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ABSTRACT 
Introduction 
PET scanners are growing as an imaging modality in health sciences. PET scanners 

use radioactive pharmaceuticals called tracers. These pharmaceuticals are unique 

due to the inclusion of a radioactive nuclide. These tracers need to abide to 

pharmaceutical quality standards but due to their nature have some exceptions. Many 

tracers are new and therefore are not documented yet in international pharmaceutical 

quality documents. This makes the implementation of tracers often a cumbersome 

task. 

 

Objectives  
To make the process of implementing a tracer easier and more straightforward by 

making an implementation system for future use. To do this an implementation of a 

radiotracer, PSMA-1007, will be conducted prior to making the system. 

 

Methods 
There was a lack of a PSMA-1007 monograph, so a literature review was conducted. 

It provided the information need for the quality control of the tracer. All further 

information for the tracer, such as materials and validations for analytical methods, 

were also found during the literature review and added to tables designed for this 

purpose. Using the information gathered for PSMA-1007, a system was built to be a 

generic implementation method for the hospital. A standard operating procedure was 

modelled after a flowchart made during the literature review. 

 

Results  
The literature review alone, is not enough. At a certain point all available information 

has been gathered and the rest needs to be done by personnel. An operating 

procedure was made and accepted, for future generic implementations.  

 

Conclusions 
The standard operating procedure for implementations should shorten the time spent 

on implementations and should make the procedure concrete and straight forward. 

However, it is a dynamic document and will need to be maintained and further 

developed.  



 

ÁGRIP 
Inngangur 
Jáeindaskannar eru myndgreiningaraðferð sem er notuð í auknum mæli í 

heilbrigðisvísindum í dag. Jáeindaskannar eru teknir með aðstoð geilsavirkra lyfja sem 

kallaðir eru merkiefni. Það sem einkennir þessi lyf er að geislavirkt frumefni er hengt 

á þau í framleiðslu. Þessi merkiefni þurfa að lúta sömu gæðakröfum og venjuleg lyf en 

vegna eðlis þeirra eru undantekningar á þeim. Merkiefni eru mörg hver ný og skortir 

því samantekt einkenna þeirra og gæðastaðla í alþjóðlegum lyfjabókum. Þetta getur 

gert innleiðslu á merkiefnum að fyrirferðamiklu verkefni. 

 

Markmið 
Að gera innleiðslukerfi til að auðvelda og stytta ferlið við að innleiða nýtt merkiefni. 

Innleiðslukerfið verður byggt á innleiðslu merkiefnis, PSMA-1007, sem verður 

framkvæmd á undan. 

 

Aðferðir 
Þar sem PSMA-1007 skortir samantekt í lyfjabókum var framkvæmd gagnasöfnun til 

að mynda gæðakerfi fyrir merkiefnið. Öllum gögnum um gæðakerfi fyrir PSMA-1007 

var safnað í þartilgerðar töflur. Gagnasöfnunin var síðan nýtt sem grunnur að 

innleiðingarkerfi fyrir myndefni almennt. Stöðluð verklagsregla var samin út frá 

gagnasöfnuninni og töflum sem gerðar voru fyrir hana.   

 

Niðurstöður 
Gagnasöfnunin ein og sér gaf ekki allar nauðsynlegar upplýsingar til að byggja 

gæðakerfi PSMA-1007 á. Á ákveðnum tímapunkti eru allar fáanlegar upplýsingar 

fundnar og þá tók starfsfólk deildarinnar við. Staðlaða verklagsreglan fyrir komandi 

merkiefni var kláruð og samþykkt. 

 

Ályktanir 
Verklagsreglan ætti að stytta innleiðslutíma myndefna og auðvelda ferlið fyrir 

starfsfólk. En skjalið mun þurfa að taka breytingum og aðlagast þróunum sem verða á 

geislalyfjum í komandi framtíð.  

 



 

ABBREVIATIONS 
 

BRCA   Breast cancer gene 

CFU   Colony forming unit 

CT   Computed tomography  

DRE   Digital rectal exam 

FDG   Fluorodeoxyglucose  

GMP    Good manufacturing practices 

GRPP   Good radiopharmaceutical practices 

HPLC   High performance Liquid Chromatography  

ICH International Council of Harmonization of Technical 

Requirements for Pharmaceuticals    

MRI   Magnetic resonance image 

LOR   Line of response 

LSH   Landspítali Hospital 

PET    Positron emission tomography 

Ph. Eur.  Pharmacopoeia Europaea 

PSA   Prostate specific antigen  

PSMA   Prostate specific membrane antigen 

QC   Quality Control 

SAL   Sterility assurance level  

SPECT   Single photon emission computed tomography 

SOP   Standard operating procedure  

TLC   Thin Layer Chromatography  
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1. Introduction 
 

1.1 Positron Emission Tomography Scanners 
 

1.1.1 History of the Positron Emission Tomography Scanner 
 

 

Molecular imaging is a widely used detection method in health sciences today. 

Positron emission tomography, PET, is a molecular imaging method that is based on 

radionuclide decay. PET scanners, along with SPECT scanners, single-photon 

emission computed tomography, are a part of nuclear medicine and are used in 

molecular imaging. They use radioactive materials to aid in the diagnosing of a disease 

and provide an understanding of diseases on a molecular level. PET scanners 

produce an image of the human body, its homeostatic systems and possible diseases 

within the human body. It is a growing clinical modality today. (Vallabhajosula, 2009)  

 

 

The world of nuclear medicine has been around for a long time. It can be traced 

back many years. The first medical use of positron emitting nuclides is reported in 

1951. To this day the use of positron emitting nuclides has evolved into the modern-

day positron emitting tomography scanner, PET, that is still undergoing advancements 

every year. The first published PET scan in humans was taken in 1974 by Phelps and 

Hoffman. This was a brain scan using 11C labelled glucose as a tracer. A year later 

the company started making commercial PET scanners. The field of PET grew and 

evolved. A big step in the availability of PET was the invention of the mini cyclotrons 

in 1984. They made PET scanners available to labs and hospitals around the world. 

(Nutt, 2002) Even though the PET scanners were invented almost 50 years ago, most 

of the progress made for modern molecular imaging has been done in the 21st century. 

(Slomka, Pan, & Germano, 2016)  
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1.1.2 The Function of PET Scanners   
 

PET scanners use nuclear decay for imaging. The patient is injected with a 

radiotracer, a compound designed for the desired detection that has a radioactive 

nuclide. The radionuclide must decay by positron emission to be utilized in a PET 

radiotracer. See table 1 for a list of common positron-emitting radionuclides and their 

half-life. The compound to which the radionuclide is attached is chosen for its 

pharmacological properties. The target for the PET image determines the desired 

properties of the compound. The addition of a radionuclide usually does not interfere 

with the compound’s chemical properties. The compound will travel to its target and 

interact with it as it would normally. The radionuclide used is chosen because of 

availability, its half-life and its decay. The half-life of the nuclide is important to consider 

in light of the target tissue and the time it takes for the compound to concentrate there. 

(Wadsak & Mitterhauser, 2010) 

 

 

Table 1: A list of commonly used radionuclides in PET radiotracers and their 
half-life. The half-life is the amount of time it takes for half of the radionuclides to 

decay. This information is from Wadsak & Mitterhauser 
Table 1: A list of commonly used radionuclides in PET radiotracers and their half-life 

Radionuclide Half-life [min] 
18F 110 
11C 20 
13N 10 
15O 2 

68Ga 68 

 

 

 

 



 

 3 

During the decay of the radionuclide, a positron is released. It will travel a short 

distance in tissue until it meets an electron. An annihilation between the positron and 

electron happens, releasing two photons simultaneously as shown in figure 1.  

 

 

The process which takes place during the emission of a positron in the case of 18F and 

the consecutive formation of two photons: 

 

𝐹"#$ → 𝑂$#$ + 𝑒) 

𝑒) + 𝑒* → 2𝛾	 

 

These photons have an exact energy of 511 kiloelectron Volts, keV. They will 

travel in the opposite directions, nearly 180° apart. The PET scanner is equipped with 

a detector made of scintillation crystals coupled to photomultiplier tubes. The photons 

are detected by the PET scanner and the process of determining the origin of the 

decay starts. The line of response, LOR, is drawn from two photons detected at the 

right angle apart at the same time, with in the coincidence time window, to determine 

the origin of the annihilation that produced those two photons, see figure 1.  

