measuring a catheter 

filled with the same solution in the twilite device.  

At 6 time points (approximately 3, 7, 15, 25, 40 and 60min post-

injection) manual arterial samples (4.9 mL) were collected in Ethylenediaminetetraacetic 

acid (EDTA) treated tubes. At time points 3 and 7min, the automatic blood sampling 

was briefly paused to collect the manual samples. Before each manual blood sample, a 

sample containing mainly saline was collected and discarded to make sure the real 

sample contained only blood. When the pump was disconnected, the pressurized saline 

prevented the catheters from clotting. The blood sampler curve was corrected for decay, 

background and dispersion, and resampled to 5 sec time frames between 0 and 5min, 

and 15 sec time frames for the remaining time using the PSAMPLE software (PMOD, 

Switzerland). 

The manual blood samples were immediately put on ice. From the 

whole-blood sample, a 500µL volume was separated and the radioactivity measured 

    s) in a gamma counter (Triathler, HIDEX, Finland). The remaining whole-blood 

sample was centrifuged at 5,000 x g for 3min at 4°C (Sorvall ST 16 centrifuge, Thermo 

Scientific, USA) to separate the plasma. A 500µL volume of plasma was separated and 

the radioactivity measured in the gamma counter. The gamma counter had been 

calibrated previously to the PET/MR scanner. Plasma-to-blood activity ratios were 

calculated from these samples.  



   

 

The blood sampler curve was merged with the decay-corrected 

manual whole blood samples to get a 60-min AIF using an in-house Matlab program. 

This whole-blood AIF was then converted into a plasma AIF using the average plasma-

to-blood activity ratios from the manual samples for each subject.  

 

    Metabolite analysis 

 

The plasma samples were analyzed for possible labeled metabolites. 

We compared two different protocols.  

In the first protocol, we used precipitation of proteins to prepare the 

sample for ultra-high performance liquid chromatography (UHPLC) analysis. An equal 

volume of acetonitrile was added to the plasma volume to precipitate the plasma 

proteins and was then centrifuged at 5,000 x g for 6min at 4°C to separate the 

supernatant from the plasma proteins. The supernatant was transferred on ice to 

another laboratory, located a 15min drive away, where the samples were analyzed by 

an UHPLC system, equipped with a radioactivity detector. First, the samples were 

centrifuged again at 14,000 x g for 12min at 4°C (Centrifuge 5804 R, Eppendorf, 

Germany) to assure that there were no plasma proteins present in the sample and 

filtered using a 22µm syringe filter. The supernatant was then analyzed as described 

below. 

The alternative protocol was applied on the plasma samples from the 

last two patients, due to a suspicion that the first protocol was not adequate. Here, the 

plasma samples were filtered using an Amicon Ultra-   mL centrifugal filter (Merck 

Millipore, Germany) with a molecular weight cut-off (MWCO) of 3kDa. This filter purified 

the proteins with a molecular weight below 3,000 Da (molecular weight of   Ga-PSMA-

11 is 1,014 Da), from the larger plasma proteins. The filters were first washed once with 

   μL of NaOH (50mM) and then five times with 500μL of purified water MilliQ using 

centrifugation at 20,000 x g for 10min. The plasma was filtered by centrifugation at 

20,000 x g for 10min at 4°C. The supernatant was then filtered using a 22µm syringe 

filter and analyzed as described below.  

The supernatant from either sample preparation protocol was 

analyzed using a 1290 Infinity II UHPLC system (Agilent Technologies, USA) equipped 

with a radioactivity detector (Eckert & Ziegler, Germany). A volume of 100µL was 

loaded using automatic injection. The samples were maintained at 4ºC. The analytical 



   

 

column was a Phenomenex Kinetex® reverse-phase C18 (100mm x 3mm; 2.6µm), 

maintained at 25ºC with water + 0.1% trifluoroacetic acid (TFA) (mobile phase A; 95%) 

and acetonitrile + 0.1% TFA (mobile phase B; 5%) at flow rate 0.8mL/min. Gradient of 

mobile phase B was: 5-10% (0.0-0.5min); 10-30% (0.5-7.0min); 30-       -   min); 5% 

    -    min). The flow rate was kept at 0.8mL/min.  

Due to the low concentration,   Ga-PSMA-11 could not be detected 

neither by the ultraviolet (UV) detector, nor by the radioactivity detector. We therefore 

collected UHPLC fractions every 20s, which were counted (100 s) in an automatic 

gamma counter  Wizard  TM 3”     , Perkin Elmer, USA   Measured radioactivity was 

plotted as a function of time and compared to the retention time of a standard solution 

containing   Ga-PSMA-11, analyzed using the same chromatographic protocol. The 

fraction intact   Ga-PSMA-11 was determined from the UHPLC radiochromatogram. 

To determine its stability in vitro, an aliquot of 19 MBq of   Ga-PSMA-

11 was incubated in 1mL of plasma for 60min at 37°C and analyzed using the same 

protocol.  

 

    Image-derived input function 

 

The image-derived input functions (IDIF) were generated in 

collaboration with the researcher Udunna Anazodo at Lawson Health Research 

Institute, Canada, using an MR-guided method.     The IDIF were generated by 

extracting the median PET activity within a vessel mask at each time frame. The vessel 

mask was defined by segmentation of both external iliac arteries clearly visible on 

Dixon-MR sequence registered to PET (Figures in appendix 2). The IDIF were corrected 

for spillover of PET activity from surrounding tissue to the arteries and partial volume 

effect (PVE) (by recovery coefficients (RC)) using the approach described in Croteau et 

al.  3  Because the PVE and spillover corrections were estimated based on 

measurements made previously using   F and highly dependent on the size of the 

vessel, the vessel mask was restricted to a segment of each iliac artery where the 

vessels were relatively straight and had the largest diameter (8-9mm). The IDIF was 

then converted to plasma curves using the average plasma-to-blood ratio determined 

from the arterial blood sampling. In total, IDIF were derived for 12 subjects. One subject 

was excluded due to shorter PET scan, which did not provide data enough for fitting of 

the method and two subjects were excluded due to excessive motion, which resulted in 



   

 

difficulties to extract the IDIF. The ratio of the area under the curve (AUC) between IDIF 

and whole blood AIF (AUCr = AUC_IDIF / AUC_AIF) was calculated to verify 

equivalency of the two input functions.  

 

    Pharmacokinetic analysis and model validation 

 

Four different compartment models were fitted to the data: an 

irreversible one-tissue compartment model with rate constant K  (1T1k), a reversible 

one-tissue compartment model with rate constants K  and k  (1T2k), an irreversible two-

tissue compartment model with rate constants K , k  and k3 (2T3k) and a reversible two-

tissue compartment model with rate constants K , k , k3 and k  (2T4k) (Figure 2). The 

model equations are listed in appendix 3. Physiologically, in the two-tissue compartment 

model, K  and k  would represent the transport of   Ga-PSMA-11 from arterial blood to 

tissue and back to venous blood. The rate constants k3 and k  would represent the 

binding/unbinding of   Ga-PSMA-11 to the PSMA transmembrane protein. If the 

exchange of tracer between the first and second tissue compartments is fast enough 

that the two cannot be distinguished kinetically, the two tissue compartments may be 

joined into one compartment that represents both the free and specifically bound tracer 

within the tissue, i.e. the simpler one-tissue compartment model.  3,    To account for the 

contribution from blood activity to the tissue TACs, all models were assessed with and 

without the fractional blood volume VB. When VB was accounted for, it was fitted 

together with the rate constants. The model that best described the lesion uptake was 

selected based on the Akaike information criterion (AIC),   ,    which is a data-driven 

approach to model selection. The net influx rate Ki = K *k3/(k +k3) was calculated from 

both the irreversible two-tissue compartment model and from the Patlak graphical 

method.      

