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ABSTRACT 

Positron emission tomography (PET) is a highly sensitive, non-invasive, imaging 
technique used for quantification of biological targets. The accuracy of 
quantification is influenced by the tracer metabolism and plasma protein binding 
(PPB). This thesis focuses on the development of novel methodologies for 
radiometabolite analysis (RMA) and PPB assessment of the P2X7 receptor binding 
PET tracer [¹¹C]SMW139 in both preclinical and clinical research. 

Key challenges in PET imaging include the rapid metabolism of tracers, which 
generates radiometabolites that may have altered binding properties and 
biodistribution. These radiometabolites can accumulate in tissues in critical 
quantification areas, affecting PET signal quantification and interpretation. To 
address this, robust thin-layer chromatography (TLC), high-performance TLC 
(HPTLC), and high-performance liquid chromatography (HPLC) methods were 
developed and optimised for quantification of the unchanged tracer and its 
radiometabolites in plasma and brain tissue. Additionally, an ultrafiltration PPB 
analysis method was developed to simultaneously determine the plasma protein-free 
fraction of [¹¹C]SMW139 and of its radiometabolites. The free fraction of the 
radiometabolites had not been analysed before. 

The results demonstrate that [¹¹C]SMW139 undergoes rapid metabolism in both 
mouse and human plasma, the parent and its radiometabolites are able to penetrate 
the blood-brain-barrier (BBB). However, suitable compartment modelling with 
corrections for BBB penetrating radiometabolites enabled robust quantification. 
Moreover, [¹¹C]SMW139 was found to be highly bound to plasma proteins, while 
the radiometabolites had a much higher free fraction enhancing their abundant 
penetration through the BBB. The findings provide essential insights into the 
pharmacokinetics of [¹¹C]SMW139 and its radiometabolites, enabling improved 
PET data interpretation and tracer evaluation for brain imaging. Standardisation of 
RMA and PPB analysis methodologies and especially their detailed reporting are 
recommended for enhancing the reliability of RMA and PPB studies in future 
studies. 

KEYWORDS: Radiometabolite analysis, plasma protein binding analysis, 
translational PET research, [11C]SMW139.  
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RICHARD AARNIO: [¹¹C]SMW139 merkkiaineen radiometaboliitti- ja 
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TIIVISTELMÄ 

Positroniemissiotomografia (PET) on herkkä ja kajoamaton kuvantamismenetelmä, 
jota käytetään biologisten kohteiden kvantitatiiviseen tutkimiseen. PET-merkki-
aineen metaboloituminen ja plasman proteiineihin sitoutuminen (PPB) vaikuttavat 
sen tarkkuuteen. Tämä väitöskirja keskittyy PET-merkkiaineen [¹¹C]SMW139:n 
radiometaboliittianalyysi- (RMA) ja PPB-analyysimenetelmien kehittämiseen pre-
kliinisissä ja kliinisissä tutkimuksissa. 

PET-kuvantamisen haasteisiin kuuluu merkkiaineiden nopea metaboloituminen, 
joka tuottaa radiometaboliitteja, joilla voi olla erilaiset sitoutumis- ja jakautumis-
ominaisuudet kuin alkuperäisellä merkkiaineella. Erityisesti radiometaboliittien 
kertyminen kudoksiin kvantitointialueilla voi vääristää signaalin analyysiä. Tätä 
varten kehitettiin ja optimoitiin ohutlevykromatografia (TLC), korkean erotuskyvyn 
ohutlevykromatografia (HPTLC), ja korkean suorituskyvyn nestekromatografia 
(HPLC)-menetelmiä. Näiden avulla määritettiin merkkiaineen ja sen radio-
metaboliittien pitoisuudet plasmassa ja aivokudoksessa. Lisäksi kehitettiin ultra-
suodatusmenetelmä PPB-analyysiin, jotta voitiin [¹¹C]SMW139:n ja sen radiometa-
boliittien vapaat fraktiot plasmassa määrittää samanaikaisesti. Radiometaboliittien 
vapaata fraktiota ei ole aiemmin analysoitu. 

Tutkimuksen tulokset osoittivat, että [¹¹C]SMW139 metaboloituu nopeasti sekä 
hiiren että ihmisen plasmassa, ja muuttumaton merkkiaine ja sen radiometaboliitit 
pystyvät läpäisemään veri-aivoesteen (BBB). Kuitenkin, BBB-läpäisevillä radio-
metaboliiteilla korjattu lokeromallimallinnus mahdollisti luotettavan kvantitoinnin. 
[¹¹C]SMW139 sitoutuu voimakkaasti plasman proteiineihin, kun taas sen radio-
metaboliiteilla on huomattavasti suurempi vapaa fraktio, edistäen niiden BBB-
läpäisyä. Nämä löydökset tarjoavat arvokasta tietoa [¹¹C]SMW139:n ja sen 
radiometaboliittien farmakokinetiikasta, mikä parantaa PET-kuvantamisen tulosten 
tulkinnan ja merkkiaineen arviointia. Lisäksi tutkimus korostaa RMA- ja PPB-
analyysimenetelmien standardointia ja yksityiskohtaisen raportoinnin merkitystä 
PET-tutkimusten luotettavuuden parantamiseksi. 

AVAINSANAT: Radiometaboliittianalyysi, plasma proteiinisitoutumisanalyysi, 
translationaalinen PET-tutkimus, [11C]SMW139.  
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Abbreviations 

3R Replacement, reduction, and refinement 
11C Carbon-11 

18F Fluorine-18 
68Ga Gallium-68 
[11C]SMW139 2-chloro-5-[11C]methoxy-N-((3,5,7-trifluoroadamantan-1-

yl)methyl)benzamide 
[18F]FDG 2-deoxy-2-[18F]fluoroglucose 
[18F]FDOPA 6-[18F]fluoro-L-DOPA 
@EOS At the end of synthesis 
@injection At the time of injection 
%IA/g Percentage of injected activity per gram of tissue 
λ Decay constant 
Am Molar activity 
Am(max) Maximum molar activity in theory 
AADC Aromatic L-amino acid decarboxylase 
ACN Acetonitrile 
ADME Absorption, distribution, metabolism, and excretion 
AFOV Axial field-of-view 
AIC Akaike information criterion 
AIF Arterial input function 
β+ Beta+ decay 
BBB Blood-brain barrier 
BGO Bismuth germanate 
BP Binding potential 
BPND Non-displaceable binding potential 
CBV Cerebral blood volume 
cP Radioactivity concentration of plasma 
CT Computer tomography 
EAE Experimental autoimmune encephalomyelitis 
ED Equilibrium dialysis 
Emax(β+) Maximum positron energy 
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Emean(β+)  Mean positron energy 
fM Radiometabolite plasma protein-free fraction 
fP Parent plasma protein-free fraction 
fM/A Fraction of plasma protein free radiometabolite radioactivity over all 

radioactivity 
fM/M Fraction of plasma protein free radiometabolite radioactivity over 

total radiometabolite radioactivity 
fP/A  Fraction of plasma protein free parent radioactivity over all 

radioactivity 
fP/P  Fraction of plasma protein free parent radioactivity over total parent 

radioactivity 
GC Gas chromatography 
HC Healthy controls 
HPLC High-performance liquid chromatography 
HPTLC High-performance thin-layer chromatography 
HSA Human serum albumin 
ICLAS International Council of Laboratory Animal Science 
IDIF Image derived input function 
i.v. Intravenous 
k1 Rate of tracer transfer from plasma to tissue 
k2 Rate of tracer clearance from tissue back to plasma 
k3 Rate of the tracer binding to the target receptor 
k4 Rate of tracer dissociation from the target receptor 
Ki Net influx rate 
LAFOV Long-axial field-of-view 
LC Liquid chromatography 
LC-MS Liquid chromatography-mass spectrometry 
LC-MS/MS Liquid chromatography with tandem mass spectrometry 
LogP Logarithmic of the partition coefficient of a solute between octanol 

and water 
LYSO Lutetium yttrium orthosilicate 
MEPS Microextraction by packed sorbent 
MLC Micellar liquid chromatography 
MRI Magnetic resonance imaging 
MS Multiple sclerosis 
MSNA Molecular spherical nucleic acids 
NaI(Tl) Thallium-doped sodium-iodine 
NMR Nuclear magnetic resonance 
p.i. Post-injection  
PET Positron emission tomography 
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Ph. Eur. European Pharmacopoeia 
PMS Progressive multiple sclerosis 
PMT Photomultiplier tube 
PPB Plasma protein binding 
PPBA Plasma protein binding analysis 
PSL Photostimulated luminescence 
RCP Radiochemical purity 
RED Rapid equilibrium dialysis 
RMA Radiometabolite analysis 
RMS Relapsing multiple sclerosis 
ROI Region of interest 
Rt Retention time 
TAC Time-activity curve 
TFA Trifluoroacetic acid 
SAFOV Short-axial field-of-view 
SiPM Silicon photomultiplier 
SLS-MEPS Semi-automated lead shielded microextraction by packed sorbents 
SPE Solid-phase extraction 
SPME Solid-phase microextraction 
SD Standard deviation 
STUK Radiation and Nuclear Safety Authority in Finland 
TB Total-body 
TBV Total blood volume 
TLC Thin-layer chromatography 
TOF Time-of-flight 
TSPO Translocator protein 
UF Ultrafiltration 
VB Blood volume parameter 
VT Volume of distribution
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1 Introduction 

Positron emission tomography (PET) is a non-invasive and quantitative molecular 
imaging modality, which enables the localization of positron emitting radionuclides 
in vivo with the aid of a PET scanner. PET images can be combined with other 
imaging modalities, such as magnetic resonance imaging (MRI) or computer 
tomography (CT) to obtain high-resolution anatomical references for localizing the 
exact source of the PET signal. PET imaging was first used for clinical imaging in 
1953 by Drs Brownell and Aronov (Jones & Townsend, 2017). Since then this 
technique has developed immensely and inspired researchers to develop new ways 
to utilize this technology in medical imaging and drug development. Various PET 
tracers for different targets have been developed, such as the most famous PET 
tracer, 2-deoxy-2-[18F]fluoroglucose ([18F]FDG). PET tracers are radiolabelled with 
positron emitting radionuclides, each having their unique advantages for different 
applications. 

Often PET tracers are built upon molecules that are not naturally found in the 
human body. By nature, the human body strives to protect itself by excreting such 
molecules, which do not belong in the body, and usually hastens up excretion by 
metabolizing the molecule to a more suitable form for a speedy excretion if possible. 
Tracers can also be based on molecules that are already found in the body by 
isotopically labelling them. Depending on the molecule, these too can be directly 
excreted, or take part in biological processes occurring in the body resulting in 
further metabolism of the molecule so that the body can utilize parts of the molecule 
it needs for example, as building blocks in de novo synthesis and energy production. 

When the tracer undergoes any change and forms radiometabolites, the new 
positron emitting molecules have altered key properties such as new possible binding 
targets and altered affinity. Enzymatic activity in the bloodstream, in organs or in the 
target tissue also plays an important role in enabling the metabolic pathways and 
affecting the rate of metabolism. The in vivo stability of the tracer can vary in 
different subject groups depending on age, sex, metabolic status, medication etc. 
Depending on the new structure of the radiometabolite and therefore the affinity 
properties and ability to penetrate any membranes, which often depends on the 
molecular weight, charge and lipophilicity of the radiometabolites, the 
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radiometabolites can accumulate to new targets or circulate without specific binding, 
contributing to increased tissue background radioactivity. 

The overall metabolism of tracers and its rate can be influenced by additional 
factors, including the concentration of proteins in the bloodstream, the presence and 
progression of diseases, and the use of anaesthetics (Ramos-Torres et al., 2024). In 
addition, the extent to which a tracer binds to intermediate carriers, such as human 
serum albumin (HSA), other plasma proteins, or are taken into erythrocytes, can 
affect its metabolism. Drug metabolites can potentially exhibit toxic properties; 
fortunately, the trace level injection of PET tracers usually prevents this from causing 
any adverse effects as trace level doses are intendedly used so that the tracer or its 
metabolites will not induce any significant pharmacological effect in the body. 

The radiometabolites can hamper PET imaging data collection and analysis in 
many ways. As it is not possible to determine from the PET data alone whether the 
signal originates from the parent tracer or its radiometabolites (Ghosh et al., 2020), 
any metabolism, i.e. alterations of the tracer structure, must be studied using blood 
and tissue samples. This is essential for understanding the true ratio of the original 
parent tracer and its radiometabolites contributing to the observed signal. The 
increased background radioactivity in the region of interest (ROI) affects negatively 
the signal-to-noise ratio. When using reference tissue modelling, it is assumed that 
the reference tissue has the same radioactivity concentration of non-specifically 
bound radiometabolites than in the ROI and that it does not have any specific binding 
sites for the tracer. In reality, radiometabolites might be accumulating in different 
amounts into the different regions and cause bias to the results. For quantification of 
the target, by for example, compartment-modelling using arterial input function 
(AIF), the radiometabolites must be corrected from the plasma time-activity curve 
(TAC). Also, tracers that undergo rapid metabolism have a limited time for the 
uptake of the original tracer and it should be considered to limit the time frames for 
quantification to times shortly after the injection. As in vivo sampling during PET 
studies from human subjects is limited to blood and urine samples, and human post 
mortem and other in vitro studies do not provide all the information needed, 
preclinical studies are essential to provide an understanding of the metabolism in 
addition to the biodistribution of the radiometabolites of the parent tracer. 

Metabolism of PET tracers have been studied mainly by using various 
chromatographical methods such as high-performance liquid chromatography 
(HPLC) and thin-layer chromatography (TLC). Separating different molecules from 
each other from a mixture of molecules using such chromatographical methods is 
based on affinity differences between the different radiometabolites and the parent 
tracer to the stationary phase, combined with the effect of the strength of the eluent 
to displace their reversible binding to the stationary phase. It usually requires 
significant effort to develop and validate effective separation methods. 
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In addition, other corrections to plasma TAC should be considered, like the effect 
of the tracers’ protein-free fraction in plasma. Plasma protein binding (PPB) is an 
important part of PET tracer characterization, as the PPB of the tracer and its 
radiometabolites can hugely affect the kinetics of the tracer. Understanding these 
characteristics can aid in improving the modelling of the PET data. As with 
radiometabolite analysis (RMA), the PPB analysing methods and the ways in which 
these methods and results are reported, are diverse. More standardization should be 
established in these fields through detailed reporting of materials and methods and 
acquired data. 

Utilizing the emitted particles or photons from radioactive decay of the PET 
tracer and its radiometabolites enormously enhances the capabilities to accurately 
quantify their trace level concentrations. RMA and PPB analysis requires highly 
sensitive radiodetectors or phosphorimagers to enable the analysis of late time point 
samples. The sensitivity of these radiodetectors is often a limiting factor for these 
studies. 

The aim of this thesis is to provide new angles of approach, novel methods and 
increased understanding to the field of RMA and PPB analysis by developing such 
methods for the P2X7 receptor targeting PET tracer 2-chloro-5-[11C]methoxy-N-
((3,5,7-trifluoroadamantan-1-yl)methyl)benzamide ([11C]SMW139, Figure 1) and 
assessing the results in preclinical and clinical studies. The outline of the Studies I–
IV is shown in Table 1. 

Table 1. Outline of the Studies. 

 Study I Study II Study III Study IV 
PET tracer [11C]SMW139 

Study subjects 
Mice (APP/PS1-21 
TG and C57BL/6J 

WT) 

Mice 
(C57BL/6J) 

Humans (HC), 
Mice (C57BL/6J) 

Humans 
(MS and HC) 

Developed 
methods 

HPTLC and TLC 
RMA UF PPBA HPLC RMA 

UF PPBA 
refined for 
humans 

Abbreviations: HC = healthy controls, MS = multiple sclerosis, HPLC = high-performance liquid 
chromatography, HPTLC = high-performance thin-layer chromatography, PPBA = plasma protein 
binding analysis, RMA = radiometabolite analysis, TLC = thin-layer chromatography, UF = 
ultrafiltration. 
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2 Review of the literature 

2.1 Positron emission tomography 

2.1.1 Radioactivity and its detection 
The unstable nature of matter i.e. radioactive decay is the fundamental phenomena 
underlying PET imaging. PET tracers contain positron-emitting radionuclides that 
decay via β+ decay, emitting a positron (the antimatter counterpart of an electron) 
that subsequently annihilates with an electron, producing two 511 keV gamma 
photons that travel 180 ± 0.25° in the opposite directions according to the law 
conservation of energy and momentum (Belcari et al., 2024). The positron-emitting 
radionuclides are produced mainly with particle accelerators, mostly cyclotrons, by 
colliding high-energy protons with suitable stable target nuclei. In the subsequent 
nuclear reactions proton rich (neutron poor) nuclei, such as fluorine-18 (18F) and 
carbon-11 (11C), are formed. If these nuclei have an energetically unfavourable 
proton-to-neutron ratio, they will spontaneously decay either via positron emission 
or electron capture. 

The probability of the spontaneous radioactive decay is characteristic for each 
radionuclide, leading to a well-defined decay constant (λ) and half-life. The half-life 
is the time it takes for half of the amount of radionuclides to decay. 

Ernest Lawrence and his co-workers invented the first cyclotron in 1930 
(Wagner, 1998). Frédéric Joliot and Irène Curie were the first to publish about 
artificially produced radioactivity in 1934 (Joliot & Curie, 1934; Guerra et al. 2012). 

2.1.2 Positron energy and range 
The maximum positron energy (Emax(β+)) of emitted positrons affects their travel 
distance before annihilation, influencing spatial resolution in PET imaging. The 
mean positron energy (Emean(β+)) is roughly one third of the Emax(β+). High-energy 
positrons, such as those from gallium-68 (68Ga, Emax(β+) = 1.9 MeV, Emean(β+) = 0.74 
MeV, half-life 68.3 min), travel further before annihilation, leading to image 
blurring, while lower-energy positrons from carbon-11 (11C, Emax(β+) = 0.96 MeV, 
Emean(β+) = 0.385 MeV, half-life 20.4 min) provide better resolution. Fluorine-18 
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(18F, Emax(β+) = 0.635 MeV, Emean(β+) = 0.242 MeV, half-life 109.8 min) has the 
shortest positron range among these, offering high spatial resolution (Cherry et al., 
2012). Other commonly used PET isotopes are oxygen-15 (15O, Emax(β+) = 1.73 
MeV, Emean(β+) = 0.735 MeV, half-life 2.03 min) and zirconium-89 (89Zr, Emax(β+) = 
0.902 MeV, Emean(β+) = 0.395 MeV, half-life 78.41 h) (Kuchar & Mamat, 2015). The 
balance between radionuclide availability, image resolution and radiochemistry 
realities must be considered in PET tracer development planning. 

2.1.3 Overview of PET imaging 
PET is a powerful imaging modality that enables non-invasive visualization and 
quantification of metabolic and physiological processes in vivo. PET imaging was 
first used for clinical imaging in 1953 by Dr. Brownell and Dr. Aronov (Jones & 
Townsend, 2017) at Massachusetts General Hospital in Boston, USA. PET has since 
evolved into a widely used tool in medical diagnostics and research, particularly in 
oncology, neurology, and cardiology (Wagner, 1998; Cherry et al., 2012). PET 
provides high-sensitivity functional imaging by detecting the pairs of gamma 
photons by PET scanner detectors. This allows image reconstruction of the tracer’s 
distribution in the body in millimetre precision. 

The concept of PET scanners has developed immensely since the first adaptation 
of the PET principle into scanners. The clinical PET scanners were significantly 
improved in the following decades with the introduction of time-of-flight (TOF) 
technology (Cherry et al., 2012; Surti, 2015). 

Recent advances in PET scanners include the development of more efficient 
radiodetectors. Zatcepin & Ziegler (2023) published an overview, highlighting two 
main types: scintillation and semiconductor detectors. Scintillation detectors, using 
photomultiplier tubes (PMTs) with materials like thallium-doped sodium-iodine 
(NaI(Tl)), lutetium yttrium orthosilicate (LYSO), and bismuth germanate (BGO), 
provide high light yield and fast response, making them suitable for TOF-PET and 
improving image quality. Semiconductor detectors, particularly silicon 
photomultiplier (SiPM) based ones, have superior spatial resolution (Moehrs et al., 
2006). The modern trend toward SiPMs in newer PET systems improves time 
resolution and imaging accuracy. The combination of detector materials and 
technologies to improve system performance aim to optimise energy resolution, 
spatial resolution, and sensitivity for more precise PET imaging (Zatcepin & Ziegler, 
2023). 
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2.1.4 Combining PET with CT or MRI 
PET is often combined with anatomical imaging techniques such as CT or MRI to 
form a hybrid imaging system i.e. multimodal imaging system for improved 
accuracy and clinical applicability by enabling the combination of the PET signal 
with an accurate anatomical reference (Ehman et al., 2017). PET/CT is a far more 
common combination due to cheaper purchase and running costs, superior bone 
contrast, and is often established as the golden standard for tumour detection due to 
the better resolution. In addition, CT provides better attenuation correction, and 
better compatibility with the PET detector types with less artefact issues. CT is also 
faster (Ehman et al., 2017). However, the MRI modality has advantages when better 
soft tissue contrast is needed, for example, in brain imaging. In some cases, 
PET/MRI has been shown to even outperform PET/CT in oncology (Singnurkar et 
al., 2024; Zhang et al., 2023). Modern high-end standalone MRI systems for human 
brain imaging can go up to 11.7 T, which can offer superior resolution (Boulant et 
al., 2024). When combined with PET, a 9.4 T for preclinical PET/MRI has been 
developed, while the commercially available clinical PET/MRI go only up to 3 T, 
which compromises the MRI resolution (Perera Molligoda Arachchige, 2023). Non-
commercial PET inserts have been developed to increase the clinical scanner 
magnetic field (Bogdanovic et al., 2022). 

2.1.5 Development of total-body PET imaging 
Total-body (TB) PET imaging represents a transformative leap in nuclear medicine, 
enabling the simultaneous imaging of the entire human body with high sensitivity 
and spatial resolution. Traditional PET systems have been limited by their restricted 
axial field-of-view (AFOV; typically 15–30 cm) (Chen et al., 2024), requiring 
multiple consecutive scans at different bed positions to cover the entire body, making 
the scans much more time consuming. TB PET and long-axial field-of-view 
(LAFOV) systems, however, utilize extended AFOV detectors, allowing for whole-
body imaging in a single bed position (Alberts et al., 2023; Godinez et al., 2024). 

The concept of TB PET imaging was first proposed in the early 2000s, with 
researchers recognizing the potential benefits of increased sensitivity and reduced 
scan times (Cherry et al., 2017; Cherry et al., 2018). The first TB scanner, with an 
AFOV of 194 cm, was constructed in 2018. The system achieved a 40-fold increase 
in sensitivity, and faster scan times, in addition to enabling lower doses of 
radioactivity, and TB images with high resolution compared to conventional PET 
scanners. This enabled novel dynamic imaging of radiotracer kinetics 
simultaneously across the entire body (Badawi et al., 2019). However, the 
introduction of LAFOV systems that image from head-to-thigh (vertex-to-thigh), 
that have an AFOV just over 100 cm, are much more affordable and have similar 
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extended capabilities compared to traditional short-axial field-of-view (SAFOV) 
scanners. 

A very recent review by Mingels et al. (2025) explained some of the challenges 
and opportunities associated with TB PET/CT. Key challenges include the high cost 
of system development, the need for advanced reconstruction algorithms to handle 
the massive amount of data, and the optimisation of imaging protocols for clinical 
use. In addition, other practical challenges have been discussed, such as the increased 
noise (Daube-Witherspoon et al., 2022), and much longer tubing for blood sampling 
and the consequential increased dispersion (Gu & Wu, 2023). A key challenge when 
combining LAFOV PET and RMA is the significantly decreased radioactivity 
concentration in plasma, due to reduced injected dose, which severely hampers the 
ability to perform RMA. To our knowledge, this issue has not been properly brought 
up in any publications. However, the opportunities are vast, including the ability to 
study systemic diseases in ways previously not possible. Mingels et al. (2025) also 
emphasized the potential for low-dose imaging, short acquisition times, delayed 
imaging, and dual-tracer protocols, which are now feasible with LAFOV and TB 
PET systems. 

Other advantages, such as clinically relevant applications in TB PET have been 
discussed by Chen et al. (2024). These include, for example, improved detection of 
metastatic disease and better quantification and staging of tumours in oncology, short 
scan times while maintaining image quality, better accuracy for radiation dosimetry, 
and the lower dose, which improves staff and patient safety while reducing noise in 
images. In addition, simultaneous imaging of the brain and peripheral organs enable 
studies of the systemic interactions, for example, brain-gut interplays for Parkinson’s 
disease research (Chen et al., 2024). 

2.2 PET tracers 

2.2.1 PET tracers 
PET imaging is based on PET tracers, which are synthesized and radiolabelled with 
a suitable positron emitting radionuclide often produced using a cyclotron. Some β+-
emitting radionuclides are produced using generators, such as 68Ge/68Ga generators 
in the case of 68Ga (Dash & Chakravarty, 2019; Velikyan, 2015). The PET tracers 
are designed to bind to specific molecular targets to enable quantification and 
detecting of biological processes. They could target, for example, metabolic 
processes and reveal the metabolic status, such as with [18F]FDG – a glucose 
analogue depicting glucose metabolism (Pauwels et al., 1998). Alternatively, PET 
tracers could target specific ligands, antigens, receptors, and neurotransmitters in the 
body, to enable studying receptor availability, neurological, and psychiatric 
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disorders, and even to detect cancer (Pike, 1995; Trotter et al., 2023; Nakamoto et 
al., 2024). PET tracers can be also used for enzyme targets, neuroinflammation 
(Kreisl et al., 2020), and immune activation, for example, in autoimmune conditions 
(Besson et al., 2024). Also hypoxia can be studied with tracers, such as, [18F]EF5 
and [18F]F-DPA (Saha et al., 2024). Cardiac, and other perfusion imaging targets can 
be studied with [15O]H2O (Nesterov et al., 2009; Maaniitty et al., 2020; Knuuti et 
al., 2023). 

The most widely known and utilized PET tracer is [18F]FDG, a glucose analogue 
that can be used to surrogate glucose metabolism. [18F]FDG PET imaging has been 
the cornerstone in oncology for tumour detection, staging, and monitoring 
therapeutic responses, as cancer cells often express elevated glucose uptake. Also, 
[18F]FDG is used in neurology for assessing cerebral glucose metabolism, and in 
cardiology for evaluating myocardial conditions, in addition to many other 
applications. 

As an example of another PET tracer, [18F]F-DPA targets the translocator protein 
(TSPO) associated with neuroinflammation (Keller et al., 2018). By binding to 
TSPO, [18F]F-DPA enables the assessment of microglial activation in rodents, and 
quantification of inflammatory cells in humans (Nutma et al., 2023). 

The development of new PET tracers continues to enhance the ability to expand 
the applications and possibilities of PET imaging to study diverse biological 
processes in vivo, enabling improved diagnosis, drug research, and understanding of 
various diseases. 

2.2.2 [11C]SMW139 as a P2X7 receptor targeting PET tracer 
for microglial activation and neuroinflammation 

The P2X7 receptor is a trimeric, adenosine triphosphate (ATP) gated cation channel 
belonging to the P2X receptor family, which forms one branch of the purinergic P2 
receptor family (Sluyter, 2017). Purinergic signalling, first proposed by Geoffrey 
Burnstock in the 1960s, describes the role of extracellular nucleotides such as ATP 
in cell communication (Burnstock, 1972; Burnstock, 2014; Shmidt et al., 2023). The 
P2 receptor family includes seven P2X receptors, which are ligand-gated ion 
channels. The P2X7 forms non-selective macropores that can permit the passage of 
molecules up to 900 Da (Shmidt et al., 2023). 

The P2X7 receptor is primarily expressed in all innate and adaptive immune 
system cells, including macrophages, monocytes, dendritic cells, and microglia, 
astrocytes, oligodendrocytes, and Schwann cells, and plays an important role in 
health and disease (Cai et al., 2021; Ren et al., 2021; Shmidt et al., 2023). The P2X7 
is critical for its antigen presentation characteristics affecting the immune system 
(Acuña-Castillo et al., 2024). The P2X7 receptor is connected to numerous 
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pathological processes, including neurodegenerative diseases, chronic pain, 
autoimmune conditions such as rheumatoid arthritis, and cancer. The 
polymorphisms can alter receptor function, with some associated with either gain or 
loss of function, affecting disease susceptibility and treatment response (Shmidt et 
al., 2023). Species differences must be considered in translational research, as the 
human, rat, and mouse P2X7 receptors differ significantly in ligand affinity (Hibell 
et al., 2000). 

Wilkinson et al. (2017) synthesised a group of benzamides, from which 
SMW139 showed to have good characteristics as an allosteric P2X7 receptor 
antagonist. This molecule stemmed from the work of Baxter et al. (2003), who 
developed potent adamant amide antagonists targeting the P2X7. The 11C-labelled 
SMW139 tracer, [11C]SMW139 (Figure 1), has emerged from this as a promising 
tool for PET imaging of microglial activation and neuroinflammation, particularly 
due to its affinity to the P2X7 receptor. Janssen et al. (2018) demonstrated its 
potential as a PET tracer for microglial activation in a rat model. The study validated 
[11C]SMW139's specificity to human post mortem P2X7 receptor in vitro, although 
it had trouble showing differences in binding between the healthy control and 
Alzheimer’s disease subject brain tissues (Janssen et al., 2018). This study showed 
[11C]SMW139 as a potential tracer for imaging neuroinflammatory processes, 
particularly in diseases like Alzheimer's disease and multiple sclerosis (MS). 

 
Figure 1. The molecular structure of 2-chloro-5-[11C]methoxy-N-((3,5,7-trifluoroadamantan-1-

yl)methyl)benzamide ([11C]SMW139). Created using Chemdraw 19.0. Modified from 
Study II. 

Hagens et al. (2020) conducted the first-in-human study of [11C]SMW139 in 
active relapsing multiple sclerosis (RMS) and healthy controls (HC). The study 
reported higher [11C]SMW139 uptake in RMS subjects compared to HCs, 
demonstrating its ability to detect neuroinflammation in vivo. This work provided 



Richard Aarnio 

 22 

evidence for the utility of [11C]SMW139 in clinical neuroimaging and its potential 
for staging MS progression (Hagens et al., 2020). 

Further validation was shown by Beaino et al. (2020), who used [11C]SMW139 
in the experimental autoimmune encephalomyelitis model of MS in Lewis rats. The 
study confirmed increased P2X7 receptor expression in pro-inflammatory microglia 
and specificity to P2X7 receptor through blocking studies with JNJ-47965567 
(Beaino et al., 2020). 

Other PET tracers targeting the P2X7 receptor have also been developed, such 
as 11C-GSK1482160 (Territo et al., 2017), 18F-PTTP (Fu et al., 2019), and 
[18F]JNJ-4413739 (Berdyyeva et al., 2019). 

2.3 Metabolite analysis 

2.3.1 Metabolism of drugs 
The metabolism of drugs in biological systems is a biologically vital and natural 
process. It is a critical component affecting the pharmacokinetics, being a part of the 
drug's absorption, distribution, metabolism, and excretion (ADME) properties. 
Understanding the metabolic pathways and their impact on ADME is essential for 
predicting and understanding drug behaviour, efficacy, and safety. 

Drug metabolism reactions are generally categorized into two phases: 
Phase I reactions concerns mainly functionalization reactions. These involve 

chemical modifications such as oxidation, reduction, and hydrolysis, bringing in 
new, changing existing, or uncovering functional groups to increase the molecule’s 
polarity. The cytochrome P450 enzyme family, particularly CYP3A4, plays a 
significant role in these reactions (Zhao et al., 2021a; Waller & Sampson, 2018). 

Phase II reactions, also known as conjugation reactions. In this phase, the drug 
or its Phase I metabolites undergo conjugation with endogenous substrates like 
glucuronic acid, sulphate, or glutathione, resulting in more hydrophilic compounds 
that are easier to excrete (Ibrahim et al., 2023; Waller & Sampson, 2018). 

As metabolism alters the drug's lipophilicity, it affects the distribution of the 
drug’s components in the body. Metabolites with increased polarity are less likely to 
cross cell membranes, potentially limiting their distribution to certain tissues (Yang 
& Hinner, 2015). 

The specific impact of metabolism on the drug’s ADME properties is critical. 
The first-pass metabolism, occurring for example, in the liver and intestines, can 
reduce the availability of orally administered drugs affecting the absorption. PET 
tracers are mainly administered intravenously (i.v.), but, for example, intramuscular 
injection, inhalation, and oral administrations are also used (Kapoor & Kasi, 2022; 
Wang et al., 2022; Schimochi et al., 2024). The mode of administration affects the 
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rate of availability in the blood circulation. Due to the strict time constrains and to 
limit gastrointestinal metabolism, i.v. injection is preferred. Also, intracranial 
injections are sometimes used in preclinical studies when drugs do not sufficiently 
penetrate the BBB, an example of such in a recent use of intracerebroventricular 
injections is published by Yang et al. (2025). 

Drug metabolism can be characterized by the rate, extent, and individual 
metabolite profiles, which can vary significantly among individuals. This variability 
may be due to differences in enzyme quantity and activity, for example, of the 
cytochrome P450 family enzymes (Zanger & Schwab, 2013). Genetic 
polymorphisms can lead to enzyme catalysis or inhibition, resulting in altered drug 
metabolism (Ingelman-Sundberg, 2005). Impaired metabolism can lead to the 
accumulation of active drugs or toxic metabolites (Dreisbach & Lertora, 2008). Also, 
in drug pharmacokinetic studies it is important to understand the role of competing 
substrates, such as additional drugs that the individual is taking that share the same 
enzymes, transporters, receptors, plasma protein binding sites and endogenous 
substrates. Therefore, different individuals may experience variations in drug 
efficacy and differences in adverse effects. 

The excretion abilities of drugs heavily depends on the increased polarity that 
metabolism enables in the administered drugs. Polar metabolites are typically 
excreted via the renal route (Waller & Sampson, 2018).  

The metabolism of drugs can be substantially manipulated, enabling higher 
bioavailability of the drug to the target by inhibiting the metabolism pathways. One 
example of this is the use of carbidopa, an aromatic L-amino acid decarboxylase 
(AADC) inhibitor (Muranova & Shanina, 2023) to inhibit 6-[18F]fluoro-L-DOPA 
([18F]FDOPA) metabolism (Melega et al., 1990; Melega et al., 1991; Tuomela et al., 
2013; Walker et al., 2013). The dopaminergic system targeting PET tracer 
[18F]FDOPA is used to study, for example, neuropsychiatric diseases, movement 
disorders, brain malignancies (Pretze et al., 2014), and even malignancies of the 
pancreas (Kalliokoski et al., 2014). [18F]FDOPA has a substantial rate of 
metabolism, resulting in a reduction in its availability for brain uptake. However, 
when inhibitors, such as carbidopa is administered as an AADC inhibitor, it 
significantly reduces the peripheral metabolism of the parent tracer. This effect has 
been demonstrated in multiple species, including mice, rats, monkeys, and humans 
(Melega et al., 1990; Tuomela et al., 2013). The studies found that carbidopa 
pretreatment restricted [18F]FDOPA metabolism predominantly to the formation of 
[18F]3-OMFD. Consequently, the increased plasma levels of intact [18F]FDOPA 
allowed for greater cerebellum uptake (Melega et al., 1990; Tuomela et al., 2013). 

The ability to affect drug metabolism through co-administration of inhibitors, 
such as carbidopa, is particularly valuable in PET imaging, where the metabolic 
stability is crucial for sufficient uptake and signal-to-noise ratio, leading to accurate 
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quantification of tracer uptake in target tissues. As for reference tissue modelling for 
example, the radiometabolites need to be minimal (Salinas et al., 2015). Reducing 
the interference from radiometabolites can enable more accurate reference tissue 
modelling. If such reference region is not obtainable due to a too high 
radiometabolite presence, then a radiometabolite-corrected AIF is usually needed 
(Ghosh et al., 2020; van der Weijden et al., 2023). 

Drug metabolism has also been modified by deuterating the hydrogens in the 
tracer (Gant, 2014). Deuterium is a stable and nontoxic hydrogen isotope that, when 
incorporated into drug molecules, can enhance pharmacokinetic properties. By 
substituting conventional carbon–hydrogen (C–H) bonds with the stronger carbon–
deuterium (C–D) bonds, deuterated drugs require more energy to reach the transition 
state. This improves their metabolic stability, especially against defluorination 
(Cargnin et al., 2019; Liao et al., 2025; Kuchar & Mamat, 2015). Such approaches 
have been used, for example, for the type 1 cannabinoid receptor agonist PET tracer 
[18F]FMPEP-d2 (Takkinen et al., 2018; Ghosh et al., 2020), and for the 18kDa 
translocator protein targeting [18F]D2-LW223, where its stability in plasma was 
compared to the non-deuterated version (Liao et al., 2025). Deuterating the C–H 
does not in every case lead to altered metabolism of the drug. Sun et al. (2023) 
identified that deuterating the C–H increases the stability of the molecule mainly 
when applied to aliphatic chain parts of the molecule and not when the C–H 
hydrogens are substituted with deuterium in aromatic structures, as was the case with 
a demyelination tracer [18F]3F4AP (Sun et al., 2023). 

2.3.2 Radiometabolite analysis (RMA) of PET tracers 
Most PET tracers undergo the same natural metabolic processes as any other drug 
once administered into the body, resulting in radiometabolites circulating in plasma 
soon after its administration (Pike, 2009; Pike, 2016). These processes can rapidly 
decrease the fraction of the original PET tracer over all radioactivity in the blood. 
Some PET tracers are reported not to have any radiometabolites present in the brain, 
and good stability in plasma. For example, two recently developed TSPO binding 
tracers, [11C]DPA-813 and [18F]DPA-814, have shown 99% stability up to 45 min 
post injection in the brain (Beaino et al., 2025). An example of a tracer with good 
stability in plasma is [18F]FAZA, a PET tracer for imaging hypoxia. Its parent 
fraction was over 91% up to 40 min p.i. (Li et al., 2020). The metabolism of the 
tracer, in addition to the efflux out of the bloodstream, decreases the concentration 
of the PET tracer in plasma, making it harder to analyse if the metabolism is fast. 
RMA is usually performed from plasma samples, but it is equally important to 
analyse the most critical tissue samples to understand for example, BBB penetration 
of the parent tracer and its radiometabolites (Ghosh et al., 2020; Price et al., 2001). 
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In addition, the radiometabolites interfere with interpretation of PET imaging 
data. This makes it essential to study the metabolism of PET tracers in the blood and 
tissues to understand their pharmacokinetics and correct for them. Radiometabolites 
formed during this process may have specific binding patterns and can accumulate 
in tissues or organs, leading to misinterpretation of PET data if they cannot be 
quantified and corrected for. Understanding the radiometabolite profile is therefore 
crucial for accurate PET quantification and for understanding the biological 
characteristics of the tracer (Ghosh et al., 2020; Price et al., 2001; Moein et al., 
2020). In addition to RMA of blood and tissue samples, radiometabolites often 
accumulate in urine at relatively high concentrations. Urine is easily collected, and 
its matrix is relatively clean, enabling RMA with minimal sample preparation. This 
makes it an accessible and informative sample type for assessing radiometabolites. 
Although this data is not required for the AIF, it provides valuable insight into the 
route of excretion and can help determine whether additional radiometabolites are 
formed during urinary excretion. An example of RMA from urine samples and it’s 
correlation to plasma parent fraction was discussed by Chitneni et al. (2008). 

Several methodologies and their variations are utilized in the various steps of 
PET RMA. These include radioHPLC (Rokka et al., 2017; Declercq et al., 2017; 
Luoto et al., 2010), liquid chromatography-mass spectrometry (LC-MS; Varrone et 
al., 2022, Ghosh et al., 2020; Hashimoto et al., 2015; Qiu et al., 2024), radioTLC 
(Haaparanta et al., 2006; Li et al., 2020), micellar liquid chromatography (MLC; 
Schröder et al., 2015), mixed MLC (Nakao et al., 2013), semi-automated lead 
shielded microextraction by packed sorbents (SLS-MEPS; Moein et al. 2020), 
turbulent flow chromatography (Malherbe et al., 2019), column-switching 
radioHPLC (Brugarolas et al., 2022; Hilton et al., 2000; Vasdev & Collier, 2016; Yu 
et al., 1997; Werkhoven-Goewie et al., 1983), SepPak columns for the polar fraction 
(Wang et al., 1997; Golla et al., 2015; Hagens et al., 2020; Beaino et al., 2025; 
Shields et al., 2005), and ultracentrifugation (Ustsinau et al., 2023). Also, techniques 
to quantify radiometabolites from exhaled gases, such as [11C]CO2, have been 
reported (Shields et al., 1992). These techniques aim to provide both qualitative and 
quantifiable information about the radiometabolites, and to offer insights into their 
chemical properties. 

Despite the long list of possible methodologies to assess the parent fraction, 
radioHPLC remains as one of the most commonly used methods. Having the HPLC 
effluent travel through a radioactivity detector, such as a flow-through scintillation 
counting radiodetector, radioHPLC can provide high-resolution separation and high-
sensitivity radioactivity detection. The application of LC-MS adds specificity by 
allowing the identification of the mass-to-charge ratio of the radiometabolites, which 
further enables elucidating the structures of the radiometabolites (Ghosh et al., 2020; 
Qiu et al., 2024). 
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Ghosh et al. (2020) reviews and summarizes several RMA methodologies and 
presents some of the advantages and disadvantages of the methods that have been 
published by others. Ghosh states that while TLC is fast, inexpensive and can detect 
everything deposited on the plate, it has been mainly a qualitative method with 
limitations like accuracy, resolution and reproducibility and would not be suitable 
for RMA (Ghosh et al., 2020; Malherbe et al., 2019). However, many other studies 
have not seen these claims too limiting to exclude radioTLC method options and 
have successfully proven radioTLC to be an accurate method (Li et al., 2020; Aarnio 
et al., 2024). Autoradiography, which is sensitive and has a linear PSL response over 
a wide radioactivity range, enables quantifiable radioTLC analysis (Haaparanta et 
al., 2006). 

LC-MS, particularly with tandem mass spectrometry (LC-MS/MS) (Varrone et 
al., 2022), has become increasingly popular in identifying radiometabolites, enabling 
greater accuracy. The pharmaceutical industry has also invested significant resources 
in using LC-MS to identify drug metabolites (Korfmacher, 2005; Ma et al., 2010; 
Ludwig et al., 2018). 

LC-MS and LC-MS/MS-based methods offer a powerful tool for identifying 
metabolites by utilizing fragmentation patterns. In addition to revealing the mass-to-
charge ratio of the molecule, its sensitivity is improved by the non-radiolabelled in 
addition to the radiolabelled fractions that are detectable using this method, 
increasing the concentrations of the detectable substances in the sample (Shetty et 
al., 2013). Additionally, integrating MS with nuclear magnetic resonance (NMR) 
data can further aid in elucidating complex radiometabolite structures, providing 
valuable information for further tracer development (Qiu et al., 2018; Ghosh et al., 
2020). Often, it is necessary to synthesise the expected metabolites separately or 
apply in vitro methods to obtain sufficient quantities for successful analysis (Amini 
et al., 2013; Ludwig et al., 2018). 

Despite the vast progress in RMA methodologies, there are notable gaps in the 
literature regarding fully reporting the used methods. The lack of standardized 
protocols and detailed method reporting practices hampers the ability to validate the 
findings across laboratories, and limits comparability between studies. For example, 
many publications do not fully report the specific details, such as specific column, 
mobile phase gradients, and flow rate, making replication difficult. In addition, 
publishing sufficient exemplary radiochromatograms and reporting the exact way of 
interpretation and analysing the results is vital as the analysis can be performed in 
many different ways (Aarnio et al., 2024). 
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2.3.3 Radiometabolite analysis (RMA) of [11C]SMW139 
The [11C]SMW139 tracer was initially published by Janssen et al. (2018). Three 
other similar analogues were assessed in this work. The study included RMA in rats, 
revealing that [11C]SMW139 undergoes metabolism, producing brain-penetrating 
radiometabolites. However, [11C]SMW139 was the most stable of the four analogues 
and therefore selected for further studies. For RMA a tC18 SepPak (Waters, Milford, 
MA, USA) was used to elute first the polar fraction with water, and then with 
methanol and water to gain the non-polar fraction. The non-polar fractions were 
separated using HPLC and the collected fractions were measured using a gamma 
counter (Wizard 1470 or 2480, Wallac/PerkinElmer, Waltham, MA, USA). In 
plasma, there was 42 ± 2% of intact tracer remaining at 45 min post-injection (p.i.), 
while in brain the corresponding value was 66 ± 2%. Janssen et al. used 
MetaPrint2D-React metabolite predictor to predict the possible metabolites to be 
formed by hydroxylation of the aromatic ring or cleavage at the amide bond (Janssen 
et al., 2018). 

As the utility for imaging targets in the brain is highly dependent on the in vivo 
stability of [11C]SMW139, each published study has involved RMA. In addition, the 
BBB penetration abilities of [11C]SMW139 and its radiometabolites play a crucial 
role for understanding the modelling approach, so each study using [11C]SMW139 
have implemented RMA for plasma and brain samples, excluding Moein et al. who 
performed RMA only for the plasma samples (Janssen et al., 2018; Hagens et al., 
2020; Beaino et al., 2020; Moein et al., 2020). Wilkinson et al. (2017) had initially 
performed in vitro stability experiments with rat liver microsomes on non-
radiolabelled SMW139 and found significant increased plasma stability, compared 
to the same compound without the fluorine additions (Figure 1). 