(Zanzonico, 2004) 
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Figure 1: An illustration of the detection of the photons and the drawing of the LOR 

Figure 1: An illustration of the detection of the photons and the drawing of the 
LOR. The LOR allows for a calculation of the origin point of the annihilation. The figure 

is from van der Veldt, Smit, & Lammertsma, 2013 

 

The LOR is calculated for all the photons that qualify as true events. The data 

is corrected for random events, scatter and more when collected and processed into 

the final image. The image from a PET scanner shows the activity sites for the 

radiotracer. For more clinical relevance the PET image is often merged with a 

structural image, such as an x-ray or a computed tomography scan, CT scan. This 

provides an image that shows the anatomy behind the activity site. Many of the 

modern PET scanners are PET/CT scanners that produce both images needed for the 

final image simultaneously. As seen in figure 2, the combined figure from both image 

modalities shows the activity at certain areas in the brain. (Lameka, Farwell, & Ichise, 

2016) 
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Figure 2: A diagram of the Merging of a PET and a CT scanner into a PET/CT 

Figure 2: A diagram of the merging of a PET and a CT scan into a PET/CT. This 

is a PET/CT scanner that provides both images needed for the final image. This figure 

is from Lameka, Farwell, & Ichise. 
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1.2 Prostate Cancer 
 

1.2.1 Properties of Prostate Cancer 
 

Prostate cancer is one of the four most common cancers in men. In the year 

2018 it accounted for 1 out of every 5 new cancer diagnosis in the United States. It is 

also the second deadliest cancer in men, accounting for 9% of deaths, with the 

deadliest cancer being lung and bronchus at 26% of deaths. (Siegel, Miller, & Jemal, 

2018) Prostate cancer is most deadly when it has started to metastasize and taken 

growth in other tissues. While still localized it is more treatable and detectable. (Wang, 

Zhao, Spring, & DePinho, 2018) Prostate cancer cells express an abnormal amount 

of an antigen called Prostate-specific antigen, PSA. PSA is secreted in normal healthy 

prostate tissue to the seminal fluid in less amount. (Patil & Gaitonde, 2016) PSA is 

also expressed by prostate cancer cells as a membrane bound antigen called 

Prostate-specific membrane antigen, PSMA. The expression of PSMA is extremely 

low by other tissues which makes it a good candidate for a radiotracer target. After 

binding to an antibody or a small molecule, the PSMA initiates internalization of the 

ligand. This makes the PSMA also a good candidate for a target for radiotherapeutics. 

The internalization will increase the resolution of a scanner with a radiotracer because 

it leaves less for background noise due to retention in the tumor. (Haberkorn, Eder, 

Kopka, Babich, & Eisenhut, 2016) What makes the PSMA even more promising for 

PET diagnostics is that it is also expressed on the membrane of metastatic sites, 

rendering them diagnosable during a scanner. (Maurer, Eiber, Schwaiger, & 

Gschwend, 2016) 
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Figure 3: PSMA internalization of an antibody, A, and a small molecule, B. 

 
Figure 3: PSMA internalization of an antibody, A and a small molecule, B. This 

provides more options for both diagnostic and therapeutic purposes in prostate 

cancer. In both cases a radionuclide can be transported into the cytoplasm of the 

tumor cell, as illustrated. Figure from Haberkorn et al., 2016 
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1.2.2 Diagnostics of Prostate Cancer 
 

Prostate cancer does not express any early detectable symptoms so 

screenings after the age of fifty in males are the main form of early detection. The 

screening starts after the man has reached fifty years of age or earlier if there is a 

family history that indicates greater risk, such as the BRCA genes.(Cavanagh & 

Rogers, 2015; Nguyen-Nielsen & Borre, 2016)  

 

 

The diagnostic methods used in early screening are digital rectal exam, DRE, 

and a PSA serum test. Abnormalities found in the DRE account for prostate cancer in 

18% cases in Denmark. The PSA is a very contradicted method of diagnosing prostate 

cancer. There are no harmonized values for the normal range. But the PSA is still used 

both to predict prostate cancer and to monitor the cancer progression and drug 

response. In both cases of positive abnormalities, the main diagnostic method to 

confirm prostate cancer is by prostate biopsy. The biopsy is performed and in case of 

continued suspicion of prostate cancer after a negative biopsy, other biopsies are 

performed at different sites of the prostate. (Nguyen-Nielsen & Borre, 2016; Patil & 

Gaitonde, 2016) A biopsy is a surgery procedure that is considered relatively safe, but 

with all surgeries there is a certain risk. Hospitalization is more common in biopsy 

patients, 6,9%, compared to control, 2,7%, in a study comparing the two. After 

adjustments the incidents of hospitalizations after biopsy of the prostate were almost 

2,7 fold. (Loeb Stacy, Carter H. Ballentine, Berndt Sonja I., Ricker Winnie, & Schaeffer 

Edward M., 2011) This is also not regarding all the cases where a biopsy is performed 

to find a non-threatening benign growth at risk to the patient. However, the trend for 

many years has been towards more selective and a more personalized diagnostic. (A 

& C, 2012) 

 

 

 

 

 



 

 9 

1.2.3 Comparison of Diagnostic Methods 
 

Due to the risks that follow a biopsy, developing new detection methods could 

be beneficial, and the current trends in health sciences today point towards less 

invasive specific screenings. With the growing use of nuclear medicine as a clinical 

diagnostic tool, new detection methods for prostate cancer are being utilized that are 

more specific. Radiopharmaceuticals are used in miniscule amounts compared to 

normal pharmaceuticals. They do not require a large dose to be able to provide the 

results. This lowers the chance of an adverse reaction. It is also notable that many 

radiotracers have a natural human analog in the blood stream to begin with or are so 

similar to a human analog in other tissues that the body does not react to them. 

Reports of adverse reactions following radiopharmaceutical injections are extremely 

rare. (Silberstein, 2001) And in the cases where adverse reactions, mild or severe, 

have been reported, they are accounted to the ligand connected to the radionuclide of 

allergenic nature. (Mettler & Guiberteau, 2012)  

 

The relatively non-adverse reacting nature of PET scanners combined with 

their precision and quantitative properties needs to be considered when deciding the 

need for a biopsy. Many unnecessary biopsies are performed a year on men that have 

a benign growth or a neutral and localized tumor. The biopsy can be a burden on the 

men, due to comorbidities and infections and could be avoided with a confirmatory 

molecular image, such as an MRI or with these new radiotracers in a PET scanner. 

They can also be used in the evaluation of re-biopsy after an initial negative one. (N. 

Mottet et al., 2019) 
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1.3. Radiopharmaceutical Production 
 

1.3.1 Cyclotron Production 
 

Radionuclides are essential to PET scanners. Radionuclides also decay, often 

quickly, the radiopharmaceutical therefore has a short shelf-life. That can prove a 

limitation in the transportation of radiopharmaceuticals. Many radiopharmaceuticals 

therefore are bound to on-site productions. This means the radionuclide must be 

available for production of the radiopharmaceutical. (Vallabhajosula, 2009) 

 

Producing a radionuclide can be done in different ways depending on the 

materials available on hand and the desired radionuclide. Production methods include 

a cyclotron, a generator with a parent compound, fission and neutron activation. A 

cyclotron is very common in hospital settings since it can offer a production of a variety 

of radionuclides that can useful in nuclear medicine. (Currie, Wheat, Davidson, & Kiat, 

2011) 
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Figure 4: A schematic review of a cyclotron 

Figure 4: A schematic review of a cyclotron. The pathway of the charged particle 

is shown in between the electromagnets. The target is out of the electromagnetic part 

of the cyclotron. The charged particle will accelerate by travelling in circles in the 

electromagnetic fields until it reaches the end and bombards the target. (El-Saftawy, 

2013) 
 

 

A cyclotron produces a radionuclide by bombarding a stable nuclide with a 

charged particle. The charged particle is determined by the final product of the process 

and its characteristics. It can be a proton, a deuteron or even an alpha particle. A 

cyclotron is an accelerator for the particles. After the acceleration of the particle it 

collides with the stable nuclide, seen in figure 4. This forms the radionuclide that holds 

now the charged particle in its nucleus. When the charged particle is forced into the 

nucleus of the stable nuclide a particle must leave it in return. A neutron or an alpha 

particle leave in exchange. (Khan, Kanwal, & Rozeen, 2017; Qaim, 2017) 
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1.3.1.1 Production of Halogen Nuclides 
 

The 18F is the most commonly used radioisotope in PET. This is partly because 

it has low β+ energy when compared to other isotopes used for PET scanners. This 

will give the PET scanner higher resolution which gives more specificity. The 18F is 

also used for its half-life, of about 110 minutes. This allows for imaging of slow 

homeostatic systems and slow pharma- and metabolic kinetics. 18F can be readily 

produced on site in a cyclotron in a hospital setting. (Hess et al., 2001) 

 

The 18F radionuclide is produced by this nuclear reaction: 

𝑂$#$ 	(𝑝, 𝑛) 𝐹"#$  

𝑂$#$ + 𝑝 →	 𝐹"#$ + 𝑛 

 

The reaction is usually performed in a cyclotron on site, due to 18F short half-

life. A proton, p, is accelerated in the cyclotron and bombarded to its target. The target 

in 18F production is 18O rich water, H218O. During bombardment a neutron, n, leaves 

the nucleus and 18F is formed. (Khan et al., 2017; Rayyes, 2010) 

 

 