As blood input to the pharmacokinetic models, we compared AIF 

plasma curves and IDIF plasma and whole blood curves. Analysis was done using an 

in-house Matlab program (Mathworks, version 2018b).  

The net influx rate Ki was correlated to patient, MR and 

histopathological data. 

 

 



   

 

    Semi-quantitative analysis 

 

Simplified protocols and methods for quantification are preferred in 

clinical settings. Therefore, SUV of static images from time-windows 15-30min, 30-

  min and 45-  min were calculated and correlated to the net influx rate Ki and to 

patient, MR and histopathological data. 

 

    Statistical analysis 

 

Statistical analysis was performed using software R (version 3.4.1, R 

Core Team (2017)),     with packages.   ,    The level of significance was set to 5%.  

Categorical variables were described by absolute frequency and in 

percentage. The distributions of all numerical variables were visually checked and 

tested for normality and described accordingly by mean ± standard deviation (SD) or by 

median values with 25th and 75th percentiles (Q1 and Q3) and plotted in boxplots.  

Differences between tissue regions and scan time-windows were 

tested with the Friedman test. Correlations between patient characteristics, MR 

parameters, SUV and kinetic modeling parameters, as well as between Ki from the 

compartment and Patlak models, were assessed using Spearman correlation analysis 

(rho). The agreement between Ki using AIF and IDIF was determined using intraclass 

correlation analysis (ICC3, two-way, mixed model). The agreement between Ki from the 

compartment model and graphical Patlak analysis, as well as between Ki calculated 

using AIF and IDIF were visualized in Bland-Altman plots with 95% limits of agreement 

(LOA). For lesion-based analysis, the most avid lesion (highest SUV in the last time 

frame of the scan) per subject was selected to avoid accounting for dependency 

between multiple lesions from a single subject.   



   

 

  RESULTS 

 

    Patient and imaging characteristics 

 

The 15 patients included in the study had a median age of 67 years 

(Q1=62.00, Q3=72.50) and a median body weight of 75.00kg (Q1=71.00, Q3=84.50).     

The median serum PSA level was 8   ng/mL (Q1=5.31, Q3=11.77) with a median PSA 

density of 0.21ng/mL/g (Q1=0.12, Q3=0.43). The median injected activity was 191.55 

MBq (Q1=176.89, Q3=213.68) and the mean injected activity per body weight was 2.52 

± 0.67MBq/kg. Table 1 summarizes the patient and imaging characteristics.  

One patient had its scan interrupted at 40min, due to excessive 

movement. Only lesions identified on both the PET and MR images were considered. 

One patient (number 13) was undergoing external-beam radiotherapy of the prostate 

and had no significant lesion uptake in the PET image. This patient was excluded from 

further PET image analysis. Of the 14   Ga-PSMA-11 positive patients, 10 had one 

lesion and four patients had two lesions. In total 18 lesions were identified with a 

median lesion size of 1.80cm (Q1=1.10, Q3=2.75), of which 17 were located in the 

prostate and one identified as a lymph node metastasis. The Gleason scores from 

previous biopsies were between 6 and 10, with a median Gleason score of 7.00 

(Q1=7.00, Q3=7.00). The PI-RADS score for the lesions located in the prostate was 

between 2 and 5, with a median PI-RADS score of 5.00 (Q1=4.00, Q3=5.00). The 

median ADC was 0.71 x 10-3mm /s (Q1=0.61 x 10-3, Q3=0.95 x 10-3). Figure 3 shows 

typical   Ga-PSMA-11 PET/MR images and figure   the TAC’s for all subjects    Ga-

PSMA-11 showed increasing accumulation during scan time in lesions, although at 

different rates. In normal prostate and muscle the washout was faster. Some curves 

were noisy due to low injected activity and to movement during the PET scan. 

As to the lesion detectability as a function of PET scan time post-

injection, the earliest images (0-15min) showed a lower detectability rate (82.4%) 

compared with the later images starting at 15, 30 and 45 minutes. These all had a 

detectability rate of 94.1%, corresponding to 16 of 17 lesions correctly identified. As 

expected, urinary bladder accumulation increased during scan time, with moderate or 

intense activity in all images starting at 30 or 45 minutes. The failure of correct lesion 

detection in these images was due to the interference of bladder activity (Figure 5).  



   

 

Table  . Patient and imaging characteristics 

Patient 
no. 

Age 
(years) 

Body 
weight 

(kg) 

PSA 
(ng/mL) 

PSA 
density 

(ng/mL/g) 

Injected 
activity 
(MBq) 

Injected 
activity/body 

weight 
(MBq/kg) 

Type of 
lesion 

Lesion 
size on MR  

(cm) 

Gleason 
score 

PI-
RADS 
score 

ADC x 10
- 

 
(mm

 
/s) 

SUV  
   -  min) 

                     3         PC/LN 3 3/         +   5/NA    3/   3      / 3     

                              PC 3       + )             

3                             PC        3+               

        3                 3  3 PC        3+                

                   3  3  3    PC         +3          3    

        3  3                  PC         +3              

                              PC   3    3+3               

                        3      PC/PC    /  3    3+    /      /          /     

          3                3  PC        3+3              

                 3         3    PC 3       +                

                        3    3 PC/PC    /       3+3   /    3 /     3   /  3  

           3                 3 PC        3+                

 3       3                 3    PC         +          - 

    3                           PC/PC    /        +3   /      /  3      /     

         3                     PC 3      3+            3  

PSA, prostate-specific antigen; MR, Magnetic resonance; PI-RADS, Prostate Imaging Reporting and Data System v2; ADC, apparent diffusion coefficient; 
SUV, mean standardized uptake value; PC, lesion located in the prostate; LN, lymph node metastasis; NA, not applicable. *SUV of time frame 30-40min.



   

 

 
T2-weighted axial MR image (A), averaged dynamic PET 45-  min post-
injection (B), PET/MR fused image (C) and whole-body maximum intensity 
projection (MIP) of the pelvis (D).  
Figure  . Primary prostate cancer patient (PSA 5.57ng/mL, Gleason score 
4+3, PI-RADS score 5) presenting a lesion with low signal intensity on a T2-
weighted axial MR image (A) and intense focal 

  
Ga-PSMA-   PET uptake 

(B,C, D) in the left lobe of the prostate (SUV 45-60min: 13.27). 



   

 

 
Lesions (n=18) (A), normal prostate (n=14) (B) and 
muscle (n=14) (C).  
Figure  . 

  
Ga-PSMA-11 time-activity curves 

 



   

 

 
PET maximum intensity projection (MIP) images showing two intense focal 

  
Ga-PSMA-11 uptake in the 

left peripheral zone of the prostate (SUV 45-60min: 18.02, Gleason score 3+4, PI-RADS score 5) and in 
the right peripheral zone of the prostate (SUV 45-  min: 4.90, Gleason score 3+4, PI-RADS score 4). In 
the earliest image (0-15min post-injection), we can identify the left lesion (arrow) and no activity in the 
bladder (A). Images 15-30min (B) and 30-45min post-injection (C) show progressive 

  
Ga-PSMA-11 

accumulation in the bladder, but still exhibit good contrast between both lesions and urinary activity. In the 
late image (45-  min), delimitation of left lesion is impaired by bladder activity (D), but the right lesion 
does not suffer from bladder activity interference. 
Figure  . Comparison of lesion detectability as a function of time post-injection in a primary prostate 
cancer patient (PSA 12.88ng/mL) 

 

    Arterial input function and metabolite analysis 

 

The activity in whole blood and plasma were counted in 83 manual 

blood samples. Due to blood clotting, we were not able to collect the manual samples at 

time points 25 and 40min in 3 patients. Due to the impossibility to reach the arterial 

cannula while the patient was inside the scanner, the clotted catheters could not be 

changed during scanning and those manual samples were lost. The mean plasma-to-

blood ratio was 1.62 and stable during scan time (Figure 6).  