In the first-in-human study with [¹¹C]SMW139, Hagens et al. referenced a RMA 
method previously used for [¹⁸F]DPA-714, published in the supplementary materials 
by Golla et al. (2015). However, the referenced method described by Golla et al. 
differed from that employed by Janssen et al., as it involved direct radio-HPLC 
analysis of plasma samples without prior separation of polar and non-polar fractions 
using Sep-Pak extraction. In contrast, Hagens et al. briefly described a different 
procedure to have been used which aligns with the method reported by Janssen et al. 
Based on personal correspondence with the authors, it was clarified that they had 
used the method as described by Janssen et al. While Hagens et al. provided a 
comprehensive account of their kinetic modelling approach, the RMA results were 
neither presented nor discussed in the publication. 

Beaino et al. (2020) investigated [11C]SMW139 in the experimental autoimmune 
encephalomyelitis (EAE) model of MS in Lewis rats (SsNHsd). The used RMA 
method was well described in the methods section. The method was identical as 
already published in the supplemental materials of Janssen et al. (2018). In plasma, 
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the unchanged fraction was 47 ± 10% at 45 min p.i, while in brain the corresponding 
value was 66 ± 11% (Beaino et al., 2020). 

Moein et al. (2020) developed a new method for [11C]SMW139 RMA using 
SLS-MEPS. The study included comparing the SLS-MEPS to a protein precipitation 
RMA method with rat plasma samples. Both methods utilized radioHPLC. The 
protein precipitation method could only analyse up to 30 min, while the SLS-MEPS 
managed to enable analysis up to 60 min time point. The parent fraction in rat plasma 
with the SLS-MEPS method was 58.7 and 27.1 at 30 and 60 min time points, 
respectively. However, the protein precipitation method yielded a much lower value, 
33.2%, at the 30 min time point (Moein et al., 2020). 

2.4 Sample preparation for RMA 
Some literature on sample preparation techniques for the analysis of PET tracer 
radiometabolites exists, where various methodologies for improving the accuracy of 
PET imaging are explored (Moein et al., 2019). However, reviews of the 
development of the techniques have not recently been published. 

Effective sample preparation techniques are essential for clearing up the sample 
matrix, enabling better chromatographical separation. In addition, sample 
preparation can be used to concentrate the sample, for example, by using a capture 
column (Hilton et al., 2000) in order to increase the signal-to-noise ratio. Some 
studies report to manage without or with minimal sample preparation for RMA 
(Malherbe et al., 2019; Ustsinau et al., 2023). Defining an absolute border between 
the sample preparation and the actual RMA method can be difficult. For example, 
the column-switching method (Hilton et al., 2000) has integrated the sample matrix 
clean up and concentrating steps into the radioHPLC RMA method. Some interpret 
column-switching with the initial capture column, cartridge or solid-phase extraction 
(SPE) column or such being part of the RMA and not a sample preparation step as 
Ghosh et al. (2020) interpreted when column-switching was listed in a table of RMA 
methods and their need of sample preparation. Also, Nakao & Halldin (2013) 
reported of a simplified SPE method using a micellar medium for rapid 
determination of different PET tracers in plasma. The sample preparation is 
automated into the system through online SPE and offered lower backpressure. In 
this approach, plasma samples are mixed with a micellar eluent containing an anionic 
surfactant, such as sodium dodecyl sulphate, and loaded onto a SPE cartridge. The 
parent tracer is retained on the cartridge, while polar metabolites are eluted with the 
micellar medium. This technique allows for quick separation with minimal 
preparation time, making it suitable for even high-throughput RMA (Nakao & 
Halldin, 2013). Definition-wise, any step that for example, simplifies the sample 
matrix before the final separation could be considered as sample preparation even if 
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it is automated and built into a HPLC system. However, it is not easy to draw a 
definite border here. 

The sample preparation for RMA of tissue samples often necessitates mechanical 
disruption to effectively and rapidly release the radiotracer and its radiometabolites 
into the supernatant. Common techniques include homogenization using a pestle, 
blade homogenizers, or sonication. However, care must be taken to prevent chemical 
alterations of the analytes during the process. Additionally, emulsions formed during 
tissue disruption can complicate subsequent analyses (Moein et al., 2019; Ghosh et 
al., 2020).  

Protein removal by precipitation and centrifugation is a widely used technique 
to separate the dissolved proteins from plasma samples and to prepare the sample for 
chromatographic separation methods (Nakao et al., 2013; Moein & Halldin, 2020). 
Protein remnants generally interfere with separation, and for example, may 
deteriorate or even clog HPLC columns (Moein et al., 2019; Li et al., 2020; Ghosh 
et al., 2020), and cause unwanted secondary interactions, causing broader peaks and 
altered retention. A deteriorated column contributes to non-reproducible separation 
and decreasing the lifetime of a column, and it might not be recoverable even with 
extensive washing (Raval & Patel, 2020). Precipitation with organic solvents also 
disrupt the binding between the analytes and the proteins, increasing the extraction 
efficiency. Typically, an organic solvent such as acetonitrile (ACN) or acid such as 
trichloroacetic acid is added to the plasma, causing proteins to precipitate (Polson et 
al., 2003). After centrifugation, the supernatant containing the extracted radiotracer 
and its radiometabolites is collected for further analysis. This method is 
straightforward and efficient for preparing samples prior to chromatographic 
separation (Ghosh et al., 2020). The sufficient ratio of precipitation solvent-to-
sample is crucial to achieve adequate protein removal. This depends on the 
precipitation solvent, temperature and sample being precipitated (Polson et al., 
2003). In addition to sufficient degree of protein precipitation, filtering the 
supernatant along with using, and frequent changing of guard columns are 
commonly advised preventative means to keep the HPLC column in good condition 
(Raval & Patel, 2020).  

Other methods such as SPE, microextraction by packed sorbent (MEPS), and 
solid-phase microextraction (SPME; Reyes-Garcés et al., 2017) have been compared 
for RMA and their sample preparation aspects (Moein et al., 2019). These techniques 
offer advantages in handling small sample volumes and simplifying the extraction 
process (Moein et al., 2015). 

MEPS is a miniaturised form of SPE that integrates the extraction process in a 
syringe. In MEPS, a small amount of sorbent material, approximately 2–4 mg, is 
packed into the syringe (Moein et al., 2015; Moein et al., 2019). This configuration 
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allows for the direct extraction of analytes from various sample matrices, including 
biological fluids like urine and plasma. 

The MEPS method involves several steps. Firstly, the sorbent is conditioned and 
activated using appropriate solvents to prepare it for analyte retention. Secondly, the 
sample is drawn into the syringe, allowing analytes to interact with and bind to the 
sorbent. Thirdly, the matrix components, usually the polar components, are eluted 
using a washing solvent through the sorbent. Finally, the retained analytes are eluted 
or desorbed using a small volume of a stronger elution solvent (Moein et al., 2019). 

The MEPS technique offers several advantages over traditional SPE. The 
technique is faster than SPE (1–4 min instead of 10–15 min), requires normally 
minimal amounts of solvents and sample volumes (10–100 µL), making it more 
environmentally friendly and cost-effective (Moein et al., 2015). In addition, MEPS 
can be automated and coupled online with analytical instruments such as gas 
chromatography (GC) and liquid chromatography (LC) (Silva et al., 2014; Yang et 
al., 2017). The sorbent bed in MEPS can be reused tens or up to hundreds of times 
without significant loss of performance (Abdel-Rehim & Abdel Rehim, 2013; Moein 
et al., 2015). 

The MEPS technique is versatile and has been successfully applied in various 
fields, including pharmaceutical, environmental, and food analysis. Its ability to 
handle small sample volumes and integrate seamlessly with analytical instruments 
makes it a valuable tool in modern analytical laboratories (Yang et al., 2017; Moein 
et al., 2019; Moein et al., 2015). Although it has some limitations. The syringe can 
be easily clogged, so dilution or protein precipitation with ACN or methanol prior to 
loading may be needed. Also, sample volumes only up to 500 µL can usually be 
used, and a limited range of sorbents for the right selectivity are available (Moein et 
al., 2015). 

On the other hand, also SPME, which was first introduced already in 1989 
(Belardi & Pawliszyn, 1989), offers versatile sample preparation options and has 
been shown to be robust (Zhou et al., 2008). However, the needed amount of sample 
volume (0.5–20 mL) and processing time is higher (10–20min) compared to MEPS, 
making it harder to use for short-lived radiotracers. In general, the SPME is based 
on biocompatible coated fibres that absorb or adsorb the analytes. They are 
consequently desorbed by gas in GC or liquid in LC. The SPME stationary phase is 
similarly reusable up to around 100 times (Reyes-Garcés et al., 2017). 

Out of these three versions, SPE is the most common as a sample preparation 
technique. It also offers efficient isolation and purification of radiolabelled 
compounds from complex biological matrices. Its application enhances the accuracy 
of RMA by ensuring cleaner sample matrix and the ability to concentrate the sample, 
enhancing the separation and detection possibilities (Pawelke, 2005). SPE methods 
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are based on cartridges packed with a stationary phase with various sorbent 
possibilities (Fontanals et al., 2019). 

In a study by Chitneni et al. (2008), an on-line SPE method was developed for 
the purification and analysis of various PET radiotracers. In addition, the same setup 
was utilized as an on-line sample preparation method for the RMA of cell 
homogenate, plasma, and urine samples. Utilizing gamma counting of the fractions 
separated by HPLC with an SPE Oasis HLB cartridge, the approach allowed for the 
effective separation of radiotracers from their radiometabolites without prior protein 
precipitation. The method demonstrated high recovery rates (>91%) (Chitneni et al., 
2008).  

SPE, especially online SPE, SPME and MEPS remain as useful techniques, 
although they are not that often seen as the sample preparation method of choice in 
the latest PET tracer RMA publications. However, recent trends and development 
can be seen when reading publications from other fields, such as for SPME by 
Kataoka et al. (2024) and online SPE by Šrámková et al. (2022). 

Sample preparation can be a rather lengthy process. For PET tracers, the race is 
against the radioactive decay. As SPE is not usually set as an online method, it can 
be time consuming as a multi-step process. Therefore, the method length ought to be 
an important factor when assessing the right method, and automation may save a 
considerable amount of time (Chitneni et al., 2008; Ghosh et al., 2020). Another 
important factor to consider in addition to the effects on preparation time, hence to 
the percentage decayed, is the influence to the analytes and recovery of the 
radioactivity (Pawelke, 2005). 

Pawelke (2005) summarized the sample preparation techniques for in vitro 
RMA. As it is important to study both the radiometabolites excreted into the medium 
and the lysate (contents of the cells) to reveal the metabolism inside the cells, 
specialized sample preparation needs to be considered for both methods. Usually, 
the liquid phase is separated from the solid cell fraction. Pawelke mentions protein 
precipitation with different organic solvents or strong acidification, followed by 
reconditioning of the sample matrix to be suitable, for example, for HPLC. To 
separate the lysate centrifugation or suction of solvents are proposed (Pawelke, 
2005). 

In summary, various sample preparation techniques are employed in PET RMA, 
each with its advantages and limitations. The choice of method depends on factors 
such as the nature of the biological matrix, the properties of the radiotracer and its 
radiometabolites, and the specific requirements of the study. In addition, the initial 
amount of radioactivity and the used radionuclide and its characteristic half-life 
determines the amount of decay time that can be tolerated. 
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2.5 Extraction efficiency 
The extraction efficiency in RMA is a crucial parameter to consider for accurate 
parent fraction analysis, consequently affecting the AIF. This is also true in any field 
of analytical chemistry where sample preparation is needed for quantitative analysis 
(Steiner et al., 2020). Poor extraction efficiency can cause significant errors. In most 
RMA methods, sample preparation is essential. Usually this means that only part of 
the original sample is carried over into the final analysis phase. This poses a risk that 
part of the radiolabelled analytes are not analysed. So, the sample recovery rate, 
which encompasses all of the steps from start to finish, should be examined. 

However, when only the fractions of radioactivity are needed, complete recovery 
may not be necessary as long as the following two conditions are met: (1) the 
radioactivity in the remainder part has the same radiolabelled molecules in the same 
fractions, and (2) the signal-to-noise ratio remains sufficient. These conditions are 
not always fully met, so the extraction efficiency needs to be measured. The 
extraction efficiency is defined as the fraction of radioactivity extracted, for example, 
from the plasma sample into the supernatant. The extraction efficiency is a 
subcomponent of the sample recovery rate. Sample preparation methods that do not 
lose any radiolabelled analytes such as presented by Ustsinau et al. (2023) should be 
preferred as long as they are sufficient in enabling robust RMA methods. Otherwise, 
the measuring of the sample recovery rate and extraction efficiency and appropriate 
corrections should be performed, as demonstrated by Finnema et al. (2018). 

Sometimes only maximizing the extraction efficiency is not the optimal aim, as 
it might require an impractically large solvent volumes or time-consuming steps. The 
radioactivity concentration might be decreased dramatically due to the large solvent 
volume and radioactive decay. Instead, the radioactivity concentration should be 
considered during sample preparation optimisation, as discussed by Aarnio et al. 
(2024). 

One method to increase the extraction efficiency is by extracting the same 
sample in two phases as was done by Ueberham et al. (2023). In a study with 
[18F]LUZ5-d8 targeting the cannabinoid receptor type 2, they extracted the plasma 
and brain sample in consecutive extractions. In short, after the first supernatant was 
collected, the precipitate was re-dissolved in a small volume (100 µL) of extraction 
solvent, and the extraction procedure was repeated and the supernatants were 
combined. One reason for this system working well is that the supernatant was 
concentrated under 70 °C argon stream, increasing the radioactivity concentration. 
The overall extraction efficiencies when using methanol:water (9:1, v/v) and 
ACN:water (9:1, v/v) were 94% and 89%, respectively. However, the effect of this 
second round of extraction was not reported, and further studies are needed to 
quantify its impact. 
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Most studies do not report the actual extraction efficiency values. Reporting 
them would be a valuable addition for assessing the credibility of the used methods. 
Lee et al. (2020) showed the reproducibility of the extraction efficiency 
measurements of 10 subjects with 10 samples from each and including another set 
of retest measurements. The reported extraction efficiency was 79.6(6.4)% for the 
first set and 82.5(5.7)% for the retest, showing no significant differences between 
the two (p>0.10). 

Moein et al. (2020) optimised their SLS-MEPS RMA sample preparation 
method for [11C]SMW139 according to the extraction efficiency and radiodetector 
response. They concluded that a certain speed for the plunger and volume of the 
organic solvent had the optimal combination for these two. The method was 
automated to reduce the variation due to manual operations (Moein et al., 2020). 

In the first in in vivo rat study of [11C]SMW139, Janssen et al. (2018) evaluated 
the extraction efficiency for brain samples. Janssen et al. concluded that despite 
optimising the method, the extraction efficiency from brain homogenates was only 
62(3)%. The extraction efficiency for plasma samples was not discussed. 

The effect of the extraction efficiency to the plasma TAC in cases where, for 
example, liquid-liquid extractions are used to extract the components is discussed by 
Ma et al. (2010). The parent and radiometabolite fractions that are left in the phase, 
which is not analysed, might be different from what was in the analysed fraction 
leaving some potential for errors. Typically, plasma radioactivity is measured 
directly from the initial plasma sample and multiplied with the parent fraction to gain 
the plasma TAC (van der Weijden et al., 2023). 

2.6 Plasma protein binding (PPB) 

2.6.1 Human serum albumin (HSA) 
HSA is a very thoroughly studied protein found in the human blood. It is the most 
abundant protein in human plasma, with a reference concentration of 35–50 g/L and 
a molecular weight of 66,348 Da. It primarily functions as a carrier protein for 
endogenous and exogenous substances, including peptides, fatty acids, hormones, 
amino acids, drugs, nutrients, metal ions, steroids, and fatty acids, while also 
contributing to plasma oncotic pressure, stabilising extracellular fluid volume and 
regulating the pH of the blood (Mishra & Heath, 2021; Siddiqui et al., 2019; Siddiqui 
et al., 2021). 

The primary binding sites for lipophilic drugs in HSA are hydrophobic cavities 
within subdomains IIA (site I), IIIA (site II), and IB (site III) (Siddiqui et al., 2021; 
Ghuman et al., 2005). 
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Serum albumin plays a crucial role in drug pharmacokinetics by affecting drug 
ADME. In circulation, drugs exist in bound and unbound forms, where only the free 
fraction is metabolised and excreted and can pass through membranes (Otagiri, 2005; 
Otagiri, 2009). The bound portion acts as a reservoir, prolonging drug half-life, while 
the unbound drugs can interact with therapeutic targets (Tesseromatis & Alevizou, 
2008). 

The binding affinity of drugs to HSA significantly influences their 
pharmacological properties. Strong binding prolongs drug biological half-life and 
may lead to unwanted effects, such as the need for elevated drug total concentration 
to reach the desired effective concentration of the free drug, slower distribution to 
the desired sites, and it may take longer to eliminate from the body. However, too 
weak binding may affect drug delivery to target sites negatively by allowing the drug 
to aggregate or remain less soluble in the biological matrix. Therefore, optimal 
binding affinity is necessary for achieving therapeutic efficacy (Ghuman et al., 
2005). 

The study of HSA-drug interactions can be performed with various techniques, 
including UV–visible spectroscopy, fluorescence spectroscopy, and synchronous 
fluorescence. Other advanced methods like isothermal titration calorimetry, and 
Fourier transform infrared spectroscopy, and Förster resonance energy transfer can 
be used in characterising HSA-drug interactions. Additionally, in silico 
(computational) approaches such as molecular docking and molecular dynamics 
simulations provide valuable insights into binding mechanisms (Siddiqui et al., 
2021). 

2.6.2 Plasma protein binding analysis (PPBA) in drug 
research 

PPB is a critical parameter in drug research, as it influences the pharmacokinetics 
and pharmacodynamics of the drug. Likewise, it affects PET radiotracer 
development. PPB refers to the fraction of a drug or radiotracer bound to plasma 
proteins (e.g., HSA, transthyretin, α1-acid glycoprotein). The drug-PPB is often 
reported as the plasma free fraction, fP, which represents the fraction of unbound, 
biologically active drug fraction available for tissue uptake. Accurate measurement 
of PPB of the parent tracer is essential for interpreting PET data and developing 
accurate quantitative kinetic models (Moein et al., 2019; Vuignier et al., 2010; 
Amini et al., 2014; Pike, 2009). As a note, some references use fP to mean plasma 
free fraction, especially in non-PET related drug studies. However, in some sources, 
especially PET related, and in this thesis, the P in fP is used to emphasize the parent 
free fraction, as especially in this thesis it needs to be separated from the 
radiometabolite free fraction (fM). 
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Several methods have been developed for analysing PPB in drug research 
(Moein & Halldin, 2020; Vuignier et al., 2010). These include, for example, 
ultrafiltration (UF) (Castiaux et al., 2018; Kratzer et al., 2016; Patt et al., 2014; Lee 
et al., 2020; Zoghbi et al., 2006), ultracentrifugation (Dimitrijevic et al., 2023), 
microdialysis (Sun et al., 2014), equilibrium gel filtration (Isbell et. al, 2018), 
LC-MS (Atcheson et al., 2003), affinity microcolumns in high-performance frontal 
analysis (Amini et al., 2014; Anguizola et al., 2013; Matsuda et al., 2015; Zhang & 
Hage, 2019), and rapid equilibrium dialysis (RED) (Dimitrijevic et al., 2023; 
Wiltschko et al., 2023; Waters et al., 2008; Ye et al., 2017; Shave et al., 2020; 
Thermo Fisher Scientific, (21.1.2025)). Among these, equilibrium dialysis (ED) 
(Gunn et al., 2012; Srivastava et al., 2021) being one of the most common methods, 
is considered the golden standard in most traditional drug research fields (Barton et 
al., 2007). ED has been used for PPB studies related to PET tracers, though only 
with in vitro samples and with non-radiolabelled compounds and analysed using LC-
MS/MS (Gunn et al., 2012). However, the ED technique has its drawback too. The 
use of ED for plasma protein binding analysis (PPBA) especially for in vivo samples 
when using short-lived radioisotopes is not feasible. This is due to the very long 
equilibrium formation times (Lindberg et al., 2023) causing too much radioactive 
decay and as the tracer and radiolabelled free parent tracer concentrations in plasma 
are already extremely low – in the range of picomoles per millilitre. When PET 
radioisotopes are used that have a longer half-life, like zirconium-89, the minimum 
total time for running the samples is not that critical. Although, the compound needs 
to be stable in the ED buffer when using this method. Even for the rapid version of 
ED, RED, the equilibrium time according to the manufacturer is at minimum 3-5 
hours (Waters et al., 2008; Thermo Fisher Scientific, (21.1.2025)). When using 11C  
or 18F-radioisotopes, a 4 h protocol results in having only 0.03% or 22%, 
respectively, of the original radioactivity left in the sample. In addition, for many 
tested compounds the equilibrium time is found to be much longer (Wiltschko et al., 
2023). The ED devices take even longer to analyse the sample with a minimum of 
16 hours. 

Other shortcomings of the ED are non-specific binding of the semipermeable 
membrane, buffer volume shifts due to the oncotic pressure, or colloid osmotic 
pressure difference that relates to the different amounts of large particles, like 
proteins on the different sides of the membrane, in addition to the Donnan effect due 
to the ionic differences (Vuignier et al., 2010). Some of these effects can be 
minimized and corrected for (Srivastava et al., 2021). However, the accumulation of 
error sources add up to make this technique more prone for errors and include 
complicated correction protocols (Barton et al., 2007). 

UF is a widely used technique to determine the PPB of PET tracers in plasma. 
Sometimes it is called ultracentrifugation (Patt et al., 2014), probably by mistake. 
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Ultracentrifugation is a different principle where filtration devices are not used. The 
differences between UF and ultracentrifugation techniques are explained by 
Dimitrijevic et al. (2023). The ultrafiltration method involves separating the free 
unbound tracer from the protein-bound tracer using a semipermeable membrane, 
traditionally under centrifugal force. The concentration of the free tracer in the 
filtrate is then measured to calculate the fP by dividing it with its original 
concentration in the plasma (Castiaux et al., 2018). 

The non-specific binding to membranes have been acknowledged to have an 
effect on results that utilize semipermeable membranes (Srivastava et al., 2021). 
Only the hydrophilic substances are expected to have lower binding to traditional 
membranes compared to less hydrophilic substances. However, there are exceptions 
to these (Dimitrijevic et al., 2023). 

Patt et al. (2014) utilized UF to evaluate the PPB of (-)-[18F]Flubatine, a PET 
tracer targeting the nicotinic acetylcholine α4β2 receptor (Sabri et al., 2015). 
Possible membrane correction was not reported. Their findings indicated that 15(2)% 
(mean(SD)) of the tracer was bound to plasma proteins, which can be considered a 
very low level of PPB. Also, the tracer was very stable in plasma. This low binding 
profile with low metabolism rate is advantageous for PET imaging as it ensures that 
a sufficient part of the initially injected tracer is in the free form and is available for 
the target (Patt et al., 2014). 

Especially, for intravenously injected PET tracers that target the brain, a high fP 
is important as only the free fraction can penetrate into the brain. There are many 
additional factors that influence the BBB penetration too, such as low molecular 
weight and high lipophilicity (partition coefficient (logP) = 2–3.5) are favoured. 
However, high lipophilicity often goes hand-in-hand with low fP. For example, the 
widely used [11C]PK11195 suffers from several limiting properties, such as low fP 
(Sokias et al., 2025; Salerno et al., 2024). In addition, charged molecules have 
decreased ability to passively diffuse due to their decreased solubility to the BBB’s 
lipid bilayer. Also, the hydrogen bonding ability, especially as a donor, limits the 
BBB penetration capability (Gunn et al., 2012; Lindberg et al., 2023; Pike, 2009; 
Waterhouse, 2003). 

Other recently developed PET tracers have also reported to suffer from low fP. 
In the case of molecular spherical nucleic acids (MSNA), Auchynnikava et al. (2025) 
reported low fP hindering the analysis of RMA of the developed MSNA tracers. 

Analysing PPB with exactness can be very challenging as multiple sources of 
error are present in each technique (Nilsson, 2013). Therefore, when the fraction of 
PPB is lower than 0.01, then even small errors have significant impact in the 
availability outcome. In 2017, Di et al. pointed out how regulatory agencies mandate 
the assessment of PPB in drug-drug interaction studies. To ensure conservative 
estimates, regulatory agencies recommend using a lowest limit of 0.01 for the 
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unbound fraction in highly bound compounds, regardless of actual measurements. 
While this approach reduces false negatives, it may lead to excessive false positives, 
resulting in unnecessary clinical trials, stricter inclusion criteria, and increased costs 
and delays in drug development. The review by Di et al. examines current PPB 
measurement methods and key factors influencing their accuracy and precision. 
They concluded that accurate PPB values below 0.01 could be reliably measured 
using appropriate PPB methods. Ongoing efforts aim to refine PPB measurement 
techniques, which in turn can aid also in improved drug-drug interaction predictions 
(Di et al., 2017). Other researchers (Riccardi et al., 2015) have pointed out similar 
criticisms. 

For separative PPB methods, such UF, that rely on separating the plasma water 
and the free analytes it contains from the proteins, the depletion of analytes and its 
effect on the delicate equilibrium should be taken into account (Theodoridis, 2006; 
Jiao et al., 2018). Theodoridis et al. (2006) explains the benefits of SPME as a non-
depleting method which maintains the equilibrium during analysis. UF can be 
considered as only negligibly or non-depleting if only a small fraction of filtrate is 
filtered. 

To our knowledge, the PPB of radiometabolites has not been measured or 
discussed earlier in PET related literature. However, at least one study has reported 
an in vitro PPB analysis of non-radiolabelled metabolites of verinurad via 
ultracentrifugation (Gopaul et al., 2021). Additionally, to our knowledge, the PPB 
of [11C]SMW139 has not been previously reported. 

2.7 Modelling PET data 
Quantitative PET imaging data analysis relies on an accurate AIF, which is typically 
derived from manual arterial plasma measurements or as an image derived input 
function (IDIF) from the PET image, to quantify biological processes. The measured 
signal in PET reflects both the parent radiotracer and its radiometabolites, which 
makes interpretation impossible without understanding the metabolism and their 
biodistribution (van der Weijden et al., 2023). In addition, analysing the extent of 
PPB helps understanding the kinetics better which may aid in choosing the correct 
modelling approach. 

Usually, the primary aim of using PET tracers and PET data modelling is to 
extract physiologically meaningful parameters such as the net rate of influx (Ki),  
binding potential (BP) and volume of distribution (VT) to quantify the target of the 
PET tracer (van der Weijden et al., 2023). For example, the [11C]SMW139 tracer is 
used to quantify P2X7 receptors expression in vivo (Hagens et al., 2020). 

The non-displaceable binding potential (BPND) represents the ratio of specifically 
bound radiotracer to its free concentration in tissue (k3/k4) (Hagens et al., 2020). The 
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VT, on the other hand, reflects the equilibrium ratio of tracer concentration in tissue 
to plasma (Mansoor & Mahabadi, 2023). 

To estimate these parameters accurately, compartmental modelling and reference 
tissue modelling are used. The compartmental models use a radiometabolite-
corrected plasma input function to describe tracer kinetics, yielding VT, whereas 
reference tissue models bypass arterial sampling by using a reference region which 
does not have specific binding of the tracer (Tonietto et al., 2015; van der Weijden 
et al., 2023; Salinas et al., 2015). When using subjects with potentially disrupted 
BBB, such as in MS, it hinders the use of a reference region. Likewise, using the 
reference tissue modelling is impossible, if the whole brain area has the target 
present, and no reference region can be found (van der Weijden et al., 2023), as it is 
the case of P2X7 in the brain (Hagens et al., 2020). For using full kinetic modelling, 
such as compartment modelling or graphical methods like Logan and Gjedde-Patlak 
plots, the correction for radiometabolites is essential to ensure reliable quantification 
of the PET signal (Ghosh et al., 2020; Zhou et al., 2010). 

Hagens et al. (2020) compared different kinetic modelling approaches to identify 
the optimal model for [11C]SMW139. Single-tissue and two-tissue compartment 
models were used to model the tissue time-activity curves. The Akaike information 
criterion (AIC) was used to estimate the best fit to the models (Akaike, 1974). The 
best model from these options was the reversible two-tissue compartment model, 
using the blood volume parameter (VB) and the dissociation rate (k4) fixed to the 
whole-brain value (Hagens et al., 2020). 

In a typical two-tissue compartment model, the radiotracer's behaviour is 
described by the free tracer in tissue and the tracer specifically bound to the target 
receptor. The kinetic processes are described by the following rate constants: k₁ is 
the rate of tracer transfer from plasma to tissue, k₂ is the rate of tracer clearance from 
tissue back to plasma, k₃ is the rate of the tracer binding to the target receptor, and 
k₄ is the rate of tracer dissociation from the target receptor (Gunn et al., 2012; Salinas 
et al., 2015). In the case of [11C]SMW139, the k4 represents the rate that the 
[11C]SMW139 returns from the bound state in the brain back to the unbound state in 
the brain, which was needed by Hagens et al. (2020). 
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3 Aims 

The purpose of this thesis was to develop robust and novel methods for analysing 
samples from study subjects to characterise the behaviour of the PET radiotracer 
[11C]SMW139 in vivo. Specifically, the aim was to take into account the various 
corrections to plasma TACs, by considering the radiometabolites and plasma 
protein-free fraction of [11C]SMW139, thereby ensuring more precise quantification 
of the tracer pharmacokinetics. 
The main specific objectives for each studies were: 

Study I To develop fast and reproducible sample preparation and RMA 
methods for [11C]SMW139. The methods were used for mouse plasma 
and brain samples to enable parent fraction corrections for plasma and 
brain time-activity curves (TACs). Additionally, the study aimed to 
enhance the understanding of [¹¹C]SMW139 tracer kinetics in the 
APP/PS1-21 mouse model of Alzheimer’s disease. 

Study II To study the high flux of [11C]SMW139 radiometabolites through the 
BBB by developing a rapid and robust method to analyse the parent 
fraction and plasma protein-free fractions simultaneously from the 
parent tracer and its radiometabolites by further applying the methods 
developed in Study I. The developed method is used to study PPB from 
mice injected with [11C]SMW139. 

Study III To develop RMA methods and further utilise the plasma and brain 
RMA preclinical and clinical findings of the [¹¹C]SMW139 tracer and 
its radiometabolites to explain the accumulation of radiometabolites 
into the human brain. The aim was to improve the approach of 
modelling of the PET data of human subjects’. 

Study IV To study the usability of [11C]SMW139 in analysing differences 
between MS and HC subjects by utilizing parent fraction data in 
addition to parent and radiometabolite free fraction analysis data to 
accurately quantify the differences in the tracer uptake. 
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4 Materials and methods 

All work with radioactivity complied with the regulations of the Radiation and 
Nuclear Safety Authority (STUK) in Finland. 

4.1 PET tracer [11C]SMW139 
In this thesis, all the studies (Studies I–IV) included the PET tracer [11C]SMW139. 
In Study I, [18F]F-DPA was also used, but this thesis focuses only on the RMA and 
PPBA aspects of the [11C]SMW139 tracer. 

4.1.1 [11C]SMW139 synthesis method 
The [11C]SMW139 was synthesized in the Radiopharmaceutical Chemistry 
Laboratory of Turku PET Centre for all the studies performed in Turku. For the 
Study III the subjects imaged in Karolinska Institutet received the tracer batch from 
their radiochemistry site. Shortly, the method used in Turku: [11C]CO2 was produced 
via the 14N(p,α)11C reaction using nitrogen with 0.2% oxygen and 17.5 MeV protons 
(ACSI TR19, Advanced Cyclotron Systems, Inc., Richmond, BC, Canada). [11C]CO2 
was reduced to [11C]CH4 by H2/Ni at 370 °C, trapped on Carbosphere at −196 °C, 
and released by heating. It was mixed with iodine vapour at 100 °C, followed by a 
radical reaction at 720 °C to form [11C]CH3I, which was trapped on Porapak Q and 
released at 190 °C. [11C]CH3I was reacted with 0.5 mg desmethyl-SMW139 
precursor (School of Chemistry, The University of Sydney, Australia) in 
DMSO/NaOH. The mixture was purified by HPLC (Phenomenex Luna C18 (10 μm, 
250 × 10 mm), ACN:0.1% trifluoroacetic acid (TFA), 50:50, 5 mL/min). 
[11C]SMW139 was collected (SepPak C18 light, Waters, Milford, MA, USA), 
washed with water, eluted with ethanol, and formulated with phosphate buffer and 
propylene glycol before sterile filtration (0.22 µm Millex® GV filter, Millipore). 

The full synthesis method description used in Turku can be found from the 
supplemental materials in Study II. Likewise, the method used in Karolinska 
Institutet can be found from the supplemental materials in Study III. 
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4.1.2 Tracer synthesis quality control and molar activity 
determination 

The tracer quality control and molar activity (Am) determination methods used in 
Turku site are described in the supplemental materials of Study II. In short, the 
radiochemical purity, radiochemical identity, tracer stability and the Am was 
analysed using a radioHPLC. The analytical method used was as follows: 
SymmetryShield RP18 column (5 µm, 150 × 3.0 mm) with 1 mL/min flow using an 
isocratic gradient of 43% ACN and 57% ammonium phosphate (0.01 M, pH 2.5). 

The non-radioactive SMW139 reference was used to determine the retention 
time (Rt; 7.34 min) and the Am was calculated as the radioactivity of the 
[11C]SMW139 in GBq divided by the amount of the carrier substance in µmol. 

The corresponding analyses for the batches produced in Karolinska have minor 
differences to the method described above. They are found in the supplemental 
materials of Study III. 

4.2 Study subjects 

4.2.1 Preclinical studies (Studies I–III) 
In the preclinical Studies I–III using [11C]SMW139, C57BL/6J mice were used as 
the study subjects. In Studies I and II, in accordance to the replacement, reduction, 
and refinement (3R) principle, all data collected from the subjects were utilized 
across multiple studies where applicable. 

In Studies I and II, a total of 73 mice (43 females and 30 males; weight: 
31.7 ± 5.5 g, n = 45 wild type and n = 28 transgenic) were used. In addition, in Study 
III, 11 mice were used (all female and transgenic; weight: 34 ± 4 g; age: 
8.7 ± 1.9 months). 

All animals were bred and maintained in the Central Animal Laboratory of 
University of Turku according to the guidelines of the International Council of 
Laboratory Animal Science (ICLAS). The studies were performed in accordance 
with the European Ethics Committee (decree 86/609/CEE). 

The animal studies were approved by the Project Authorization Board in Finland 
and the Regional State Administrative Agency for Southern Finland (license 
numbers: ESAVI/16273/2019 and ESAVI/16273/2019) and they were performed in 
accordance with the EU Directive 2010/63/EU on the protection of animals used for 
scientific purposes. The current ARRIVE guidelines (Kilkenny et al., 2010; Percie 
du Sert et al., 2020) of the time of the study were followed. 
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4.2.2 Clinical studies (Study III–IV) 
All participants provided written informed consent before undergoing study 
procedures. The studies were approved by the Ethics Committee of the Hospital 
District of Southwest Finland and the Scientific Project Group of the Turku PET 
Centre. The studies were conducted according to the principles of the Declaration of 
Helsinki, including its later amendments. 

The Study III was registered as a clinical trial in the EudraCT database (2017-
001585-19). 

Demographics and the related human study subject information from Studies III 
and IV are shown in section 5.2. 

4.3 Radiometabolite analysis 
The RMA i.e. the parent fraction analysis was performed in order to assess the 
metabolic rate of [11C]SMW139, and to enable quantification of the true input 
function to the target. Various analytical methods were tested and developed during 
the studies. The following sections introduce these methods and presents the studies 
in which they were applied. 

4.3.1 Blood sampling and sample preparation 
For the clinical studies (Studies III and IV), about 2 mL of arterial blood was drawn 
via a catheter placed in the radial artery and collected into lithium-heparin tubes 
(Vacutainer, Becton, Dickinson and Company, Franklin Lakes, NJ). For the 
preclinical studies (Studies I–III) a volume of 200–500 µL of arterial blood was 
drawn via cardiac puncture under deep isoflurane anaesthesia and collected into 
heparin-gel tubes (Microtainer, Becton, Dickinson and Company). 

To analyse radiometabolites using radioTLC or radioHPLC, the sample matrix 
was simplified by separating plasma from the red blood cells through centrifugation. 
Preclinical samples were centrifuged at 12,100 × g for 90 s at room temperature, 
while clinical samples were centrifuged at 3,100 × g for 5 min at +4 °C. 

The post injection sample collection time points were optimised separately for 
each study. 

The plasma proteins were removed by protein precipitation with the addition of 
ACN with the plasma to ACN ratio of 1:1.4 for the HPTLC and radioHPLC methods, 
and 1:2 (v/v) for the TLC method. The mixture was then vortexed and centrifuged 
(3,370 × g for 3 min for the clinical samples analysed with radioHPLC, and 12,100 
× g for 90 s for preclinical samples analysed using HPTLC or TLC). The resulting 
plasma supernatant was used in the HPTLC, TLC or radioHPLC analysis as 
described in the following sections. 
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4.3.2 Sample preparation of mouse brain samples 
The parent fraction of [11C]SMW139 from mouse brain tissue homogenates was 
analysed in Studies I–III using HPTLC, TLC and radioHPLC. The methods for brain 
tissue RMA were developed during the studies for the plasma RMA. 

Brain samples were obtained from saline-perfused mice and processed as 
follows: When whole brain slice autoradiography was needed, only a small piece of 
the cortex was used. In cases where the brain was not sliced for autoradiography, a 
larger, more representative cross section of the whole brain was used. 

The brain sample was placed into a glass homogenizer with tweezers. The tissue 
was first ground without adding any solvent. Then the homogenizing solvent 
(Studies I and II: eluent, and Study III: ACN:water solution (9:1, v/v)) was added by 
small increments and the mixture was homogenized until 50-100 µL of the sample 
could be transferred into an Eppendorf tube. The tube was centrifuged to separate 
the solids, and the resulting clear supernatant was collected for RMA. 

4.3.3 HPTLC 
In Study I, the initial method for analysing the parent fraction of [11C]SMW139 used 
a high-performance thin-layer chromatography plate (HPTLC, silica gel 60 RP-18, 
art. No. 1.05914.0001, Merck KGaA, Darmstadt, Germany). On the application line 
a [11C]SMW139 standard sample, plasma supernatants (maximum 8 µL), and brain 
homogenate supernatants (maximum 8+8 µL with a short drying period between the 
8 µL increments) were applied onto the same plate. 

The mobile phase consisted of ACN, water, and TFA in a volumetric ratio of 
75:25:0.1 (v/v/v). Chromatographic separation was performed in a 10 × 10 cm Twin 
Trough Chamber (Camag, Muttenz, Switzerland), with 5 mL of the mobile phase in 
each compartment. The elution time for a 4 cm solvent migration distance took 35-
50 min. After elution, the corners of the application line and solvent front were 
marked with a few microliters of radioactive standard to enable retardation factor 
calculations. The distribution of radioactivity on the HPTLC plate was digitized 
using autoradiography as explained in Section 4.3.5. 

4.3.4 TLC 
During Study I, the RMA method was improved as a faster method with better 
resolution was developed. This new TLC method was also used in Study II RMA, 
and in Studies II and IV to separate the non-protein-bound (protein-free fractions) 
parent and radiometabolites from each other in the ultrafiltrate. The steps of the 
RMA method are the same as used in HPTLC, with the following changes: A TLC 
plate with a larger particle size (Silica Gel 60 RP-18, Merck KGaA, art. No. 
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1.05559.0001) was used as the stationary phase. The maximum application volume 
for plasma and brain was 16 µL and the mobile phase was ACN:water:TFA 
(65:35:0.1, v/v/v). A larger volume of the brain sample could have been applied in 
small batches, but the amount of radioactivity was high enough in this study already 
with this volume. The elution time for a 4 cm solvent migration distance was 6 min. 

4.3.5 Autoradiography for quantification of radioactivity in 
TLC and HPTLC plates 

When autoradiography was used in Studies I–III to convert radioactivity in the TLC 
or HPTLC plates into quantifiable digital data, then the following procedure was 
followed: 

BAS-TR2025 autoradiography imaging plates (Fuji Photo Film Co., Ltd., 
Tokyo, Japan) were used. To eliminate background signal accumulation, the plates 
were erased immediately before use with a storage phosphor screen eraser (BAS-
1000, Fuji Photo Film Co.). The rapidly blow-dried TLC or HPTLC plate was fixed 
in an exposure cassette, and the freshly erased imaging plate was placed onto the 
sample with the blue coloured side against the radioactive sample. 

The imaging plate was exposed in a lead shielded environment for the duration 
of at least two half-lives (40 min for 11C-labelled compound). If the sample had low 
radioactivity levels, then the exposure time was extended up to 1.5 h to maximize 
the signal transferred onto the imaging plate without increasing the background 
radioactivity too significantly or allowing the fading process to affect too much. 

The energy stored on the imaging plate was released and digitized using a 
phosphorimager device (BAS-5000, Fuji Photo Film Co.) with 100-µm resolution, 
L4 dynamic range and S1000 laser energy. These parameters ensured optimal signal-
to-noise ratio for the samples analysed in these studies. 

The acquired data were background corrected. In the TLC analysis, the results 
were calculated as photostimulated luminescence (PSL) from the integrated area of 
the unchanged [11C]SMW139 peak divided by the total PSL area of the sample to 
gain the parent fraction of the sample. Autoradiography images were analysed using 
Aida Image analyzer v.4.22 (Elysia-Raytest, GmbH, Straubenhardt, Germany). 

4.3.6 RadioHPLC 
A radioHPLC method for parent fraction analysis from plasma was developed for 
Study III to enable the RMA analysis from larger sample volumes of human plasma 
supernatants that had lower radioactivity concentrations compared to the preclinical 
samples. Additionally, radioHPLC was used to analyse mouse plasma and brain 
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supernatant samples in Study III, enabling a comparison of the Rts of the 
radiometabolites between mouse and human samples. 

The radioHPLC consisted of a Merck Hitachi L-7100 gradient pump system, 1 
mL injection loop in a Rheodyne 7725i Manual Sample Injector (IDEX Health & 
Science, LLC) coupled with a Radiomatic 150TR (Packard, USA) radiodetector. 

The degassed mobile phases were ACN and 0.1 % TFA in distilled H2O. The 
gradient method is presented in Table 2. 

Table 2. RadioHPLC mobile phase gradient used in Study III and IV. The gradient was initially 
described in Study III. 

TIME (MIN) A (ACN) B (0.1% TFA) FLOW (ML/MIN) 

0 30 70 5 

8 90 10 5 

9 90 10 5 

10 30 70 5 

12 30 70 5 
Abbreviations: ACN = acetonitrile, TFA = trifluoroacetic acid, min = minutes. 

A Phenomenex Luna C18(2) (5μm, 250 × 10 mm) column was used. The 
injection volume was adjusted by the radioactivity of the sample to prevent 
radiodetector saturation and ensure measurements in the quantifiable range. 

To limit the ACN content and residuals of previous injections in the sample loop, 
the loop was rinsed several times with 1 mL of ACN:H2O solution (50:50, v/v), and 
then with pure H2O. 

A [11C]SMW139 standard was injected on each study day to validate the method, 
and to confirm the Rt of the parent compound. On human study days, the radioactive 
standard was prepared into the plasma supernatant of the same study subject 
collected prior to the radiotracer administration. On preclinical study days, it was 
prepared by spiking ACN:H2O (65:35, v/v) solvent mixture and injecting it into the 
radioHPLC. 

The resulting radiochromatograms were analysed using the radioHPLC’s 
software (Merck Hitachi D-7000 HSM, Merck). The peaks were decay corrected to 
the start of the analysis, integrated and the parent fraction was calculated as the 
fraction of unchanged [11C]SMW139 over all radioactivity in the sample. 
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4.3.7 Extraction efficiency 
In Study II, the extraction efficiency of the RMA plasma sample preparation step 
was analysed. This efficiency was defined as the percentage of radioactivity 
extracted from the plasma into the resulting supernatant. The residual supernatant in 
the pellet was accounted for by measuring the mass of the proteins in the plasma 
sample and deducting radioactivity relating to the fraction of the remaining 
supernatant. 

4.3.8 In vitro mouse brain RMA 
A parent fraction analysis study with mouse brain homogenate was performed. The 
transcardially saline perfused brain was dissected and homogenized (Ultra-Turrax T8, 
IKA, Staufen, Germany) into 4 mL of phosphate-buffered saline solution. After adding 
1 MBq of [11C]SMW139, the mixture was vortexed for 1 minute and incubated for 45 
min in 36 °C. Aliquots of the mixed incubate were analysed at 10, 30 and 45 minute 
using the radioTLC and radioHPLC methods described in earlier sections. An 
identically prepared sham sample was prepared and incubated to study if 
[11C]SMW139 remains intact throughout the sample preparation and incubation steps. 

4.4 Plasma protein binding analysis (PPBA) 

4.4.1 PPBA methods in preclinical studies 
To determine the fraction of plasma protein-free parent radioactivity over all 
radioactivity (fP/A), and similarly the radiometabolite plasma protein-free fraction 
over all radioactivity (fM/A), the radioactivity concentration in the in vivo plasma 
sample (cP) was measured by applying a known volume of plasma (for example, 3 
µL) in duplicate onto a TLC plate (Silica gel 60 RP-18, Art. No. 1.05559.0001, 
Merck KGaA) (Figure 2). Autoradiographic quantification was used to quantify the 
PSL/volume radioactivity concentration. The parent fraction analysis was used to 
calculate the concentrations of the parent tracer and its radiometabolites in the 
plasma sample. 

Protein-free [11C]SMW139 and its protein-free radiometabolites were separated 
from protein-bound fractions using UF (Microcon-10 kDa, Merck KGaA). A 
minimum of 80 µL of plasma (p+, meaning plasma that still contains its natural 
proteins) was required. P+ was centrifuged (14,100 × g, 4 min and 3 min in two 
parts) to obtain at least 40 µL of filtrate (p-). This p- was then transferred to a second 
UF device after both centrifugations and centrifuged for an additional 3 min to obtain 
twice filtered filtrate (p--) that was centrifuged the same amount of time as the p-. 
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Simultaneously, the original plasma (p+) was ultrafiltered (14,100 × g, total of 7 
min) to yield additional p- filtrate. Samples, including a radioactive standard, plasma, 
brain supernatants, and both filtrates (10 µL each), were applied onto the same TLC 
plate application line (Figure 2), developed, imaged using autoradiography, and 
analysed as outlined in Sections 4.3.4 and 4.3.5. 