1.3.2 Cassette Production 
 

To make a tracer the radioactive nuclide must be formulated for injection and 

is usually connected to a ligand of some sort. This process is performed in automated 

systems, a synthesizer, often in a cassette, also known as a Black Box. A cassette is 

a reaction module, it is equipped with reactants, tubes and columns and more, all 

made for a specific reaction to create a specific radiotracer. This cassette is a 

disposable, single-use material that is used for quality and safety reasons. The 

cassette allows for higher yields and reliability while also ensuring quality and 

reproducibility and lowering mistakes. As seen in figure 5, the radionuclide enters on 

one end and the product comes out the other end after undergoing several reactions 

and purifications. The cassette also collects waste and provides easy clean-up after 

the production, which lowers radiation risk to employees. (Oh et al., 2007; Schubiger, 

Lehmann, & Friebe, 2007)  
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Figure 5: A schematic of a 18F estradiol cassette 

Figure 5: A schematic of a 18F estradiol cassette. The 18F aqueous solution from 

the cyclotron enters on the left into the first part of the production. The solution will 

then go through the cassette, through different reactors, in this case four different ones 

in Vials V1-4, and columns and more to complete the production of radiotracer that in 

the end collects into the last vial on the right marked product vial. Along the way, waste 

is collected and the O-18 water is collected. Figure from Oh et al., 2007 
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1.4. Good Manufacturing Practices, GMP 
 

Good manufacturing practices, GMP, is a harmonized standard for the 

manufacturing of pharmaceuticals. It is used to ensure that all pharmaceuticals meet 

at least the lowest standard of quality and safety, for both patients and other 

employees that encounter them at any point in the manufacturing or delivery. The 

guidelines are split up into three parts and 19 annexes. The main parts are focused 

on the manufacturing site and manufacturing of active ingredients for small molecular 

medication. Each annex focuses in depth on a specific property of manufacturing. The 

radiopharmaceutical manufacturing focuses mostly on annex 1, Manufacture of sterile 

medicinal products, and annex 3, Manufacture of radiopharmaceuticals. (Office for 

Official Publications of the European Communities, 2017) 

 

Standard operating procedures are GMP directions on how to perform an 

operation in regard to the manufacturing process to ensure uniformity and quality. 

(Office for Official Publications of the European Communities, 2017)  

 

 

1.4.1 Good Radiopharmaceutical Practice, GRPP 
 

Good radiopharmaceutical practice, GRPP, falls under GMP standards, 

however since radiopharmaceuticals are considered separated from other 

pharmaceuticals, they have their own guidelines within the GMP under annex 3. The 

GRPP is issued by the European Association of Nuclear Medicine, EANM, and it is 

aimed at small-scale on-site manufacturing, such as in hospitals. The separation is 

partly to ensure the adherence to both good manufacturing practices and regulations 

on radiation protection. This is done to ensure quality and safety of the patients and 

the healthcare professionals. (Office for Official Publications of the European 

Communities, 2008; The Radiopharmacy Committee of the EANM et al., 2010)  
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1.4.2 Aseptic Manufacturing 
 

Parenteral drug administration is an umbrella term for all drug administrations 

where the drug is given by any means other than the gastrointestinal track. That 

includes injections of the drug into the patients’ blood stream, muscles or under his 

skin. This route of administration bypasses the bodies first immune defense, skin or 

mucosa, so all parenteral drugs require sterility to protect the patient. (Aulton & Taylor, 

2017)  

Sterility assurance level, SAL, is used as a reference of the achieved sterility of 

a process. It is a number that represents the probability of an item in the population of 

items that were sterilized that is non-sterile. It is determined by validation studies. 

(European Pharmacopoeia 9.7, n.d.)  

 

Aseptic manufacturing is when a product is manufactured under conditions to 

keep sterility after sterilization of the components of the product. This is done when 

the final product for some reason is not convenient or safe for the final product. During 

sterile manufacturing the manufacturing area is divided into 4 distinct cleanliness 

areas. These areas are called grade A, B, C and D. The grades and their requirements 

are explained in more detail in table 2 and table 3.  The manufacturing of aseptic 

products is performed in the grade A area to ensure sterility throughout the 

manufacturing process. (Office for Official Publications of the European Communities, 

2008; World Health Organization & WHO Expert Committee on Specifications for 

Pharmaceutical Preparations, 2011) 
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Table 2: The standard cleanliness grade areas for sterile productions. The area 

A is where the aseptic manufacturing is performed to ensure that the final product is 

completely sterile. The grades are measured by CFU in air samples, settle plates, 

contact plates and on gloves in grade A and B. CFU means colony forming unit.  

(World Health Organization & WHO Expert Committee on Specifications for 

Pharmaceutical Preparations, 2011) 
Table 2: The standard Cleanliness grade areas for sterile productions 

Grade 

CFU/m3 

in air 

sample 

Settle 

plates 

CFU/4 

hours 

Contact 

plates 

CFU/plates 

Glove 

print 

CFU/glove 

Process performed 

Grade A <1 <1 <1 <1 

All high-risk processes such as 

filling and mixing and aseptic 

manufacturing 

Grade B 10 5 5 5 
Background for grade A area, 

preparations for manufacturing 

Grade C 100 50 25 - Other low-risk processes such 

as handling the product after 

production and cleaning. Grade D 200 100 50 - 
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Table 3: Maximum number of particles permitted in grade areas. Each area has 

a strict maximum number of airborne particles allowed; these margins are listed in this 

table. The number shifts for grades B, C and D when in operation. The particles are 

divided into particles equal or bigger than 0.5 µm and 5.0 µm. (World Health 

Organization & WHO Expert Committee on Specifications for Pharmaceutical 

Preparations, 2011) 

 
Table 3: Maximum number of particles permitted in grade areas 

Maximum permitted number of particles per m3 

 At rest In operation 

Grade ³0.5 µm ³5.0 µm ³0.5 µm ³5.0 µm 

Grade A 3520 20 3520 20 

Grade B 3520 29 352.000 2900 

Grade C 352.000 2900 3.520.000 29.000 

Grade D 3.520.000 29.000 Not defined Not defined 

 
 
 

Where the cassette-based production of radiotracers takes place, a grade C 

cleanliness is kept. The solution is then filtered into a Grade A area. Because of this 

the integrity of the filter is examined before the release of a batch. This also requires 

sites to perform two additional mandatory tests that examine the sterility of the process 

and are performed routinely. These tests are Media fill and Bioburden. On top of this, 

a sterility test is performed for every batch. (European Pharmacopoeia 9.7, n.d.; The 

Radiopharmacy Committee of the EANM et al., 2010) 
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1.4.3 Media fill 
 

Media fill test is a method used to assess the sterility of the process of making 

the tracer solution. The test is performed by completing the real manufacturing process 

as normally but using growth medium for bacteria instead of the normal solutions used 

in the process. This is done before commercial manufacturing of the tracer can start 

to validate the sterility and repeated every 6 months. This test is also repeated anytime 

the manufacturing process changes in any way, that is, new equipment, personnel 

and other variables. (EudraLex—Volume 4—Good Manufacturing Practice (GMP) 

guidelines—Annex 1—Manufacture of Sterile Medicinal Products; Todde et al., 2017) 

 
 

1.4.4 Bioburden 

 
Another test carried out before commercial use of tracers is a bioburden test.  

A bioburden test measures the amount of bacteria that grows in the tracer solution 

before it is sterilized, usually by filters. (Radchenko et al., 2016) The bioburden test is 

performed without radioactivity but follows the normal procedure of manufacturing. 

Samples are taken of the solution along the way to assess the amount of bacteria that 

could accumulate during the manufacturing process before filtration. This applies then 

to transfer lines, valves and columns and more used in the manufacturing of the tracer. 

(The Radiopharmacy Committee of the EANM et al., 2010) 
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1.5. Analytical Methods  
 

1.5.1 Pharmacopoeia Europaea 
 

 

The Pharmacopoeia Europaea, Ph. Eur, is a document that is made to promote 

harmonization in Europe and to set common standards regarding healthcare and 

medicine. It is used by many countries internationally, not only Europe, for guidance 

in healthcare. It is composed of two types of monographs, general and individual. The 

general monographs cover groups of products and the individual monographs cover 

a special substance in more detail. The monographs include information about the 

properties of substances, their appearance etc. but also quality systems, validations 

and more. The Ph. Eur also covers in detail the quality systems and validation methods 

and how to perform them. Some substances that are new, like PSMA-1007, do not 

have their individual monograph. This causes unclear steps for validation and quality 

implementation for hospitals or other institutions that wish to use the substance. 

(European Pharmacopoeia 9.7, n.d.) 