The UHPLC analysis demonstrated that   Ga-PSMA-11 was stable 

both in vivo and incubated in plasma in vitro, with a retention time of 5.1min (Figure 7). 

The first metabolite analysis protocol using protein precipitation resulted in release of 

free   Ga in the supernatant, as identified by UHPLC (Figure 7). The alternative protocol 

using protein filtration was able to separate   Ga-PSMA-11 from the larger plasma 

proteins (Figure 8). Since   Ga-PSMA-11 did not present any radiolabeled metabolites 
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during the 60min scan time, we could consider the plasma curve as the AIF. Figure 9 

shows typical AIF whole blood and plasma curves.  

 

 
The dashed line indicates the overall mean plasma-to-blood ratio 
of 1.62 (N=83).  
Figure  . Box plot of the plasma-to-blood ratio over time 

 

 
Standard solution of free 

  
Ga with retention time of 1.1min (A). Incubated 

  
Ga-PSMA-   in 

plasma in vitro, processed by protein precipitation, showing a release of free 
  

Ga (retention 
time 1.1min) and a smaller amount of 

  
Ga-PSMA-   (retention time 5.1min).  

Figure  . Radiochromatograms from metabolite analysis by UHPLC following protein 
precipitation method 



   

 

 
Standard solution of 

  
Ga-PSMA-11 with a retention time of 5.1min (A). 

  
Ga-PSMA-11 incubated in 

plasma in vitro, showing a single peak at 5.1min (B). Patient plasma sample (25min post-injection) 
showing a single peak, slightly delayed due to tubing to collect UHPLC fractions (fractions collected 
every 20 seconds and subsequently counted in gamma counter) (C).  
Figure  . Radiochromatograms from metabolite analysis by UHPLC following protein filtration 
method 

 



   

 

 
Figure  . Typical blood sampler whole blood and plasma time-activity curves 

 

    Image-derived input function 

 

The mean RC factors used for partial volume correction was 

    ±0.04 and the mean spill-in factor 0.46±0.03. The resulting IDIF agreed well with 

the whole blood AIF with a mean AUCr of 0.84±0.09. Figure 10 shows a comparison of 

AIF and IDIF whole blood curves from one patient.  



   

 

 
Figure   . Comparison of blood sampler (AIF) whole blood and image-derived 
(IDIF) whole blood time-activity curves for one patient 

 

    Pharmacokinetic analysis and model validation 

 

Based on the AIC analysis, the irreversible two-tissue compartment 

model without VB correction was the model that best fitted the lesion kinetics (Figure 

   . The 2T3k model was preferred in 9/18 lesions, followed by the 2T3k+VB (3/18), 

1T2k (3/18), 2T4k (2/18) and 2T4k+VB (1/18). The Patlak graphical analysis showed a 

positive slope from 15min post-injection (Figure 11). Due to movement artifacts at the 

end of the scan, we excluded the last data points in the model and Patlak fits for five 

patients. In four lesions, the individual rate constants could not be determined with 

precision, but K  and Ki as well as Patlak Ki gave robust values. Rate constants k  and 

k3 from these lesions were excluded from the median values (Table 2). Both K , k3, Ki 

and Patlak Ki were significantly higher in lesions compared to normal prostate and 

muscle (Table 2 and Figure 12).  

 



   

 

 
Typical 

  
Ga-PSMA-11 time activity curves and the corresponding irreversible two-tissue compartment 

model fits (A). Patlak graphical analysis presented positive slopes from 15min post-injection for all 
regions (B). Squares: lesion; triangles: normal prostate; diamonds: muscle; solid lines: model fit.  
Figure   . Pharmacokinetic analysis of 

  
Ga-PSMA-   

 

Table  . Kinetic parameters K , k  and k3, estimated by the irreversible two-tissue-compartment model 
(2T3k). Ki is the net influx rate calculated from rate constants K k3/(k +k3) or from the slope of the graphical 
Patlak analysis 

Kinetic 
parameters 

Lesion Prostate Muscle p-value
a 

p-value
b 

K  
(mL/min/mL) 

   3        ,                    ,                    ,    33              

k  (/mL)            3,           3        ,   3                ,          3      3  

k3 (/mL)             ,                  3 ,                  3 ,                    

Ki (/mL)    3        ,                    ,            3      3,     3              

Patlak Ki 
(/mL) 

   3        ,                    ,            3      3,     3              

Median values with interquartile range [Q1, Q3], n=14 subjects, 18 lesions (median of k2 and k3 from 14 
lesions). P-values assessed by Wilcoxon test (the most avid lesion per subject selected) comparing lesion 
with prostate (a) and muscle (b). 

 

 
Kinetic parameters K  (A), k3 (B) and Ki (C) in lesion, prostate and muscle tissues. The solid line indicates 
the median value. 
Figure   . Boxplots of kinetic parameters from irreversible two-tissue compartment model 

 



   

 

Ki from the 2T3k compartment model and Patlak Ki showed strong 

correlation, with rho of 0.996 (p<0.001) in lesion, rho of 0.890 (p<0.001) in normal 

prostate and rho of 0.925 (p<0.001) in muscle. Bland-Altman analysis estimated a mean 

absolute difference of -      (mean percentage difference -3.44%) between 2T3k Ki 

and Patlak Ki  The LOA’s ranged from -0.031 to 0.018. The graph showed that for larger 

Ki, Patlak Ki > 2T3k Ki (Figure 13).  

The net influx rate constant Ki calculated using IDIF plasma showed 

excellent agreement with Ki derived using AIF in lesions (Ki ICC=0.99, p<0.001 and 

Patlak Ki ICC=0.98, p<0.001). The Bland-Altman plot showed that the mean difference 

between Ki (AIF) and Ki (DIF) was 0 (Figure 14). The individual rate constants K  and k3 

showed only moderate agreement with K  and k3 using AIF in lesions (K  ICC=0.57, 

p=0.026, k3 ICC=0.65, p=0.021). IDIF whole blood resulted in slightly weaker agreement 

with the AIF plasma derived rate constants (Ki ICC=0.89, p<0.001, Patlak Ki ICC=0.93, 

p<0.001).  

As to the correlation between kinetic rate constants and patient and 

MR data, we found significant correlation only between Ki and PSA (rho=0.62, p=0.018) 

(Figure 15) and between Ki and PSA density (rho=0.64, p=0.015). The kinetic rate 

constants did not correlate significantly with Gleason score, PI-RADS, ADC or lesion 

size.  

 
The plot indicates the mean difference between 2T3k Ki 
and Patlak Ki and upper and lower 95% limits of 
agreement. 
Figure   . Bland-Altman plot comparing Ki from the 
irreversible two-tissue compartment model fit (2T3k) and 
Ki from the graphical Patlak analysis 



   

 

 
The plot indicates the mean difference between Ki (AIF) and Ki 
(IDIF) and upper and lower 95% limits of agreement. 
Figure   . Bland-Altman plot comparing Ki from the irreversible 
two-tissue compartment model fit using arterial input function 
and image-derived input function as input 

 

 
Figure   . Scatter plot of Ki from the irreversible two-tissue 
compartment model and serum prostate-specific antigen 
level.  
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    Semi-quantitative analysis 

 

Standardized uptake value increased significantly with time in lesion 

and muscle, but not in normal prostate and was significantly higher in lesion compared 

to normal tissue (Table 3 and Figure 16).  