The membrane correction factor for the parent tracer was determined by 
calculating the concentration ratio (PSL/applied volume) between once filtered 
filtrate (p-) and twice-filtered filtrate (p--). Dividing the parent tracer concentration 
in the filtrate (p-) by this correction factor provided the true free parent concentration 
that would have been present if the membrane would not retain any of the parent 
compound. The corrected concentration in filtrate (p-) was divided by total 
radioactivity in plasma (p+) to determine fP/A. For radiometabolites, the membrane 
correction factor and filtrate (p-) concentration were calculated similarly, with the 
true protein-free radiometabolite radioactivity concentration yielding fM/A. 

 
Figure 2. The schematic diagram of the ultrafiltration (UF) process shows how the plasma is 

ultrafiltered twice and how the proteins, and protein-bound and protein-free 
[11C]SMW139 (parent) and radiometabolites behave in the filtration processes. Aliquots 
of the once (p-) and twice filtered (p - -) plasma are applied onto the TLC plate’s 
application line (lower dashed line) and the parent and radiometabolites separated along 
with the standard, and plasma and brain supernatants when eluted. The original plasma 
sample (p+) is applied to the top of the plate to determine the total radioactivity 
concentration. Results are used to calculate the parent fraction in plasma and brain, the 
protein-free fractions of the parent and radiometabolites (fP and fM), and filter membrane 
correction factors simultaneously. Figure modified from Study II. 
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4.4.2 Development of the PPBA method for human plasma 
(Study IV) 

In Study IV, the PPBA method was further developed to adapt to the lower 
radioactivity concentrations in human plasma. In order to collect comprehensive 
data, an in vitro approach by spiking the time point 0 plasma collected prior to 
[11C]SMW139 injection was used in addition to the 20-minute p.i. plasma sample 
for direct in vivo analysis of the native parent and radiometabolite protein-bound and 
protein-free fractions. To assess if freezing the plasma sample affected the in vitro 
results, a 1.5 mL aliquot of the time point 0 plasma was frozen in -80 °C for later 
duplicate analysis. 

In vitro analysis of the time point 0 plasma sample: Before [11C]SMW139 
injection, 4 mL of arterial blood was collected and the plasma was separated by 
centrifugation (4 °C, 2,118 × g, 5 min). An aliquot of 1.5 mL plasma was spiked with 
50–200 kBq of [11C]SMW139, vortexed, and incubated in +36 °C for 1 min (p+). 
After incubation, the plasma was re-vortexed and divided into three Microcon UF 
devices, 400 µL in each. One UF device was centrifuged for 8 min to obtain the 
once-filtered plasma. The other two were centrifuged for 4 min, after which their 
filtrates were transferred into a fourth UF device and all three were centrifuged for 
another 4 min. Next, the filtrates from the first two devices were pipetted into the 
fourth UF device again, and all were centrifuged once more. This ensured that the 
fourth UF device underwent a total of 8 min of ultrafiltration, yielding twice-
ultrafiltered plasma filtrate (p--), corresponding to the same ultrafiltration time as for 
the once-ultrafiltered plasma (p-). The in vitro analysis did not require any TLC 
elution as there was only the parent [11C]SMW139 present in these samples. From 
these samples, three 5.0 µL applications of p+, two spots of p-, and two of p-- sample 
spots were spotted on the TLC plate. The plate was dried, and analysed using 
autoradiography as explained in the Section 4.3.5. Frozen in vitro plasma samples 
were analysed identically as the fresh samples in one analysis day. 

In vivo analysis of the 20-minute plasma sample: The protocol was identical to 
the in vitro time point 0 sample, excluding the spiking it with extra [11C]SMW139 
and incubation. In addition, from these samples, three 5.0-µL applications of p+ were 
placed to the top edge of the TLC plate, which area would not be eluted. A 
radioactive standard, a plasma supernatant sample for RMA, a p-, and a p-- sample 
were spotted on the TLC plate application line and eluted in identical conditions as 
in the radioTLC method, and analysed using autoradiography (Section 4.3.5). The 
frozen in vitro samples were analysed identically as the fresh samples. To 
concentrate the samples, up to 45 µL of p- and p-- filtrates were acquired by UF and 
spotted onto TLC plate in 10-µL increments while drying the spot in between into a 
small area. 
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Calculation of the membrane correction factor: The membrane correction factor 
was determined by calculating the amount of radioactivity in p-- over the amount of 
radioactivity in p- for both the parent and radiometabolites. 
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5 Results 

5.1 [11C]SMW139 synthesis and tracer injection 
key indicators 

The full details of the tracer quality and injection information are listed in Table 3. 

Table 3. [11C]SMW139 tracer quality and injection information from Studies I–IV. The results are 
expressed as mean and standard deviation (SD). 

 
STUDY I 

PRECLINICAL 
STUDY II 

PRECLINICAL 
STUDY III 

PRECLINICAL 
STUDY III* 
CLINICAL 

STUDY IV 
CLINICAL 

NUMBER OF 
BATCHES 

32 27 5 7 26 

RCP (%) 98.3(0.5) 98.3(0.5) 98.3(0.3) 98.3(0.3) 98.0(0.3) 

AM (@EOS; 
GBq/µmol) 

 
110(49) 102.4(47.5) 152.0(131.5) 

 

AM (@injection; 
GBq/µmol) 

33.0(21.0) 37(27) 42.2(24.1)  85.9(73.8) 95(88) 

INJECTED 
ACTIVITY (MBq) 

9.5(0.5) 14.5(5.8) 17.9(6.2) 424.0(54.8) 402.9(11.5) 

INJECTED 
MASS (µg) 

0.18(0.17) 0.25(0.20) 0.21(0.12) 1.91(1.31) 2.7(1.7) 

*The Study III clinical batch information is only from the subjects imaged in Turku. 
Abbreviations: RCP = radiochemical purity, AM = molar activity, @EOS = at the end of synthesis, 
@injection = at the time of injection, GBq = gigabecquerel, µmol = micromoles, MBq = 
megabequerel, µg = microgram. 

5.2 Clinical subject demographics (Studies III–IV) 
In Study III, only HC subjects were included in this sub study concerning the 
modelling aspects of [11C]SMW139. Seven subjects in the Turku PET Centre and 
five in Karolinska Institutet were recruited. The inclusion criteria were: age 45–80 
years, good health according to medical and psychiatric history, physical 
examination, cognitive assessment (Mini-Mental State Examination ≥ 28), 
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laboratory tests, electrocardiogram, and unremarkable MRI of the brain. For the 
included subjects in Turku, the mean (standard deviation (SD)): age was 68.4(8.4) 
years, and body mass index was 26.2(4.8). 

In Study IV, for the parent fraction analysis, 10 HCs, and 15 subjects with MS 
(six RMS, and nine progressive multiple sclerosis (PMS)) were analysed. The PPB 
was successfully analysed from a subset of 11 subjects. All of the Study IV subjects 
were imaged and laboratory work performed in the Turku PET Centre. 

In Study IV, all MS subjects were required to have a confirmed diagnosis based 
on the 2017 McDonald criteria. Additionally, eligibility criteria included at least one 
Gd+ lesion (min 0.5 cm), in addition to a clinical diagnosis of secondary progression 
for individuals in the RMS and PMS groups. Participants were excluded if they were 
pregnant, claustrophobic, or had other significant central nervous system disorders 
unrelated to MS. Before imaging, all MS subjects underwent neurological 
assessments, MRI, and [¹¹C]SMW139 PET scans. The HC group consisted of age-
matched individuals for comparison. 

The subject demographics and other baseline characteristics in Study IV: A total 
of 26 subjects participated in the study, with the final analysis including 15 subjects 
with MS  (6 RMS, 9 PMS) and 9 HCs; 2 subjects (1 PMS, 1 HC) were excluded due 
to technical issues during PET imaging. RMS subjects were enrolled within 0.5 years 
of diagnosis (mean 0.12 years) and imaged approximately 4 months later, while PMS 
subjects were imaged over 10 years post-diagnosis (mean 16.9 years). HCs and MS 
subjects were of similar age (mean 47.5 vs. 49.6 years, p=0.479), but PMS subjects 
had significantly higher EDSS scores than RMS subjects (mean 5.1 vs. 2.5, 
p=0.005). The two MS cohorts were also of comparable age (mean 49.2 vs. 45.0 
years). The male-to-female ratio varied across groups: 6/3 (33% F) in HCs, 9/6 (40% 
F) in MS, 4/5 (56% F) in PMS, and 5/1 (17% F) in RMS. At the time of PET imaging, 
treatments in the RMS cohort included natalizumab (n = 2), ocrelizumab (n = 1), and 
rituximab (n = 3), while PMS subjects were treated with rituximab (n = 3), 
natalizumab (n = 1), and fingolimod (n = 1). 

5.3 RMA method development 
In the preclinical studies I–III, the RMA method was further developed during the 
studies, and the best method developed so far to answer the question in focus was 
used. 

The HPTLC method showed sufficient resolution to analyse the parent fraction 
in most cases. However, the method was not robust and it was delicate regarding the 
applied volume as the plate capacity was easily overloaded, especially with the 
plasma supernatant sample. The boundary of how much could be applied was not 
definite and varied both with the plasma and brain sample. Therefore, it was 
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necessary to establish a safe limit for the application volume to avoid producing a 
chromatogram that would be too complex or even impossible to analyse, as 
demonstrated in Figures 3 and 5. The inconsistent amount of plasma supernatant able 
to be applied onto the plate before overloading the plate is seen well in Figure 5. 
When using the HPTLC method, applying multiple application spots with various 
volumes was often a wise decision that resulted in at least one or two successful 
radiochromatograms of the samples and gave a better understanding of the 
characteristics of the method in use. 

 
Figure 3. The autoradiography image of a HPTLC plate containing from left to right: standard and 

four applications of plasma supernatant with various application volumes to demonstrate 
the HPTLC plate capacity overloading. The plasma supernatant samples were from a 
single mouse from the 10-min time point. Created using AIDA Image Analyzer 4.22. 

The difference of the parent fraction curves calculated from all of the mice in 
Studies I and II that were analysed either using the HPTLC and TLC methods is 
shown in Figure 4. 
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Table 4. The parent fractions from the mice plasma and brain samples that were analysed using 
both TLC and HPTLC methods simultaneously in Study I. The results are expressed as 
the mean and standard deviation in percentages. 

Method 
 Plasma 

10 
min 

Brain 
10 

min 

Plasma 
30 

min 

Brain 
30 

min 

Plasma 
45 

min 

Brain 
45 

min 

TLC 
M 72.5 78.2 42.9 35.3 34.6 28.5 
SD 8.9 8.8 1.3 4.0 5.0 4.5 
n 10 5 2 2 3 3 

HPTLC 
M 73.9 79.1 43.1 34.5 32.6 28.4 
SD 8.8 6.5 1.0 2.7 4.9 2.8 
n 10 5 2 2 3 3 

Abbreviations: M = mean, SD = standard deviation, n = amount of subjects, min = minutes. 

 
Figure 4. The mean and standard deviation (SD) of the parent fraction results of all of the mice 

that were analysed using HPTLC or TLC methods in Studies I and II. n = 22, 5, and 3 
for HPTLC and n = 19, 14, and 13 for TLC methods for 10, 30, and 45-min time points, 
respectively. Created using GraphPad Prism 9. 

The low deviation of the means and SDs as presented in Table 4 along with the 
Figure 4 show how both the HPTLC and TLC methods give comparable data. 
Although the Table 4 demonstrates small differences in the mean and SD between 
the two different TLC methods, the resulting change in the fractions is negligible. 
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Figure 5. An exemplary autoradiography image from a HPTLC plate with the following samples 

from left to right: Standard, plasma supernatant from mouse1 (20 µL); brain from 
mouse1 (20 µL); plasma supernatant from mouse2 (20 µL); brain from mouse2 (20 µL). 
The more hydrophilic radiometabolites travel further than the [11C]SMW139. All of the 
samples were from the 30-min time point. Created using AIDA Image Analyzer 4.22. 

The TLC method was sufficient to provide a good signal-to-noise ratio and 
resolution even up to 45 min time point for parent fraction analysis in the preclinical 
mouse studies as shown in the autoradiography images and their corresponding 
radiochromatograms in Figure 6. The differences between the HPTLC method and 
TLC method are explained in Sections 4.3.3 and 4.3.4. 
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Figure 6. Representative digital autoradiographs and their chromatograms of parent tracer and its 

radiometabolites from (A) 10-min plasma, (B) 10-min brain, (C) 30-min plasma, (D) 30-
min brain, (E) 45-min plasma, and (F) 45-min brain. The standard sample confirmed the 
retardation factor (Rf) for the parent tracer to be 0.4. The chromatograms are presented 
as the photostimulated luminescence (PSL) as a function of the Rf. Originally created 
using GraphPad Prism 9 and AIDA image Analyzer 4.22. Published in Study II. 
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As the TLC method was not able to provide sufficient signal-to-noise ratio from 
clinical study subjects in the Study III in the latest time points, a radioHPLC method 
was successfully developed that enabled the accurate analysis of the parent and the 
different radiometabolite fractions even up to the 90-minute time point. The 
radiometabolites were numbered 1–3 according to the order of appearance 
(increasing Rt) in the radiochromatogram, which reflects the decreasing polarity or 
increasing lipophilicity of the eluted analyte. Figure 7 demonstrates the sufficient 
signal-to-noise ratio for the different radiometabolite and parent compound peaks. 
For the limit of quantification, a ratio of three is mostly set as the minimum. With 
the radioHPLC a ratio of 14 for radiometabolite 1, 4 for radiometabolite 2, 7 for 
radiometabolite 3, and 26 for the parent tracer could be often achieved. Most 
importantly, a baseline separation was achieved between the radiometabolites and 
the parent peaks. The peaks were divided into wider peak areas to take into account 
the possible smaller peaks and possible minor shifts in the Rt. This approach only 
enhanced the accuracy of the method as the radiochromatogram is background 
corrected and the wide peak areas even out the steady fluctuation of the background 
better than a narrow peak could. 

 
Figure 7. An exemplary radiochromatogram to demonstrate the adequate signal-to-noise ratio in 

a 90-min time point human plasma supernatant sample. The peak regions extend from 
0–3 min for radiometabolite 1, 3–7 min for radiometabolite 2, 7–8.7 min for 
radiometabolite 3, and from 8.7–9.4 min for the unchanged [11C]SMW139. The numbers 
above the highest peak in the peak region denotes the retention time of the highest point 
of the peak. Created using HSM version 3.1 (Merck Hitachi, England). 

The sample preparation method was slightly updated so that the ACN to plasma 
ratio was changed from 1.4 to 2 when updating from HPTLC to the TLC method. 
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The extraction efficiency was measured in triplicate using the ACN:plasma mixture 
(2:1; v/v). The remaining radioactivity corresponding to the remaining supernatant 
in the pellet was taken into account and the extraction efficiency was 99% for the 
plasma samples. 

5.4 RMA in the preclinical studies (Studies I–III) 

5.4.1 The parent fraction and RMA 
The percentage of the unmetabolized [11C]SMW139 i.e. the parent fraction values as 
presented in Figures 4 and 8 (A and B) and in Table 5 illustrate the rapid metabolism 
of the parent tracer in mice. The fraction of radiometabolites in plasma and the 
dissected brain supersedes the fraction of the unchanged tracer already before the 
30-min time point post [11C]SMW139 injection. The effect of the age, sex and strain 
of the mouse on the parent fraction value is reported in more detail in the following 
sections. 
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Figure 8. [11C]SMW139 radiometabolite analysis from Study III. The left panels show the mean 

fraction of the whole radioactivity in the sample and its standard deviation of 
[11C]SMW139 and of the different radiometabolites in (A) mouse brain, and (B) mouse 
plasma supernatant (n = 4, 3, and 4, at 10, 30, and 45 min, respectively), and (C) human 
plasma (n = 10). The right panels show exemplary radioHPLC chromatograms from (A) 
mouse brain, (B) mouse plasma, and (C) human plasma. Published in Study III. 
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Table 5. Mean and standard deviation of the mean for plasma parent fraction, and parent and 
radiometabolite free fractions. Measured from the same mice that had both data 
collected from them in Study II. At the 10, 30, 38, and 45-min time points, respectively: 
n = 3, 4, 2, and 4. Modified from original publication (Study II). 

Time 
point 
(min) 

 
Plasma 
parent 

fraction 

fP/A, 
Free 

parent/ 
all radio- 
activity 

fP/P, 
Free 

parent/ 
all 

parent 

fM/A, 
Free 

metab/ 
all radio- 
activity 

fM/M  
Free 

metab/ 
all 

metab 

Free 
parent/ 
all free 
radio- 

activity 

Free 
radio-

activity/ 
all radio- 
activity 

10 
M 0.567 0.032 0.057 0.368 0.835 0.085 0.399 
SD 0.098 0.000 0.009 0.113 0.119 0.019 0.113 

30 
M 0.347 0.012 0.034 0.508 0.760 0.023 0.520 
SD 0.077 0.005 0.007 0.083 0.092 0.011 0.081 

38 
M 0.336 0.010 0.031 0.520 0.778 0.019 0.530 
SD 0.050 0.001 0.008 0.076 0.056 0.000 0.077 

45 
M 0.323 0.007 0.021 0.350 0.518 0.019 0.356 
SD 0.043 0.002 0.006 0.017 0.035 0.006 0.019 

Abbreviations: fP/A = protein-free parent radioactivity over all radioactivity, fP/P = protein-free parent 
radioactivity over all parent radioactivity, fM/A = protein-free radiometabolite radioactivity over all 
radioactivity, fM/M = protein-free radiometabolite radioactivity over all radiometabolite radioactivity, 
M = mean, metab = radiometabolites, SD = standard deviation, min = minutes. 

In Studies I and II, radioTLC was used. In Study III, the preclinical RMA was 
performed using radioHPLC. The separation of different radiometabolites from each 
other was more reliable and consistent using the radioHPLC method. Separating the 
radiometabolites from each other was crucial in this study, as the radiometabolite 2 
fraction was required to enable more advanced modelling that took into account the 
fraction that did not enter into the mouse brain. The RMA of human subjects was 
performed with the same radioHPLC instrument and method to enable better 
translation of conclusions from the mouse RMA to human RMA and PET data 
modelling. At least three distinct radiometabolites can be separated from each other 
using the radioHPLC method as seen in the radiochromatograms in Figure 8. With 
the radioTLC method, the number of radiometabolites was up to four as seen in 
Figure 6. However, usually only up to three were seen. 

The results in Study III analysed with radioHPLC showed similarly a rapid 
metabolism of [11C]SMW139 in mouse plasma and brain as shown in Figure 8 panels 
A and B. When comparing to the subject group analysed using the TLC or HPTLC 
methods (Figure 4) in Studies I and II, the metabolism rate was slightly faster in the 
subjects analysed with the radioHPLC (Figure 8). The parent fraction analysed using 
the radioHPLC method showed a rapid decline in the unchanged fraction of 
[11C]SMW139 as at the 10-min time point the mean parent fraction value was 
47.9(6.8)% in the plasma supernatant and 62.2(18.6)% in the brain supernatant. The 



Richard Aarnio 

 60 

Figure 8 shows how the parent fraction plateaus in brain by 30 min at around 
24.3(10.0)% while the plasma parent fraction value still decreases slightly from 
29.6(4.6)% at 30 min to 23.7(6.2)% at 45 min post injection. 

When comparing the plasma and brain supernatant radiometabolite profiles with 
each other, an important difference stands out. Radiometabolite 2 is present only at 
low levels in the mouse brain homogenate supernatant, with mean(SD) percentages 
of 3.7(2.2), 2.4(1.0), and 1.7(0.5) at the 10-, 30-, and 45-minute time points, 
respectively. In contrast, it is abundantly present in the plasma supernatant, with 
significantly higher mean(SD) percentages of 15.4(3.2), 16.9(3.2), and 18.3(5.6) at 
the same time points. The ratios of the fraction of radiometabolite 2 in brain over the 
corresponding fraction in plasma were 0.24, 0.14, and 0.09 at 10, 30 and 45-min time 
points, respectively. At the same time, the corresponding ratios for the 
radiometabolite 1 were 0.76, 1.51, and 1.39 and for the radiometabolite 3 1.51, 0.96, 
and 1.02 at 10, 30 and 45-min time points, respectively, as shown in Figure 9. 

 
Figure 9. The mean relative fraction of the parent tracer [11C]SMW139 and the different 

radiometabolites 1–3 as a ratio of the fraction in brain over fraction in plasma (n = 4, 3, 
and 4 for 10, 30, and 45-min time points, respectively). Created using GraphPad Prism 
9. 

According to the in vitro mouse brain homogenate study in Study II, no 
radiometabolites were found from the incubated brain homogenate. Therefore, the 
radiometabolites do not form directly in the brain, but they cross the blood-brain 
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barrier (BBB) from the blood compartment. If reference tissue modelling could be 
used, the effective BBB crossing would cause problems as the total radioactivity in 
the brain tissue compartment corresponds in a constantly growing quantity to the 
radiometabolites. In study III, it was shown that the majority of radioactivity in the 
mouse brain corresponds to radiometabolites already by 20 min post injection 
(Figure 8). 

The correlation of the parent fraction values from Studies I and II between 
plasma and brain is shown in Figure 10. The key indicator values for the parent 
fraction results and the number of subjects are presented in Table 6. The 
radiometabolites began to form quickly in the plasma, but it took longer for them to 
show up in equivalent quantities in the mouse brain than in plasma. However, the 
parent fraction in the brain reached even lower values than in the plasma already at 
30-min time point as shown in Table 6. 

Table 6. Parent fraction data from the mice that had both successfully analysed plasma and brain 
parent fraction data with the TLC or HPTLC method in Study I and II. The max, min, and 
mean values are presented in percentages. 

 
Plasma 
10 min 

Brain 
10 min 

Plasma 
30 min 

Brain 
30 min 

Plasma 
45 min 

Brain 
45 min 

Max 84.6 88.7 70.8 65.7 42.4 44.0 
Min 46.1 38.8 21.7 12.6 23.4 6.8 

Mean 68.0 73.8 44.5 41.4 32.1 28.8 
SD 10.3 12.7 14.1 16.0 5.7 9.0 
n 14 14 16 16 11 11 

Abbreviations: Max = maximum value, Min = minimum value, SD = standard deviation, n = sample 
size, min = minute. 

 
Figure 10. Correlation of the plasma and brain parent fraction analysis results from the 10, 30 and 

45 min mouse samples. Created using GraphPad Prism 9. 
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In the preclinical part of Study III, the mouse plasma and brain supernatant RMA 
showed three major peaks of radiometabolites. To take into account all radioactivity 
eluted in any other part of the radiochromatogram than at the exact Rts of the distinct 
peaks, the entire radiochromatogram was divided into four sections, as shown in 
Figure 7. The radiometabolite 1 corresponded to the 0–3 min, radiometabolite 2 to 
3–7 min, radiometabolite 3 to 7–8.7 min and the [11C]SMW139 to 8.7-9.4 min areas 
of the radiochromatogram. All the peak areas were background corrected to remove 
any possible errors due to wider peak areas. Any possible minor wash step peaks that 
were eluted after the parent compound were not taken into account, as they could 
just as likely be remnants of either the parent or the radiometabolites that were 
washed out from binding to any impurities in the column during the strong solvent 
wash cycle. No significant peaks of any characteristic Rt were observed in the 
radiochromatograms after the parent compound even during the column wash. 
Occasionally minor elevated intensity resembling peak forms were detected that 
were under the limit of detection that accounted at most for only a few percent of the 
total radioactivity in the sample, so such an approach did not introduce significant 
errors to the analysis. The brain sample radiochromatograms were analysed in the 
same way to integrate the possible peak of radiometabolite 2 from its characteristic 
Rt window, despite there being no significant peaks visually detectable there. 

5.4.2 Effect of mouse age on the parent fraction of 
[11C]SMW139 

The multiple ex vivo time point and different age group study design enabled 
studying the correlation between the mouse age and the parent fraction in plasma 
and brain. The age did not seem to significantly affect the metabolism rate of 
[11C]SMW139 at the 10- and 30-min time points in plasma (Figure 11 A and B). 

However, the extent to how far the metabolism goes later slightly correlated with 
age, so that the younger mice reached more complete metabolism of [11C]SMW139 
through lower parent fraction values while the older mice began to plateau at higher 
parent fraction percentages (Figure 11 C). The corresponding results for brain 
samples showed less consistent correlation between parent fraction and age (Figure 
11 D-F). 

5.4.3 Effect of mouse sex and strain on the parent fraction 
of [11C]SMW139 

In Figure 12 the effects of mouse sex and strain on the parent fraction of 
[11C]SMW139 in plasma and brain were visualised. The largest difference was seen 
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in the 30-min time points, where the TG and female groups plateaued earlier than 
the WT and male groups. 

 
Figure 11. Correlation between parent fraction of [11C]SMW139 and mouse age in months (mo) in 

(A–C) plasma and (D–F) brain samples analysed in Study I. Created using GraphPad 
Prism 9. 
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Figure 12. Percentage of parent [11C]SMW139 was compared at 10, 30, and 45-min time points 

across different groups: (A) male vs female plasma, (B) male vs female brain, (C) wild 
type (WT) vs transgenic (TG) plasma, and (D) WT vs TG brain. The mean and the 
standard deviation is shown with the line and whiskers. Created using GraphPad Prism 
9. 

5.5 RMA in the clinical studies (Studies III and IV) 
As the result of method development for the clinical studies, the RMA method was 
transferred to a radioHPLC based method for Studies III and IV. 

In Study III, the mouse and human plasma supernatant samples were analysed 
using the same radioHPLC method to determine, according to the Rts, whether the 
radiometabolites were the same in both. As shown in Figure 8, both subject types 
have the same radiometabolites in plasma according to the Rts. However, in the HC 
human subjects the fractions of radiometabolites 1–3 were rather equal in quantity 
throughout all time points, whereas in mice, radiometabolite 1 was the most 
predominant one. 

The plasma supernatant parent fraction curves of humans had a less steep slope 
than when analysed from mice (Figures 8 and 13). 

As shown in the Study III preclinical findings, the radiometabolite 2 is not 
effectively crossing from plasma into the brain in mice. Therefore, when translating 
this modelling approach to humans, a two-tissue compartment model with a dual 
input function was used to model brain uptake with an input from the parent tracer 
and the BBB-crossing radiometabolites 1 and 3. Radiometabolite 2 was taken 
separately into account in the parent fraction and radiometabolite analyses. The 
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decrease of the parent fraction was almost linear up to the 90-min time point, as was 
for the increase of the different radiometabolites fractions (Figure 8 C). 

In Study IV, the parent fractions of 10 HCs and 15 subjects with MS (six RMS 
and nine PMS) were successfully analysed. The parent fractions in Study IV were 
similar compared to the fractions in Study III, which consisted only of HCs. Between 
the different groups, the PMS had a faster metabolism rate of [11C]SMW139 
compared to other groups. However, the SDs of the curves were higher than the 
differences between the groups (Figure 13). 

 
Figure 13. The mean percentages of unchanged [11C]SMW139 of the total radioactivity in the 

plasma samples (parent fraction) of the healthy control (HC, n = 10), relapsing MS 
(RMS, n = 6) and progressive MS (PMS, n = 9) subject groups. Error bars denote the 
standard deviation. Adapted from Study IV using GraphPad Prism 9. 

5.6 Plasma protein binding (PPB) in plasma 

5.6.1 Ultrafiltration (UF) membrane correction 
To obtain unbiased plasma free fraction data, membrane retention correction values 
for the Microcon Ultracel UF device were determined for both the parent tracer and 
its radiometabolites. These values enabled the calculation of their true concentrations 
in the plasma samples. In Study II, the membrane correction factor for the combined 
radiometabolites was 0.93 ± 0.04 (n = 9), indicating minimal reduction in 
concentration after filtration. In contrast, the parent tracer membrane correction was 
0.63 ± 0.07 (n = 9), meaning that 37% of the parent tracer was retained in the 
membrane, and by dividing the filtered plasma with 0.63, this could be corrected for. 
These values showed a need for a greater correction factor for the parent tracer than 
for the radiometabolites. When using this correction, the parent plasma protein-free 
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fraction (fP) increased by 59%. In Study IV, similar results were obtained (0.68, n = 
20 for the parent tracer; 0.95, n = 7 for the radiometabolites). 

5.6.2 PPB in mice 
In Study II, the novel PPBA method, described in Section 4.4, was developed to 
separately assess the PPB of the parent and its radiometabolites. This method was 
then used to analyse the fP and fM in mice in Study II and in human subjects in Study 
IV. 

The efflux rate of the [11C]SMW139 out from plasma in addition to the rate that 
it is being bound to the proteins and metabolised into radiometabolites were faster 
than the rate that the bound [11C]SMW139 was being released back into the free form 
in plasma as the fP/A, fraction of free [11C]SMW139 over all radioactivity, decreased 
over time (black line, Figure 14). Especially, this scenario is seen, as the fP/P, fraction 
of free parent over all parent, showed a continuously decreasing trend in the red 
curve in Figure 14, revealing the overall complex equilibrium balance of the different 
rates. 

 
Figure 14. Fractions of plasma protein-free parent over all radioactivity (black) and over all parent 

radioactivity (red) in mouse plasma. Individual values are plotted and the curve shows 
the mean. At the 10-min, 30-min, 38-min, and 45-min time points, respectively: n = 3, 4, 
2, 4. Adapted from Study II using GraphPad Prism 9. 

The ratio between the free [11C]SMW139 over all the free radioactive molecules 
decreased rapidly from 0.08 at 10 min to 0.02 already at 30 min as both the parent 
fraction and the free parent over total parent in plasma (fP/P) decreased over time, 
while the fraction of radiometabolites grew and their free fraction remained high 
(Table 5). 
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The Figure 15 summarizes the plasma radioactivity concentration, parent 
fraction and the PPBA data as the percentage of injected radioactivity per gram of 
tissue (%IA/g) in plasma. The total amount of free radiometabolites remained high 
in plasma, while the total amount of free parent decreased rapidly. 

 
Figure 15. The percentage of injected activity per gram (%IA/g) of plasma of the total parent, free 

parent, total radiometabolites, and free radiometabolites in plasma as a time-activity 
concentration bar chart. %IA/g were analysed at the 10-min, 30-min, and 45-min time 
points from n = 45, 14, and 7, respectively. Free fractions were analysed at the 10-min, 
30-min, and 45-min time points from n = 3, 4, and 4, respectively. Adapted from Study II 
using GraphPad Prism 9. 

5.6.3 PPB in human subjects 
In Study IV, the PPBA was performed from a subset of subjects. Data were 
successfully gathered from three HC, five PMS, and three RMS subjects. In addition, 
frozen plasma samples were analysed and compared with the corresponding plasma 
samples that were analysed directly after collection from the subject in vitro. The 
PPBA showed comparable results between frozen and fresh plasma samples. The 
mean(SD) fP/P, was 0.013(0.004) for fresh and 0.013(0.002) for frozen samples (n = 
11 for both, from the same subjects), and 0.010(0.004) (n = 9) for the 20-minute in 
vivo samples. At 20 min, the mean(SD) fraction of free radiometabolites over total 
radiometabolites (fM/M) was 0.425(0.132), while the free radiometabolites over all 
free radioactivity in plasma was 0.88(0.06). The mean fP/P values were 0.0138 (n = 
3), 0.0096 (n = 5), and 0.0093 (n = 3) for HCs, PMS, and RMS, respectively. 
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6 Discussion 

Studying a new tracer is always challenging due to the very little initial knowledge 
available of its properties. When the studies using [11C]SMW139 were planned in 
the Turku PET Centre that led up to the data enabling this thesis, there were no 
publications of [11C]SMW139 at that time. The practical work of developing and 
evaluating [11C]SMW139 had only recently begun, for example, at the Department 
of Radiology & Nuclear Medicine, Neuroscience Campus Amsterdam, VU 
University Medical Center (Amsterdam, Netherlands). The precursor SMW139 was 
developed and synthesised by researchers from the group of Professor Michael 
Kassiou from the University of Sydney, Australia (Wilkinson et al., 2017; Janssen 
et al., 2018; Hagens et al., 2020). 

These studies began in the Turku PET Centre in 2017 by setting up the 
[11C]SMW139 tracer synthesis in the Radiopharmaceutical Chemistry Laboratory of 
Turku PET Centre (Turku, Finland). The reason for the use of this selected tracer in 
Studies I–IV was to evaluate this new and promising P2X7 receptor-binding tracer 
in preclinical disease models and human subjects. 

6.1 [11C]SMW139 synthesis key indicators 
The shelf-life of [11C]SMW139, like for other 11C-labelled PET tracers, is typically 
1 h due to the short radioactive half-life of 11C. Therefore, [11C]SMW139 must be 
synthesized and used as soon as possible after production, as the radioactivity decays 
quickly and limits its practical use to around 1–1.5 h post-synthesis. However, the 
exact usable timeframe depends on the initial radioactivity produced, the specific 
requirements for imaging, and the dose needed. The shelf-life of [11C]SMW139 was 
validated up to 1 h in the Radiopharmaceutical Chemistry Laboratory of the Turku 
PET Centre. 

When imaging receptors that are not that abundant in the body, the Am is critical. 
The tracer needs to be used as fast as possible to maintain the ratio of radioactive 
[11C]SMW139 relative to SMW139 as high as possible, ensuring that the unlabelled 
SMW139 does not occupy substantial proportion of the limited target sites. In 
addition, the stability of the tracer in the formulation solvent affects the time window 
during which the tracer can be used. In terms of chemical stability, the tracer may 
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remain stable under appropriate storage conditions. However, the rapid decay rate 
makes the radioactive shelf-life the limiting factor in PET studies. The P2X7 is a cell 
surface receptor, found for example, in the brain in astrocytes, microglia, and other 
glial cells, along with other locations in the body, like in the immune cells such as 
monocytes (Bartlett, 2014; Zhao, 2021b). The P2X7 receptor has been extensively 
studied. Schmidt et al. provides a comprehensive overview of the P2X7 receptor and 
the potential it has as a target for PET imaging in various pathophysiological 
contexts, for example, neuroinflammation and cancer (Schmidt et al., 2023). The 
abundant P2X7 receptor quantity in the body makes the results of this tracer less 
susceptible for Am fluctuations. 

The study days were optimised with a strict time schedule, and careful pre-
planning and prior practice were done to maximize the output of good quality data 
and preserve radioactivity from decaying too much for reliable measurements. To 
maximize the use of the [11C]SMW139 tracer batches, they were shared between as 
many clinical and preclinical studies as possible. This caused the Am to be lower for 
the mice that were injected later in the day. 

The Am expresses how much of the total SMW139 in the batch is labelled with 
the radioactive 11C (i.e. what is the amount of radioactivity per the total amount of 
11C-labelled and non-labelled SMW139 substance in moles; Equation 1; van Grieken 
& Bruin, 2009). Usually the units of MBq/nmol or GBq/µmol are used. 

 
𝐴𝐴𝑚𝑚 = 𝐴𝐴/𝑛𝑛 

 
Equation 1. 𝑨𝑨 represents the total radioactivity at a given time, and 𝒏𝒏 the amount of 
substance in moles. 

 
The maximum theoretical Am (Am(max)) depends solely on the half-life of the 

radionuclide according to the following Equation 2: 
 

 𝐴𝐴𝑚𝑚(max) = 𝜆𝜆 ∗ 𝑁𝑁𝐴𝐴 = ln(2)∗𝑁𝑁𝐴𝐴
𝑇𝑇½

 
 
Equation 2. λ represents the decay constant, 𝑵𝑵𝑨𝑨 the Avogadro’s constant and T½ the 
half-life of the radionuclide in question. 

 
By dividing the Am of the batch by Am(max), we can determine the true fraction 

of the radiolabelled SMW139 over all SMW139. The typical percentage of 
radiolabelled [11C]SMW139 over all SMW139 was around 0.03% at the time of 
injection. Fortunately, even though the amount of non-radiolabelled SMW139 is vast 
compared to the radiolabelled version, the radioactivity is still typically measured 
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from thousands to millions of disintegrations per second in the region of interest 
during the PET scans, and the sensitivity and the temporal resolution of the 
radiodetectors are sufficient, then the extremely low fraction of the radiolabelled 
SMW139 over all SMW139 does not justify a reason to doubt the reliability of these 
results. A big fraction of non-radiolabelled tracer might become a problem when 
imaging targets, which are not abundant. In these cases, caution must be made not to 
over saturate the target. 

For PET tracers, the minimum radiochemical purity (RCP) requirement is 
generally set at >90%. This threshold ensures that the majority of the administered 
compound is the intended radiolabelled tracer, which is crucial for obtaining accurate 
and specific results. In clinical settings, regulatory bodies such as the European 
Pharmacopoeia (Ph. Eur.) often require even higher purity levels for human 
administration, typically ≥95%. This high purity minimizes the presence of 
radiochemical impurities or by-products that could interfere with target specificity, 
cause adverse effects, or complicate image interpretation. For [11C]SMW139 the 
minimum radiochemical purity requirement has been ≥95% which was exceeded 
well (mean(SD); 98.2(0.4)%). 

Examples of other QC measures for PET radiopharmaceuticals according to the 
Ph. Eur. in addition to the radiochemical purity are pH, visual inspection, 
radionuclidic identity and purity (by isotope half-life analysis), Am (if applicable), 
residual solvents, sterility, and bacterial endotoxin test (International Atomic Energy 
Agency, 2009; European Pharmacopoeia table 5.19.-1.). These requirements were 
met in all of the injected batches in these studies. 

6.2 RMA of PET tracers 
Generally speaking, the RMA requires multidisciplinary knowledge to enable a 
systematic approach to it. In the centre of RMA, there is the need for analytical 
chemistry for the proper applying of separation sciences, radio- and medicinal 
chemistry for understanding the PET tracer and its key properties to aid in 
developing them, and understanding the stability of the tracer in various conditions 
during the analysis process. Also, biologics to apply the results to the in vivo situation 
like biodistribution and the usability of the tracer into real-world research 
applications, and finally radiophysics in order to optimise the radiodetector 
capabilities as the vital backbone to the analysis methods. 

RMA is essential not only for generating radiometabolite-corrected TACs, but 
also for evaluating the in vivo stability of PET tracers and guiding the design of more 
stable compounds. The identification of radiometabolites using analytical techniques 
such as LC-MS/MS and NMR often requires in vitro generation of radiometabolites 
in sufficient quantities. In this context, in vitro CYP enzyme panels can be 
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particularly useful for identifying the specific cytochrome P450 isoforms responsible 
for the formation of particular radiometabolites. This knowledge can support the 
development of strategies to inhibit undesired metabolic pathways or modify the 
molecular structure of the tracer to enhance metabolic stability. 

Testing the metabolic stability of new PET tracers using cytochrome enzyme kits 
also aligns with the 3R principle, by potentially replacing some preclinical in vivo 
studies with ethically preferable in vitro alternatives. This approach should be 
considered whenever feasible to support more ethical tracer development. 

Robust RMA not only enables accurate modelling of PET imaging data but also 
supports the assessment of tracer usability and optimisation for clinical application. 
Furthermore, insights gained from RMA of existing tracers can inform the design of 
next-generation compounds with improved pharmacokinetic profiles. For these 
reasons, continuous efforts should be made to validate and refine RMA 
methodologies, ensuring high-quality data to address critical questions regarding 
tracer characteristics with greater precision. 

6.3 RMA method development considerations 
Developing a robust method and correctly analysing the parent fraction is not always 
a straightforward task. With [11C]SMW139, after the radioTLC method (Study I) and 
radioHPLC method (Study III) were developed, the methods have been robust and 
the results have been easy to analyse. 

6.3.1 RMA sample preparation 
The main objective in sample preparation is to enable sufficient separation between 
the different key molecules in a mixture by a chromatographic method by removing 
as much as possible of the interfering molecules in the mixture. They could be 
plasma proteins, phospholipids, salts, and other blood or tissue components. In RMA 
of a PET tracer, preferably all other molecules than the radioactive ones in addition 
to the suitable solvent for the chromatographic method should be eliminated from 
the mixture to as high of a degree as possible. In the case of [11C]SMW139, the key 
molecules to isolate from the rest would be any molecule that has the original 11C-
radionuclide attached to it. However, isotopologues i.e. molecules that are 
structurally identical, except for the substitution of radionuclide with its 
corresponding non-radioactive isotope, cannot be separated from each other with 
chromatographic methods. If it were possible, it would be convenient to increase the 
Am by separating the non-radiolabelled counterpart from the tracer batch. 

If the blood or plasma samples would go untreated to any HPTLC, TLC or 
radioHPLC application, then it would be in most cases much harder or even 



Richard Aarnio 

 72 

impossible to develop a method that would be robustly up to the separation task. The 
analytes of interest are in trace levels and an overwhelmingly big portion of non-
radiolabelled other non-relevant molecules would be present, occupying the critical 
interaction sites of the stationary phase and causing unnecessary secondary 
interactions, thereby hindering effective separation. 

One possibly surprising parameter that affects the RMA method is the mode of 
dissolved protein removal from the sample, which is a large part of the sample matrix 
load in plasma samples. The composition of the solvents in the supernatant mixture 
affects for example, the degree of protein precipitation (Polson et al., 2003), the 
amount that can be injected into radioHPLC or be spotted onto the TLC or HPTLC 
plate’s application line. For example, the sample matrix might not be suitable for 
applying onto a TLC plate at all, like in the case if a sulfosalicylic acid precipitated 
plasma sample with no organic solvent portion in it, such a sample would not be well 
absorbed into a reverse phase TLC plate, causing that the sample would not properly 
migrate and separate on the plate. The optimal precipitation solvent mixture and its 
ratio to plasma or tissue should be carefully optimised to gain a robust sample 
preparation method for a successful RMA study. 

The optimal precipitation solvent usually consists of cold organic solvent, such 
as chilled ACN or methanol, with an acidity modifier to stabilise any ionisable 
groups of the analytes of interest into a single charge. If the composition contains an 
excessive proportion of a strong eluent for an RP-18 column, such as ACN, injecting 
the sample into the radio-HPLC sample loop may affect certain tracers that are 
sensitive to high organic solvent content. These tracers can be prematurely eluted 
further along the column due to the influence of the strong eluent in the supernatant. 
Typically, a ratio of 1.5–3 parts organic solvent to 1 part plasma is required. 
However, if this proportion is excessive for the radio-HPLC method, dilution or an 
acid-based protein precipitation method, such as one using sulfosalicylic acid, may 
be considered. No issues related to ACN in the supernatant were encountered with 
the described methods during these studies with [¹¹C]SMW139. 

As it is expected to be in most cases, and found to be true in the case of 
[11C]SMW139, the tracer and its radiometabolites bind to proteins in different 
fraction. Therefore, pure UF or similar methods do not yield the true parent fraction 
results, as a large fraction of radioactivity will remain bound to proteins in the 
filtration membrane. PPBA is important, as that will tell the true parent and 
radiometabolite fractions in plasma that are in the optimal free form – free from large 
biomolecules like HSA, enabling them to pass through for example, 10 kDa cut-off 
membranes. 

Some novel blood RMA methods with other PET tracers are reported to work 
with minimal (Malherbe et al., 2019) or even without sample preparation, like in a 
method that uses ultracentrifugation of plasma and the different fractions are 
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collected with a pipette from different layers and counted with a gamma counter 
(Ustsinau et al., 2023). Malherbe et al. (2019) used direct plasma injection into a 
turbulent flow chromatography combined with an UHPLC to analyse the 
radiometabolites without further sample preparation. The automated sample matrix 
clean up systems might not be much faster than adding ACN, vortexing and quick 
centrifugation (90 s). They also include many technical aspects to them that need 
special expertise and resources. These would be preferred methods if they can be 
validated that they truly consider all aspects of the different potential sources of error 
and a pure separation can be made of at least the parent and the radiometabolites. 

For accurate tissue RMA and biodistribution studies, transcardial perfusion 
should be considered to remove blood from tissues such as the brain. This is 
especially important if the brain is to be sectioned for autoradiography, as perfusion 
with saline helps to remove the radioactivity from the residual blood. However, 
excessive perfusion must be avoided, as it may flush out loosely bound 
radiometabolites, particularly those with high hydrophilicity. Hydrophilic tracers or 
those with low affinity to their targets may also be affected. 

Therefore, standardisation of the saline volume relative to the subject’s total 
blood volume (TBV), as well as the perfusion speed, is essential to minimise 
variability. These parameters should be adjusted to the specific aims of each study. 
For example, if the goal is to perform brain autoradiography to quantify receptor 
binding, removing unbound radioactivity, especially radiometabolites from the 
tissue is desirable, and a larger perfusion volume could be beneficial. In contrast, if 
the aim is to measure the parent fraction in brain tissue in a way that reflects the in 
vivo condition, minimal perfusion is preferable, as it will have less impact on the 
loosely bound radiotracer. 

To better understand the influence of perfusion and used volume ratio on tissue 
fractions, comparative studies could be conducted using no perfusion, and perfusion 
volumes of 2, 8, and 20 times the TBV. Although subject-related biological variation 
may make it difficult to achieve sufficient statistical power to properly quantify the 
effect, such studies with even a small number of subjects could help determine, for 
example, whether radiometabolites are substantially flushed out at higher perfusion 
volumes, thereby providing insight into their affinity to the brain tissue and whether 
it is important to minimise the perfusion volume. Such studies might not be feasible 
though for ethical reasons if it requires using additional subjects unless it solves a 
critical aspect of the study. 