 

In the instance of radiopharmaceuticals, 18F fluorodeoxyglucose, FDG, has 

been recognized within the community as the golden standard for 

radiopharmaceuticals. Both in quality control and manufacturing and as a comparison 

in efficacy studies. (Chi, Chu, Chao, Shieh, & Chen, 2014) 

 

 

1.5.2 Quality Control of FDG 
 

The QC of FDG is considered standard for radiopharmaceuticals. The Ph. Eur 

contains a monograph for FDG with all methods, margins and materials listed. The 

components that are analyzed for release of FDG are listed in table 4. These methods 

are considered standard methods of QC for tracers. (Chi et al., 2014; European 

Pharmacopoeia 9.7, n.d.; Yu, 2006) 
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Table 4: Quality control for FDG, performed for release. These are referred to as 

standard QC methods for tracers. The specification margins might differentiate 

between tracers. The information is taken from European Pharmacopoeia 9.7 and Yu, 

2006.  
Table 4: Quality control for FDG 

QC for FDG 
Analysis Specification 

Appearance 
Clear, colorless and free of 

particles 

pH 4.5-8.5 

Radiochemical purity and 

identity - HPLC 

FDG ≥ 95% 

FDM <10% 

Radiochemical purity and 

identity - TLC 

Free fluoride <5% 

Unhydrolyzed <5% 

FDG ≥ 95% 

Kryptofix <50 µg/ml 

Residual Solvents – Gas 

chromatography 

Ethanol <5000 µg/ml 

Acetonitrile <410 µg/ml 

Acetic Acid <5000 µg/ml 

Radionuclide purity and identity 
spectrum Peak at 511 keV 

T1/2 105.0-115.0 min 

Endotoxins – Lysosomal acid lipase test <5 E.U./ml 

Membrane integrity – Bubble point test >50psi 
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1.5.3 Quality testing for release 
 

 

Due to the time-restricting properties of radiopharmaceuticals, many of them can 

be released without having undergone all the pre-release quality testing. They will then 

be released by a qualified person based on the batch documentation. This 

documentation is on the condition of the batch manufacturing and all the analytical 

tests that have been performed. In the case of 18F radiopharmaceuticals this is often 

necessary. The qualified person can also release a batch after analytical tests when 

possible, this can be a conditional release if some analytical tests cannot be performed 

on site. A conditional release needs to be fully certified by the qualified person after 

getting the remaining results. (The Radiopharmacy Committee of the EANM et al., 

2010) 
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2. Objectives 
 

With growing opportunities of imaging with radiopharmaceuticals come growing 

challenges. Since the world of radiopharmaceuticals is still new and lacks harmonized 

instructions for on-site production there is a need for optimized in-house guidelines. 

The guidelines need to consider the different properties of radiotracers and the 

different complexities of the validation and analytical methods that need to be 

performed for each tracer. The objectives of this thesis are in order as follows:   

 

i. A needs assessment for quality control for PSMA-1007 tracer.  

ii. A guideline for the implementations of new radiotracers according to 

needs assessment.  

iii. Conducting an implementation according to instructions.      
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3. Materials and Methods 
 

3.1 Materials 
 
Table 5: The literature used for the literature review for PSMA-1007. The literature 

used was both documents from the site by personnel and literature retrieved from 

databases.  
Table 5: List of literature used for the QC review of PSMA-1007 

Literature Author 
Date 

retrieved  

SOP-P and SOP-Q for FDG Site personnel 10.05.2019 

SOP-P and SOP-Q for Flutemetamol Site personnel 20.05.2019 

Detection Efficacy of 18F-PSMA-1007 
PET/CT in 251 Patients with Biochemical 
Recurrence of Prostate Cancer After 
Radical Prostatectomy  

Frederik L. Giesel et al. 08.06.2019 

18F labelled PSMA-1007: biodistribution, 
radiation dosimetry and histopathological 
validation of tumor lesions in prostate 
cancer patients  

Frederik L. Giesel et al. 30.05.2019 

Detection efficacy of [18F] PSMA-1007 
PET/CT in 251 Patients with biochemical 
recurrence after radical prostatectomy  

Frederik L. Giesel et al.  30.05.2019 

Procedures for the GMP-Compliant 
Production and Quality Control of [18F] 
PSMA-1007: A Next Generation 
Radiofluorinated Tracer for the Detection 
of Prostate Cancer  

Jens Cardinale et al. 18.06.2019 

Diagnostic performance of 18F-PSMA-
1007 PET/CT in patients with biochemical 
recurrent prostate cancer  

Kambiz Rahbar et al. 20.06.2019 

Fine-tuning of the automated [18F] PSMA-
1007 radiosynthesis  

Ofer Shamni et al.  18.06.2019 

Pharmacopoeia Europaea, 9.7th Edition N/A 10.05.2019 

EudraLex Vol. 4 Good manufacturing 
practices  

N/A 17.05.2019 

ICH: Validation of analytical Procedures  N/A 25.06.2019 
(Abraham, 2009; Cardinale et al., 2017; European Pharmacopoeia 9.7, n.d.; Giesel et al., 2017, 2019a, 2019b; Office for Official Publications of the European Communities, 2017; Rahbar 
et al., 2018; Shamni, Nebeling, Grievink, & Mishani, 2019) 
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3.3 Methods 
 

3.3.1 Needs assessment 
 

Needs assessment for the quality control of PSMA-1007. 

 

3.3.1.1 Literature review  
 

Following the decision by the team at LSH to implement PSMA-1007 the needs 

assessment process could begin. Since the newest available pharmacopoeia did not 

have a monograph about the any of the PSMA tracers, a thorough literature search 

needed to be performed. The literature search was performed on multiple scientific 

article databases. Key search words included “PSMA-1007”, “Quality Control”, 

“review”, “Analytics” and more. The search yielded 6 articles that were used for the 

needs assessment. For the evaluation of the usefulness and reliability of the article 

the publishing journals impact factor was considered during the literature review. 

 

The articles had to mention the quality control of PSMA-1007. Since the articles 

cover the quality control in different depths the quality control from all the articles were 

gathered for a comparison. The comparison of all methods mentioned was done to 

compile all QC methods into a list. The list was filled out as much as possible from the 

information gathered in the literature. The list was then converted to a table to add 

other relevant QC information to during the need assessment. 

 

The methods from the literature were divided into standard QC methods found 

within the Ph. Eur. and PSMA-1007 specific methods. The methods were also 

compared to the methods already in use and validated at the lab for FDG and 

Flutemetamol. Using the SOPs already in use the QC methods and the measurements 

were compared.  

 

For the materials and execution of the standard methods the descriptions and 

recommendations in the Ph. Eur were used. For the specific methods, the literature 

review was heavily relied upon.  
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3.3.1.2 Validations 
 

For the validations of the QC for PSMA-1007 the suggested methods from the 

Ph. Eur. were listed for the standard QC methods found in the Ph. Eur. The PSMA-

1007 specific methods were the HPLC analytical methods and the residual phase 

transfer catalyst test, performed by TLC.  

 

The validation process for HPLC is not descripted in Ph. Eur. The validation 

process is listed in official ICH directions. The ICH directions are split into two different 

methods, the one that had been used for the validation of the HPLC method for FDG 

and Flutemetamol was used for PSMA-1007 as well.  

 

The TLC is used to find the residual phase transfer catalyst that is unique to 

PSMA-1007, called TBA. The QC for FDG includes a test for Kryptofix, this is a 

specified impurity in Ph. Eur. for FDG, and the detection method is the same as the 

suggested method for TBA. Therefore, the validation process used for the TLC test 

was the same as in the QC of FDG. A TLC is also used for the detection of free 18F in 

the liquid. The method and validation processes are modelled after the TLC for 18F in 

the QC for FDG.  

 

 

3.3.1.3 Inventory for materials 
 

A part of the needs assessment was to update the inventory to include materials 

needed for the quality of the new tracer. To do this an overview list of materials used 

for both FDG and Flutemetamol was made in accordance to the method it is used in. 

 

The table was separated into columns for both tracers leaving an empty column 

to the side to fill in the materials needed for the QC of PSMA-1007. Each of the rows 

represented a QC method used for the tracers. In each row with a specific QC method 

all the materials already in use for a single tracer was listed.  
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After the table was made, it was filled out in the same way for PSMA-1007 as 

for FDG and Flutemetamol. 

 

 

3.3.1.4 SOPs 
 

After compiling all methods needed for the QC of PSMA-1007 a column was 

added to the QC table. The column represented the need for changes or a new SOP. 

Each method already in use could be updated to cover the new margins that are used 

in the QC for PSMA-1007. Some generic SOPs do not need to be updated since the 

method is unchanged and does not need to accommodate for anything new specific 

for PSMA-1007. For the PSMA-1007 specific methods, such as the HPLC and residual 

phase transfer catalyst detection test, a new complete SOP needs to be compiled for 

PSMA-1007.  

 

All these decisions were added to the table for easy access to what needed to 

be done before manufacturing and use of PSMA-1007 could start. 
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3.3.2 Implementation system  
 

3.3.2.1 The SOP 
 

After performing a needs assessment for the implementation of one radiotracer, 

PSMA-1007, a generic implementation method was constructed. First, a rough 

flowchart was made using the obstacles found during the assessment. With the needs 

assessment and the flowchart, a generic SOP was compiled for future 

implementations of radiotracers for LSH. A template for the appearance of SOP form 

from the site was used to keep uniformity. 