Table   summarizes the SUV correlation analysis. Lesion SUV of all 

time-windows correlated significantly with Ki, where SUV of time-window 30-  min 

showed the strongest correlation. Ki calculated using IDIF showed similar correlation 

coefficients as Ki calculated using AIF. SUV correlated significantly with PSA and PSA 

density, but not with Gleason score, PI-RADS, ADC or lesion size.  

 

Table  . 
  

Ga-PSMA-11 standardized uptake value compared between regions and time-windows of 
dynamic scan 

SUV Lesion Prostate Muscle p-value
a 

  -3 min       3   ,                 ,     ]          3,       
 

30-45min    3      ,                 , 3               ,       
 

45-60min           ,                  , 3               ,              

p-value
b 

           3        
 

Median values with interquartile range [Q1, Q3], n=14 subjects, 18 lesions. P-values assessed by 
Friedman test (the most avid lesion per subject selected) comparing regions (a) and time-windows (b). 
SUV, mean standardized uptake value. 

 

 
The solid line indicates the median value.  
Figure   . Boxplot of standardized uptake value of time-windows 15-
30min, 30-45min and 45-  min, respectively, for lesion, normal 
prostate and muscle (n=14 patients, n=18 lesions).  
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Table  . Correlation between lesion standardized uptake value, net influx rate Ki calculated with 
arterial input function and image-derived input function, prostate-specific antigen and prostate-specific 
antigen density over different time-windows of the dynamic positron emission tomography scan 

SUV 
Ki (AIF) Ki (IDIF) PSA PSA density 

rho p-value rho p-value rho p-value rho p-value 

  -3 min    3                 3                       

30-45min                3                              

45-60min                                               

Spearman correlation rho with corresponding p-value. n=14, the most avid lesion per subject selected. 
Abbreviations: AIF, arterial input function; IDIF, image-derived input function; PSA, prostate-specific 
antigen; SUV, mean standardized uptake value.   
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  DISCUSSION 

 

The main objectives of this work were to determine the 

pharmacokinetics of the radiopharmaceutical   Ga-PSMA-11 in primary prostate cancer 

patients and to assess the use of simplified methods as IDIF and SUV for routine 

clinical analysis.  

Based on the AIC model selection analysis and as indicated by the 

linear positive Patlak slope, the kinetics of   Ga-PSMA-11 during the 60-min scan time 

could be considered irreversible, as indicated in previous studies,   ,    with the 

irreversible two-tissue compartment model providing the best fit to the data. The 

irreversible kinetics of   Ga-PSMA-11 is in line with the process of internalization of 

PSMA ligands when binding to the specific binding site of the PSMA transmembrane 

protein. Internalization of PSMA ligands has been shown to be fast and practically 

irreversible, as the PSMA ligand is recycled in the lysosomes of the cell.     In the 

compartment model, the internalization can be represented by the rate constant k3, 

which as expected was found to be significantly higher in lesion as compared to normal 

prostate and muscle. K , which in the kinetic model represents the rate constant of 

tracer transport from blood to tissue, was significantly higher in lesions than in normal 

prostate and muscle, which may reflect the process of angiogenesis in tumor tissue and 

enhanced tumor tissue permeability.     If also acquiring DCE-MR, which we did not do 

in our study, tissue permeability as measured by MR could be correlated to K , as 

previously done in a   F-Fluorocholine PET and DCE-MR study in prostate cancer 

patients.      

The net influx rate Ki - a macroconstant, which incorporates both the 

transport from blood to tissue and the irreversible trapping of the tracer - was as 

expected also significantly higher in lesions as compared to normal prostate and 

muscle. Sachpekidis et al.     reported overall greater absolute values in comparison to 

our rate constant estimates. This could reflect a more advanced prostate cancer study 

population: the Sachpekidis’ patient cohort had a higher median serum PSA level of 

    ng/mL as compared to ours of 8.6 ng/mL, but similar median age and Gleason 

score. Further, Sachpekidis et al. underwent their study using PET/CT, while we used 

PET/MR. A previous study by our group showed that PET/CT SUVmax were on average 

20% higher than PET/MR SUVmax
    . However, using properly calibrated PET and 
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arterial blood sampling devices the kinetic parameters should be less prone to PET 

scanner differences than SUV. More likely, the higher kinetic rate constant estimates 

may be the result of omitting plasma-to-blood ratio correction and the result of partial 

volume effects due to PET-derived blood input. This would underestimate blood activity 

and consequently overestimate the kinetic rate constants.  

A few lesions were located close to the urinary bladder, which might 

have resulted in spillover of activity from bladder to lesions in the late scan times. 

However, as we outlined the VOIs using a threshold of 40% of maximum SUV, the 

surrounding activity should not have interfered largely. The location of the VOIs were 

also visually confirmed on the MR image. However, some of these smaller lesions might 

have benefitted if corrected for PVE and spillover. For some patients, the 60-min 

PET/MR scan was too long, which resulted in movement artifacts. This caused 

difficulties in fitting the compartment model to the data, but as expected the graphical 

Patlak method, which is less affected by noisy data, was able to estimate robust Ki 

values. In fact, Ki as estimated by the compartment model analysis and Ki by graphical 

Patlak analysis showed excellent correlation with a rho of 0.996 in lesions.  

A well-determined arterial input function for kinetic modeling analysis 

requires the analysis of possible radiolabeled metabolites, a result of 

cleavage/metabolism in vivo of the parent molecule. PET metabolite analysis is usually 

developed first in an in vitro model, followed by a preclinical in vivo model and then 

finally applied to human studies.     We developed the metabolite analysis directly using 

patient samples, which is not ideal as the analysis method was developed and improved 

during the study. Surprisingly, the sample preparation method using acetonitrile for 

protein precipitation released free   Ga in the plasma samples. Acetonitrile is commonly 

used for sample preparation for HPLC analysis and was used by Eder et al.     to 

precipitate the proteins in plasma samples incubated with   Ga-PSMA-   in vitro. 

Therefore, we initially interpreted the   Ga peak as a metabolite produced in vivo. 

However, after testing the alternative protocol with protein filtration, we could conclude 

that   Ga-PSMA-11 did not produce labeled metabolites during the 60min scan time. 

The reason why free   Ga was released in the first sample preparation method needs 

further investigation.  

We showed that   Ga-PSMA-11 is stable in vivo, not necessitating 

correction for labeled metabolites. Due to the lack of metabolites,   Ga-PSMA-11 makes 

an ideal candidate for IDIF, only necessitating the correction for plasma-to-blood ratio. 
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With a plasma-to-blood ratio on average 1.62, this indicates that   Ga-PSMA-11 do not 

penetrate red blood cells and remains in plasma, giving a plasma-to-blood ratio (RP/B) 

depending only on hematocrit (HCT) following the equation RP/B=1/(1-HCT). A RP/B of 

1.62 would equal a hematocrit factor of 38%, which is in the lower limit of the normal 

range of hematocrit for men.  3  As the plasma-to-blood ratio depends only on 

hematocrit, the value of 1.62 should be stable between subjects, not necessitating 

arterial blood samples in future IDIF studies.  

The lack of labeled metabolites also facilitated the pharmacokinetic 

model validation. As PET kinetic models were originally developed for the brain,     it is 

assumed there is a blood-brain barrier (BBB) between blood and tissue, which should 

impede hydrophilic radiolabeled metabolites to enter the tissue.     Outside of the brain, 

however, there is no BBB and radiolabeled metabolites could potentially enter the tissue 

and contaminate the true radioactivity of the parent compound in tissue. For some 

radioligands this can be solved by introducing an extra tissue compartment in the kinetic 

model to account for the activity concentration of metabolite in tissue. For   Ga-PSMA-

11 the standard irreversible two-tissue compartment model provided excellent fit to the 

data.  