If the objective is to correct for the parent fraction in the whole brain volume 
based on PET image data, then perfusion should generally be avoided, as the PET 
signal includes activity from both parent tracer and radiometabolites present in the 
cerebral blood volume (CBV). For short half-life tracers such as [¹¹C]SMW139, all 
procedures, including perfusion, must be performed rapidly. In our preclinical 
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studies, the transcardial saline perfusion volume was set at twice the estimated TBV 
of the subject, and the procedure was completed within approximately one minute 
using a syringe and needle. 

6.3.2 Extraction efficiency considerations 
Often one under reported parameter in many RMA methods is the extraction 
efficiency of the sample preparation step. The recovery rate reports the percentage 
of radioactivity that has been carried through from the original sample to the final 
sample that has been analysed, while the extraction efficiency is for example the 
fraction of radioactivity carried over during the protein precipitation step. With 
several steps in the sample preparation, usually a part of the analytes of interest 
remain unrecovered, for example, in the protein pellet, which is not commonly 
analysed. It is a rather simple procedure to measure this loss by measuring the total 
radioactivity with a gamma counter before and after any sample preparation step. 
However, this does not express information about the actual fractions of the parent 
compound and the radioactive metabolites left in the pellet. During a protein crash 
step, depending on what mode of precipitation is used, for instance precipitation with 
ice-cold ACN, the solubility of the different components can be completely different 
to the resulting supernatant when comparing to plasma. Therefore, the different 
composition of the residuals in the pellet may be one source of error when 
determining the true parent fraction value in plasma. Careful consideration should 
be made about the effects on modelling. For example, is only the free parent fraction 
or the total parent fraction in plasma needed when taking into account the plasma 
protein-bound fraction. 

If the kinetic rates of the equilibrium between the bound and unbound parent or 
of the radiometabolites are fast, then the bound components do become eventually 
available to be transported through membranes into the target. Although, even in this 
case the rate of uptake is much slower compared to a situation where it would not 
have been initially highly protein-bound, and a portion of the tracer might be 
available too late when taking into account the PET imaging time frame. The nature 
of the dynamic equilibrium enables reversible components to have a steady 
concentration in plasma, which is usually a positive characteristic for pharmaceutical 
availability and biological half-life, and in some cases, for PET imaging too 
(Siddiqui et al., 2021; Tesseromatis & Alevizou, 2008). However, these rates and 
fractions need to be understood to choose the right dose, imaging time frame, and 
modes for modelling the PET data. 

The methods to analyse the extraction efficiency can vary and they are not 
always reported in publications comprehensively. There are many sources for errors 
that should be considered in order to account for them. For example, a fraction of the 
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supernatant remains as a residue between the precipitated proteins in the pellet when 
only the clear supernatant is collected from the surface with a pipette. This residue 
can be taken into account by several different correction methods. For example, the 
majority of the mass in the supernatant, other than the plasma water, comes from the 
dissolved proteins. By calculating the mass of the proteins that would normally be 
in the used volume of plasma and weighing the precipitate in the pellet and 
subtracting the mass of the proteins, then rest of the mass can be considered as the 
residual supernatant in the pellet. Another way to determine the residual supernatant 
in the pellet is to weigh and count the radioactivity of the fresh pellet after the 
supernatant has been removed, and then dry the pellet and then weigh it again. The 
weight loss due to evaporation can be accounted to represent the mass of the 
supernatant, which contains only a low mass of other solids than the proteins, and 
therefore we can calculate the mass of the supernatant in the pellet. After calculating 
the residual supernatant in the pellet with either method, the radioactivity 
concentration of that supernatant residue in the pellet can be calculated as the 
separated supernatant can be weighed and radioactivity measured and that can be 
then subtracted from the residue accordingly. 

This residual correction is useful when the purpose of the extraction efficiency 
measurement is to indicate what fraction of radioactivity is truly bound to the 
proteins in the pellet and what fraction is rather in the dissolved form in the 
supernatant and in theory is therefore not bound to the pellet. Note, that this 
extraction efficiency result does not in my view indicate the true PPB fraction. When 
adding precipitation solvents to the plasma, it drastically changes the delicate 
equilibrium between the protein-bound and unbound fractions as the denaturation of 
the tertiary structure of the proteins may consequently release the weakly bound 
radioactive molecules. Especially, when using ACN as the precipitation agent, the 
attractability of a lipophilic PET tracer, such as [11C]SMW139 to such a liquid phase 
is much higher than into purely saline-based plasma water. For example, when a 
radioactive component requires a sufficient ACN composition in the mobile phase 
until it will elute from a reverse-phase HPLC column, this simulates the effect that 
ACN will have in the precipitation solvent in especially releasing protein-bound 
lipophilic compounds from the proteins. However, the result of the extraction 
efficiency could indicate the plasma protein-free fraction in a way that it could still 
give some indicative result of the magnitude of the difference between subject 
groups, and therefore could be justifiably used to simply show if there are any 
differences between studied groups. However, when in vivo plasma samples that 
contain radiometabolites are used, the fraction in the supernatant over all 
radioactivity in the supernatant and the fraction that remained in the protein pellet 
(extraction efficiency) will likely not give the true parent free fraction result due to 
the radiometabolites. 
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As shown in Study II, it is much more rational to use the method presented there 
to measure the free fractions. However, the method needs to be fine-tuned for each 
tracer and the most suitable UF membrane material chosen to suit the tracer’s 
properties. 

The extraction efficiency is not that crucial when merely relative fractions are 
calculated, for example, in the parent fraction analysis. However, it will aid in 
understanding if we are missing a significant amount of analytes due to the sticking 
to the pellet, to the tube material, or to the pipette tips, in which the samples were 
handled in. In addition, it would be interesting to investigate if the radiometabolites 
and the parent are present in the pellet in similar percentages as they are in the 
supernatant. If a large portion of the radioactivity is remaining in the pellet, it can 
cause the supernatant to have inadequate radioactivity concentration that would 
disturb the analysis of the parent fraction due to a low signal-to-noise ratio. 

For the [11C]SMW139 tracer in these studies, the extraction efficiency for the 
plasma supernatant samples was measured in Study II to be over 99%. This meant 
that the protein pellet or the tube material did not bind a significant amount of 
radioactive components to itself and the parent fraction resembled the total situation 
in plasma and not the parent fraction of only the free components. This information 
is important when the aim is to know the true total metabolism rate of the tracer in 
the body. Although, just as interesting are the fractions of the free circulating 
radioactive molecules in plasma, as they can be very different, as shown in Study II. 

The extraction efficiency is always sample preparation step dependent, tracer 
dependent and even affected by the parent fraction and fractions of the different 
radiometabolites, which may vary between different species, strains, disease state, 
sample drawing time point etc. The extraction efficiency has been usually reported 
in PET studies as the combination of all extraction efficiencies of all of the 
radioactive components and multiple steps combined. However, in some cases the 
extraction efficiency could be investigated on a molecule-specific level, to determine 
what components in reality are not extracted fully to the final analysing step while 
the other components could be fully transferred. This would show the true effect of 
the sample preparation steps to the results. 

If the residual in the pellet or affinity to other materials in the sample preparation 
processing steps are significant, it would be advisable to alter the sample preparation 
steps towards a method with a more favourable extraction efficiency. If that is not 
possible, then the remnant should be further extracted and analysed for the remaining 
unanalysed fractions using the normal RMA method. In theory, the pellet could be 
washed with solvents that are known to be strong eluents to extract the residual 
radioactivity, to analyse it to find out whether there are any unexpected components 
present that are not originally extracted, and in what fractions do the different 
radiometabolites and the parent stick to the protein pellet. Analysing every sample 
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this way would be impractical. Conducting these extra analyses should be performed 
for a subset of samples in the early method development phases. This helps to 
validate the protocol and shed more light for the reporting phase of the study and 
strengthens the credibility of the results. 

6.3.3 HPTLC to TLC method in Study I 
Initially when starting the Study I, the used RMA method was based on a HPTLC 
method. The HPTLC method was adapted from another PET tracers RMA method 
with little changes (Takkinen et al., 2018). The particle size of the HPTLC plate (5–
7 µm) (Merck KGaA. (15.1.2025a)) being smaller should in theory enable finer 
separation compared to the larger particle size TLC plate (9.5–11.5 µm) (Merck 
KGaA. (15.1.2025b)). However, this HPTLC method was slow and could provide in 
most cases only moderate resolution power. Sometimes the resolution was 
inadequate despite the attempts to try to improve the separation power by modifying 
the mobile phase while still using the HPTLC plate. 

During the Study I, effort was made to also explore different plates and eluent 
combination, along with various application volumes to find a faster, more robust 
method with better resolution and tolerance of larger application volumes. Method 
development was essential especially for the less radioactive brain samples, in order 
to analyse the different fractions of radiometabolites and parent fraction with 
confidence. 

The advantages in changing the method to be based on the larger particle size, 
aluminium backed TLC plate (Silica gel 60 RP-18. Art. No. 1.05559.0001, Merck 
KGaA) were significant due to a much faster elution time from the average of 45 
min down to 6 min. This alone resulted in a 280% higher intensity of the PSL signal 
compared to the HPTLC methods signal due to the shorter decay time. In general, 
the specifications of the HPTLC and TLC plates did not differ that much nor did the 
HPTLC in this case offer any clear advantages that would have justified using it in 
this specific method as the separation was better in the TLC method. In study I, it 
was tested that TLC had also a higher capacity to handle larger mass of sample, 
leading to the ability to apply more sample onto the plate without the fear of 
negatively affecting the resolution of the separation too much. When more mass can 
be concentrated with several small applications of the supernatant, then the signal 
can be increased and therefore the signal-to-noise ratios of the peaks on the 
chromatograms can be improved. 

Each plate has a finite characteristic capacity to retain analytes and offer sharp 
separation, which depends on the interaction between the migrating analytes and the 
stationary phase. This capacity is limited to a certain amount of molecules due to 
factors, such as the specific surface area, layer thickness, particle size and porosity, 
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which determines the amount of free binding or interaction sites in the stationary 
phase. The loading mass capacity is proportional to the square root of the thin-layer 
plate adsorbent layer thickness. Overloading the plate’s capacity significantly 
broadens the peaks in the radiochromatogram and often causes tailing of the peaks. 
Due to the much better resolution of the TLC method compared to the HPTLC 
method, in the cases that the TLC plate capacity would be slightly overloaded, 
negatively affecting the peak shape, it would still not have a significant negative 
impact on the ability to separate the parent from any of the radiometabolite peaks. 
The robustness of the new TLC method increased the confidence in the results and 
reduced the number of failed analyses. 

The Figure 4 showed that the parent fraction curves are similar using the HPTLC 
or TLC methods. However, they include data from different subjects, preventing 
optimal comparison. As the initial comparisons show that the age, sex and strain 
might have an effect on the metabolism rate of [11C]SMW139, this approach does 
not fully validate the similar results between the methods. In order to remove the 
normal biological variation effect from this comparison, the following comparison 
approach was necessary. Both methods were analysed with a subset of subjects in 
parallel with the same plasma and brain supernatant sample to assess if changing the 
method would cause differences in the parent fraction results. If more 
radiometabolites could be separated from the parent, then the new, different results 
would supersede the previous method. However, in this case changing the method 
to the TLC method did not markedly change any of the mean or SD of the results as 
shown in Table 4, indicating that the HPTLC method results were as valid even if 
they were harder to analyse. Some samples, especially among the brain 
homogenates, occasionally there were situations where there was not enough of 
radioactivity remaining after the elution in the samples applied to the HPTLC, so 
that the parent fraction was impossible to be analysed reliably. The new method in 
this case enabled far better signal-to-noise ratios partly due to a faster analysis time. 
Due to the short half-life of 11C-isotope, the radioactivity decays quickly. Therefore, 
the protocol duration length has a crucial effect on the total radioactivity left on the 
plate. Faster protocols allow detecting smaller radiometabolite fractions and analysis 
of later time points. 

In general, it is only a secondary aim in RMA to be able to separate more 
radiometabolites from each other, to enable deeper analysis of different 
radiometabolite fractions to understand the metabolism on a deeper level. However, 
this is important to do if the aim is to separate the radiometabolites for identification 
purposes. In general it might be easier to produce radiometabolites with microsomes 
in vitro for structural elucidation (Schou et al., 2023), still these should be confirmed 
to have the identical Rt or retardation factor than the in vivo generated 
radiometabolites, therefore methods are needed in these instances to separate 
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radiometabolites from each other with confidence. Once the structure is elucidated, 
it is easier to plan for more stable PET tracers. The TLC method was successfully 
optimised during the Study I, which enabled enhancing the method to separate more 
radiometabolites from each other and gain better resolution between the parent tracer 
and the closest radiometabolites. With the new TLC method, in plasma even up to 
four distinct radiometabolites were observed as shown in Figure 6. In the extreme 
cases where the fourth radiometabolite was visible, it was minor in quantity 
(retardation factor of 0.75 in panel A, C, and E in Figure 6). Up to three 
radiometabolites were observed in the brain. With the HPTLC method, only up to 
two were found in plasma and two in brain, and in the most cases a baseline 
separation was not achieved between them. 

The use of HPTLC plates offer advantages in many other separation applications, 
and they have been used a lot in the Turku PET Centre (Aarnio et al., 2024, Rokka 
et al., 2017). However, for the separation of [11C]SMW139 and its radiometabolites, 
it can be concluded that HPTLC was not the optimal choice as the stationary phase, 
and therefore the method was changed. 

An important note should be made about the reproducibility of the 
chromatography separation results, especially in this instance. The manufacturing 
process of the HPTLC plate (silica gel 60 RP-18, Art. No. 1.05914.0001, Merck 
KGaA) has changed around December 2020 and our studies were performed with 
LOTs that were produced before that change. The same HPTLC plates with the same 
separation characteristics are not manufactured anymore. The article number of the 
product has remained the same despite the change, so the article number does not 
guarantee an identical product in this case. If the same studies were to be run again, 
it could potentially result in a very different separation and lead to other conclusions 
than shown in this thesis. An example of such a situation where it had a clear effect 
and lead to a definite need to change the method can be read in a recent publication 
by Aarnio et al. relating to [18F]FTHA RMA method development (Aarnio et al., 
2024). 

Constant effort should be made to improve RMA methods as techniques and 
available materials change, and they might enable to even separate new 
radiometabolites that were not previously separated from the parent compound as 
was the case in the [18F]FTHA radiometabolite study (Aarnio et al., 2024). 

6.3.4 RadioHPLC vs radioTLC method development 
considerations 

RadioHPLC and radioTLC methods each have distinct advantages and limitations. 
In clinical studies, the injected radioactivity per body mass in humans is 
approximately 1–10% of that in rodents, resulting in significantly lower radioactivity 
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concentrations in plasma. However, the sample volume obtainable from human 
subjects is substantially larger than that from rodents. Therefore, methods that can 
efficiently process larger sample volumes are advantageous when taking into 
account these radioactivity concentration differences. Such as using relatively large 
HPLC columns combined with a high-volume scintillator flow cell, like the 550 µL 
BGO flow cell in the flow-through radiodetector (Radiomatic 150TR, Packard, 
USA) used in the Studies III and IV — or methods that are capable of concentrating 
large volume samples, to improve the signal-to-noise ratio. However, the large 
volume of the flow cell necessitates more separation power from the column to 
achieve baseline separation of the peaks. 

Considerations on the sensitivity of the radioactivity detection modes is also one 
of the key parts when determining what methods are viable options, along with how 
many samples are needed to be analysed within a given time frame. When using 
radioTLC, multiple samples can be applied rather rapidly onto for example, a 20 cm 
wide plate with ease, and eluted simultaneously. For radioHPLC, only one sample 
can be analysed at a time, and the gradient runtimes along with the column wash and 
re-equilibration time can be easily much longer than the eluting time in the most 
rapid TLC methods. As most PET centres do not have multiple sensitive radioHPLC 
systems running in parallel to enable multiple sample analysis at the same time when 
frequent time points need to be analysed, then in these cases radioTLC might be the 
best option. In addition, the use of well-optimised automated TLC sample 
application systems often outperform human sample pipetting in the terms of 
concentrating the sample on the plate in a small area. However, these automated TLC 
samplers are often slower than manual applying. With methods that work only with 
a low amount of sample volume before the chromatography starts to loose adequate 
performance due to the plate’s stationary phase’s binding site overload, then the 
advantage in concentration performance is lost and they do not play a significant role 
in such analysis. With the radioHPTLC and radioTLC [11C]SMW139 RMA analysis 
the maximum applicable volume was only between 8-20 µL (Figure 5). The sample 
could be applied in a few 5-10 µL increments under a gentle room temperature hair 
dryer airflow to speed up the absorbing and drying process of the sample to the plate. 
Therefore, in these cases an automated TLC applicator would not be advantageous, 
as the application speed is around 1 min per 10 µL, which is much slower than 
manual applications. The usage of the automated TLC samplers requires careful 
work, with changing the syringe between applications and with manual needle 
washes between each sample which can take surprisingly long to do, so such 
methods can be sometimes much more laborious than manual applying. In some 
projects with other tracers, the automated TLC applicator has been tested to be useful 
and can enable slightly better separation between peaks (data not shown). An 
example for the use of an automated applicator can be found in a study comparing 
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radioHPLC and an automated applicator aided radioTLC methods for studying the 
radiometabolites of 1-11C-Methyl-4-Piperidinyl n-Butyrate (11C-MP4B) (Roivainen 
et al., 2004). 

A major differentiating element in radioTLC and radioHPLC is the mobile 
phase. Normally, radioTLC relies only on a single mobile phase throughout the 
whole elution process. The corresponding situation would be using only an isocratic 
method on the radioHPLC where the mobile phase composition would not change 
during the method run. However, running gradient methods requires equilibrating 
the column after the run, which increases the total run time. However, with a gradient 
method it is possible to elute the remainder parent faster out from the column once 
the last radiometabolites have been eluted in addition to have stronger washes from 
any interfering residuals from the column. Also, the ability to run gradient methods 
on radioHPLC, where the composition of the mobile phase can be changed 
continuously during the elution process, often with four distinct pure or mixture of 
solvents, opens up a vast possibility to enhance separation of even very similar 
molecules. A less used technique is 2D-TLC, where the plate is eluted twice, with 
two different eluents, with the plate rotated 90 degrees after the first elution. 
However, 2D-TLC is a lengthy process and is rarely, if ever, used with radionuclides 
with a short half-life. This might be one option when the separation is not possible 
with traditional TLC. 

Both radioTLC and radioHPLC have a wide selection of stationary phases these 
days, but the variety of the different phases and particle sizes is much larger for 
radioHPLC. In addition, radioHPLC has a much larger variety of column dimensions 
depending on the injected sample volume and applications it is needed in, ranging 
from nanoLC with even less than 100 µm column diameter to preparative HPLC 
with a column diameter of over 21 mm. The most useful column diameter in 
traditional RMA applications ranges between 2.1–10 mm. RadioTLC materials 
continue developing in the field of TLC, such as the development of smaller particle-
size stationary phase in the HPTLC plates. However, in our specific application in 
Study I, where we aimed to separate the radiometabolites from [¹¹C]SMW139, this 
method had several disadvantages. The much slower elution speed, combined with 
limited loading capacity, required applying a sample amount close to or even 
exceeding the recommended maximum. Despite this, only low levels of radioactivity 
was left and the resolution was poor. Using a more traditional TLC plate helped to 
overcome these challenges. 

When running multiple samples, it is important to be able to maintain identical 
analysis conditions. RadioTLC has the advantage of simultaneous elution of all the 
samples spotted onto the same plate. However, the solvent occasionally migrates 
slightly faster closer to the edges. Therefore, the samples need to be close to the 
centre if this equal migrating distance is crucial. With radioactivity constantly 
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decaying, then absolute quantification is much easier when each sample is exposed 
to the radiodetector at the exact same time and equal length of time, which eliminates 
the need to decay correct each peak to the same time point as required in radioHPLC. 
The developed radioTLC plate is fully exposed to the autoradiography plate so all of 
the samples on the plate are exposed the same amount of time. In radioHPLC, with 
11C-tracers the peak area decay correction is significant, while for 18F-tracers it is not 
as impactful. For example, in the radioHPLC [11C]SMW139 RMA method had about 
6.5 min Rt difference between the radiometabolite 1 peak and the parent peak (Figure 
7), which makes the parent peak area 20% smaller compared to the radiometabolite 
1, thus deflating the parent fraction results, hence requiring the correction. For a 
18F-tracer this 6.5 min would result in a 4% reduction. Often the Rt differences 
between the peaks might be a lot more in other developed RMA methods, inflating 
the need and impact of this correction. Decay correcting each peak is an easy task, 
so it should be implemented in all cases. The radioHPLC in theory can also analyse 
samples with identical conditions, however, the column deteriorates during each run, 
and when running the samples one after another, the conditions may vary slightly, 
although HPLC-systems and the methods are generally robust and reliable. 

An additional difference should be taken into account when deciding between a 
radioTLC or a radioHPLC method, which relates to the analytes’ affinities to the 
stationary phase. In some cases, the radioHPLC can retain analytes of interest so that 
they all do not elute out of the column as planned. To ensure that all components 
come out of the column and are accounted for in the analysis, a fraction collection 
and gamma counting should be performed for example, with a sensitive automated 
gamma counter. The recovery percentage can be calculated by decay-correcting all 
the radioactivity exiting the waste line and dividing it with the total radioactivity 
injected into the column to ensure that no radioactive analytes of interest remain 
trapped in the column, as demonstrated for example, in a study by Malherbe et al. 
(Malherbe et al., 2019). This is a laborious procedure, but this should be performed 
for each radioHPLC method for an adequate amount of samples, just as extraction 
efficiency should be calculated for the sample preparation steps, to get an 
understanding of the analyte losses related to the method. RadioTLC does not need 
this recovery analysis in the same way, as the whole plate is analysed and everything 
that was applied onto the plate, excluding any volatilized radioactive compounds, 
are visible in the analysis. In many cases, with other PET tracers, a significant portion 
of the radioactive analytes remain immobilised on the application line even after 
elution. If a similar mode of separation with the same sample would be used on 
radioHPLC, that portion would probably be stuck in the column and could not be 
taken into account in the total radioactivity of the sample in the parent fraction 
analysis. However, with gradient method abilities, a strong solvent wash can be 
performed at the end of each radioHPLC run, which minimizes the chance of 
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radioactive components remaining in the column. This in turn lengthens the 
equilibrium step of the column. For methods that show strong absorption on the TLC 
plate, a test could be run with a strong solvent to wash such samples using a duplicate 
plate to analyse if those components are truly immobilized permanently to the RP-
18 stationary phase or would such a washing step elute these components, as it does 
in radioHPLC. 

Often it is speculated that the part that is stuck on the TLC plate would be 
precipitated protein remnants from the plasma, but that has not been an easy task to 
prove. Fortunately, in the case of [11C]SMW139, such immobilized fraction to the 
TLC plates or HPLC columns has not been observed. In addition, the possible 
volatility of the parent or the radiometabolites should be taken into account. In such 
cases, where the volatility is high, cold storage of the samples before analysis is 
beneficial and radioHPLC should be a preferred method as radioTLC has multiple 
drying steps before the radioactivity of the plate is eventually exposed to the 
autoradiography imaging plate. When studying such properties with [11C]SMW139, 
a comparison was made between a passively absorbed and air dried plasma 
supernatant sample results to a duplicate sample that was dried excessively with hot 
air. Since the fractions of radiometabolites and parent were the same in both cases, 
we can conclude that the TLC plate drying protocol does not significantly affect the 
radioTLC parent fraction analysis results. 

From an environmental-burden and ecological perspective, the TLC methods use 
much less solvents during the elution than HPLC, and they do not require the same 
extensive stationary phase washing after use due to single use plates design. 
Although the radioHPLC column can be used for hundreds of sample runs, the 
amount of solvents used for a regular subject RMA study in Studies III and IV is 
around 1 litre, when the radioTLC method uses around 40 mL. The aluminium in the 
TLC plates is recyclable and only 0.2 g of silica gel 60 is used per 10 × 10 cm plate 
with the 160–200 µm silica gel coat thickness. 

At the end of the day, both chromatographic modalities should be considered 
when RMA method development of a new PET tracer is started. Sometimes both 
methods can be used in the appropriate situations according to their strengths as was 
done in this thesis with the preclinical samples being analysed mainly with radioTLC 
and the clinical samples mainly with radioHPLC, or for example, as done in a 
[18F]FDG RMA study (Rokka et al., 2017). 

For 18F-labelled tracers, one aspect to consider is the possible detached free 
[18F]F-. It is important to quantify it for accurate pharmacokinetic modelling (Paolillo 
et al., 2011). [18F]F- exhibits vastly varying retention, depending on for example, the 
pH. This can be challenging on radioHPLC as part of the free fluoride can remain in 
the column, especially during short runs or cause broad peak areas over several 
minutes (Ory et al., 2015). These residuals can be possibly seen in the next injections 
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or wide peaks can overlap with the parent compound. For this reason, radioTLC 
should be compared to radioHPLC and considered as the analysis method if free 
fluoride might be present in larger quantities (Wang et al., 2020; Laferriere-
Holloway et. al., 2023). Also, a successful ion-exchange cartridge with gamma 
counting method for quantifying [18F]F- has been suggested as the preferred method 
(Paolillo et al., 2011). However, ion-chromatography instrumentation is less 
common in laboratories pursuing RMA, so the implementation of this technique 
requires new laboratory-systems. 

Other possible methods to analyse the radiometabolites are listed in Section 
2.3.2. In later [11C]SMW139 studies, comparisons between methodologies could be 
considered to enable better comparability between other [11C]SMW139 studies 
performed with different RMA methods. 

6.3.5 RMA method considerations when using TB-PET 
When using TB-PET, the huge sensitivity-gain enables lower injected radioactivity 
doses to the study subjects. This will have a notable effect on the abilities to perform 
RMA through the lower radioactivity concentration in blood. In these clinical studies 
(Studies III and IV), SAFOV PET scanners were used (high-resolution research 
tomograph (HRRT), Siemens Medical Solutions, Knoxville, TN, USA). Therefore, 
the injected doses were around 400 MBq per human subject. This enabled sufficient 
radioactivity even to analyse the latest time point samples when sensitive radioHPLC 
radiodetectors were used. However, if the amount of radioactivity is lowered down 
to just a tenth part of a fraction of the original, as could easily be the case (Badawi 
et al., 2019), then performing RMA from later time points could be impossible with 
the current methods and instrumentation. Efforts need to be made to concentrate the 
sample, gain narrower peaks, and develop more sensitive radiodetectors along other 
optimisations. Also, new approaches to RMA modelling should be considered, for 
example, using more population based corrections, and in silico-modelling by 
machine learning algorithms with artificial intelligence optimisations to model the 
parent fraction data from the IDIF using organ uptake information. Such methods 
could help to omit the invasive arterial blood sampling for good, to enable easier and 
more convenient PET imaging for the study subject and the researchers, and remove 
one more challenge (Zanotti-Fregonara et al., 2011) from the use of IDIF and other 
image derived parameters. 
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6.4 RMA findings 

6.4.1 RMA findings in studies I–II 
In Study I, the SD for the parent fraction was large even among the age-matched 
groups. There were tentative evidence of differences in the plasma parent fraction 
seen between the genders, but as the gender balance among the number of subjects 
was far from optimal, there cannot be definite conclusions drawn from these results. 
If there were future studies including [11C]SMW139, then gender and age groups 
should be matched precisely to enable proper comparison between age groups and 
the effect the gender has on [11C]SMW139 metabolism rate in addition to other 
results. This would require a larger amount of subjects, as potential variance between 
for example, the age, sex and strain need to be taken into account. Ethically, the 
number of subjects is to be limited to as little as possible, so unless including an 
increased number of groups would answer an important questions with potential real-
world applications, then it might not be ethical and it would be better to stick to as 
homogenous study material as possible and draw the needed conclusions pertaining 
to that study group. If the results seem promising enough, then extending the studies 
to the other gender, a wider age range or different strains would seem more logical 
and simplify the variables of the subjects used. In preclinical studies, such strict 
inclusion and exclusion criteria for optimally suitable subjects is much easier to 
apply than in human studies, where the criteria must be adapted to the realistically 
available potential study subject pool to maintain a practical study duration. In Study 
IV, we found similar tentative results of the gender effect on the results among 
human subjects, only that the result was reversed. The female had slightly higher 
parent fraction values. In the future clinical studies related to [11C]SMW139, it would 
be best to include only one of the genders in the study. 

The age of the subject did not have a large effect on the parent fraction value, as 
the correlation was not fully consistent, although some trends were observed in the 
parent fraction value in plasma. Gender and mouse strain were not considered as 
factors in the age correlation analyses, as the groups were otherwise too small to 
draw any conclusions from them (Figure 11). While the age of the mice seemed to 
have a small, logical effect in the parent fraction results, with the older mice showing 
slower metabolism of [11C]SMW139 in plasma (Study I). However, variability was 
high. The SD and the range between the maximum to minimum values were large. 
The sample size was the smallest at the 45-min time point, where the age showed the 
strongest correlation with the plasma result. Due to these limitations, no definitive 
conclusions can be drawn regarding the effect of the age on the rate of metabolism 
of [11C]SMW139. 
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In Study II, the RMA was required in order to gain information about the identity 
of the different protein-free radiolabelled components in plasma and their 
concentration at different time points during the study. The radioTLC method 
showed that the majority of the radioactive species in plasma ultrafiltrate consisted 
of the radiometabolites and enabled precise analysis of the free fractions. Therefore, 
the RMA played a key role to enable the PPBA in the Study II. 

6.4.2 RMA findings in the Studies III and IV 
In Study III, the mouse and human RMA had an essential role in refining the 
modelling approach for the clinical subjects. The comparison of the plasma 
radiochromatograms between the mouse and human subjects, in addition to the 
mouse plasma and brain radiochromatograms gave strong evidence that the 
radiometabolite 2, which was found in both human and mouse plasma, was not 
entering the mouse brain. When applying this assumption that the radiometabolite 2 
would not enter the human brain either by leaving its fraction out from the dual input 
model, then the modelling parameters were stabilised and made much more sense. 
Before this finding and approach, the clinical studies encountered challenges in 
modelling the [11C]SMW139 PET results in the brain. The abnormally high 
accumulation of radiometabolites in the rodents and human brain manifested as the 
high levels of non-specifically bound radioactivity in the brain. This is usually 
connected to the radiometabolites, as in theory they lack a specific binding site in the 
brain. 

Without RMA, there would be no possibility to differentiate the identity of the 
radiolabelled molecule solely by using the PET scanner information. 

The plasma parent fraction over time graph had a clear difference in the shape 
and amplitude between humans and mice. In mice, initially the parent fraction 
dropped steeply, whereas in humans, the decrease was much more linear even up to 
the last time point of 90 min post injection. This suggests hope for the use of 
[11C]SMW139 tracer in humans, as a significantly larger fraction of the 
unmetabolized tracer remains intact in humans, unlike in mice. 

In general, when modelling PET data and deciding on the time frames, the parent 
fraction curve should be taken into account, as it directly affects the available input 
for the target. If the parent fraction data in the specific tissue of interest would be 
available in humans, then this would not be as limiting. As that information is not 
obtainable, and relying on corrections, modelled from preclinical, human plasma or 
in vitro information is not always fully accurate, then the possible accumulating 
radiometabolites start to be a significant source of uncertainty in the analysis. 
However, the optimal period also depends on the target affinity, washout properties, 
and overall tracer kinetics. Therefore, if the tracer undergoes substantial metabolism 
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but possesses favourable properties that enable its rapid and effective target 
accumulation, efficient clearance from surrounding tissues, and minimal 
radiometabolite uptake, then fast metabolism alone does not necessarily make the 
tracer unsuitable for imaging. 

In the clinical studies, it is clear that the quantification of the P2X7 receptor 
requires accurate RMA. More precisely, when performing quantification in the brain, 
the analysis needs to include accounting for the BBB-penetrating radiometabolites, 
to enhance the accuracy. In Study IV, these RMA methodologies were applied to 
examine P2X7 receptor binding in both new-onset and secondary progressive MS 
subjects. This study further supports the relevance of parent fraction correction, as 
only accurate quantification in clinical studies of different groups can reveal the very 
subtle receptor changes associated with disease pathology, which may be less 
evident without such accurate corrections. 

6.5 In vitro mouse brain homogenate study 
findings 

Both chromatographic analysis techniques of incubated brain homogenate and sham 
samples using the radioHPLC and TLC methods indicated that both samples 
contained over 99% of the parent tracer at all investigated time points. The 
insignificant fraction of radioactivity (<1%) outside the parent tracer retardation 
factor region in the radiochromatogram likely resulted from baseline irregularities, 
as background correction did not fully eliminate the normal background 
radioactivity. There were no observable peaks either at the characteristic Rts of 
radiometabolites when using the radioHPLC method. 

When it is purely the goal to see if even small radiometabolites would form in 
such conditions, the best approach was to inject into the radioHPLC an amount of 
radioactivity that would definitely over saturate the radiodetector at the parent peak 
Rts, as this would maximize the possibility to detect even minor radiometabolites 
too, while losing the ability to quantify them. In this setting, as nothing was observed 
there, we could confidently draw the conclusions of this analysis. Also, radioTLC 
method was used to increase the chance to observe any radiometabolites that the 
radioHPLC would miss. These findings suggest that radiometabolites are not formed 
under in vitro conditions in incubated brain homogenate and are unlikely to be 
formed directly within brain tissue in vivo either; rather, they likely enter the brain 
by crossing the BBB from the blood. 



Richard Aarnio 

 88 

6.6 PPBA 

6.6.1 PPBA method development 
When the surprisingly high accumulation of non-specifically bound radioactivity 
was observed in the human brain, a relevant question rose during the Study III: Do 
the radiometabolites cross the BBB from the blood vascular system or do they form 
directly inside the human or rodent brain? To answer this question during Study III, 
which had commenced already before Study II, an in vitro mouse brain homogenate 
study was carried out and reported within Study II as discussed in the previous 
section. The incubation of fresh mouse brain homogenate with [11C]SMW139 clearly 
showed that in those conditions radiometabolites do not form. This study shows that 
it is not always initially clear where the radiometabolites are forming. Therefore, 
careful and extensive studies should be made to rule out even unlikely scenarios in 
tracer metabolism, in order to gain a deeper understanding of the underlying 
mechanisms behind the phenomena. 

The unexpectedly high and continuous accumulation of radiometabolites into the 
brain through the BBB of the human subjects was puzzling. Similar findings had 
been done previously with other PET tracers (Zoghbi et al., 2006). In theory, if the 
radiometabolites had a significantly larger free fraction, then that could at least partly 
explain the observations. Therefore, the idea to further develop methods to 
investigate the protein-free fractions of the radiometabolites and parent tracer in 
plasma using PPBA was initiated. 

In general: small size, low molecular weight, un-ionized charge, and low 
hydrogen bonding potential are some of the factors that favour BBB penetration 
(Warren, 2018). The radiometabolites of [11C]SMW139 have not been identified at 
the molecular structure level, so it is unclear what the parent tracer is metabolized 
into. It could be metabolised into smaller molecules through the metabolic Phase I 
pathway by hydrolysing the amide bond (Waller & Sampson, 2018), or into larger 
molecules, such as through the Phase II metabolic pathway of glucuronidation (Yang 
et al., 2017). 

Based on TLC retardation factor values and on the elution order in the C18-
reversed-phase radioHPLC, all of the radiometabolites had higher polarity, and 
therefore were less lipophilic, than the original parent tracer. This suggests that their 
ability to cross the lipophilic BBB is compromised. In other words, they should not 
be crossing the BBB with the same ease as the more optimally lipophilic 
[11C]SMW139. The parent tracer’s calculated logP of 2.90 and molecular weight of 
386.8 g/mol are considered moderate for successful BBB penetration (Pike, 2016). 
However, the much higher fM compared to fP in plasma may explain why the 
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radiometabolites are still accumulating efficiently into the brain just as does the 
parent tracer. 

In mice, where the radioactivity concentration in plasma was higher than in 
humans, it was possible to study the PPB even up to the 45-min time point. In 
humans, the last practical time point was the 20-min time point to still have adequate 
radioactivity concentration in the plasma for the autoradiography analysis of the TLC 
plates after all of the UF steps. In addition, the 20-min time point was chosen for the 
clinical studies as it had an optimal ratio and sufficient amount of both the 
radiometabolites and the parent present to analyse both simultaneously. 

During the PPBA studies it became clear that the centrifugation time was an 
important factor to keep constant in the protocol, as the radioactivity concentration 
of the filtrate increased over time during the filtration process. At first, especially the 
parent compound, which was the component that was the most retained by the 
Ultracel low-binding regenerated cellulose membrane in the Microcon UF device, 
took time to start coming properly through the membrane. Because of this 
phenomenon, the parent compound had a significantly larger membrane correction 
factor. Increasing the centrifugation time reduced the membrane correction factor 
and variations as the radioactivity concentration was increased and a larger volume 
of the filtrate had come through, which decreased the relative error. In addition, the 
increased radioactivity concentration elevated the signal-to-noise ratio and made 
analysing the results easier. Therefore, results that are more reliable could be 
obtained. When the protocol is carefully standardized, then we can see lower SDs in 
the results, and especially in the membrane correction factor. In addition, after 
sufficient amount of membrane correction repetitions and seeing the low deviation 
in the result with a standardized protocol, the individual membrane correction studies 
could be omitted and an average could be applied which enormously simplifies the 
protocol. 

The increased volume of filtrate with the longer UF times was convenient 
especially because the TLC plate was not as restricted concerning the volume of the 
ultrafiltrate that could be put onto the plate, than compared to the RMA sample 
volumes. When analysing radiometabolites and using ACN-precipitated plasma 
supernatant or brain homogenates, the TLC plate’s maximum application volume 
due to the restricted mass loading capacity was only around 20 µL at most. The 10-
kDA ultrafiltrate’s matrix effect was significantly reduced by the filtration, which 
enabled applying all the filtrate that was accumulated. In reality, there must be an 
upper limit to the capacity, but with these UF times, it was possible to apply 
everything, even up to 54 µL onto the TLC plate without the separation being 
affected too much. The volume accumulated usually varied between the range of 36–
45 µL. 
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Some UF protocols have instructed to spin the plasma to dryness, meaning that 
as much as possible of the plasma water is transferred through the membrane and 
then assuming all of the free analytes in the original state has passed through, then 
the proteins in the filter membrane and the filtrate are counted separately. This 
method does not take into account that when plasma water and the free analytes are 
depleting from the presence of the plasma proteins, it shifts the equilibrium of the 
system and can cause the fP to change. A non-depleting way to use UF is to filter 
only a small fraction of the plasma water, supposing that this has no significant effect 
on the equilibrium as a non-depleting system, and then measuring the concentrations 
of the original plasma radioactivity and the radioactivity concentration of the filtrate. 
This non-depleting way was introduced in Study II. Also, spinning to dryness would 
increase the spinning time dramatically, negatively affecting the radioactivity left in 
the sample. 

6.6.2 Discussion about the PPBA results 

6.6.2.1 Ultrafiltration membrane and its correction factor 

In our studies II and IV, we performed UF with the Microcon UF device, selected 
for its Ultracel low-binding regenerated cellulose membrane and suitability for small 
sample volumes (50–500 µL). The Microcon UF device is initially designed to 
“simply and efficiently concentrate and desalt solutions of DNA, RNA, protein or 
other macromolecules” (Merck KGaA. (21.1.2025)). A 10-kDa cut-off membrane 
was employed, in contrast to the 30-kDa cut-off commonly used in most studies 
(Moein & Halldin, 2020; Amini et al., 2014; Zoghbi et al., 2006). Some studies even 
have used 50-kDa cut-off (Theodoridis, 2006). Even though the most substantial 
protein in the human plasma is HSA (66.5 kDa), there are several other smaller 
proteins present. For example, the mouse plasma includes prealbumin, α1-acid 
glycoprotein, transferrin, lipoproteins, immunoglobulins, complement proteins, and 
coagulation proteins (Sigma-Aldrich. (22.1.2025)). As the specific proteins binding 
the parent tracer and radiometabolites remain unknown, reducing the cut-off size 
was a rational choice to minimize any protein flow through the membrane. As the 
membrane was initially designed to concentrate and collect proteins that have a 
larger molecular weight than the cut-off and therefore, the filtrate is not even 
designed to be 100% free from molecules that are above the cut-off. In a 
correspondence with the manufacturer, they have recommended to lower the cut-off 
value if the aim of the filtration is to have the filtrate as free as possible from proteins. 
The lower cut-off was chosen to minimize errors associated with protein leakage into 
the filtrate, as even a 30-kDa membrane can allow some percentage of proteins that 
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are above that cut-off value to pass through (Merck KGaA. (22.1.2025)). The slight 
increase in centrifugation time with the 10-kDa membrane was therefore justifiable. 

The ultrafiltrate membrane correction factor was very similar between the 
clinical and preclinical studies. When the impact the UF spinning times on the 
membrane correction factor became clear, the times were better standardized. The 
PPBA method was constantly under review and such adjustments were necessary 
while standardizing the protocol and gathering data. The preclinical samples were 
analysed first, and then the method was adapted to the clinical studies. Therefore, a 
slight variation of the membrane correction values can be explained partly with the 
UF times differing more in the beginning of the preclinical samples. Also, as 
mentioned earlier in Section 5.5, the radiometabolite composition between 
radiometabolite 1–3 differed slightly between the clinical and preclinical subjects, 
so that the radiometabolite 1 was clearly the prevalent one in the preclinical studies, 
unlike in the clinical studies. The membrane correction factor was calculated for 
practical reasons as a combination for all radiometabolites together. In reality, the 
membrane correction values might slightly vary between the different 
radiometabolites. The radiometabolite 3 was almost as lipophilic as the parent tracer, 
so it is expected to have higher membrane correction value compared to 
radiometabolite 1. This can cause some variation between the membrane correction 
factor results between clinical and preclinical subjects. 

The almost no need for membrane correction for the radiometabolites is rational, 
as they are in average much more hydrophilic according to the higher retardation 
factor in RP-18 radioTLC and the earlier Rts in the RP-18 radioHPLC. As the more 
hydrophilic molecules have higher solubility to the plasma water phase, and 
therefore pulled through the membrane due to the stronger interaction to that aqueous 
liquid phase, then the more lipophilic [11C]SMW139 will be naturally more retained 
by the membrane, leading to a more substantial membrane correction factor. The 
radiometabolites do not benefit from the membrane correction value that much and 
when the slightly longer spinning times were used in the clinical studies, it was close 
to one. If the membrane correction factor would not be used, it would clearly 
underestimate the fraction of the fP in plasma. 

6.6.2.2 Considerations of the PPBA results 

The fP was found to be time-dependent in the preclinical Study II (Figure 14). One 
theory could be that it would have something to do with the clearance of the parent 
tracer from plasma and the subsequent elevated availability of the plasma proteins 
to bind the remaining parent more effectively. Similar observations in humans have 
been made for other drugs, while for some drugs, like propofol, the PPB has been 
inversely proportional to the concentration of the drug (Nation et al., 2018). 
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However, the average injected amount of radiolabelled and non-radiolabelled 
SMW139 combined in the clinical Study IV was 2.7(1.7) µg. Thus, the number of 
SMW139 molecules was at an average 4.2×1015 while the number of HSA proteins 
in an average weight and haematocrit possessing healthy human subject is 2×1021. 
In addition, one HSA might have multiple binding sites with the potential to bind 
several molecules at the same time. For example, for propofol, there are two binding 
sites per single HSA (Nation et al., 2018). So in clinical studies, at the time of 
injection, for every SMW139 molecule, there is roughly 500 000 individual HSA 
proteins to be bound to. This poses a question of what kind of mechanism could be 
underlying the time-dependency of the protein binding. As at first, it could seem 
intuitive that the ratio of the SMW139 to proteins would decrease due to uptake into 
tissues, excretion, or metabolism and so the binding would increase, as binding sites 
are more readily available. This could be the case. However, the low initial SMW139 
to HSA ratio is not drastically affected by the decrease of SMW139 levels in plasma. 
As there are plenty of HSA binding sites readily available and if only every 500 000th 
HSA is preoccupied by a SMW139 molecule, then the probability of decreasing the 
SMW139-to-HSA ratio would be causing a significant effect is small. This ratio does 
not take into account that other molecules might be competing with the same HSA 
binding sites, which might have an effect on PPB (Moein et al., 2019). Similar time-
dependency has been studied using in vitro incubated samples. The time-dependency 
of PPB was at least not observed for different incubation times (Sorger et al., 2006). 

In mice, the corresponding amount is 7×1017 serum albumin proteins in an 
average-sized mouse, which has a similar molecular weight. When dividing that with 
the average injection and therefore the amount of SMW139 molecules injected, there 
were still over 2000 times more serum albumin proteins compared to SMW139 
molecules. This ratio difference between preclinical and clinical subjects could have 
an effect, but still it is shown here that the number of proteins is nevertheless vast 
compared to the number of SMW139 molecules in both cases, so this should not in 
theory significantly affect the balance of the protein-free fraction equilibrium when 
this ratio changes during the study. 

Notwithstanding these calculations, the time-dependency was shown in Study II, 
where the parent fraction corrected fP decreased from 0.032 to 0.007 between 10 and 
45 min, whereas fM remained higher, ranging from 0.52 to 0.35. In the clinical 
studies, the time dependency was not analysed as only the in vitro and 20-min time 
point in vivo sample data was available. This could be studied in future 
[11C]SMW139 studies. 