 

First a revision history was put in the SOP to keep track of any and all changes 

made to it in the future and to see who made the changes to it. After that both the 

purpose and the scope of the SOP was described. 

 

Traditionally the next chapter in a SOP should be responsibilities, since the 

SOP will be used by the personnel on site, it was left blank for them to list the 

responsibilities for themselves.  

 

Before describing the procedure, itself, a chapter for definitions and acronyms 

was added for clarity for the reader of the SOP. 

 

Following the flowchart made during the literature review, each following step 

was described in detail for the SOP. The steps were made in the most logical order 

based on the literature review of PSMA. The procedure of implementing a tracer is 

described in detail in the SOP. The SOP needed to be generic and therefore 

accommodates for both tracers that already have a monograph in Ph. Eur. and the 

tracers that are missing a monograph. To do this the first step was decided to split 

tracers into these two groups and for the person to follow to the next appropriate step 

from there.  
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3.3.2.2 Annex 
 

To accompany the SOP a few annexes were made. The first one was made to 

document the official start date of the implementation, the person who oversees the 

implementation and lastly the tracer itself. 

  

 To monitor the progress of the implementation and to prevent missing a step 

during the implementation a checklist was made to go with the implement procedure. 

The checklist was modeled after the steps as described in the procedure chapter of 

the SOP. 

 

The table developed for the literature review for PSMA-1007 was modified to fit 

for the implementation of general radiotracers. Generic and standard QC tests that are 

listed for all the tracers and other tracers in the Ph. Eur. were grouped together and 

non-standard QC tests were grouped together after the standard tests. The standard 

tests will likely all follow the procedure described in Ph. Eur. but due to the changing 

and growing nature of radiopharmaceuticals both the method and validation columns 

were left blank to fill in if Ph. Eur. methods were not applicable.  

 

Nonstandard QC tests will in a way always include some form of chemical and 

radiochemical testing and purity. The preferred method is HPLC but that is not always 

applicable. To keep the form as generic as possible the method for these tests were 

left blank. To accommodate for any new analytical step 2 empty rows were added to 

the table in case of future need.  

 

Due to the large scope of an implementation an annex was added for the sole 

purpose of keeping track of all document changes that need to be performed. A table 

was created to list the documents that to be modified or added for the new tracer. It 

already contains documents that will always be updated in the case of a new tracer. 

To keep track of the progress, the table has been updated and columns added to mark 

in the date of the change and the person who performed it. 
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When implementing a new tracer, new materials might need to be added to the 

inventory list. Using the table made for the materials that are used in the QC of PSMA, 

a table was added for the purpose of laying out the materials needed to add to the 

inventory following the implementation. The rows in the table are broken down by 

analytical methods so that the materials can be organized by their intended use on 

site. The column is left empty for the user to fill out the materials used in the literature 

review for the QC of the new tracer. New tracers may require new materials, as this 

can require a new vendor, an extra empty column, marked vendors, was added. The 

vendors column is intended to be filled out when a new vendor is required for any new 

incoming materials for ease of updating the materials and vendors document for the 

site. 
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4. Results  
 

4.1 Quality Control for PSMA-1007 
 

4.1.1 Literature review  
 

The literature review resulted in six articles that were used as references for 

the quality control of PSMA-1007. The articles did not provide all the information that 

was required for the QC of PSMA-1007. The literature review included one article that 

was written by a team that included personnel from ABX, the company that sells 

PSMA-1007 cassettes. That article was the only one that went into detail for their QC 

procedures. Other articles covered the QC used in much less detail.  

 

4.1.2 Methods and margins  
 

During the literature review a table was added to be used as a guide for 

information required for the QC, see tables 6 and 7. The literature review provided 

most of the information that was needed for the tracer. The focus at first was to find all 

methods and margins. In most cases, the information for margins or materials was not 

available. One article mentioned above provided all materials and margins. Since 

there was only one detailed article, the others were to affirm the mentioned methods. 

All mentions of methods coincided with the detailed article.  

 

The margins for the free 18F TLC were not mentioned in any literature. Since 

the test is specific to 18F marked tracers, the information could be mirrored from the 

QC of FDG or Flutemetamol. That was done with consideration of the analytical 

method and what purpose it has within the QC of the tracer and if it could be applied 

to PSMA-1007.   
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Table 6: Part 1 of the results from the literature review for PSMA-1007. The table 

shows the compiled information gathered for the analytical methods and the margins 

for the QC of PSMA-1007.   

QC for PSMA-1007 

Analysis Method Margin 

Appearance Visual Clear, colorless and free of 
particles 

pH pH measurement 
equipment 4.5-7.5 

Chemical identity (PSMA) HPLC Rt +- 0.5 min from reference 

Chemical purity HPLC 
Sum of all impurities ≤ 0.5 

mg/Vmax, all single impurities 
≤ 0.1mg/Vmax 

Radiochemical purity HPLC ≥ 95% 

Free 18F TLC <5% (FDG/FMOL) 

Solvent Residuals Gas Chromatography 

EtOH (≤ 10% v/v), 
Acetonitrile (≤ 4.1mg/Vmax), 

DMSO (50mg/Vmax), 
Acetone (≤ 50mg/Vmax), 

Residual phase transfer catalyst Semi-quantitative spot 
test >260mcg/mL of TBA 

Radionuclide identity/purity 

Half-life Ph. Eur: 105-115 min 

Spectrum 511 keV ≥ 99.9% 

Sterility Post-release sterility 
testing Sterile 

Endotoxin LAL (limulus amebocyte 
lysate) test ≤ 175 IU/Vmax 

Filter integrity Bubble point test ≥ 3.5 bar 

Table 6: Part 1 of the results from the literature review for PSMA-1007 
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Table 7: Part 2 of the results from the literature review for PSMA-1007. This part 

of the table shows the results from the validation, material and document change part 

of the making of a QC plan for PSMA-1007. 
Table 7: Part 2 of the results from the literature review for PSMA-1007 

QC for PSMA-1007  
  

Analysis Validation Materials SOP 
Generic/Update/new 

Appearance Ph. Eur. N/A Update 

pH Ph. Eur. Available  Update 

Chemical identity (PSMA) 
HPLC validation 

process: a) a 
minimum of 9 

determinations 
covering the 

specified range for 
the procedure 

or 
b) a minimum of 6 
determinations at 
100% of the test 
concentration. 

(ICH) 

C18ec 100 x 4.6 - 
mm column, 
Acetonitrile, 

0.1% TFA 

New 
Chemical purity 

Radiochemical purity 

Free 18F Ph. Eur. 

TLC silica gel 60 
F254 Alu sheets, 

Acetonitrile, 
water 

Update 

Solvent Residuals Ph. Eur. UNKNOWN New 

Residual phase transfer 
catalyst Ph. Eur. 

TBA reference, 
SILG/UV254 plate, 

methanol, 
Ammonia 

New 

Radionuclide identity/purity Ph. Eur. Available Update 

Sterility Ph. Eur. Available Generic 

Endotoxin Ph. Eur. LAL – available  Update 

Filter integrity Ph. Eur. Bubble point- 
available Update 
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4.1.3 Validations 
 

When finding the validations of the methods, most of them were already 

available in Ph. Eur. and therefore had a validation process already recommended. 

The non-standard methods are not listed in the Pharmacopoeia, but the ICH provided 

a recommendation for a validation process, that process had already been used for 

the former tracers and it was decided by the team to use the same validation process 

again. 

 

 

4.1.4 Materials  

 
A column was also added to the table to list all materials used in the analytical 

procedures. Only non-standard tests had any materials that were special to PSMA-

1007. These materials are references and the stationary phases for both the HPLC 

and the residual phase transfer catalyst TLC test. Other materials that are needed for 

the QC for PSMA-1007 only include solvents that are all already available at the site 

apart from trifluoroacetic acid, which is available from a vendor that is already 

registered.  
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Table 8: Table of all materials required for PSMA-1007 QC. The table includes all 

the materials used in the QC of FDG and PSMA-1007. The materials are listed within 

the analytical method they are used in, to see which materials are common for each 

method. The materials for PSMA were found in the literature review. The initial table 

included only FDG and Flutemetamol, that table can be found in Appendix I and in the 

SOP. Due to the size of the table and the limited space, this table was limited to FDG 

only and the new tracer PSMA-1007. 