The IDIF produced using the MR-guided method agreed well with the 

AIF, with a mean AUC ratio of 0.84. There are however some limitations to the IDIF 

method that should be considered. As PET was acquired during free breathing and MR 

during breath-hold, there is a possibility that motion could affect the accuracy of the 

IDIF. The vessel mask generated from MR during breath-hold may have been in a 

different orientation and space from the dynamic PET under free breathing, especially in 

the late PET frames. This we accounted for by 1) registering the MR-segmented vessel 

mask to the first 20 s post-injection PET frame, when the vessel activity concentration is 

high, and 2) using the median PET activity in the vessel VOI, instead of the mean PET 

activity, which is more prone to error due to motion. The London, ON, Canada site, 

where the IDIF were calculated, did not have access to   Ga, therefore the PVE and 

spillover correction experiments were performed on the same scanner model as the 

patient study (Biograph mMR), but using   F and   C radioactive solutions. The   Ga 

isotope is a less pure positron emitter than   F and   C, which can contribute to scatter 

and image blurring. Furthermore, in comparison to   F,   Ga is a long-range positron 

emitter, which contributes to loss of spatial resolution, important in partial volume error 

estimation.     The distance traveled by the positron can even be increased in the 
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presence of a magnetic field,     therefore caution should be applied to   Ga IDIF studies 

with small vessel sizes. In our study, the external iliac arteries were relatively large,  -  

mm in diameter, and the effect of using   F and   C instead of   Ga for the corrections 

should have less impact. Despite these limitations, Ki using IDIF showed excellent 

agreement with the Ki using AIF with an ICC of 0.99.  

Although IDIF simplifies the acquisition protocol for quantification 

considerably as compared to blood sampling, for routine clinical analysis there is a need 

for even simpler quantification methods. Here we showed that SUV of all time-windows 

correlated significantly with Ki, with correlation coefficients of 0.88 for Ki (AIF) and 0.90 

for Ki (IDIF) in the late PET scan time-window. These are higher than the correlation 

coefficients of 0.76 for primary and 0.85 for recurrent prostate cancer lesions, reported 

in previous studies.   ,    Again, this might reflect the less accurate PET-derived input 

function as compared to our AIF and MR-derived IDIF. We report significant correlation 

between PSA and SUV (rho=0.6 ), similar to the rho of 0.60 reported by Sachpekidis et 

al.,     but also a significant correlation between PSA and Ki, differently from 

Sachpekidis et al. who did not find a significant correlation between the kinetic 

parameters and PSA. Our data did not, however, present a significant correlation 

between SUV and Gleason score, differently from Sachpekidis’ study, which reported a 

weak but significant correlation (rho=0.33, p<0.05). If we divide our patient cohort into 

high-risk patients  Gleason score ≥ +3  and low-risk patients  Gleason score ≤3+  , 

there is still no significant correlation between SUV and Gleason score. The lack of 

correlation between PET and MR parameters might be due to our small patient sample. 

Unfortunately, we were not able to obtain the radical prostatectomy Gleason scores, as 

not all patients had undergone surgery yet.  

The strong correlation between Ki and SUV demonstrates that SUV 

can be used to quantify   Ga-PSMA-11 uptake in primary prostate cancer patients. A 

previously published study,  3  validating the kinetics of the prostate cancer tracer   F-

Fluorocholine, showed that SUV could not be used to quantify   F-Fluorocholine uptake 

due to poor correlation between SUV and Ki, demonstrating the importance of 

undertaking quantitative studies to validate simplified semi-quantitative methods.  

Interestingly, a comparison of the SUV between time-windows 15-30 

min, 30-  min and 45-  min showed that the strongest correlation between Ki and SUV 

was not seen for the late time-window, which is the one usually studied in previous 

publications and recommended by published guidelines, 3 ,  -    but rather the 30-45min 
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time-window. The analysis of the optimal time-window for medical image reporting 

showed in agreement with the correlation analysis that the lesions close to the bladder 

were more easily outlined in early time frames than in late, mainly due to lower bladder 

activity in early time frames, without impairment of detectability. Earlier scanning should 

also provide a better image signal-to-noise ratio, due to less decay time, and finally it 

would result in a shorter total examination time for the patient. Future studies are 

needed to determine the optimal time-window for image reporting and quantification.  

One of the main limitations of the study is the relatively small number 

of patients, although most published studies on pharmacokinetic modeling using arterial 

blood sampling have been done in small groups of patients due to the invasiveness of 

the method. We were however able to find significant differences between regions and 

time-windows with only 14 patients. The lack of correlation between PET and MR 

parameters might be due to the small patient sample. Another limitation of the study is 

the variation in injected activity, which in most cases was related to delay in the arterial 

puncture procedure or in the setup of the blood sampling device, resulting in decayed 

activity. For some patients, the data were indeed noisy, but it did not affect the 

pharmacokinetic analysis and SUV computations considerably.  
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  CONCLUSIONS 

 

1. The pharmacokinetics of   Ga-PSMA-11 can be described by an 

irreversible two-tissue compartment model. The rate constants K , k3 and Ki were 

significantly larger in lesion in comparison to muscle and normal prostate.   Ga-PSMA-

11 is stable in vivo, which excludes the need for metabolite correction of plasma data; 

2. Standardized uptake value correlated significantly with the net 

influx rate Ki, with the strongest correlation at 30-45 min. Standardized uptake value can 

therefore be used in clinical settings to quantify   Ga-PSMA-11 uptake; 

3. The image-derived blood using a magnetic resonance -guided 

method agreed well with the arterial input function. The net influx rate Ki (Image-derived 

input function) showed excellent agreement with Ki (Arterial input function); 

4. Standardized uptake value and Ki correlated significantly with 

serum prostate-specific antigen and prostate-specific antigen density, but not with 

multiparametric magnetic resonance parameters or histopathological data. 

  



3  

 

  REFERENCES 

 

 

   Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer statistics, 
2012. CA Cancer J Clin. 2015;65(2):87-     
 
   Cuzick J, Thorat MA, Andriole G, Brawley OW, Brown PH, Culig Z, et al. Prevention and early 
detection of prostate cancer. Lancet Oncol. 2014;15(11):e484-    
 
3  Nelson WG, De Marzo AM, Isaacs WB. Prostate cancer. N Engl J Med. 2003;349(4):366-    
 
   Buyyounouski MK, Choyke PL, McKenney JK, Sartor O, Sandler HM, Amin MB, et al. 
Prostate cancer - major changes in the American Joint Committee on Cancer eighth edition 
cancer staging manual. CA Cancer J Clin. 2017;67(3):245- 3  
 
   AJCC Cancer Staging Manual. 8th ed. Amin MB, Edge S, Greene F, Byrd DR, Brookland RK, 
Washington MK, et al., editors. Berlin: Springer International Publishing; 2017. 1032 p. 
 
   Gleason DF, Mellinger GT. Prediction of prognosis for prostatic adenocarcinoma by 
combined histological grading and clinical staging. J Urol. 1974;111   :  -    
 
   Gordetsky J, Epstein J. Grading of prostatic adenocarcinoma: current state and prognostic 
implications. Diagn Pathol. 2016;11:25. 
 