In Study II, the fraction of free parent relative to all free radioactivity decreased 
significantly, roughly to a quarter, from 0.085 to 0.019 (from 10 to 45 min), 
indicating that most of the protein-free fraction or radiolabelled compounds 
consisted of radiometabolites during these time points, as was the case with clinical 
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subjects also. Likewise, the PPBA revealed that [11C]SMW139 has a low fP in the 
clinical Study IV, with radiometabolites accounting for a significant portion (88% at 
20 min) of the free radioactivity that has the potential to cross the BBB. The in vitro 
sample PPBA fP/P resulted in 0.013 and the 20-min sample on average 0.010, which 
was similar in magnitude compared to the preclinical subjects. As the values are low, 
estimates of VT corrected using PPB are highly sensitive to errors in any fP 
measurements. Therefore, group-level corrections with insufficient number of 
subjects per group would further increasing variability. Correcting VT estimates 
using the group-level mean fP revealed a potential increase in free parent VT among 
MS subjects compared to HCs, though incomplete protein binding data limits 
definitive conclusions. As the method was still new and in validation phase during 
this study, not all study days were used to validate this method and collect the PPB 
data. Future studies with [11C]SMW139 should consider these findings to explore 
more accurate analysis approaches. In addition, concentration dependency of the 
PPB should be studied, as those studies has been shown to give unexpected results 
in some cases as mentioned before (Nation et al., 2018). 

6.6.2.3 Effect of PPB 

To date, the analysis of fM has not been performed with [11C]SMW139 or with any 
other PET tracer. Understanding the fM properties is highly valuable for evaluating 
tracer pharmacokinetics, modelling, usability, and safety of any PET tracer. 

Previous PPBA methods have primarily used plasma spiked with a much higher 
amount of radioactivity than what in vivo samples would normally contain. While 
simpler and easier to use, as less sensitive radioactivity detection is required, in vitro 
methods may not fully represent the true dynamic equilibrium present in vivo (Gunn 
et al., 2012), which in reality includes free and protein-bound radiometabolites and 
parent tracer at only trace levels. Further studies comparing the in vivo sample to in 
vitro sample using PPBA methods are needed. With the published method in Study 
II, it is possible to perform these, and to validate the results of the easier in vitro 
studies. However, comparisons can be performed only for the parent PPBA results, 
and not for the radiometabolites, unless they would be formed in vitro or identified 
and synthesised separately for such in vitro studies. 

A protein-bound fraction acts as a reservoir, stabilising and buffering the free 
tracer concentrations (Roberts et al., 2013; Siddiqui et al., 2021), in addition to partly 
shielding the parent tracer from being metabolised too rapidly, while circulating and 
awaiting to be transported or diffused to the intended target (Tesseromatis & 
Alevizou, 2008). Without the PPB, drug time-concentration graphs and actual 
availability would look different and might necessitate far more frequent drug 
administration, or other modes of slow delivery would need to be brought into use. 
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This would also affect the biological half-life of the drug in plasma. According to 
the nature of the dynamic equilibrium of the reversible binding to plasma proteins, 
part of the parent tracer is released from the proteins back to the free form when the 
free parent diffuses out of the plasma, enabling a steadier drug availability to the 
target, due to the steadier drug concentration in plasma. However, the clinical 
importance or the applicability of the PPB results has also been commented on 
critically (Vuignier et al., 2010). Benet & Hoener (2002) have shown that the 
pharmacokinetic parameters are not always influenced by changes in the drug-PPB. 
In the same way, Liu et al. (2014) demonstrated that the fraction of unbound drug in 
plasma is not directly proportional to the PPB degree, but rather to the intrinsic 
clearance. Likewise, in the brain tissue, the unbound drug concentration mostly 
depends on the BBB efflux transport activity (Liu et al., 2014). Therefore, drawing 
direct conclusions from PPB results is not always easy, and the effect should be 
studied thoroughly. 

6.6.3 PPBA method and value reporting considerations 

6.6.3.1 Differences in reporting plasma protein binding 

As mentioned in the previous section, PPB studies have traditionally been conducted 
using in vitro samples (Moein & Halldin, 2020). In such cases, the definition of fP 
remains consistent, whether calculated as the ratio of free parent tracer to total 
radioactivity or as free parent to total parent radioactivity. This is because 
radiometabolites are typically absent from the in vitro samples. However, when 
using in vivo samples containing radiometabolites, two definitions of fP can be 
employed: dividing the protein-free parent radioactivity by only the total parent 
radioactivity, fP/P, which requires analysing the parent fraction in plasma, or dividing 
the protein-free parent by the total radioactivity, fP/A. 

The first definition is particularly useful for modelling the radioactivity 
concentration of the free parent when a radiometabolite-corrected plasma curve is 
already available. The second is applicable when only the plasma TAC is available. 
It is now possible to analyse the free fractions in the in vivo samples for the 
radiometabolites too with the methods published in Study II, so the free fraction 
needs to distinguish between free parent and free radiometabolites separately. With 
the developed method, both definitions of free fractions in Study II were presented 
to highlight their differences (Table 5). Studies involving in vivo samples and tracers 
with significant metabolism must explicitly define what is being measured: does fP 
include the free parent tracer alone or all free radioactivity, including free 
radiometabolites, and is it relative to the total sample radioactivity or to the 
radioactivity of the parent alone. Using in vivo samples and employing 
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chromatographic methods to analyse filtrates and applying appropriate membrane 
correction factors from the plasma matrix are expected to yield results closer to the 
true values. 

6.6.3.2 PPBA method reporting considerations 

When publishing PPBA results, it is essential to report the exact procedures and 
methods used to calculate the free fractions. Leaving the critical information out 
makes it impossible to repeat the study or compare the results to other similar studies. 
Even smallest methodological details, such as whether the membrane correction was 
assessed and applied in membrane-based methods, or what were the filtration or 
equilibration times, can significantly impact the results. 

Examples of insufficient method reporting are common in the literature, but 
specific instances will not be cited out of professional courtesy. I acknowledge that 
my own publications are not perfectly comprehensive in method reporting either. 
However, word count limitations should not be a concern, as supplementary 
materials can typically be included without restrictions. 

The underreporting of methods may stem from the desire to present results 
quickly, focusing only on the most essential methodological details. In some cases, 
the main manuscript authors may not have conducted the experiments themselves 
and, therefore, may overlook methodological factors, which are in reality crucial, 
affecting data collection and analysis. Additionally, modern publishing culture often 
seems to prioritise leaning the content, making articles shorter and easier to read. 
However, this leaning process may remove essential details, severely limiting the 
usefulness and value of the published information for other researchers. 

6.7 Combining TAC, RMA and PPBA data 
Combining the plasma TACs, RMA data, and PPB information can appear complex 
to those not directly involved in processing such data. In this thesis, Study II presents 
Figure 15 as a visual example that integrates these three datasets into a single bar 
chart, illustrating how each component contributes to the accurate quantification of 
PET tracer kinetics. As only three time points were available, bars were used instead 
of a curve to represent the y-axis values. Although a line could connect these points 
to suggest a curve, three data points are insufficient for a reliable interpolation. 

The plasma TAC reflects the tracer’s temporal concentration in circulation, 
serving as the input function for kinetic modelling. However, without correction for 
radioactive metabolites, the measured radioactivity overestimates the parent 
compound. Multiplying the radioactivity with the parent fraction acquired in the 
RMA ensures that only the unmetabolised tracer is considered. This chart type 
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enables dividing the radioactivity-bar (as %IA/g) into separate bars visualizing the 
amount corresponding to the parent and radiometabolites. Additionally, assessing 
the plasma parent and radiometabolite free fractions fP/P and fM/M and multiplying the 
parent and radiometabolite bars separately with them, further enables dividing the 
separated bars into two parts that separately expresses the amount corresponding to 
plasma protein-free and bound parent tracer and radiometabolites. The combination 
of the stacked bars show the total quantity of the parent and radiometabolites 
separately, while only the height of the lower part of the bars that indicate the protein-
free part provides insight into the proportion available for crossing biological barriers 
and reaching to the target areas. Together, these complementary datasets enhance the 
interpretation of PET data by accounting for metabolic degradation and 
bioavailability, enabling more reliable AIF in vivo. 

In the clinical studies, Studies III and IV, it is further clarified how this data is 
used. In Study III, by modelling a dual-input function accounting for both the parent 
tracer and brain-penetrant radiometabolites, these corrections substantially reduced 
the variability of VT estimates. In the relevant brain regions for P2X7 receptor 
binding, the two-tissue compartment model using a single input function produced 
highly variable VT estimates, ranging from 0.10 to 10.74, with a large coefficient of 
variation (159.9%). In contrast, the dual-input model yielded more consistent VT 
values, ranging from 0.04 to 0.24, and showed much lower coefficient of variation 
(33.3%). Similarly, in Study IV, correcting for both radiometabolites and protein 
binding improved the interpretation of tracer uptake in MS subjects. Parameters such 
as the parent tracer distribution volume, VTp, derived from the dual input 
compartmental models, depend directly on these corrections. Without such data of 
BBB-penetrant radiometabolites, single-input models can have the wrong fraction 
for radiometabolite uptake, affecting VT values and make small group differences 
impossible to detect. This can be especially critical in diseases like MS, where target 
expression differences are modest. The integration of carefully analysed 
radiometabolite and fP data thus can improve model fits, reducing variability 
stemming from individual pharmacokinetic differences.  
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7 Conclusions 

The Study I analysed the metabolism of [11C]SMW139 in a mouse model and found 
rapid formation of radiometabolites. The brain-penetrating radiometabolites 
influenced the in vivo PET imaging, complicating the interpretation of the tracer’s 
binding. The findings shows the necessity of accounting for radiometabolites in PET 
imaging to ensure accurate data interpretation. A rapid RMA method was developed. 

The Study II introduced a novel UF method to analyse PPB of the [11C]SMW139 
and its radiometabolites, providing insights into their pharmacokinetics. The 
approach, which separately examines the fP and fM, is valuable for understanding 
brain uptake and can be applied to other PET tracers. Notably, the radiometabolites 
have a much higher free fraction than the parent tracer, enabling efficient BBB 
penetration. 

The Study III utilised plasma and brain parent fraction preclinical data to 
improve modelling and quantification of tracer binding to P2X7 receptors in human 
subjects. The dual input function model provided robust distribution volume 
estimates, enhancing the approach to modelling [11C]SMW139 PET data. 

In Study IV, while the dual-input model provided expected P2X7 receptor 
distribution, the study did not conclusively demonstrate the tracer's applicability for 
detecting MS-related diffuse smouldering inflammation. The radiometabolite BBB 
penetration and low free fraction of the [11C]SMW139 compromises the ability to 
detect significant differences between the HC, PMS and RMS. 

These conclusions show the necessity of analysing parent fraction and PPBA in 
new PET tracer projects. If these aspects are not taken into account, the 
quantification to obtain reliable data on for example, receptor availability is 
compromised. Future research using PET tracers could benefit from these new 
methodology approaches. 

As a summary, these studies illustrate the translationality from preclinical to 
clinical applications of [11C]SMW139 PET in imaging P2X7 receptors. The 
correction for radiometabolites and understanding of PPB enhances the tracer’s 
otherwise challenging diagnostic precision. Preclinical and clinical studies 
demonstrated the potential of [11C]SMW139 as a biomarker for microglial activation 
in diseases like MS and Alzheimer's, showing its translational value. 
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Glial reactivity in a mouse model 
of beta‑amyloid deposition assessed by PET 
imaging of P2X7 receptor and TSPO using [11C]
SMW139 and [18F]F‑DPA
Obada M. Alzghool1,2,3,4*   , Richard Aarnio1,2,3, Jatta S. Helin1,2, Saara Wahlroos5, Thomas Keller5, 
Markus Matilainen4, Junel Solis6, Jonathan J. Danon7, Michael Kassiou7, Anniina Snellman1, Olof Solin5,8,9, 
Juha O. Rinne4,10 and Merja Haaparanta‑Solin1,2 

Abstract 

Background  P2X7 receptor has emerged as a potentially superior PET imaging marker to TSPO, the gold standard 
for imaging glial reactivity. [11C]SMW139 is the most recently developed radiotracer to image P2X7 receptor. The aim 
of this study was to image reactive glia in the APP/PS1-21 transgenic (TG) mouse model of Aβ deposition longitudi‑
nally using [11C]SMW139 targeting P2X7 receptor and to compare tracer uptake to that of [18F]F-DPA targeting TSPO 
at the final imaging time point. TG and wild type (WT) mice underwent longitudinal in vivo PET imaging using [11C]
SMW139 at 5, 8, 11, and 14 months, followed by [18F]F-DPA PET scan only at 14 months. In vivo imaging results were 
verified by ex vivo brain autoradiography, immunohistochemical staining, and analysis of [11C]SMW139 unmetabo‑
lized fraction in TG and WT mice.

Results  Longitudinal change in [11C]SMW139 standardized uptake values (SUVs) showed no statistically significant 
increase in the neocortex and hippocampus of TG or WT mice, which was consistent with findings from ex vivo brain 
autoradiography. Significantly higher [18F]F-DPA SUVs were observed in brain regions of TG compared to WT mice. 
Quantified P2X7-positive staining in the cortex and thalamus of TG mice showed a minor increase in receptor expres‑
sion with ageing, while TSPO-positive staining in the same regions showed a more robust increase in expression in TG 
mice as they aged. [11C]SMW139 was rapidly metabolized in mice, with 33% of unmetabolized fraction in plasma 
and 29% in brain homogenates 30 min after injection.

Conclusions  [11C]SMW139, which has a lower affinity for the rodent P2X7 receptor than the human version 
of the receptor, was unable to image the low expression of P2X7 receptor in the APP/PS1-21 mouse model. Addition‑
ally, the rapid metabolism of [11C]SMW139 in mice and the presence of several brain-penetrating radiometabolites 
significantly impacted the analysis of in vivo PET signal of the tracer. Finally, [18F]F-DPA targeting TSPO was more suit‑
able for imaging reactive glia and neuroinflammatory processes in the APP/PS1-21 mouse model, based on the find‑
ings presented in this study and previous studies with this mouse model.
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P2X7, TSPO, P2Y12
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Background
Sustained glial reactivity to pathological changes under-
lies neuroinflammation in Alzheimer’s disease (AD) 
[1] and other neurodegenerative disorders [2]. Glial 
reactivity in the brain could be beneficial by degrading 
beta-amyloid (Aβ) plaques, or detrimental by secreting 
cytokines and other promoters of neuroinflammation 
[3]. In response to disease, microglia undergo distinct 
changes in shape, count, function, and upregulation of 
surface bioactive molecules expression [1]. Purinergic 2 
type X receptor subtype 7 (P2X7) is a key surface recep-
tor in microglia, the expression of which is upregulated 
when the cells are in a reactive state [4]. P2X7 receptor 
is an ATP-gated ion channel that is widely distributed in 
the brain and expressed abundantly in microglia, but also 
in neurons and other glial cells, such as astrocytes and 
oligodendrocytes [5]. Among the physiological roles of 
P2X7 receptor is regulating neurotransmitters release [6]. 
P2X7 receptor also has several immune response func-
tions in reactive microglia; it is implicated in the release 
of pro-inflammatory cytokines, production of reactive 
oxygen and nitrogen species, caspase activation, and the 
induction of apoptosis, collectively fueling neuroinflam-
mation [4].

In the context of AD, P2X7 receptor expression has 
been observed to co-localize with microglia surround-
ing Aβ plaques in the brains of AD patients and rodent 
models of AD [7–9]. It is a well-established fact that Aβ 
causes microglial reactivity in AD [10–12]. Microglia 
react to Aβ plaques by releasing various pro-inflamma-
tory cytokines, and upregulating P2X7 receptor expres-
sion, a response that potentially contributes to the 
inflammatory environment around Aβ plaques [13, 14]. 
Interestingly, P2X7 receptor seems to play a fundamen-
tal role in microglial response to Aβ plaques, as P2X7-
deficient microglia were not reactive to Aβ plaques in 
mice [14]. The upregulated expression of P2X7 receptor 
in AD has also been associated with reactive microglia 
inflammatory reaction to neurodegeneration and tissue 
damage [13, 15]. The purinergic 2 type Y receptor sub-
type 12 (P2Y12) is another key receptor in microglia, 
the expression of which is downregulated in the brain of 
patients with AD and tauopathies and mouse models of 
tau pathology [16]. Accordingly, P2X7 and P2Y12 recep-
tors have attracted a lot of interest as positron emission 
tomography (PET) imaging markers of reactive microglia 
and neuroinflammation.

P2X7 receptor emerged as a potentially superior imag-
ing marker to translocator protein-18 kDa (TSPO), which 
remains the gold standard for imaging glial reactivity 
despite its drawbacks, including the low brain uptake 
and high non-specific binding of TSPO-targeting radi-
otracers, and TSPO polymorphism effect on the binding 

affinity between subjects [17, 18]. A number of potent 
and selective P2X7 receptor antagonist ligands have 
already been developed as PET radiotracers [19]. How-
ever, only [11C]JNJ-54173717 [20], [18F]JNJ-64413739 
[21] and the most recently developed radiotracer target-
ing P2X7 receptor, [11C]SMW139 [22], advanced from 
in  vitro and preclinical development to clinical evalua-
tion. [11C]SMW139 preliminary assessment in a small 
cohort of MS patients demonstrated slightly higher 
brain uptake compared to healthy controls [23]. Pre-
clinical studies showed that [11C]SMW139 could detect 
increased expression of human and endogenous rat P2X7 
receptor in rats [22, 24], despite the lower binding affinity 
of [11C]SMW139 to rodent than human P2X7 receptor 
[24, 25]. However, [11C]SMW139 binding on post-mor-
tem brain sections did not differentiate AD patients from 
healthy subjects [22], which raised concerns on [11C]
SMW139 applicability to image P2X7 receptor in AD.

In our study, we used the APP/PS1-21 transgenic (TG) 
mouse model of Aβ deposition, a reliable model to vali-
date radiotracers in preclinical settings, which has been 
used in the development of novel PET radiotracers tar-
geting reactive glia [26, 27] and misfolded proteins, such 
as tau [28]. In this model, early onset Aβ plaques are 
associated with simultaneous and robust neuroinflam-
mation, represented by the presence of increased reac-
tive microglia around the Aβ plaques [29]. The aim of 
the present study was to image reactive glia in the APP/
PS1-21 TG mouse model of Aβ deposition longitudinally 
with [11C]SMW139 targeting P2X7 receptor and com-
pare tracer uptake in the same mice to that of [18F]F-DPA 
targeting TSPO at the final imaging time point. In previ-
ous studies, [18F]F-DPA targeting TSPO in the APP/PS1-
21 mouse model has shown the ability to image reactive 
glia, differentiate transgenic from age-matched wild type 
mice, and superior brain uptake to the TSPO PET trac-
ers [18F]DPA-714 and [11C] PBR28 [30, 31]. This study 
contributes to the development of [11C]SMW139 and 
[18F]F-DPA for imaging reactive glia in the APP/PS1-21 
mouse model.

Methods
Radiotracers
The radiotracers [11C]SMW139 (2-chloro-5-[11C]meth-
oxy-N-((3,5,7-trifluoroadamantan-1-yl)methyl)benza-
mide) and [18F]F-DPA (N,N-diethyl-2-(2-(4-([18F]fluoro)
phenyl)-5,7-dimethylpyrazolo[1,5-a] pyrimidin-3-yl)
acetamide) were produced in the radiopharmaceutical 
laboratory at Turku PET Centre as described previously 
[32, 33]. For the 32 batches of [11C]SMW139, the molar 
activity was 33.0 (21.0) GBq/µmol at the time of injection, 
radiochemical purity 98.3% (0.5%), and radiotracer shelf-
life 1  h. For the three batches of [18F]F-DPA, the molar 
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activity was 3.2 (0.6) GBq/µmol at the time of injection, 
radiochemical purity > 99%, and radiotracer shelf-life at 
least 4 h.

Animals
The APP/PS1-21 TG mice and their wild type (WT) lit-
termates were used in the longitudinal in vivo PET imag-
ing. In the ex vivo studies, additional C57BL/6 J WT mice 
were used with the PET-imaged mice (after imaging was 
completed). One to four mice were housed in individu-
ally ventilated cages with ad  libitum access to soy-free 
chow (RM3 (E) Soya Free, Special Diets Service, Essex, 
UK) and tap water under the following housing condi-
tions: temperature 21 °C (3 °C), humidity 55% (15%), light 
cycle 12 h (7:00 to 19:00 light), and aspen wood bedding.

The APP/PS1-21 mice were originally provided by 
KÖESLER (Rottenburg, Germany). The colony was 
bred and maintained with C57BL/6Cn mice according 
to the guidelines of the International Council of Labo-
ratory Animal Science (ICLAS) in the Central Animal 
Laboratory of the University of Turku. Animal stud-
ies were performed in accordance with the European 
Ethics Committee (decree 86/609/CEE), and adhered 
to the ARRIVE guidelines, except randomization or 
blinding [34]. In addition, animal studies adhered to 
the 3Rs principle (Replacement, Reduction, and Refine-
ment) by employing a longitudinal in  vivo PET imag-
ing design, and utilizing tissue samples from the same 
mouse efficiently for all ex  vivo studies. The Animal 
Experiment Board of the Province of Southern Finland 
(ESAVI/4660/04.10.07/2016) granted ethical approval of 
this study.

In vivo PET imaging
The longitudinal in  vivo PET imaging using [11C]
SMW139 with a 13-mouse cohort (TG n = 6, including 
4 females; WT n = 7, including 6 females) consisted of 
a baseline scan at the age of 5 months and three follow-
up scans at 8, 11, and 14 months. In addition, mice were 

imaged with [18F]F-DPA after the final [11C]SMW139 
scan at 14  months, and both tracers brain uptake was 
compared only at this time point. At 5  months, PET 
scans were not obtained from 1 TG and 2 WT mice due 
to unsuccessful radiotracer injections. At 8 months, PET 
scans were successfully obtained from all TG and WT 
mice. At 11 months, 2 TG and 2 WT mice had to be sac-
rificed due to poor health conditions, and they were not 
scanned. Similarly, at 14 months, 1 TG and 1 WT mice 
needed to be sacrificed and were not scanned. The study 
design and final mice count at each time point are pre-
sented in Fig. 1. The mice were sacrificed after the final 
PET scan by cardiac puncture under deep isoflurane 
anesthesia and received cardiac perfusion with saline, 
then used in ex vivo brain autoradiography, immunohis-
tochemical staining and radiometabolite analysis.

The same PET imaging protocol was used with [11C]
SMW139 and [18F]F-DPA; the mice were imaged in 
pairs using the Inveon Multimodality PET/CT scanner 
(12.7  cm axial and 10  cm transaxial field of view, PET 
camera spatial resolution 1.4  mm, energy window 350–
650  keV; Siemens Medical Solutions, Knoxville, TN). 
Mice were anesthetized with inhaled isoflurane (300 mL/
min 3.5% isoflurane/O2 for induction and 2% for main-
tenance), cannulated in the lateral tail vein and moved 
to the scanner, where a CT scan was first performed for 
attenuation correction and anatomical reference. The 
mice received an intravenous bolus injection of the radi-
otracer ([11C]SMW139: injected activity 9.5 (0.5)  MBq, 
injected mass 6.06 (5.61)  µg/kg; [18F]F-DPA: injected 
activity 6.7 (0.5)  MBq, injected mass 22.5 (4.32)  µg/kg; 
injected volume ≤ 200  μL) and underwent a dynamic 
60 min (min) PET scan. During the scans, the mice laid 
prone on a heating pad and their eyes were protected 
from dryness with an ophthalmic gel (Oftagel, Santen Oy, 
Tampere, Finland).

PET data was converted from 3D list mode to 2D sino-
grams by a Fourier rebinning algorithm, then recon-
structed with a 2D-filtered back-projection algorithm 

Fig. 1  In vivo PET imaging study design and mice counts at each imaging time point. The green box illustrates that at 14 months, mice were 
imaged with both radiotracers [11C]SMW139 and [18F]F-DPA. TG transgenic, WT wild type
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into an image with a voxel size of 0.78 × 0.78 × 0.80 mm, 
or approximately 0.5 mm3. Image data were divided into 
49-time frames (30 × 10 s, 15 × 60 s, 4 × 300 s) and decay-
corrected to the injection time. PET images were ana-
lyzed using Inveon Research Workplace analysis software 
v. 4.2 (Siemens Medical Solutions). Rigid co-registration 
to a 3D magnetic resonance imaging (MRI) mouse brain 
template (MRM NAt Mouse Brain Database, McKnight 
Brain Institute) was used as an anatomical reference for 
the CT and corresponding dynamic PET images of each 
mouse. The PET image and MRI template were posi-
tioned by translation (moving on X, Y, Z-axes)/angle 
rotation within the CT image. Brain uptake of the radi-
otracers was quantified in the hippocampus as a rep-
resentative non-cortical region, and neocortex on the 
co-registered CT image and MRI template in the absence 
of the PET image (i.e., not guided by observed radio-
activity in the brain to avoid potential bias). The size of 
each volume of interest (VOI) template was adjusted 
according to the size of the brain, so that almost identi-
cal volumes were analyzed. The averaged standardized 
uptake values (SUVs) for [11C]SMW139 were calculated 
in the 3–15 min time frame as already 30 min after the 
radiotracer injection, at least 46% of brain radioactivity 
originated from the radiometabolites (more details in the 
discussion). Averaged SUVs for [18F]F-DPA were calcu-
lated in the 25–50 min time frame. Regional time-activity 
curves were plotted for the completely dynamic scans.

Ex vivo brain autoradiography
30 mice (TG n = 13, including 6 female; WT n = 17, 
including 8 female) at 5, 8–10, 12 and 14 months (includ-
ing the longitudinally imaged mice) (Table 1) were used 
to investigate [11C]SMW139 binding on mouse brain 
cryosections using ex  vivo autoradiography. Mice were 
sacrificed 10 min after [11C]SMW139 injection (injected 
dose 10.0 (0.7) MBq), with cardiac puncture under deep 
isoflurane anesthesia and received cardiac perfusion with 
saline. Mice brains were then dissected, frozen and sliced 
as described previously [26]. From each mouse, cryo-
sections were sliced at the level of cortex and thalamus 
as a representative non-cortical region. For both brain 
regions, 11C-radioactivity intensity expressed as back-
ground-erased photo-stimulated luminescence per pixel 
(PSL/pixel—Bkg) was obtained by manually drawing a 
region of interest on the cortex and thalamus from the 
mouse sections. Regional uptake of [11C]SMW139 was 
then calculated as SUV using the PSL/pixel-Bkg of cortex 
and thalamus and the pre-measured cortical percentage 
injected activity per gram value. Autoradiography images 
were analyzed using Aida Image Analyzer v. 4.5 (Raytest 
Isotopenmessgeräte GmbH, Straubenhardt, Germany).

Immunohistochemical staining
The expression of P2X7 receptor, TSPO and puriner-
gic 2 type Y receptor subtype 12 (P2Y12) receptor was 
investigated in TG and WT mice at 5, 8–10, 12, 14, 
and 15  months (Table  1) utilizing cryosections used 
in ex  vivo brain autoradiography. Immunohistochemi-
cal staining was performed using the semi-automated 
Labvision autostainer (ThermoFisher Scientific). The 
staining protocols are described in Additional file  1: 
Table  S1. P2X7 receptor staining (n = 13, including 7 
TG), TSPO and P2Y12 receptor staining (n = 27, includ-
ing 15 TG) were performed in the same TG and WT 
mice only at 5 and 12 months. Staining were performed 
in all animals using non-consecutive slides.

The stained brain sections were digitized using Pano-
ramic 250 Flash slide scanners (3DHistech, Budapest, 
Hungary). Images were examined using Case Viewer 
v. 2.1 (3DHistech). P2X7 receptor, TSPO and P2Y12 
receptor staining were quantified from the digitized 
brain section images as positive object counts/mm2 
from two sections/mouse. The size of the quantifica-
tion region of interest matched that of thalamus (both 
hemispheres) and cortex (one hemisphere). TSPO and 
P2Y12 receptor quantification was achieved in QuPath 
software using the positive cell detection function 
[35]. P2X7 receptor quantification was achieved using 
the artificial intelligence object detection algorithm 
You Only Learn One Representation (YOLOR) [36]. 
A description of the analytical workflow and image 
processing source code for the quantification of P2X7 
receptor staining are available in Additional file 1. Neg-
ative staining was performed to verify the specificity of 
the P2X7 receptor and TSPO antibodies (Additional 
file 1: Fig. S1).

Radiometabolite analysis
To understand the in  vivo metabolic profile of [11C]
SMW139 in mice, and to assist in the imaging data quan-
tification, plasma and brain homogenate samples from 
TG and WT mice, including the ex  vivo brain autora-
diography mice cohort (Table 1) were analyzed by thin-
layer chromatography or high-performance thin-layer 
chromatography (Protocols described in Additional 
file  1) for the fraction of unmetabolized [11C]SMW139 
(i.e., parent fraction). Cardiac blood (~ 500 μL) and brain 
tissue samples were collected after 10, 30, or 45  min of 
[11C]SMW139 injection. Mice sacrificed at 10 min were 
divided into 5, 8–10, and 12–15 months, at 30 min into 
3 and 7–10 months, and at 45 min as 7–10 months. Aida 
Image Analyzer v. 4.5 was used to calculate the per-
centage of unmetabolized [11C]SMW139 from the total 
11C-radioactivity in the samples.
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Table 1  Mice used in ex vivo studies

mo month, min minutes, F female, M male, TG transgenic, WT wild type

Age (mo) Genotype NGENDER NTOTAL

F M

Ex vivo brain autoradiography 5 TG 3 1 4

WT 2 2 4

8–10 TG 3 2 5

WT 2 5 7

12 TG – 2 2

WT – 1 1

14 TG 1 1 2

WT 3 2 5

P2X7 immunohistochemical staining 5 TG 1 – 1

WT – 1 1

8–10 TG 1 1 2

WT – 2 2

12 TG – 2 2

WT – 2 2

14 TG 1 – 1

WT 1 – 1

15 TG 1 – 1

WT – – –

TSPO & P2Y12 immunohistochemical staining 5 TG 2 1 3

WT 1 2 3

8–10 TG 2 1 3

WT 1 2 3

12 TG – 3 3

WT – 2 2

14 TG 2 1 3

WT 4 – 4

15 TG 1 2 3

WT – – –

Δt (min) Genotype NGENDER N TOTAL

F M

Plasma radiometabolites analysis 10 TG 4 9 13

WT 8 8 16

30 TG 3 – 3

WT 5 8 13

45 TG 3 – 3

WT 9 2 11

Brain radiometabolites analysis 10 TG 4 2 6

WT 7 3 10

30 TG 3 – 3

WT 5 9 14

45 TG 3 – 3

WT 9 1 10
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Statistical analysis
In all studies, results are reported as mean and standard 
deviation in parentheses when n ≥ 3, or only the mean or 
individual values when n < 3. In the longitudinal in  vivo 
PET imaging study, linear mixed model with compound 
symmetry covariance structure were used to assess the 
relationship between [11C]SMW139 SUVs in the inves-
tigated VOIs at all time points with one within-subject 
factor (time) and one between-subjects factor (TG and 
WT group), as well as their interaction term. The inter-
action term examined whether the groups had different 
trends of change over time. If the interaction term was 
deemed not significant, it was dropped from the model. 
As a post-hoc analysis, differences in least squares means 
were assessed for all significant factors in order to find 
the individual differences between groups and time 
points. The difference in [11C]SMW139 and [18F]F-DPA 
SUVs between TG and WT mice in the investigated VOIs 
at 14 months was evaluated using t-test with Welch’s cor-
rection (unpaired, parametric), after datasets were tested 
for normalization using Shapiro–Wilk’s test. All statisti-
cal tests were performed as two-sided with the threshold 
for statistical significance set at 0.05. All analyses were 
performed using SAS software (version 9.4 for Windows; 
SAS Institute Inc., Cary, NC, USA).

Results
Longitudinal in vivo PET imaging with [11C]SMW139 
and comparison to [18F]F‑DPA
Longitudinal analysis of [11C]SMW139 SUV change in 
the neocortex and hippocampus revealed no significant 
difference with ageing from baseline at 5 months to the 
three follow-up scans at 8, 11, and 14 months (neocortex 
p = 0.53, hippocampus p = 0.54) in TG (n = 6, including 4 
females) or WT (n = 7, including 6 females) mice. In addi-
tion, we found no significant difference in [11C]SMW139 
SUVs between TG and age-matched WT mice at any 
time point (p > 0.53 for all time points) in the neocortex 
or hippocampus (Fig. 2a, b). Representative PET images 
of longitudinal [11C]SMW139 SUVs in the brain of TG 
and WT mice are shown in Fig. 2c.

At 14  months, mice were imaged with both [11C]
SMW139 and [18F]F-DPA to compare the brain uptake 
of both radiotracers in the same mice, when neuroin-
flammation is known to be present in the APPPS1-
21 mouse model [29]. [11C]SMW139 PET images 
and averaged time-activity curves in the neocortex 
showed no difference in radioactivity signal between 
TG (n = 3) and WT (n = 4) mice (Fig.  3a, b). On the 
contrary, higher [18F]F-DPA uptake was detected in 
the PET images and averaged time-activity curves of 
TG compared to WT mice in the neocortex (Fig.  3c, 

d). Moreover, [11C]SMW139 binding SUVs of TG and 
WT mice were similar in the neocortex (average SUV 
0.94 (0.06) for TGs and 0.82 (0.11) for WTs, p = 0.14) 
and hippocampus (average SUV 1.07 (0.1) for TGs and 
0.91 (0.17) for WTs, p = 0.15) (Fig. 4a, c). In contrast, in 
the same animals, significantly higher [18F]F-DPA bind-
ing SUVs were present in TG compared to WT mice in 
the neocortex (average SUV 0.7 (0.06) for TGs and 0.44 
(0.4) for WTs, p = 0.03) and hippocampus (average SUV 
0.68 (0.06) for TGs and 0.45 (0.06) for WTs, p = 0.01) 
(Fig. 4b, d).

Fig. 2  [11C]SMW139 longitudinal brain uptake in APP/PS1-21 
transgenic (TG) and wild type (WT) mice. a and b Longitudinal 
[11C]SMW139 standardized uptake values (SUVs) in the neocortex 
and hippocampus of TG and WT mice at 5, 8, 11 and 14 months 
of age. Statistical analysis: linear mixed model with compound 
symmetry covariance structure. c Representative axial brain PET/CT 
images of [11C]SMW139 longitudinal SUVs in the same TG and WT 
mice at 5, 8, 11 and 14 months of age
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Ex vivo brain autoradiography
Qualitative and quantitative assessment of brain autora-
diography images from 30 mice (n = 13 TG, n = 17 WT) 
sacrificed 10  min after [11C]SMW139 injection showed 
that the radiotracer has similar uptake in the cortex and 
thalamus of TG and WT mice with a consistent trend at 
5, 8–10, 12 and 14 months (Fig. 5).

Immunohistochemical staining
Qualitative assessment of P2X7 receptor immunohis-
tochemical staining in mouse brain sections showed a 
subtle increase in receptor expression in TG mice aged 
between 5 and 10  months. Expression became slightly 
more prominent between 10 and 15  months, mainly in 
the cortex and thalamus. In WT mice, receptor expres-
sion remained consistent with ageing. Inline with these 
observations, quantification of P2X7-positive staining 
in cortex and thalamus of TG, but not WT, mice dem-
onstrated a subtle increase in receptor expression with 

ageing (Fig. 6). P2X7-positive staining was also detectable 
in the white matter corpus callosum of TG, but not WT, 
mice starting from 8 months (Additional file 1: Fig. S2).

TSPO-positive staining in brain sections of TG mice 
was detectable already at 5 months. At 8 months, TSPO-
positive staining covered the entire brain and further 
increased in quantity and intensity with ageing. A simi-
lar expression pattern was absent in age-matched WT 
mice. Quantification of TSPO-positive staining in the 
cortex and thalamus showed that TSPO expression is 
higher in TG mice and generally increases with ageing, 
but reaching a plateau at 10  months (Fig.  7). Similar to 
TSPO, P2Y12-positive staining was detectable in most 
brain regions of TG, but not WT, mice at 5 months and 
increased with ageing in all brain regions. Quantification 
of P2Y12-positive staining in the cortex and thalamus 
showed a similar increasing trend as TSPO (Additional 
file 1: Fig. S3).

Fig. 3  In vivo PET imaging using [11C]SMW139 and [18F]F-DPA in the same APP/PS1-21 transgenic (TG) and age-matched wild type (WT) mice at 14 
months. a and c Representative coronal and axial brain PET/CT images of TG (n = 1) and WT (n = 1) mice at 14 months imaged with [11C]SMW139 (a) 
and [18F]F-DPA (c). [11C]SMW139 images were summed over 3–15 min and adjusted to the same color scale. [18F]F-DPA were summed over 25–50 
min and scaled to the same color scale. b and d Averaged [11C]SMW139 (b) and [18F]F-DPA (d) time-activity curves in the neocortex of the same TG 
(n = 3) and WT (n = 4) mice at 14 months. Error bars indicate standard deviation
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Radiometabolite analysis
The percentage of unmetabolized [11C]SMW139 from 
the total 11C-radioactivity in plasma and brain homoge-
nates at 10, 30, and 45  min showed that [11C]SMW139 
is metabolized quickly. Thirty minutes after radiotracer 
injection, the mean percentage of [11C]SMW139 parent 
fraction was 33% in plasma and 29% in brain homoge-
nates from female mice, whereas in male mice the per-
centage was 56% in both plasma and brain homogenates 
(Fig.  8). The fast metabolism of [11C]SMW139 is also 
accompanied by a gender difference, as the radiotracer 
is metabolized faster and to a greater extent in female 
than male WT mice, as seen at 30 and 45 min in plasma 
and brain homogenates. In the same sex, the radiome-
tabolites of [11C]SMW139 accumulate in plasma and 
brain homogenates in similar fractions and to a similar 
extent (Fig.  8). At 10, 30, and 45  min, we found no dif-
ference between TG and WT mice or mice from differ-
ent age groups in the percentage of unmetabolized [11C]
SMW139 in plasma or brain homogenate (t-test with 
Welch’s correction, p > 0.25 for all).

Discussion
Glial reactivity increases with ageing in the APP/PS1-21 
mouse model [29], and previous PET studies have dem-
onstrated this phenomenon using different radiotrac-
ers [26, 30]. Here, we investigated the P2X7 receptor 
targeting PET radiotracer, [11C]SMW139, for detecting 
increased glial activity in this mouse model in  vivo. In 
our study, both longitudinal in  vivo PET and ex  vivo 
autoradiography imaging of APP/PS1-21 TG and WT 
mice using [11C]SMW139 showed that (1) there were no 
significant differences in [11C]SMW139 uptake between 
the genotypes in any of the evaluated time points, and 
(2) brain [11C]SMW139 uptake in both TG and WT mice 
remained around the same level until 14  months. One 
explanation for these findings is the inadequate expres-
sion of P2X7 receptor in the APP/PS1-21 mouse model 
as presented in this study (discussed further below). 
Another explanation is the difference between the 
rodent and human P2X7 receptors, which results in a 
lower affinity of [11C]SMW139 for the rodent compared 
to the human version of the receptor, complicating the 

Fig. 4  [11C]SMW139 and [18F]F-DPA standardized uptake value (SUV) in the same APP/PS1-21 transgenic (TG) and wild type (WT) mice 
at 14 months. a and c [11C]SMW139 averaged SUV in the neocortex (a) and hippocampus (c) of TG (n = 3) and WT (n = 4) mice. b and d [18F]F-DPA 
averaged SUV in the neocortex (b) and hippocampus (d) of the same TG and WT mice. Statistical test: t-test with Welch’s correction. SUV values are 
presented with mean and standard deviation. *p < 0.05
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preclinical use of [11C]SMW139 [24, 25]. Our findings 
raise concerns about the ability of other PET radiotracer 
to quantify P2X7 receptor expression in the APP/PS1-21 
mouse model, due to the inadequate expression of the 
receptor. Moreover, our findings suggest that the APP/
PS1-21 mouse model might not be suitable for P2X7 
receptor imaging using PET. Janssen et  al. reported a 
ten-fold higher binding of [11C]SMW139 in rat striatum 
overexpressing the human P2X7 receptor compared to 
the control striatum at one time point  [23]. This finding, 
when compared with our longitudinal imaging results in 
mice, indicates different binding of [11C]SMW139 to the 
human and mouse P2X7 receptor, and possibly differ-
ent tracer binding in mice and rats. Additional preclini-
cal imaging studies in rodents would be needed to assess 
[11C]SMW139 binding to both human and rodent P2X7 
receptors. Janssen et  al. also demonstrated that [11C]
SMW139 binding did not differ significantly between AD 
patients and age-matched healthy subjects on post-mor-
tem brain sections, despite a significant increase in P2X7 
receptor expression in AD patients  [23]. To establish the 
utility of [11C]SMW139 in AD, future studies focusing on 
evaluating its in vivo binding to the P2X7 receptor in AD 
patients are needed.

Our immunohistochemical staining findings revealed 
only a subtle increase in P2X7 receptor expression in the 
cortex and thalamus of TG mice. In the case of TSPO 
and P2Y12 receptor, expression in TG mice increased 
prominently with ageing and compared to age-matched 

WT mice. At the age of 10 months, expression of all three 
neuroinflammatory markers in the APP/PS1-21 mouse 
brain seemed to reach a plateau. This phenomenon aligns 
with previous findings in this mouse model, as previous 
reports referred to plateau and variability in detecting 
microglial activation [37] and AD pathology [28]. A study 
using brain tissue from both rats and MS patients has 
indicated a predominant upregulation of P2X7 receptor 
expression in pro-inflammatory reactive microglia, while 
P2Y12 receptor expression is mainly upregulated in anti-
inflammatory reactive microglia [38]. This same study 
demonstrated that enhanced expression of microglial 
P2X7 receptor is accompanied by decreased expression 
of P2Y12 receptor on the same cells [38]. While further 
studies in AD are essential to validate these findings, it 
is conceivable that in our study, the weaker upregulated 
expression of P2X7 receptor compared to P2Y12 receptor 
in the APP/PS1-21 mouse model may be attributed to the 
predominantly anti-inflammatory microglial activation 
status. This association could be linked to the increased 
expression of P2Y12 receptor. Nevertheless, additional 
studies are warranted to characterize the microglial acti-
vation status, validate the presence of anti-inflammatory 
markers in the APP/PS1-21 mouse model, and provide 
further support for this hypothesis. It is noteworthy that 
the expression of P2Y12 receptor in AD rodent models 
is inconsistent. While tau pathology mouse models show 
reduced expression of P2Y12 receptor, amyloid pathology 
mouse models show either an increased or an unchanged 

Fig. 5  Ex vivo brain autoradiography imaging using [11C]SMW139 in APP/PS1-21 transgenic (TG) and wild type (WT) mice. a Representative 
autoradiography images of TG (n = 1) and WT (n = 1) mice at 8–10 months. Images are adjusted to the same color bar. b and c [11C]SMW139 
standardized uptake value (SUV) in cortex (b) and thalamus (c) of TG (n = 4, 5, 2, 2) and WT (n = 4, 7, 1, 5) mice at 5, 8–10, 12 and 14 months
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expression of P2Y12 compared to wild type mice [16]. 
In our study, we observed a significant upregulation of 
P2Y12 receptor expression in the APP/PS1-21 mouse 
model compared to wild-type mice, which is similar to 
the findings reported in the APP23 mouse model of Aβ 

deposition [16]. The biological relevance of the inconsist-
ent P2Y12 receptor expression in mouse models is debat-
able, considering the discrepancy with the downregulated 
receptor expression in human AD and tauopathies [16]. 
Nonetheless, the upregulated P2Y12 receptor expression 

Fig. 6  Immunohistochemical staining of P2X7 receptor in brain cryosections of APP/PS1-21 transgenic (TG) and wild type (WT) mice. a 
Quantification of P2X7-positive staining as object counts/mm2. Staining was evaluated in the cortex and thalamus of TG and WT mice at 5, 
8–10, 12, 14, and 15 months. b Representative images of P2X7-positive staining in TG and WT mice at the investigated time points. Arrows point 
at the P2X7-positive staining detected by the artificial intelligence object detection algorithm. Scale bar = 1000 µm for the half-hemisphere brain 
section image, 100 µm for the cortex view image. Magnification = 1.5× for the half-hemisphere brain section image, 15.0 × for the cortex view image
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in the APP/PS1-21 mouse model could still be beneficial 
for imaging purposes, especially in the development of 
PET tracers for imaging P2Y12 receptor.

In a previous study, we showed that [18F]F-DPA tar-
geting TSPO is capable of revealing neuroinflammation 
trend and its peak at 12–15 months in the APP/PS1-21 

Fig. 7  Immunohistochemical staining of TSPO in brain cryosections of APP/PS1-21 transgenic (TG) and wild type (WT) mice. a Quantification 
of TSPO-positive staining as object counts/mm2. Staining was evaluated in the cortex and thalamus of TG and WT mice at 5, 8–10, 12, 14, 
and 15 months. Error bars indicate standard deviation. b Representative images of TSPO-positive staining in TG and WT mice at the investigated 
time points. Scale bar = 1000 µm for the half-hemisphere brain section image, 100 µm for the cortex view image. Magnification = 1.5× 
for the half-hemisphere brain section image, 15.0 × for the cortex view image
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mouse model with in  vivo PET and ex  vivo autoradiog-
raphy [30]. In the present study, [18F]F-DPA showed 
superiority over [11C]SMW139 to detect reactive glia in 
the APP/PS1-21 mouse model at 14  months. For years, 
targeting TSPO has been the gold standard for imaging 
glial activity and neuroinflammation, despite its limita-
tions [17, 18]. Besides, more recent studies highlighted 
that TSPO expression in humans is related to different 
phenomena than in mice, and that TSPO-PET signals in 
humans reflect the density of inflammatory cells (micro-
glia and macrophages) rather than the activation status in 
mice, raising concerns about the translatability of TSPO-
PET from rodents to humans [39–41]. Finding a superior 
imaging marker to TSPO remains a hurdle, although sev-
eral PET ligands targeting other imaging markers of neu-
roinflammation are being explored [17]. One challenge is 
the lack of glia selectivity; like TSPO, the majority of the 
potential imaging markers are expressed in different glial 
cell types, which react heterogeneously during different 
phases of neuroinflammation, resulting in unpredict-
ability of the imaging markers expression profiles, thus 
complicating the in vivo PET imaging quantification. An 
imaging marker superior to TSPO needs to be specific for 
a certain glial cell type, and have different expression pat-
terns in physiological and neuroinflammatory conditions.