Table 8: Table of the materials required for PSMA-1007  

Analytical Method FDG PSMA-1007 

Production 

FASTlab cassette FASTlab cassette 

  

LAL 
PTS LAL cartridges PTS LAL cartridges 

Water for LAL Water for LAL 

HPLC 

250x4.0mm strongly basic resin C18ec 100 x 4.6 - mm column 

Methanol Acetonitrile 

FDG reference TFA 

2-fluoro-2-deoxy-D-mannose reference 

 

Sodium hydroxide 

 

Free 18F TLC 

Silica gel TLC strip Silica gel TLC strip 

Acetonitrile Acetonitrile 

Sulfuric acid 

 

1,2,3,4-Tetra-O-Acetyl-beta-D-glucopyranose 

Methanol 

Glucose 

water 

Residual phase catalyst 

test 

Kryptand 222 TBA reference 

TLC Aluminum Oxid 60 F254 Polygram SIL G/UV254 

Water Methanol 

Iodine 25% ammonia (v/v) 

GC 

Helium 

Unidentified 

Hydrogen tank 

Acetonitrile 

Ethanol 

Acetic acid 

pH 

Buffer standard pH 4 Buffer standard pH 4 

Buffer standard pH 7 Buffer standard pH 7 

Buffer standard pH 10 Buffer standard pH 10 

3M KCL AgCl saturated 3M KCL AgCl saturated 

Radionuclide identity Cs-137 standard Cs-137 standard 
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4.2. Implementation SOP 
 

4.2.1 Flowchart 

 
The process of finding information for the implementation of PSMA-1007 yielded 

information that gave a good understanding of what is needed for the implementation 

of radiotracers in general and in what order. Once finished with the literature review, 

all steps were gathered and lined up in the order that was deemed most natural for 

the flow of information to continue uninterrupted during an implementation. This 

resulted in the flowchart, as seen in figure 6, that was the basis of the implementation 

SOP. The flowchart starts on the very first question that needs to be asked, does the 

tracer have a monograph? From there the flowchart divides into the relevant 

procedure. The last steps of an implementation are always the same, thus after the 

QC methods have been listed and documented, the flowchart joins again to list all 

standard procedures needed to complete an implementation of a tracer.  
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Figure 6: The flowchart for the implementation of a tracer 

Figure 6: The flowchart for the implementation of a radiotracer. The flowchart was 

based on the implementation of PSMA-1007 but modified to fit a generic 

implementation. The procedure in the SOP was based on this flowchart. 
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4.2.2 SOP  
  

The SOP can be found complete in the Appendix II including the accompanying 

annexes.  
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5. Discussions 
 

5.1 References 
 

Due to the relatively recent development of the PSMA-1007 tracer it proved 

difficult to find relevant references. The tracer is new and much of the available 

literature did not provide information on the quality control. The ones that did provide 

information on quality control did not go into details, except for the one article. This 

meant that most margins and materials came only from one source, which has low 

credibility. However, many of the methods are standard and therefore follow the same 

margins and use the same materials as the existing methods. But all currently 

available literature mentioned the same analytical procedure methods, which 

increases confidence in the literature review. The methods that have custom margins 

and materials can be confirmed with another GMP site. The methods in question are 

both standard and non-standard methods. 

  

The literature review also failed to give any materials used for the gas 

chromatography for the analytical detection of solvent residues. This method is a 

standard analytical method but uses custom materials due to the uniqueness of each 

tracer and its solvents.  

 

 At this point the needs assessment was completed to the possible degree by 

author alone. The next steps for the implementation of PSMA-1007 were handed to 

the team and the project focus took a shift towards developing the instructions.  
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5.2 Implementation system 
 

 

When developing the system, a new challenge would always appear after 

solving another. This made the system grow from one SOP to an SOP with 6 annexes. 

When writing a dynamic document, modifications are constantly happening to the 

document. This made the document a bigger challenge than expected.  

 

 One of the challenges when writing the system was making it as clear as 

possible for the user. To describe and include every step along the way in as 

definitively as possible. After every review there were steps and points to be added to 

make the system more concrete and failsafe.   

  

 

 

5.3 Focus shift 
 

The first focus shift happened after the initial implementation could not be 

completed. The shift tilted towards finishing the implementation system. The extent of 

the implementation system was bigger than expected which delayed the progress of 

its development. It proved so time consuming that the last objective, finishing the 

implementation according to the system, could not be addressed.  
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6. Conclusions 
 

The process of implementing a tracer can be time consuming due to the lack of 

harmonized monographs. This implementation system will hopefully provide more 

structure into the implementation and thus limit the time spent on a new tracer. This 

will also reduce the possibility of missing a step, that could be time consuming and 

resource heavy when discovered later.  

 

 This system is however a dynamic document. It will need to be maintained and 

updated to be able to accommodate for the growing field of radiopharmaceuticals. This 

system is limited to tracers that follow the most common structure and rule of quality 

control; however, it tries to accompany possible future developments of tracers. There 

could be a new tracer in the future where this system will not apply if not properly 

maintained.  

  

  

  



 

 41 

7. Acknowledgements 
 

First and foremost, I would like to thank the PET scanner team at Landspítali for 

offering to do this master’s thesis with me. I would also like to thank Bogi, my 

supervisor for clear guidance and good advice during this time. I thank him for all his 

help and feedbacks. 

 

I would also like to thank Helgi and Ester at the hospital for help and reviews and 

providing an experienced eye for improvements.  

 

I want to thank my administrative supervisor, Hákon Hrafn, for support on pursuing 

this project and feedbacks during this project.  

 

I want to thank Rafnar, Lilja and DanÍel for proofreading this thesis. I want to thank my 

friends Rut and Laufey for good company during study sessions at cafés during the 

making of this thesis. I would also like to extend thanks to my family and friends for all 

their kind words and reassurance during this time.  

 
  



 

 42 

8. Bibliography 
 
A, R. R. Z., & C, R. K. N. (2012). To Biopsy or Not to Biopsy—Tho. 

Abraham, J. (2009). International Conference On Harmonisation Of Technical Requirements For 

Registration Of Pharmaceuticals For Human Use. In A. Brouder & C. Tietje (Eds.), Handbook 

of Transnational Economic Governance Regimes (pp. 1041–1054). 

https://doi.org/10.1163/ej.9789004163300.i-1081.897 

Aulton, M. E., & Taylor, K. M. G. (2017). Aulton’s Pharmaceutics E-Book: The Design and Manufacture 

of Medicines. Retrieved from http://public.eblib.com/choice/publicfullrecord.aspx?p=5253018 

Cardinale, J., Martin, R., Remde, Y., Schäfer, M., Hienzsch, A., Hübner, S., … Kopka, K. (2017). 

Procedures for the GMP-Compliant Production and Quality Control of [18F]PSMA-1007: A Next 

Generation Radiofluorinated Tracer for the Detection of Prostate Cancer. Pharmaceuticals, 

10(4), 77. https://doi.org/10.3390/ph10040077 

Cavanagh, H., & Rogers, K. M. A. (2015). The role of BRCA1 and BRCA2 mutations in prostate, 

pancreatic and stomach cancers. Hereditary Cancer in Clinical Practice, 13(1), 16. 

https://doi.org/10.1186/s13053-015-0038-x 

Chi, Y.-T., Chu, P.-C., Chao, H.-Y., Shieh, W.-C., & Chen, C. C. (2014). Design of CGMP Production 

of 18F- and 68Ga-Radiopharmaceuticals. BioMed Research International, 2014. 

https://doi.org/10.1155/2014/680195 

Currie, G., Wheat, J., Davidson, R., & Kiat, H. (2011). Radionuclide production. Radiographer, 58(3), 

46–52. https://doi.org/10.1002/j.2051-3909.2011.tb00155.x 

El-Saftawy, A. (2013). Regulating the performance parameters of accelerated particles. 

European Pharmacopoeia 9.7. (n.d.). 1211. 

Giesel, F. L., Hadaschik, B., Cardinale, J., Radtke, J., Vinsensia, M., Lehnert, W., … Kratochwil, C. 

(2017). F-18 labelled PSMA-1007: Biodistribution, radiation dosimetry and histopathological 

validation of tumor lesions in prostate cancer patients. European Journal of Nuclear Medicine 

and Molecular Imaging, 44(4), 678–688. https://doi.org/10.1007/s00259-016-3573-4 

Giesel, F. L., Knorr, K., Spohn, F., Will, L., Maurer, T., Flechsig, P., … Eiber, M. (2019a). Detection 

Efficacy of 18 F-PSMA-1007 PET/CT in 251 Patients with Biochemical Recurrence of Prostate 



 

 43 

Cancer After Radical Prostatectomy. Journal of Nuclear Medicine, 60(3), 362–368. 

https://doi.org/10.2967/jnumed.118.212233 

Giesel, F. L., Knorr, K., Spohn, F., Will, L., Maurer, T., Flechsig, P., … Eiber, M. (2019b). Detection 

Efficacy of 18 F-PSMA-1007 PET/CT in 251 Patients with Biochemical Recurrence of Prostate 

Cancer After Radical Prostatectomy. Journal of Nuclear Medicine, 60(3), 362–368. 

https://doi.org/10.2967/jnumed.118.212233 

Haberkorn, U., Eder, M., Kopka, K., Babich, J. W., & Eisenhut, M. (2016). New Strategies in Prostate 

Cancer: Prostate-Specific Membrane Antigen (PSMA) Ligands for Diagnosis and Therapy. 