   Catalona WJ, Smith DS, Ratliff TL, Dodds KM, Coplen DE, Yuan JJ, et al. Measurement of 
prostate-specific antigen in serum as a screening test for prostate cancer. N Engl J Med. 
     3      :    -    
 
   Heidenreich A, Bastian PJ, Bellmunt J, Bolla M, Joniau S, van der Kwast T, et al. EAU 
guidelines on prostate cancer. part 1: screening, diagnosis, and local treatment with curative 
intent-update 2013. Eur Urol. 2014;65(1):124-3   
 
    Schimmoller L, Quentin M, Arsov C, Hiester A, Buchbender C, Rabenalt R, et al. MR-
sequences for prostate cancer diagnostics: validation based on the PI-RADS scoring system 
and targeted MR-guided in-bore biopsy. Eur Radiol. 2014;24(10):2582-   
 
    Cuenod CA, Balvay D. Perfusion and vascular permeability: basic concepts and 
measurement in DCE-CT and DCE-MRI. Diagn Interv Imaging. 2013;94(12):1187-     
 
    Wu X, Reinikainen P, Vanhanen A, Kapanen M, Vierikko T, Ryymin P, et al. Correlation 
between apparent diffusion coefficient value on diffusion-weighted MR imaging and Gleason 
score in prostate cancer. Diagn Interv Imaging. 2017;98(1):63-    
 
 3  Weinreb JC, Barentsz JO, Choyke PL, Cornud F, Haider MA, Macura KJ, et al. PI-RADS 
Prostate Imaging - Reporting and Data System: 2015, Version 2. Eur Urol. 2016;69(1):16-    
 
    Jones T, Townsend D. History and future technical innovation in positron emission 
tomography. Journal of medical imaging (Bellingham, Wash). 2017;4(1):011013. 
 
    Badawi RD, Shi H, Hu P, Chen S, Xu T, Price PM, et al. First Human Imaging Studies with 
the EXPLORER Total-Body PET Scanner. J Nucl Med. 2019;60(3):299-3 3  
 



3  

 

    Ziegler SI. Positron emission tomography: Principles, technology, and recent developments. 
Nucl Phys A. 2005;752:679c-87c. 
 
    van der Vos CS, Koopman D, Rijnsdorp S, Arends AJ, Boellaard R, van Dalen JA, et al. 
Quantification, improvement, and harmonization of small lesion detection with state-of-the-art 
PET. Eur J Nucl Med Mol Imaging. 2017;44(Suppl 1):4-    
 
    Souvatzoglou M, Eiber M, Martinez-Moeller A, Furst S, Holzapfel K, Maurer T, et al. 
PET/MR in prostate cancer: technical aspects and potential diagnostic value. Eur J Nucl Med 
Mol Imaging. 2013;40 Suppl 1:S79-    
 
    Price DT, Coleman RE, Liao RP, Robertson CN, Polascik TJ, DeGrado TR. Comparison of 
[18 F]fluorocholine and [18 F]fluorodeoxyglucose for positron emission tomography of androgen 
dependent and androgen independent prostate cancer. J Urol. 2002;168(1):273-    
 
    Brogsitter C, Zophel K, Kotzerke J. 18F-Choline, 11C-choline and 11C-acetate PET/CT: 
comparative analysis for imaging prostate cancer patients. Eur J Nucl Med Mol Imaging. 
2013;40 Suppl 1:S18-    
 
    Husarik DB, Miralbell R, Dubs M, John H, Giger OT, Gelet A, et al. Evaluation of [(18)F]-
choline PET/CT for staging and restaging of prostate cancer. Eur J Nucl Med Mol Imaging. 
     3    :  3- 3  
 
    Schwarzenbock S, Souvatzoglou M, Krause BJ. Choline PET and PET/CT in Primary 
Diagnosis and Staging of Prostate Cancer. Theranostics. 2012;2(3):318-3   
 
 3  Evans MJ, Smith-Jones PM, Wongvipat J, Navarro V, Kim S, Bander NH, et al. Noninvasive 
measurement of androgen receptor signaling with a positron-emitting radiopharmaceutical that 
targets prostate-specific membrane antigen. Proc Natl Acad Sci U S A. 2011;108(23):9578-    
 
    Su SL, Huang IP, Fair WR, Powell CT, Heston WD. Alternatively spliced variants of 
prostate-specific membrane antigen RNA: ratio of expression as a potential measurement of 
progression. Cancer Res. 1995;55(7):1441-3  
 
    Schulke N, Varlamova OA, Donovan GP, Ma D, Gardner JP, Morrissey DM, et al. The 
homodimer of prostate-specific membrane antigen is a functional target for cancer therapy. Proc 
Natl Acad Sci U S A. 2003;100(22):12590-   
 
    Ghosh A, Heston WD. Tumor target prostate specific membrane antigen (PSMA) and its 
regulation in prostate cancer. J Cell Biochem. 2004;91(3):528-3   
 
    Maurer T, Eiber M, Schwaiger M, Gschwend JE. Current use of PSMA-PET in prostate 
cancer management. Nat Rev Urol. 2016;13(4):226-3   
 
    Kularatne SA, Zhou Z, Yang J, Post CB, Low PS. Design, synthesis, and preclinical 
evaluation of prostate-specific membrane antigen targeted (99m)Tc-radioimaging agents. Mol 
Pharm. 2      3 :   -     
 
    Eder M, Neels O, Muller M, Bauder-Wust U, Remde Y, Schafer M, et al. Novel Preclinical 
and Radiopharmaceutical Aspects of [68Ga]Ga-PSMA-HBED-CC: A New PET Tracer for 
Imaging of Prostate Cancer. Pharmaceuticals (Basel). 2014;7(7):779-    
 
3   Eder M, Schafer M, Bauder-Wust U, Hull WE, Wangler C, Mier W, et al. 68Ga-complex 
lipophilicity and the targeting property of a urea-based PSMA inhibitor for PET imaging. 
Bioconjug Chem. 2012;23(4):688-    



   

 

 
3   Kirchner J, Schaarschmidt BM, Sawicki LM, Heusch P, Hautzel H, Ermert J, et al. 
Evaluation of Practical Interpretation Hurdles in 68Ga-PSMA PET/CT in 55 Patients: 
Physiological Tracer Distribution and Incidental Tracer Uptake. Clin Nucl Med. 2017;42(7):e322-
e7. 
 
3   Sheikhbahaei S, Afshar-Oromieh A, Eiber M, Solnes LB, Javadi MS, Ross AE, et al. Pearls 
and pitfalls in clinical interpretation of prostate-specific membrane antigen (PSMA)-targeted PET 
imaging. Eur J Nucl Med Mol Imaging. 2017;44(12):2117-3   
 
33  Backhaus P, Noto B, Avramovic N, Grubert LS, Huss S, Bogemann M, et al. Targeting 
PSMA by radioligands in non-prostate disease-current status and future perspectives. Eur J 
Nucl Med Mol Imaging. 2018;45(5):860-    
 
3   Afshar-Oromieh A, Malcher A, Eder M, Eisenhut M, Linhart HG, Hadaschik BA, et al. PET 
imaging with a [68Ga]gallium-labelled PSMA ligand for the diagnosis of prostate cancer: 
biodistribution in humans and first evaluation of tumour lesions. Eur J Nucl Med Mol Imaging. 
   3      :   -    
 
3   Eiber M, Nekolla SG, Maurer T, Weirich G, Wester HJ, Schwaiger M. (68)Ga-PSMA 
PET/MR with multimodality image analysis for primary prostate cancer. Abdom Imaging. 
          :    -    
 
3   Eiber M, Weirich G, Holzapfel K, Souvatzoglou M, Haller B, Rauscher I, et al. Simultaneous 
(68)Ga-PSMA HBED-CC PET/MRI Improves the Localization of Primary Prostate Cancer. Eur 
Urol. 2016;70(5):829-3   
 