Defining the time frame for quantifying [11C]SMW139 
in  vivo uptake was complicated by the fast metabolic 
profile in mice, and the presence of radioactive metabo-
lites in the brain tissue. In a previous study with [11C]
SMW139, we detected up to three brain penetrant radio-
metabolites of [11C]SMW139 in mouse brain homogen-
ates and one radiometabolite more in plasma already 
at 10  min after tracer injection [32]; similar findings 
were also reported by Brumberg and colleagues [42]. 

Accordingly, an appropriate time frame needs to be 
selected in which there is still a reasonable percentage of 
the parent fraction and as little interference as possible 
from the radiometabolite fraction. Considering that [11C]
SMW139 started to washout around 90 s after injection 
in mice, 3–15  min was selected to calculate the aver-
aged SUVs for group comparisons. Although it is not 
known if these three radiometabolites of [11C]SMW139 
bind to P2X7 receptor or another target, their presence 
in the brain disturbs the PET data quantification and 
hamper the utilization of [11C]SMW139 in any in  vivo 
PET application. Defining the time frame for quantify-
ing [18F]F-DPA in vivo uptake in the same mice was more 
straightforward. The time frame 25–50 min was used to 
calculate the averaged SUVs, considering that [18F]F-DPA 
has no brain penetrating radiometabolites in mice [30]. 
SUVs were used to analyze both tracers brain uptake, as 
a reference region for binding ratio calculations was not 
found. In plasma samples and brain homogenates, [11C]
SMW139 parent fraction was similar in mice at all ages, 
indicating that [11C]SMW139 metabolism is independ-
ent of aging. However, our results show that the [11C]
SMW139 parent fraction decreased faster in plasma 
and brain homogenates from female compared to male 
mice, indicating a gender difference in [11C]SMW139 
metabolism in mice. In contrast, no difference has been 
reported in [11C]SMW139 plasma metabolism between 
male and female rats [22]. Moreover, our results showed 
that the [11C]SMW139 parent fraction at 45  min was 
similar in plasma and brain homogenate (40% and 44%, 
respectively), whereas the [11C]SMW139 parent frac-
tion at 45 min in male rats was different in plasma (42%) 
and brain homogenates (66%) [22], and fractions within 
the same range were reported in female rats at the same 

Fig. 8  Fractions of unmetabolised [11C]SMW139 in APP/PS1-21 transgenic (TG) and wild type (WT) mice plasma and brain homogenates 
at 10, 30, and 45 min. a and b Percentage of unmetabolised [11C]SMW139 over all radioactivity in male and female mice in plasma (a) and brain 
homogenates (b). Error bars indicate standard deviation
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time points [24]. Taken together, these findings show 
that [11C]SMW139 is metabolized to a greater extent in 
mouse brain (44%) than rat brain (66%).

There were strengths in this study. First, using a longi-
tudinal imaging design with [11C]SMW139 allowed the 
assessment of reactive microglia in the same animals 
with ageing. The investigated groups, comprising 6 TG 
and 7 WT mice, were small because of the longitudinal 
nature of the study. This design involved repeated imag-
ing of the same animals, which enables making within-
subject comparisons of imaging findings, controlling for 
between-subject variability. This is an excellent advantage 
of in vivo PET imaging, particularly when assessing age-
related pathophysiological changes. Therefore, despite 
the smaller number of mice, the results remain reliable 
because each mouse served as its own control. Second, 
performing the radiotracers comparison in the same ani-
mals excludes potential variability due to using different 
animals. Third, the availability of immunohistochemical 
staining of both radiotracers imaging targets assessed 
in explaining the in vivo imaging findings. On the other 
hand, our study had limitations. Firstly, it was not pos-
sible to scan each mouse of the starting cohort at all four 
follow-up time points because some mice needed to be 
sacrificed during the study. Secondly, both male and 
female mice were included in this imaging study. Ideally, 
including only one gender would help mitigate poten-
tial variability arising from gender differences. Thirdly, 
fewer animals per age group were used in the immuno-
histochemical staining of P2X7 receptor in comparison 
to TSPO and P2Y12 receptor. Additionally, immunohis-
tochemical staining of P2X7 receptor and TSPO were 
performed in the same animals only at two of the four 
investigated time points, which did not allow for a thor-
ough comparison of the imaging markers solely based 
on the immunohistochemical staining findings. Moreo-
ver, due to the inferior quality and different features of 
P2X7 receptor staining compared to that of TSPO and 
P2Y12 receptor, we were forced to use a different analysis 
method to quantify P2X7 receptor staining, which could 
be seen as a limitation to the direct comparison of imag-
ing markers. Lastly, neither P2X7 receptor nor TSPO are 
expressed exclusively in microglia, rather generally in 
glia and the potentially infiltrating macrophages to the 
central nervous system from the periphery, thus [11C]
SMW139 and [18F]F-DPA in vivo brain uptake represent 
binding to glia collectively, not solely microglia.

Conclusions
This study aimed to use the P2X7 receptor as an imag-
ing marker for reactive glia in an Alzheimer’s disease 
mouse model. However, [11C]SMW139, which has lower 

affinity for the rodent P2X7 receptor compared to the 
human version of the receptor, was unable to measure 
the low expression of P2X7 receptor in the APP/PS1-21 
mouse model. Additionally, the fast metabolism of [11C]
SMW139 in mice and the presence of several brain-
penetrating radiometabolites significantly impacted the 
analysis of in vivo PET signal of the tracer. Finally, [18F]
F-DPA targeting TSPO was more suitable for imaging 
reactive glia and neuroinflammatory processes in the 
APP/PS1-21 mouse model, based on the findings pre-
sented in this study and previous studies with this mouse 
model.
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Supplementary methods 

Immunohistochemical staining 

Table S1. Immunohistochemical staining protocol for P2X7, TSPO and P2Y12 receptors using 20-

µm fresh-frozen non-fixed mouse brain sections. The washing buffer was Tris-HCl 0.05 M, pH 7.6 

(Reagena 112270) with 0.05% Tween 20 detergent. All incubations were done at room temperature 

(RT). 

Step Details 
1. Preparation Let sections dry, 30 min, RT 

2. Fixation Formalin incubation, 10 min, RT 

3. Washing Washing buffer, 2x3 min 

4. Antigen retrieval  Citrate buffer (pH 6) incubation, pre-heated to boil, 20 min, RT 

5. Washing Washing buffer, 2x3 min 

6. Endogenous hydrogen 

peroxidase enzyme 

blocking 

0.3% H2O2 in buffer, 10 min, RT 

7. Rinsing Rinse slides in dH2O 

8. Pre-protein blocking Normal antibody diluent (WellMed BD09-125) incubation, 10 min, RT 

9. Primary antibody 

incubation in buffer 

Anti-P2X7  

(APR-008) 

1:1000 

60 min 

Anti-P2Y12  

(AS-55043A) 

1:1000 

60 min 

Anti-PBR 

(EPR5384) 

1:3000  

60 min 

10. Rinsing Rinse slides in dH2O 

11. Secondary antibody 

incubation  

Goat anti-rabbit IgG HRP (WellMed DPVR110HRP), 30 min, RT  

12. Rinsing Rinse slides in dH2O 

13. Substrate  Substrate DAB (WellMed BS04-110) incubation, 10 min, RT 

14. Rinsing Rinse slides in dH2O 

15. Counter stain (if needed) Mayers hematoxylin (histolab 01820), 1 min 

16. Rinsing Rinse slides in dH2O 

17. Dehydration and 

mounting 

Alcohol series and mounting medium 
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Quantification of P2X7 receptor staining using the artificial intelligence object 

detection algorithm You Only Learn One Representation (YOLOR) (1) 

A dataset with a total of 1,765 images (each 800 x 800 pixels) was annotated for quantification, with 

a random split of 60%-20%-20%. This dataset was used to train a YOLOR model to detect P2X7-

positive staining. Training was done using the PyTorch framework with an NVIDIA GeForce RTX 

3070 graphics processing unit, batch size 20, input image sizes of 448 x 448 pixels, for 200 epochs. 

The trained model was used to identify spots of PX27-positive staining in the NC and THA images 

from both WT and TG animals. Python scripting was used to measure the ratio of P2X7-positive 

objects count to NC or THA area.  

Source code for quantification of P2X7-positive staining: The image processing source code for 

the quantification of P2X7-positive staining is available via the following link: 

https://github.com/Turku-BioImaging/idt-p2x7-object-detection  
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Radiometabolite analysis 

The radiometabolite analysis was initially performed using high-performance thin-layer 

chromatography (HPTLC), but the method was further improved during the study and later analysis 

performed using thin-layer chromatography (TLC). During the transition stage of the method change, 

the samples were run using both methods to validate that the parent fraction results were the same. 

High-performance thin-layer chromatography (HPTLC): The obtained plasma was mixed with 

acetonitrile (plasma:acetonitrile 1:1.4 v/v) in an Eppendorf tube to precipitate the plasma proteins. 

The mixture was vortexed and centrifuged (12100 ×g, 90 s) to separate the protein-free supernatant, 

and 5-12 µL aliquots of the supernatant were placed on the HPTLC plate (HPTLC, silica gel 60 RP-

18, art no. 1.05914.0001, Merck KGaA, Darmstadt, Germany). 

A piece of mouse brain was cut and placed into a glass homogenizer and homogenized into the mobile 

phase. The volume of mobile phase used as solvent was kept as small as possible. The homogenate 

was centrifuged and aliquots of 8-20 µL were applied onto the same HPTLC plate as the standard 

and plasma. The application line was 1.5 cm from the bottom of the plate, and the migration distance 

was 4 cm. The plate was dried carefully on low heat and placed in an elution chamber (10 × 10 cm 

Twin Trough Chamber, Camag, Muttenz, Switzerland; 75:25:0.1 acetonitrile:water:trifluoroacetic 

acid (v/v/v) as the mobile phase; volume of mobile phase: 5 mL in each compartment). The migration 

time was 35-50 min. 

Thin-layer chromatography (TLC): The TLC method was published previously (2). The main 

differences from the HPTLC method were that TLC (Silica gel 60 RP-18. art no. 1.05559.0001, 

Merck KGaA, Darmstadt, Germany) plates were used, the mobile phase was 65:35:0.1 

acetonitrile:water:trifluoroacetic acid (v/v/v), and the plasma:acetonitrile ratio was 1:2 when 

precipitating the plasma proteins. The amount of plasma and brain samples applied was up to 16 µL. 

The migration time for 4 cm of travel was 6 min. 
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Common for both methods: 

A radioactive standard of [11C]SMW139 was prepared in the mobile phase. The radioactivity 

concentration was chosen so that it corresponded roughly to the radioactivity concentration of the 

plasma sample. The standard was placed on each plate on which samples were analyzed. 

After the elution, the plates were dried carefully using the medium-heat setting and fixed in an 

autoradiography developing cassette and exposed to an erased autoradiography imaging plate (BAS-

TR2025, Fuji Photo Film Co., Ltd., Tokyo, Japan) for approximately 1 hour. The autoradiography 

plate was digitalized using a phosphorimager (BAS-5000, Fuji Photo Film Co., Ltd., Tokyo, Japan) 

and analyzed using Aida Image Analyzer (v.4.22, Elysia-Raytest GmbH, Straubenhardt, Germany). 

The parent fraction was analyzed as the photostimulated luminescence corresponding to the 

unchanged [11C]SMW139 (identified by the radioactive standard) divided by the total 

photostimulated luminescence of the whole sample. Correction for background radioactivity was 

performed. 
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Supplementary figures 

 

Fig S1. Negative staining of P2X7 (A) and TSPO (B) receptors in TG mouse 10 months old by 

omitting the primary antibody confirms antibody specificity. Scale bar = 1000 µm for the half 

hemisphere brain section image, 100 µm for the cortex view image. Magnification = 1.5x for the half 

hemisphere brain section image, 15.0x for the cortex view image. 
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Fig S2. Representative images of P2X7 receptor positive staining detectable in the white matter 

corpus callosum of TG (A) but not WT (B) mouse at 14 mo. Scale bar = 200 µm for the half 

hemisphere brain section image, 50 µm for the corpus callosum view image. 
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Fig S3. Immunohistochemical staining of P2Y12 receptor in brain cryosections of APPPS1-21 

transgenic (TG) and wild-type (WT) mice. (A) Quantification of P2Y12-positive staining as object 

counts/mm2. Staining was evaluated in the cortex and thalamus of TG and WT mice at 5, 8-10, 12, 

14, and 15 months. Error bars indicate standard deviation. (B) Representative images of P2Y12-

positive staining in TG mice at 5, 10, 12, 14 and 15 mo, and WT mice at 12 mo. Scale bar = 1000 µm 

for the half hemisphere brain section image, 100 µm for the cortex view image. Magnification = 1.5x 

for the half hemisphere brain section image, 15.0x for the cortex view image. 
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A B S T R A C T   

Radiometabolites of PET tracers interfere with imaging and need to be taken into account when modeling PET 
data. Various tracer and radiometabolite characteristics affect the uptake rate into tissue. In this study, we 
investigated two such factors, lipophilicity and protein-free fraction. A novel rapid method was developed using 
thin-layer chromatography with digital autoradiography (radioTLC) and ultrafiltration for analyzing the protein- 
free fractions of an exemplar PET tracer, [11C]SMW139 (fP, free parent tracer over all radioactivity), and its 
radiometabolites (fM, free radiometabolites over all radioactivity). Detailed understanding of the uptake of 
radiometabolites into extravascular cells requires analyzing fM, which has not previously been performed for PET 
tracers. Mice were injected with [11C]SMW139, and time-activity curves from plasma and brain coupled with the 
parent fraction and free fraction data were analyzed to demonstrate the true levels of protein-free and protein- 
bound [11C]SMW139 and its radiometabolites in plasma. The ultrafiltration method included separate membrane 
correction factors for the parent tracer and its radiometabolites for analysis of unbiased fP and fM. Metabolism of 
[11C]SMW139 was rapid, and after 45 min, the parent fraction was 0.33 in plasma and 0.28 in brain. Ultrafil
tration membrane correction had a significant effect on the fP but not the fM. From 10–45 min, the fP decreased 
from 0.032 to 0.007, while fM remained between 0.52 and 0.35. The much higher fM in plasma could explain why 
the less lipophilic radiometabolites enter the brain efficiently. This detailed understanding of fP and fM from 
rodents can be used in translational studies to explain the behavior of the tracer in humans. Similar parent 
fraction and plasma protein binding methods can be used for human in vivo analysis.   

1. Introduction 

Positron emission tomography (PET) is a medical imaging technique 
for the quantitative measurement of metabolic processes in vivo by 
means of a PET tracer. Neuroimaging is one field where the non- 
invasiveness of PET is valuable. For intravenous use in neuroimaging, 
the PET tracer needs to have specific characteristics, including the 
ability to cross the blood–brain barrier (BBB) and bind with high spec
ificity to the desired target in the brain [1]. The pharmacokinetics of the 

tracer must be well understood for PET data to be interpreted correctly. 
Therefore, in this study, we aimed to develop methods to study some of 
the key properties of tracers and to explain what underlies their distri
bution, metabolism, and excretion characteristics. 

An analyte’s lipophilicity, for example, is an important determinant 
of its ability to cross the BBB. The increased lipophilicity affects the 
crossing of the BBB by two mechanisms: aiding it by improving the 
solubility into the lipid bilayer of the endothelial cell membrane [2] and 
by hampering it by increasing the protein-bound fraction. A previous 
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study by Zoghbi et al. has shown the correlation between the lip
ophilicity of tracers and the parent free fraction (i.e., free parent tracer 
over all radioactivity in plasma, fP), indicating that the high lipophilicity 
correlates with low fP [3]. However, how the body metabolizes the 
parent tracer generally reduces its lipophilicity, as in glucuronidation, 
which aids renal excretion but yields metabolites with increased hy
drophilicity and lower BBB-penetrating abilities. Also, to effectively 
cross the BBB, the analyte must be free, i.e., not bound to proteins in the 
vascular system [1,4,5], making studies of the free fraction crucial for 
determining the true input of the parent tracer and its radiometabolites. 
Other tracer characteristics also affect BBB penetration, but here we 
focused on the protein-free fraction and lipophilicity characteristics. 

The uptake of radiometabolites in the target organ often disturbs the 
analysis of the uptake and specific binding of the original PET tracer, 
hampering analysis of the PET data. PET detects the signal originating 
from the annihilation of any positron, so it cannot distinguish whether 
the signal originates from the parent tracer or its radiometabolites. For 
this reason, investigating the radiometabolism of tracers reveals the true 
parent concentration in the target organ. Combining this information 
with knowledge of the tracer protein binding and its radiometabolites 
can yield the correct input to extravascular tissue during a PET study. 

To our knowledge, the plasma protein binding of radiometabolites 
has not been previously analyzed separately from the parent tracer. 
Robust and rapid methods to separate the protein-free and protein- 
bound parent tracer and radiometabolites from each other need to be 
developed to quantify the fP and separately the free fraction of radio
metabolites in plasma (free radiometabolites over all radioactivity in 
plasma, fM). The novel method introduced here combines a new rapid 
and robust radiometabolite analysis method using thin-layer chroma
tography combined with digital autoradiography (radioTLC) for parent 
fraction analysis and an ultrafiltration (UF) method to analyze the fP and 
fM. In addition, filter membrane correction factors are determined 
separately for parent tracer and its radiometabolites that take into ac
count the various sources of error, such as nonspecific binding to the UF 
device and different mobilities through the semipermeable membrane of 
plasma water and analytes from the same plasma matrix. These factors 
are commonly acknowledged sources of error in a UF method and 
various ways to overcome these effects have been introduced [6,7]. 
However, the applied correction methods (i.e., pretreatment) to mini
mize nonspecific binding often may introduce other error sources. Many 
other methods to analyze the fP have been developed [8]. Further 
development and comparison of these methods is important for stan
dardization and to make best practices widely available. 

The P2X7 receptor antagonist 2-chloro-5-[11C]methoxy-N-((3,5,7- 
trifluoroadamantan-1-yl)methyl)benzamide ([11C]SMW139) (Fig. 1) is 
a novel tracer for imaging the P2X7 receptor [9,10]. In the brain, P2X7 
receptor is predominantly expressed in microglia and is involved in 
mediating neuroinflammation [11,12]. Hence, [11C]SMW139 holds 

broad potential for use in detecting and quantitating neuroinflammation 
in several neurodegenerative conditions, including Alzheimer’s disease, 
Parkinson’s disease, and multiple sclerosis [13,14]. The first radio
metabolite study of [11C]SMW139 used a high-performance liquid 
chromatography system combined with a radiodetector (radioHPLC) 
method to analyze the parent fraction in rat plasma and brain tissue [9]. 
Janssen et al. have shown that radiometabolites of [11C]SMW139 are 
found in large concentrations in rat brain tissue even though less lipo
philic radiometabolites in general have worse BBB-penetrating abilities 
compared to the more lipophilic parent tracer, raising the question of 
why they enter the brain so effectively. Answering this question requires 
studying the free fractions in more detail. 

In this study, in vitro mouse brain homogenate studies were per
formed to address whether the radiometabolites actually penetrate the 
BBB or are formed in the brain after penetration of the parent tracer. In 
addition, time-activity curves (TACs) of plasma and brain were analyzed 
from a large number of mice injected with [11C]SMW139 to demonstrate 
the difference in the free fraction–corrected concentrations of the parent 
tracer and its radiometabolites. 

Here, we introduce a novel method to determine the fP of the parent 
tracer [11C]SMW139 and fM in mouse plasma. This work adds a more 
detailed understanding of the pharmacokinetic properties and aids in 
modeling the uptake of [11C]SMW139 into organs. By studying the fM 
and comparing it with the fP, we can also partly explain why a less 
lipophilic tracer enters the brain so efficiently. 

2. Material and methods 

2.1. Radiochemistry 

[11C]SMW139 was synthesized at the Radiopharmaceutical Chem
istry Laboratory of Turku PET Centre (for the synthesis procedure, see 
supplementary materials). A total of 27 syntheses were used for the 
animals in this study. At the end of synthesis, the radiochemical purity 
was 98.3 ± 0.5 %, and the molar activity was 110 ± 49 GBq/µmol. All 
work with radioactivity was performed following the regulations from 
the Finnish Radiation and Nuclear Safety Authority. 

2.2. Experimental animals and chemicals 

This study was performed in accordance with the EU Directive 2010/ 
63/EU on the protection of animals used for scientific purposes, and in 
keeping with the ARRIVE guidelines. All animal procedures were 
approved by the Regional State Administrative Agency for Southern 
Finland (license number ESAVI/16273/2019). 

Three to four mice were group-housed in individually ventilated 
cages with the following standard conditions: temperature 21 ± 1.2 ◦C, 
humidity 55 % ± 5 %, and a 12-h light/dark cycle. Soy-free chow (RM3 
(E) Soya Free, 801710, Special Diets Service, Essex, UK) and tap water 
were provided ad libitum. 

For this study, 73 C57BL/6 J (43 females and 30 males; 31.7 ± 5.5 g) 
mice were bred and maintained according to the guidelines of the In
ternational Council of Laboratory Animal Science (ICLAS) in the Central 
Animal Laboratory of University of Turku. Animal studies were per
formed in accordance with the European Ethics Committee (decree 86/ 
609/CEE). The mice were injected with [11C]SMW139 (14.5 ± 5.8 MBq; 
molar activity at the time of injection, 37 ± 27 GBq/µmol; injected mass 
per body weight, 8.3 ± 6.9 µg/kg). All of the chemicals for the pre
clinical experiments were HPLC-grade and obtained from Sigma- 
Aldrich. 

2.3. Collection of mouse plasma and brain samples and radioactivity 
measurements 

Blood samples (200–500 µL) were collected under deep isoflurane 
anesthesia by cardiac puncture into heparinized gel tubes (Microtainer, Fig. 1. Chemical structure of [11C]SMW139.  

R. Aarnio et al.                                                                                                                                                                                                                                  
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Becton, Dickinson and Company, Franklin Lakes, NJ). Transcardial 
perfusion with saline was conducted to eliminate the blood from the 
brain. The blood was centrifuged (12,100 ×g, 90 s) to separate the 
plasma so that the TAC of plasma could be determined as percentage of 
injected radioactivity per gram of tissue (%IA/g) at 10-min (n = 45), 30- 
min (n = 14), and 45-min (n = 7) time points post radiotracer injection 
(p.i.). This step was accomplished by using a cross-calibrated automated 
gamma counter (Wizard2 2480 3”, PerkinElmer, Turku, Finland) to 
measure the decay-corrected radioactivity of the plasma and brain. 

2.4. Parent fraction analysis of plasma and brain samples 

For chromatographic analyses, the plasma was pipetted into an 
Eppendorf tube and mixed with acetonitrile (plasma:acetonitrile 1:2 v/ 
v) to precipitate the plasma proteins. The mixture was vortexed for 
approximately 10 s and centrifuged (12,100 × g, 90 s), and the super
natant was collected for radioTLC analysis. 

The brain tissue was cut into pieces, and approximately one third of 
the brain was homogenized into the TLC mobile phase. The homogenate 
was centrifuged (12,100 × g, 90 s), and the clear supernatant was used 
for TLC analysis. 

Various radioTLC methods were tested to find a fast and robust 
separation of the parent tracer and its radiometabolites and the 
following method parameter goals were used to guide the method se
lection process: a retardation factor (Rf) of 0.3–0.5 for the parent tracer 
with more polar radiometabolites eluting with Rf 0.6–0.9 was deemed 
optimal. A baseline separation with resolution above 1.5 was required 
between the parent tracer and its radiometabolites. In addition, efforts 
were made to optimize the separation of different radiometabolites, but 
separation of the parent tracer from all of the other radioactive com
ponents in the sample was prioritized. The following TLC-plate and TLC 
mobile phase combinations were tested: high-performance TLC (HPTLC, 
silica gel 60 RP-18, art no. 1.05914.0001, Merck KGaA, Darmstadt, 
Germany), TLC (Silica gel 60 RP-18. art no. 1.05559.0001, Merck 
KGaA), and HPTLC W (W = wettable, silica gel 60 RP-18 W, art no. 
1.14296.0001, Merck KGaA) plates were examined with various aceto
nitrile, water, and trifluoroacetic acid compositions ranging from 60 % 
to 75 % organic and 0.1–0.4 % acid modifier compositions. The gas 
phase was allowed to saturate (>45 min) before the elution chamber 
was used (10 × 10 cm Twin Trough Chamber, Camag, Muttenz, 
Switzerland; volume of mobile phase: 15 mL). 

The best method for a fast and robust separation of the parent tracer 
from its radiometabolites was selected and is described below. A [11C] 
SMW139 standard (30 Bq/µL) was prepared in the TLC mobile phase. 
Standard (5 µL), plasma (10 µL), and brain (10 µL) supernatants (Fig. 2) 
were applied with a pipette onto the TLC plate (Silica gel 60 RP-18, art 
no. 1.05559.0001, Merck KGaA) and acetonitrile:water:trifluoroacetic 
acid (65:35:0:1 v/v/v) was used as the TLC mobile phase. The TLC plate 
was developed until the migration distance was 4 cm. Additional sam
ples were applied to this same plate, as described in Section 2.6. The 
developed and dried plate was exposed to an erased autoradiography 
imaging plate (BAS-TR2025, Fuji Photo Film Co., Ltd., Tokyo, Japan) for 
approximately one hour to record the distribution of the separated 
radioactive compounds. The imaging plate then was scanned with a 
laser using a BAS-5000 phosphorimager (Fuji Photo Film Co., Ltd., 
Tokyo, Japan) and analyzed using an Aida Image Analyzer (v.4.22, 
Elysia-Raytest, GmbH, Straubenhardt, Germany). From the obtained 
chromatogram, the parent fraction was analyzed as the photostimulated 
luminescence (PSL) corresponding to the unchanged [11C]SMW139 
divided by the total PSL corresponding to the whole sample. Background 
radioactivity correction was performed on all autoradiography analyses. 

The parent fraction was successfully analyzed with the selected 
method from the following numbers of mice: plasma, 10 min, n = 19; 
30 min, n = 14; 45 min, n = 13; and brain: 10 min, n = 9; 30 min, 
n = 14; 45 min, n = 11. 

2.5. Metabolite correlation in plasma and brain 

To investigate the correlation between percentage of radio
metabolites in plasma and brain, we plotted the percentages of radio
metabolites over all radioactivity in plasma and brain from mice with 
successful parent fraction data for both (n = 47, including data from 
other tested radioTLC methods (i.e., HPTLC-plate, not only the selected 
radioTLC method)). The slope, Pearson’s correlation (r), and coefficient 
of determination (R2) were calculated. 

2.6. fP and fM in plasma and UF membrane correction 

To determine the fP and fM, the radioactivity concentration of the in 
vivo plasma sample (cplasma) was measured by applying a known volume 
of plasma(1) (3 µL) in duplicate on the top part of a TLC plate (Silica gel 
60 RP-18, art no. 1.05559.0001, Merck KGaA) above the mobile phase 
front line (Fig. 2). Autoradiography was used to calculate the PSL/vol
ume concentration. The plasma parent fraction analysis result was used 
to determine the concentrations of parent tracer (Eq. 1) and its radio
metabolites (Eq. 2) in the plasma sample as follows: 

cplasma,parent = parent fraction ∗ cplasma (1)  

cplasma,metabolites = (1 − parent fraction) ∗ cplasma (2) 

To separate the protein-free [11C]SMW139 and its protein-free 
radiometabolites from the protein-bound ones, we used a 10-kDa UF 
semipermeable membrane (Microcon-10 kDa Centrifugal Filter Unit 
with Ultracel-10 membrane, Merck KGaA). Roughly, a minimum of 
80 µL of plasma was needed to carry out this analysis, including the 
membrane correction analysis. The plasma(1) was centrifuged 
(14,100 ×g, 7 min) to gain at least 40 µL of filtrate(2). The filtrate(2) 
was transferred into another identical UF device and centrifuged for 

Fig. 2. Depicted design of plasma filtration procedures and [11C]SMW139 
standard, plasma, brain, and filtrate (1-3) sample application to TLC plate 
application line and simulation of the separation of the components in the 
sample in an autoradiograph of the developed TLC. Application line (lower) and 
solvent front line (upper) marked with dashed lines. Results are used to 
calculate the parent fraction in plasma and brain, and to calculate separately 
the parent and radiometabolite free fraction (fP and fM) and filter membrane 
correction factors. 
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4 min to gain at least 15 µL of filtrate(3), while the original plasma(1) 
was simultaneously centrifuged further to collect more of the filtrate(2). 
A radioactive standard of the parent tracer, a plasma and a brain su
pernatant sample (as described in Section 2.4), filtrate(2) (10 µL), and 
filtrate(3) (10 µL) were applied onto the application line of the same TLC 
plate (Fig. 2). The dried plate was developed, digitized, and analyzed as 
described in Section 2.4. 

To calculate the membrane correction factor for the parent tracer, 
the concentration (PSL/applied volume of sample) ratio of the parent 
tracer in filtrate(3) and filtrate(2) was calculated as follows: 

Membrane correctionparent =
cparent in filtrate(3)

cparent in filtrate(2)
(7) 

The parent concentration in filtrate(2) was divided by the membrane 

Fig. 3. Representative digital autoradiograph images and corresponding chromatograms of parent tracer and its radiometabolites for different time points. (A) 
10 min plasma, (B) 10 min brain, (C) 30 min plasma, (D) 30 min brain, (E) 45 min plasma, and (F) 45 min brain. Standard sample confirmed that the Rf for the parent 
tracer is 0.4. 
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correction factor to calculate the true amount of the free parent in the 
filtrate(2) (as if the membrane would not have limited the amount of 
free parent passing through the membrane). The corrected free parent 
concentration in filtrate(2) was divided by the concentration of total 
radioactivity in plasma(1) to gain fP. For the radiometabolites, the 
membrane correction factor and concentration in filtrate(2) was calcu
lated likewise using the values for radiometabolites. The corrected, true 
concentration of radiometabolites in filtrate(2) was divided by the 
concentration of all radioactivity in plasma(1) to yield fM. 

2.7. In vitro mouse brain homogenate study 

To determine whether radiometabolites can form directly in mouse 
brain in vitro, one mouse was euthanized under deep isoflurane anes
thesia by cardiac puncture immediately followed by transcardial 
perfusion with saline. The freshly dissected mouse brain was homoge
nized (Ultra-Turrax T8, IKA, Staufen, Germany) in PBS solution (36 ◦C, 
4 mL). A high radioactivity concentration was achieved by adding 1 
MBq of [11C]SMW139 to the mixture, followed by vortexing for 1 min at 
medium speed and then incubation (36 ◦C, 45 min). The mixture was 
shaken gently every 5 min. A sample of the incubated brain homogenate 
was taken at 10, 30, and 45 min. The samples were prepared and 
analyzed with radioTLC as described in Section 2.4. A sham sample 
without the brain homogenate was prepared and analyzed exactly as the 
brain sample with [11C]SMW139. If radiometabolites were found to 
form in brain tissue in vitro, they were analyzed as a fraction of the total 
radioactivity of the sample. 

2.8. Statistics 

All results are reported as mean ± standard deviation (SD) where 
standard deviation could be calculated. The correlation (Section 3.4) 
was fitted with a simple linear regression, and the slope, r, and R2 values 
were analyzed (GraphPad Prism 9, GraphPad Software, San Diego, CA). 

3. Results and discussion 

3.1. Method selection for analysis of [11C]SMW139 and its 
radiometabolites 

The selected radioTLC method fulfilled all of the requirements for a 
method with a short run time and high separation power. The mobile 
phase migration of 4 cm took only 6 min. The method exceeded the 
required resolution. In addition to separating the parent tracer from all 
of its radiometabolites, in most cases, the method managed to separate 
between two to four radiometabolites from each other with almost 
baseline separation (Fig. 3). Separating the radiometabolites from each 
other enables more comprehensive modeling if multiple radiometabolite 
compartments are needed. 

Using radioTLC allows for simultaneous analysis of multiple samples 
with the benefit that samples analyzed on the same autoradiography 
imaging plate do not need to be decay corrected if only ratios are 
calculated. This approach is unlike radioHPLC, which involves relatively 
long run times and the need to run each sample separately, hindering 
sample throughput and effective use of expensive tracer batches when 
tracers are labeled with a short-lived radionuclide, such as carbon-11 
(T½ = 20.4 min). In addition, radioHPLC requires expensive equip
ment, more solvents, and individual decay correction of all peaks. On the 
other hand, radioHPLC has some advantages, including more versatile 
separation options because of, for example, gradient methods. A low 
radioactivity concentration and low volume samples necessitate 
extremely sensitive and linear-ranged radioactivity-detecting capabil
ities. These issues are not associated with the radioTLC method because 
quantitation of the radioactivity using digital autoradiography for the 
low radioactivity concentration samples is linear with a wide range of 
radioactivity [15]. 

For plasma sample preparation using protein precipitation, we chose 
the 1:2 ratio of plasma to acetonitrile to effectively precipitate as much 
as possible of plasma proteins without diluting the sample excessively so 
that the radioactivity concentration stayed as high as possible for 
optimal parent fraction quantification. Polson et al. demonstrated that 
this ratio of plasma and acetonitrile precipitates 96.4 % of the dissolved 
proteins [16]. Precipitation is intended to enable optimal chromato
graphic separation by reducing the matrix to prevent TLC plate over
load. This effect facilitates absorption of the sample into the TLC plate 
before elution, as generally C-18–modified TLC plates do not absorb 
aqueous samples well. In addition, changing the conformation of the 
proteins with an organic solvent releases the binding between the ana
lytes and proteins [16]. The addition of acetonitrile also increases the 
solubility of lipophilic analytes into the supernatant instead of their 
binding to the protein pellet. These effects maximize the radioactivity 
concentration in the supernatant by increasing the extraction efficiency, 
which aids parent fraction analysis by enhancing the signal-to-noise 
ratio and by including all components present in plasma to the anal
ysis. This disruption is especially important as not only the fP and fM 
represent the true parent fraction value in plasma because the com
pounds also are largely bound to plasma proteins in different ratios and 
also that part needs to be included in the analysis. The extraction effi
ciency, i.e., the percentage of radioactivity transferred to the superna
tant from the plasma sample for the selected precipitation method was 
over 99 % for mouse plasma (n = 3). The residual radioactivity of the 
supernatant was taken into account and deducted from the protein pellet 
radioactivity. 

3.2. TAC and parent fraction in plasma and brain 

In this study, the radiometabolite analysis and total and metabolite- 
corrected TACs of plasma and brain showed that [11C]SMW139 and its 
radiometabolites cross the BBB and enter the brain (Fig. 4), as previously 
reported [9]. From 10–45 min p.i., the volume of distribution of the 
brain (metabolite-corrected radioactivity of brain over 
metabolite-corrected radioactivity of plasma) decreased slightly from 
0.79 to 0.58. The equilibrium value of the volume of distribution was set 
by 30 min. The metabolite-corrected TACs (Fig. 4) showed a rather 
steady washout in plasma and brain. A rapid uptake into the target tissue 
and a steady washout are generally good receptor- or 
transporter-binding radiotracer characteristics. 

The average radiochemical purity of [11C]SMW139 was used as the 
maximum parent fraction value (0.98). The parent fraction decreased 
from 0.71 to 0.33 in plasma and from 0.79 to 0.28 in the brain at 10 and 
45 min p.i., respectively (Fig. 4). This decrease was more rapid than that 
seen in humans (data not shown), but the results are similar to those 
using other separation methods in rats [9]. 

3.3. Parent and metabolite free fraction in plasma (fP and fM) 

3.3.1. Membrane correction 
To gain unbiased free fraction data, we determined membrane 

correction values for the Microcon Ultracel UF device individually for 
the parent tracer and its radiometabolites to calculate the concentration 
of free parent tracer and radiometabolites in the plasma sample. The 
membrane correction value for the radiometabolites was 0.93 ± 0.04 
(n = 9), indicating that the free radiometabolites passed through the 
filter membrane with almost no reduction in concentration. However, 
the concentration of the free parent tracer after filtration was reduced to 
0.63 ± 0.07 (n = 9) compared to the concentration prior to filtration. 
Thus, the correction of this phenomenon was much more significant for 
the parent tracer than for the radiometabolites. As the fP was corrected, 
the value increased by 59 %. 

Because of the low fP of [11C]SMW139, the radioactivity concen
tration of the parent tracer in the filtrates was also low, which occa
sionally led to unanalyzable membrane correction values because of 
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insufficient signal-to-noise ratio of the peak corresponding to the parent 
tracer. In these few cases, we used the mean from the successfully 
analyzed membrane correction values, which caused only slight inac
curacies because the SD of the membrane filter correction value was 
minor (Table 1). 

3.3.2. fP and fM 
The fP was clearly time-dependent (Fig. 5, Table 1). This dependence 

might have been the result of parent clearance from plasma and freeing 
of more proteins to bind the remaining analytes at the later time points 
as the parent-to-protein ratio decreased. Similar explanations have been 
presented previously [17]. 

The parent fraction in plasma is presented along with the results for 
fP and fM (Table 1). In addition, the free parent divided by all free 
radioactivity was calculated to yield the true ratio of parent tracer and 
radiometabolite concentrations which are free to cross the BBB. The 

amount of free parent decreased rapidly throughout the studied time 
points, while the amount of free metabolites remained rather constant 
(Fig. 6). From 10–45 min, the fraction of free parent relative to all free 
radioactivity decreased rapidly from 0.085 to 0.019, indicating that 
most of the protein-free fraction consisted of radiometabolites during 
these time points. The fP was low, decreasing from 0.032 to 0.007 from 
10 min to 45 min, while fM remained at much higher levels, between 
0.52 and 0.35, during the same time points. A protein-bound fraction 
acts as a reservoir, stabilizing the concentrations of free analytes [18]. 
For example, to maintain dynamic equilibrium, part of the parent tracer 
will be released from the plasma proteins when part of the free parent is 
diffused out from plasma. 

Small size, low molecular weight, un-ionized charge, and low 
hydrogen bonding potential are other characteristics of a molecule that 
further favors BBB penetration [19] and should be taken into account, if 
possible. The radiometabolites of [11C]SMW139 have not been 

Fig. 4. Parent fraction (red, left y-axis) in plasma (A) and brain (B) as mean and standard deviation of mean. Time-activity curves (TACs, right y-axis) expressing 
uptake in plasma (A) and brain (B). At the 10-min, 30-min, and 45-min time points, respectively: parent fraction, plasma: n = 19, 14, 13; brain: n = 9, 14, 11; TAC, 
plasma and brain: n = 45, 14, 7. 

Table 1 
Mean (M) and standard deviation of the mean (SD) for plasma parent fraction and parent and radiometabolite (metab) free fractions (fP and fM). Measured from the 
same mice. At the 10-min, 30-min, 38-min, and 45-min time points, respectively: n = 3, 4, 2, 4.   

Time point 
(min) 

Plasma parent 
fraction 

fP, free parent/ all 
radio- activity 

Free parent/ all 
parent 

fM, free metab/ all 
radio- activity 

Free metab/ all 
metab 

Free parent/ all free 
radio- activity 

Free radio-activity/ all 
radio- activity 

M 10  0.567  0.032  0.057  0.368  0.835  0.085  0.399 
SD  0.098  0.000  0.009  0.113  0.119  0.019  0.113 
M 30  0.347  0.012  0.034  0.508  0.760  0.023  0.520 
SD  0.077  0.005  0.007  0.083  0.092  0.011  0.081 
M 38  0.336  0.010  0.031  0.520  0.778  0.019  0.530 
SD  0.050  0.001  0.008  0.076  0.056  0.000  0.077 
M 45  0.323  0.007  0.021  0.350  0.518  0.019  0.356 
SD  0.043  0.002  0.006  0.017  0.035  0.006  0.019  
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identified at the molecular structure level, so we cannot say if the parent 
tracer is catabolized into smaller molecules or has a larger molecule size 
and hydrophilicity, for example, because of glucuronidation. In this 
study, we can only evaluate the lipophilicity (based on the TLC Rf) and 
free fractions to understand BBB penetration abilities. As the Rf was 
higher in reversed-phase separation, the radiometabolites were more 
polar and therefore less lipophilic, so their ability to cross the lipophilic 
BBB would have been compromised compared to the parent tracer. 
However, the lipophilicities of the radiometabolites are nevertheless 
sufficient enough to enable the BBB penetration. The CLogP = 2.90 
(Chemdraw Professional 19, PerkinElmer Informatics, Inc.) of [11C] 
SMW139 is considered to be moderate for crossing the BBB, and the 
molecular weight of 386.8 g/mol is also acceptable for crossing the BBB 
[1]. The much higher fM compared to fP in plasma at least partly explains 
why the less lipophilic radiometabolites of [11C]SMW139 accumulate 
efficiently in the brain. 

3.3.3. UF 
The Microcon UF device was selected because of the Ultracel low- 

binding regenerated cellulose membrane and suitability for low- 
volume samples. A cutoff value of 10 kDa was used, contrary to the 
30-kDa cutoff value commonly used in previously published UF methods 
in protein binding studies [8,20]. The 30-kDa cutoff does not guarantee 
100 % protein-free filtrates, as stated in the manufacturer’s Membrane 
Learning Centre, “For example, an UF membrane rated at 30 kDa will 
exclude a test protein with a molecular weight of 30 kDa. Ninety percent 
of that test protein will be retained on the upstream side and 10 % will 

pass through into the filtrate, resulting in concentration of the protein” 
[21]. Because we are interested in the protein-free filtrate and not the 
concentrated protein mass in the filter, we reduced the cutoff value to 
the smallest size generally available to limit possible error sources that 
could not be properly quantified. The increase in the spinning times was 
minor with the 10-kDa membrane. One of the main proteins that lipo
philic drugs bind to in plasma is albumin (66.5 kDa). Other common 
proteins in mouse plasma are prealbumin, α1-acid glycoprotein, trans
ferrin, lipoproteins, immunoglobulins, complement proteins, and coag
ulation proteins [22]. Because we do not know which proteins bind the 
parent tracer and its radiometabolites, it is rational to keep the cutoff as 
small as possible. 

During UF, the temperature of the sample may slightly affect the 
equilibrium of the protein binding. The starting temperature here was 
room temperature, but it generally increases during UF. The optimal 
situation could be maintaining centrifugation temperature at 36 ◦C. 
Also, plasma pH was not adjusted during the study. However, adjust
ment would have affected the concentrations of the solutions, in turn 
influencing the delicate equilibrium between the protein-bound and 
unbound analytes. Our assumption was that introducing such sample 
preparation steps into the protocol would probably have entailed more 
harms than improvements to the accuracy of the data. Also, the 
repeatability could be hampered because it is often difficult to measure 
and adjust the pH of plasma samples < 100 µL. Toma et al. [23] 
addressed the effects of such factors recently. 

Fig. 5. Parent fraction in plasma (protein-bound + free parent tracer over all 11C-radioactivity in sample, left axis) and free parent fraction, (fP, free parent over all 
11C-radioactivity in sample, right axis) as analyzed from the same mice. Individual values are plotted to show the low variation and correlation of curves. At the 10- 
min, 30-min, 38-min, and 45-min time points, respectively: n = 3, 4, 2, 4. 

Fig. 6. Total percentage of injected activity/g of plasma (%IA/g) of parent, free parent, total metabolites, and free metabolites in plasma as a time-activity bar chart. 
%IA/g were analyzed at the 10-min, 30-min, and 45-min time points from n = 45, 14, and 7, respectively. Free fractions were analyzed at the 10-min, 30-min, and 
45-min time points from n = 3, 4, and 4, respectively. 
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3.3.4. Analyzing free fraction data 
To our knowledge, previous studies with [11C]SMW139 or with any 

other tracer have not analyzed or adequately addressed the importance 
of the fM and their part in radioactivity uptake into tissues. Being able to 
analyze the fM will increase understanding of the pharmacokinetics of 
the tracer, which is important when assessing the modeling, usability, 
and safety of a tracer for new applications. Previous plasma free fraction 
methods have mostly used plasma samples spiked with high levels of the 
parent tracer. Such methods are less complex and can use larger radio
activity concentrations. However, in vitro methods might not fully 
represent the delicate dynamic equilibrium present in vivo, which also 
includes free and protein-bound radiometabolites and the parent tracer 
in low trace-level concentrations. More studies to compare these 
methods should be performed. 

There are several methods to analyze the fP in drug research. One of 
the most prevalent has been equilibrium dialysis (ED). ED also has been 
used for protein binding studies involving PET tracers, but only with in 
vitro samples. The slowness of ED limits its wider use for short-lived PET 
tracers. Also, ED is not suitable for traditional in vivo sample PET studies 
where the administered tracer amount and especially the amount of 
radiolabeled free parent tracer and radiometabolites are really low (in 
the magnitude of pmol/mL in plasma) and the half-life of the radionu
clide is short, as with carbon-11 tracers [8,24]. 

3.3.5. RadioTLC for rapid and simultaneous data collection of many 
samples at the same time 

The time from plasma separation to placing the developed TLC plate 
with the standard, plasma, brain supernatant, and filtrates into the 
exposure cassette can be as low as 12 min. Several samples from mul
tiple subjects can be applied to this same plate and analyzed simulta
neously, which is a tremendous advantage. Multiple plates also can be 
developed at the same time. This is a method of choice particularly when 
short-lived radionuclides are used. The technique developed in this 
study is rapid and comparable in throughput speed to other fast protein 
binding analysis techniques, such as high-performance frontal analysis 
(<12 min per sample) [20]. 