Clinical Cancer Research, 22(1), 9–15. https://doi.org/10.1158/1078-0432.CCR-15-0820 

Hess, E., Takács, S., Scholten, B., Tárkányi, F., Coenen, H. H., & Qaim, S. M. (2001). Excitation 

function of the 18O(p,n)18F nuclear reaction from threshold up to 30 MeV. Radiochimica Acta, 

89(6). https://doi.org/10.1524/ract.2001.89.6.357 

Khan, M. S., Kanwal, N., & Rozeen, H. (2017). A Systematic Review of Medical Cyclotron, Producing 

F-18 & FDG Radio Isotopes for Pet Scan Imaging. 5(4), 4. 

Lameka, K., Farwell, M. D., & Ichise, M. (2016). Chapter 11—Positron Emission Tomography. In J. C. 

Masdeu & R. G. González (Eds.), Handbook of Clinical Neurology (pp. 209–227). 

https://doi.org/10.1016/B978-0-444-53485-9.00011-8 

Loeb Stacy, Carter H. Ballentine, Berndt Sonja I., Ricker Winnie, & Schaeffer Edward M. (2011). 

Complications After Prostate Biopsy: Data From SEER-Medicare. Journal of Urology, 186(5), 

1830–1834. https://doi.org/10.1016/j.juro.2011.06.057 

Maurer, T., Eiber, M., Schwaiger, M., & Gschwend, J. E. (2016). Current use of PSMA–PET in prostate 

cancer management. Nature Reviews Urology, 13(4), 226–235. 

https://doi.org/10.1038/nrurol.2016.26 

Mettler, F. A., & Guiberteau, M. J. (2012). Essentials of nuclear medicine imaging. Philadelphia: 

Elsevier/Saunders. 

N. Mottet (Chair), & Guidelines Associates: T. Van den Broeck, M. Cumberbatch, N. Fossati, T. Gross, 

M. Lardas, M. Liew, L. Moris, I.G. Schoots, P-P.M. Willemse. (2019). EAU Guidelines: Prostate 

Cancer. Retrieved May 16, 2019, from Uroweb website: https://uroweb.org/guideline/prostate-

cancer/#5 



 

 44 

Nguyen-Nielsen, M., & Borre, M. (2016). Diagnostic and Therapeutic Strategies for Prostate Cancer. 

Seminars in Nuclear Medicine, 46(6), 484–490. 

https://doi.org/10.1053/j.semnuclmed.2016.07.002 

Nutt, R. (2002). The History of Positron Emission Tomography. Molecular Imaging & Biology, 4(1), 11–

26. https://doi.org/10.1016/S1095-0397(00)00051-0 

Office for Official Publications of the European Communities. (2008). EudraLex—Volume 4—Good 

Manufacturing Practice (GMP) guidelines—Annex 1—Manufacture of Sterile Medicinal 

Products. 

Office for Official Publications of the European Communities. (2008). EudraLex—Volume 4—Good 

Manufacturing Practice (GMP) guidelines—Annex 3—Manufacture of Radiopharmaceuticals. 

Office for Official Publications of the European Communities. (2017, December 15). EudraLex—Volume 

4—Good Manufacturing Practice (GMP) guidelines [Text]. Retrieved May 17, 2019, from Public 

Health—European Commission website: https://ec.europa.eu/health/documents/eudralex/vol-

4_en 

Oh, S. J., Chi, D. Y., Mosdzianowski, C., Kil, H. S., Ryu, J. S., & Moon, D. H. (2007). The automatic 

production of 16α-[18F]fluoroestradiol using a conventional [18F]FDG module with a 

disposable cassette system. Applied Radiation and Isotopes, 65(6), 676–681. 

https://doi.org/10.1016/j.apradiso.2006.06.016 

Patil, N., & Gaitonde, K. (2016). Clinical Perspective of Prostate Cancer. Topics in Magnetic Resonance 

Imaging, 25(3), 103–108. https://doi.org/10.1097/RMR.0000000000000091 

Qaim, S. M. (2017). Nuclear data for production and medical application of radionuclides: Present status 

and future needs. Nuclear Medicine and Biology, 44, 31–49. 

https://doi.org/10.1016/j.nucmedbio.2016.08.016 

Radchenko, V., Engle, J. W., Roy, C., Griswold, J., Nortier, M. F., Birnbaum, E. R., … Seimbille, Y. 

(2016). 18th European Symposium on Radiopharmacy and Radiopharmaceuticals. EJNMMI 

Radiopharmacy and Chemistry, 1(Suppl 1). https://doi.org/10.1186/s41181-016-0012-6 

Rahbar, K., Afshar-Oromieh, A., Seifert, R., Wagner, S., Schäfers, M., Bögemann, M., & Weckesser, 

M. (2018). Diagnostic performance of 18F-PSMA-1007 PET/CT in patients with biochemical 

recurrent prostate cancer. European Journal of Nuclear Medicine and Molecular Imaging, 

45(12), 2055–2061. https://doi.org/10.1007/s00259-018-4089-x 



 

 45 

Rayyes, A. H. A. (2010). ENRICHED WATER-H218O PURIFICATION TO BE USED IN ROUTINE 

18FDG PRODUCTION. 8. 

Schubiger, P. A., Lehmann, L., & Friebe, M. (2007). PET Chemistry: The Driving Force in Molecular 

Imaging. Springer Science & Business Media. 

Shamni, O., Nebeling, B., Grievink, H., & Mishani, E. (2019). Fine-tuning of the automated [ 18 F]PSMA-

1007 radiosynthesis. Journal of Labelled Compounds and Radiopharmaceuticals, 62(6), 252–

258. https://doi.org/10.1002/jlcr.3732 

Siegel, R. L., Miller, K. D., & Jemal, A. (2018). Cancer statistics, 2018. CA: A Cancer Journal for 

Clinicians, 68(1), 7–30. https://doi.org/10.3322/caac.21442 

Silberstein, E. B. (2001). Positron-Emitting Radiopharmaceuticals: How Safe Are They? Cancer 

Biotherapy and Radiopharmaceuticals, 16(1), 13–15. 

https://doi.org/10.1089/108497801750095943 

Slomka, P. J., Pan, T., & Germano, G. (2016). Recent Advances and Future Progress in PET 

Instrumentation. Seminars in Nuclear Medicine, 46(1), 5–19. 

https://doi.org/10.1053/j.semnuclmed.2015.09.006 

The Radiopharmacy Committee of the EANM, Elsinga, P., Todde, S., Penuelas, I., Meyer, G., Farstad, 

B., … Decristoforo, C. (2010). Guidance on current good radiopharmacy practice (cGRPP) for 

the small-scale preparation of radiopharmaceuticals. European Journal of Nuclear Medicine 

and Molecular Imaging, 37(5), 1049–1062. https://doi.org/10.1007/s00259-010-1407-3 

Todde, S., Peitl, P. K., Elsinga, P., Koziorowski, J., Ferrari, V., Ocak, E. M., … Behe, M. (2017). 

Guidance on validation and qualification of processes and operations involving 

radiopharmaceuticals. EJNMMI Radiopharmacy and Chemistry, 2. 

https://doi.org/10.1186/s41181-017-0025-9 

Vallabhajosula, S. (2009). Molecular imaging: Radiopharmaceuticals for PET and SPECT. Berlin ; New 

York: Springer-Verlag. 

van der Veldt, A. A. M., Smit, E. F., & Lammertsma, A. A. (2013). Positron Emission Tomography as a 

Method for Measuring Drug Delivery to Tumors in vivo: The Example of [(11)C]docetaxel. 

Frontiers in Oncology, 3, 208. https://doi.org/10.3389/fonc.2013.00208 

Wadsak, W., & Mitterhauser, M. (2010). Basics and principles of radiopharmaceuticals for PET/CT. 

European Journal of Radiology, 73(3), 461–469. https://doi.org/10.1016/j.ejrad.2009.12.022 



 

 46 

Wang, G., Zhao, D., Spring, D. J., & DePinho, R. A. (2018). Genetics and biology of prostate cancer. 

Genes & Development, 32(17–18), 1105–1140. https://doi.org/10.1101/gad.315739.118 

World Health Organization, & WHO Expert Committee on Specifications for Pharmaceutical 

Preparations (Eds.). (2011). WHO Expert Committee on Specifications for Pharmaceutical 

Preparations: Forty-fifth report. Geneva, Switzerland: World Health Organization. 

Yu, S. (2006). Review of 18F-FDG Synthesis and Quality Control. Biomedical Imaging and Intervention 

Journal, 2(4). https://doi.org/10.2349/biij.2.4.e57 

Zanzonico, P. (2004). Positron emission tomography: A review of basic principles, scanner design and 

performance, and current systems. Seminars in Nuclear Medicine, 34(2), 87–111. 

https://doi.org/10.1053/j.semnuclmed.2003.12.002 

 
 
 

  



 

 47 

 

 9. Appendix I 
 

The material chart for FDG and Flutemetamol that was developed to add PSMA-1007 

to a new column to observe what materials are unique to its analytical methods.  