3   Ceci F, Uprimny C, Nilica B, Geraldo L, Kendler D, Kroiss A, et al. (68)Ga-PSMA PET/CT 
for restaging recurrent prostate cancer: which factors are associated with PET/CT detection 
rate? Eur J Nucl Med Mol Imaging. 2015;42(8):1284-    
 
3   Afshar-Oromieh A, Haberkorn U, Schlemmer HP, Fenchel M, Eder M, Eisenhut M, et al. 
Comparison of PET/CT and PET/MRI hybrid systems using a 68Ga-labelled PSMA ligand for 
the diagnosis of recurrent prostate cancer: initial experience. Eur J Nucl Med Mol Imaging. 
          :   -    
 
3   Freitag MT, Radtke JP, Hadaschik BA, Kopp-Schneider A, Eder M, Kopka K, et al. 
Comparison of hybrid (68)Ga-PSMA PET/MRI and (68)Ga-PSMA PET/CT in the evaluation of 
lymph node and bone metastases of prostate cancer. Eur J Nucl Med Mol Imaging. 
      3   :  - 3  
 
    Jena A, Taneja R, Taneja S, Singh A, Kumar V, Agarwal A, et al. Improving Diagnosis of 
Primary Prostate Cancer With Combined (68)Ga-Prostate-Specific Membrane Antigen-HBED-
CC Simultaneous PET and Multiparametric MRI and Clinical Parameters. AJR Am J 
Roentgenol. 2018;211(6):1246- 3  
 
    Lutje S, Cohnen J, Gomez B, Gruneisen J, Sawicki L, Rubben H, et al. Integrated (68)Ga-
HBED-CC-PSMA-PET/MRI in patients with suspected recurrent prostate cancer. 
Nuklearmedizin. 2017;56(3):73-    
 
    Hicks RM, Simko JP, Westphalen AC, Nguyen HG, Greene KL, Zhang L, et al. Diagnostic 
Accuracy of (68)Ga-PSMA-11 PET/MRI Compared with Multiparametric MRI in the Detection of 
Prostate Cancer. Radiology. 2018;289(3):730-   
 



   

 

 3  Kabasakal L, Demirci E, Ocak M, Akyel R, Nematyazar J, Aygun A, et al. Evaluation of 
PSMA PET/CT imaging using a 68Ga-HBED-CC ligand in patients with prostate cancer and the 
value of early pelvic imaging. Nucl Med Commun. 2015;36(6):582-   
 
    Eiber M, Takei T, Souvatzoglou M, Mayerhoefer ME, Furst S, Gaertner FC, et al. 
Performance of whole-body integrated 18F-FDG PET/MR in comparison to PET/CT for 
evaluation of malignant bone lesions. J Nucl Med. 2014;55(2):191-   
 
    Maurer T, Beer AJ, Wester HJ, Kubler H, Schwaiger M, Eiber M. Positron emission 
tomography/magnetic resonance imaging with 68Gallium-labeled ligand of prostate-specific 
membrane antigen: promising novel option in prostate cancer imaging? Int J Urol. 
           :    -   
 
    Afshar-Oromieh A, Haberkorn U, Hadaschik B, Habl G, Eder M, Eisenhut M, et al. PET/MRI 
with a 68Ga-PSMA ligand for the detection of prostate cancer. Eur J Nucl Med Mol Imaging. 
   3       :    -3   
 
    Afshar-Oromieh A, Avtzi E, Giesel FL, Holland-Letz T, Linhart HG, Eder M, et al. The 
diagnostic value of PET/CT imaging with the (68)Ga-labelled PSMA ligand HBED-CC in the 
diagnosis of recurrent prostate cancer. Eur J Nucl Med Mol Imaging. 2015;42(2):1  -     
 
    Afshar-Oromieh A, Zechmann CM, Malcher A, Eder M, Eisenhut M, Linhart HG, et al. 
Comparison of PET imaging with a (68)Ga-labelled PSMA ligand and (18)F-choline-based 
PET/CT for the diagnosis of recurrent prostate cancer. Eur J Nucl Med Mol Imaging. 
          :  -    
 
    Tomasi G, Turkheimer F, Aboagye E. Importance of quantification for the analysis of PET 
data in oncology: review of current methods and trends for the future. Mol Imaging Biol. 
          : 3 -    
 
    Ringheim A, Campos Neto GC, Martins KM, Vitor T, da Cunha ML, Baroni RH. 
Reproducibility of standardized uptake values of same-day randomized (68)Ga-PSMA-11 
PET/CT and PET/MR scans in recurrent prostate cancer patients. Annals of nuclear medicine. 
     3    :  3-3   
 
    Logan J. Graphical analysis of PET data applied to reversible and irreversible tracers. 
Nuclear medicine and biology. 2000;27(7):661-    
 
    Patlak CS, Blasberg RG, Fenstermacher JD. Graphical evaluation of blood-to-brain transfer 
constants from multiple-time uptake data. J Cereb Blood Flow Metab. 1983;3(1):1-   
 
 3  Verwer EE, Oprea-Lager DE, van den Eertwegh AJ, van Moorselaar RJ, Windhorst AD, 
Schwarte LA, et al. Quantification of 18F-fluorocholine kinetics in patients with prostate cancer. 
J Nucl Med. 2015;56(3):3  -    
 
    Pawelke B. Metabolite analysis in positron emission tomography studies: examples from 
food sciences. Amino Acids. 2005;29(4):377-    
 
    Oertel BG, Vermehren J, Zimmermann M, Huynh TT, Doehring A, Ferreiros N, et al. 
Necessity and risks of arterial blood sampling in healthy volunteer studies. Clin Pharmacokinet. 
           :   -3   
 
    Feng ST, Cui M, Gao J, Wu B, Sha W, Huang B. Image-derived arterial input function in 
dynamic positron emission tomography-computed tomography: a method using both positron 



   

 

emission tomographic and computed tomographic images. Journal of computer assisted 
tomography. 2012;36(6):762-   
 
    Anazodo U, Kewin M, Finger E, Thiessen J, Hadway J, Butler J, et al. Preliminary evaluation 
of MRI-derived input function for quantitative measurement of glucose metabolism in an 
integrated PET-MRI. EJNMMI Phys. 2015;2(Suppl 1):A80. 
 
    Pfob CH, Ziegler S, Graner FP, Kohner M, Schachoff S, Blechert B, et al. Biodistribution and 
radiation dosimetry of (68)Ga-PSMA HBED CC-a PSMA specific probe for PET imaging of 
prostate cancer. Eur J Nucl Med Mol Imaging. 2016;43(11):1962-    
 
    Sachpekidis C, Eder M, Kopka K, Mier W, Hadaschik BA, Haberkorn U, et al. (68)Ga-
PSMA-11 dynamic PET/CT imaging in biochemical relapse of prostate cancer. Eur J Nucl Med 
Mol Imaging. 2016;43(7):1288-    
 
    Sachpekidis C, Kopka K, Eder M, Hadaschik BA, Freitag MT, Pan L, et al. 68Ga-PSMA-11 
Dynamic PET/CT Imaging in Primary Prostate Cancer. Clin Nucl Med. 2016;41(11):e473-e9. 
 