3.4. Radiometabolite correlation between plasma and brain 

The correlation between the percentages of radiometabolites over all 
radioactivity in plasma and brain correlated significantly (Pearson’s, 
r = 0.94), with R2 = 0.89 (p < 0.001) and slope = 1.2 (Fig. 7). The 
percentages of radiometabolites were initially lower in the brain 

compared to plasma. The percentages of radiometabolites must first rise 
in the plasma before they can start to accumulate in the brain. The ratio 
of the radiometabolite fractions rapidly became even between plasma 
and brain, but with the average slope of 1.2, the fraction of radio
metabolites increased faster in the brain than in the plasma. Soon after, 
the percentages of radiometabolites in the brain exceeded the percent
ages found in plasma, indicating that the accumulation of radio
metabolites through the BBB into the brain was efficient compared to 
accumulation of the parent tracer in all observed mice and time points. 
Generally, the metabolites, being less lipophilic, have a poorer ability to 
cross the BBB. The reason behind the observed correlation can be at least 
partly explained by the much higher fM compared to fP as only the free 
fraction can diffuse out of the blood vessels into the brain tissue [6]. 

3.5. Radiometabolites crossing the BBB – in vitro mouse brain 
homogenate study 

The chromatographic analyses of the incubated brain homogenate 
and sham samples showed that they both consisted of > 99 % of parent 
tracer at all investigated time points. In the chromatogram, the < 1 % of 
radioactivity that corresponded to Rf regions outside the parent tracer Rf 
was probably the result of unevenness of the baseline, as the background 
correction did not remove 100 % of the PSL originating from back
ground radioactivity. Thus, we conclude that radiometabolites are not 
formed under in vitro conditions in brain homogenate, and it is unlikely 
that they are formed directly in the brain tissue in vivo, but rather enter 
the brain by penetrating the BBB. 

3.6. Rationale for the fP calculating method 

As plasma protein binding studies commonly are done with in vitro 
samples [8], the definition for the fP is the same whether calculating for 
fP as free parent over all radioactivity or free parent over all parent 
radioactivity, because radiometabolites are not considered to be present 
in in vitro samples. When using in vivo samples that contain radio
metabolites, there are two ways to define fP. The first is to divide the free 
parent by all parent (requires analyzing the parent fraction in plasma), 
and the second is dividing free parent by all radioactivity. The first 
option can be used for modeling the radioactivity concentration of the 
free parent when a metabolite-corrected plasma curve is available, and 
the second can be used if we have just the plasma TAC. It should be 
noted that the in vivo sample containing the free fractions should be 
analyzed for free parent and free radiometabolite ratio. Hence, with the 
developed method, we have generated results using both ways to 
calculate the free fractions to demonstrate their difference (Table 1). The 
studies that use in vivo samples and tracers with significant radio
metabolism must define carefully what is being calculated. Is it what is 
being measured only the free parent, or is it all free radioactivity com
bined, including the free radiometabolites, divided by the total radio
activity of the sample to yield only the radioactivity-free fraction? Thus, 
analyzing filtrates by chromatographic methods and the appropriate 
membrane correction factors from the plasma matrix probably yields 
results that are more in line with the true values in the plasma. 

4. Conclusions 

In this study, we introduced a novel method to analyze and calculate 
the plasma protein binding of a PET tracer, [11C]SMW139, and its 
radiometabolites to add tools for a more accurate understanding of the 
pharmacokinetics. The method developed and principles explained 
here, relying on separate analysis of the fP and fM that contribute to the 
true influx of radioactivity through the BBB into the brain, can be 
applied for other PET tracers. The approach is especially useful when 
modeling the behavior of the PET tracers and their radiometabolites in 
entering the brain. We found that the radiometabolites of [11C]SMW139 
have a much larger free fraction than the parent tracer. These 

Fig. 7. Correlation plot of percentage of radiometabolites in plasma and brain 
from mice in which the parent fraction analysis was successfully performed 
from both plasma and brain (n = 47, including all data from different radioTLC 
methods (i.e., HPTLC-plate) and all time point mice). 
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radiometabolites can cross the BBB and are not formed directly in the 
brain. In addition, a more detailed understanding of fP and fM from ro
dents can be used in translational studies to explain the behavior of the 
tracer in humans. Similar parent tracer and radiometabolite plasma 
protein binding methods can be developed for human in vivo blood 
sample analysis. 
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Radiochemistry 

[11C]Carbon dioxide ([11C]CO2) was produced in-target via the 14N(p,α)11C reaction on nitrogen 

mixed with up to 0.2% of oxygen, with 17.5 MeV protons using a ACSI TR19 cyclotron 

(Advanced Cyclotron Systems, Inc., Richmond, BC, Canada). Typically, the target gas was 

irradiated for 15 min with a beam current of 40 μA. The whole synthesis was done in GE 

TRACERlab FXC-Pro synthesizer (GE, Uppsala, Sweden). [11C]CO2 was released from the 

target, reduced by H2/Ni at 370 °C into [11C]CH4, and collected in Carbosphere (60–80 mesh) 

trap cooled with liquid nitrogen. After collection, the [11C]CH4 was released from the trap by 

heating and subsequently [11C]CH4 was mixed with iodine crystal vapor at 100 °C followed by 

a radical reaction at 720 °C. The formed [11C]CH3I was collected in a Porapak Q trap at room 

temperature and the unreacted [11C]CH4 was recirculated for 3 min. [11C]CH3I was released 

from the Porapak Q trap by heating at 190 °C. Carbon-11 labelled SMW139 was obtained by 

trapping [11C]CH3I at room temperature into the reaction vessel containing the precursor 

desmethyl-SMW139 (2-chloro-5-hydroxy-N-(((3s,5s,7s)-3,5,7-trifluoroadamantan-1-
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yl)methyl) benzamide) (School of Chemistry, The University of Sydney, Sydney NSW 2006, 

Australia), (0.5 mg, 1.34 µmol) and NaOH (2 M, 3 μL) in DMSO (200 μL). The reaction mixture 

was diluted with HPLC mobile phase (500 μL) before injecting to the HPLC system (Sykam S 

1122 pump; GE, Uppsala, Sweden) with a Phenomenex Luna column (C18, 10 × 250 mm, 10 

μm particle size) and a Knauer UV detector 2.1S (Knauer GmbH, Berlin, Germany). 

Acetonitrile / 0.1% Trifluoroacetic acid (TFA), 50:50 (v/v) was used as HPLC mobile phase 

with a flow rate of 5 mL/min. The radioactive fraction corresponding to pure [11C]SMW139 was 

collected to sterile water (30 mL), pushed through SPE cartridge (SepPak C18 light, Waters, 

Milford, MA, USA)and washed with water (15 mL). The product was removed from the 

cartridge with ethanol (1 mL) and diluted with phosphate buffer (0.1 M, 8.5 mL) to a vial 

containing propylene glycol (1.5 mL). The product was then sterile filtered through a Millipore 

Millex® GV filter unit (0.22 μm) for further use. 

 

Quality control and molar activity determination 

The radiochemical purity, identity, stability and the molar activity of [11C]SMW139 was 

determined by analytical HPLC system which included a SymmetryShield RP18 column (5 

µm, 150 x 3.0 mm), Agilent 1260 infinity quaternary pump, Agilent 1260 infinity VWD, Agilent 

1260 standard autosampler and a 2x2” NaI-detector with suitable electronics for radioactivity 

determination. The mobile phase CH3CN/NH4H2PO4 (0.01 M aq. solution, pH = 2.5) with an 

isocratic HPLC method (43:57) and flow rate of 1 mL/min was used to elute the product. The 

effluent was monitored with an UV absorbance detector (ƛ = 230 nm) and the radioactivity 

detector. The retention time (Rt) of [11C]SMW139 was 7.34 min. The identity of [11C]SMW139 

was confirmed by using HPLC with the co-injection of the authentic non-radioactive SMW139 

(2-chloro-5-methoxy-N-(((3s,5s,7s)-3,5,7-trifluoroadamantan-1-yl)methyl)benzamide) 

reference. The MA was calibrated for UV absorbance (ƛ = 230 nm) response per mass of 

ligand and calculated as the radioactivity of the radioligand (GBq) divided by the amount of 

the associated carrier substance (µmol). 
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Quantification of the purinergic P2X7

receptor with [11C]SMW139 improves
through correction for brain-penetrating
radiometabolites

Joachim Brumberg1,2 , Richard Aarnio3 , Anton Forsberg1,
P€aivi Marjam€aki3, Vera Kerstens1, Mohammad M Moein1,
Sangram Nag1, Saara Wahlroos3, Michael Kassiou4,
Albert D Windhorst5,6, Christer Halldin1,
Merja Haaparanta-Solin3, Patrik Fazio1,7, Vesa Oikonen3,
Juha O Rinne3 and Andrea Varrone1

Abstract

The membrane-based purinergic 7 receptor (P2X7R) is expressed on activated microglia and the target of the radio-

ligand [11C]SMW139 for in vivo assessment of neuroinflammation. This study investigated the contribution of radio-

labelled metabolites which potentially affect its quantification. Ex vivo high-performance liquid chromatography with a

radio detector (radioHPLC) was used to evaluate the parent and radiometabolite fractions of [11C]SMW139 in the brain

and plasma of eleven mice. Twelve healthy humans underwent 90-min [11C]SMW139 brain PET with arterial blood

sampling and radiometabolite analysis. The volume of distribution was estimated by using one- and two- tissue com-

partment (TCM) modeling with single (VT) and dual (VTp) input functions. RadioHPLC showed three major groups of

radiometabolite peaks with increasing concentrations in the plasma of all mice and humans. Two radiometabolite peaks

were also visible in mice brain homogenates and therefore considered for dual input modeling in humans. 2TCM with

single input function provided VT estimates with a wide range (0.10–10.74) and high coefficient of variation (COV:

159.9%), whereas dual input function model showed a narrow range of VTp estimates (0.04–0.24; COV: 33.3%). In

conclusion, compartment modeling with correction for brain-penetrant radiometabolites improves the in vivo quanti-

fication of [11C]SMW139 binding to P2X7R in the human brain.

Keywords

[11C]SMW139 PET, dual input modeling, neuroinflammation, purinergic receptor, radiometabolite
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Introduction

Inflammatory response to cerebral accumulation of

misfolded proteins contributes to disease development

of neurodegenerative diseases.1,2 Microglia are the

main immune cells of the central nervous system and

detect changes in their cellular environment, provide

physiological function, and promote tissue repair

mechanisms.3 Whereas initial microglial activation is

assumed to have a beneficial effect, chronic and exces-

sive stimuli may result in neuronal damage and

thus, trigger the progression of neurodegeneration.4,5
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The membrane-based purinergic, ligand-gated ion
channel 7 receptor (P2X7R) is an adenosine triphos-
phate (ATP)-gated, non-selective cation channel and
is upregulated in activated microglia.6–8 Whereas it
physiologically has trophic actions on neurons, micro-
glia, and astrocytes, it is activated by high ATP-levels
after tissue injury, leading to the release of pro-
inflammatory substances.9 This triggers further micro-
glial activation, promotes neuronal damage, and
subsequent apoptosis, that induces a continued ATP-
release and thus, sustains a vicious circle of neuronal
inflammation and cell loss.6 Due to its involvement in
this cycle, the P2X7R is a promising molecular target to
reveal the pathophysiologic mechanisms of neuroin-
flammation and for new therapeutic approaches.

Four radiolabeled adamantanyl benzamide ana-
logues with high affinity to the human P2X7R have
been evaluated in rodent animal models, of which
[11C]SMW139 showed highest binding to the recep-
tor.10 The radioligand is not a substrate of the
P-glycoprotein at the blood-brain-barrier (BBB) and
uptake can be blocked with P2X7R antagonists.11

[11C]SMW139 was evaluated in humans including the
characterization of [11C]SMW139 pharmacokinetics.12

However, the suggested kinetic model did not account
for the possible presence of brain-penetrating radiome-
tabolites of [11C]SMW139 as indicated by preclinical
evidence.10 Therefore, this study aims to extend previ-
ous findings on brain-penetrating radiometabolites by
evaluating [11C]SMW139 metabolism preclinically and
to assess whether kinetic modeling with dual (i.e.
parent and radiometabolite) input functions improves
the in vivo quantification of P2X7R expression in
humans.

Materials and methods

Small animal study

Eleven C57BL/6J mice were examined with [11C]
SMW139 (all female; weight: 34� 4 g; age: 8.7�
1.9months; injected activity: 17.9� 6.2MBq;molar activ-
ity: 42.2� 24.1MBq/nmol; injected mass: 0.21� 0.12mg;
for radiochemistry see Supplemental methods 13,14). Ex
vivo sampling for parent fraction analysis was per-
formed at 10min (n¼ 4), 30min (n¼ 3) and 45min
(n¼ 4) post radioligand injection (p.i.) by cardiac
puncture and by collecting perfused brain samples.
Sample size of n� 3 per group was considered suffi-
cient for exploratory radiometabolite analysis. All
experimental animal procedures were done in accor-
dance with the EU Directive 2010/63/EU on the pro-
tection of animals used for scientific purposes, and
with the ARRIVE guidelines at Turku PET Centre,
University of Turku, Finland [TU] and approved by

the Regional State Administrative Agency for
Southern Finland (ESAVI/16273/2019).

Blood and brain radiometabolite analysis. Blood samples
were collected into heparinized tubes (Microtainer,
BD, Franklin Lakes, NJ, USA) and centrifuged
(12100 g, 90 s). The plasma pipetted into an
Eppendorf tube and mixed with 1:2 (v/v) plasma:ace-
tonitrile to precipitate the proteins. The mixture was
vortexed for 10 s, centrifuged, and the supernatant
(200–700mL) was collected for subsequent radio detec-
tor high-performance liquid chromatography
(radioHPLC) analysis. Obtained brains were homoge-
nized in a glass homogenizer with a 9:1 (v/v) acetoni-
trile:water solution. The homogenized solution was
centrifuged (12100 g, 90 s) and the supernatant
(200–700mL volume) was analysed with radioHPLC
(see Supplemental methods).

Human study

Human participants were prospectively enrolled and
examined at two study sites (TU and Centre for
Psychiatry Research, Karolinska Institutet, Stockholm,
Sweden, [KI]). The study was approved by the Ethics
Committee of the South Western Finland Hospital
District, the Finnish Medicinal Agency, the Ethics
Committee of the Stockholm Region, and the
Radiation Safety Committee of the Karolinska
University Hospital. The study was registered as
Clinical Trial in the EudraCT database (2017-001585-
19). All human participants provided written, informed
consent before participating in the study, which was
conducted in accordance with the Declaration of
Helsinki and its later amendments. Twelve healthy sub-
jects (TU: seven, KI: five) were recruited through public
advertisement. Inclusion criteria were: age between 45
and 80 years, good health according to medical and psy-
chiatric history, physical examination, cognitive assess-
ment (Mini-Mental State Examination� 28), laboratory
tests, electrocardiogram, and unremarkable magnetic
resonance (MR) imaging of the brain.

Imaging procedures. All subjects underwent brain MR
scans, including T1-weighted three-dimensional
sequences on a 3 Tesla system prior to PET examina-
tion as part of the initial evaluation and to delineate
anatomic brain volumes of interests (VOI). Six min
transmission scans with a 137Cs source and the dynamic
PET measurements were performed on a High-
Resolution Research Tomograph system (Siemens
Medical Solutions) at both study sites. [11C]SMW139
(424.0� 54.8MBq; 152.0� 131.5MBq/nmol; 1.91�
1.31 mg) was injected as bolus into the cubital vein
and the catheter was flushed with 10mL 0.9% NaCl
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solution. Following injection, emission data were col-
lected in list mode for 90min. PET data were recon-
structed in 21 frames of increasing duration (3� 5 s,
3� 10 s, 4� 60 s, 2� 150 s, 2� 300 s, 7� 600 s) using
3D ordinary Poisson ordered subset expectation max-
imization (8 iterations, 16 subsets, voxel size of
1.22� 1.22� 1.22mm). Frame-to-frame co-registration
of reconstructed images was applied as previously
published.15

Image analysis. All data were processed at KI using an
in-house pipeline written in MATLAB (MATLAB
r2014b, The MathWorks, Inc.). Individual T1-
weighted sequences were segmented with FreeSurfer
(FreeSurfer v6.0.0, http://surfer.nmr.mgh.harvard.
edu/).16 The generated segmentation masks were used
to define bilateral VOIs of the frontal cortex, parietal
cortex, temporal cortex, caudate nucleus, putamen,
thalamus, brainstem, cerebellar cortex, and the
whole-brain grey matter. Thereafter, MR and dynamic
PET data were co-registered and time-activity curves
(TAC) of VOIs were obtained.

Arterial blood sampling, radiometabolite analysis, and data

processing. A catheter was placed into the radial artery
of each participant and arterial blood was collected
continuously during the first 5-10min using an auto-
mated blood sampling system (ABSS, Allogg AB). A
series of arterial blood samples were drawn manually at
�2, 5, 10, 20, 40, 60, 75, and 90min p.i. (Supplemental
Table 1). The radioactivity in blood and plasma sam-
ples (0.7–1.7mL) were measured in a well counter
cross-calibrated with the PET system. The fraction of
unchanged [11C]SMW139 (i.e. parent fraction) in arte-
rial blood was measured using radioHPLC analysis. At
TU, the same chromatographic method as described
for the small animal studies was used. At KI, the
plasma was precipitated after centrifugation utilizing
a simple protein precipitation method 17 and the super-
natant was analysed by a reversed-phase radioHPLC as
previously described.18 The radio-chromatograms for
radioactive compounds were integrated and their
areas were calculated as a percentage of the total of
the decay corrected areas of all detected radioactive
fractions. Blood data were processed as previously
described with slight modifications to generate

plasma TACs,19 parent input of [11C]SMW139, and

one input curve representing the activity of presumably

brain-penetrant [11C]SMW139 radiometabolites in the

plasma (see Supplemental methods).

Kinetic modeling. Three kinetic models were assessed to

characterize [11C]SMW139 kinetics using PMOD (ver-

sion 3.7, PMOD Technologies LLC). All models were

applied by fitting the blood volume (VB) as an addi-

tional parameter.12 First, standard two-tissue compart-

ment model with a single (i.e. parent) input curve was

assessed with a dual run procedure (2TSI[k4]), for

which the efflux rate from the specific to the non-

specific compartment, k4, was first estimated in the

whole-brain grey matter VOI and then used to fix k4
for subsequent volume of distribution (VT) estimation

in (sub-)cortical grey matter VOIs.12 This resulted in

four parameters estimated in the second run (VB, K1,

k2, k3). Second, one- and two-tissue compartment

models with dual (i.e. parent and radiometabolite)

input curves were evaluated (1TDI and 2TDI).20 This

led to five parameters for 1TDI (VB, K1p, k2p, K1m, k2m)

and seven parameters to fit for 2TDI (VB, K1p, k2p, k3,

k4, K1m, k2m). In analogy to 2TSI[k4], the dual input

two-tissue compartment model was also assessed with a

two-step procedure (2TDI[k4]; six parameters: VB, K1p,

k2p, k3, K1m, k2m). According to the models, the total

distribution volumes 21 can be achieved by solving

equation (1) for 2TSI, equation (2) for 1TDI, and equa-

tion (3) for 2TDI where VTp is the distribution volume

of the unchanged radioligand. The models assumed

that the brain-penetrant radiometabolites did not spe-

cifically bind to the P2X7R, so that the rate constants

k3 and k4 represent solely the association and dissoci-

ation of the parent radioligand to the receptor. For

model overview see Table 1.

VT ¼ K1

k2
� 1þ k3

k4

� �
(1)

VTp ¼ K1p

k2p
(2)

VTp ¼ K1p

k2p
� 1þ k3

k4

� �
(3)

Table 1. Model overview.

Model Abbreviation Fitted parameters

Two tissue compartment model with single input function and fixed k4 2TSI[k4] VB, K1, k2, k3
One tissue compartment model with dual input function 1TDI VB, K1p, k2p, K1m, k2m
Two tissue compartment model with dual input function 2TDI VB, K1p, k2p, k3, k4, K1m, k2m
Two tissue compartment model with dual input function and fixed k4 2TDI[k4] VB, K1p, k2p, k3, K1m, k2m
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Statistical analysis. The coefficient of variation (COV)

was calculated to assess the variability of distribution

volumes and obtained by dividing the standard devia-

tion by the mean, of all regions and subjects. The good-

ness of fit was assessed with the Akaike information

criterion (AIC) 22 and the reliability of VT and VTp by

using the percentage standard error (%SE) of the esti-

mates. The fits of dual input models were compared by

using F-test statistics. The correlations of VTp estimates

were assessed by using linear regression analysis and

Spearman’s correlation coefficient rs. A p-value below

0.05 was considered significant. Data are presented as

mean and standard deviation or median and range, as

appropriate.

Results

Ex vivo radiometabolite analysis

There was no exclusion within the small animal study.

RadioHPLC showed three major groups of
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Figure 1. [11C]SMW139 radiometabolite analysis. Left panels show mean and standard deviation of parent radioligand and
radiometabolite fractions of the whole radioactivity in the sample in mouse brain (a) and mouse plasma (b) (n¼ 4, 3, and 4, at 10, 30,
and 45min, respectively), and human plasma (c; n¼ 10). Right panels show exemplary radioHPLC chromatograms from mouse (a, b)
and human plasma (c).
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radiometabolite peaks (numbered radiometabolite 1–3

according to the appearance order in radioHPLC chro-

matogram) with increasing concentrations over time in

the plasma of all mice (Figure 1(b)). Only two peaks,

the most polar radiometabolite 1 (retention time [Rt]

1.5–3.5min) and the least polar radiometabolite 3 (Rt

7–8min), were also clearly present in the mice’s brain

homogenates, whereas radiometabolite 2 (Rt 3.5–

7min) was only present in barely quantifiable levels

(Figure 1(a)). The mean fraction of unchanged [11C]

SMW139 at 45min after injection was similar in

plasma and brain: around 23.7� 6.2% and 23.3�
10.3%, respectively. A high fraction of radioligand

metabolites after 10min (plasma: 52.1� 6.8%; brain:

37.8� 18.6%) and an apparent transformation into a

plateau phase in plasma and brain starting around

30min p.i. indicates a much faster metabolism of

[11C]SMW139 in mice compared to humans (Figure 1).

Human plasma radiometabolites and brain uptake

Two subjects were excluded due to incomplete blood

and plasma data. Plasma radioHPLC measurements

showed three groups of radiometabolites peaking

with an identical Rt when compared to mice plasma

(Figure 1(c)). Human metabolism, however, was

slower than that of mice yielding 47.3� 9.6%

unchanged [11C]SMW139 and continuing slightly

increasing curves of all three radiometabolites fractions

at 90min p.i. (Figure 1(c)). Visual evaluations of TACs

from the whole-brain grey matter showed that five sub-

jects (50%; TU: two subjects, KI: three subjects), after

the initial peak during the perfusion and uptake phase,

had a clear washout of the tracer until the end of the

scan. In contrast, the TACs of the remaining showed

a washout up to 20–40min, followed by a slight and

steady increase until the last frame (Figure 2).

Kinetic modeling

Tissue distribution volumes of single and dual input models.

Estimated distribution volumes and %SEs for each

evaluated model is presented region-wise in Table 2.

2TDI yielded unstable fits with unreliably high VTp

estimates and %SE> 50% in nine (11.3%) out of 80

evaluated regions (eight regions per patient). The

observed fitting failures were equally distributed

across regions and subjects without a particular VOI

that performed poorly. Therefore, these regions were

excluded from subsequent comparisons. 2TSI[k4],

2TDI[k4], and 1TDI yielded robust fits for all regions

with predominantly low %SE< 20% except few out-

liers (Table 2). None of the regions were excluded. 2TSI

[k4] single input model showed a high COV of VT

(159.9%), whereas dual input models had a consistent-

ly narrow VTp range between 0.04 and 0.24 (COV:

2TDI, 33.3%; 2TDI[k4], 36.3%; 1TDI, 35.0%; see

also Figure 3). VB estimates were in close agreement

for all evaluated models (VB [median, range]: 2TSI

[k4], 0.07, 0.02–0.13; 2TDI, 0.07, 0.02–0.13; 2TDI[k4],

0.07, 0.01–0.13; 1TDI, 0.07, 0.02–0.13) with a consis-

tently low %SE (median <3.5 for all models).

Model comparison. Two tissue compartment models

showed overall comparable ranges of AIC’s with

slight differences between regions. AIC was predomi-

nantly smallest for 2TDI[k4]. Median AIC of 1TDI was

tendentially higher than two tissue compartment

models (Table 3). Median F-value of the comparison

between 2TDI and 2TDI[k4] was below the tabulated

value at a p-level of 0.05 (F critical value: 4.60) for all

0 20 40 60 80
0.1
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10

Scan time (min)
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V

0 20 40 60 80
0.1

1
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Scan time (min)

Grey matterPlasma parent Plasma metabolites

Figure 2. Human time-activity curves. Left panel shows an exemplary finding in one subject with initial peaking followed by washout
from the whole-brain grey matter time-activity curves. Right panel shows an exemplary whole-brain grey matter time-activity curve
with a slight and steady increase after 20–40min. Both are depicted with corresponding plasma parent and plasma radiometabolite
standardized uptake value (SUV) curves.
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eight brain regions, suggesting that the simplification of
the 2TDI (i.e. using a dual run procedure to fix k4) can
be considered equivalent in terms of the model fit.
However, when further simplifying the model to the

1TDI, median F-values are predominantly above the
critical value (3.74), suggesting that the fit is signifi-
cantly worsened and thus, this model does not

completely describe the pharmacokinetics of [11C]
SMW139.

Correlation analysis

Linear regression showed that VTp estimates of all
brain regions derived from 2TDI and 2TDI[k4]
(r2¼ 0.74, p< 0.001) as well as 2TDI[k4] and 1TDI

(r2¼ 0.78, p< 0.001) strongly correlated with each
other, whereas the correlation between 2TDI and
1TDI (r2¼ 0.64, p< 0.001) was less pronounced
(Figure 4). The same applied to each region separately

which had high to excellent correlations (2TDI vs.
2TDI[k4]: rs¼ 0.80–1.00, all p< 0.01; 2TDI vs. 1TDI:
rs¼ 0.70–0.88, all p< 0.05; 2TDI[k4] vs. 1TDI:

rs¼ 0.81–0.94, all p< 0.01; Supplemental Table 2).

Discussion

This study investigating [11C]SMW139 metabolism in
mice and pharmacokinetics in healthy human partici-
pants showed evidence that two [11C]SMW139 radio-

metabolites are present in the brain and must be
considered for accurate in vivo quantification of [11C]
SMW139 binding to the human P2X7R. Kinetic model-
ing with plasma parent and radiometabolite input func-

tions allows robust estimation of [11C]SMW139
distribution volumes with low variability.

The P2X7R is thought to have low expression levels
in normal physiology and is upregulated in case of neu-
ronal damage like in neurodegenerative disorders.6,9

Since neurodegeneration is a chronic process, neuroin-
flammatory effects and regulatory mechanisms such as
P2X7R expression are expected to be subtle.4,23 In this
context, the correction for possibly confounding, brain-

penetrant radiometabolites is of particular importance
when evaluating tracers with low VT values as it is the
case for [11C]SMW139.12,20

In our cohort of ten healthy volunteers, who were
enrolled and examined at two different study sites,

kinetic modeling with single input function yielded
highly variable VT estimates. Furthermore, VT esti-
mates in some cases were unexpectedly high and

exceeded values that were previously reported with
[11C]SMW139.12 Although the single input model
showed robust fitting parameters, the fitted line under-
shot the late part of the TACs (Figure 3;12) suggesting

that the assumption of [11C]SMW139 radiometabolitesT
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not penetrating BBB in humans does not reflect the

tracer’s kinetics.
In the presence of three major groups of radiometa-

bolites in the human plasma, however, it is unclear

which radiometabolites may enter the brain and

hamper the quantification of specific binding of [11C]

SMW139 to the P2X7R. We, therefore, evaluated the

[11C]SMW139 metabolism in eleven C57BL/6J mice, in

order to establish an analogy between humans and

mice: considering a faster metabolism in mice as com-

pared to humans,24,25 the metabolization of [11C]

SMW139 is congruent by showing the three [11C]

SMW139 radiometabolites peaking with the same Rt

(Figure 1). The most polar radiometabolite 1 and the

least polar radiometabolite 3, were proven to be pre-

sent in the brain of the mice, whereas radiometabolite 2

was detected only in low amounts in the examined per-

fused brain homogenates and showed in average

around 15% of the fraction levels found in plasma.

Notwithstanding the state-of-the-art technique used

in perfusion by pumping saline through blood vessels

via the mouse’s cardiac chambers after cardiac punc-

ture, the brain may include small residuals of blood

and thus, minor fractions of radiometabolite compo-

nents in the plasma may affect the analysis of brain

homogenates. This allows to disregard radiometabolite

2 for kinetic modeling assuming a similarly low ability

to penetrate the human BBB.
Consecutively, we adjusted our assumptions for

kinetic modeling by accounting for the presence of

radiometabolite 1 and 3 within the human brain with-

out specific binding to the P2X7R. The variability of

VTp estimates was reduced and the 2TDI fits were

closer in agreement with the TACs (Figure 3). By

reducing the number of fit parameters from seven to

six, the precision of VTp values was improved without
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Figure 3. Two tissue compartment model fits with single and dual input function. Summarized standardized uptake value (SUV)
images between 40 and 90min after [11C]SMW139 injection and exemplary model fits of two patients with low (a) and high (b)
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significantly increasing the residual variation of the fit
and by yielding highly correlated VTp estimates.
Although a further reduction of the parameters by
using the one tissue compartment model resulted in
slightly more stable outcome measures, the model
fit deteriorated (as indicated by AIC and F-test).
Furthermore, 1TDI underestimates the radioligand’s
VTp. The overall small VTp of dual input models
seems to be related to a high plasma protein binding
of [11C]SMW139 (97.2� 1.1%), since a low K1p/k2p
ratio (Supplemental Table 3) is usually caused by
high affinity to plasma proteins. It is also noteworthy
that the combination of two metabolites into one input
and one tissue metabolite compartment violates the
concept of compartment and might impair the model
fit to a certain degree. However, modeling with three
input functions (by separating K1m and k2m for both
radiometabolites) would – although theoretically more
precise – require two additional fitting parameters and
therefore be less feasible.

Taken together, the 2TDI[k4] can be recommended
as the preferred model for P2X7R quantification with
[11C]SMW139, though the benefit of adding stability
due to fixing k4 must be confirmed in the respective
patient population. The estimation of k4 is weighted
on late time points of the scan and therefore particu-
larly hampered by the observed tracer kinetics with
increasing TACs due to brain-penetrant radiometabo-
lites. We initially expected that the consideration of
radiometabolites would improve the stability of k4
such that the added benefit of fixing k4 is negligible.
The combination of low non-displaceable distribution
volume and low levels of target expression, however,
might not only lead to small VTp, but also hamper the
stable estimation of “true” k4. Therefore, adding stability
due to reducing the parameters to fit might outweigh
variability of k4 in healthy subjects and patients with
subtle neuroinflammatory abnormalities,4,23 but a
strong inflammatory response accompanied by local het-
erogeneity of the brain tissue 26 due to microglia activa-
tion may result in a more pronounced variability of k4.

Some limitations of this study need to be mentioned.
Due to their earlier Rt than the parent tracer in
radioHPLC (i.e. greater hydrophilicity), the metabo-
lites are more polar than the parent tracer, and thus,
they have a less pronounced ability to cross the BBB.
The study does not reveal if radiometabolite 1 crosses
the BBB or is metabolized within the brain. To our
knowledge, the structure of these radiometabolites is
unknown and separate studies are needed to identify
the radiometabolites and evaluate the route of metab-
olism of [11C]SMW139.27 The radioHPLC analysis of
the plasma samples indicates that the metabolism of
[11C]SMW139 in mice was faster than the metabolism
in human subjects. Therefore, it is reasonable toT
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assume that the accumulation rates of radiometabolites
1 and 3 in the human brain are low and might not
represent major confounders in this study. The deter-
mination of the exact radiometabolite fractions in
human subjects was also affected by the low radioac-
tivity concentrations of the samples collected at later
time points causing a low signal-to-noise ratio in the
radioHPLC analysis. The uncertainty in the estimation
of the radiometabolite fractions might have contribut-
ed to some variability. However, the kinetic analysis
performed using all the plasma radiometabolite frac-
tions (including radiometabolite 2) provided similar
results (data not shown), suggesting that the exact
determination of the individual fractions did not
affect the results to a large extent.

The homogeneous cohort of participants and the
combination of data from two study sites with minor
methodological differences (see also Supplemental
Table 1 and Supplemental Figure 1), make the results
fairly generalizable. However, further validation work
is required for [11C]SMW139 PET. In particular, the
model comparison should be validated in patient pop-
ulations or with an inflammation model in healthy
humans or nonhuman primates.28,29 In presence of
a strong neuroinflammatory response, a simplified
pseudo-reference approach for [11C]SMW139 is imag-
inable, assuming no specific binding of the radiometa-
bolites to the P2X7R and thus, a similar amount of
metabolites in the target and pseudo-reference region.
Recent studies with the P2X7R radioligand [11C]
JNJ54173717 did not report an increase of P2X7R in
patients with Parkinson’s disease or amyotrophic later-
al sclerosis.30,31 Additional work is ongoing to measure
P2X7R availability in neurodegenerative disorders
using [11C]SMW139.

In conclusion, the quantification of the binding of
[11C]SMW139 to human P2X7R is greatly enhanced by

using a dual input function model, with the assumption

of a similar path of metabolism and BBB penetration

ability of radiometabolites in mice and humans. In this

cohort of ten healthy volunteers, kinetic modeling with

plasma parent and radiometabolite input function

allowed robust estimation of [11C]SMW139 distribu-

tion volumes with low variability.
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SUPPLEMENTAL MATERIAL 

Radiochemistry 

Karolinska Institutet. [11C]Methane ([11C]CH4) was produced in-target via the 14N(p,α)11C 

reaction on nitrogen mixed with 10% of hydrogen, with 16.4 MeV protons using a GEMS PET 

trace cyclotron (GE, Uppsala, Sweden). Typically, the target gas was irradiated for 15–20 min 

with a beam current of 35 μA. 11C-Labeled methyl iodide, [11C]CH3I, was produced following 

the previously published method 1. In short, the produced [11C]CH4 was released from the 

target and collected in a Porapak Q trap cooled in liquid nitrogen. After collection, the [11C]CH4 

was released from the trap by heating with pressurized air and subsequently [11C]CH4 was 

mixed with iodine crystal vapor at 60 °C followed by a radical reaction at 720 °C. The formed 

[11C]CH3I was collected in a Porapak Q trap at room temperature and the unreacted [11C]CH4 

was recirculated for 3 min. [11C]CH3I was released from the Porapak Q trap by heating the trap 

using a custom-made oven at 180 °C. [11C]CH3OTff was produced by online transfer of 

[11C]CH3I through a glass column packed with silver triflate at 165 °C. Carbon-11 labelled 

[11C]SMW139 was obtained by trapping [11C]CH3OTff at room temperature in a reaction vessel 

containing the desmethyl precursor SMW167 (2-chloro-5-hydroxy-N-(((3s,5s,7s)-3,5,7-

trifluoroadamantan-1-yl)methyl) benzamide), (0.5 – 1 mg, 1.3 µmol-2.6 µmol) and NaOH 

(0.5M, 3 μL) in acetone (400 μL). The reaction mixture was diluted with sterile water (500 μL) 

before injecting to the built-in high-performance liquid chromatography (HPLC) system for the 

purification of the desired radiolabelled product. The HPLC system consisted of a semi-

preparative reverse phase XBridge column (C18, 10 × 250 mm, 5 μm particle size) and a 

Merck Hitachi UV detector (λ = 254 nm) (VWR, International, Stockholm, Sweden) in series 

with a GM-tube (Carroll-Ramsey, Berkley, CA, USA) used for radioactivity detection. 

Acetonitrile / 0.1% Trifluoroacetic acid (TFA), 50:50 (v/v) was used as HPLC mobile phase with 

a flow rate of 6 mL/min. The radioactive fraction corresponding to pure [11C]SMW139 was 

collected from HPLC and evaporated to dryness. The final purified [11C]SMW139 was 

formulated in 6–mL phosphate buffered saline (pH7.4) and the formulated product was then 

sterile filtered through a Millipore Millex® GV filter unit (0.22 μm) for further use in vivo. 



Turku PET Centre. Radiochemistry was performed as previously described 2. 

Quality control and molar activity (MA) determination. 

Karolinska Institutet. The radiochemical purity, identity, and stability of [11C]SMW139 was 

determined by an analytical HPLC system which included an XBridge RP column (C18, 4.6µm 

× 150 mm,), Merck Hitachi L-7100 Pump, L-7400 UV detector and GM-tube for radioactivity 

detection (VWR International). The mobile phase CH3CN/H3PO4 (0.01M aq. solution) with an 

isocratic HPLC method (43:57) and flow rate of 2 mL/min was used to elute the product. The 

effluent was monitored with a UV absorbance detector (ƛ = 230 nm) coupled to a radioactive 

detector (b-flow, Beckman, Fullerton, CA). The retention time (Rt) of [11C]SMW139 was 4–5 

min. The identity of [11C]SMW139 was confirmed by using HPLC with the co-injection of the 

authentic non-radioactive SMW139 (2-chloro-5-methoxy-N-(((3s,5s,7s)-3,5,7-

trifluoroadamantan-1-yl)methyl) benzamide) standard. The MA of the final product was 

measured by analytical HPLC which included XBridge RP column (C18, 4.6µm × 150 mm,), 

Merck-Hitachi L-7100 Pump, L-7400 UV detector. The mobile phase CH3CN/H3PO4 (0.01M 

aq. solution) with an isocratic HPLC method (46:54) and flow rate of 2 mL/min. MA was 

calibrated for UV absorbance (ƛ = 230 nm) response per mass of ligand and calculated as the 

radioactivity of the radioligand (GBq) divided by the amount of the associated carrier substance 

(µmol). Each sample was analysed three times and compared to a reference standard also 

analysed three times. 

Turku PET Centre. The radiochemical purity, identity, stability and the MA of [11C]SMW139 

was determined as previously described2. 

Small animal study 

Radio detector high-performance liquid chromatography analysis. The supernatant was 

injected into the radioHPLC (Merck Hitachi L-7100 gradient pump system coupled with a 

Radiomatic 150 TR, Packard, USA) using a 1 mL loop which was filled with distilled water to 

minimize the acetonitrile composition prior to the injection. The loop and Hamilton injection 

syringe were rinsed three times with 1.0 mL 1:1 (v/v) acetonitrile:water solution between each 

injection to remove any residuals from previous samples. All samples were analysed using a 



5.0 mL/min eluent flow, Phenomenex Luna 5µm C18(2) 100 Å 250x10 mm column and with 

the following method: a gradient of acetonitrile (A), 0.1 % Trifluoroacetic acid in water (B) was 

used: 0–8.0 min (A/B) 30:70 → 90:10, 8.0–9.0 min (A/B) 90:10, 9.0–10.0 min (A/B) 90:10 → 

30:70, 10.0–12.0 min (A/B) 30:70. A radioactive standard was prepared by spiking 65:35 (v/v) 

acetonitrile:water with [11C]SMW139 (~3 kBq/mL) and injected into the same system to confirm 

the Rt of the unmetabolized [11C]SMW139. RadioHPLC data were analysed using Merck 

Hitachi D-7000 HSM software (Merck, Darmstadt, Germany). Radio-chromatograms were 

integrated, decay corrected with the Rt of the peak, and the amount of parent compound and 

radioactive metabolites were calculated as a percentage of the total of the areas of all detected 

radioactive fractions. 

Human study 

Arterial plasma input for [11C]SMW139 and radioactive [11C]SMW139 metabolites. At 

Karolinska Institutet, the individual blood curve over the first 5 min from the ABSS was merged 

with the curve from manual blood samples. Radioactivity concentrations in plasma and blood 

were divided yielding a plasma/blood ratio curve. Using linear interpolation, the plasma/blood 

ratio curve was extrapolated from 0 s to the end of sampled ABSS data. Plasma time-activity 

curves covering the whole scan were generated by multiplying the extrapolated plasma/blood 

ratio curve with the ABSS blood curve and by fusing the result with the plasma curve from 

manual samples. At Turku PET Centre, input processing assumed that parent radioligand 

concentration in blood cells is zero during the time of ABSS data collection. Plasma time-

activity curves covering the whole scan were generated by dividing the ABSS blood curve by 

(1 - hematocrit) and by merging the result with the plasma curve from manual samples. 

Subsequent processing was performed concordantly for both study sites with PMOD (version 

3.7, PMOD Technologies LLC). Data for parent fraction of [11C]SMW139 were fitted using a 

mono-exponential fit and were multiplied with the uncorrected plasma time-activity-curve to 

obtain the parent input curve (i.e. the plasma radioactivity of unchanged [11C]SMW139). 

Furthermore, we estimated an input curve representing the activity of presumably brain-

penetrant [11C]SMW139 radiometabolites in the plasma. Therefore, the parent fraction and the 



fraction of the radiometabolite, which was assumed not to be present within the brain, were 

combined, fitted with a mono-exponential function and multiplied with the plasma time-activity-

curve. The obtained curve was subsequently subtracted from the plasma input curve, which 

resulted in the radiometabolite input curve. Finally, blood and plasma input curves were delay 

corrected. 
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SUPPLEMENTAL TABLE 1. Differences of data acquisition and processing methods 

 

 

SUPPLEMENTAL FIGURE 1 Plasma parent and metabolites input curves. Plasma parent 

(blue) and metabolites (red) input curves of each participant enrolled at the Karolinska Institutet 

(KI; left panel) and at Turku PET Centre (TU; right panel). Line patterns indicate the 

corresponding plasma and metabolites input curves for each participant. 
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Imaging procedures 

  Karolinska Institutet  Turku PET Centre 

MR system  GE Healthcare Discovery MR750  Philips Ingenuity TF PET/MR 

PET reconstruction, 

matrix size 

 256 x 256 x 207  200 x 200 x 150 

Arterial blood sampling and input processing 

  Karolinska Institutet  Turku PET Centre 

ABSS duration  10 min  5 min 

Manual blood 

samples 

 2 mL at ~ 2, 5, 10, 20 min, and 4 mL at ~ 

40, 60, 75, and 90 min p.i. 

 2 mL at ~ 5, 10, 20, 40, 60, 

75, and 90 min p.i. 



SUPPLEMENTAL TABLE 2. Correlation analysis 

n = 10 healthy volunteers. Abbreviations: 2TDI, two tissue compartment model with dual input 

function; 2TDI[k4], two tissue compartment model with dual input function and fixed k4; 1TDI, 

one tissue compartment model with dual input function. 

 

Volume of 

interest 

 2TDI vs. 2TDI[k4]  2TDI vs. 1TDI  2TDI[k4] vs. 1TDI 

 rs p-value  rs p-value  rs p-value 

Frontal cortex 
 

0.95 <0.001 
 

0.70 0.036 
 

0.81 0.005 

Parietal cortex 
 

0.82 0.007 
 

0.88 0.002 
 

0.89 <0.001 

Temporal cortex 
 

0.92 <0.001 
 

0.82 0.007 
 

0.92 <0.001 

Caudate 
 

0.98 <0.001 
 

0.71 0.047 
 

0.87 0.001 

Putamen 
 

0.90 <0.001 
 

0.78 0.013 
 

0.82 0.004 

Thalamus 
 

1.00 <0.001 
 

0.87 0.003 
 

0.89 <0.001 

Brainstem 
 

0.80 0.010 
 

0.85 0.004 
 

0.94 <0.001 

Cerebellar cortex 
 

0.85 0.004 
 

0.83 0.005 
 

0.84 0.002 
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Abstract
Background  PET imaging of activated microglia has improved our understanding of the pathology behind disability 
progression in MS, and pro-inflammatory microglia at ‘smoldering’ lesion rims have been implicated as drivers of 
disability progression. The P2X 7R is upregulated in the cellular membranes of activated microglia. A single-tissue 
dual-input model was applied to quantify P2X 7R binding in the normal appearing white matter, perilesional areas and 
thalamus among progressive MS patients, healthy controls and newly diagnosed relapsing MS patients.

Results  Overall, tracer uptake in the MS brain was not significantly higher compared to HCs. In the 3 mm perilesional 
rim of all T1 lesions, tracer binding was higher among relapsing patients compared to progressive patients. Tracer 
binding was higher in males compared to females. Disease duration correlated with tracer binding in the normal 
appearing white matter. Age correlated negatively with tracer binding in the perilesional rims.

Conclusions  Even as binding estimates obtained with the dual-input model were consistent with the expected 
distribution of P2X 7Rs in the MS brain, the small free fraction of the parent tracer may limit its accuracy and 
applicability, and binding estimates between subjects were highly variable. Conclusive evidence for the applicability 
of [11C]SMW139 to detect MS-related diffuse smoldering inflammation was not obtained.

Keywords  Multiple sclerosis, Microglia, PET, Kinetic modelling
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Background
During the last two decades, extensive use of 18-kDa 
translocator protein positron emission tomography 
(TSPO-PET) [1] in in vivo imaging of activated microg-
lia [2] has improved our understanding of the pathology 
behind disability progression [3–5] and treatment out-
comes [6–9] in multiple sclerosis (MS). The translational 
applicability of this method is somewhat limited by its 
inability to distinctly differentiate between pro-inflam-
matory and anti-inflammatory phenotypes of activated 
microglia [10]. Activation of pro-inflammatory microg-
lia at ‘smoldering’ lesion rims has been implicated as a 
driver of disability progression in MS [11, 12].