 

Analytical Method FDG Flutemetamol 

Production 
FASTlab cassette FASTlab cassette 

 FASTlab formulation buffer 
 

LAL 
PTS LAL cartridges PTS LAL cartridges 

Water for LAL Water for LAL 

HPLC 

250x4.0mm strongly basic resin C18 150 x 4.6 mm 

Methanol Ammonium Acetate 

FDG reference Formic acid 

2-fluoro-2-deoxy-D-mannose reference Acetonitrile 

Sodium hydroxide Flutemetamol reference standard 

 

AH111832 standard 

Ethanol 

Water 

Free 18F TLC 

Silica gel TLC strip Silica gel TLC strip 

Acetonitrile Ethyl acetate/ Diethylamine  

Sulfuric acid 

 

1,2,3,4-Tetra-O-Acetyl-beta-D-

glucopyranose 

Methanol 

Glucose 

Water 

Residual phase catalyst 

test 

Kryptand 222 

 
TLC Aluminum Oxid 60 F254 

Water 

Iodine 

GC 

Helium Helium 

Hydrogen tank Hydrogen tank 

Acetonitrile Acetonitrile 

Ethanol Ethanol 

Acetic acid  

pH 

Buffer standard pH 4 Buffer standard pH 4 

Buffer standard pH 7 Buffer standard pH 7 

Buffer standard pH 10 Buffer standard pH 10 

3M KCL AgCl saturated 3M KCL AgCl saturated 

Radionuclide identity Cs-137 standard Cs-137 standard 
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1.  Revision history: 
 

Revision Revision Date  Revision Reason  Released by 

00 27/09/2019 New Document Agnes Engilráð Scheving 

    

    

 

 

 

 

2. Purpose: 
 

The purpose of this document is to describe the procedure to implement a new radiotracer 

to be used at Landspítali Hospital.  

 

 

3. Scope: 
 

This procedure provides a guideline for the steps needed to implement a new radiotracer 

for Landspítali Hospital. This includes a checklist, documentation record, material record 

and a literature review record. 
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4. Responsibilities  
- Decided and written by LSH -  

 

5. Definitions and acronyms 

5.1. Definitions  

 
European pharmacopoeia: The Pharmacopoeia Europaea, Ph. Eur, is a document that is 
made to promote harmonization in Europe and to set common standards regarding 
healthcare and medicine. 
 
Good manufacturing practices: Good manufacturing practices, GMP, is a harmonized 
standard for the manufacturing of pharmaceuticals 
 
Quality control: The process of ensuring the quality and safety of a manufactured 
pharmaceutical. 
 
Standard operating procedure: Standard operating procedures are GMP directions on how 
to perform an operation regarding the manufacturing process to ensure uniformity and 
quality. 
 
International council of harmonization: A council that publishes guidelines on requirements 
of pharmaceuticals to ensure quality and safety. 
 
5.2 Acronyms 

 
Acronym Meaning  

PE Pharmacopoeia Europaea 

GMP Good Manufacturing Practices  

QC Quality Control 

SOP Standard Operating Procedures  

ICH International Counsel of Harmonization 
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7. Procedure 
1. Once a tracer has been chosen, examine if the tracer has a monograph in the PE 

a. If the tracer is already documented in PE proceed to step 5 

b. If not, continue with step 2 

c. Start documentation with appendix 1 

d. Document all completed steps with checklist in appendix 2 

2. If the tracer has no monograph a literature review needs to be performed.  

3. A literature review should be performed by searching with the relevant search words 

at relevant platforms.  

a. The reports should come from a reliable source, preferably published by a 

journal with a high impact factor or from another GMP verified lab 

b. The literature review should be as vast and detailed as possible given the 

tracer and literature available 

4. The literature review should then be used to fill out the master table in annex 3 to 

the utmost possible degree. The QC methods are divided into standard tests and 

custom tests.  

a. When filling out the standard tests, the method is according to the PE unless 

otherwise stated in the literature. 

b. For all custom tests, both the tests themselves, and their methods need to be 

detailed in the table.  

c. For all methods, standard and custom, all materials used in the QC in 

literature should be listed in the table.  

d. All literature should be documented in the reference table in appendix 3. 

5. After finding all relevant tests and methods, the need to find the validation method 

is required and filled out in master table in appendix 3.  

a. For standard tests the validation method in the PE should be used unless 

another method is specifically indicated.  
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b. For methods that do not follow PE, or do not have the validation methods 

listed, the following can be done; 

i. Methods that are in use on site for other tracers can be validated the 

same way as before. 

ii. Methods that are not in use, or need different validations than 

before, can be validated according to the ICH preferred validation 

method. 

6. The materials needed for the QC found in the monograph, or during the literature 

review should be added to the table in annex 4.  

a. The materials should be added in the row that represents the method it is to 

be used in. 

b. The table includes a column for vendors. This should be used to document if 

new vendors are used. 

i. If a new vendor is required, follow standard procedure for new 

vendors. 

7. After all QC methods have been listed, materials found and validation methods are 

found, turn to master table in appendix 3 for the determination of SOPs required for 

the QC of the tracer.  

a. The standard changes that need to be done are documented in appendix 5. 

b. For each method described for the QC of the tracer, it must be decided if the 

method requires a new SOP, an update of an SOP already in use or if a 

generic SOP already in use properly fits. Fill out the requirement for each 

method in table 1.  

i. Following this decision, the SOPs need to be written and/or updated. 

ii. All changes of documents are tracked in appendix 4.  
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Analytical Method FDG Flutemetamol 

Production 
FASTlab cassette FASTlab cassette 

 FASTlab formulation buffer 
 

LAL 
PTS LAL cartridges PTS LAL cartridges 

Water for LAL Water for LAL 

HPLC 

250x4.0mm strongly basic resin C18 150 x 4.6 mm 

Methanol Ammonium Acetate 

FDG reference Formic acid 

2-fluoro-2-deoxy-D-mannose reference Acetonitrile 

Sodium hydroxide Flutemetamol reference standard 

 
AH111832 standard 

Ethanol 

Water 

Free F-18 TLC 

Silica gel TLC strip Silica gel TLC strip 

Acetonitrile Ethyl acetate/ Diethylamine  

Sulfuric acid 

 
1,2,3,4-Tetra-O-Acetyl-beta-D-glucopyranose 

Methanol 

Glucose 

Water 

Residual phase catalyst 
test 

Kryptand 222 

 TLC Aluminum Oxid 60 F254 

Water 

Iodine 

GC 

Helium Helium 

Hydrogen tank Hydrogen tank 

Acetonitrile Acetonitrile 

Ethanol Ethanol 

Acetic acid  

pH 

Buffer standard pH 4 Buffer standard pH 4 

Buffer standard pH 7 Buffer standard pH 7 

Buffer standard pH 10 Buffer standard pH 10 

3M KCL AgCl saturated 3M KCL AgCl saturated 

Radionuclide identity Cs-137 standard Cs-137 standard 
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8. Specification  
 

9. References  
 

European Pharmacopeia 9.7 
 
Eudralex - Volume 4 - Good Manufacturing Practices (GMP) guidelines 

 

 

10. Annexes  
 

Annex 1: Procedure for implementation of a new radiotracer 

Annex 2: Procedure record 

Annex 3: Literature review record 

Annex 4: Material record  

Annex 5: Documentation change record  
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Date started:  

Operator of implementation:  

Approved by:   

Name of tracer:  

Short description of tracer:  

Date finished:  

Operator:   

Approved by:  
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Process Check Initials Date 

Start of implementation     

Does the tracer have a monograph in PE? q   

Literature review – table in annex 3    

Find reliable sources of QC for the tracer q   

Standard QC – table in annex 3    

Identify Standard QC procedures q   

Find the appropriate margins for the standard 

procedures 
q 

  

Find materials used in the standard procedures  q   

Non-standard QC – table in annex 3    

Identify analytical procedures required for QC that are 

not in PE 
q 

  

Identify the method used for procedure q   

Find appropriate margins for the standard procedures q   

Find materials used in the standard procedures  q   

Track all literature used in literature table q   

Validations – table in annex 3    

Determine if the standard tests need a new validation 

method 
q 
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Determine if custom test have an established validation 

method 
q 

  

Find appropriate methods of validation for remaining 

methods  
q 

  

Materials – annex 4    

Update materials table  q   

Vendors added to materials table  q   

SOPs and other quality documents – annex 5    

Identify the documents that are needed or need an 

update in table 
q 
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Literature Authors Date retrieved  
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 Method Materials Vendors Date Initials 

Production   
  
  

  
  
  

  

LAL 
  

  
  
  

  

HPLC 

  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  

  

Free F-18 TLC 

  
  
  
  
  
  
  

  
  
  
  
  
  
  

  

Residual phase catalyst 
test 

  
  
  
  

  
  
  
  

  

Gas Chromatography 
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