    Afshar-Oromieh A, Hetzheim H, Kubler W, Kratochwil C, Giesel FL, Hope TA, et al. 
Radiation dosimetry of (68)Ga-PSMA-11 (HBED-CC) and preliminary evaluation of optimal 
imaging timing. Eur J Nucl Med Mol Imaging. 2016;43(9):1611-    
 
    Fendler WP, Eiber M, Beheshti M, Bomanji J, Ceci F, Cho S, et al. (68)Ga-PSMA PET/CT: 
Joint EANM and SNMMI procedure guideline for prostate cancer imaging: version 1.0. Eur J 
Nucl Med Mol Imaging. 2017;44(6):1014-    
 
 3  Croteau E, Lavallee E, Labbe SM, Hubert L, Pifferi F, Rousseau JA, et al. Image-derived 
input function in dynamic human PET/CT: methodology and validation with 11C-acetate and 
18F-fluorothioheptadecanoic acid in muscle and 18F-fluorodeoxyglucose in brain. Eur J Nucl 
Med Mol Imaging. 2010;37(8):1539-    
 
    Lammertsma AA, Bench CJ, Hume SP, Osman S, Gunn K, Brooks DJ, et al. Comparison of 
methods for analysis of clinical [11C]raclopride studies. J Cereb Blood Flow Metab. 
          :  -    
 
    Akaike H. A new look at the statistical model identification. IEEE Transactions on Automatic 
Control. 1974;19(6):716- 3  
 
    Golla SSV, Adriaanse SM, Yaqub M, Windhorst AD, Lammertsma AA, van Berckel BNM, et 
al. Model selection criteria for dynamic brain PET studies. EJNMMI Phys. 2017;4(1):30. 
 
    R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R 
Foundation for Statistical Computing; 2017. 
 
    Revelle W. psych: Procedures for Personality and Psychological Research. 1.7.8 ed. 
Evanston, Illinois, USA: Northwestern University; 2017. 
 
    Lehnert B. BlandAltmanLeh: Plots (Slightly Extended) Bland-Altman Plots. R package 
version 0.3.1 ed2015. 
 
    Ringheim A, Campos Neto GC, Anazodo UC, Cui L, Cunha ML da, Vitor T, et al. 
Pharmacokinetic modeling of 68Ga-PSMA-11 in primary prostate cancer patients [Internet]. 
figshare; 2019 [cited 2019 Dec 13]. Available from: 
https://figshare.com/articles/Pharmacokinetic_modeling_of_68Ga_PSMA-
11_in_primary_prostate_cancer_patients/10265825/2 



 3 

 

 
    Luczynska E, Aniol J. Neoangiogenesis in prostate cancer. Contemporary oncology 
(Poznan, Poland). 2013;17(3):229-33  
 
    Tau N, Berlin A, Yeung I, Halankar J, Murphy G, Jhaveri KS, et al. Quantitative assessment 
of dynamic (18)F-flumethycholine PET and dynamic contrast enhanced MRI in high risk prostate 
cancer. The British journal of radiology. 2019;92(1094):20180568. 
 
 3  Types of blood tests [Internet]. Bethesda: National Heart, Lung, and Blood Institute; [s.d.] 
[cited 2019 Nov 31]. Available from: http://www.nhlbi.nih.gov/health/health-
topics/topics/bdt/types 
 
    Syvanen S, Eriksson J. Advances in PET imaging of P-glycoprotein function at the blood-
brain barrier. ACS chemical neuroscience. 2013;4(2):225-3   
 
    Conti M, Eriksson L. Physics of pure and non-pure positron emitters for PET: a review and a 
discussion. EJNMMI Phys. 20   3   :   

 
 



 

 

Resumo 

 

Introdução: A tomografia por emissão de pósitrons com o radiofármaco Glu-NH-CO-

NH-Lys(Ahx)-HBED-CC marcado com   Ga (PSMA-  -  Ga), direcionada ao antígeno 

de membrana prostático específico tem demonstrado grande potencial para detecção e 

estadiamento do câncer de próstata. Objetivos: Quantificar a captação do PSMA-  -

  Ga com modelagem farmacocinética e verificar métodos simplificados de 

quantificação. Métodos: Quinze pacientes com câncer de próstata foram submetidos à 

tomografia por emissão de pósitrons/ressonância magnética com PSMA-  -  Ga. 

Foram adquiridas imagens dinâmicas da região pélvica durante 60 minutos 

imediatamente após a administração do radiofármaco. Imagens de T1 Dixon, T2 e de 

difusão por ressonância magnética foram adquiridas simultaneamente. A atividade no 

sangue arterial foi medida com um contador automático e amostras de sangue arterial 

foram coletadas manualmente para corrigir a curva pela razão plasma/sangue total e 

análise metabólica. Curvas dinâmicas de volumes de interesse em lesões, próstata 

normal e músculo foram geradas e os valores padronizados de captação foram 

calculados. A farmacocinética do PSMA-  -  Ga foi avaliada por modelos 

compartimentais. Curvas de sangue derivadas da imagem utilizando um método 

baseado na ressonância magnética foram geradas e avaliadas como uma alternativa à 

coleta de sangue. As constantes do modelo cinético foram correlacionadas com valores 

padronizados de captação e com dados do paciente e da ressonância magnética. 

Resultados: Foram identificadas 18 lesões na tomografia por emissão de 

pósitrons/ressonância magnética. PSMA-  -  Ga mostrou-se estável in vivo, não 

requerendo correção por metabolismo. A cinética pode ser descrita por um modelo 

irreversível de dois compartimentos de tecido. As constantes cinéticas K  e k3 e a 

constante de fluxo total de entrada Ki foram maiores nas lesões do que no tecido 

normal (p<0.05). Ki calculada usando sangue arterial e sangue derivado da imagem 

mostraram excelente concordância com coeficiente de correlação intraclasse de 0.99. 

Ki mostrou uma correlação mais forte com valores padronizados de captação do tempo 

de exame 30-  min (rho 0.95, p<0,      Ki e os valores padronizados de captação 

mostraram correlação significativa com antígeno prostático específico e com a 

densidade do antígeno prostático específico. Conclusões: A cinética do PSMA-  -

  Ga pode ser descrita por um modelo irreversível de dois compartimentos de tecido. A 

curva de sangue derivada da imagem pode ser utilizada como uma alternativa à coleta 



 

 

de sangue. Os valores padronizados de captação apresentaram uma correlação 

significativa com Ki e podem ser usados na prática clínica para quantificar a captação 

do PSMA-  -  Ga. 

 

Descritores: Neoplasias da próstata; Tomografia por emissão de pósitrons; Imagem 

por ressonância magnética; Farmacocinética 

 

  



 

 

Appendices 

 

Appendix 1. Equipment used in the study 

 

 
Left: Automatic module for production and radiolabeling of 

  
Ga-PSMA-11. Right: 

  
Ge/

  
Ga generator 

for 
  

Ga elution.  

 

 
Left: PET/MR scanning and simultaneous arterial blood sampling. Right: Automatic blood sampling 
device for online measurement of activity in arterial blood. 

 



 

 

 
Arterial blood sampling setup using the twilite detector (Swisstrace) 

 

 
Left: Single-sample well counter (HIDEX) for measurement of activity in whole blood and plasma. 
Right: Centrifugation of manual blood samples to separate plasma.  

 



 

 

 
UHPLC (Agilent) analysis and collection of aliquots for subsequent 
measurement in the gamma counter 
 
 

  



 

 

Appendix 2. Image-derived input function 

 

 
Segmentation of both external iliac arteries visible on Dixon MR image. 

 

 
Co-registered vessel mask on PET image (red), where the VOI used to derive the IDIF is 
marked in green.  

  



 

 

Appendix 3. Compartment model equations 

 

Irreversible one-tissue compartment model (1T1k): 

 

      

  
         

 

Reversible one-tissue compartment model (1T2k): 

      

  
                 

 

Irreversible two-tissue compartment model (2T3k): 

      

  
                         

      

  
         

 

Reversible two-tissue compartment model (2T4k): 

      

  
                                 

      

  
                 

 

Total tissue concentration as a function of time: 

                   

 

VOI activity, corrected for the fractional blood volume in tissue VB: 

                              

 

 