The adenosine triphosphate -gated cation channel 
receptor (P2X 7R) is upregulated in the cellular mem-
branes of activated microglia [13] and has been identified 
as a potential therapeutic [14] and imaging target [10] in 
neurodegenerative disease, which offers improved speci-
ficity towards microglia that are in the pro-inflammatory 
end of the phenotype spectrum. The P2X 7R activates the 
inflammasome, and results in pro-inflammatory inter-
leukin release and proliferation of activated microglia 
[13, 15]. Compared to non-stimulated and homeostatic 
microglia in vitro, microglia polarized into an inflamma-
tory phenotype over-express the P2X 7R 5-folds, whereas 
a mere 1.5-fold difference is seen in TSPO expression 
[10]. In rodents, bacterial lipopolysaccharide –induced 
neuroinflammation leads to significant brain uptake of 
P2X 7R-specific radiotracers [16, 17], and uptake is also 
high at the peak of the MS disease model experimental 
autoimmune encephalitis (EAE) [18]. While also found 
on neurons and other glial cells, P2X× 7R signaling is pri-
marily associated with activated inflammatory microglia 
[14, 19].

SMW139 is a potent antagonist (Ki 32 nM) of the 
P2X 7R [20]. A mouse biodistribution study with radio-
labeled [11C]SMW139 demonstrated rapid brain uptake 
and clearance via liver metabolism: brain standardized 
uptake values decreased approximately 80–90% fom 
5  min to 45  min post injection (p.i.) [21]. According to 
Akaike information criterion (AIC) [22], a reversible 
90-minute two-tissue compartment model (2TCM) with 
a blood volume parameter provided the best fit for [11C]
SMW139 kinetics in a first in man study. Increased vol-
umes of distribution (VT) were observed among MS 
patients compared to healthy controls throughout the 
cerebral white matter, cortical grey matter (cGM) and 
deep gray matter (dGM) including the thalamus [23].

However, the specific tissue compartment of [11C]
SMW139 is small [23], and rapid metabolism results in 
a significant fraction of activity from brain-penetrant 
radiometabolites [21, 24, 25]. It is debatable whether a 
single-input 2TCM improves the fit by correcting for 
unspecific radiometabolite activity, rather than providing 

an accurate estimate of specific parent tracer binding. 
To address this, Aarnio et al. [24] utilized a rapid analy-
sis method, which combines thin-layer chromatogra-
phy with digital autoradiography for the parent fraction 
analysis. It was concluded that a dual-input (DI) function 
improves the quantification of specific [11C]SMW139 
binding [25].

In the current study we applied a single tissue com-
partment dual-input (1TDI) model to obtain estimates 
for the ratios of parent tracer rate constants between the 
blood compartment and the tissue compartment (k1p/
k2p; VTDI i.e. VT_parent). We also aimed to further vali-
date [11C]SMW139 for MS studies by imaging progres-
sive MS (PMS) patients with longer disease duration and 
no recent disease activity, and compared tracer binding 
in the normal appearing white matter (NAWM), perile-
sional areas and the thalamus to healthy controls, and 
to newly diagnosed relapsing MS (RMS). We also tested 
whether tracer uptake is increased around MS lesions by 
comparing perilesional VT to lesional and NAWM VT.

Methods
Subjects and procedures
The study was performed at the Turku PET Centre. 
Recruitment took place at the Turku University Hospital 
Neurocenter between Feb 2019 and Jun 2022. Inclusion 
criteria for all MS patients included a confirmed diagno-
sis according to the 2017 McDonald criteria and a writ-
ten informed consent. Additional requirements were at 
least one Gd + lesion of at least 0.5 cm in diameter, and a 
clinical diagnosis of secondary progression for the RMS 
and PMS cohorts, respectively. Key exclusion criteria 
included pregnancy, claustrophobia, and other significant 
central nervous system pathology besides MS. All MS 
patients underwent baseline neurological assessments, 
magnetic resonance imaging (MRI) and [11C]SMW139 
PET. Age matched healthy control subjects (HCs) were 
imaged for comparison. The study protocol was approved 
by the Ethics Committee of the Hospital District of 
Southwest Finland. The study was conducted according 
to the principles of the Declaration of Helsinki.

[11C]SMW139 production and PET
Irradiations were performed with a TR-19 (ACSI, Rich-
mond, Canada) cyclotron to produce the carbon-11 
radioisotope according to previously described proce-
dures [8]. The complete synthesis procedure of [11C]
SMW139 at the Radiopharmaceutical Chemistry Labora-
tory of Turku PET Centre is described in the supplemen-
tary material of Aarnio et al. 2022 [24].

A ninety-minute dynamic PET scan was acquired for 
each subject with a high-resolution research tomograph 
(HRRT; Siemens Medical Solutions, Knoxville, TN, 
USA). The mean (SD) injected specific activity and mass 
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of [11C]SMW139 were 95 (88) MBq/nmol and 2.7 (1.7) 
µg, respectively. The mean (SD) injected dose of radio-
activity was 402 (12.2) MBq, 404 (13.5) MBq and 404 
(10.7) MBq in the RMS, PMS and HC groups, respec-
tively. List mode data was histogrammed into 21 time-
frames (3 × 5s, 3 × 10s, 4 × 60s, 2 × 150s, 2 × 300s, 7 × 600s) 
and reconstructed using an OP-OSEM3D algorithm 
with 16 subsets and 10 iterations and with point spread 
function modelling [26] to reduce the partial volume 
effect. Reconstructed images were post-processed with a 
2.5 mm FWHM (full width at half maximum) Gaussian 
filter.

Arterial blood sampling and PET modelling
A hematocrit sample was drawn within 1  h before PET 
imaging. An automated blood pump (ABSS, Allogg AB, 
Mariefred, Sweden) running at 60  rpm (6 mL/min) was 
used to obtain a continuous arterial blood time activity 
curve (TAC) from 0 to 5  min p.i., and manual arterial 
blood sampling ensued at 5, 10, 20, 40, 60, 75 and 90 min 
p.i. Arterial plasma activity were then converted to whole 
blood with individual plasma-to-blood ratio curves. 
Next, input curves for PET modelling were estimated by 
fitting the parent fraction with a monoexponential func-
tion f(x) = (A-B)e− Cx + B, where A = 1, B > = 0, C > 0, and 
multiplied with the arterial plasma data to obtain metab-
olite corrected arterial input TACs. The resulting curves 
were subtracted from the uncorrected plasma input 
curves to obtain the TACs corresponding to the radioac-
tive metabolites in plasma. The differences in appearance 
times of radioactivity between PET and plasma, whole 
blood and metabolite TACs were corrected by first esti-
mating the delay of the arterial plasma input TAC, which 
produced the best fit of two-tissue compartment model 
to whole brain TAC, and then shifting all other input 
TACs accordingly. Cerebral blood volume was fixed to 
5% in all tested models.

The 1TDI model was fitted with five parameters (VB, 
K1P, K2P, K1M, K2M; P = parent, M = metabolite). The distri-
bution volume of [11C]SMW139 was estimated with the 
ratio of rate constants of the intact parent tracer between 
the plasma compartment and the combined tissue com-
partment; K1P/K2P (VTDI). Additionally, tracer binding 
was quantified with the total volume of distribution VT2T 
of a reversible 2TCM, where the model was fitted with 
five parameters (VB, K1, K2, K3, K4) and where VT2T = 
K1/K2(1 + K3/K4). The modelling was carried out with in 
house software (fitk2di and fitk4; ​h​t​t​​p​:​/​/​​w​w​w​​.​t​​u​r​k​u​p​e​t​c​e​
n​t​r​e​.​n​e​t​/​p​r​o​g​r​a​m​s​/​d​o​c​/​​​​​)​.​​

Parent fraction and plasma protein binding of the parent 
tracer and its radiometabolites
Arterial blood samples were drawn at 0, 5, 10, 20, 40, 
60 and 90  min p.i. and the plasma was separated by 

centrifugation (4 °C, 2118 g, 5 min). The plasma proteins 
were precipitated by adding 700 µL of acetonitrile to 500 
µL of plasma, vortexing and centrifuging (3370 g, 3 min). 
The protein free supernatant was analyzed with high-per-
formance liquid chromatography (HPLC) using a method 
described in the supplementary material of Brumberg et 
al. [25] to obtain fractions of intact [11C]SMW139 and its 
radioactive metabolites for correcting the plasma TAC. 
A radioactive standard was prepared by spiking the time 
point 0 plasma supernatant with [11C]SMW139 in order 
to analyze the correct peak of the chromatograms to cor-
respond to the parent.

Parent and radiometabolite binding to plasma proteins 
was analyzed for a subset of subjects from blood samples 
drawn prior to [11C]SMW139 injection and from 20 min 
p.i. From the time point 0 plasma drawn for in vitro pro-
tein binding analysis, 1 mL was frozen for later duplicate 
analysis. The in vitro plasma and in vivo 20  min parent 
fraction analysis plasma samples were used to analyze 
parent and radiometabolite plasma protein binding with 
separate ultrafiltration membrane corrections.

MRI and PET image processing and analysis
A 3T MRI (Philips Ingenia/Philips Ingenuity, Best, The 
Netherlands) was acquired for all study participants with 
T1, T2, FLAIR, 3DT1, and gadolinium-enhanced T1. The 
dynamic PET images were smoothed, realigned, and co-
registered using statistical parametric mapping (SPM12; 
Wellcome Trust Center for Neuroimaging, London, UK) 
according to a previously described procedure [6]. The 
images were resliced to match the 1-mm3 voxel size of 
the MRI images.

The Lesion Segmentation Toolbox (LST) [27] was used 
in SPM to create FLAIR masks, which were manually 
edited to correspond to chronic T1 lesions to create T1 
masks following a previously described procedure [8]. 
Perilesional masks were created by dilating the lesion 
mask by 3 mm, and then subtracting the core image from 
the dilated image. Separate masks were created for the 
Gd + lesions. NAWM masks were created for each sub-
ject by subtracting edited FLAIR lesion masks from seg-
mented white matter. Finally, T1 images were filled with 
the T1 masks by employing the lesion filling tool of LST 
in SPM. The filled T1 image was used to segment whole-
brain volume (BV) and volumes of different brain areas 
with FreeSurfer (https:/​/surfer​.nmr.mg​h.ha​rvard.edu/) 
for PET assessments.

Statistical analysis
The statistical analysis was performed with SPSS 28.0 
(IBM Corp., Armonk, NY, USA). Figures were created 
with Prism 10.1.2 (GraphPad software Inc. La Jolla, CA, 
USA).  Group level means of VT estimates across differ-
ent brain areas were compared between MS patients and 

http://www.turkupetcentre.net/programs/doc/
http://www.turkupetcentre.net/programs/doc/
https://surfer.nmr.mgh.harvard.edu/
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HCs, and between PMS and RMS with Student’s t-test. 
Among MS patients, Group level means of VT esti-
mates were compared between the T1 lesion masks, the 
3  mm perilesional rim masks, and the NAWM masks 
with paired t-tests. Normality of the data was confirmed 
with the Shapiro-Wilk test. Linear correlations between 
VT estimates, lesion volume, BV, thalamus volume, and 
demographic variables were measured with the Pear-
son correlation coefficient. The effects of disease dura-
tion and BV on VTDI were estimated with multiple linear 
regression. All tests were two-tailed, and the alpha was 
set to 0.05 for all analyses with no correction for multiple 
comparisons.

Results
Study subject demographics and other baseline 
characteristics
26 subjects underwent the study procedures and the final 
analyzed cohorts consisted of 15 MS patients (n = 6 for 
RMS, n = 9 for PMS) and 9 HCs. 2 subjects (1 PMS and 
1 HC) were excluded from the analysis due to techni-
cal issues during the PET visits. All RMS patients were 
enrolled < 0.5 years (mean 0.12 years, SD 0.06) from diag-
nosis and PET imaged with [11C]SMW139 approximately 
4 months thereafter. PMS patients were imaged > 10 
years (mean 16.9 years, SD 4.3) from diagnosis imme-
diately after inclusion. Compared to patients with MS, 
the HCs were of comparable age [mean (SD) 47,5 (10.1) 
vs. 49.6 (14.5) years, p = 0.479, respectively]. Compared 
to the RMS patients, the PMS cohort had a signifi-
cantly higher EDSS (median 2.0 vs. 6.0, mean 2.5 vs. 5.1, 
p = 0.005, respectively), and the two patient cohorts were 

of comparable age [mean (SD) 45.0 (11.7) vs. 49.2 (9.3) 
years, p = 0.712, respectively]. The male to female (M/F) 
ratio was unequal between all cohorts but comparable 
between all MS and HCs: 6/3 (33% F), 9/6 (40% F), 4/5 
(56% F) and 5/1 (17% F) for HCs, MS, PMS and RMS, 
respectively. At the time of PET imaging, two patients 
in the RMS cohort had started treatment with i.v. natali-
zumab, 1 patient had received a single dose of i.v ocreli-
zumab, and 3 patients had received a single i.v. dose of 
rituximab. Three PMS patients were treated with ritux-
imab, one with natalizumab, and one with fingolimod. 
MS lesion loads and other imaging characteristics are 
displayed in Table 1.

Parent fraction and protein binding of [11C]SMW139
The plasma parent fraction decreased steadily down to 
approximately 45% over the course of the 90  min sam-
pling time. The mean parent fraction in the PMS group 
was indicative of slightly faster metabolism, while metab-
olism of [11C]SMW139 was non-significantly slower 
among the RMS and HC groups (Fig. 1).

The plasma protein binding analysis of frozen and fresh 
plasma samples yielded similar results. The mean (SD) 
parent free fraction (free parent over all parent in plasma, 
fP/P) of [11C]SMW139 was 0.013 (0.004) and 0.013 (0.002) 
(n = 11 for both) for fresh and frozen samples, respec-
tively, and 0.010 (0.004) (n = 9) for the in vivo 20  min 
sample. The mean (SD) fraction of free radiometabolites 
over all radiometabolites was 0.425 (0.132) and the frac-
tion of free radiometabolites over all free radioactivity 
in plasma was 0.88 (0.06) at 20  min. The mean fP/P was 

Table 1  MRI variables and [11C]SMW139 VTDI (0–60 min)
n Min. Max. Mean SD p

Brain Volume (cm3) HC 9 939.20 1267.21 1148.24 109.16 0.665*
Brain Volume (cm3) RMS 6 1069.40 1231.09 1172.81 61.34 0.276**
Brain Volume (cm3) PMS 9 814.63 1347.18 1055.53 173.10
T1 lesion volume (cm3) RMS 6 2.12 48.17 17.21 18.45 0.940**
T1 lesion volume (cm3) PMS 9 2.62 44.14 16.60 12.57
Number of Gd + lesions RMS 6 1 20 8.33 7.97 NA
SMW VTDI T1 lesions RMS 6 0.09 0.14 0.11 0.02 0.194**
SMW VTDI T1 lesions PMS 9 0.02 0.12 0.09 0.03
SMW VTDI 3 mm rim RMS 6 0.11 0.15 0.12 0.02 0.113**
SMW VTDI 3 mm rim PMS 9 0.03 0.14 0.10 0.03
SMW VTDI Thalamus HC 9 0.03 0.32 0.13 0.09 0.723*
SMW VTDI Thalamus RMS 6 0.10 0.19 0.14 0.03 0.071**
SMW VTDI Thalamus PMS 9 0.04 0.16 0.11 0.04
SMW VTDI NAWM HC 9 0.04 0.16 0.11 0.04 0.962*
SMW VTDI NAWM RMS 6 0.09 0.14 0.12 0.02 0.121**
SMW VTDI NAWM PMS 9 0.04 0.14 0.10 0.03
*For the comparison all MS vs. HC

**For the comparison RMS vs. PMS

VTDI = dual-input distribution volume of parent tracer (K1P/K2P). 3 mm rim = T1 perilesional 3 mm rim. NAWM = Normal appearing white matter. HC = Healthy control. 
RMS = Relapsing MS. PMS = Progressive MS
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0.0138 (n = 3), 0.0096 (n = 5) and 0.0093 (n = 3) for HCs, 
PMS and RMS, respectively.

PET modelling
According to visual inspection (Supplement 1), AIC and 
logarithm of mean residual sum of squares (log (1/n)
(model – data)2, where n = no. data points) (Supplement 
2), both tested models fitted the data well. Coefficients of 
variation (CoV) of VT estimates were substantially higher 
with the 2TCM (Supplement 2). Compared to HCs, 
the overall performance of 1TDI was better among MS 
patients, and 0–40  min and 0–60  min performed simi-
larly according to AIC (Supplement 3). Finally, 0–60 min 
data was chosen for the primary analyses based on mar-
ginally lower CoV compared to 0–40 min and 0–90 min 
(Supplement 2–3). Additional exploratory analyses 
were performed with 0–40  min and 0–90  min data for 

the 1TDI and 2TCM models, respectively. VT estimates 
from thalamus (R = 0.800, p < 0.001) and cGM (R = 0.630, 
p < 0.001) correlated significantly between the models 
(0–60 min 1TDI and 0–90 min 2TCM), while estimates 
from NAWM (R = 0.158, p = 0.461) and lesional or perile-
sional (R = -0.04, p = 0.888) white matter did not.

[11C]SMW139 binding in RMS and PMS patients compared 
to healthy control subjects
Compared to healthy controls, whole-brain, NAWM, 
thalamic and cGM uptake of [11C]SMW139 was similar 
in MS patients (n = 15) at group level. After explorative 
correction for group level mean fP/P (VTDI / fP/P), mean 
(SD) NAWM VTDI was significantly higher among all MS 
compared to HCs [11.15 (3.09) vs. 7.69 (2.80), p = 0.012, 
respectively].

VTDI estimates were somewhat higher in the RMS 
cohort compared to PMS and HCs, but the differences 
were not statistically significant (Table  1; Fig.  2). In the 
3  mm perilesional rim of all T1 lesions, the mean (SD) 
VTDI was 0.123 (0.02) vs. 0.097 (0.03) (p = 0.113) in the 
RMS and PMS cohorts, respectively. Exploratory analy-
sis with 0–40  min data revealed a significant difference 
between the two groups [Fig. 3.133 (0.02) vs. 0.101 (0.03), 
p = 0.049, respectively]. The 2TCM yielded no significant 
differences between the groups, when all MS was com-
pared to HCs (Supplement 4), or when RMS was com-
pared to PMS (Supplement 5).

Exploratory analysis of [11C]SMW139 binding in MS lesions 
compared with NAWM and the perilesional areas
Compared to MS lesion core areas, VTDI estimates were 
significantly higher in the NAWM and perilesional 3 mm 
rims among all MS patients (Table  2; Fig.  4). Analyzed 
separately, perilesional tracer uptake was significantly 

Fig. 3  T1 perilesional 3  mm rim and normal appearing white matter 
(NAWM) among relapsing MS (RMS) and progressive MS (PMS). *p = 0.049

 

Fig. 2  [11 C]SWM139 VTDI (0–60 min) in the normal appearing white mat-
ter (NAWM), thalamus, cortical gray matter (cGM) and T1 perilesional 3 mm 
rim (3 mm rim) among healthy controls (HC), relapsing MS (RMS) and pro-
gressive MS (PMS)

 

Fig. 1  The mean percentages of unchanged [11C] SMW139 of the total ra-
dioactivity in the plasma samples (parent fraction) of the healthy controls 
(HC), relapsing MS (RMS) and progressive MS (PMS)
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higher compared to lesions among RMS patients, but 
not among PMS patients. VTDI estimates within the 
Gd + lesions and in the 3  mm rim around Gd + lesions 
were not significantly higher compared to all RMS T1 
lesions and the perilesional 3 mm area in general, respec-
tively (Table 2). Lesional VT2T estimates were significantly 
higher compared to the NAWM and the perilesional area 
among all MS patients. (Supplement 6).

Exploratory analysis of [11C]SMW139 binding in relation to 
demographic characteristics and MRI variables
Age correlated negatively with VTDI in the 3 mm perile-
sional area among all MS patients (R= -0.558, p = 0.031; 
Fig.  5B), and non-significantly with NAWM VTDI (R= 
-0.465, p = 0.081), but no correlation with NAWM VTDI 
was seen among all subjects (n = 24, R = 0.024, p = 0.91). 
Among all MS patients or among RMS or PMS, VTDI 

estimates did not correlate with EDSS (results not 
shown). Among PMS patients, time from diagnosis cor-
related with NAWM VTDI (Fig. 5). Of note, BV or age did 
not correlate with disease duration among PMS patients 
(R= -0.259, p = 0.501 and R= -0.350, p = 0.365, respec-
tively). Among all subjects, VTDI estimates in the NAWM 
correlated with BV, and the same was true for the 3 mm 
perilesional rim among all MS (Fig. 5).

Among PMS with NAWM VTDI as the dependent vari-
able, both disease duration (β = 0.561, t = 2.603, p = 0.041) 
and BV (β = 0.547, t = 2.536, p = 0.044) added significantly 
to the prediction (R2 = 0.855, F(2,6) = 8.166, p = 0.019). 
VTDI in the perilesional area or NAWM did not correlate 
with overall T1 lesion volume (results not shown). No 
significant correlations with VT2T estimates and demo-
graphic variables or brain or lesion volume were found 
with the 2TCM model. VTDI estimates and BV were 
significantly higher among male subjects compared to 
females across all examined brain areas. The two groups 
were of similar age and EDSS, and lesion volumes were 
comparable, but the time from diagnosis among female 
subjects was somewhat longer (p > 0.05, Supplement 7). 
The correlation of NAWM VTDI with BV was abolished 
(R = 0.076, p = 0.791), when all male subjects (n = 15) were 
analyzed separately.

Discussion
Even though uptake in the 3 mm perilesional rims of T1 
lesions suggested in vivo sensitivity towards activated 
microglia in MS, tracer uptake in this cohort of MS 
patients was not significantly higher compared to HCs. 
Exploratory analyses indicated increased tracer bind-
ing in the NAWM among subjects with longer disease 
duration, which is consistent with previous MS imaging 
studies indicating diffuse activation of microglia in the 
NAWM as MS progresses [4, 12], but this finding is to 
be interpreted with caution. Despite high affinity of [11C]
SMW139 for inflammatory microglia [10], the wide range 
of P2X 7R-expression across different neural and cellu-
lar targets [28] may have influenced the highly variable 
binding estimates, and reduced accuracy with regards to 
inflammatory microglia.

Hagens and colleagues reported somewhat improved 
single-input 2TCM fits with longer p.i. time and, due to 
unreliable estimation of the disassociation rate (k4) in 
smaller regions of interest (ROIs), by binding k4 to the 
whole-brain value [23]. Even as all kinetic parameters 
were fitted with the 2TCM in the present study, higher 
VT2T inside MS lesions compared to the surrounding 
white matter (Supplement 6) was consistent with previ-
ously published findings [23], where a discrepancy with 
lesional binding potential estimates was also observed. In 
the present study, thalamic and cGM VT estimates corre-
lated moderately and strongly between 1TDI and 2TCM, 

Table 2  Lesional, perilesional and NAWM [11C]SMW139 VTDI

Comparison Mean SD p
3 mm rim - T1 lesions MS 0.0123 0.0140 0.004
3 mm rim - NAWM MS 0.0017 0.0124 0.611
NAWM MS - T1 lesions MS 0.0106 0.0176 0.034
3 mm rim - T1 lesions PMS 0.0097 0.0144 0.078
3 mm rim - NAWM PMS 0.0007 0.0136 0.879
NAWM PMS - T1 lesions PMS 0.0090 0.0178 0.170
3 mm rim - T1 lesions RMS 0.0162 0.0138 0.034
3 mm rim - NAWM RMS 0.0031 0.0114 0.536
NAWM RMS - T1 lesions RMS 0.0131 0.0185 0.143
Gd + T1 lesions - T1 lesions RMS 0.0067 0.0138 0.403
Gd + 3 mm rim – 3 mm rim RMS 0.0164 0.0510 0.623
3 mm rim = T1 perilesional 3 mm rim, NAWM = Normal appearing white matter

RMS = Relapsing MS. PMS = Progressive MS

Fig. 4  [11 C]SWM139 VTDI in the 3 mm perilesional rims, normal appearing 
white matter (NAWM) and T1 lesions among relapsing MS (RMS), progres-
sive MS (PMS) and all MS. *p < 0.05 (Table 2 for pairwise comparisons)
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respectively, while WM estimates did not. Consider-
ing the above, it is deemed likely that two-compartment 
models improve AIC with [11C]SMW139 by fitting radio-
metabolite build-up between the tissue compartments, 
and this effect is accentuated with longer fits. A strong 
correlation between the 1TDI and 2TCM was seen in the 
cGM, an area with a relatively scarce distribution of acti-
vated microglia in MS [29].

In addition, Brumberg and colleagues reported mark-
edly superior 2TDI AIC only in the cGM, whereas the 
1TDI was associated with robust fits across all examined 
regions, and with somewhat lower %SE [25]. A 2TDI 
model does not reliably fit in all cases and smaller regions 
of interest with [11C]SMW139, while the 1TDI could be 
more sensitive to inaccuracies in plasma input data. The 
locus of interest [7, 30–32] in MS brain imaging is pri-
marily in the NAWM, where the 1TDI performed signifi-
cantly better in the present study compared to previous 
GM fits [25] according to AIC, and in small perilesional 
WM regions, where estimates may also be affected by the 
partial volume effect. Based on the above, 1TDI was cho-
sen for the primary analysis. In addition to CoV and AIC, 
the 0–60 min fit was preferred based on the theoretically 
reduced effect of radioactive metabolites, while it was 

also assumed that fits significantly below 60  min would 
describe the data inadequately. Together with rapid tracer 
metabolism, the 20-min half-life of carbon-11 reduces 
the reliability estimates beyond 60 min p.i. even further.

Beyond pharmacokinetic considerations, a viable PET 
model is expected to produce estimates of target engage-
ment that are in line with the known distribution of the 
tracer’s cognate receptors. In MS, microglia-associ-
ated TSPO expression is concentrated to active lesions 
and chronic lesion rims, and to a lesser extent chronic 
lesion centers and the NAWM, while inactive lesions 
and grey matter lesions are relatively devoid of microg-
lia. HLADR + inflammatory microglia are most abundant 
at chronic lesion rims [29]. Similarly, P2X 7R-expression 
is more prominent in acute active lesions and chronic 
active lesion rims [10]. Compared to chronic and chronic 
active lesions, acute active MS lesions represent a small 
fraction of overall lesion count [33, 34]. The fraction of 
early active lesions declines rapidly, and has been esti-
mated to represent < 5% of all lesios at 5–10 years after 
disease onset [33].

Thus it was postulated that at group level, most spe-
cific binding of [11C]SMW139 in the WM of MS patients 
would take place in the immediate area around T1 

Fig. 5  VTDI in the normal appearing white matter (NAWM) among progressive MS (PMS) correlated with disease duration (A; R = 0.666, p = 0.05). VTDI in the 
T1 perilesional 3 mm rim among all MS correlated with age (B; R= -0.558, p = 0.031). VTDI in the NAWM among all subjects correlated with brain volume (C; 
R = 0.577, p = 0.003). VTDI in the T1 perilesional 3 mm rim among all MS correlated with brain volume (D; R = 0.734, p = 0.002)
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lesions, and that lesional binding would decline after 
the initial phase of the disease. In the current study, per-
ilesional binding was significantly higher than lesional 
binding, but not significantly higher than NAWM bind-
ing. In the newly diagnosed cohort of RMS, perilesional 
tracer binding was increased compared to PMS patients, 
although it is acknowledged that the groups were not 
sex-matched. Lesions that Gd-enhanced approximately 4 
months prior to PET imaging did not exhibit significantly 
higher tracer uptake, which indicates that disruption of 
the blood brain barrier did not significantly affect perile-
sional binding estimates among RMS.

The free fraction of [11C]SMW139 was low, while 
radiometabolites contributed significantly to over-
all radioactivity passing through the blood brain bar-
rier. 88% of the free radioactivity was due to circulating 
radiometabolites at 20 min. Estimates obtained by using 
protein binding to correct VTP are susceptible to minor 
errors in fP/P analysis, and thus correcting for the group 
level mean of the free parent was explored. This resulted 
in a significantly higher mean free parent VT among MS 
patients compared to HCs, but incomplete protein bind-
ing data precludes conclusions on group level differences 
based on this sub-analysis. This approach should be con-
sidered in subsequent studies with [11C]SMW139.

[11C]SMW139 uptake was significantly increased in 
male subjects compared to females, and the strong cor-
relation with BV was completely abolished when male 
subjects were analyzed separately. A similar sex dispar-
ity in tracer uptake has been observed with the microglial 
TSPO tracer [11C]PK11195 [35]. While it is acknowl-
edged that genetic polymorphism of the P2X 7R is con-
siderable both between and within species [36], these 
findings are in agreement with sex-dependent purinergic 
receptor expression [37], and an inflammatory microglial 
transcriptome in male mice [38].

Interestingly, MS disease duration correlated with 
tracer uptake, and this correlation was not explained 
by age or sex, as disease duration was somewhat longer 
among females. Significant correlations with MS-related 
disability and NAWM uptake of [11C]PK11195 have been 
reported previously [3, 4]. Also considering the higher 
uptake in RMS, lower tracer uptake in the perilesional 
rims among older subjects suggests that P2X 7R-signaling 
may be significant at the early stages of chronic active 
lesion formation. [11C]SMW139 uptake peaks at the early 
stage of EAE [18].

Conclusions
No conclusive evidence for the applicability of [11C]
SMW139 to detect MS-related smoldering inflammation 
was obtained. Even though disease duration correlated 
with tracer binding in the NAWM, overall tracer uptake 
in the MS brain was not significantly higher compared 

to HCs. Age and sex are to be matched with a careful 
emphasis when studies with this tracer are conducted. 
Further information on the applicability of [11C]SMW139 
PET in MS could be obtained by correlating the current 
results with longitudinal clinical outcomes and progres-
sion-related biomarkers.
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Supplement 1–7 

 

Supplement 1. Mean fits across all subjects with the dual-input one-compartment (1TDI; upper row) and 

single-input two-compartment (2TSI; lower row) models. NAWM = Normal appearing white matter. 

THA = Thalamus. SUV = Standardized uptake value. TAC = time activity curve 

Supplement 2. 1TDI and 2TCM 90 min and 60 min AIC and log(mean residual) for all 

subjects (HC and MS) 

 

 N Min. Max. Mean SD CoV 

Brain_1TDI_90_AIC 24 -62.21 111.25 -10.1680 49.24198 NA 

Brain_1TDI_90_CoV 24 NA NA NA NA 0.35136 

NAWM_1TDI_90_AIC 24 -82.40 111.24 -9.1166 50.94148 NA 

NAWM_1TDI_90_CoV 24 NA NA NA NA 0.29970 



Tha_1TDI_90_AIC 24 -67.22 111.68 -5.5173 49.38296 NA 

Brain_1TDI_60_AIC 24 -53.72 101.13 -5.9888 43.46122 NA 

 Brain_1TDI_60_CoV 24 NA NA NA NA 0.33677 

NAWM_1TDI_60_AIC 24 -66.66 101.12 -3.1746 44.59499 NA 

NAWM_1TDI_60_CoV 24 NA NA NA NA 0.29527 

Tha_1TDI_60_AIC 24 -51.47 101.50 .1169 42.68589 NA 

Brain_1TDI_90_log_residual 24 -3.63 4.63 -1.1509 2.34486 NA 

NAWM_1TDI_90_log_residual 24 -4.59 4.63 -1.1008 2.42578 NA 

Tha_1TDI_90_log_residual 24 -3.87 4.65 − .9294 2.35157 NA 

Brain_1TDI_60_log_residual 24 -3.82 4.78 -1.1660 2.41451 NA 

NAWM_1TDI_60_log_residual 24 -4.54 4.78 -1.0097 2.47750 NA 

Tha_1TDI_60_log_residual 24 -3.69 4.81 − .8268 2.37144 NA 

Brain_2TCM_90_AIC 24 -66.21 107.25 -14.1680 49.24198 NA 

Brain_2TCM_90_CoV 24 NA NA NA NA 0.63014 

NAWM_2TCM_90_AIC 24 -86.40 107.24 -13.1166 50.94148 NA 

NAWM_2TCM_90_CoV 24 NA NA NA NA 0.65529 

Tha_2TCM_90_AIC 24 -71.22 107.68 -9.5173 49.38296 NA 

Brain_2TCM_60_AIC 24 -58.72 96.13 -10.9888 43.46122 NA 

Brain_2TCM_60_CoV 24 NA NA NA NA 0.78752 

NAWM_2TCM_60_AIC 24 -71.66 96.12 -8.1746 44.59499 NA 

NAWM_2TCM_60_CoV 24 NA NA NA NA 0.82852 

Tha_2TCM_60_AIC 24 -56.47 96.50 -4.8831 42.68589 NA 

Brain_2TCM_90_log_residual 24 -3.63 4.63 -1.1509 2.34486 NA 

NAWM_2TCM_90_log_residual 24 -4.59 4.63 -1.1008 2.42578 NA 

Tha_2TCM_90_log_residual 24 -3.87 4.65 − .9294 2.35157 NA 

Brain_2TCM_60_log_residual 24 -3.82 4.78 -1.1660 2.41451 NA 

NAWM_2TCM_60_log_residual 24 -4.54 4.78 -1.0097 2.47750 NA 

Tha_2TCM_60_log_residual 24 -3.69 4.81 − .8268 2.37144 NA 

NAWM = Normal appearing white matter, Tha = thalamus, AIC = Aikaike information criterion, 

CoV = Coefficient of variation, log_residual = logarithm of mean residual sum of squares. 

Supplement 3. 1TDI AIC and CoV among all MS, PMS and RMS with 0–60 min and 

0–40 min fits 

 



 N Min. Max. Mean SD CoV 

Brain_1TDI_60_AIC_MS 15 -53.72 11.76 -22.8424 20.24445 NA 

Brain_1TDI_60_CoV_MS 15 NA NA NA NA 0.36462 

NAWM_1TDI_60_AIC_MS 15 -66.66 32.43 -13.6393 24.95961 NA 

NAWM_1TDI_60_CoV_MS 15 NA NA NA NA 0.27110 

Tha_1TDI_60_AIC_MS 15 -41.91 14.76 -14.2919 16.81169 NA 

Tha_1TDI_60_CoV_MS 15 NA NA NA NA 0.30766 

Brain_1TDI_60_AIC_PMS 9 -53.72 11.76 -26.1549 21.94664 NA 

NAWM_1TDI_60_AIC_PMS 9 -66.66 32.43 -14.7823 29.00347 NA 

Tha_1TDI_60_AIC_PMS 9 -41.91 14.76 -19.4912 17.02978 NA 

Brain_1TDI_60_AIC_RMS 6 -42.62 8.05 -17.8735 18.09749 NA 

NAWM_1TDI_60_AIC_RMS 6 -27.15 24.30 -11.9248 19.81287 NA 

Tha_1TDI_60_AIC_RMS 6 -26.90 8.14 -6.4929 14.34236 NA 

Brain_1TDI_40_AIC_MS 15 -52.40 8.97 -22.8511 18.67182 NA 

Brain_1TDI_40_CoV_MS 15 NA NA NA NA 0.39615 

NAWM_1TDI_40_AIC_MS 15 -61.03 27.37 -13.9037 22.65610 NA 

NAWM_1TDI_40_CoV_MS 15 NA NA NA NA 0.27089 

Tha_1TDI_40_AIC_MS 15 -39.54 11.58 -15.1526 14.66424 NA 

Tha_1TDI_40_CoV_MS 15 NA NA NA NA 0.30801 

Brain_1TDI_40_AIC_PMS 9 -52.40 8.97 -26.1649 20.43276 NA 

NAWM_1TDI_40_AIC_PMS 9 -61.03 27.37 -14.9964 26.39051 NA 

Tha_1TDI_40_AIC_PMS 9 -39.54 11.58 -20.1893 14.62004 NA 

Brain_1TDI_40_AIC_RMS 6 -39.40 5.61 -17.8804 16.08640 NA 

NAWM_1TDI_40_AIC_RMS 6 -25.45 20.25 -12.2646 17.81937 NA 

Tha_1TDI_40_AIC_RMS 6 -25.07 2.85 -7.5976 12.08145 NA 

NAWM = Normal appearing white matter, Tha = thalamus, AIC = Aikaike information criterion, 

CoV = Coefficient of variation 

Supplement 4. 2TCM (0–90 min) HC vs. MS VT2T comparison   

 

 N Mean SD 

Mean 

Difference p 

Brain VT2T MS 15 0.5785 0.3614 -0.1122 0.514 



HC 9 0.6906 0.4616 

NAWM VT2T MS 15 0.4942 0.2561 
-0.2121 0.204 

HC 9 0.7064 0.5398 

Thalamus 

VT2T 

MS 15 1.0003 0.6117 
-0.1991 0.535 

HC 9 1.1994 0.9414 

cGM VT2T MS 15 0.7613 0.5221 
-0.0444 0.836 

HC 9 0.8056 0.4634 

cGM = cortical grey matter. NAWM = normal appearing white matter. 

Supplement 5. 2TCM (0–90 min) RMS vs. PMS VT2T comparison 

 

MS Type N Mean SD 

Mean 

Difference p 

NAWM VT2V RMS 6 0.5252 0.2479 
0.0516 0.717 

PMS 9 0.4736 0.2742 

Thalamus VT2V RMS 6 1.3354 0.6528 
0.5585 0.082 

PMS 9 0.7769 0.4981 

cGM VT2V RMS 6 1.0613 0.5804 
0.5001 0.066 

PMS 9 0.5612 0.3925 

T1 lesional VT2V RMS 6 0.9161 0.6483 
0.0756 0.810 

PMS 9 0.8405 0.5414 

T1 perilesional 

3mm rim VT2V 

RMS 6 0.5483 0.2210 
0.0315 0.837 

PMS 9 0.5167 0.3142 

cGM = cortical grey matter. NAWM = normal appearing white matter. RMS = Relapsing MS. 

PMS = Progressive MS. 

Supplement 6. Lesional, perilesional and NAWM [11C]SMW139 VT2T (2TCM 0–90 min) 

Comparison Mean SD p 

T1 lesions - NAWM 0.3765 0.5470 0.018 

T1 lesions - T1 3mm rim  0.3414 0.4656 0.013 

T1 3mm rim - NAWM 0.0351 0.1293 0.311 

T1 lesions PMS - NAWM PMS 0.3669 0.5286 0.071 

T1 lesions PMS - T1 3mm rim PMS 0.3238 0.4641 0.070 

T1 3mm rim PMS - NAWM PMS 0.0431 0.1378 0.376 



T1 lesions RMS - NAWM RMS 0.3909 0.6247 0.186 

T1 lesions RMS - T1 3mm rim RMS 0.3678 0.5109 0.138 

T1 3mm rim RMS - NAWM RMS 0.0231 0.1270 0.675 

T1 3mm rim = T1 perilesional 3 mm rim, NAWM = Normal appearing white matter 

RMS = Relapsing MS. PMS = Progressive MS. 

Supplement 7.  Sex differences among all subjects 

 

Sex N Mean SD 

Mean 

Difference  p 

Age M 15 48.9267 12.2733 
1.6933 0.739 

F 9 47.2333 11.2278 

Time from Dg M 9 7.3422 8.6391 
-7.0694 0.146 

F 6 14.4117 8.7451 

EDSS M 9 3.8333 2.4109 
− .58333 0.616 

F 6 4.4167 1.6558 

Brain volume 

(cm3) 

M 15 1204.7093 86.7725 
191.8237 < .001 

F 9 1012.8856 103.1303 

T1 lesion 

voluime (cm3) 

M 9 19.5891 17.3728 
6.8607 0.391 

F 6 12.7283 8.7613 

SMW VTDI brain M 15 0.1105 0.0342 
0.0334 0.015 

F 9 0.0771 0.0208 

SMW VTDI 

NAWM 

M 15 0.1187 0.0243 
0.0344 0.007 

F 9 0.0842 0.0325 

SMW VTDI 

thalamus 

M 15 0.1460 0.0618 
0.0542 0.025 

F 9 0.0918 0.0344 

NAWM = Normal appearing white matter. EDSS = Expanded disability status scale 

 



Richard Aarnio
D

 1888
A

N
N

A
LES U

N
IV

ERSITATIS TU
RK

U
EN

SIS

ISBN 978-952-02-0223-1 (PRINT)
ISBN 978-952-02-0224-8  (PDF)
ISSN 0355-9483 (Print)
ISSN 2343-3213 (Online)

Pa
in

os
al

am
a,

 T
ur

ku
, F

in
la

nd
 2

02
5


	ABSTRACT
	TIIVISTELMÄ
	Table of Contents
	Abbreviations
	List of original publications
	1 Introduction
	2 Review of the literature
	2.1 Positron emission tomography
	2.1.1 Radioactivity and its detection
	2.1.2 Positron energy and range
	2.1.3 Overview of PET imaging
	2.1.4 Combining PET with CT or MRI
	2.1.5 Development of total-body PET imaging

	2.2 PET tracers
	2.2.1 PET tracers
	2.2.2 [11C]SMW139 as a P2X7 receptor targeting PET tracer for microglial activation and neuroinflammation

	2.3 Metabolite analysis
	2.3.1 Metabolism of drugs
	2.3.2 Radiometabolite analysis (RMA) of PET tracers
	2.3.3 Radiometabolite analysis (RMA) of [11C]SMW139

	2.4 Sample preparation for RMA
	2.5 Extraction efficiency
	2.6 Plasma protein binding (PPB)
	2.6.1 Human serum albumin (HSA)
	2.6.2 Plasma protein binding analysis (PPBA) in drug research

	2.7 Modelling PET data

	3 Aims
	4 Materials and methods
	4.1 PET tracer [11C]SMW139
	4.1.1 [11C]SMW139 synthesis method
	4.1.2 Tracer synthesis quality control and molar activity determination

	4.2 Study subjects
	4.2.1 Preclinical studies (Studies I–III)
	4.2.2 Clinical studies (Study III–IV)

	4.3 Radiometabolite analysis
	4.3.1 Blood sampling and sample preparation
	4.3.2 Sample preparation of mouse brain samples
	4.3.3 HPTLC
	4.3.4 TLC
	4.3.5 Autoradiography for quantification of radioactivity in TLC and HPTLC plates
	4.3.6 RadioHPLC
	4.3.7 Extraction efficiency
	4.3.8 In vitro mouse brain RMA

	4.4 Plasma protein binding analysis (PPBA)
	4.4.1 PPBA methods in preclinical studies
	4.4.2 Development of the PPBA method for human plasma (Study IV)


	5 Results
	5.1 [11C]SMW139 synthesis and tracer injection key indicators
	5.2 Clinical subject demographics (Studies III–IV)
	5.3 RMA method development
	5.4 RMA in the preclinical studies (Studies I–III)
	5.4.1 The parent fraction and RMA
	5.4.2 Effect of mouse age on the parent fraction of [11C]SMW139
	5.4.3 Effect of mouse sex and strain on the parent fraction of [11C]SMW139

	5.5 RMA in the clinical studies (Studies III and IV)
	5.6 Plasma protein binding (PPB) in plasma
	5.6.1 Ultrafiltration (UF) membrane correction
	5.6.2 PPB in mice
	5.6.3 PPB in human subjects


	6 Discussion
	6.1 [11C]SMW139 synthesis key indicators
	6.2 RMA of PET tracers
	6.3 RMA method development considerations
	6.3.1 RMA sample preparation
	6.3.2 Extraction efficiency considerations
	6.3.3 HPTLC to TLC method in Study I
	6.3.4 RadioHPLC vs radioTLC method development considerations
	6.3.5 RMA method considerations when using TB-PET

	6.4 RMA findings
	6.4.1 RMA findings in studies I–II
	6.4.2 RMA findings in the Studies III and IV

	6.5 In vitro mouse brain homogenate study findings
	6.6 PPBA
	6.6.1 PPBA method development
	6.6.2 Discussion about the PPBA results
	6.6.2.1 Ultrafiltration membrane and its correction factor
	6.6.2.2 Considerations of the PPBA results
	6.6.2.3 Effect of PPB

	6.6.3 PPBA method and value reporting considerations
	6.6.3.1 Differences in reporting plasma protein binding
	6.6.3.2 PPBA method reporting considerations


	6.7 Combining TAC, RMA and PPBA data

	7 Conclusions
	Acknowledgements
	References
	Original Publications
	I  Glial reactivity in a mouse model of beta‑amyloid deposition assessed by PET imaging of P2X7 receptor and TSPO using [11C] SMW139 and [18F]F‑DPA
	II  Novel plasma protein binding analysis method for a PET tracer and its radiometabolites: A case study with [11C]SMW139 to explain the high uptake of radiometabolites in mouse brain
	III  Quantification of the purinergic P2X7 receptor with [11C]SMW139 improves through correction for brain-penetrating radiometabolites
	IV  P2X 7-receptor binding in new-onset and secondary progressive MS – a [11C] SMW139 PET study



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.087 x 10.000 inches / 180.0 x 254.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20250602083107
      

        
     Shift
     -4
            
       D:20250530121952
       720.0000
       Blank
       510.2362
          

     Tall
     1
     0
     No
     1350
     1248
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     4.5000
     -0.2835
            
                
         Both
         83
         AllDoc
         108
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     3
     191
     190
     191
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.087 x 10.000 inches / 180.0 x 254.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20250602123157
      

        
     Shift
     -4
            
       D:20250530121952
       720.0000
       Blank
       510.2362
          

     Tall
     1
     0
     No
     1350
     1248
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     4.5000
     -0.2835
            
                
         Both
         83
         AllDoc
         108
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     0
     191
     190
     191
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: same as current
      

        
     D:20250602123456
      

        
     Blanks
     Always
     2
     1
            
       D:20250121134636
       34.0157
       Blank
       51.0236
          

     1
     Wide
     1561
     636
     0
     1
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     BeforeCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     0
     2
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     D:20250602123512
      

        
     Blanks
     Always
     1
     1
            
       D:20250121134636
       34.0157
       Blank
       51.0236
          

     1
     Wide
     1561
     636
     0
     1
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     193
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20250602123617
      

        
     Shift
     -4
            
       D:20231003151711
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1350
     1248
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     4.5000
     -0.2835
            
                
         Both
         83
         AllDoc
         108
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     0
     194
     193
     194
      

   1
  

 HistoryList_V1
 qi2base





